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Abstract

Two-dimensional (2D) van der Waals magnets have drawn considerable attention in recent years
triggered by the huge interest in novel magnetism and spintronic devices. Magnetic measurement of 2D
van der Waals (vdW) magnets is crucial to understand the physical origin of magnetism in 2D limits.
Therefore, advanced magnetic characterization techniques are highly required. However, only a limited
number of such techniques are available due to the extremely small volume of 2D vdW magnets. Here,
we introduce the electron magnetic chiral dichroism (EMCD) technique in transmission electron
microscope (TEM) to measure 2D vdW crystals. In comparison with some other already-employed
techniques in 2D magnets, EMCD is able to quantitatively measure magnetic parameters in three
orthogonal directions at nanometer or even at atomic scale. We then perform EMCD simulations on
several typical 2D vdW magnets with respect to the accelerating voltage, the number of atomic layers
and beam tilt under zone axial orientation. The intensity and distribution of EMCD signals in three
orthogonal directions are given in the diffraction plane, thereby providing an optimized design to
achieve EMCD measurements. Finally, we discuss the signal-to-noise-ratio and required electron dose
in order to obtain a measurable EMCD signal for 2D vdW magnets. Our results provide a feasibility

analysis and guideline to measure 2D vdW magnets in future experiments.
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Highlights

® The feasibility analysis of EMCD measurements in three orthogonal directions are conducted for
2D magnets to provide a guide for future experiments under zone axial orientation.

® The low voltage EMCD technique is beneficial to 2D magnets at a ultrathin thickness.

®  The number of atomic layers could lead to a strong modulation of EMCD signals under zone axial
orientation.

® The slight beam tilt can be utilized to enhance the EMCD signals under zone axial orientation.

® The SNR and required electron dose are quantitatively evaluated for EMCD measurement on 2D

magnets.



1. Introduction

The newly-discovered two-dimensional (2D) van der Waals (vdW) crystals with intrinsic
magnetism have stimulated intensive studies of magnetic states in 2D limits, triggered by their novel
magnetic physics and exciting potential applications in highly efficient nanodevices [1-3]. To date, 2D
magnetic crystals are mostly cleavable layered magnetic materials, e.g. transition metal halides and
transition metal chalcogenides, in which the 3d transition metal elements are magnetically coupled with
each other both in interlayer and intralayer [4-6]. The long-range magnetic order in 2D vdW crystals,
e.g. ferromagnetic or antiferromagnetic orders, could sustain at a finite temperature by strong magnetic
anisotropy as a result of the balance between spin fluctuations and thermal fluctuations [3]. Moreover,
these 2D magnetic crystals have demonstrated diverse magnetic states that depend on the crystal
structures and the manifested thickness [6] or stacking [7]. These magnetic orderings could also be
modified through external perturbations, e.g. strain, chemical doping, magnetic field, electrical gating
and proximity effects [3]. Probing these magnetic states is essential to understand the physical origin of
magnetism in 2D limits and further build the connections with their atomic configurations, chemistry
and electronic structure.

The key challenge of measuring magnetism in 2D crystals arises from the small volume of the
sample, typically several atomic layers in thickness and micro-size in lateral dimensions. Thus it is
hardly accessible to obtain detectable signals by conventional magnetic characterization techniques,
such as the vibrating sample magnetometry (VSM), superconducting quantum interference device
(SQUID) magnetometry, magnetic force microscopy (MFM) and neutron scattering. The spatially-
resolved magnetic measurements are practically necessary with a resolution varying from microscale to
nanoscale. Atomic scale resolution measurements are also needed when it comes to explore the local
spin configurations. At present, several powerful techniques have already been widely used to probe the
2D magnetism, including the magneto-optical Kerr microscopy (MOKE) [1,2,8], X-ray magnetic
circular dichroism (XMCD) [9], spin-polarized scanning tunneling microscopy (SP-STM) [ 7], magnetic
exchange force microscopy (MExFM) [10], scanning nano-SQUID [11], scanning single-spin
microscopy based on diamond nitrogen-vacancy centers [ 12] and some other indirect electrical methods
[13,14]. Each technique has its own merits and shortcomings (see discussions in Section 2). Introducing
new advanced magnetic characterization techniques is still indeed needed for a quantitative high-spatial-
resolution measurement with high magnetic sensitivity in three orthogonal directions, in order to provide
deep insights into 2D magnetism.

Electron magnetic chiral dichroism (EMCD) was developed for magnetic characterization based
on the electron energy-loss spectra (EELS) in the transmission electron microscope (TEM) in 2006
[15,16], as the counterpart of XMCD based on the synchrotron X-ray facilities [17]. The conspicuous
high spatial resolution [ 18-22], even down to atomic scale [23-28], and its combination with some other
TEM characterization techniques for crystal structure, electronic structure and chemical compositions,
making EMCD a very promising candidate for the measurement of 2D magnets. In this work, we first
compare EMCD with these above-mentioned techniques in the aspects of spatial resolution,
quantification and three-dimensional measurement of magnetic states. The potential issues of measuring
2D magnets by EMCD are then proposed. Later, we conduct the EMCD simulations on several typical
2D magnets and discuss the experimental design for magnetic measurement in three orthogonal



directions. The influence of experimental factors, including the accelerating voltage, the number of
atomic layers and beam tilt, are discussed. Finally, we analyze the signal-to-noise-ratio (SNR) of EMCD
signals for ultimately thin 2D magnets.

2. Comparison of magnetic characterization techniques for 2D magnets

2.1 Spatial resolution

The lateral spatial resolution is always limited by the probe size. The experimentally achievable
resolution could be down to atomic scale both for MEXFM [10] and SP-STM [29], though with surface
sensitivity. However, the clean sample surface are required. It is always not applicable for 2D magnets
as they are often prepared through mechanical exfoliation. In addition, SP-STM is only suitable for
conducting samples. The MOKE technique is nowadays the most widely used tool to measure 2D
magnets with extremely high magnetic sensitivity at sub-micrometer resolution [4]. With regard to the
magneto-optic effects, the XMCD technique can instead provide a spatial resolution not worse than 15
nm, benefiting from the developed aberrated-optics on the advanced synchrotron radiation light source
[17,30,31]. Also, XMCD is free from the diamagnetic background, in comparison with the MOKE
technique. These above-mentioned non-destructive optical techniques are sensitive to magnetism
beneath the sample surface several nanometers but not detrimental to ultrathin 2D magnets. Scanning
nano-SQUID [11] and single-spin microscopy based on diamond nitrogen-vacancy [12] can achieve a
spatial resolution of several tens of nanometers through detecting the stray magnetic fields emerging
from the sample. The spatial resolution of EMCD is determined by the size of electron beam and
normally varies from hundreds of nanometers to several nanometers in the parallel-beam TEM mode
and from several nanometers to sub-angstrom in the focused-beam scanning TEM (STEM) mode [32].
Moreover, EMCD is sensitive to the bulk as the high-energy electrons can travel through the entire
sample, i.e., from the top to the bottom surfaces.

2.2 Quantification of magnetic parameters

The signals detected by these aforementioned techniques can be correlated with magnetic
parameters, e.g., magnetization and magnetic moment, based on the phenomenological models and
other reasonable assumptions. However, the ambiguously quantitative relationship between the Kerr
rotation angle and magnetization are discussed in MOKE measurements for 2D magnets [6]. Similarly,
in SP-STM, spin polarized currents cannot be easily correlated with magnetic moments [29]. Scanning
nano-SQUID [11] and single-spin microscopy [12] can quantitatively measure the magnetization
through in association with the measured local stray fields. The spin and orbital magnetic moments can
be calculated from the XMCD [33,34] and EMCD [35,36] signals with element specificity based on the
sum rules. Note that the EMCD signal is modulated by the dynamical diffraction effects due to multiple
scattering in crystals, complicating quantitative EMCD measurements [37-44], and simulations are
always conducted to interpret the experimental results. However, the ratio of the orbital and spin
magnetic moment m;/ms can be directly extract from the experimental EMCD signals without
simulations as it is independent of the dynamical coefficients [35,36].



2.3 Three-dimensional magnetic measurement

The capability of three-dimensional magnetization measurements is highly demanded to explore
the intrinsic magnetism and its response to external magnetic field in 2D magnets. Practically, most of
the techniques can provide one-, two-, or three-dimensional magnetization, which is always determined
by the associated experimental setup and the underlying physical principle. For instance, SP-STM can
in principle give the out-of-plane and in-plane magnetic signals [29]; the optical MOKE and XMCD
techniques mostly have access to detect the out-of-plane magnetization as a function of external
magnetic field perpendicular to the sample surface, though 3D measurements with dedicated
experimental designs have already been demonstrated for magnetic nanostructures[45,46]. Scanning
nano-SQUID [11] and single-spin microscopy [12] are only sensitive to the out-of-plane magnetization.
EMCD has been developed to measure both the out-of-plane and in-plane magnetization simply by
shifting the detector positions [47,48]. In the Lorentz mode (magnetic-field-free in the sample position)
in TEM, EMCD is able to measure the magnetization evolution under an external magnetic field applied
by the partially excited objective lens [48].

2.4 Notes on EMCD for 2D magnets

As discussed above, EMCD is able to provide quantitative magnetic parameters at high spatial
resolution in three directions. 2D magnets can serve as an ideal platform to demonstrate these
capabilities. It is worth to note that these following issues have to be kept in mind when designing and
performing EMCD experiments. First, EMCD is conventionally conducted under the two-beam or three-
beam conditions in order to reduce the dynamical diffraction effects [16,37,49,50]. Instead, 2D magnets
are always stabilized at around zone axial (ZA) orientation in their as-prepared status, and thus ZA
diffraction geometry are more practicable for EMCD experiments, as schematically shown in Fig. 1.
Experimental conditions, e.g. sample orientation, detector positions and collection angle, should be
carefully tackled under the ZA condition as discussed before [51]. By subtracting the two EEL spectra
from conjugated positions (dotted circles in Fig. 1), the EMCD signal is obtained. Second, although
high accelerating voltage generally leads to an enhancement of EMCD signals [52], a low accelerating
voltage is necessary to reduce the electron-beam-induced irradiation damage on 2D materials. Besides,
the double differential cross-sectional scattering (DDSCS) for inelastic electrons will increase at a low
accelerating voltage, giving rise to a higher intensity of EELS signals. Last but the most important issue
is whether the atomic-layer-thick 2D magnets could provide measurable EMCD signal upon noise
especially at high spatial resolution. Given the pretty low SNR of EMCD signals, it is highly desired to
discuss the feasibility in experiments on 2D magnets. Note that EMCD is commonly available to
magnetic elements with the characteristic energy-loss less than several thousand eV, covering most of
the 2D magnets containing 3d transition metal elements.
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Fig. 1. Schematic illustration of EMCD experiments on 2D magnets under zone axial orientation (left).
The dotted circles represent two conjugated detector positions (“+” and “-”) in the diffraction plane
(upper right). The EMCD signal (lower right) is the difference of EELS signals from “+”and “-”

positions.

2.5 Other techniques in the TEM

At the end of this part, we give a brief discussion of the phase contrast based magnetic imaging
techniques in the TEM, e.g. Lorentz microscopy, off-axis electron holography and differential phase
contrast (DPC), for which the phase of the electron beam is altered by the magnetic vector potential of
the sample. Taking the example of Fe;GeTe, with the in-plane saturation induction of ~0.4 T [13] and
the thickness of 1.63 nm (two atomic layers), the magnetic phase gradient d¢/dx is estimated to be
21/6000 rad nm™', and the deflection angle of the electron beam is estimated to be 0.77 urad and 0.30
urad at 60 kV and 300 kV, respectively. Off-axis electron holography could directly measure the phase
shift [53] while the estimated d¢/dx is beyond the upper limit of phase sensitivity reported in
literatures (27/1000) [54]. DPC can map the magnetic contrast through measuring the deflection of
central diffraction disk. Though the estimated deflection angles are within the theoretical detection
limitation of 0.028 urad [55,56], there is still no experimental proof of such an extremely high sensitivity.
Meanwhile, the estimated deflection angle is almost four orders of magnitude less than a typical Bragg
scattering angle. They could hardly be distinguished in the Foucault mode of Lorentz-TEM imaging.
While for the Lorentz Fresnel imaging technique, the magnetic contrast is always present at the domain
walls. Assuming a domain wall with the width of 10 nm for Fe;GeTe;, the defocus values should be as
large as ~8 mm and ~20 mm at 60 kV and 300 kV for 10% difference of relative intensity across the
domain wall [57], respectively, which might have already been beyond the limit of microscope. Last but
not least, all of these techniques are only sensitive to the in-plane magnetization (perpendicular to the
electron beam), which would probably become another bugbear for 2D magnets that are always with

strong out-of-plane anisotropy.

3. EMCD simulations on 2D magnets



In this section, we have conducted EMCD simulations on several typical 2D magnets under nearly-
parallel electron beam illumination conditions, which is able to provide measurements at a spatial
resolution in the range from hundreds of nanometers to several nanometers on a modern microscope.
The distribution and intensity of EMCD signals in the diffraction plane from three orthogonal directions
of the magnetization are discussed with respect to experimental factors under ZA diffraction geometry,
e.g. accelerating voltage, the number of atomic layers and beam tilt.

3.1 Crystal structure

Fig. 2 shows five atom models of 2D magnets both in the perspective (upper panel) and projective
(middle panel, along the ¢ axis) view, respectively, for CroGe,Tes, Crls, CrBrs, FesGeTe; and VSe, with
the origin of magnetism from the 34 transition elements. These materials have already been widely
studied [1,2,7,8,58]. All of them have a similar layered hexagonal structure with the easy cleavage plane
perpendicular to the ¢ axis. Atomic-layer-thin samples, even down to one or two layers, can thus be
prepared by mechanical exfoliation or molecular beam epitaxy. Different stacking orders through
interlayer rotation or translation are believed to be existing in these 2D magnets. Layer dependent
magnetic properties, such as the magnetization, magnetic anisotropy, magnetic ordering and ordering
temperature, have been reported [6]. Therefore, EMCD simulations should be performed as a function
of the number of atomic layers. We take these five different systems as EMCD signals are strongly
dependent on the atomic species and their arrangements, in particular when EMCD is performed under
the ZA diffraction geometry.
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Fig. 2. Atom models of 2D magnets: Cr,Ge;Tes, Crls, CrBr3, Fe3GeTe; and VSe,. The upper panel shows
the primary unit cells in the perspective view. The number of atomic layers in the primary unit cells is
3,3,3,2and 1 for CroGe,Tes, Crls, CrBrs, FesGeTe, and VSe; along the ¢ axis, respectively. The middle
panel shows the corresponding projections along the [001] direction (¢ axis). The bottom panel shows
the orthogonal supercells cut from the primary unit cells, which are used for EMCD simulations.



3.2 Details of EMCD simulations

EMCD simulations are conducted with the software MATS v2, in which the algorithm has been
optimized and the computational speed has been significantly improved [59,60]. In addition, the
combination of the multi-slice method for incoming beam and the Bloch-wave method for outgoing
beam is introduced [61], which is beneficial for the simulations of ultrathin 2D magnets with a fixed
number of atomic layers in thickness. The orthogonal supercells with different numbers of atomic layers
are constructed by taking the ¢ axis as the desired ZA orientation. First, the orthogonal supercells with
minimal lateral dimension are cut from the primary unit cells (middle panel of Fig. 2), with the sizes of
V3axaxc, Y3axaxc, V3axaxc, axv3axc and ax+3axc for CroGe;Tes, Crls,
CrBr3, FesGeTe; and VSe», respectively, as shown in the bottom panel of Fig. 2. Then, the shift of 1/6,
1/6, 1/6, 0 and 1/4 of the cell size are applied along the ¢ axis for all of these supercells, respectively, in
order to shift the atomic planes to the inner of the supercells for multi-slice calculations. Finally, the
supercells with different numbers of atomic layers are directly segmented along the ¢ axis, ranging from
1 to 9 in our simulations. Microscope parameters are set with the convergence angle of 0.5 mrad (nearly-
parallel beam illumination), and the accelerating voltage of 60 and 300 kV. The supercells used for
simulations are with the sizes of 18v3a x32a (a = 6.827 A), 18v3a x32a (a = 6.847 A),
18v3a x 32a (a = 6.260 A), 32a x 18v3a (a = 6.910 A) and 40a x 24v/3a (a = 5.810 A) for
CrGeoTes, Crls, CrBr3, FesGeTe, and VSe, respectively. The electron energy-loss at EELS L3 edge is
taken for each 3d transition element, i.e. 575 eV for Cr, 708 eV for Fe and 513 eV for V. The simulated
ranges in the diffraction plane are 50 mrad X 50 mrad at 60 kV and 20 mrad X 20 mrad at 300 kV,
respectively. The slight tilt of the sample is achieved by tilting the electron beam in simulations. The
relative intensity of EMCD signal is defined as the ratio between EMCD signals and nonmagnetic
signals. The x, y and z directions are defined in the bottom panel of Fig. 2. The Mx, My and Mz EMCD
signals are simulated simultaneously assuming that they have the same magnitude of magnetization

(unit one).

3.3 Accelerating voltage

Fig. 3 shows the simulated relative intensity of EMCD signals from three directions at 60 kV and
300 kV in the diffraction plane, respectively. Here we take the [001] ZA orientation and the sample
thickness of two atomic layers for all of these material systems. The similarity in distributions of EMCD
signals in the diffraction plane are due to the similar symmetry of their crystal structures. On the other
hand, we can see different symmetries of the distributions of the relative intensity of EMCD signals
from three directions, i.e. Omagx/ONonmags Omagy/ONonmag a4 Omag z/ONonmag> WheTe Opqg
and Oyonmag are the scattering cross-sections of magnetic and nonmagnetic components, respectively.
The Omagx/Ononmag (Omag,y/ONnonmag) EMCD signal is antisymmetric with respect to the x (y) axis,
respectively. It is determined by the terms of momentum transfer (q X q') in the formula of DDSCS that
the Omagx/Ononmag (Omag,y/Ononmag) EMCD signal is contributed by gy (gx) and ¢, [47,48]. More
importantly, the sign of the oyag,x/ONonmag (Omag,y/ONonmag) EMCD signals remains unchanged in
the upper (left) and lower (right) half of the diffraction plane, which is very beneficial for signal
acquisition in experiments. A large aperture can be used in order to get signals with high intensity and



SNR, as schematically indicated with dotted circles in Fig. 3. However, in the case of
OMag,z/ Ononmag EMCD signal, the symmetry of the distribution is not only determined by the
momentum transfer of ¢gx and gy, but also the symmetry of atomic arrangement of magnetic elements in
the crystal. Three antisymmetric mirrors are indicated with black lines in Fig. 3. The complex
distributions with the crossfade sign of oyq4g,/0nonmag EMCD signals can be observed in each
quadrant of the diffraction plane. The collection angle is therefore limited and the positions of EELS
entrance aperture should be accurately set in experiments, as indicated with dotted circles in Fig. 3;
otherwise the EMCD signals with opposite signs will cancel out and lead to the reduction of signal
intensity and SNR. In addition, the Oupqg7/0Nonmag EMCD signals are weaker than that of
OMagx/ONonmag aNd Opmagy/ONonmag EMCD signals according to the color bar in Fig. 3. Therefore,
a relatively longer exposure time is needed for the oyqag./0Nnonmag EMCD signal acquisition in
experiments.

Furthermore, the effect of the accelerating voltage can be observed. The enhancement of EMCD
signals by a high accelerating voltage [52] is no longer applicable for 2D magnets with a ultrathin
thickness. On the contrary, at a low accelerating voltage, we obtain the distributions with higher intensity
of EMCD signals in the diffraction plane, in particular for oygagx/Ononmag a0d Omag,y/Ononmag
EMCD signals in Fig. 3. This could be attributed to the increased DDSCS, as well as its slow attenuation
as a function of the scattering angle. Therefore, a low accelerating voltage is an optimal choice for
EMCD measurements on 2D magnets.

Note that the simulated EMCD signals from all of the three magnetization directions are overlapped
with each other in the diffraction plane. The experimental EMCD signals are a product of the simulated
EMCD signals and the sample magnetization (M). Therefore, there is no need to make the separation if
the magnetization is only along one of the three directions, e.g. Mx = My = 0, Mz # 0, which is
always the case in the TEM mode with the objective lens on. Otherwise, it is necessary to separate the
EMCD signals in three directions.

To attain this goal, the symmetry of the signal distributions are always used to cancel out the
unwanted signals through selecting the detector positions. Here we propose a set of detector setups to
separate them as shown in Fig. 4, taking the example of the VSe,. For pure EMCD signals from x
direction, we put the conjugate detectors on the y axis in Fig. 4(a), as the Opyqg2/ONonmag and
OMag,y/Ononmag are€ antisymmetric with respect to the y axis. For pure EMCD signals from y direction,
four detectors (the red and black groups) are set on the three-fold symmetry axis in Fig. 4(b). They are
also symmetric with respect to the x and y axis, respectively. Consequently, the summation of the signals
from two red (black) circles will only contain the EMCD signals from y direction. It is the similar case
for pure EMCD signals from z direction, and four detectors are set with respect to the y axis as shown
in Fig. 4(c). Although the detector setup is designed for the hexagonal crystal here, the solution will also
be accessible to other crystals with different symmetries, e.g. the cubic crystal with a four-fold symmetry.
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Fig. 3. The simulated distributions of the relative intensity of EMCD signals in the diffraction plane at
60 kV (upper panel) and 300 kV (lower panel) under [001] zone axial orientation. The samples are all
two-atomic-layer thick. The EMCD signals are displayed in x, y and z directions (labeled on the right of
the each panel). Black dotted circles represent the conjugated detector positions. Black solid lines
indicate the symmetric mirrors of EMCD signals from z direction. The ranges in the diffraction plane
are 50 mrad X 50 mrad and 20 mrad X 20 mrad at 60 kV and 300 kV, respectively.
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2-101 2
Fig. 4. The detector setup for the separation of EMCD signals from all of the three directions, taking

the example of VSe; with the thickness of two atomic layers. The black and red dotted circles represent
the conjugate detector positions. The black solid lines indicate the symmetric mirrors of EMCD signals
in the diffraction plane. The ranges in the diffraction plane are 50 mrad X 50 mrad at 60 kV,

respectively.

3.4 Sample thickness

Thickness and stacking order dependent magnetic properties have already been observed in 2D
magnets [6]. It is determined by the number of atomic layers and the intralayer coupling. The atomic
arrangement and sample thickness can be directly measured by imaging or diffraction techniques in the
TEM. Here, we discuss the EMCD signals under different numbers of atomic layers at 60 kV in Fig. 5.
It can be seen that the distribution of EMCD signals show small variations with the increasing number
of atomic layers from 1 to 9, in contrast to the case for a thicker sample [51] where the sign of EMCD
signals are often reversed with the increasing thickness under ZA orientation.

The intensity of EMCD signals are always modulated by the sample thickness. The integrated
signals within the virtual aperture (as schematically indicated in Fig. 3) are shown in Fig. 6, with the
collection semi-angle of approximately 18 mrad, 23 mrad and 5 mrad for x, y and z directions,
respectively. The smaller collection semi-angle for ouqg2/0Nonmag EMCD signals is limited by its
complex distribution in the diffraction plane, which consequently affects the SNR (see discussions in
section 4). The Oyqgx/ONnonmag aNd Omagy/Ononmag EMCD signals are higher than that of the
OMag,z/ Ononmag EMCD signal, which is beneficial for experimental measurements of in-plane 2D
magnetic states in the magnetic-field-free environment [48,62]. The relative intensity of EMCD signals
exhibit Pendellosung oscillations that are caused by the channeling and dechanneling effects of
dynamical diffraction effects with respect to the sample thicknesses in Fig. 6. The oyqagx/ONonmags
OMag,y/ONnonmag ad Oymag z/ONnonmag EMCD signals show a similar variation trend as they follow
the same diffraction conditions. The intensity of EMCD signals first increase, then tend to be flat, and
later decrease with respect to the increasing thickness, indicating the strong modulations even in a small
window of thickness under the ZA orientation. In addition, the difference among several crystal
structures can be observed, attributing to different atomic species and arrangements of magnetic
elements. For instance, the different stacking ordering of Crl3 and CrBr3 [7] along the thickness direction
leads to different channeling effects and the resultant intensity of EMCD signals. The intensity of EMCD
signals for FesGeTe, decreases at a smaller sample thickness. This is due to a smaller extinction distance
arising from the heavy elements along the atomic column. The reversed sign of EMCD signals is also

observed around the transmitted beam at a larger thickness for Fe;GeTe; in Fig. 5. These results
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definitely demonstrate the strong dependence of EMCD signals on crystal structures, emphasizing the
necessity of prior simulations to interpret experimental data properly [40,63] for ZA EMCD

measurement even with a ultrathin sample thickness.

Number of layers

Fe;GeTe,

Fig. 5. Simulated distributions of the relative intensity of EMCD signals in the diffraction plane with
respect to the number of atomic layers from 1 to 9. The accelerating voltage is 60 kV. EMCD signals in
x, y and z directions are displayed (labeled on the right of the each panel). All of the ranges in the

diffraction plane are 50 mrad X 50 mrad.
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Fig. 6. Simulated relative intensity of EMCD signals in x, y and z directions at 60 kV as a function of
the number of atomic layers by integrating the signals in Fig. 5 according to the positions of virtual
apertures (marked with circles in Fig. 3), respectively. The collection semi-angles are approximately 18,
23 and 5 mrad for x, y and z EMCD signals, respectively.

3.5 Beam tilt

Under the ZA orientation, EMCD signals are quite sensitive to the dynamical diffraction effects. It
is always worth to optimize experimental conditions in order to improve the intensity and SNR of
EMCD signals, such as the sample thickness, sample orientation, incident direction of electron beam
and detector positions. Here we attempt to make use of the beam tilt to enhance the EMCD signals. The
beam tilt can be easily introduced by slightly tilting the sample along a specific direction from the ZA
orientation in experiments. It has been ever reported that the beam tilt can reduce the channeling effects
and consequently enhance the ECMD signals at atomic resolution, regardless of its counter effects on
the increased degree of delocalization [64]. Since we take the nearly-parallel electron beam here, the
delocalization is not pronounced. The simulated EMCD signals from CrBr; as a function of the sample
thickness and tilting angle are shown in Fig. 7. The beam is tilted along the y axis, and the up-down
symmetry of Owyqgx/Ononmag EMCD signals is thus broken. Here we only discuss the
OMag,y/ONnonmag aNd Oymag z/ONnonmag EMCD signals. Similar effects on ouqgx/Ononmag EMCD
signals can be achieved just by changing the tilting axis to x axis.

In the lower panel of Fig. 7, the 0uqgy/0Nnonmag EMCD signals are reduced at the upper half of
the diffraction plane (opposite to the tilting direction), but a bit enhanced at the lower half of the
diffraction plane (in the tilting direction). By averaging the signals in the virtual apertures (indicated in
Fig. 3), the enhancement of o4 x/ONonmag EMCD signals can be negligible in Fig. 8(a). On the
other hand, for ouqg,/ONonmag EMCD signals, the enhancement is remarkable as guided by the
virtual apertures in the upper panel of Fig. 7. The averaged values in the virtual apertures are shown in
Fig. 8(b). The enhancement ratio can be as high as two- or three-times at a large sample thickness,
though not obvious when the sample is one or two atomic-layer thin. This could be due to the fact that
the slight change of incident condition subtly alters the channeling effects. In addition, the distributions
of Omag,z/ONonmag EMCD signals are substantially modified in the diffraction plane, in particular at
a large sample thickness, where the sign of owyqg2/ONonmag EMCD signals are reversed in many

regions in Fig. 7. When the sample is 9-atomic-layer thin, the left and right half of the diffraction plane
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have a large area with the high intensity of oyqag,/0nonmag EMCD signals. It is anticipated that beam
tilt can effectively help increase the SNR of experimental EMCD signals.

Number of layers
4

s i

-0.1
-0.2
s " . 5 '
-0.3
- -0.5
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Tilting angle (mrad)
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-0.1
15 -0.2
0.3

-0.5

Fig. 7. Simulated distributions of the relative intensity of EMCD signals for y and z directions in the
diffraction plane as a function of tilting angle and the number of atomic layers at 60 kV for CrBr3. The
tilting direction is along the -y axis. The tilting angle varies between 0, 5, 10, 15 and 20 mrad, as labeled
on the left side of the panel. The ranges in the diffraction plane are 50 mrad X 50 mrad.
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Fig. 8. Simulated relative intensity of EMCD signals in y and z directions for CrBr; at 60 kV as a
function of the number of atomic layers and tilting angle (along the - y direction) by averaging the
signals in Fig. 7 according to the positions of virtual apertures (marked with circles in Fig. 3),
respectively. The collection semi-angles are approximately 23 and 5 mrad for EMCD signals in y and z
directions, respectively.

4. SNR of EMCD signals for 2D magnets

The notoriously low signal intensity and SNR are the most striking issues for EMCD measurements.
It becomes extremely challenging when the sample is atom-layer thin. On the other hand, low dose
EMCD are indeed required as the weak intralayer bonding can be easily broken by electron-beam-
induced irradiation damage. Therefore, the SNR and dose-dependent EMCD signals should be discussed
to provide a feasibility analysis of measuring 2D magnets experimentally. The SNR for EMCD signals
is defined as follows [26,65-67]:

M o

2lpag _ ZN GN:flC;fag G

\/ZINonmag \/Z(CL3 + Cbkg)

where Iyqg and Iyonmag Tepresent the intensity of magnetic EMCD and nonmagnetic EELS signals,

3

SNR =

respectively. The factor of two is produced by the subtraction or addition of EELS signals from two
conjugate positions in order to obtain pure EMCD signals or nonmagnetic EELS signals, respectively.
M/N is the ratio between the magnetic and nonmagnetic components, which is determined by the
intrinsic electronic properties of 3d magnetic elements, e.g., magnetic moments, number of holes and
spin-orbital coupling, as described elsewhere [65]. Here 0.15 is taken for M/N. oygqg and Oyonmag
are the simulated intensity of EMCD signals as discussed above, which is dependent on the crystal
structure, thickness, diffraction conditions, detector position 8,, and collection angle B. C,, and
Cprg are the intensity of L3 peak and background of EELS, respectively. Here we neglect the Cpy, for
simplification, which is always a few times smaller than C;, for ultrathin sample. SNR can then be

M o
SNR = — — 129 /26L3
N GNonmag

For two-atomic-layer-thin CrBrs, taking the assumption of SNR > 3 for a visible signal, C;, is

simplified as follows,
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estimated to be larger than 12500 for EMCD signal in z direction, 9000 and 20000 for EMCD signals
in x and y directions, respectively, according to M/N = 0.15 and the relative intensity of EMCD signals
(Omag/ONnonmag) In Fig. 6. The EMCD signal can be measured when the electron counts at L3 edge
exceed these values. It can be achieved by increasing either the beam current or the exposure time.
Furthermore, electron counts can be correlated with the dose of electron beam, and C,, can then be

expressed below:

IyoamAt
CL3 = %f(AEr nyrﬁl T)

Where I.qm is the electron beam current and At is the exposure time, e is the elementary charge,
T is the sample thickness. Note that electron counts for EELS is not equivalent to the dose of the
incident electron beam. The intensity of the EELS signal is exponentially decayed with the increasing
energy loss and a majority of incident electrons undergo elastic scattering. Therefore, only a fraction of
electron dose (~1 X 10~*) empirically contributes to the L3 at the energy loss of 500 — 800 eV when the
sample thickness is 50 nm for 3d transition metals [68]. In addition, the EMCD signals are always
collected using an off-axis aperture as marked with circles in Fig. 3, thus leading to a further reduction.
Here, we use the factor f(AE,0,,,

electron beam dose and recorded electron counts of EELS. It is a function of the energy loss, detector

B,T) to describe the transfer efficiency between the incident

position, collection angle and sample thickness. Assuming that Cj_is linearly increased with T for
ultrathin sample, f(AE,8,,,B,T) can be expressed as follows:

N(AE,6,,,B) T
f(AE,ny,ﬁ,T) = TE%%

B) 1is the accumulating intensity of nonmagnetic signals within the virtual aperture

y)
x1x 1074

where N(AE,0,,,
positioned at 6y, with the collection angle of f, and N(AE) is the total intensity of nonmagnetic
signals in the whole diffraction plane. Following the results in Fig. 6, the lower limit of the electron
dose I.amAt (SNR > 3) is plotted as a function of the sample thickness for CrBr3 in Fig. 9(a). The
beam current up to 10°pA  is needed for EMCD signal in z direction on a single-atomic-layer thin CrBr3
with an exposure time of 10 s, whereas 10* pA for EMCD signals in x and y direction. The threshold of
the electron dose is decreased by two orders of magnitude when the sample thickness is above three
atomic layers, that is a beam current of 10° pA for EMCD signal in z direction and 10*> pA for EMCD
signals in x and y directions with an exposure time of 10 s, respectively. This order of the magnitude of
the beam current is available even in the STEM mode. The large difference (almost one or two orders)
y, B)/N(AE), which is much smaller for EMCD signals in z

direction using a small collection angle as mentioned above. The tilting effects on the electron dose for

is mainly caused by the terms of N(AE, 6,
EMCD in z direction are also shown in Fig. 9(b) for CrBr3. As the slight sample tilt enhances the terms

of Omag/ONonmag- the beam current can be reduced even by one order of magnitude for 9-atomic-layer-

thick sample.
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Fig. 9. Estimated beam current with the assumption of SNR > 3 as a function of the number of atomic
layers for CrBrs. (a) Under zone axial orientation for EMCD signals in x, y and z directions. (b) With
different tilting angles for EMCD signals in z direction.

The electron dose per A? is determined by the probe size, which should be lower than the threshold
of irradiation damage for 2D magnets. Assuming an electron dose of 10* pA-s with the nearly-parallel
illumination condition, the probe with the diameter of 50 nm and 1 nm corresponds to the total electron
dose of 3.2x10° ¢/A% and 8x10® /A2, respectively. These values are around the threshold of irradiation
damage for MoS;[69], though there is still no relevant research on 2D magnets. Note that direct electron
detectors with extremely high detection efficiency installed on the EELS system [68,70,71] will
definitely benefit future EMCD measurements on 2D magnets.

Note that SNR > 3 is a very simple assumption here that is only sufficient for the detection of
EMCD signal. To quantitatively extract the magnetic moments, a large SNR would be needed. However,
the improvement of SNR indicates the significant increase of the electron dose and exposure time.
Therefore, the statistical methods are preferred for quantitative measurements if a large amount of
signals can be obtained in the experiments. For instance, the least square fitting method [40], the
parameter-free multivariate curve resolution (MCR) [39], and the independent component analysis (ICA)
[72] have already been demonstrated to obtain high SNR EMCD signals for quantitative measurements.

5. Summary

In summary, we have investigated the magnetic measurements of 2D magnets by EMCD technique
in the TEM. Comparisons between the EMCD technique and other magnetic characterization techniques
manifest the potential use of the EMCD technique on 2D magnets, with the aim to measure magnetic
parameters in three directions at high spatial resolution, in association with complementary
measurements on the local atomic structure, electronic structure and chemistry in modern advanced
TEMs. EMCD simulations have been conducted to measure 2D magnets in three directions under the
zone axial orientation. It has been demonstrated that a relatively low accelerating voltage is not only
able to avoid irradiation damages but also provide comparable or even better EMCD signals of 2D
magnets at a ultrathin sample thickness. The intensity and distribution of EMCD signals in the
diffraction plane are discussed for 2D magnets as a function of the number of atomic layers, indicating
strong modulations due to dynamical diffraction effects. In addition, it is also found that a slight beam

17



(sample) tilt can remarkably enhance the intensity of EMCD signals as a result of the subtle modification
of the channeling effects under the zone axial orientation. Furthermore, the SNR and required electron
dose are discussed. The typical threshold values, e.g. beam current and exposure time, are estimated in
order to obtain measurable EMCD signals of 2D magnets in experiments. Our theoretical study provides
a feasibility analysis to measure 2D magnets by EMCD technique and is beneficial for future

experimental designs and data interpretations.
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