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ABSTRACT

Two-dimensional (2D) magnets have recently developed into a class of stoichiometric materials with prospective applications in
ultra-compact spintronics and quantum computing. Their functionality is particularly rich when different magnetic orders are
competing in the same material. Metalloxenes REX: (RE = Eu, Gd; X = Si, Ge), silicene or germanene—heavy counterparts of
graphene—coupled with a layer of rare-earth metals, evolve from three-dimensional (3D) antiferromagnets in multilayer structures
to 2D ferromagnets in a few monolayers. This evolution, however, does not lead to fully saturated 2D ferromagnetism, pointing at a
possibility of coexisting/ competing magnetic states. Here, REX, magnetism is explored with element-selective X-ray magnetic
circular dichroism (XMCD). The measurements are carried out for GdSi,, EuSi, GdGe,, and EuGe; of different thicknesses down to
1 monolayer employing K absorption edges of Si and Ge as well as M and L edges of the rare-earths. They access the magnetic state
in REX; and determine the seat of magnetism, orbital, and spin contributions to the magnetic moment. High-field measurements
probe remnants of the bulk antiferromagnetism in 2D REX,. The results provide a new platform for studies of complex magnetic

structures in 2D materials.
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1 Introduction

The discovery of intrinsic two-dimensional (2D) ferromagnetism
(FM) in layered compounds brought to the monolayer (ML)
limit [1, 2] has launched a burgeoning research field exploring
the fundamental physics of magnetism in reduced dimensions,
emerging quantum phases, potential development of new spin-
related devices, and applications [3-5]. The material landscape
of 2D ferromagnets is shaped by atomically thin crystals built
upon transition metal magnetic ions Cr [1, 2], V [6, 7], Mn [8],
and Fe [9, 10] as well as rare earths (REs) [11, 12]. Intrinsic 2D
magnetic materials are highly amenable to external stimuli [3, 4].
Thus, 2D FM is particularly appealing once borders or coexists
with other magnetic orders, an example being antiferromag-
netism (AFM) in the 2D ferromagnet Crl; established with
magneto-optical Kerr effect microscopy [2], second-harmonic
generation [13], single-spin microscopy [14], and magnetic
force microscopy [15]. In particular, 2D magnetic states can be
controlled by gating [16], electrostatic doping [17] or pressure
tuning of layer stacking [18]. Magnetic-field-induced AFM-to-FM
transitions are responsible for giant tunneling magnetoresistance
in spin-filter van der Waals heterostructures [19].

A competition between FM and AFM orders is inherent in
magnetic metalloxenes [11, 12], a class of materials based on
2D-Xenes silicene and germanene [20, 21]. These elemental
analogues of graphene are promising candidates for nano-
electronics [22] and spintronic applications [23, 24]; in particular,
they support regular lattices of magnetic ions, such as REs
Eu** and Gd*'. Silicene-based EuSi, and GdSi» [11] as well
as germanene-based EuGe; and GdGe, [12] are intrinsic 2D
ferromagnets exhibiting in-plane magnetism. Strong thermal
fluctuations in the REX; (X = Si or Ge) metalloxenes (dubbed
REXenes) are suppressed by a field-induced anisotropy to
open up a spin-wave excitation gap, as witnessed by a pronounced
dependence of the transition temperature on weak magnetic
fields [11, 12], similar to that in Cr.Ge;Tes [1]. Thickness
dependence of the magnetic order in REXenes is particularly
striking: Multilayer (bulk) REX; are 3D antiferromagnets [25, 26]
whereas a few monolayer (ML) materials exhibit 2D FM [11,
12] (hematene [9] and VsSes [7] are other 2D ferromagnets
derived from AFM parent compounds). Naturally, the AFM-
to-FM evolution goes through a stage where both magnetic
orders coexist, manifested experimentally by exchange bias
in magnetization [12]. The changes in the magnetic state of
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2D REXenes accompany profound transformations of the
electronic structure: The observed laws of electron transport
in a few MLs RESi, are essentially layer-dependent, ranging
from a Kondo metal (4 ML) to a spin-gap insulator at 1 ML
exhibiting colossal negative magnetoresistance [27].

The REXene materials hold promise for applications in
reprogrammable spin logic and nonvolatile memory [28],
EuGe: electron transport exhibits a high carrier mobility and
bears marks of a topologically non-trivial state [26]. In modern
electronics, a significant advantage of REX; is their natural
integration with silicon/germanium technological platforms.
However, this feature makes an obstacle in studying 2D
magnetism: The FM of REXene monolayers is established
employing SQUID magnetometry [11, 12]. The integration
with a Si or Ge substrate restricts measurements to rather low
magnetic fields—in high fields, the diamagnetic signal from
the substrate dominates, making a magnetic signal from REX,
difficult to extract. This limitation can be overcome by high-
field techniques having an advantage to be surface-sensitive and
element-selective. These techniques may shed light on still
outstanding questions. First, an independent confirmation
of the magnetic state in 2D REXenes is worthwhile; its
importance is highlighted by the controversy of monolayer VSe,
which is reported as a room-temperature 2D ferromagnet based
on magnetization measurements [6] whereas X-ray magnetic
circular dichroism (XMCD) studies find no signatures of
magnetism [29, 30]. Second, the FM moments (per formula
unit) in REXenes are significantly smaller than those expected
from half-filled 4f shells of Eu** and Gd** ions. It is important
to determine the seat of magnetism, i.e., whether it is confined
to the RE ions or the 2D-Xenes are also spin-polarized. On the
other hand, the smallness of the FM moments may indicate
an admixture of non-trivial electronic configurations to the
half-filled 4f shells of the RE ions leading to sizable orbital
moments. The reduced FM signal in REXenes (in comparison
with other FM compounds of Eu [31] and Gd [32]) makes
us wonder about the remaining moments, non-FM orders
or frustration, the possibilities of concurrent paramagnetism
or remnants of the bulk AFM state. In order to unravel the
nature of these states, measurements in high magnetic fields
would be instrumental.

Here, we produce a series of REXenes—EuSi,, GdSi;, EuGe,,
GdGe,—with thicknesses ranging from 1 to 4 ML and
explore their magnetic states by element-selective XMCD
measurements at the Mas edges of Gd, Ls edge of Gd and Eu as
well as at the K edge of Si and Ge. We study XMCD signals
in high magnetic fields to provide experimental answers to the
questions posed above concerning the presence, seat, and
nature of magnetism in REXenes.

2 Results and discussion

2.1 Synthesis and characterization of REXenes

2D films of REX; are synthesized employing reactive molecular
beam epitaxy (MBE). The technique allows for layer-by-layer
synthesis with kinetic control over the process. Synthesis
proceeds via a direct reaction between RE atoms and the X
substrate:

RE + 2X = REX, (1)

We employ Si(111) and Ge(111) substrates whose surfaces
are in fact covalently bound silicene and germanene layers,
respectively. Thus, the substrate is both a reactant and a
platform stabilizing the required polymorph of REX; and its
orientation, driven by the lattice match of the Xene layers at the
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REX,/X(111) interface. The synthesis conditions—the substrate
temperature, RE flow and deposition time, and annealing
temperature and time—are optimized for each REXene EuSi,
GdSiz, EuGe, and GdGe;, as reported in Refs. [11, 12]. Structures
of different thicknesses set by duration of the RE deposition,
ranging from 1 to 4 ML, have been produced.

The structural characterization of the samples starts in the
MBE growth chamber. Reflection high-energy electron diffraction
(RHEED) controls the surface morphology and determines
the lateral lattice parameters of the films. Figure 1(a) presents
a typical RHEED image taking 4 ML GdSi> as an example;
streaks are well-developed and bright. Samples are further
studied ex situ. X-ray diffraction (XRD) provides integral
characterization of the films. The fundamental limitations of
the technique and the XRD spectrometer make the study
useful for samples thicker than 2 ML. A #-26 XRD scan for
4 ML GdSi. (Fig. 1(b)) illustrates the absence of side products
and alternative orientations of the layered structure—a
property common to all synthesized REXene samples. Scanning
transmission electron microscopy (STEM) has been used to
determine the microstructure of the films and verify their
thicknesses. High-angle annular dark-field imaging (HAADF)
of REXene cross-sections reveals rows of RE atoms (bright
spots) parallel to the substrate surface (see Fig. 1(d) for a typical
image of 4 ML GdSi, silicene layers are not resolved because
of the Z-contrast). Typical HAADF images of thinner films can
be found in Refs. [11, 12, 27]. It is worth noting that Gd-based
REXenes thicker than 1 ML are likely to contain flat Xene
layers, prone to a significant number of vacancies [33].

All these techniques evidence a superb structural quality of the
samples. This is an important prerequisite for any subsequent
magnetic measurements: For example, monolayer VSe; provides
a case where the same technique may show 2D magnetism [34]
or no magnetism at all [29, 30], the difference being attributed
to the quality of the samples [34]. SQUID magnetization
measurements of all REXene samples demonstrate 2D FM in
accordance with the data on the saturation moments, mag-
netization anisotropy, effective Curie temperatures, and their
dependence on weak magnetic fields, reported in Refs. [11, 12].
This dependence is illustrated by the example of 4 ML GdSi,
(Fig. 1(c)) to show a profound evolution of magnetization
curves as the in-plane magnetic field changes from 2-3 to
1,000 Oe—a fingerprint of 2D ferromagnetism.

- 1,000 Oe
- 600 Oe
-—200 Oe
+ 100 Oe

- 10 6e
2-3 Oe

0.1

0 10 20 30 40 50 60
Temperature (K)

Figure 1 Characterization of 4 ML GdSi. on Si(111). (a) RHEED image
along the [110] azimuth of the Si substrate. (b) 6-260 XRD scan; asterisk
denotes peaks from the substrate. (c) Temperature dependence of the FM
moment in in-plane magnetic fields 2-3 (black), 10 (green), 30 (orange),
100 (magenta), 200 (maroon), 600 (blue), and 1,000 Oe (red). (d) HAADF-
STEM cross-sectional image viewed along the [110] zone axis of the Si
substrate.
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2.2 XMCD of REXenes

SQUID magnetization measurements, enabled by large areal
sizes of the REXene materials, require complementary studies
by other techniques. Typically, research on 2D magnetic
materials relies on optical and electrical methods [35]. A link
between magnetism and electron transport in REXenes has
already been demonstrated [11, 12, 27]; in contrast, optical
experiments are lacking. In studies of 2D magnetism, the most
commonly used magneto-optic effects are magnetic circular
birefringence and dichroism [35]. We give preference to XMCD
because of its element and shell selectivity. XMCD has proven
useful in studies of layered magnetic materials VSe, [29, 30, 34],
Crl [36], FesGeTe, [37, 38], and supramolecular lattices [39].
As for RE-based 2D materials, XMCD has been employed to
detect emerging 2D ferromagnetism at the surface of valence-
fluctuating Eulr,Si [40].

First, we attempted to study the magnetic response of Xene
layers in REXenes. To this purpose, we employed 4 ML GdSi,
and 1 ML EuGe,—the REXenes with the highest FM moment
per film surface area unit [11, 12]. Figure 2 presents X-ray
absorption spectroscopy (XAS) and XMCD spectra in these
materials at the K absorption edges of Si and Ge, respectively.
An important problem of such measurements is the presence of
the substrate diluting the XMCD to XAS ratio; also, XMCD at
K edges is expected to be more sensitive to the orbital rather
than spin moment [41]. The XMCD signals are rather small
but apparently above the detection/noise level. A quantitative
analysis here would be rather difficult because we cannot
differentiate the XAS signals coming from the film and the
substrate. However, theoretical calculations of RE functionalized
silicene [42] predict tiny magnetic moments on Si, on the
order 107 - 107 us; the Si K signal in GdSi, is comparable to
that in Fe;Si, a non-layered ferromagnet [43]; the Ge K XMCD
signal in EuGe; is much lower than that in other FM Ge-based
compounds [44]. Both Si K and Ge K XMCD signals in the
REXenes have similar spectral shapes and the same sign which
indicates that the p states (probed at the K edge) are spin-
polarized in a similar manner. It may well be that the role of
Xenes in 2D magnetism of REXenes is rather indirect, although
they are essential components as revealed by a fundamental
difference in the magnetic states of tetragonal and hexagonal
GdSi, polymorphs [11].

For a more robust probe of REXene magnetism, we turn
our attention to element-selective XMCD for RE ions. Figure 3(a)
shows XAS and XMCD spectra for the Mss absorption edges
(3d — 4f shell transition) of Gd in 4 ML GdSi>, measured
at the BOREAS beamline. First, we notice that the XMCD
signals are rather large. This is not a trivial result taking into
account that in the VSe; 2D magnet [6], the measured XMCD
signals at V L, are below the detection sensitivity of the synchro-
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Figure 2 (a) Normalized XAS spectra for the Si K absorption edge in
4 ML GdSiz in a magnetic field of 6 T at 20 K: right (red) and left (blue)
circular polarizations; their difference (green) makes a normalized XMCD
signal. Inset sketches the experimental setup. (b) Normalized XAS spectra
for the Ge K absorption edge in 1 ML EuGe; in a magnetic field of 17 T
at 3 K: right (red) and left (blue) circular polarizations; their difference
(green) makes a normalized XMCD signal.
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Figure 3 Normalized XAS spectra: right (red) and left (blue) circular
polarizations; their difference (green) makes a normalized XMCD signal.
(a) Gd M4 and Gd M absorption edges in 4 ML GdSiz in a magnetic field
of 6 T at 20 K. (b) Gd L; absorption edge in 4 ML GdSi: in a magnetic field
of 17 T at 3 K. (c) Eu Ls absorption edge in 1 ML EuSi in a magnetic field
of 17 T at 3 K. (d) Gd Ls absorption edge in 1 ML GdGe; in a magnetic field
of 17 Tat3K.

tron facilities [29, 30]. On the other hand, the XMCD spectra
establish RE layers as a seat of magnetism in 2D REXenes.
This result is confirmed by independent studies of the Si K
and Gd M, absorption edges in 4 ML GdSi. at the DEIMOS
beamline of the SOLEIL synchrotron light source (not shown).

The ground state expectation values of the spin (S,) and
orbital (L,) moments of the Gd ion have been calculated
using the corresponding XMCD sum rules [45, 46]. In the
case of the Mys absorption edge, they read

(L) =22N, and (5,) = (5)+ 1) = LN, @)
where p is the integral of the XMCD intensity at the Ms edge,
q is the integral of the XMCD intensity at both My and Ms
edges, r is the integral of the XAS intensity after an atomic step-
function subtraction, and Ny, is the number of holes in the 4f
shell. According to electron energy loss spectra of GdSi. [11],
the metal atoms are in the Gd(III) valence state; therefore, we
can assume that the number of 4f holes Ny; is equal to 7. The
term (T,) , the expectation value of the intra-atomic magnetic
dipole operator, can be large for 4f elements; for Gd** ions,
however, it is rather small [47] and can therefore be neglected
((8.) = (Seir))-

Application of these rules to the XMCD spectra of GdSi; at the
M, absorption edges produces (L) =—0.1 and (S,) =—1.5.
First, we can see that the total magnetic moment m, = 3.1 us
is several times higher than the estimate of the FM moment
(0.6 i at 0.1 T) from low-field SQUID measurements in the
same GdSi: film [11]; however, the XMCD magnetic moment
is still far from the theoretical saturation moment of 7us for
4f” Gd ion (according to Hund’s rule of maximum multiplicity).
The electronic configuration of Gd** ions, S (4f7), points at
a spin magnetism with a vanishing orbital moment, it is also
observed in XMCD studies of Gd-based magnetic compounds
[48]. Simple density functional theory (DFT) generalized gradient
approximation (GGA) calculations of Gd-adsorbed silicene do
not reproduce the smallness of the orbital moment in GdSiy
however, on-site Coulomb repulsion strongly suppresses the
orbital moments [42].

To explore saturation of the magnetic moments, high
magnetic fields and low temperatures are instrumental.
Therefore, we complement XMCD at the Mais absorption
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edges of Gd ions in GdSi. by a study of the Gd L; absorption
edge at high magnetic fields (up to 17 T) provided by the
European Synchrotron Radiation Facility (ESRF) facilities—it
corresponds to 2p — 5d shell transition and probes the magnetic
ordering mediated by the polarized 5d band. In this case,
however, separation of spin and orbital contributions becomes
unfeasible. XMCD at the Ls; absorption edges of Gd and Eu
has proven useful in the magnetic structure determination
[49, 50]. Figure 3(b) shows XAS and XMCD spectra at the Gd
Ls edge in 4 ML GdSi.. A noticeable XMCD signal is detected
attesting the capability of this technique in the hard X-ray
range to probe the REXene magnetism in the limit of ML
thickness—this constitutes a remarkable achievement as the
corresponding attenuation length exceeds that of the soft X-ray
range (commonly used for studies of 2D materials) by 3 orders
of magnitude. The same is true for other REXenes. In particular,
EuSi: (Gd replaced by Eu) demonstrates an XMCD signal
(Fig. 3(c)) similar to that in GdSi.. The same applies to the
Gd Ls XMCD signal in GdGe: (silicene replaced by germanene,
Fig. 3(d)). However, the comparison is more meaningful
when dependences of the XMCD signal on magnetic field and
temperature are probed.

These element selective magnetization data are presented in
Fig. 4 for a number of materials. Their rationalization is not
trivial: How to fit the field and temperature dependence of the
XMCD signal for a 2D ferromagnet emerging from an AFM
state is an open question. We employ a simplified fit of high-
field data by a sum of a saturated ferromagnetic contribution
M, and a modified Brillouin function [51]:

M(H,T)= Mysgn(H )+ (M — Mpy ) By (x) (€)

where x = , B, is the standard Brillouin function,

J (= 7/2) is the total electron angular momentum, g (= 2)
is the Lande g-factor, p, is the Bohr magneton, k; is the
Boltzmann constant, and 6 is the Weiss constant whose
positive or negative values correspond to FM or AFM
interaction, respectively. For each sample, M, the saturation
magnetization, is a global parameter whereas My, and 6 are
considered T-dependent.

Magnetic field dependence of the Eu magnetic moment
(derived from XMCD signals normalized to the theoretical
high-field limit) in 1 ML EuSi. (Fig. 4(a)) shows some characteristic
features. The low-temperature ferromagnetic contribution
M, is close to the estimate based on SQUID measurements [11].
The value of My, approaches zero as temperature increases.
A higher temperature diminishes the magnetic moment and

(@ oy (),
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® GdSi,

M (4 /Eu(Gd))
O =~ N WO

o Gdce, 1
0 2 4 6 8 10 12 14 16 18
Magnetic field (T)

6 8 10 12 14 16 18
Magnetic field (T)

Figure 4 (a) Magnetic field dependence of the Eu magnetic moment
(derived from the Eu Ls XMCD signal) in 1 ML EuSi: at 3 (blue), 5 (red),
10 (green), 15 (maroon), 20 (cyan), 30 (magenta), and 50 K (orange);
fits to Eq. (3) are shown as continuous lines. The data and fits are scaled
uniformly to Mg = 7up/Eu(Gd). Inset provides magnetic field dependence
of XMCD signals for the Eu L3 absorption edge in 14 ML EuSi; at 10 (green),
30 (magenta), and 60 K (blue). (b) Magnetic field dependence of the RE
magnetic moment calculated from the Eu L; and Gd Ls XMCD signals
in 1 ML EuSiz (red), 1 ML GdSiz (blue), 1 ML EuGe: (orange), and 1 ML
GdGe: (green); all at 3 K, fits to Eq. (3) are also shown.
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makes the M(H ) dependence almost linear. A similar effect
is brought by film thickness: XMCD signals of a 14 ML sample
of EuSi, (at this thickness, 2D FM is suppressed) demonstrate
a linear dependence on the magnetic field (inset in Fig. 4(a)).
It is instructive to compare XMCD data for all 4 REXenes
of the same thickness 1 ML (Fig. 4(b)). The overall behaviour
correlates with the SQUID data [11, 12]: Below saturation,
GdSi: and EuSi: exhibit close values of magnetization; it is
lower in GdGe: and higher in EuGe.. However, the fits fail to
differentiate between the FM contributions in the 4 REXenes.
We would like to stress that although the fits are quite
reasonable numerically, their interpretation may well miss
some salient features of XMCD in REXenes. The theoretical
treatment of 2D magnetism for non-bipartite lattices, such as
the triangular lattice of REXenes, is severely complicated by
potential coexistence of several ordered structures at a given
temperature [52].

The parameter 0 in Eq. (3) gives an effective measure of
magnetic correlations in the material placed in high magnetic
fields when the FM is saturated. Figure 5 illustrates the evolution
of 6 with temperature and sample thickness in 2D EuSi..
First, we notice that 0 is always negative, i.e., corresponds to
antiferromagnetic correlations coexisting with the saturated
2D FM. The correlations diminish with temperature. Most
importantly, the parameter 6 decreases as the sample
approaches the 1 ML limit, although does not vanish altogether -
even 1 ML samples carry some remnants of the bulk AFM.
The evolution is gradual, in contrast to NiPS; whose AFM
order persists down to 2 ML but is suppressed in the 1 ML
limit [53]. Behaviour of other REXenes is similar to that of
EuSiz: at 3 K, 6 changes from -36.0 K in 4 ML to -13.8 K in
1 ML GdSi,, from -40 K in 4 ML to -4.5 K in 1 ML EuGe,,
and from -36.5 K in 4 ML to -27.7 K in 1 ML GdGe. It is
noteworthy that the value of 6 in 1 ML REXenes correlates with
their 2D FM: a smaller value of 6 (weaker AFM correlations)
accompanies a higher value of the 2D FM signal in SQUID
measurements [11, 12].
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Figure 5 Temperature dependence of the effective parameter @1in fits of
XMCD data to Eq. (3) for 1 ML EuSi: (red), 3 ML EuSi: (green), and 4 ML
EuSi; (blue).

3 Conclusions

2D magnetism in layered materials is a relatively new field of
research. Significant efforts are invested in studies of 2D
magnetic materials and their magnetic structures but a lot
are yet to be done and understood, especially in systems with
competing magnetic orders. Here, we studied high-field
magnetic responses of 2D REXenes. Significant advantages of this
research is that (i) REXenes form a class of 2D ferromagnets,
i.e., we have been able to study 4 different compounds;
(ii) they exhibit a thickness-dependent AFM-to-FM evolution.
In the present study, we confirmed independently the magnetic
state in REXenes, determined the seat of magnetism, orbital,
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and spin contributions to the magnetic moment, mapped
high-field XMCD data, and detected correlations between the
FM and AFM. The study of REXenes coupled with a substrate
is enabled by the element selectivity and surface sensitivity
of XMCD - free-standing REXenes are yet to be produced
although mechanical exfoliation of metalloxenes has recently
been demonstrated [54]. Further research in this direction can
be envisioned. It would be interesting to explore the changes in
the magnetic states of REXenes arising from nanopatterning
which can be brought about for example by their growth
on vicinal X(111) substrates [55]. On the other hand, the
discovery of 2D ferromagnetism in Eu/graphene bilayer (EuCs
monolayer) [56] suggests its XMCD study, to compare with
Eu-based REXenes.

4 Experimental section

4.1 Synthesis

The films of REXenes are synthesized in the Riber Compact
12 system for molecular beam epitaxy. Base pressure in the
vacuum chamber does not exceed 107" Torr. The substrate
temperature is monitored with PhotriX ML-AAPX/090 infrared
pyrometer operating at a 0.9 um wavelength whereas the
effusion cell temperatures are measured with thermocouples.
The molecular flux intensities are determined with a Bayard-
Alpert ionization gauge placed in the position of the substrate.
The substrates employed are 1 inch x 1 inch wafers of
single-crystalline Si(111) and Ge(111) with miscut angles less
than 0.5°. The substrates are prepared for REXene synthesis by
removal of the native oxide from their surfaces, brought about
by heating up to 950 (Si) and 650 °C (Ge).

Synthesis of ultrathin GdSi. films is carried out by heating
the Si(111) substrate to 420 °C and its exposure to a 107 Torr
flux of 4N Gd evaporated from a Knudsen cell effusion source
heated to 1,210 °C. Synthesis of EuSi» requires a different
procedure to stabilize the silicene-based polymorph. A Eu film
is deposited on the Si(111) substrate at room temperature
employing a 1.5 x 107® Torr flux of 4N Eu from an effusion cell
heated to 400 °C. Then, the film is annealed for 5 min at 340 °C
to accomplish the reaction between the Eu layer and the
Si(111) substrate. GdGe: and EuGe; are synthesized employing
the same fluxes of Gd and Eu; RE metals are deposited on the
Ge(111) substrate at 400 and 290 °C, respectively. EuGe films
are annealed for half an hour at 500 °C. All the REXene films
are capped at room temperature with a 20 nm layer of either
amorphous SiOx or polycrystalline 5N Al, to prevent degradation
from air exposure.

4.2 Characterization

Structural properties of the films are studied with a combination
of in situ and ex situ techniques. In the growth chamber, the
crystal quality and the surface morphology of the films are
monitored with an RHEED diffractometer furnished with the
kSA 400 Analytical RHEED System. X-ray diffraction scans
are measured ex situ employing the Rigaku SmartLab 9 kW
diffractometer operating at a 1.54056 A wavelength. The
atomic structure of the films is studied further with high-
resolution electron microscopy. Cross-sectional lamellae are
prepared in the Helios NanoLab 600i scanning electron
microscope/focused ion beam (FIB) dual beam system. The
following procedures are carried out: deposition of a 2 pm
protective Pt layer; shaping of the lamellae to dimensions 2 um x
5 um x 5 pm employing FIB with 30 keV Ga* ions; further
thinning and cleaning of the lamellae with 5 and 2 keV Ga*
ions, respectively. The specimens are then transferred to the
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TEM/STEM Titan 80-300 Cs-corrected microscope and the
microstructure of the films is studied in the HAADF mode.

Low-field magnetic properties of the films are determined
with MPMS XL-7 SQUID magnetometer employing the
reciprocating sample option. The samples are mounted in
plastic straws and oriented with respect to external magnetic
field with accuracy better than 2°. Magnetic signals from a few
MLs of REXene are small - their extraction requires the substrate
diamagnetism to be accounted for. We tried two approaches:
(i) subtraction of the substrate magnetic signal measured in a
separate experiment; (ii) subtraction of all magnetic signals
scaling linearly with magnetic field. This second approach
requires magnetic measurements in a high magnetic field H' -
the small ferromagnetic signal is assumed to be saturated and
surpassed by other contributions. The ferromagnetic moment
is then evaluated as

H
H'
Both approaches provide similar results certifying the consistency
of the ferromagnetic moment estimates.

My (H)=M(H)—M(H'") (4)

4.3 XAS and XMCD studies

Complementary XAS and XMCD measurements are carried
out at 3 beamlines operating at different X-ray energy ranges:
(i) The Eu Ls, Gd Ls, and Ge K absorption edges are studied at the
ESRF ID12 beamline in magnetic fields up to 17 T. Circularly
polarized radiation is generated by a helical undulator APPLE-II.
The polarization rate after monochromator exceeds 92% at the
Eu Ls; and Gd L; edges and close to 95% at the Ge K absorption
edge. The spectra are recorded in the total fluorescence yield
detection mode in a backscattering geometry. (ii) The Gd Ma;s
and Si K absorption edges are studied at the BOREAS beamline
of the ALBA synchrotron light source [57] in magnetic fields
up to 6 T. X-ray beam is also produced by an APPLE-II
undulator operating on the 3™ harmonic at 90% circular
polarization. The spectra are measured in the total electron
yield (TEY) mode. (iii) Another set of experiments at the Gd
M. and Si K absorption edges is carried out at the DEIMOS
beamline of the SOLEIL synchrotron light source [58] in
magnetic fields up to 6 T. X-ray beam is produced by an APPLE-II
undulator operating on the 2" harmonic at 98% circular
polarization. The spectra are measured in the TEY detection
mode.

The samples are glued to a cold finger with GE Varnish to
ensure a thermal contact. Magnetic field is generated along
the incident X-ray beam by superconducting cryomagnets.
The angle between the sample basal plane and the applied
magnetic field is 10° at the ESRF beamline ID12 (for experiments
at the Ge K edge, this angle was tuned to be as small as possible),
15° or 90° in BOREAS experiments and 90° in SOLEIL. XMCD
signals, proportional to the sample magnetization component
along the beam, are collected as the difference between XAS
spectra with right and left helicities of the incident X-ray beam.
To establish the absence of experimental artefacts, XMCD
measurements are repeated for the opposite direction of the
applied magnetic field.
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