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Here we have developed an approach of three-dimensional (3D) measurement of magnetic moment
vectors in three Cartesian directions using electron magnetic chiral dichroism (EMCD) at atomic scale.
Utilizing a subangstrom convergent electron beam in the scanning transmission electron microscopy
(STEM), beam-position-dependent chiral electron energy-loss spectra (EELS), carrying the EMCD signals
referring to magnetization in three Cartesian directions, can be obtained during the scanning across the
atomic planes. The atomic resolution EMCD signals from all of three directions can be separately obtained
simply by moving the EELS detector. Moreover, the EMCD signals can be remarkably enhanced using a
defocused electron beam, relieving the issues of low signal intensity and signal-to-noise-ratio especially at
atomic resolution. Our proposed method is compatible with the setup of the widely used atomic resolution
STEM-EELS technique and provides a straightforward way to achieve 3D magnetic measurement at
atomic scale on newly developing magnetic-field-free TEM.
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Investigating three-dimensional (3D) magnetism is criti-
cal to understand the magnetic physics and properties of
magnetic materials. At present, the most powerful tomo-
graphic techniques through x-ray [1,2] or transmission
electron microscopy (TEM) [3—6] are able to experimen-
tally map the magnetization or induction in 3D space with
nanometer resolution, though it is still very tough associat-
ing with several typical issues, e.g., the challenge of
tomographic data acquisition on instruments with special
design, the complexity of magnetization reconstruction
algorithms and the demanding for quantitative magnetic
information. However, 3D measurement of magnetism at
atomic scale is still not feasible.

Electron magnetic chiral dichroism (EMCD) utilizes an
electron beam to measure magnetism in the TEM. Since its
first proposal in 2003 [ 7] and experimental realization in 2006
[8], the spatial resolution has been significantly improved
ranging from nanometer [9-15] to atomic scale [16-24].
Based on the EMCD sum rules [25-29], the element-selective
spin and orbital magnetic moments could be calculated from
the experimental EMCD signals. Moreover, EMCD has been
developed to measure both in-plane and out-of-plane mag-
netization [30,31] without a series of specimen tilting in
contrast to these 3D tomographic techniques [1,3—6]. Note
that it leads to reduction of the measurement from 3D full-
space to lateral plane for EMCD meanwhile. These achieve-
ments stimulate us to develop an approach of 3D EMCD
measurement at atomic resolution.
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Here, we have introduced the EMCD technique to
measure the magnetic moments in all three Cartesian
directions at laterally atomic resolution simply imple-
mented on the aberration corrected scanning TEM
(STEM) with electron energy-loss spectra (EELS). The
simulations show that EMCD signals referring to all of the
three magnetic components can be measured just by
shifting the detector during the STEM-EELS acquisition.
The signal delocalization analysis confirms the validity of
atomic resolution. Moreover, using a defocused electron
beam, the EMCD signals can be remarkably enhanced to
relieve it of its notoriously low signal intensity and signal-
to-noise-ratio (SNR).

The schematic diagram of atomic resolution EMCD for
3D magnetic measurement is shown in Fig. 1. First, the
magnetic specimen is tilted to three-beam orientation,
adopting the commonly used EMCD diffraction geometry.
The magnetic components in three Cartesian directions are
schematically indicated for the specimen. The atomic-sized
electron beam with a certain convergence semi-angle (CA)
a is scanning across the atomic planes in real space. The
elastically scattered electrons passing through the specimen
are collected by a high angle annular dark field (HAADF)
detector to image the atomic structure. The inelastically
scattered electrons after the electron transitions are col-
lected by the post column EEL spectrometer. In the
diffraction plane, the simulated distributions of EMCD
signals for out-of-plane and in-plane magnetization are
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FIG. 1. Proposal to measure magnetic vectors in three direc-

tions by EMCD at atomic scale based on the STEM-EELS setup
using a defocused and convergent electron beam. The magnetic
sample is tilted to the three-beam orientation. The atomic sized
electron beam is scanning across the atomic planes. The atomic
structure can be imaged by the HAADF detector. The simulated
EMCD signals both for in-plane and out-of-plane magnetization
are shown in the diffraction plane. The EELS detector is marked
with dotted red circles. The chiral EELS signals carrying 3D
EMCD signals are acquired by the EEL spectrometer for further
extraction of EMCD signals from a single atom plane.

displayed on each side of Fig. 1, respectively. By shifting
the EELS detector to specific positions as indicated with
dotted red circles, the chiral EELS signals carrying EMCD
signals corresponding to magnetization in different direc-
tions can be acquired. At last, 3D EMCD signals for a
single atomic plane can be extracted and the magnetic
parameters can be further calculated. It should be noted that
the conventional EMCD is always conducted in the TEM
mode, for which a strong magnetic field of approximately
2 T will saturate the magnetic specimen along the electron
beam direction (out-of-plane) [31]. For atomic resolution
3D EMCD measurement, atomic resolution microscope
with a magnetic-field-free environment is needed, which
has already been developed recently even if it has been only
demonstrated for atomic structure imaging until now [32].

Based on the setup in Fig. 1, EMCD simulations are first
conducted taking the example of bcc Fe under (200) three-
beam orientation with the accelerating voltage (V) of
300 kV and the thickness (#) of 10.47 nm. The atomic
model is shown in Fig. 2(a) by cutting the orthogonal
supercell with [016] along the electron beam direction and
G = [200] along the x axis. The simulations are based on
MATS v2 software using the combined multislice and
Bloch-wave method [33,34]. The details for the descrip-
tions of EMCD signals, simulation procedures, and param-
eters can be found in the Supplemental Material [35]. The
momentum-resolved inelastic electron scattering cross
section in the diffraction plane, including the nonmagnetic
component in Fig. 2(b) and magnetic EMCD components
for three Cartesian directions in Figs. 2(c) and 2(d), are
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FIG. 2. Atomic resolution EMCD for 3D magnetic measure-
ment. (a) Atomic model of bcc Fe under (200) three-beam
orientation. The beam is scanning across the atomic plane at the
positions of 0, d/4, 2d/4,3d/4, and 1d. d is the lattice spacing of
(200) planes. Simulated distributions of the nonmagnetic signals
(b) and the relative intensity of EMCD signals (c)—(e) in three
Cartesian directions, respectively, at V=300kV and r = 10.47 nm
at different convergence semi-angles. The red circles indicate the
positions of the EELS detector for signal acquisition. The range of
the diffraction plane is +50 mrad by +50 mrad. (f),(g) Atomic
resolved in-plane (y) and out-of-plane (z) EMCD signals extract
from the EELS detectors as a function of beam position. The
difference of signals at d/4 and —d/4 (3d/4) is the EMCD signal
from a single atomic plane.

separately simulated at different CAs as a function of
electron beam positions. The electron beam is scanned
across the atomic plane in the [200] direction (x axis),
respectively. The magnetization is set to one in all three
directions in the simulations. The EMCD signals from x
direction are negligible in Fig. 2(c) attributing to the small
component of momentum transfer q, and q, under the thee-
beam orientation [30,31]. Nevertheless, the EMCD signals
from the x direction can be achieved just simply by tilting
the sample to its perpendicular direction, e.g., [020] three-
beam orientation.

At CA = 5 mrad, for which the electron beam is not
narrow enough to resolve the adjacent atomic plane, the
nonmagnetic and EMCD signals are not varied during the
movement of the electron beam. Above the atomic reso-
lution limit for CA = 10, 15, and 20 mrad, the position
dependent nonmagnetic and EMCD signals can be obvi-
ously observed. At the beam positions of 0 (on the atomic
plane) and 2d/4 (in the middle of two atomic planes), the
distribution of EMCD signals in the y and z directions are
antisymmetric in the left-right half of the diffraction plane.
However, at the beam positions of d/4 and —d/4 (3d/4),
the antisymmetric distributions of EMCD signals are
broken with respect to the y axis in Figs. 2(d) and 2(e).
Moreover, the EMCD signals at d/4 and —d/4 (3d/4)
positions show the mirror symmetry with the addition of a
negative sign, owing to the mirror symmetry of beam
positions with respect to the atomic plane in real space.
Consequently, the atomic resolution 3D EMCD measure-
ment can be achieved by taking advantage of these
symmetries induced by beam positions.
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An off-axis detector centered on the y axis [16], as
indicated in Fig. 2(e), can provide a modulation of out-of-
plane EMCD signals as shown in Fig. 2(g). More impor-
tantly, as the in-plane EMCD signals are mostly localized
around the transmitted beam in Fig. 2(d), an on-axis
detector will be favorable to provide a modulation of in-
plane EMCD signals as shown in Fig. 2(f), for which the
detector setup is completely compatible to the standard
STEM-EELS technique. In particular, the on-axis detector
could lead to a strong intensity of EELS signals, benefit to
the SNR of EMCD measurement. Significantly, both the in-
plane and out-of-plane EMCD signals from the single
atomic plane can be extracted by subtracting the chiral
EELS signals from 1/4d and —1/4d (3/4d) beam positions
after one STEM-EELS scanning. The separation of in-
plane and out-of-plane EMCD signals can be simply
achieved by shifting the detector positions. Therefore,
atomic resolution EMCD for 3D measurement of magnetic
moments has been demonstrated. Note that the on-axis
detector could give pure in-plane EMCD signals as the out-
of-plane EMCD signals are totally canceled out owing to its
antisymmetric distribution with respect to the x axis.
However, the out-of-plane EMCD signals using an off-
axis detector are mixed with a small portion of in-plane
EMCD signals. Nevertheless, it is estimated to be less than
10% and can be further reduced by moving the detector
away from the transmitted beam along the y axis.

The low signal intensity and SNR are the biggest
obstacle for EMCD measurement, which becomes more
serious approaching atomic resolution because of the
extremely small interaction volume [21,36]. Optimizing
the experimental parameters are very practical to solve
these issues. As shown in Figs. 2(f) and 2(g), the CA can be
optimized to be 15 mrad. In addition, here we propose to
use a defocused electron beam to enhance the intensity of
EMCD signals. By positioning the electron beam at d/4,
the simulated distributions of in-plane and out-of-plane
EMCD signals are shown in Figs. 3(a) and 3(b) as a
function of defocus value (df), respectively. Remarkably, a
certain df could increase the intensity of EMCD signals.
The df between —4 to —8 nm gives the largest enhance-
ment both for in-plane and out-of-plane EMCD signals, as
they share the same dynamical diffraction conditions. The
electron beam with positive or very large negative defocus
value leads to the reduced intensity of EMCD signals,
which can be attributed to the increased delocalization as
the electrons might delocalized from d/4 position to —d /4
(3d/4) position and thus give to the negative contribution.

Moreover, the contribution of EMCD signals from
different depths are calculated in Fig. S1 in the
Supplemental Material [35]. Compared to the zero-defocus
condition for which only the thickness between 0 and 6 nm
give the positive contribution, the whole thickness range
from O to 10 nm positively contributes to the final EMCD
signals at df = —8 nm. Therefore, the defocused electron
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FIG. 3. Enhancing EMCD signals using a defocused electron
beam. (a),(b) Simulated distributions of out-of-plane and in-plane
EMCD signals by parking the beam at the d/4 position as a
function of defocus value, respectively, at V =300 kV, =
10.47 nm, and CA = 15 mrad. The extracted EMCD signals
from the EELS detectors marked with red circles in (a) as a
function of defocus value under different CAs and thickness both
for in-plane (d),(f) and out-of-plane (c),(e), respectively. The
dotted black lines indicate the defocus value of zero.

beam could redistribute the electrons in the crystal and thus
enhance the EMCD signals, similar to the depth sectional
STEM technique, while it is used to obtain the depth-
resolved magnetic information [37,38].

Furthermore, the EMCD signals at different CA and
thickness are calculated as a function of defocus value as
shown in Figs. 3(c)-3(f). For the fixed thickness at
10.47 nm in Figs. 3(c) and 3(d), the optimized defocus
value is almost independent of CA. The CA = 15 mrad
provides the strongest signals at df = —4 nm. With the
increasing thickness, the optimized defocus value is
increased accordingly from df = 0 nm for ¢ = 3.49 nm
to df = —12 nm for t =20 nm in Figs. 3(e) and 3(f).
Owing to the strong dynamical diffraction effects, the
intensity of EMCD signals are decayed quickly with
respect to the thickness. Particularly, it approaches to zero
at 20.95 nm at zero-defocus condition while increased to
0.1 and 0.04 at df = —12 nm for the out-of-plane and in-
plane cases, respectively. Therefore, the EMCD signals are
saved from the nonmeasurable level and the effective
thickness range is extended through introducing the defo-
cused electron beam.

The delocalization of EMCD signals is also discussed.
The electron beam is set to scan across six atomic planes.
The contribution of EMCD signals from each atom
plane are separately calculated in Fig. 4 at V = 300 kV,
t =10.47 nm, CA =15 mrad, and df = —8 nm. The
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FIG. 4. Delocalization of EMCD signals at atomic resolution.
The contribution of EMCD signals from each atomic plane are
plotted with colored lines. The total signals are plotted with
dotted black lines. The upper and lower panels are for the in-plane
and out-of-plane cases, respectively. The gray rectangle boxes
indicate the positions of atomic planes.

positions of each atomic plane are indicated with gray
rectangle boxes. The total signal (black dotted line) is
asymmetric with respect to the atomic plane. Taking as an
example atom plane 3, on its left 1/4d position, almost
80% of out-of-plane and 65% in-plane EMCD signals are
from atomic plane 3 (blue line). The two nearest planes
[atomic plane 2 (red) and 4 (pink)] together give the
negative contributions owing to the delocalization of
EMCD signals [39]. It is more obvious for the in-plane
case while the atomic resolved features are still clear. In
addition, we stress that the atomic resolution 3D EMCD is
also able to measure the antiferromagnets, e.g., NiO, for
which the nearest planes have the opposite spin orientation.
Consequently, the nearest planes could give the positive
contribution and further enhance the total EMCD signals.
Therefore, our method will become even more applicable
for antiferromagnets, showing another incomparable ad-
vantage over the XMCD technique.

At last, the SNR for 3D EMCD measurement is
discussed. Similarly, the definition of SNR for EMCD
signals is taken as described in Refs. [21,36-38,40]; that is
SNR = fred(M/N) (GMag/GNonmag)\/2NpixCL3/(1 + b)
M/N is the ratio of intrinsic magnetic and nonmagnetic
components determined by the electronic properties of
magnetic element. Gy,e/0Nonmag 18 the simulated relative
intensity of EMCD signals as shown in Fig. 4. N is the
number of pixel that is used for signal integration, e.g.,
Npix = 3 x 50 pixel under the three-beam orientation. f.q
is the reduced factor due to the signal integration, e.g.,
Srea =0.8. Cp, is the electron counts at L3 peak after
background subtraction. b is the ratio of the electron counts
between EELS background and CLg, e.g., b = 2. Here, we
reasonably take C;. = 1000 for an on-axis EELS detector
(in-plane measurement) under the common setup of beam

current and dwell time in standard STEM-EELS experi-
ments as described before [21,36,37], e.g., approximately
100 pA and tens of millisecond per pixel, respecti-
vely. While for an off-axis EELS detector for out-of-
plane EMCD measurement, it is further approximately
reduced by a factor of 4 as shown in the Supplemental
Material Fig. S2, e.g., C;, = 250. Thus, SNR |y of plane =
31.6(M_/N) and SNR[;; jjane = 25.4(M,/N) by taking the
maximum of Gyae/ONonmag N Fig. 4. Consequently, M /N
should be larger than 0.10 ~0.12 to obtain SNR > 3,
comparable to the theoretical value for 34 transition metals.
Moreover, the beam current, dwell time and N, can be
further increased if the sample is robust against the
irradiation damage and the microscope is stable enough.
Note that these estimations are conducted with the
assumption of pure Poisson noise if the direct electron
detectors are used as mentioned before [37]. Fortunately,
these kinds of detectors are accessible now [41-43]
and might contribute significantly to the 3D EMCD
measurement at atomic scale in the future. Moreover,
the average of a large number of EEL spectra (Npy)
perpendicular to the scanning direction, especially under
the three-beam orientation, could further reduce the
Poisson noise [44].

Our proposed approach has theoretically extended the
EMCD measurement from one dimension to three dimen-
sions at atomic scale, which is a generalization of atomic-
plane-resolved (APR) EMCD proposed by Jan Rusz [16] in
the STEM mode. Therefore, the compatibility with the
STEM-EELS setup makes it more accessible compared to
the APR-EMCD based on the unique achromatic electron
microscopy in TEM mode [17], especially when an on-axis
EELS detector is adopted for in-plane magnetic measure-
ment. Recent studies have also demonstrated the method of
using a patterned aperture for atomic resolution EMCD
measurement in STEM mode [21-23]. However, the fixed
shape and size of the patterned EELS aperture might limit
its general application. In addition, no shaped electron
beam with customized phase distributions are necessary
here, in contrast to the vortex beam [18], aberrated elec-
tron beam [19,20], and the orbital angular momentum
sorter [24].

In summary, we have developed the atomic resolution
3D EMCD to measure the magnetic moment vectors in all
three Cartesian directions, which is compatible with the
widely spread STEM-EELS setup on aberration corrected
microscopes. The out-of-plane and in-plane magnetic
moments can be straightforwardly measured just by simply
shifting the EELS detector. The method is not only
advantaged over the tomographic technique without the
highly demanding on experimental tilting series and
post reconstruction algorithm, but also over the vortex
beam [45] which is only proposed to measure atomic
resolution EMCD signals for out-of-plane magneti-
zation [18,34,40,46,47]. Moreover, the introduction of a
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defocused electron beam could heavily enhance the inten-
sity of EMCD signals, promising a substantial possibility
in future experiments. We believe our method will be
achieved on the newly developing atomic resolution
magnetic-field-free microscope for ferromagnets as well
as antiferromagnets, providing an alternative of magnetic
characterization techniques for 3D measurement at the
atomic scale.
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