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Abstract

The exploration of two-dimensional (2D) van der Waals ferromagnets has revealed intriguing
magnetic properties with significant potential for spintronics applications. In this study, we
examine the magnetic properties of Co-doped Fe;GeTe, using x-ray photoemission electron

microscopy (XPEEM) and x-ray magnetic circular dichroism (XMCD), complemented by density
functional theory calculations. Our XPEEM measurements reveal that the Curie temperature (T¢)
of a bilayer of (Co,Fe;_x)s_5GeTe, (with x = 0.28) reaches ~300 K—a notable enhancement over
most 2D ferromagnets in the ultrathin limit. Interestingly, the T shows only a small dependence
on film thickness (bulk T ~ 340 K), in line with the observed in-plane (IP) magnetic anisotropy
and robust IP exchange coupling. XMCD measurements indicate that the spin moments for both
Fe and Co are significantly reduced compared to the theoretical values. These insights highlight the

potential of Co-doped FesGeTe, for stable, high-temperature ferromagnetic applications in 2D

materials.

1. Introduction

The discovery and exploration of two-dimensional
(2D) materials have sparked significant interest due
to their unique electronic, optical, and magnetic
properties, which differ markedly from their bulk
counterparts [1-4]. Among these, van der Waals
(vdW) ferromagnets have emerged as a particularly
exciting class of materials [5, 6] for potential applic-
ations in spintronics and data storage [7, 8], due to

© 2025 The Author(s). Published by IOP Publishing Ltd

their ability to retain magnetic order down to mono-
layer thicknesses [9, 10], and their ease of integration
into functional heterostructures [11—13]. Fe;GeTe,
was one of the first materials in which a persistent
long-range magnetic order down to the monolayer
limit was demonstrated, possessing a large perpen-
dicular magnetic anisotropy and a high Curie tem-
perature, Tc, of 230 K in the bulk [14] and 130 K
in the monolayer limit [15]. The recently discovered
2D vdW ferromagnets, FesGeTe, and Fe;GaTe,, have
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Figure 1. Crystal structure and optical micrograph of bilayer flake. Crystal structure of (Co.Fe;—)sGeTe; in the (a) R3m and (b)
P3m1 space group. The FesGeTe, monolayer has five Fe-containing Fe layers (termed Fel-Fe5), while the Te atoms are located in
the two outermost layers and the Ge layer is in the middle of the stack [19, 20]. The purple and golden spheres represent Ge and
Te atoms, and the blue-bronze ones Fe or Co atoms (partial occupation) on Fel, Fe2, Fe3, Fe4 and Fe5 sites, respectively. Note that
for the common R3m space group of (CoxFe; —)sGeTes, Fel is a split site, i.e. it can occupy up or down positions relative to Ge.
Here, we only consider Fel in the up position, making the structure belong to the R3m space group instead. The Fel-Te and
Fe4—Ge bonds form buckled hexagonal structures akin to graphene. The two are shifted by 1/3 of a diagonal unit cell vector with
respect to each other. In contrast, Fe2, Fe3, and Fe5 are either above or below the hollow sites of these two layers [18, 27]. (¢)
Optical micrograph showing a triangular CoF5GT bilayer flake exfoliated on PDMS, which was investigated by XPEEM. The
white scale bar has a length of 10 m. (d) AFM linescan across the edge of the flake, as indicated in red, revealing a
(homogeneous) bilayer thickness of ~2 nm. (e) x-ray diffraction data (00! reflections) of the investigated 28% Co crystal
(middle), along with an undoped (above) and a 54% Co crystal (below). Reprinted figure with permission from [27], Copyright
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attracted considerable attention owing to their room-
temperature Curie temperatures and tunable mag-
netic properties, making them promising candid-
ates for both fundamental research and practical
applications [10, 16, 17].

FesGeTe, exhibits ferromagnetic (FM) ordering
with a T¢ of ~270-310 K, which is relatively high
among 2D ferromagnets [18-20] and close to the
rivaling class of doped semiconducting transition
metal dichalcogenides (with a monolayer T¢ of up
to 360 K) [21]. This property opens the door to
potential room-temperature applications [8, 22-25].
Furthermore, FesGeTe, displays magnetic anisotropy
and a layered structure, enabling the exfoliation of
few-layer and monolayer samples while maintaining
its FM properties [18, 26]. However, the magnetic
properties of FesGeTe, can be further enhanced and
tailored through chemical doping, which introduces
additional degrees of freedom in tuning its electronic
and magnetic behavior [27-29].

The substitution of Co atoms for Fe in the
FesGeTe, lattice is influencing the exchange interac-
tions and the density of states near the Fermi level,
thereby altering its magnetic characteristics. In fact,
(Co,Fe)sGeTe; hosts both FM and antiferromagnetic
(AF) order depending on the degree of Co substitu-
tion, whereby a critical Co concentration of 0.4 has
been reported, above which AF order emerges [27,
28]. Moreover, for a concentration of 0.44, FM and AF

order coexist at room temperature with odd-layer FM
in the monolayer limit [30]. However, owing to the
richness of the magnetic phenomena in this mater-
ial, the magnetic ground state is complex, and so far,
element-specific resonant magnetic x-ray scattering
had only been carried out in the AF state [29].

The properties of the parent compound Fe; GeTe;,
which crystallizes in the rhombohedral space group
R3m, are governed by Fe vacancies and the thermal
cycling history [31], mostly affecting the Fel site (see
figure 1(a)). As the exact stoichiometry can differ,
FesGeTe, is generally referred to as Fes_sGeTe,. Note
that (Co,Fe;_y)s5_5GeTe, with x < 0.4 crystallizes, in
principle, in the same space group [18]. However, due
to the large density of stacking faults, there is likely
significant mixing of the primitive AA and rhombo-
hedral ABC stacking orders in these Co-substituted
bulk crystals [32] (compare figures 1(a) and (b)).

Here, we present an investigation of the
magnetic properties of the FM 2D material
(CoyFei_y)s_sGeTe, (with x =0.28; CoF5GT there-
after) using a combination of element-specific, x-
ray-based magnetic spectroscopy and microscopy,
supported by theoretical calculations. We aim to
elucidate how Co doping affects the Curie temper-
ature, magnetic anisotropy, and coercive field of
FesGeTe,. Understanding these changes is crucial
for optimizing the material for various technological
applications.
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2. Materials and methods

2.1. Co-doped Fe;GeTe, sample preparation

The CoF5GT bulk single crystals were synthes-
ized via an iodine-assisted chemical vapor transport
technique, and structurally, chemically and magnet-
ically characterized in detail using x-ray diffraction,
energy-dispersive spectroscopy (EDS) and SQUID
magnetometry, respectively, as previously discussed
in [27]. For magnetic spectroscopy, bulk crystals
were cleaved in an Ar-filled glovebox connected to
the synchrotron end station. For the magnetic x-
ray microscopy study, ultrathin layers of CoF5GT
were exfoliated with a polymethyldisiloxane (PDMS)-
assisted technique in an Ar-filled glovebox, and
encapsulated between thin layers of hBN to prevent
oxidation.

Figure 1(c) shows an optical micrograph of the
bilayer (2L) CoF5GT flake exfoliated over PDMS.
The flake thickness was determined via atomic force
microscopy (AFM), as shown in figure 1(d), scanning
across a step-edge. Figure 1(e) displays x-ray diffrac-
tion data (00! reflections) comparing the x = 0.28 Co-
substituted sample (which is the focus of this study)
with undoped FesGeTe, and a sample with a very
high Co concentration (x = 0.54), revealing the struc-
tural influence of Co substitution. The Co concen-
tration was determined by EDS to be x =0.28 [27].
The results of the structural study are discussed in
detail in [27] and can be briefly summarized as fol-
lows: First, the x=0.28 crystal is strongly affected
by stacking disorder, preventing a refinement of the
structure. In contrast, for the x =0.54 sample, stack-
ing faults present no issue for the refinement, yielding
space group P3m1l. Second, Co incorporation leads
to a slight contraction in the ab plane, along with
an increase in both the slab thickness and interlayer
spacing.

2.2. Magnetic domain imaging with x-ray
photoemission electron microscopy (XPEEM)
XPEEM measurements were conducted at the BL24-
CIRCE beamline at the ALBA Synchrotron in
Barcelona, Spain [33]. Real-space imaging was con-
ducted at the Fe L; (706.2 eV) and Co L; (769.0 eV)
edges in the temperature range from 250 to 310 K
[34]. The fixed angle of incidence of the incident x-
rays with respect to the sample surface was 16°, which
means that 28% of the sample’s out-of-plane (OOP)
magnetization component is projected along the x-
ray propagation direction [35, 36]. Here, the x-ray
magnetic circular dichroism (XMCD) asymmetry is
defined as (Kmax — Hiax) / (Fimax T Hinax)> Where foo
and pf  are the XAS signals at the maximum dif-
ference taken with left and right circularly polarized
x-rays, respectively.
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2.3. Magnetic x-ray spectroscopy

X-ray absorption spectroscopy and magnetic circu-
lar dichroism measurements were conducted at the
HECTOR end station on beamline 29 (BOREAS) at
the ALBA Synchrotron [37]. XAS spectra across the
Fe (695-745 V), Co (765-810 eV), and Ge (1200—
1290 eV) L; 3, as well as the Te My 5 (565-595 eV)
edges were recorded using right- and left-circularly
polarized (RCP and LCP) x-rays at normal incidence
(NI), with a magnetic field of up to 6 T applied along
the beam direction. The XAS signal, Iy, is defined as
Ium = p~ + T, while the XMCD signal is defined as
Iimed = ¢~ — pt [38]. The measurements were per-
formed in total-electron yield detection mode, sensit-
ive to the upper 3-5 nm of the sample [38], at a tem-
perature of 10 K unless otherwise specified.

Spin and orbital magnetic moments for Fe and Co
were determined using sum rule analysis [39]. Using
the scale shown on the right-hand side of the panels
in figures 3(c) and (d), the quantities p = |, 1, dELncd
and g = f L.y dEI 4 can be determined, and from
figures 3(e) and (f), the quantity r= fL3,L2 dEIym.
Accounting for the number of holes in the 3d shell
ny, = 10 — ng, which is assumed to be 4 for Fe?t and 3
for Co™, the spin and orbital moments per Fe and Co
atom were obtained as mq, = —(L,) = —(4/3)qmy/r
and  Mgpin eff = —2(Sefr,z) = —(6p — 4q)np/r  [38].
Also Mspin,eff = Mlspin — 7<Tz>

Note that experimental limitations of the sum
rule analysis can arise in multiple ways [40], such
as caused by saturation effects, jj mixing, continuum
background corrections, canted spin moments, arbit-
rary integration limits, estimation of the hole num-
ber, omission of linear dichroism in sum spectrum,
and neglect of the magnetic dipole term. All these
effects, which on their own can either decrease or
increase the moment value, are usually assumed to
accumulate to a total error for Co and Fe of ~10%
[41].

2.4. Density functional theory (DFT) calculations

DFT calculations were performed using VASP [42].
We applied the generalized gradient approximation
[43] using the projector augmented wave method
[44]. Spin—orbit coupling was included in all the cal-
culations. vdW interactions between the 2D layers
were considered using DFT-D3 method with Becke—
Johnson damping [45]. The bulk atomic structure of
FesGeTe, with space group R3m allows split sites for
Fel (that can occupy up or down positions relative to
Ge). In this work, we only considered a simple bulk
structure with space group R3m by fixing Fel in the
up positions. We fixed the lattice parameters to the
reported experimental values (a = 4.04 A, c=29.25 A
forR3m [18] anda = 4.02 A, c=9.8 A for P3m1 [27]),
and all atomic positions were relaxed using a 20 X
20 x 4 I"-centered k-point grid with a kinetic energy
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cutoff of 500 eV. For the supercell structure, a 11 x
11 x 2 I'-centered k-point grid was used. The relax-
ation process was repeated until the atomic forces
on each atom were less than 0.01 eV A~!. The dop-
ing effect in (Co,Fe;_,)sGeTe, was simulated using
the virtual crystal approximation (VCA), and, addi-
tionally, by constructing a V3x/3x1 supercell to
account for substitutional Co doping at Fel positions.
Our previous DFT calculations suggest that the Fel
site is the most favorable for Co doping [27]. Hole
doping simulations were performed by reducing the
total number of electrons via a compensating uniform
background charge. The magnetic anisotropy was cal-
culated using the magnetic force theorem with an
electronic convergence of 1078 eV. The plots in figure
1 were created using VESTA [46].

3. Results and discussion

3.1. XPEEM study of bilayer CoF5GT
XPEEM images of FM domains in bilayer CoF5GT
were acquired as a function of temperature. The
XPEEM image taken at 259 K (figure 2(a)) shows
large, pm-sized domains (white or black contrast). As
the magnetic contrast is governed by the easy plane
character of CoF5GT (see magnetic spectroscopy res-
ults below), the magnetic moments within these black
and white domains are oriented in-plane (IP) and in
opposite directions to one another. In-between, smal-
ler domains are found, which disappear first upon
heating the sample to 282 K. A general loss of con-
trast is observed as the temperature is increased to
296 K and above, i.e. closer to Tc. However, the larger
domains remain magnetic up to 302 K. No qualitative
change of the magnetic contrast is observed as a func-
tion of temperature. From the loss of magnetic con-
trast, the CoF5GT bilayer T¢ can be estimated to be
~302 K (figure 2(d)), whereas the Co concentration-
dependent bulk T was previously determined to be
~340 K for this Co stoichiometry [27]. Compared to
other 2D Ising ferromagnets, including Fe;GeTe; [15]
and CrGeTes [10], the relatively high T¢ of CoF5GT
[47] appears to depend less significantly on the num-
ber of layers, suggesting a relatively weak intralayer
exchange interaction. On the other hand, the high-
Tc ferromagnetism in CoF5GT may be stabilized by
intralayer exchange interactions confined within the
unit cell.

To shed light on the microscopic origin of this
behavior, we carried out XMCD measurements and
DFT calculations, which are discussed in detail below.

3.2. Orbital and spin magnetic moments of bulk
CoF5GT

The orbital and spin magnetic moments of the Fe and
Co sites were obtained from sum rule analysis of the
XAS and XMCD spectra [48, 49], measured in total
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electron yield detection mode. In figures 3(a), (c), (e)
and (b), (d), (f), XAS and XMCD spectra of Fe and
Co, respectively, are shown as measured at 10 K in
an applied field of 6 T in grazing incidence (GI). The
XAS spectra shown in figures 3(a) and (b) were taken
with 100% RCP and LCP (labeled pt and g~ in the
figure), and the respective XMCD spectra shown in
the panels below calculated by subtracting them from
each other (figure 3(c) and (d)). A step function with
a ratio of 2:1 for the L; and L, edges, respectively,
was subtracted from the XAS spectra to remove the
continuum-state background before integration. The
integrals p and g over the L3 and L, 3 edges, respect-
ively, of the XMCD used for the sum rule analysis are
indicated in figures 3(c) and (d). The integrated XAS
intensity over the L, 3 edges provides the normaliza-
tion factor r (figures 3(e) and (f)). For further details,
we refer to section S1.3.

In table 1, the results of the sum rule analysis
are summarized. The spectra were taken at temper-
atures of 300 and 10 K and in an applied magnetic
field of 6 T at both GI and NI to probe the IP
and OOP components of the magnetization, respect-
ively. (The measurement geometry is illustrated in
figure 5(f)). At 6 T, mgpin eff reaches 2.5 pg atom™!
for Fe and 1.4 ugatom™! for Co at 10 K, which is
about 30% reduced at 300 K [in the case of Fe].
These values for the spin moments are not far out
of line with those for bcc Fe (1.98 jg atom™!) and
hep Co (1.62 pup atom ™) [50]. Also, they are compar-
able with reports on undoped FesGeTe, bulk crystals
of Mgpin off = 1.8 pu/Fe (Mo, = 0.1 pp/Fe, in general
agreement with our findings) [51]. For a further dis-
cussion, see section S1.3.

Table 1 also lists the orbital moments, m,y,, and
the ratio of orbital-to-spin moments, 1o, / Mgpin,eff-
We note that the absolute values of mgy, are lar-
ger for Fe in the NI geometry but larger for Co in
the GI geometry, pointing towards differences in the
magnetocrystalline anisotropy energies. This finding
will be discussed in the context of the magnetic hys-
teresis loop measurements in the magnetic aniso-
tropy section below. Further, the ratio mqy, / Mpin eff
is a useful indicator of the importance of the orbital
properties, as in this ratio, the number of holes and
the varying saturation fields cancel out. According
to Hund’s third rule, the spin and orbital moments
for the more-than-half-filled Fe and Co band are
aligned parallel. Indeed, from the sum rule analysis,
we find oy, / Mspin efr > 0 in both cases. The exper-
imental values of the magnetic moments will be fur-
ther discussed in the context of the DFT results below.

3.3. Magnetic spectroscopy at the Ge L, ;3 and Te
M, 5 edges

Apart from the element-selective analysis of the mag-
netic Fe and Co ions at their L, 5 edges, giving XMCD
signals which are proportional to their 3d magnetic
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Figure 2. XPEEM measurements as a function of temperature. The magnetic contrast at (a) 259 K and (b) 282 K is dominated by
larger, pm-sized domains. (c) At 296 K, the magnetic contrast is reduced, and at (d) 302 K, it has almost completely vanished,
except for larger domains. Examples of both larger (blue) and smaller (yellow) domains are indicated in panel (a).
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Table 1. Results of the sum rule analysis for the measurements at
10 K, in an applied field of 6 T, for grazing and normal incidence
(GI/NI). The magnetic moments iy off and #1o-, are given in
units of up/Fe or Co atom. The number of holes was assumed to
be n, = 4 for Fe and n;, = 3 for Co. An error on the order of 10%
can typically be assumed for the magnetic spin moments of Co
and Fe [41].

Element Geometr}’ Morb Mspin, eff morb/mspin,eff
Fe GI 0.148 2.45 0.0604
NI 0.167 2.53 0.0661
Co GI 0.174 1.39 0.125
NI 0.135 1.25 0.108

moment, also the ‘non-magnetic’ elements Ge and Te
can be analyzed. This is important since these ele-
ments can exhibit a net spin polarization through
hybridization of their p bands with the 3d band

of Fe or Co, giving an XMCD signal. Figures 4(a)
and (b) show the Ge L 3 and Te M, 5 edge XAS (top)
and XMCD (bottom) spectra, respectively, meas-
ured at 10 K in an applied magnetic field of 6 T
at GI. This observation of spin-polarized Ge and
Te states in CoF5GT is consistent with their obser-
vation in undoped FesGeTe, [51]. The sizeable Te-
XMCD (observed in FesGeTe,) has been argued by
Yamagami et al [51] to be hinting at the major role
spin—orbit coupling of this heavy element could play
in the arrangement of the Fe spins, including mag-
netocrystalline anisotropy, similar to the role of Pt in
the itinerant ferromagnet FePt [52].

For Ge (for which the 3d shell should be fully
occupied), the L, 3 (2p — 3d) edges are located at
~1240 eV. Here, the same XMCD sum rule analysis as
for Fe and Co can be applied, using a step height ratio
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Figure 4. Right- (red, uT) and left- (blue, 1) circularly polarized XAS and XMCD (green) over the (a) Ge Ly 3 and (b) Te My s
edges in total electron yield. The measurements were performed in grazing incidence (at 20° off the surface plane) at 10 K under a

field of 6 T applied along the incident beam direction.

of L3:L, = 2:1 in the XAS background correction. On
the other hand, for Te with its M, 5 edges at ~570 eV,
i.e. a 3d — 5p transition, different coefficients for the
XMCD sum rule are used [53]. Sum rule analysis gives
at the My edge, Iymed/Isum = 3/2(S;)/ny and at the
M5 edge, Lincd/Isum = —(S.) /np,, where, as usual, the
expectation value of the spin moment is defined as
Mepin = —2(S;) and ny, is the number of holes [38].
The step height in the XAS background correction
for Ms:M, is 3:2. Note that as the XMCD measures
the moment on the 5p electrons, we can neglect the
small orbital contribution for Te. Also, note that the
Te M, 5 absorption (3d — 5p transition) reverses the
XMCD sign compared to the p — d transition (L; 3).
Therefore, since the Te M5 and Fe L; XMCD have the
same sign, the Te 5p and Fe 3d moments are aligned
antiparallel.

As the Te spectra possess a sloping background
that curls significantly at the M, edge and beyond,
we focused on the M5 edge for the sum rule ana-
lysis. Linear backgrounds fitted to the M5 pre-edge
were subtracted from the Te spectra. The height of the
M step for the XAS background correction was set
to the lowest intensity of RCP and LCP between the
M5 and M, peaks (with respect to the pre-edge back-
ground). This way, from sum rule analysis for Te, spin
moments of mspm ot = 2 Ixmed /Isum = 0.092 pig/hole
and mspm off = 0.113 ug/hole were determined from
the GI and NI data at 10 K in a field of 6 T, respect-
ively. The presence of a relatively large spin moment
m;s per hole of —0.092 up on the Te site is evidence
of a significant intralayer hybridization between the
Fe 3d and Te 5p orbitals in bulk CoF5GT. To reach
agreement between the DFT calculations (see below)
and our experimental value, ~0.5 holes per Te have to
be assumed, giving m; = —0.045 pp/Te atom, which

confirms the strong hybridization between the metal
3d and Te 5p bands. Moreover, in the plot of the Fermi
surfaces of Fe and Te (figure S1), we find a strong
hybridization of the Fe and Te bands near the I" point.
This is further enhanced in Co-substituted Fe;GeTe,,
as can be seen in the atom-projected density-of-states
(DOS) plots in figure S3.

The unique temperature evolution of the mag-
netic properties of undoped (and doped) FesGeTe,
[18], which includes the appearance of non-collinear
spin structures and ferrimagnetic behavior [54, 55],
was explained by Yamagami et al [51] to be governed
by the hybridization between the Fel site and Te. In
terms of bond distance, Fel is the second closest to
Te (2.61 A), however, it forms a buckled hexagonal
structure like graphene, while for the closest Fe site,
Fe4 and Te are vertically stacked [20]. This bond con-
figuration is absent in the closely related vdW mag-
net Fe;GeTe,, which has a much lower transition
temperature.

3.4. Magnetic anisotropy

To determine the magnetic anisotropy of the sample,
and to obtain unambiguous experimental proof of the
hybridization between Te and Fe/Co states, we car-
ried out measurements of the magnetic field depend-
ence of the XMCD at 10 and 300 K. Figure 5 shows
element-specific hysteresis loops for (a), (b) Fe, (c),
(d) Co, and (e) Te in both NI and GI, with the meas-
urement geometry illustrated in figure 5(f). Note that
the Ge signal was too noisy to carry out measurements
of the hysteresis loop (and so was the Te measure-
ment at 300 K). All three loops at 10 K show qual-
itatively the same behavior, i.e. an OOP hard axis
(measured at NI) and an IP easy axis (measured at
GI) with a very small coercive field. Importantly, the
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Figure 5. Element-specific magnetization curves of (Cog2sFeo 7
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2)5GeTe, recorded at the (a), (b) Fe L3 (703.8 eV off-edge /

706.9 eV on-edge), (c), (d) Co L3 (774.2 eV off-edge / 777.75 eV on-edge), and (e) Te M5 (569.9 eV off-edge / 572.2 eV on-edge)
edges in total electron yield. The measurements were carried out in both normal (NI, red) and grazing incidence (GI = 20° off
the horizon, blue) at (a), (c), (e) 10 Kand (b), (d) 300 K. The curves have been normalized to their saturation values at high field.
(f) Mlustration of the normal and grazing incidence measurement geometries.

field-dependence of the (normalized) Fe, Co, and Te
XMCD at 10 K is qualitatively identical, indicating
their strong coupling. At 300 K, i.e. ~30 K below the
bulk T¢, the anisotropy has markedly reduced with
both the NI and GI loops for Fe and Co (figures 5(b)
and (d)) showing a similar easy axis behavior. This
is consistent with the intralayer exchange coupling
being stronger than the interlayer coupling. Further,
the magnetization does not seem to saturate at the
maximum field of 6 T, pointing towards materials
inhomogeneities and the existence of a paramagnetic
background.

While the hysteresis curves in figure 5 clearly
show for both Fe and Co at 10 and 300 K that the
easy axis is IP (GI geometry), the sum rule ana-
lysis results in table 1 (measured at the maximum
applied field of 6 T) seems more ambiguous at first
glance. Using perturbation theory, Bruno proposed a
model for the magnetocrystalline anisotropy energy
(MAE) under the assumption that the majority spin
band is completely filled [56]. Bruno’s model states
that the absolute value of the orbital moment is lar-
ger along the easy magnetization direction, and that
the difference between the orbital moments along
the easy and hard directions is proportional to the
MAE. Comparing the orbital moments for Fe and
Co (table 1), measured in GI and NI, one notes that
for Fe [A (mSh —mN}) = —0.019 up < 0] the MAE
prefers a magnetization direction that is OOP, dis-
agreeing with the hysteresis behavior, while for Co

[A (mS} —mNi) = 0.039 pug > 0] the MAE prefers a
magnetization direction that is IP, in agreement with
the hysteresis.

To understand the opposite trend, one has to bear
in mind that the hysteresis curves are predominantly
determined by the behavior of the spin moment.
Therefore, while the (local) orbital moment reflects
the MAE of the ion, the spin moments are affected
by the exchange interaction between them, making
in this case Fe follow the IP behavior of Co. This
‘magnetic bully’ effect has been first demonstrated
in ultrathin Co/Ni films, in which, using XMCD, it
was found that the stronger anisotropy contribution
of a much thinner Co layer redirects the easy mag-
netization direction of the entire film [57]. While
for 3d transition metals, the orbital moment my, is
assumed to be proportional to the MAE of the specific
atom, the situation is completely different for the spin
moment. Bruno [56] used second-order perturba-
tion theory to derive the effect of the small orbital
moment on the magnetocrystalline anisotropy, and
this cannot be applied to the spin moment. Following
[58], the spin moment is isotropic, so that gy, =

00P P : :
Min, eff—l—stpin’eff} /3, and the anisotropy in the
measured effective spin moment is due to the mag-
netic dipole term (T3). Using msopiorfeff =
P Gl :

spin.eff by M oty WE obtain the fol-
lowing (absolute) values for (T): —0.0076 up per Fe

atom and —0.0067 up per Co atom, which is ~0.5%

NI
mspin,eff’ and

approximating m
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of mgp, for Co. The magnetic dipole term has no
influence on the exchange interaction, but it gives a
small contribution to the magnetic anisotropy (see
equation (28) in [58]). This is because (T,) accounts
for a spin quadrupole moment [59] as well as for spin-
flip excitations between the exchange split majority
and minority spin bands. Furthermore, the Bruno
model is strictly only valid if the minority band is
completely empty [58], which is of course not really
the case for the Fe and Co atoms. Thus, there are small
additional terms besides the orbital moment aniso-
tropy, which can be neglected in our case.

On the other hand, the hysteresis loops are dom-
inated by the dichroism due to the spin moment,
which is much larger than that of the orbital moment.
As mentioned, the spin moment is isotropic and
its absolute value is not expected to change as a
function of applied field. However, below a certain
field threshold, the spin moments, when measured
along the hard axis, will tilt away towards the easy
axis. Then, the projection of the spin moments onto
the beam direction (which is taken along the field)
becomes smaller, thereby reducing the dichroism sig-
nal. This explains the behavior of the magnetization
loops in figure 5, and makes it a more direct indicator
for the easy direction than the orbital moment values.

The observed IP magnetic anisotropy is in con-
trast with other vdW ferromagnets, such as Crl; and
Fe;GeTe,, which typically exhibit OOP (perpendicu-
lar) magnetic anisotropy due to stronger spin—orbit
coupling effects that stabilize perpendicular magnetic
orientations. In Co-doped F5GT, however, Co sub-
stitution shifts the anisotropy to an IP configuration,
a characteristic that enhances the magnetic stability
within the atomic layers. This IP alignment is signi-
ficant, as it improves the stability of magnetic order
even in ultrathin layers, making this material par-
ticularly promising for spintronic applications that
benefit from IP magnetization. This unique aniso-
tropy in Co-doped F5GT demonstrates the potential
to tune vdW materials to fit specific application needs
through chemical doping.

3.5. DFT calculations

The magnetic anisotropy in Fes_sGeTe, bulk crystals
depends on Fe vacancies, which introduce hole dop-
ing. In our DFT calculations for bulk FesGeTe, (space
group R3m), we identified IP anisotropy with a value
of 0.41 meV/f.u. and an average magnetic moment of
1.68 up/Fe atom. Upon Co doping (x=0.25) using
the VCA, the anisotropy remained IP but reduced
to 0.18 meV/f.u. The Fe (average) and Co moments
were 1.75 and 1.97 up atom™!, respectively, though
discrepancies with experimental XMCD values sug-
gest that Fe vacancies and model simplicity might
be influencing these results. Increased hole doping
enhanced the magnetic moment by approximately
21% (see figure S1).

E Heppell et al

In the primitive P3m1 unit cell, FesGeTe, exhib-
ited IP anisotropy (0.40 meV/f.u.), but Co dop-
ing (x=0.25) switched the easy axis to OOP with
0.60 meV/f.u., contradicting experimental findings.
Potential explanations include disorder, Fel site vari-
ations, or strain effects in 2D materials. We also
explored the v/3 x /3 x 1 supercell of the R3m struc-
ture, motivated by the supercell observed in the x-
ray diffraction data [27], which showed that Co dop-
ing reduces IP anisotropy and increases hybridization
between Co 3d and Te 5p states (see section S5 for
details and the results summarized in table S1). This
behavior is consistent with the atom-projected DOS
findings presented in figure S3.

4. Conclusion

In this study, we investigated the magnetic proper-
ties of Co-doped FesGeTe, using a combination of
XPEEM, XMCD measurements, and DFT calcula-
tions. Our XPEEM measurements reveal a remark-
ably high Curie temperature of ~300 K for a bilayer
of CoF5GT, which is significantly higher than that
of other materials in that class of 2D ferromagnets
in the ultrathin limit. Notably, the T¢ shows only a
small dependence on film thickness, consistent with
the observed IP magnetic anisotropy and stronger
IP exchange coupling. The XMCD measurements
provided insights into the spin moments of Fe and Co,
showing an increase and reduction, respectively, com-
pared to theoretical predictions from DFT calcula-
tions. The XMCD measurements also highlighted the
orbital moment anisotropy of the elemental constitu-
ents, demonstrating that the introduction of Co redir-
ects the easy magnetization direction due to its pref-
erence for IP anisotropy. This finding is critical for
the development of stable, high-temperature 2D fer-
romagnets and underscores the potential of chemical
doping to tune the magnetic properties of 2D vdW
ferromagnets.
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