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Abstract 

Although magnetism originates at the atomic scale, the existing spectroscopic techniques sensitive to magnetic 
signals only produce spectra with spatial resolution on a larger scale. However, recently, it has been theoretically 
argued that atomic size electron probes with customized phase distributions can detect magnetic circular dichroism. 
Here, we report a direct experimental real-space detection of magnetic circular dichroism in aberration-corrected 
scanning transmission electron microscopy (STEM). Using an atomic size-aberrated electron probe with a customized 
phase distribution, we reveal the checkerboard antiferromagnetic ordering of Mn moments in LaMnAsO by observing 
a dichroic signal in the Mn L-edge. The novel experimental setup presented here, which can easily be implemented 
in aberration-corrected STEM, opens new paths for probing dichroic signals in materials with unprecedented spatial 
resolution.
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Background
In the presence of a magnetic field, ferromagnets, para-
magnets, antiferromagnets, and ferrimagnets exhibit 
different photon absorption cross sections that depend 
on the polarization of the incident photons. This effect, 
known as dichroism, has allowed polarized X-ray spec-
troscopy techniques, i.e., X-ray magnetic linear [1] and 
circular [2] dichroism (XMLD and XMCD), to probe the 
magnetic properties of materials since the mid-1980s. 
More recently, it was recognized that in transmission 
electron microscopy (TEM), under particular scattering 
conditions, magnetic dichroism could also be probed via 
energy-loss magnetic circular dichroism (EMCD) spec-
troscopy [3]. Utilizing crystal as the beam splitter, it was 
possible to achieve spatial resolutions of about 1–2  nm 
[4, 5].

Until now, the goal of aberration correction in STEM 
has been to produce electron probes with sizes as small 
as possible. The reasoning is that smaller probes result 

in images and spectra with better spatial resolutions 
[6–8]. However, it has been recently argued on theoreti-
cal grounds that in some cases, it is desirable to have an 
atomic size electron probe with customized aberrations 
[9]. According to inelastic electron diffraction calcula-
tions, aberrated probes can have tails with a phase dis-
tribution that plays an analogous role to polarization 
of X-rays when interacting with a material. These novel 
aberrated probes then can be utilized to obtain chiral 
dichroic signals in materials via electron energy-loss 
spectroscopy (EELS) with high spatial resolution. Fur-
thermore, the aberrated probes allow the collection of 
EEL spectra using the transmitted beam, which results 
in EMCD with intrinsically larger signal-to-noise ratios 
than those obtained via nanodiffraction techniques [3], 
where most of the transmitted electrons are discarded.

In this study, we experimentally verify the theoretical 
prediction of Rusz et al. [9]. We use an aberrated electron 
probe, which still maintains an atomic size, and detect 
the antiferromagnetic ordering of Mn moments in LaM-
nAsO by observing a dichroic signal in the Mn L-edge.

EMCD in STEM has been identified previously only 
in ferromagnets, because the size of the electron probes 
has been larger than the period over which the magnetic 
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moment directions vary in antiferromagnets or ferrimag-
nets. However, according to Rusz et  al. calculations [9], 
the key to reveal EMCD signals emerging from different 
magnetic orderings is to set a phase distribution of an 
atomic size electron probe that maximizes the symmetric 
component of EMCD at the spectrometer plane. EMCD 
arising from magnetic moments aligned along the elec-
tron beam direction, in a crystal with in-plane fourfold 
symmetry, can be detected using an aberrated electron 
probe containing fourfold astigmatism (known as C34 
in Krivanek’s notation [10], or A3 in Haider’s notation 
[11]). Crystals with different symmetries require electron 
probes with different phase distributions [9]. Here, we 
use a LaMnAsO as a model system, because it presents 
an antiferromagnetic ordering at room temperature, 
which is ideal to test if an aberrated probe can reveal an 
EMCD signal.

Methods
Sample preparation and susceptibility measurement
LaMnAsO has the same room temperature crystal struc-
ture as the 1111 family of iron-based superconductors 
[12], i.e., a layered structure in space group P4/nmm, 
with lattice constants a =  0.412  nm and c =  0.903  nm 
[13]. The structure is shown schematically in Fig.  1a. 
LaMnAsO has Mn magnetic moments (~2.4 μB at 300 K) 
aligned antiferromagnetically in a checkerboard pat-
tern in the ab plane, stacked ferromagnetically along the 
c-axis (Fig.  1a). The Néel temperature, TN, is 360  K, as 
determined via neutron diffraction experiments [14].

LaMnAsO was synthesized from LaAs and MnO. An 
equimolar mixture of the starting materials was mixed 
and compacted into a pellet. The pellet was sealed inside 
an evacuated silica glass ampoule and heated at 1000 °C 
for 24 h. X-ray diffraction showed the reaction product to 
be nearly single-phase LaMnAsO, with only 2–3 wt per-
cent MnO and La2O3 detected as impurities. Neither of 
these phases is expected to influence the magnetic prop-
erties near or above room temperature.

More importantly, ferromagnetic MnAs (TC = 318 K) 
is not present in the sample, as confirmed by the linear M 
vs H data shown in Fig. 1b. Magnetization measurements 
were performed with a magnetic properties measure-
ment system (Quantum Design). Note that the previ-
ous reports of TN via magnetization measurements have 
been masked by the presence of a ferromagnetic MnAs 
impurity with a Curie temperature of 317  K [13, 15]. 
However, the experimental measurement indicate that 
no ferromagnetic impurities are present in the synthe-
sized sample, and that the magnetization of one formula 
unit of LaMnAsO in 2 T magnetic field is less than 0.2 % 
of the reported ordered moment per Mn atom [13]. The 
low magnetization of LaMnAsO under the presence of 

an external magnetic field indicates that its checkerboard 
antiferromagnetic structure is basically unperturbed dur-
ing the electron microscopy experiments—which were 
performed with a field of ~2T and at 295 K.

Inelastic electron scattering calculations
The calculations were performed using a combined 
multislice/Bloch-waves method [16]. Elastic propa-
gation of an aberrated probe was done by multislice 

Fig. 1 Crystal structure and magnetic field dependence of the 
magnetization of LaMnAsO. a LaMnAsO has the same structure as 
the (1111) iron-based superconductors at room temperature [12], i.e., 
LaFeAsO, but with Mn occupying the Fe sites. The schematic shows 
the ordering of the Mn magnetic moments, which are antiferro-
magnetically aligned in a checkerboard pattern in the ab plane, but 
ferromagnetically aligned along the c-axis (i.e., C-type antiferromag-
net). The rectangular black boxes outline the unit cell. b Magnetic field 
dependence of the magnetization of LaMnAsO measured at 300 K 
indicates the lack of any ferromagnetic impurity, and minimal canting 
of the 2.4 μB ordered Mn moments out of the checkerboard state, 
during the electron microscopy experiments, which are conducted at 
~2 T. F.U. in the vertical axis stands for formula unit
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calculations, using supercell of size 12 × 12 unit cells 
(4.9 ×  4.9  nm2) in lateral directions and a real-space 
grid spacing of 6.4 pm. The energy-integrated inelastic 
transition matrix elements were calculated using the 
method of sum rules inversion [17]. Cut-off param-
eter in Bloch waves calculations was set to 5 ×  10−6, 
and the energy-filtered diffraction patterns were cal-
culated on a grid from −5G to 5G in both directions 
with a step size of 0.2G, where G  =  (100). Conver-
gence and collection angles, acceleration voltage were 
set according to the experiment. The energy-filtered 
STEM images were evaluated on a grid of 16 × 16 pix-
els within a unit cell. These calculations only obtain 
the integrated signal of the L3 peak for 3d transition 
metals. Quenching of the Mn L2 peak intensity due to 
multiple scattering effects and effects beyond dipole 
approximation in inelastic transition matrix elements 
is not considered.

STEM–EEL spectrum imaging experiments
The experiments were performed in an aberration-cor-
rected STEM Nion UltraSTEM™ 100, equipped with 
a cold field emission electron source and a corrector of 
the third- and fifth-order aberrations, operating with 
a probe current of ~110 pA at 100 kV accelerating volt-
age [18]. EEL spectra were collected using a Gatan Enfina 
spectrometer, with 0.3  eV/channel dispersion, giving an 
energy resolution of 0.9 eV. The convergence semi-angle 
for the incident probe and the EELS collection semi-angle 
were 30 mrad and 48 mrad, respectively. The sample’s 
thickness was obtained using the log-ratio method with 
an inelastic mean free path calculated using Lenz’ equa-
tion as described by Egerton [19]. The EEL spectra data 
set shown in Fig. 5b (5e) contains 96 ×  215 (50 ×  130) 
spectra, and they were collected with a linear spectral 
density of ~29.1 spectra/nm using 20 ms/pixel dwell time 
acquisition. The spectra’s total acquisition time was from 
8 to 13 min. The Z-contrast images were collected using 
~86–200 mrad half-angle range.

The sample was in the electron microscope at a con-
stant temperature of 22  °C (295  K). The temperature of 
the whole microscope system (both column and room 
separately) was constantly monitored and controlled 
with accuracy better than ±0.1  °C/h. This temperature 
stability over long periods of time in the electron micro-
scope is one of the main factors that allow the acquisition 
of spectrum images with atomic resolution. Moreover, 
the determination of TN = 360 K and the negligible net 
magnetization at room temperature (Fig. 1b) clearly indi-
cates that the electron microscopy experiments were 
performed within the antiferromagnetic regime. Sam-
ple heating due to the electron beam is calculated to be 

negligible here, considering the thermal conductivity of 
the material and its low thickness resulting in a small rel-
ative amount of inelastically scattered electrons [20].

Evaluation of the signal‑to‑noise ratio of the measured 
EMCD spectra
The EMCD signal-to-noise ratio (SNR) in the measure-
ments was obtained using the following relationship:

where ΔL2 is the absolute value of the difference of the 
maximum intensities for the Mn L2↑ and L2↓ peaks. 
σ is the total standard deviation of the measurements, 
which is defined as σ = σ↑ + σ↓ for correlated noise, and 
σ = √(σ2↑ + σ2↓) for uncorrelated noise. σ↑ and σ↓ are 
the standard deviations of the residual signal obtained 
after performing the background correction of the Mn↑ 
and Mn↓ spectra before the Mn L-edge onset, respec-
tively. The calculated SNR of the EMCD spectra shown 
in Fig. 5f is 9. The data sets in the performed experiments 
present an EMCD signature that has an SNR that ranges 
between 5 and 11.

Configuring an atomic size fourfold (C34)‑aberrated 
electron probe
The C34‑aberrated electron probe was achieved using the 
following approach

(i)  Measure the relative angle of one of the main axes 
of the corrector with the horizontal direction of the 
CCD camera.

(ii) Measure the relative angle between one of the two 
main axes (a or b) of the studied LaMnAsO crys-
tal and the horizontal direction of the CCD camera. 
This can be obtained by identifying a main Kikuchi 
line in the sample, for a grain previously aligned in 
a main zone axis. It is not important, which Kikuchi 
line is selected in this case. One can select the line 
that has the smallest angle with respect to the hori-
zontal axis. However, the relative angles of both the 
corrector and the sample with the horizontal axis 
need to be defined consistently (either both clock-
wise or both counterclockwise) [21].

(iii) Calculate the aberration components C34a and C34b 
using the measured angle, δ, and the total magni-
tude of C34 (which for this experiment is defined as 
15 μm), i.e., C34a = C34 cos δ, C34b = C34 sin δ. Here, 
δ is the difference of the relative angles between the 
sample and the corrector with respect to the hori-
zontal axis [21]. The calculated C34a and C34b values 
produce the desired antisymmetric phase distribu-
tion aligned with the axes of the LaMnAsO crystal 
as proposed in Ref. 9.

SNR = abs(�L2)/σ ,
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(iv) Run Nion’s Ronchigram aberration correction algo-
rithm [10], using the calculated C34a and C34b as 
target values, until reaching convergence within the 
accuracy of the measurements.

(v) Once the desired aberrations have been added to 
the electron probe, one can proceed to perform the 
experiments using any rotation angle in the scan-
ning coils without affecting the measurements.

In a normal operation condition (i.e., used to achieve 
an aberration-corrected electron probe), Nion’s algo-
rithm corrects all the aberrations in the electron optics 
up to the fifth order as described in Ref. [10]. However, 
in the setup used here, all the aberrations (up to the fifth 
order) are corrected with the exception of C34a and C34b, 
which now have the values obtained in step (ii).

Table  1 displays the values of the third-order aberra-
tions measured by the Nion software for the aberration 
corrected and the C34-aberrated electron probes used 
to perform the experiments. We point out that the val-
ues presented in Table  1 for C4s and C5s are the same 
for both probes, because they use previously measured 
values. The reason is that these higher order aberrations 
usually remain reasonably constant during long periods 
of time, and are difficult to measure more accurately.

DFT calculations
DFT calculations of LaMnAsO were performed using an 
all-electron full-potential linearized augmented plane-
waves method implemented in WIEN2k package [22]. 
Spin-polarized local density approximation (LSDA) was 

used to describe exchange and correlation effects, includ-
ing a +U correction (LSDA + U method) with U = 6 eV 
and J =  1  eV, using the around mean-field (AMF) dou-
ble-counting correction [23]. Spin-orbital coupling was 
included in the calculations. A large basis size of more 
than 120 basis functions per atom and 660  k-points in 
the irreducible wedge of the Brillouin zone were used to 
ensure a well-converged calculation.

Results and discussion
Figure  2a and b shows the electron probe intensity and 
phase distribution calculated using the measured values 
of residual aberrations obtained in an aberration-cor-
rected STEM after all aberrations up to the fifth order 
have been corrected.

Adding aberrations to the electron probe, such as C34, 
obviously affect the probe by increasing its full width at half 
maximum (FWHM) and changing the shape of its tails. 
However, the calculations done for this work show that for 
electrons accelerated at 100 kV, a C34 value of 15 μm still 
maintains the atomic size of the electron probe, and the 
desired phase distribution on the tails allows measurement 
of EMCD signals with atomic resolution in LaMnAsO. 
Figure 2c, d shows the calculated electron probe intensity 
and phase distribution obtained by correcting all the aber-
rations up to the fifth order apart from C34, which was set 
to 15 μm. The C34 aberrated probe still has an atomic size 
and shows tails with relative large intensities when com-
pared with the corrected probe, as shown in Fig. 3.

Figure 2e, f shows the experimental Z-contrast STEM 
images of a LaMnAsO grain oriented along the c-axis 
obtained with the corrected probe and the C34 aberrated 
probe, respectively. Noting that in the Z-contrast image 
acquired using the C34 aberrated probe (Fig. 2f ), it is still 
possible to resolve individual La/As and Mn/O atomic 
columns, although an increase in the background and the 
Mn/O atomic column intensities can be observed when 
compared with the image acquired with the corrected 
probe. The increase in background is due to larger tails of 
the C34 aberrated probe.

In a previous theoretical study [16], it was noted that 
with electron vortex beams [24–27], an EMCD signal 
emerges only from probe positions that are close to the 
center of a magnetic atomic column. The localization of 
the EMCD signal contrasts to other EELS signals [19], 
which can, in principle, be non-local [28]. We calculated 
the effective EMCD signal by taking the ratio between 
the inelastic scattering cross section evaluated solely 
using the imaginary part of the mixed dynamical form-
factor (which corresponds to the magnetic signal—i.e., 
Mn↑–Mn↓) and the total inelastic scattering cross sec-
tion arising in the EELS experiments [16]. The calcula-
tions were performed with a 29-nm thick LaMnAsO 

Table 1 Measured aberrations for  the electron probes 
(shown in Figs. 2, 3) used in the experiments

Defocus, C12a and C12b were corrected manually during data acquisition. C12s 
were corrected within few tens of nanometers until the images show the best 
contrast. Here, the subscripts a and b refer to the optical axes of the corrector

Corrected probe C34‑aberrated probe
Aberration Value Value

C21a, C21b 225, 129 (nm) 157, 196 (nm)

C23a, C23b −185, 44.1 (nm) −173, 48.7 (nm)

C3 −0.01 (μm) −1.85 (μm)

C32a, C32b −1.78, 4.22 (μm) 5.08, 9.13 (μm)

C34a, C34b 0.67, −0.31 (μm) 9.95, 11.5 (μm)

C41a, C41b −210.7, −262.3 (μm) −210.7, −262.3 (μm)

C43a, C43b 348.5, −97.9 (μm) 348.5, −97.9 (μm)

C45a, C45b 68.0, −0.03 (μm) 68.0, −0.03 (μm)

C5 −0.19 (mm) −0.19 (mm)

C52a, C52b −1.18, −7.41 (mm) −1.18, −7.41 (mm)

C54a, C54b −1.75, −0.14 (mm) −1.75, −0.14 (mm)

C56a, C56b −0.63, −0.17 (mm) −0.63, −0.17 (mm)
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sample (same thickness as the grain used in Fig.  2), for 
electrons accelerated at 100 kV, and with an added aber-
ration C34 = 15 μm.

Figure  4a shows the calculated the EMCD spectrum 
image of LaMnAsO emerging from the Mn L3 peak in the 
case of an ideal corrected probe (i.e., the ratio between 
the magnetic component vs the non-magnetic compo-
nent in the EEL spectra). Note that at certain individ-
ual probe positions, it is possible to detect a non-zero 
EMCD. However, the intensity is very small (% 0.05 at 
the maxima), and its distribution is such that a radially 
averaged EMCD signal around Mn columns is essen-
tially zero at any distance from the center. The weak 
EMCD signal, predicted for the case with an ideal cor-
rected probe, is due to broken symmetry, when the beam 
is off column or, more precisely, off of any mirror sym-
metry plane. Figure 4b shows a calculated EMCD spec-
trum image obtained using an ideal C34 aberrated probe 
(C34b = 15 μm). Not only the EMCD signal is significantly 

stronger, but it also has a well-defined sign reflecting 
the magnetic moment direction of the Mn atomic col-
umns. The EMCD signals were also calculated with the 
experimental probes (corrected and aberrated), and the 
strength in the EMCD signal was in practical terms the 
same as the one obtained with the ideal probes.

Figure 5 shows two examples of drift (affine) corrected 
Z-contrast images and denoised EEL spectra that were 
acquired simultaneously from LaMnAsO at a tempera-
ture of 22 °C (295  K). The data were acquired with the 
beam along the c-axis using the corrected probe and the 
C34 = 15 μm aberrated probe shown in Fig. 2. The Z-con-
trast images and the corresponding denoised spectrum 
images were drift corrected using an affine transforma-
tion, as shown in Fig. 6. The spectral data are a subset of 
9 different spectrum images containing a total of over 
300,000 spectra, with 400 energy channels from 605.0 to 
725.0 eV. The subset was selected based only on the qual-
ity of the corresponding Z-contrast images (i.e., images 

Fig. 2 a Electron probe intensity and b phase distribution obtained by correcting all the aberrations (up to the fifth order) of the electron optics 
(corrected probe). The distortion observed in the probe intensity from an ideal Airy-Gaussian-like shape, and in the probe phase from an ideal zero 
phase, is due to the residual third order (C32) aberrations. c Electron probe intensity and d phase distribution obtained by correcting all the aberra-
tions (up to the fifth order) with the exception of fourfold astigmatism, C34, which was explicitly set to 15 μm. The aberrated electron probe still has 
an atomic size, but it also shows tails with relative large intensities when compared with the corrected probe. The phase distribution of the tails has 
a fourfold symmetry that varies from π/2 to −π/2 between each adjacent tail. e, f Z-contrast STEM images of a LaMnAsO grain oriented along the 
c-axis and obtained with the corrected probe [shown in (a)] and with the C34 aberrated probe [shown in (c)], respectively. Insets in (e, f) schemati-
cally illustrate the position of the La/As, Mn↑/O and Mn↓/O atomic columns
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with the smallest spatial drift during data acquisition). 
The spectra were first normalized to have the same mean 
value, and aligned in the energy axis via cross-correlation 
on the La-edge to avoid artifacts (undesired energy shifts) 
caused by fluctuations on the high tension.

The spectra then were denoised via robust principal 
component analysis (RPCA) [29, 30] and reconstructed 
using five components. The number of components was 
chosen based on the Scree plot (Fig. 7), which displays a 
clear step after the fifth component. Data reconstruction 

using 20 components was also performed, but no sig-
nificant differences to the analysis using only five compo-
nents were found.

The Mn↑ and Mn↓ L-edge spectra (shown in Fig. 5b, e) 
were obtained by averaging all the spectra that are within 
a radius of 0.08 nm from the center of all the Mn sites, 
as shown schematically by the red and blue circles in the 
Z-contrast images (Fig.  5a, d), respectively. The Mn↑ 
and Mn↓ averaged spectra were obtained only from the 
affine-corrected data. The Mn↑–Mn↓ averaged spectra 
were background corrected using a power-law function 
(fitting energy region: 606–631 eV) and a non-parametric 
locally weighted scatterplot smoothing (LOWESS) algo-
rithm [31].

A clear EMCD signature in the EEL spectra, defined as 
(Mn↑–Mn↓) presenting a change of sign in its integrated 
intensity between the L3 and L2 peaks, is only visible for 
the Mn L-edge acquired using the C34 aberrated probe 
(Fig.  5e, f ). Moreover, the strength of the EMCD signal 
obtained experimentally at the Mn L3 peak is comparable 
with that obtained with the inelastic electron scattering 
calculations shown in Fig. 4b.

Although LaMnAsO only presents a checkerboard 
antiferromagnetic ordering at room temperature, differ-
ent Mn magnetic orderings were also sought in the spec-
tra to check the robustness of the EMCD signal in the 
experimental data. No EMCD spectral signature was pre-
sent for different orderings, as shown in Fig. 8. The spec-
tral difference present in Fig.  8 of a down-up signature 
on both L3 and L2 edges is likely caused by slow drift of 
the high tension tank during the acquisition of the data. 
The energy drift causes sub-pixel energy shifts (<0.3 eV) 
for each spectrum within the same spectrum image. 
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Fig. 3 Electron probe intensity profiles. The electron probes were 
calculated using the aberrations values tabulated in Table 1 that were 
obtained from Nion’s Ronchigram aberration correction method [10]. 
The intensity profiles were obtained along the x-axis. The corrected 
probe (red line) corresponds to the intensity profile for the aberration-
corrected electron probe shown in Fig. 2a, while the aberrated probe 
(black line) is the intensity profile of the C34-aberrated electron probe 
shown in Fig. 2c

Fig. 4 Calculated energy-loss magnetic circular dichroism spectrum images for the Mn L3 peak using a an ideal corrected and b an ideal 
C34-aberrated electron probe (C34b = 15 μm). Notice that the intensity scale is different in the two panels and that in (b) the Mn magnetic signal is 
well defined, with the EMCD signs reflecting the magnetic moment direction of the Mn atomic columns. Insets schematically illustrate the position 
of the La/As, Mn↑/O and Mn↓/O atomic columns. The scale bars in (a, b) are 0.5 nm
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Compared with the checkerboard arrangement, the arti-
fact is enhanced here due to a difference of the average 
assignment of Mn atoms with spin up vs spin down in the 
y-coordinate of the spectrum image.

In principle, the detection of an effective EMCD signal 
in the EEL spectra also allows us to experimentally try to 
obtain the Mn orbital/spin moment ratio, ml/ms, which is 
not possible to do with XMCD spectroscopy in the case 

Fig. 5 Z-contrast images and Mn L-edge spectra acquired simultaneously for LaMnAsO. a, d Z-contrast images of LaMnAsO acquired using a cor-
rected and a (C34 = 15 μm) aberrated probe, respectively. The Mn L-edge electron energy-loss (EEL) spectra are shown in (b)–(e). The red and blue 
circles in (a, d) schematically highlight the assumed positions of the Mn↑/O and Mn↓/O atomic columns, respectively, that were selected to obtain 
the Mn L-edge EEL spectra shown in (b, e). c, f show the Mn↑–Mn↓ spectra. An EMCD signal (e, f) is only present for the spectra acquired with the 
C34 aberrated probe. The scale bars and the radii for the schematic circles in (a, e) are 0.5 and 0.08 nm, respectively
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of antiferromagnets. The Mn ml/ms ratio was obtained by 
applying the EMCD sum rules [32, 33], such that,

where ΔMn is the difference between the Mn↑ and Mn↓ 
spectra. The subscripts L3 and L2 in the integrals refer 
to the energy integration within each Mn L peak. The 
experimental Mn ml/ms ratio obtained for the EMCD 
signal is 0.38. First-principles calculations based on 
density functional theory (DFT) [34, 35] were also per-
formed to obtain an estimate of the Mn ml/ms ratio for 
the LaMnAsO compound. The DFT calculation gives a 
Mn ml/ms ratio of 0.03, which is in good agreement with 
the expected value measured for other 3d transition met-
als using XMCD [36], but significantly smaller than the 
experimental EMCD value.

The discrepancy of about an order of magnitude 
between the experimentally EMCD measured Mn ml/ms 
ratio and the DFT calculation most likely arises from a 
quenching of the Mn L2 peak intensity due to multiple 
scattering effects and channeling of the electron probe. 
Theoretical modeling of the EEL spectra needs to be per-
formed to fully understand the origin of the experimen-
tally overestimated Mn ml/ms ratio.

Conclusions
In this study, the EMCD signal was denoised using 
robust principal component analysis [29, 30]. How-
ever, in the near future, obtaining better EMCD signal-
to-noise ratios in the EEL spectra should be possible 
by straightforward improvements in the software con-
trolling the scanning of the electron probe, and by bet-
ter spectrometers. For instance, the spectra shown in 
Fig.  5e only utilized 12.5  % of the entire acquired data 
set per Mn moment orientation (25  % total). The other 
75 % of the data is discarded. Since the EMCD is local-
ized in the vicinity of the atomic columns, it makes more 
sense to use a “selective data acquisition” scheme where 
only spectra around the center of the atomic columns 
are collected. This “selective data acquisition” scheme 
will allow more spectra nearby the center of the atoms 
to be collected per data set, resulting in a considerable 
improvement of the EMCD signal-to-noise ratio. Such an 
improvement would mean that in future EMCD experi-
ments, it will be possible to reveal the magnetic order-
ing of individual atomic columns and atomic size defects 
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Fig. 6 (Left) Z-contrast image acquired simultaneously with EEL 
spectra. The red circles show the position of the La atoms that were 
used for the affine (drift) correction. (Right) The Z-contrast image after 
performing the affine (drift) transformation. This figure is the same as 
the one shown in Fig. 5d. The yellow circles illustrate schematically the 
positions the La atoms after drift correction. The same affine transfor-
mation was applied to the simultaneously acquired spectrum image 
to reduce drift artifacts. The scale bars are 0.5 nm

Fig. 7 Scree plot obtained by RPCA on mean-subtracted data. A clear 
step can be observed after the fifth principal component indicating 
that the physically relevant information can be described using the 
first five components in the reconstruction of the EEL spectra
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in materials, allowing element-selective quantitative 
measurements with atomic resolution (and single atom 
sensitivity) of spin and orbital magnetic moments of fer-
romagnets, ferrimagnets, and antiferromagnets using 
EMCD sum rules [32, 33]. The novel experimental setup 
presented here could also be used to test candidate mag-
netic structure models on materials that cannot be made 
in forms suitable for neutron diffraction.
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