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We investigate the metallic van der Waals itinerant ferromagnet Fes_,GeTe, with atomic scale, spatially
resolved low-temperature scanning tunneling microscopy (STM), and spectroscopy (STS). STM images unveil
a new structural order 2a x la along with the known order /3a x ~/3a manifesting as nonuniform domains.
STS shows spatial and energy resolved local density of states that reveal the crucial influence of Fe(1) site
occupancy on the system’s electronic interactions. Our magnetization measurements show magnetic anomalies
at lower temperatures and identify a Curie temperature (T,.) surpassing room temperature. Collectively, our
results elucidate the intricate nature of Fes_,GeTe, and underscore its potential for tunability of spintronics and

high-temperature magnetic applications.
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I. INTRODUCTION

Magnetic van der Waals (M-vdW) materials offer the
possibility to study magnetism in two dimensions (2D), as
individual monolayers, bilayers, or as heterostructures with
other vdW materials. Coupled with this comes the essen-
tial aspect of tuning these materials for various applications.
M-vdWs can be ferromagnetic and antiferromagnetic, and
within these two broad classes, depending on the band struc-
ture, M-vdWs are semiconducting, insulating, or metallic [1].

In the case of metallic ferromagnets, the mutual effect
of spin and charge leads to itinerant as well as localized
phenomena. The interplay between exchange interactions
originating due to spin, and electronic correlations owing to
the charges in metals, continues to be an exciting question.
While exchange interactions favor magnetism, electronic cor-
relations manifest as charge density waves [2,3]. The notion
of correlations among itinerant electrons, coupled with the
exchange interactions, was initially proposed by Wigner [4].
For itinerant ferromagnets, a preference for nonlocal strong
electronic correlations is established through band renormal-
ization [5]. These strong correlations manifest as intriguing
electronic phenomena, including ferromagnetic superconduc-
tivity, charge ordering, and nontrivial topology [6,7].

The family of compounds Fe,GeTe, where 3 <n < 7
shows the coexistence of itinerant and localized magnetism
[8]. Bulk Fe;GeTe, has gathered significant attention due
to its room-temperature ferromagnetism under ionic gating
conditions [9]. Large Berry curvature observed at the Fermi
level gives rise to prominent anomalous Hall effect, and the
topological spin texture remains stable at higher temperatures
[10-12]. Ab initio calculations employing density functional
theory (DFT) indicate the potential for achieving higher stable
structures in Fe,GeTe, by increasing the Fe content, where
n > 3 [13]. Fe doping is recognized to enhance the ordering
temperature beyond room temperature and theoretically stable
structures are predicted up to n = 6, establishing a limit for
increasing the transition temperature (T,) through Fe addition
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[13,14]. The bulk FesGeTe, shows ferromagnetic order at
room temperature (T, = 310 K) [15].

The Fes_,GeTe, system is interesting, as the structural
reconstructions affect its electronic and magnetic properties.
Experimental reports on Fes_,GeTe, have shown a structural
reconstruction of \/ga X \/§a [16,17]. Some studies attribute
it to a checkerboard arrangement of Fe ions beneath the
Te layers that is energetically favorable, or the breaking of
Fe(1)-Ge inversion symmetry [18,19]. One more intriguing
aspect is the increase in T.. The anomalous transition in
magnetization occurs at lower temperatures resulting in an
increase in the anisotropy along the easy axis [13,15]. Despite
the observed increase in T,, experimental results suggest the
possible origin to be either antiferromagnetic coupling or the
emergence of ferrimagnetic domains in the structure, causing
a decrease in magnetization at lower temperatures [18,20,21].

Is this v/3a x +/3a reconstruction unique? Can there be
competing phases at similar energies? Is there a variation
in T,? To address these aspects we study the single crystal
Fes_.GeTe,. We probe the local dynamics of the itinerant
electrons and their spatial fingerprints with atomically and
spatially resolved STM and STS measurements at 4.2 K. We
confirm the sample stoichiometry through TEM elemental
analysis. Our STM images show the 2a x la reconstruction
along with the v/3a x ~/3a order. We also perform global
magnetization measurements to gain insight into the mag-
netic nature of the Fes_,GeTe, single crystal. Our results
indicate that structural reconstruction leads to site-dependent
hybridizations and modified interactions among itinerant elec-
trons. The heavy ligand coupling with different Fe sites
presumably causes the anomalous behavior observed at lower
temperatures.

II. METHODS

Single crystal Fes_,GeTe, purchased from 2D semicon-
ductors was used for this study [22]. A crystal piece was
suspended in acetone and subjected to sonication for one

©2024 American Physical Society
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FIG. 1. (a) Crystal structure of Fes_,GeTe, showing the side view of unit cell (dotted rectangle marks the unit cell). The different sites of
Fe, Ge, and Te atoms are shown in the structure. (b) SAED pattern collected over the Fes_,GeTe, flake (¢) HR-TEM image corresponding to
(b) showing the arrangement of Te atoms in the layer. (d) HR-TEM image of Fes_,GeTe, flake. The elemental mapping of Fe, Ge, and Te over

the Fes_,GeTe, flake is shown in (e)—(g), respectively.

hour to achieve thinner flakes suitable for high-resolution
transmission electron microscope (HR-TEM) imaging. Char-
acterization of the Fes_,GeTe, crystal was performed using
the HR-TEM Joel JEM2200FS model. This HR-TEM has
a Gatan camera and an Oxford Systems x-ray detector.
The imaging process was performed at a beam energy of
200 keV, while elemental analysis was conducted at a beam
energy of 20 keV. Structural characterization was ensured by
analyzing selected area electron diffraction (SAED) patterns
and elemental mapping across multiple crystals to confirm the
structural composition of Fes_,GeTe,. Many such flakes were
imaged using HR-TEM.

For STM measurements a crystal piece with dimensions of
2 mm x 2 mm was affixed to the sample plate using silver
epoxy. The silver epoxy was then allowed to cure at a temper-
ature of 150 °C in a vacuum furnace, maintained at a pressure
of ~107% mbar to prevent crystal oxidation. The sample was
then transferred to the ultra high vacuum (UHV) sample
preparation chamber for in situ exfoliation. The top layer of
the Fes_,GeTe, crystal was exfoliated using Scotch™tape to
obtain a clean and fresh surface prior to immediate transfer
to the STM chamber for measurements. STM measurements
were conducted using the Scienta Omicron low-temperature
ultrahigh vacuum scanning tunneling microscope (LT-UHV-
STM) at a base temperature of 4.3 K and a base pressure of
2 x 10~ mbar. An electrochemically etched tungsten tip was
used for imaging. Several trials of imaging and spectroscopy
were carried out with different tips. The images were pro-
cessed using the image analysis software (SPIP 6.0.9, Image
Metrology, Denmark). The local density of states (LDOS) was
determined by STS. Using the standard lock-in technique, a
modulation voltage of 6 mV at 652 Hz frequency was applied
with the SRS lock-in amplifier. The tunneling voltage (V) was

varied within 200 mV, and the corresponding variation in the
current (I) was obtained as a dI/dV spectrum, thus giving the
tunneling conductance for Fes_,GeTe;.

For magnetic properties measurement, Quantum Design
(QD) magnetic property measurement system (MPMS) was
used. The Fes_,GeTe, single crystal was placed parallel to
the applied field (Happiiea || ab plane). Magnetization measure-
ments were conducted in both zero-field-cooled (ZFC) and
field-cooled (FC) modes at 1000 Oe with the temperature
varying from 300 K to 5 K. Additionally, magnetization was
measured at 5 K and 300 K under varying magnetic fields up
to 60 kOe.

III. RESULTS AND DISCUSSION

Fes_,GeTe, crystallizes in a rhombohedral lattice
symmetry with the centrosymmetric space group R3m
[15,23,24]. Figure 1(a) illustrates the crystal structure of
Fes_,GeTe,, highlighting the distinct site occupancies of Fe,
Ge, and Te atoms within the structure. Notably, the Fe(1) site
exhibits partial occupancy, leading to a split-site configuration
for the Ge atoms. Using HR-TEM measurements, the
crystalline nature and stoichiometry were determined. Intense
and sharp peaks in the SAED pattern [as shown in Fig. 1(b)]
confirmed the crystalline nature of the sample. The Te
atomic arrangement is displayed in the corresponding high
resolution image, Fig. 1(c). The stoichiometry of our sample
was confirmed through HR-TEM elemental analysis, which
was performed on different flakes of the crystal, revealing
slight variations in the atomic concentration among them.
The stoichiometry of this crystal was determined to be
~Fe, gGeTe,. In Fig. 1(d), a typical flake is illustrated, and
its elemental mapping of Fe, Ge, and Te elements are shown
in Figs. 1(e)-1(g), respectively.
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FIG. 2. (a) 3D view of the Fes_,GeTe, surface (V =1 V, I = 0.1 nA) showing layer cascade. The layer height profile is shown with
the white trace, the single-layer height is measured to be 0.88 nm. (b) In the upper panel, the structural origin of the UDU arrangement is
shown in the top view (left) and side view (right). The STM topographic image shown in lower left is v/3a x v/3aR30° structural ordering
(V=—-100 mV, I = 100 pA). To the lower right is the corresponding FFT of the STM image, which shows the lattice peak (marked by white
circles) and the structural ordering peaks (marked by red circles). (c) In the upper panel, the top view (left) and side view (right) of the structural
arrangement with alternating UUU and DDD stripes is shown. The STM topographic image shown in lower left is 2a x 1a structural ordering
(V= —100 mV, I = 100 pA). The lower right shows the corresponding FFT of the STM image, which shows the lattice peaks (marked in

white) and the structural ordering peaks (marked in magenta).

Figure 2(a) is a large area STM image that shows the
Fes_,GeTe, layer cascade. Our step height measurement
yields the height to be 0.88 nm. Which is higher than the
layer thickness of 0.82 nm in Fe;GeTe, [25]. This could be
understood by the structural difference among them.

In our study, we have identified two distinct types of struc-
tural ordering in the Fes_,GeTe, sample. These are revealed
in the topography images of the regions examined. The first
type of ordering, ~/3a x ~/3a, is shown in Fig. 2(b). The
second type of ordering, 2a x la, is shown in Fig. 2(c). The
measured lattice spacing is 0.4 nm through the line profile
of actual STM images, which was further validated by k-
space fast Fourier transform (FFT) analysis for both regions.
Within the limits of our experimental resolution, no significant
changes in lattice parameters were observed.

The +/3a x +/3a arrangement has been frequently ob-
served in prior STM and XRD results [15-17]. The detailed
structural theory is proposed by Ershad et al. [19]. According
to the theory, depending on the Fe(l) site occupancy, there
are two types of structural ordering: UDU and UUU/DDD.
In this context, “U” indicates a Fe(1) atom located near the
upper Te surface of the layer, while “D” signifies a Fe(1) atom
positioned near the lower Te surface of the layer. The UDU
ordering describes a sequence where Fe(1) occupies alternat-
ing positions of “U” and “D.” The UUU/DDD ordering is
characterized by Fe(l) exclusively occupying “UUU/DDD”
positions. Among these, UDU ordering is generally preferred
due to its lower formation energy, whereas UUU/DDD order-
ing, possessing a higher formation energy, is more elusive in
Fes_,GeTe, [19].

However, we observed the striped structural ordering
2a x la, as depicted in Fig. 2(c). This pattern, unlike the
V3a x \/§a, is the new finding of our work. It can be
explained by an alternating line sequence of UUU and DDD,
which creates stripes across the surface. The corresponding

striped pattern is observed in the STM topography image
[lower left of Fig. 2(c)]. The FFT of the area clearly exhibits
inner peaks corresponding to the 2a x la structure [lower
right of Fig. 2(¢)].

In our STM images, v/3a x v/3a modulations are seen over
most of the regions, as previously observed in Fes_,GeTe,
[16,17]. The upper right region of Fig. 3(a), outlined by red
dashed lines, prominently displays a ~/3a x +/3a ordering.
The lower left region marked with cyan dashed lines exhibits
striped features with a 2a x la ordering. Both these modula-
tions coexist in the same region. The background corrugation
over the surface can be seen as the local strain over the surface,
which could be due to the Fe intercalation that is common in
Fes_,GeTe, [27,28]. The surface corrugation exhibits no peri-
odicity, thereby ruling out moirlike behavior. Previous studies
on van der Waals materials have suggested that intercalation
between the layers leads to corrugation formation over the
surface [29,30].

To differentiate between the two observed phases
3a x+/3a and 2a x la in Fig. 3(a), we measured dI/dV
maps to get a spatial variation of the local density of states
(LDOS) on the structurally ordered regions. These maps are
shown in Figs. 3(b)-3(f). With spectroscopic imaging, we
effectively distinguish between two regions at the different
energies from 1 mV (close to Fermi energy), 76.63 mV,
125 mV, 174.02 mV, and 250 mV in the conduction band.
We have not observed any significant changes in the valence
band; hence, corresponding energies are not included. The
color scale indicates the relative value of LDOS. At 1 mV
bias [Fig. 3(b)], close to the Fermi energy, we observe a lower
LDOS at the Fermi energy for the 2a x 1a region compared to
the v/3a x +/3a region. As we move away from the Fermi en-
ergy in the conduction band, the LDOS difference between the
regions diminishes, as depicted at 76.63 mV bias [Fig. 3(c)].
No distinguishable features are found at an energy of 125 meV
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FIG. 3. (a) STM image with (v/3a x +/3a)R30° highlighted in red and (2a x la) region highlighted in cyan (V = —100 mV, I = 0.1 nA).
(b)—(f) dI/dV maps taken over regions shown in (a) at a bias voltage of (b) V=1mV, (c) 76.63 mV, (d) V = 125 mV, (e) V = 174.02 mV, and
() 250 mV. (g) dI/dV spectroscopy over the /3a x +/3a and 2a x 1a regions, with the crossover of the LDOS between both regions marked
in blue near 125 meV. (h), (i) The DFT + GGA calculated band structure illustrates the relative spectral weight for hybridized Fe d orbitals
and Te p orbitals for different site occupancy. Red denotes d orbital dominance, while blue represents p orbital dominance. Panel (h) shows
the strongest hybridization between Fe(1) and Te(1), whereas panel (i) exhibits relatively strong hybridization between Fe(5) and Te(2) sites

(adopted from Ref. [26]).

[Fig. 3(d)], indicating a crossover point where nearly the
same LDOS is observed for both regions. This is reflected
in the uniform color of the LDOS map. Beyond 125 meV,
the LDOS is observed to be higher for the 2a x la region
than the v/3a x v/3a region, as seen at 174.02 mV [Fig. 3(e)].
At 250 meV [Fig. 3(f)], a complete inversion of LDOS is
observed over the regions compared to the Fermi energy.

We performed comparative dI/dV point spectroscopy over
both regions, as shown in Fig. 3(g). There is no significant
change in the LDOS in the valence band as seen in the
overlap of red and black spectra. However, at the Fermi en-
ergy, we observe a dip in the LDOS, possibly arising from
the strong hybridization between the magnetic Fe atoms and
nonmagnetic Te atoms [26]. Interestingly, the dip observed
for the 2a x la region (black curve) is more pronounced than
for the +/3a x v/3a region (red curve). A crossover in the

LDOS is evident at a bias voltage near 125 mV (marked with
a blue arrow). Beyond 125 mV, we observe a higher LDOS
for the 2a x la region compared to the +/3a x +/3a region,
consistent with the trend in the LDOS maps over both regions.
This experimental confirmation can be further compared with
theoretical calculations by Yamagami et al. [26].

In the determination of the physical properties of
Fes_,GeTe,, the Fe(1) atomic site plays a crucial role. Un-
derstanding the site-dependent role in the observed LDOS
over both regions is imperative. Figures 3(h) and 3(i) present
DFT+GGA calculations (adopted from the supporting on-
line material of [26]) for different Fe and Te sites, showing
their hybridization in Fe 3d orbitals and Te 5p orbitals near
the Fermi energy. To simplify the DFT calculations, Fe(1)
occupancy is assumed to be 100% and not random. The 5p
delocalized orbitals of Te and 3d localized orbitals of Fe
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exhibit antiparallel spin polarization, evident from the rel-
ative spectral weight of the band structure. The strongest
hybridization is observed between Fe(1) and Te(1) sites, with
higher spectral weight near the Fermi energy. A relatively
stronger hybridization is observed between Fe(5) and Te(2)
sites, with higher spectral weight around 250 meV. These
results can be compared with the LDOS experiment for both
regions. The v/3a x ~/3a region shows nearly the same LDOS
for the conduction band, suggesting equivalent contributions
from Fe(1) and Fe(5) sites. The symmetric isotropic structural
arrangement could be the reason for this. In contrast, for
the 2a x la region, Fe(1) contributes less sites than Fe(5) to
LDOS, highlighting the important role of structural ordering
in energy level hybridization. Thus, our LDOS maps provide
direct evidence for the predicted spectral weights of the band
structure reported in Ref. [26].

The simple Stoner model cannot be used to explain the
itinerant magnetism in Fes_,GeTe,. The magnetism in the
Fes_.GeTe, sample can be explained by a combination of
itinerant and localized moments. Fe 3d orbitals are localized
in nature, while Te 5p orbitals have delocalized itinerant elec-
trons. Yamagami et al. predicted that strongly hybridizing
localized Fe spins with the delocalized nonmagnetic Te lig-
ands is crucial in determining the higher T, in Fes_,GeTe,
[26]. Strong hybridization with the Fe 3d bands induces spin
polarization in the Te/Ge ligands band, but they align an-
tiparallel to the Fe spin-polarized bands. The spin-polarized
density of states (SP-DOS) of the ligands is expected to be
higher for hybridized bands located near the Fermi energy,
directly affecting the T.. The closer the hybridized band to
the Fermi energy, the higher the T,.. This indicates that the
V/3a x +/3a ordering has a higher T, compared to the 2a x la
ordering, as it possesses the strongest hybridized band near
the Fermi energy and has a higher LDOS. The spin polar-
ization of the Te/Ge ligands by Fe spins introduces strong
spin-orbit coupling, causing the magnetoanisotropic effect ob-
served previously in the FePt intermetallic system [31,32].
This magnetoanisotropic effect plays an important role in the
observed magnetic anomalies.

To highlight the role of the magnetoanisotropic effect
in Fes_,GeTe,, we performed magnetization measurements.
In Fig. 4(a), we present zero-field cooled (ZFC) and field-
cooled (FC) magnetization data at an applied magnetic field
of 1000 Oe. The presented data closely matches with
Fes_,GeTe, [13,15]. A notable upturn (shown by the green
arrow) in the magnetic data near 280 K could be misunder-
stood as the Curie temperature T,. The exact measurement of
T, could be confirmed by M-H measurements. The M-H mea-
surements, Fig. 4(b), are taken at 300 K (black) and 5 K (red).
Above T., we expect a linear M-H relationship, as observed
in a paramagnetic sample. The M-H measurements reveal a
well-saturated S-shaped magnetic hysteresis loop at 300 K,
affirming that the T, for our Fes_,GeTe, samples exceeds
room temperature. This is further supported by a nonzero
magnetic moment, as is evident in the M-T data.

A broad cusp observed in the temperature range of 110 K
to 280 K can be attributed to simple anisotropy changes in
Fes_.GeTe, [13,15]. Within this range, there is a negligible
shift in ZFC and FC magnetization, consistent with initial
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FIG. 4. (a) Temperature dependent magnetization on the
Fes_,GeTe, crystal where the black plot shows zero field cooled
(ZFC) magnetization and the red plot shows field cooled (FC) mag-
netization. (b) M-H measurements taken at 5 K and 300 K.

reports that observed no thermal hysteresis along the ab plane
[20]. In this region, ferromagnetic ordering explains the mag-
netism, while an anisotropy changes spin-spin interactions
[13,15].

At the transition temperature of 110 K (shown by the
blue arrow), magnetic anomalies emerge, a phenomenon ob-
served by many researchers for Fes_,GeTe, single crystals
[13,16,17]. The decrease in magnetization along the ab plane
suggests a rotation of the easy axis from the ab plane to the
¢ axis in the sample [13]. These anomalies align with the
effect of strong spin-orbit coupling with the Ge/Te ligands
assisted with anomalous structural expansion noted in neutron
diffraction, indicating magnetoelastic coupling in the structure
[15,26]. The decline in magnetization suggests the presence
of antiferromagnetic (AFM) interactions within the structure,
likely due to the Fe(1) site occupancy and antiparallel cou-
pling with the ligands. These AFM interactions are likely
localized within specific regions, giving rise to bubblelike
domains [21]. This localized behavior aligns with the overall
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restoration of ferromagnetic properties, as illustrated in the
M-H data at 5 K in Fig. 4(b).

Thus, the strongest hybridization between Te/Ge ligands
and the Fe(l) site is crucial for T., and its antiparallel
coupling influences the magnetic properties. The strongly
hybridized local density of states (LDOS) near the Fermi
energy in +/3a x +/3a ordering is more prominent than the
2a x la ordering, which could be attributed to higher T,
for \/ga X \/ga ordering. This suggests that the \/ga x /3a
reconstruction observed in many STM and XRD studies
plays an important role observed higher T, in Fes_,GeTe,
[16-18]. It also reduces magnetization at lower temperatures
due to the antiparallel coupling of Te ligands and Fe(1) in
Fes_,GeTe, [26].

Similar observations in the MnBi system have noted that
changes in Mn occupancy within different sites influence
spin-spin correlations in ferromagnets [33]. Below 110 K,
structural transformations appear to drive the moment of
Fe ions at interstitial sites, altering spin-spin correlations
among Fe ions coupling and giving rise to antiferromag-
netic (AFM) bubblelike domains, as observed in various
experiments [14,21]. Additionally, strong spin-orbit coupling,
originating from spin-polarized bands of ligands, changes
magnetic anisotropy and may cause the rotation of the easy
axis, as reported previously [34]. The inception of AFM do-
mains and easy axis rotation due to strong spin-orbit coupling
contributes to a reduction in magnetization, a phenomenon
evident in our magnetic results.

IV. CONCLUSION

In our investigation of the van der Waals metallic mag-
net Fes_,GeTe,, we conducted comprehensive local STM

and STS measurements, along with global magnetization
measurements. We observe a structural ordering of 2a X
la in addition to the previously reported ~/3a x +/3a or-
dering. The +/3a x v/3a ordering plays an important role
in the higher T, observed for Fes_,GeTe,. The Fe(l) site
occupancy and strong hybridization of the nonmagnetic lig-
ands are crucial in determining the magnetic properties of
Fes_,GeTe,. Our magnetization measurements confirm that
the Curie temperature exceeds room temperature, consistent
with previous reports for Fes_,GeTe,. Anomalies in mag-
netization at lower temperatures are associated with AFM
interactions involving heavy ligands and the Fe(1) site, as well
as strong spin-orbit coupling. Our study establishes a connec-
tion between these magnetization anomalies and the strong
hybridization of heavy ligands and Fe(1) ions in this system.
This sets the stage for comprehensive theoretical investiga-
tions to pin down the exact mechanisms underlying these
phenomena.
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