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Abstract 

The surface magnetization of Fe3GeTe2 was examined by low-energy electron microscopy (LEEM) 

using an off-normal incidence electron beam. We found that the 180o domain walls are of Bloch type.  

Temperature-dependent LEEM measurements yield a surface magnetization with a surface critical exponent 

β1 = 0.79±0.02. This result is consistent with surface magnetism in the 3D semi-infinite Heisenberg (β1 = 

0.84±0.01) or Ising (β1 = 0.78±0.02) models, which is distinctly different from the bulk exponent (β = 

0.34±0.07).  The measurements reveal the power of LEEM with a tilted beam to determine magnetic domain 

structure in quantum materials without the need for the use of spin-polarized electrons. Single crystal 

diffraction measurements reveal inversion symmetry-breaking weak peaks and yield space group P-6m2.  

This Fe site defect-derived loss of inversion symmetry enables the formation of skyrmions in this Fe3GeTe2 

crystal.  
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Introduction 
 

Magnetism is critical to information storage and is one of the most commonly experienced physical 

properties.  Despite this familiarity, the origin of this property is the result of very complex and fundamental 

phenomena resulting from the electron's intrinsic spin and interactions of electrons with each other.  

Intricate magnetic ordering of the magnetic moments generated by the atomic spin configurations yields 

ferromagnetic, antiferromagnetic, ferrimagnetic, vortex, chiral, and other diverse spin ordering patterns.  

Most recently, research efforts have focused on the utilization of nanoscale skyrmions and other complex 

swirling magnetic configurations to store and retrieve data in more energy-efficient and higher-density 

approaches than presently utilized [1,2,3,4]. 

 From the fundamental physics perspective, well-established spin ordering models have been 

developed to predict the magnetic properties, including the Ising, XY, and Heisenberg models, which treat 

the localized spins as scalars, 2-dimensional vectors, or d-dimensional vectors, respectively  [5,6,7 8].  The 

magnetic ordering of these spins in real space has been explored, and, in particular, the 1D and 2D 

Heisenberg models with isotropic spins S with finite-range interactions were predicted not to support 

ferromagnetic or antiferromagnetic orders at nonzero temperatures (no spontaneous magnetization) [9].  On 

the other hand, predictions based on the 2D XY (d=2 Heisenberg model) model reveal the presence of 

metastable topological long-range order related to the spin-spin correlations [10, 11].  This order manifests 

itself by forming vortex spin/antivortex spin pairs.  Magnetic anisotropy opens up a gap in the spin wave 

spectrum, enabling this order at finite temperatures.  As the first clear and recent example, the van der 

Waals system CrCl3 grown as a monolayer on graphitized 6H-SiC(0001) was found by Cr L3-Edge x-ray 

magnetic circular dichroism (XMCD) to be an easy-plane 2D magnetic system with critical exponent β = 

0.227±0.021  (M = M0[1-T/Tc]β for T < Tc) [12], close to theoretical value of 0.231 for the 2D XY model 

[13]. 

The progress in fabrications of van der Waals systems and heterostructures composed of these 

materials has opened up the study of magnetism in reduced dimension by enabling the creation of materials 
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with atomically abrupt and well-defined interfaces [14,15,16,17,18]. These results were ushered in with 

the observation of 2D magnetism in the Cr2Ge2Te6 and CrI3 systems, which are 2D Heisenberg ferromagnets 

and 2D Ising antiferromagnets, respectively [19,20]. These 2D van der Waals systems are of importance 

due to their ability to reveal the proper behavior of materials in reduced dimension but also for the 

possibility of new applications, including the ease of implementation of stimuli such as electric fields and 

strain, property tailoring by defect engineering, the ability to readily functionalize the surface and the 

possibility of making flexible materials systems [21,22,23,24].  

Most magnetic van der Waals systems explored to date order magnetically at temperatures 

significantly below room temperature and must be modified for device applications.  However, the 

Fe3GeTe2 system has been found to exhibit intriguing basic physics properties and yet have a magnetic 

transition above 200 K.  This system is composed of four atom-thick van der Waals layers in which Fe is 

coordinated to Te.  This material was first synthesized and described by structure (with assigned space 

centrosymmetric group P63mmc), electron transport, and magnetic properties (Tc ~ 250 K) in 2006 [25].  

Detailed measurements on micrometer scale flakes with thicknesses down to one van der Waals layer reveal 

out-of-plane uniaxial magnetic anisotropy and a transition from 3D to 2D Ising behavior, with the 

transitions occurring near five van der Waals layers of thickness [26].  The critical exponent β was examined 

via magnetic circular dichroism measurements of magnetization, yielding β = 0.14 ±0.02 for the monolayer 

system and β in the range 0.25 to 0.27 for thicker flakes.  We note that the mean-field (independent of 

dimension), 2D Ising, 2D XY, and 2D Heisenberg models yield β values of 0.5, 0.125, 0.23, and 0.5, while 

the corresponding 3D models have values of 0.5, 0.3265, 0.345, and 0.365, respectively [27,28,29].  For 

bulk samples, fits of the magnetization vs. field data at a set of fixed temperatures yielded β = 0.327 ±0.003, 

similar to the 3D Heisenberg model.   However, the critical parameter γ related to the magnetic susceptibility 

was found to be closest to that of a mean-field model [30].  Similar work suggests complete compatibility 

with the 3D Heisenberg model [31]. The layer-dependent critical temperature was extracted from 
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magnetization derived from Hall resistance measurements vs. magnetic field.  Using these results, the spin-

spin correlation range was estimated to be approximately five van der Waals layers [32]. 

Besides the space filing models (no surfaces) used to describe magnetic order, theoretical models 

that explicitly treat systems that have both surface and bulk regions (semi-infinite models) have been 

explored.  In these models, near the magnetic ordering temperature, the bulk (interior) and surface 

magnetization take the form MB = M0B[1-T/Tc-B]β and MS = M0S[1-T/Tc-S]β1, respectively [33,34,35,36,37].  

Distinct transition temperatures may occur for each region (bulk vs. surface) characterized by different 

exponents β,  β1 and critical temperatures, Tc-B and Tc-S of the bulk and surface regions.  It is found that the 

semi-infinite 3D mean-field model has β = 0.5 with β1 = 1.0 while the corresponding 3D Heisenberg and 

3D Ising models have values of β≈ 0.37 with β1 ≈ 0.84 and β = 0.3125 with β1 ≈ 0.78, respectively. 

The surface magnetization of thin films and crystals has been studied in simple metallic systems in 

the past in systems such as Gd metal, EuS(111) on Si(111), and Ni(110),  mainly by spin-polarized electron 

scattering methods  [34,38,39].  Experiments on EuS(111) revealed that the bulk magnetic region 

(examined by magneto-optical Kerr measurements) and surface magnetic region (studied by spin-polarized 

LEED)  order magnetically at the same temperature with surface region critical exponent β1 ≈ 0.72(3).    

In the present work, we first conducted single crystal diffraction measurements on Fe3GeTe2 (based 

on full sphere reciprocal space data sets) and found weak peaks that violate the reflection conditions for the 

frequently quoted P63/mmm space group. Based on these measurements, we have determined that the 

highest symmetry space group compatible with the observed single crystal data is the noncentrosymmetric 

space group P-6m2. 

By utilizing low-energy electron microscopy (LEEM) with a tilted incident electron beam, we 

probed the surface to determine the magnetic domain boundaries, determine the type of domain walls (Neel 

vs. Bloch), and use the domain images (recorded in function of temperature) to extract the critical exponents 

β1 for the surface magnetism in a Fe3GeTe2 crystal.  The LEEM approach utilized here is called a tilted 

beam configuration [40], building on the development of LEEM by Bauer (see Ref.  [41]). We extended 
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this approach by using a simple model taking account of the Lorentz forces on electrons and the limited 

mean free path for electrons moving in real materials.  This approach does not require the use of spin-

polarized electrons.  A comparison of low-temperature spatially-resolved XMCD measurements on the 

same region of our sample with LEEM measurements with a tilted electron beam revealed that the same 

domain patterns are present in both images.  A simple model of the interaction of the electrons with the 

surface indicated that the domain walls are Bloch-type.  Temperature-dependent tilted-beam LEEM 

imaging of the domain walls yielded a surface magnetization with a critical exponent β1 = 0.79±0.02.  This 

result is consistent with the 3D models for a semi-infinite magnetic system with surface magnetism  β1 = 

0.84±0.01 (Heisenberg) or  β1 = 0.78±0.02 (Ising). 

 

Results 

Crystal structure of Fe3GeTe2 

The crystal structure of the Fe3GeTe2 system was revisited to understand its properties fully.  Six-fold 

redundant single crystal datasets (complete sphere measurements in reciprocal space) taken at 100 K and  

275 K with Mo Kα radiation revealed weak peaks, which violate the reflection condition for the currently 

used centrosymmetric P63/mmc structure [26].  These weak peaks (see Fig S1 in the supplementary 

information section) are difficult to observe in standard powder x-ray diffraction measurements unless long 

counting times and detectors with high dynamic range are utilized.  The highest symmetry space group 

consistent with the observed reflections was found to be P-6m2 (Tables S1 and S2 of the Supplementary 

Information [44]).  This noncentrosymmetric space group is a subgroup of P63/mmc.   
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    In Figure 1, we show the hexagonal unit cell with stacked layers of Te-coordinated Fe sites with Ge 

embedded in the layers.  Unlike the P63/mmc space group, in the polar noncentrosymmetric P-6m2 space 

group, each unit cell has two unique layers (A and B in Figure 1), with each layer containing distinct pairs 

of Fe sites Fe1/Fe2 and Fe3/Fe4 for layer A and B, respectively.  The Fe2 site (layer A) has an occupancy 

of 0.94 ±0.03, while the Fe4 site (layer B) has an occupancy of 0.80 ±0.03.  The real chemical composition 

of the crystal studied is thus Fe2.87GeTe2.  Single crystal data acquisition and reduction are detailed in the 

supplementary document by the methods in Refs. [42,43,44,45,46,47]. It has to be noted that when x-ray 

powder diffraction measurement methods are applied to this material, the peaks that violate the P63/mmc 

                   

 

Figure 1. Unit cell of “Fe3TeGe2” for the (non-centrosymmetric) space group P-6m2 space 
group solution showing the repeated AB stacking.  The Fe2 site has an occupancy of 0.94 ± 
0.03, and the Fe4 site has occupancy 0.80 ± 0.03.  The actual sample composition is 
Fe2.87TeGe2. 

Layer A 

Layer B 
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space group symmetry can be seen in laboratory instruments only if long-time scans are carried out or if 

measurements are conducted with a synchrotron source  (see Figure S2 in the Supplementary Information). 

 

NEXAFS and XMCD measurements 

To ascertain the chemistry of the surface, we have performed near-edge x-ray absorption 

spectroscopy (NEXAFS) measurements in the XPEEM system.  In Figure 2a, we show the room 

temperature spectra of  Fe L3 and L2 edges (~707 eV and ~720 eV, respectively)  of the sample.  It is 

evident that there is no significant oxygen-related peak [48] near the main Fe L3-edge peak.  Furthermore, 

we have performed low-temperature x-ray magnetic circular dichroism (XMCD) imaging of the surface 

magnetic structure.  In Figure 2b, we show the XMCD image of the same area on the same sample at 110 

K (30 µm x 30 µm area) with bright and dark regions corresponding to magnetic moment parallel and 

antiparallel to the surface normal of the crystal, respectively.  

 

 

Figure 2.  (a) Room temperature linearly polarized Fe L3/L2-edge absorption spectrum of the Fe3GeTe2 
crystal with an arrow pointing to weak main peak right shoulder, which is indicative of a sample with 
negligible oxide contamination. (b) XMCD image taken at 110 K. The dark and bright regions correspond 
to up and down magnetization orientation relative to the sample normal.  XMCD images were taken at the 
peak of the Fe L3-edge spectrum.  (c) A tilted-beam LEEM image of the same area as in (b) showing a 
surface magnetic contrast at domain walls. The arrows in (b) and (c) point to the same domain feature. In 
the LEEM image, the arrow also represents the incident electron beam direction. Field-of-view for both 
images is 30 µm.  
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XPEEM and LEEM characterization 

Systematic studies have previously been conducted to understand the nature of the magnetism in 

Fe3GeTe2 using anomalous Hall measurements, reflection magnetic circular dichroism, squid 

magnetometry, magnetic force microscopy,  and XMCD measurements [15,27,32,34].  These measurements 

provide information on the relative magnetization amplitude vs. temperature.  The spatial variation of the 

magnetic structure has been imaged by scanning tunneling microscopy, magnetic force microscopy, 

XMCD, scanning electron microscopy with polarization analysis imaging, and Lorentz transmission 

electron microscopy [27,49,50,51,52,53].  The domain pattern in the absence of an external magnetic field 

follows the predicted pattern observed for thick crystals with uniaxial magnetic anisotropy [54,55,56].   

Unlike the techniques previously applied to these materials, LEEM measurements with a tilted incident 

electron beam do not require special sample preparation or a spin-polarized electron source as in the case 

of spin-polarized LEEM experiments [57,58,59,60].  Magnetic contrast can be observed by physically 

tilting the incident electron beam relative to the sample surface normal (or tilting the sample).  We show 

here how this pattern can be interpreted to extract the domain wall type and determine critical exponents of 

the surface magnetism.  The resulting measurement produces the contrast seen in Figure 2c for the same 

sample region.  The sample probing depth in LEEM is ≈ 1 nm compared to  ≈ 10 nm for XMCD, resulting 

in the measurement of the surface magnetization contrast.  In Figures 2b and 2c, the arrows point to the 
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same domain feature. In addition, in the LEEM image, the arrow also represents the incident electron beam 

direction.  Comparing the XMCD image in Figure 2b with the LEEM image in Figure 2c, we see very close 

matching of the magnetic domain contrast.  A cartoon of the domain structure with wavy patterns for 

crystals above the critical thickness of Kittel-type structure (left) compared to the pattern for thickness 

beyond this critical length (right) is shown in Fig. 3a.  The domain pattern in the absence of an external 

magnetic field follows a predicted pattern observed for thick crystals with uniaxial magnetic anisotropy 

[55-56].  Systems with 2πMS
2/K < 1 (where MS is the saturation magnetization and K is the anisotropy 

Figure 3.  (a) A sketch of a magnetic domain structure in Fe3GeTe2 with wavy patterns for crystals above 
the critical thickness of Kittel-type structure (left) compared to pattern for thickness beyond this critical 
length (right). (b) A sketch illustrating that by considering the Lorentz force region within the domain wall 
(Bloch type), the deflection of the beam relative to the sample normal can be enhanced or reduced, 
depending on the tilt of the electron beam.  (c) Schematic of LEEM measurement with a tilted beam 
showing the expected electron return flux at the detector (red lines) for distinct domain and domain wall 
regions for given incident electron beam directions (black arrows and purple arrows).  From left to right: 
a section of the sample with a domain with magnetization along z (𝑀𝑀1 𝑘𝑘� ), which switches orientation via 
a Bloch domain wall (𝑀𝑀��⃑ 𝑤𝑤1), to a domain magnetized along -z (-𝑀𝑀2 𝑘𝑘� )) which then reverses direction via 
a Bloch domain wall (𝑀𝑀��⃑ 𝑤𝑤2).  Electrons in the incident beam have directions defined by 𝑣⃑𝑣𝑒𝑒 = 𝑣𝑣𝑦𝑦𝚥𝚥̂ − 𝑣𝑣𝑧𝑧𝑘𝑘� .  .   
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energy) produce wavy parallel domain boundary lines.  These wavy lines become consecutively reversed 

and include magnetic spikes in the interior for thick samples. This domain pattern is well understood, but 

the domain wall nature and the critical exponents of surface magnetism are not well known.  Here, we will 

apply a simple model to understand the domain wall structure. 

Figure 3b shows that by determining the Lorentz force direction in each region, the deflection of 

the electron beam relative to the sample normal (and magnetic contrast) can be ascertained.  For the first 

domain wall (𝑀𝑀��⃑ 𝑤𝑤1), the electrons incident on the sample will penetrate more deeply (deflected toward the 

sample normal) while in the second domain wall (𝑀𝑀��⃑ 𝑤𝑤2), electrons will suffer enhanced deflection from the 

normal sample.  In the absence of atoms (i.e., in a vacuum), the electrons will spiral about the local magnetic 

field direction.  However, in the presence of scattering centers (defects) and channels for energy loss, 

electrons that enter deeply into the materials will be heavily attenuated in intensity on returning to the 

surface.  Electrons that spiral toward the surface suffer significantly less attenuation.  This will produce an 

enhanced signal at the detector above the sample plane.  Deeper penetration will result in signal suppression 

at the detector. 

A schematic of LEEM measurements with a tilted beam showing the expected electron return flux 

at the detector (red lines) for distinct domain and domain wall regions for given incident electron beam 

directions (black arrows and purple arrows) is shown in Figure 3c.  Using the Lorentz force (𝐹⃑𝐹𝑒𝑒 =

𝑞𝑞 �𝑣𝑣𝑒𝑒���⃑  𝑥𝑥 𝐵𝐵���⃑ � = 𝑞𝑞 𝜇𝜇0 �𝑣𝑣𝑒𝑒���⃑  𝑥𝑥 𝑀𝑀����⃑ �) on an electron with velocity 𝑣𝑣𝑒𝑒���⃑   due to the local magnetic field  𝐵𝐵���⃑  which is 

provided by the magnetization ( 𝑀𝑀����⃑ )) of the material, we can develop a simple model for the observed 

pattern.  From left to right (in Figure 3a), we show a section of the sample with a domain with magnetization 

along z (𝑀𝑀1 𝑘𝑘� ), which switches orientation via a Bloch domain wall (𝑀𝑀��⃑ 𝑤𝑤1), to a domain magnetized along 

-z (-𝑀𝑀2 𝑘𝑘� )) which then reverses direction via a Bloch domain wall (𝑀𝑀��⃑ 𝑤𝑤2).   Electrons in the incident beam 

have directions defined by 𝑣⃑𝑣𝑒𝑒 = 𝑣𝑣𝑦𝑦𝚥𝚥̂ − 𝑣𝑣𝑧𝑧𝑘𝑘� .   Reversing the beam direction ( 𝑣⃑𝑣𝑒𝑒 = −𝑣𝑣𝑦𝑦𝚥𝚥̂ − 𝑣𝑣𝑧𝑧𝑘𝑘� ) will reverse 

the domain contrast.  No contrast difference will be seen between the domains with magnetization, 𝑀𝑀1 𝑘𝑘�  

and −𝑀𝑀2 𝑘𝑘� .  However, they should produce a signal at the detector significantly higher than the deep 
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penetration electrons in the domain wall region.  Hence, the contrast seen in the images in Figure 2c is at 

the domain wall boundary, with bright and dark features defining these boundaries.  We note that in the 

model, we utilized a Bloch-type domain wall model with the magnetization vector rotating parallel to the 

domain wall.  The use of a Neel-type wall (magnetization vector rotating normal to the domain wall) will 

produce no contrast in tilted-beam LEEM images.   

To further prove the validity of this approach, we show LEEM images for a ≈ 13 µm x 13 µm 

expanded area of the sample with a tilted incident electron beam in Fig. 4a and for the reverse tilt 

configuration in Fig. 4b, respectively.  As predicted from the model outlined in Fig. 3, reversing the tilt 

angle results in a reversal of the intensity pattern in the domain walls.  To quantify the observed contrast, 

the line scans in Figure 4c show the relative intensities in the domains for both beam tilt directions.  The 

Figure 4.  LEEM measurements for a ≈ 13 µm x 13 µm expanded area of the sample with (a) tilt and (b) 
reverse tilt configurations showing the reversal of intensity in the domain wall regions as predicted in 
Figure 3.  (c) Line scans showing the relative intensities along the lines in the domains for tilted-beam 
(blue) and reversed tilted-beam (green) directions.   
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LEEM images obtained under normal incidence do not show any contrast, neither in the domain walls nor 

in the domains themselves (see Figure S3 in the Supplementary Materials). 

 

Surface Magnetization 

       As demonstrated above, the tilted-beam LEEM contrast is derived from the sample surface.  We 

have also established that near the surface the domains are of Bloch-type (possibly also interior bulk region).  

We will now utilize the tilted-beam LEEM images to extract the temperature dependence of the surface 

magnetization and surface critical exponents (β1). 

 

Figure 5.  Temperature-dependent tilted-beam LEEM images showing the surface magnetic domain walls 
structure with defect marker (D) used for a thermal drift correction alignment between the images. A fixed 
region of interest (ROI), defined by the yellow box, was used for each image to determine the temperature-
dependent pixel amplitude standard deviation shown in Figure 6. This standard deviation (StdDev) for 
each image corresponding to magnitude of the contrast was used as a proxy for surface magnetization. 
The ROI box has dimensions of 12µm x 12µm. The full square image area in each panel is 50µm x 50µm. 
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Fig. 5 gives a subset of the measured temperature-dependent tilted-beam LEEM images showing 

the surface magnetic domain structure with a defect marker (D) serving as a reference for a thermal drift 

correction between the images.  A fixed region of interest (ROI) defined by the yellow box with dimensions 

of 12 µm x 12 µm, was used for each image to determine the pixel amplitude standard deviation, 

corresponding to contrast magnitude, for each image.  This standard deviation (StdDev) at each pixel 

(relative to the average pixel intensity) in each image (one image per temperature) is a proxy for surface 

magnetization.  

The circles in Figure 6 represent the ROI StdDev values for images taken at fixed temperatures.  A 

power law fit (to A*(1-T/Tc)β1) over the region between 192 and 222 K is extrapolated to cover the full data 

range (red curve).  The fit yielded β1 = 0.79±0.02, and Tc =223.2±0.03 K.  Background above 225 K was 

subtracted.  Each data point (circle) corresponds to the ROI of a full LEEM image, as in Figure 5.  Bulk 

magnetization with data taken from the SQUID and XMCD measurements of Li et al. [61] is given in 

Figure 6. Power law fit (A*(1-T/Tc)b1) to the ROI pixel standard deviation (magnetic contrast, circles) vs. 
temperature (red line) yielding b1 = 0.79±0.02 and Tc =223.2±0.03 K. Background above 225 K was 
subtracted. The fit over the region between 192 and 222 K is extrapolated to cover the full data range.  
Each data point (circle) corresponds to a full LEEM image, as in Figure 5.   
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Figure S4.  For the bulk data, the fit was conducted between 170 K and 231 K and extrapolated to lower 

temperatures.  The bulk fit yielded β = 0.34±0.07 and Tc =231±1 K.   

 

Discussion 

The crystal structure of the Fe3GeTe2 system was revisited, and a complete structural solution with 

a highly redundant set of reflections (six-fold redundant on complete reciprocal sphere data sets) has been 

obtained.  The data were used to systematically explore the hexagonal space groups. Measurements were 

conducted above (275K) and below (100K) the magnetic transition temperature and yield the same space 

group P-6m2.  For both temperatures,≈ 40,000 reflections (-7≤ h ≤7,  -7≤ k ≤ 7,  and -29 ≤ l ≤29, distinctly 

different positions in reciprocal space) were collected, of which 641 were symmetry-independent given the 

P-6m2 space group.  This quantitative result (structural tables S1 and S2) is consistent with the qualitative 

assessment of P3m1 (a subgroup of P-6m2) based on limited x-ray diffraction data given in [62] and 

symmetry analysis of second harmonic signal asymmetry profiles [63]. Structural analysis and the complete 

structures at 275 K and 100 K are given in the Supplementary Information.   The Fe2 site (layer A) has an 

occupancy of 0.94 ±0.03, while the Fe4 site (layer B) has an occupancy of 0.80 ±0.03.  Hence, within the 

experimental uncertainties, we can think of the A layer as essentially defect-free while the B layer has Fe 

vacancies (Fe4 sites). 

  We note that the P-6m2 space group is a subgroup of the currently used centrosymmetric P63/mmc 

space group.  As shown in Figure 1, two layers A and B with different Fe site occupancy, exist.  This breaks 

the inversion symmetry.  We note that in the presence of a magnetic field, this system exhibits a skyrmion 

magnetic lattice structure [64,65,66]  characterized by magnetic units (vortices) with spin orientation 

rotating continuously from up at the core, for example, to down away from the core as one moves radially 

out from the vortex core.  This new space group is compatible with the previously established space group 

but includes both strong and weak reflections (omitting the latter gives P63/mmc).  It is also compatible 

with the observation of skyrmions in this material since the pioneering work of Bogdanov et al. [67] 
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indicates that noncentrosymmetry is a necessary condition for forming a lattice of these types of magnetic 

vortices.  The most stable vortices have varying magnetization magnitude, with a maximum occurring at 

the center.  We now consider the surface magnetization hosted by this structure. 

To date, techniques that can probe specifically the surface magnetism have not been applied to 

these van der Waals systems.  Electron-based methods are ideal for examining surface magnetization.  We 

note that in the absence of phonon scattering, the carrier mean free path (λ)  in a material in terms of the 

Fermi wavevector (𝑘𝑘𝐹𝐹 = (3 𝜋𝜋2𝑛𝑛)1/3), resistivity (𝜌𝜌),  and carrier concentration (n)  is given by 𝜆𝜆 = 3 ħ 𝜋𝜋2

𝜌𝜌 𝑒𝑒2𝑘𝑘𝐹𝐹
2  

[68].  Observing that the resistivity of bulk Fe3GeTe2 is reported to be approximately 0.2 to 0.4 mΩ.cm 

(very poor metal) with weak temperature variation [69] and that the system has a Hall measurement derived 

carrier concentration of ≈ 3.3 x 1020 carriers/cm3, we estimate the carrier mean free path in these materials 

to be below 10 nm.  We also note that the electron inelastic mean free path computed from the dielectric 

loss function yields a mean free path in simple metals and semiconductors of approximately 10 nm [70,71].  

On the other hand, the penetration depth for photons at the Fe L3 edge in the case of x-ray magnetic circular 

dichroism (XMCD) measurements is approximately 100 nm.  However, measurement of the electrons 

generated by the de-excitation process inside the sample is limited, as in the case of low energy electron 

microscopy (LEEM) by the electron mean free path.  This result is consistent with the reported sampling 

depth of ≈ 10 nm for Fe L3 XMCD measurements on this sample [61].  The similarity between bulk 

magnetization and XMCD results in (Ref. [61]) can be seen in the beta exponents extracted when squid 

magnetization and XMCD measurements are combined. 

The domain walls are seen in the surface contrast accessed by the tilted-beam LEEM 

measurements.  Analysis of the formation mechanism of the tilted incident electron beam LEEM contrast 

(Fig. 3) reveals that the domain walls on the surface are Bloch-type.  This observation is consistent with the 

results from Ref.  [72], where measurements using spin-polarized scanning tunneling microscopy 

(examining differential conductance) were modeled.  The data in these measurements are consistent with 

Bloch-type wall of width  ≈ 7 nm.  This domain wall width can be extracted from the anisotropy constant 
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K1 and the exchange constant A as  𝑑𝑑 = 𝜋𝜋 ( 𝐴𝐴
𝐾𝐾1 

)1/2.  Estimating the exchange constant by 𝐴𝐴 = 3 𝑘𝑘𝐵𝐵𝑇𝑇/𝑛𝑛𝑛𝑛  

[50, 52] with n =  4 (coordination of magnetic atoms), a ≈ 2.6 Å (approximate Fe-Fe distance), and Tc =223 

K and using an experimentally determined exchange constant 𝐾𝐾1  = 0.15 x 107 J/m3 [50, 52], we find the 

identical result of 7 nm for the domain wall boundary width.  The similarity in the measured domain wall 

boundary width and this calculation indicate that the surface exchange constants are equivalent to the bulk 

values.  The critical exponent of the surface β1 is, however, different.  The similarity of the surface and 

bulk transition temperature indicated the deep extent of the magnetic domains at the surface into the sample 

interior region. 

Surface magnetism in the Fe3GeTe2 system is distinctly different from the corresponding quantity 

in thin metallic films and nanoparticles.  In those latter systems, the coordination of the magnetic ion by 

neighboring similar ions is reduced near the surface.  In the case of the van der Waals system, each layer 

remains intact, even at the top layer.  This explains why the transition temperature at the surface does not 

change significantly (recall 𝐴𝐴 = 3 𝑘𝑘𝐵𝐵𝑇𝑇/𝑛𝑛𝑛𝑛  is the same in each layer).  Temperature-dependent tilted-beam 

LEEM measurements yield a surface magnetization with a surface critical exponent β1 = 0.79±0.02.  This 

result is consistent with surface magnetism in the 3D semi-infinite Heisenberg (β1 = 0.84±0.01) or Ising 

(β1 = 0.78±0.02) models.  This is distinctly different from the bulk exponent (β = 0.34±0.07).   As noted 

above, for bulk samples, fits of the magnetization vs. field data at a set of fixed temperatures yielded β = 

0.327 ±0.003, similar to the 3D Heisenberg model.  The results thus indicate that in the absence of a 

magnetic field, the Heisenberg-type model of spin interactions is appropriate both at the surface and bulk 

of these materials. 

 

Conclusions 

The surface magnetization of Fe3GeTe2 was examined by low-energy electron microscopy (LEEM) 

using an off-normal incidence electron beam.  We found that the 180o magnetic domain walls are of Bloch 

type.  Temperature-dependent LEEM measurements yield a surface magnetization with a surface critical 
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exponent β1 = 0.79±0.02.  This result is consistent with surface magnetism in the 3D semi-infinite 

Heisenberg (β1 = 0.84±0.01) or Ising  (β1 = 0.78±0.02) models.  This is distinctly different from the bulk 

exponent β = 0.34±0.07).  The measurements show the utility of LEEM measurement with a tilted beam in 

determining magnetic domain structure in quantum materials.  Single crystal diffraction measurements 

exhibit weak inversion symmetry-breaking peaks, leading to a noncentrosymmetric space group P-6m2 in 

this material.   

 

 

 

Methods 

Sample Preparation and Conditions 

Single crystals of Fe3GeTe2 were prepared by chemical vapor transport.  A small crystal (220 µm x 

130 µm x 60 µm) from the main crystal was cleaved for use in single crystal diffraction measurements.  For 

the LEEM and PEEM experiments, samples were cleaved in air by the scotch tape method and transferred 

to the vacuum system immediately (~1 minute) after treatment.  The antechamber for sample transfer was 

at a pressure of ≈ 2 x 10--9 Torr, and the pressure of the UHV main chamber used in the measurements was 

≈ 5 x 10-10 Torr.   

 

Low Energy Electron Microscopy (LEEM) and X-ray Photoelectron Emission Microscopy 

(XPEEM) 

X-ray absorption spectroscopy (XAS) and LEEM measurements have been performed at the 

XPEEM/LEEM end station of the Electron Spectro-Microscopy beamline (ESM, 21-ID) at the National 

Synchrotron Light Source II (NSLS-II).  All measurements were conducted using the aberration-corrected 

ELMITEC LEEM III system.  XAS measurements were performed in a partial yield mode collecting the 

secondary electrons with the 2eV energy analyzer slit centered over the maximum of the secondary electron 
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emission peak.  In both LEEM and PEEM measurements, the extractor field between the sample and 

objective lens was 20 keV.  Pixel-wise XAS were obtained by recording a series of XPEEM images at each 

energy in a given absorption edge range at sequential increments of 0.2 eV, with the incident X-ray beam 

at ~17o to surface flat.  The LEEM measurements were conducted in mirror electron microscopy mode, 

with the incident electrons having low kinetic energy (~1 eV).  
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Single Crystal Diffraction Measurements 

    Single crystal data sets were collected at 275K and 100K on a 220 µm x 130 µm x 60 µm single 

crystal using a Rigaku XtaLAB Synergy-S X-ray diffractometer equipped with a HyPix-6000HE hybrid 

photon counting (HPC) detector and microfocused Mo-Kα radiation (λ = 0.71073 Å).  The HPC detector 

has a high dynamic range with maximum count rate = 106 cps/pixel (counter depth = 31 bit, 100 µm x 100 

µm pixels, Si pixels each with CMOS-based readout electronics, direct photon counting, zero dark or 

readout noise).  Use of Mo-Kα radiation resulted in a sampling depth of approximately 40 µm (full mass 

density).  This should be compared to a sample dept of 6 µm (full density) for Cu-Kα radiation (λ = 1.54184 

Å).  The acquisition and reduction of the sixfold redundant datasets was conducted using CrysAlisPro [44].  

Scaling (SCALE3 ABSPACK scaling algorithm [45]) and analytical absorption corrections [46] were 

applied to the data (based on face-indexing in CrysAlisPro).  The structures were solved via intrinsic phasing 

methods using ShelXT and refined using ShelXL in the Olex2 graphical user interface. 

 

 Powder Diffraction Data 

Powder diffraction data were collected using Beamline 28-ID-1 (PDF) at the NSLS-II, with a 

wavelength of 0.1665 Å in a 1 mm Kapton capillary sealed with clay.  This bulk measurement can be 

compared with laboratory powder measurements using Cu Kα and Mo Kα radiation.  These latter 

measurements only probe the surface of mm scale samples in the holders, with penetration depths near 6 

µm and 40 µm, respectively (https://henke.lbl.gov/optical_constants/atten2.html).  Note that Mo Kα 

radiation penetration is compatible with the single crystal used in the measurement above. 
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