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Abstract

FesGeTe> is a van der Waals ferromagnet that has attracted significant attention due to its‘tuneable
magnetic properties and potential applications in spintronic devices. In this work, we present.a
comprehensive study on high-quality FezxGeTe, (FGT) crystals using techniques including scanning
tunneling microscopy (STM), atomic force microscopy (AFM), Kelvin probe force microescopy
(KPFM), Superconducting Quantum Interference Device (SQUID), and X4ay. magnetic circular
dichroism (XMCD). STM and AFM reveal the atomic-scale surface morphology and layer-dependent
structural features, highlighting the high crystallinity and terrace structures tyQicaI of van der Waals
materials. KPFM measurements provide insights into the surface potential distribution and work
function variations, indicating electronic structure modifications across different domains. Using the
element-specific XMCD technique, we probe the local electrenic characteristics of the magnetic
ground state of FGT. From sum rule analysis, a significant difference between the orbital and spin
moments is observed, leading to a notable spectroscopic splitting factor (g-factor). Our findings
confirm notable contribution of both the Fe 3d.and Ge-Te hybridized orbitals to the overall magnetic
properties, shedding light on the microscopic mechanisms governing ferromagnetism in this material.
This multi-technique approach provides<a detailed understanding of the interplay between structure,
electronic properties, and magnetism in FGT, paving the way for future applications in nanoscale

magnetic devices.
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1. Introduction

Van der Waals (vdW) materials have gained significant attention due to their unique properties and
potential applications in spintronics and low-dimensional magnetism 7. Among these;/FGT. stands
out as a layered metallic ferromagnet that exhibits intrinsic ferromagnetism down to the monalayer
limit 3. FGT belongs to the family of transition metal chalcogenides, characterized by,weak
interlayer van der Waals interactions and strong in-plane covalent bonding, enabling exfoliation into
atomically thin layers. Bulk FesGeTe, crystallizes in a hexagonal structure with” space group
P6s/mmc and shows a relatively high Curie temperature of approximately 2@ K 13, which can be
further enhanced through doping or gating techniques. Its tuneable magnetic properties, coupled with
high electrical conductivity, make it an ideal candidate for next-generation spintronic devices.
Importantly, FGT exhibits strong perpendicular magnetic anisotropy (PMA) 416, which is crucial for
stable ferromagnetic order in low-dimensional systems.. While ‘the majority of studies have
concentrated on bulk crystals, from a practical standpoint, it.iSyimperative to understand how the
electronic structure of the FGT surface is influenced during exfoliation processes. 2D magnets like
FGT need to be reduced to the nanometer scale for the fabrication of nanoelectronic devices. However,
this thinning process may induce bending erwarping of the surface monolayer and/or alter the surface

electronic properties due to the adsorption of impurities.

We have investigated the surface marphology and electronic properties of cleaved FGT single crystals
in air and ultra-high vacuum. We.demenstrate how cleavage in air could alter the surface morphology
and electronic properties of FGT<using atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM). Second, we show how exfoliation in ultrahigh vacuum (UHV) modifies the
surface morphology and electronic structures by employing scanning tunneling microscopy and
spectroscopy (STMISTS) at 78 K and explore the ferromagnetic properties of FGT using X-ray
magnetic circular dichroism (XMCD) in UHV.
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2. Methods and Materials

2.1 Crystal Growth and Chemical Analysis

Single crystals of FesxGeTe, were grown by chemical vapour transport (CVT) using I»/as a transport
agent. High purity elemental reagents, Ge (Merck, 99.999%) and Te (G-Materials, 99.999%) were
mixed in a 3.1:1:2 molar ratio and thoroughly ground in an argon-filled glove box»(O2 centent is < 0.2
ppm) and sealed in an evacuated (at ~10~ mbar) fused silica ampule. The loaded ampule containing ~
3.0 g of mixed elemental reagents and ~ 95 mg TeCls, were placed in a two-zone-furnace. The source
temperature was set at ~ 750°C, and the sink temperature was set t0/690°C: Fhese conditions were
maintained for 12 days. Shiny crystals with hexagonal facets (see inset.in Fig. Xa) were collected from
the deposition side of the fused silica ampule. The crystals can €asily be cleaved using scotch tape in
order to get a nicely fresh surface. The chemical composition ofthe crystals was determined using
energy dispersive x-ray spectroscopy (EDS) in a COXEM EM-30plus electron microscope equipped
with an Oxford Silicon-Drift-Detector (SDD) and AZtecLiveLitetsoftware package. EDS revealed a
quantitative elemental composition of Fe : Ge Te.= 2.92 24" 2.04, respectively. The EDS spectrum
of the quantitative elemental mapping is shown in Eig.1as In this study, we used six FGT crystals, all
prepared using the same growth conditions: the first for AFM/KPFM, the second for STM/STS, the

third for SQUID, and the remainingenes for XMCD measurements.

2.2 Magnetic Characterization of FGT

N
Magnetic measurements were performed using a superconducting quantum interference device

(SQUID) magnetometer in fields upito 7 T. Magnetic volume susceptibility yv (T) versus temperature
inH=0.1T (field-cooled) and the'isothermal magnetization versus field M(H) at 2 K of a FGT single
crystal are shown in Figs. 1b and 1c, respectively. For both magnetic susceptibility and isothermal

magnetization, the data were measured for H || ab and H || c.

2.3 Home-Built Low-Temperature UHV STM Setup

STM measurements were performed using home-built UHV-STM equipment consisting of STM,
preparation, and deposition chambers '"*. The base pressures of each chamber were below 5.0 x 1078

Pa, 2.0x10°® Pa, and 1.0x10” Pa, respectively. Samples and STM tips were transferred between
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chambers using transfer rods without breaking the UHV. Gate valves separated each chamber. A UHV
cryostat (CryoVAC) in the STM chamber was used to cool down the STM setup. We used sharp
tungsten tips as STM probe tips utilizing both conventional chemical etching and flame etching,

producing a sharp tip within 3 seconds 224,
2.4 STM / STS Measurements.

A home-built STM combined with the Nanonis SPM controller BP4 obtained topographic images of
sample surfaces in a constant current mode since the tunneling current/(1) detected by the tip is
exponentially proportional to the tip—sample separation (z) via exp(- (8.m (@iQ//Z))” 2 71 h), where m:
electron mass, /: Planck constant, @: apparent barrier height between tiprand sample, and V: set point

sample bias voltage 2>, we can measure the surface corrugations with atemic resolution.

STS measures sample surface local density of states (LDQ@S) 222, I, as a function of sample bias
voltages (typically, from —2 V to +2 V), was measured under feedback off condition (one single curve
was measured within 50—200 ms) by fixing the tip—sample separzﬁion (z = z¢), which was determined
by the setpoint voltage (Vs) and the current (Is). The ebtained I(V) curves were numerically
differentiated, and differential conductance (dl/dV) curves were obtained: di/dV ~ ps (- (8 m
(@+eV/I2))Y2 7/ h). The STM/STS data were. analyzed using WSxM 5.0 Develop 10.2 software and
Gwyddion 2.53 %7,

2.5 AFM / KPEM Measurements;

N
Surface topographies and surface potentials of the samples were characterized using AFM under

ambient conditions (Cypher VRS, ©xford Instruments). A Ti/lr coated silicon cantilever (ASYELEC-
01-R2, Oxford Instruments):has externally oscillated via photothermal excitation (Blue Drive). Surface
topographies were imaged in tapping mode. KPFM imaging was performed using a frequency-

modulation (FM)-sideband technique 28, with the compensation voltage applied to the cantilever.
2.6 UHV Cleavage
We used FGT crystals with typical dimensions of 1-3 mm in size and 0.1-1.0 mm in thickness. These

TMD crystals were typically adhered to a metal substrate; in this case, we used a Molybdenum sample

plate with.a conductive epoxy (H20E). Care had to be taken to ensure the adhesive did not extend
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beyond the bottom of the crystal. Although van der Waals materials can provide atomically flat and
clean surfaces through tape cleaving in air, however, our STM tests on such surfaces revealed impurity
adsorption from the air, which could damage and modify the material's intrinsic properties. To mitigate
this, we introduced the sample through a load lock chamber. We performed the cleavage in the UHV
pre-chamber and then transferred the sample into the STM or XMCD while maintainingcUHV
conditions. The FGT single crystal was cleaved using blue tape (Nitto ELP-BT-150E-CM), which'was
affixed to the apex of the transfer rod. First, the tape was gently pressed against the surface of the
crystal; then, the sample was moved laterally while simultaneously pulling out/ the rod, thereby

achieving the peeling operation. -

2.7 XAS and XMCD Measurements

XAS and XMCD measurements were conducted at BL4B of the,UVSOR Synchrotron Facility,
Institute for Molecular Science, Japan 2°%°, FGT samples‘were placed on a copper plate. After tape
cleavage in a vacuum of 7 x 10 Pa, the sample was transferred in:o the XMCD cryostat sample stage.
All XAS and XMCD measurements were performed at 6 K under UHV conditions. Circularly
polarized light was directed onto the sample, exciting photoelectrons and generating a positively
charged surface. The adsorption current (I),»proportional to the number of photoelectrons, was
measured from the ground to the sample.. The X-ray initially passed through the gold mesh, where the

adsorption current (lo) was detected. Adsorption spectra were obtained by calculating the ratio of I/lo.
N
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3. Results and Discussion

3.1 Magnetic Characterization of FGT

As reported earlier 11, the y, (T) shows a clear ferromagnetic transition with a T¢ ~ 205/K. They (T)
differs strongly depending on the direction of the applied magnetic field» (i.e. yv () and is
approximately 15 times larger at H || c compared to H || ab). This clearly indicated that.the magnetic
easy axis is along the crystallographic c-axis. This is further supported by the results of M-H loops at
2 K, as shown in Fig. 1c. Saturation magnetization is obtained at a very large field of H >4 T when H
|| ab. On the contrary, saturation magnetization is attained already at 0:5 T when H || c. The magnetic
coercive field of FGT is 0.03 T, and the average ferromagneticmoment is ms =1.58 pg/Fe-ion.
Furthermore, the high-temperature region (265 K to 300 K) of y»(T) was fitted with Curie-Weiss law
and determined the paramagnetic effective moment of Pes= 2.85 ugs/Fe-ion. Thus, the ratio of the
paramagnetic effective moment Pesr and the spin moment 1S Peft /ms = 1:8, which might reflect the
itinerant nature of the ordered moment. In summary, our meastiréments indicate that FGT is a strong
ferromagnet which is exotic in nature. Qur»measurements didn't show any indication of

antiferromagnetic coupling in the system.
3.2 FGT Surfaces Structures in Air

Figure 2a shows an optical microscope image of a Fe29GeTe; crystal, which is a few mm in size and
approximately 0.1 mm in thickness. Despite storing the sample in a vacuum desiccator after CVT
growth, the initially mirror-like surfge degraded and appeared dull. The magnified image in Fig. 2a
reveals numerous scratches@and darkersegions on the surface. Figure 2b displays the AFM topographic
image and the work funetion.map.acquired via KPFM from the same region of the crystal surface. The
surface exhibits flat‘terraces that appear to be delaminating in certain regions, resulting in hole-like
pitches with depth variations.of 5-10 nm. The work function map indicates that the terrace and hole
areas exhibitdistinct.work functions (with an approximate 0.2 eV difference), with brighter regions
corresponding to higher work functions and darker regions to lower ones. The experimental
observations in,Figs. 2a and 2b suggest that the FGT crystal undergoes degradation compared to

graphite, exhibiting notable alterations in surface morphology and electronic structure from its original

state.
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We cleaved the surface using adhesive tape (Fig. 2c). Post-cleavage, the FGT surface exhibited a
pristine, highly reflective appearance (Fig. 2d). The magnified optical microscopy image in Fig. 2d
shows a marked reduction in scratches and darker spots. AFM and KPFM images of this surface,
depicted in Fig. 2d, reveal a substantial enhancement in surface quality. Figure 1e illustrates atomically
flat terraces (with roughness less than 100 pm), each extending beyond 1000 nm; and a uniform‘work
function across the entire surface. Thus, although the FGT crystal is susceptible to-oxidation, tape

cleavage effectively restores a clean, pristine surface.

The experimental findings in Fig. 2 suggest that maintaining UHV conditiens,significantly diminishes
impurity levels, thus facilitating the preservation of the intrinsic surface state?ver extended periods.
Consequently, we performed surface morphology and electronic struecturesmeasurements in UHV.
Nevertheless, we encountered further challenges in achieving an atomically flat and clean FGT surface

through tape cleavage in UHV.
3.3 FGT Surface Structures in UHV N

The FGT crystal surface, after tape cleavage in'UHYV, revealsseveral FGT films, approximately 1 mm
in size, distributed across the surface, with their edges slightly curled. The surface morphology of the
FGT sample was examined without disrupting UHV, conditions following the tape cleavage. The
sample was promptly transferred ta:ithe STM stage, which was operated at 78 K. The STM tip was
positioned over one of the flat FGT films;-and STM measurements were subsequently conducted.
The STM topographic image in Fig: 3adisplays atomically flat terraces approximately 20-30 nm wide,
with step heights around 900 pm, corresponding to a single quintuple layer (SQL) of FGT. The height
profile between the arrows in Fig. 3a indicates a stacking of three SQLs. A magnified view of the
marked region on the/right-hand side of Fig. 3b reveals hexagonal symmetry in the alignment of
surface atoms.

However, achieving atomically flat terraces with a 20-30 nm width proved challenging. Instead, most
surface regions exhibited features similar to those in Fig. 3c, where SQL steps are spaced a few
nanometers, apart, resulting in a non-flat surface. Figure 3c shows a large-scale STM topographic
image (300 nm'x 300 nm), revealing numerous small, patch-like terraces distributed across the surface.
To investigate the electronic structure of the surface, STS measurements were performed (Fig. 3d).

The differential conductivity, d1/dV, is directly proportional to the sample's LDOS. Figure 3d displays
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an STM topographic image alongside the dI/dV maps obtained at an energy value of E — EF =-0.8 eV,
corresponding to the occupied states at -0.8 eV below the Fermi energy, representing local variations
across the surface. In the di/dV maps, brighter regions correspond to higher LDOS, while,darker
regions represent lower LDOS. dl/dV curves obtained from three distinct areas, marked by red; blue,
and black boxes in the topographic image, show that all three curves demonstrate an exponential
increase with energy, with less conductance (dI/dV = 0.0 nA/V) near the Fermi energy. Critical remarks
are that depending on the cleavage, such a no-flat area could produce non-uniformrelectronic structures
on the surface using tape cleavage in UHV.

We further examined the magnetic properties of the surface using XAS and XMCD. Figure 3e shows
the magnetization as a function of the applied external magnetic field,within 5 Tesla (T) in the out-
of-plane direction, with X-ray circularly polarized light incident:from the normal direction. The inset
highlights the region near zero Tesla, indicating a coercive field of approximately 23 mT. This
hysteresis loop confirms that the FGT sample surface exhibits.ferromagnetic properties, with the easy

axis aligned parallel to the out-of-plane direction. y

Figure 3f presents XAS curves obtained from'the:Fe L3 edges under circularly polarized light (u.-,

M-), showing a clear difference between the two curves. The step-like background was subtracted from
the curves (Fig. 3g), revealing the peaks. The. XMCD spectrum is shown in Fig. 3f, confirming the
magnetization of the Fe atoms. Using.the XMCD sum rule %3 we can roughly estimate the spin
magnetic moment as mspin + 7(Tz) ~ 1.84 pusypwhere (T'2) represents the spin-quadrupole contribution
to the sum rule, and the orbital#magnetic.moment is Momital ~ 0.15 ps. XMCD signals for the Ge and
Te atoms were also examined (Fig. 3h). These signals are nonzero, suggesting that the Ge and Te
atoms neighboring the Fe atoms are likely spin-polarized due to their proximity to the ferromagnetic
Fe.

We have considered the 3d°.electronic configuration for Fe in FGT. Since the total 3d iron moment is
Mot = Ms + M, Weuse the total moment measured by bulk magnetization to calculate the spin moment.
In our study, we report a slightly higher orbital moment, 0.15 pg, compared to 0.10 ps observed by
Zhu et al%, Additionally, the spin moment in this work is1.85 ps, which is higher than the previously
reported.value of 1.48 pg, likely due to differences in Fe deficiency. Additionally, the temperature

difference (6 K vs. 45 K) could contribute to the observed discrepancies, as orbital moments can be
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temperature-dependent. Both studies confirm the presence of significant spin-orbit coupling and

highlight Fe 3d and Ge-Te hybridization effects.
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4. Conclusions

This comprehensive study provides crucial insights into the interplay between the atomic-scale
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structure, electronic properties, and magnetic behaviour of the van der Waals ferromagnet FesGeTe;
10 (FGT) using multiple characterization techniques, including STM/STS, AFM/KPFM, SQUID and
12 XMCD. The research highlights the influence of exfoliation methods and environmental conditions on
14 the surface morphology and electronic properties of FGT. XMCD results, have confirmed that
16 ferromagnetic properties are strongly influenced by both Fe 3d and Ge-Teybridized orbitals, with
18 measurable spin-orbit coupling enhancing the magnetic anisotropy. The detailed surface analysis
20 highlights the challenges of achieving atomically flat surfaces, which are\critical for realizing
nanoscale spintronic devices. This multi-technique approach not only advances our understanding of
van der Waals ferromagnets but also paves the way for their integration into next-generation nanoscale

magnetic and spintronic applications.
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Figure 1. Electron probe microanalysis and SQUID 'magnetometry of Fes.xGeTe,. (a) EDX spectrum of
surface of a FGT single crystal — inset: FGT single crystals (b) Magnetic susceptibility measured as a

function of temperature in field-cooled (FC) condition (c). Magnetization as a function of field at 2 K.
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Figure 2

a before tape cleavage C
RIS IN e R 77

b e

air. (a) Optical microscopy
images of FGT crystal fixed on a Mo sample plate using the Epaxy H20E glue before the tape cleavage. (b)
AFM topographic image and simultaneously obtained work function map (500 nm x 500 nm at 300 K in

: e. The lower panel shows how we
microscopy images of FGT crystal
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Figure 3
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Figure 3. STM/STS and XMCD measurements at cryogenic temperatures in UHV on FGT surfaces
after the tape cleavage in UHV. (a) STM topographic images at 78 K in UHV. The left panel (50 x 20
nm?, Vs =-0.5 V, I = 100 pA) shows several atomie.terraces'on the surface. The height profile between the
arrows denotes FGT monolayer film stacking. (b) The:magnified image (10 x 10 nm?, Vs = -50 mV/, |, = 4
pA) within the box represents atomic alignment on the surface, showing a hexagonal symmetry. (c) Wide-
scanned STM topographic image obtained on.the same EGT crystal surface but in different areas (300 x 300
nm?, Vs. = -1 V, Iy = 100 pA) showing a non-atomically flat surface. (d) STM topographic image and
simultaneously measured dI/dV map (99 x 99 nm?, Vs = -2 V, I; = 500 pA). dI/dV curves obtained at three
different areas marked by the boxes-inthe topographic image. () M-B loop at 6 K in UHV: magnetization
variation as a function of applied externalmagnetic field (out-of-plain, within B = +5 T). (f) Fe Loz XAS
(s, po) and XMCD. (g) The background step function was fitted using the Fermi functions, as shown in the
lower panel. (h) XAS and MCD spectra for the Ge L and Te M edges.
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