


Article

https://doi.org/10.1038/s41565-026-02134-z

Extended Data Fig. 3 | Experimental diffraction geometry and setup for the
atomic-column EMCD technique. a, Experimental diffraction patternrecorded
from DyFeO, oriented along the z-axis. The white dashed circle marks the EELS
5mm entrance aperture, which has a collection semi-angle 8 of approximately
38 mrad inthe current experiments. The convergence semi-angle ais 17.8 mrad.
b, Experimental PACBED pattern for DyFeO, oriented along the z-axis. The

convergence semi-angleis 6.75 mrad. ¢, Simulated diffraction pattern for the
same conditions asin a. d, Simulated PACBED pattern for the same conditions
asina.The sample thicknessis determined to be 13 nm using PACBED. e,f, ADF
images recorded before and after STEM-EELS acquisition. The green boxine
marks the regions used for STEM-EELS acquisition. No significant changes in the
sample were observed after the experiments.
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Data Processing Procedures for Atomic-Resolution EMCD Signal Extraction
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4| Data processing procedure for atomic-column-by-
atomic-column EMCD signal extraction. (1) The STEM-EELS experiments
generate the following data files: ADF image; low-loss EELS (LL); high-loss EELS
(HL). Anenergy calibration is performed based on the LL data using Digital
Micrograph software. (2) The ADF image is used to identify and fit the positions of
the Dy and Fe atomic columns. The Fe columns are indexed using different colored
dots to distinguish their spin orientations. (3) In order to extract EMCD signals

from the chiral+and chiral- positions, regions of interest (ROIs) - represented by
yellow and green small dots - are defined and localized at the Dy atom positions
based on the EMCD simulations shown in Fig. 2b. (4) All of the EELS signals at
the chiral+and chiral- positions are summed. (5) Post-processing, including
background removal and post-edge normalization, is applied to the two chiral
EELS signals. The EMCD signal is the difference between these two signals.
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Data Processing Procedures for Atomic-Resolution EMCD Signal Mapping
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Data processing procedures for mapping atomic-
column-by-atomic-column EMCD signals. (1) The STEM-EELS experiments
generate the following data files: ADF image; low-loss EELS (LL); high-loss EELS
(HL). An energy calibration is performed based on the LL data using Digital
Micrograph software. (2) The ADF image is used to identify and fit the positions of
the Dy atomic columns. The Dy columns are indexed with two colored dots, which
serve as the centers of the regions of interest (ROIs) for the chiral+and chiral-
groups. An ROl size of 50 x 50 pixels is used for template matching. The ROls are
extracted and categorized into two groups: chiral+and chiral-. (3) The chiral+

and chiral- groups of ADF stack images are aligned and averaged to produce

two final ADF images. Template matching and non-rigid image registration are
used to correct distortions and misalignments between the two stacks. (4) The
same alignment procedures are applied to the HL data, yielding two chiral EELS
datacubes with animproved signal-to-noise ratio. (5) Post-processing, including
background removal and post-edge normalization, is performed on both chiral
EELS datacubes to generate two processed HL stacks, in which the spectrum
image of the Fe sublattice is shown using an energy integration window from 680
to 780 eV. The EMCD datacube is obtained by taking the difference between these
two processed stacks.
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Extended Data Fig. 6 | Discussion of atomic-column-by-atomic-column EMCD
measurements in three spatial directions. a, Atomic model of DyFeO, (SmFeO,)
projected along the zdirection. b-d, Atomic model of DyFeO; (SmFeO,) with Fe
spins oriented along the x, y and zdirections, respectively. e,i, Real space map of
the simulated nonmagnetic signal across the unit cell. f-h, j-1, Real space maps of
the simulated EMCD signals across the unit cell for DyFeO, and SmFeO,, assuming
that the magnetizationis along the x, yand zdirections, respectively. The actual
spin orientations and corresponding EMCD maps are marked using dashed
rectangles for DyFeO,infand SmFeO,ink, respectively. The EMCD signals for
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the x direction areisolated from those for the y direction. The EMCD signals for
thexandydirections canbe distinguished by extracting signals from different
regionsinthe STEM-EELS data. The EMCD signals for the zdirection are almost
negligible, due to the antisymmetric distribution of the signals in the diffraction
plane. For most antiferromagnetic materials, the magnetic field required for spin
flipping (that is, to reorient the magnetic vector in the direction of the external
magnetic field) is much higher than the field applied by a fully-excited objective
lensinthe TEM (-2T).
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Extended DataFig. 7| Extraction of atomic EMCD signals from the
y-component spin orientation contributionin DyFeO,. The upper left panel
shows the atomic columns fitted and indexed on the ADF image. The upper right
panel shows amagnified region, on which regions of interest (ROIs) are marked
for the chiral+ (green small circles) and chiral- (yellow small circles) positions,

corresponding to the distributions of the EMCD signals in Extended Data Fig. 6¢
and Extended Data Fig. 6g when the spins are aligned along the y-axis. The lower
panel shows the summed chiral EELS signals and the final EMCD signals. The

negligible EMCD signals confirm that the magnetizationis oriented along the x
direction, as expected.
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Extended Data Fig. 8| Atomic-resolution images of aDyFeO, crystaland a SmFeQ;interface along the z-axis. The interface is not clearly identifiable due
DyScO,-SmFeO03 interface used for atomic-column EMCD measurements. to the similar atomic numbers of Sm and Dy. d, The interface can be resolved
a,b, HAADF-STEM and iDPC-STEM images of the DyFeO, crystal along the z-axis, by calculating the vertical strain e, using geometrical phase analysis (GPA).
respectively, with overlaid atomic models. ¢, HAADF-STEM image of the DyScO;- e, Elemental maps of Dy, Sc, Sm, Fe and O across the interface.
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Extended Data Fig. 9 | Extraction of EMCD signals for DyFeO, without applying  corresponding EELS stack after template matching.

o

the half-unit-cell shift described in Extended Data Fig. 5. a, ADF image after ¢, The chiral +, chiral-and mean EELS signals. d,e, EMCD maps atthe L;and L,
template matching. The Dy (blue) and Fe (red) atomic columns are marked with edges obtained by comparing the EELS signals at the Dy sites with the mean Fe
corresponding colored dots. The chiral+and chiral- regions used for chiral EELS L-edge spectrum. f, Representative EMCD signals from five selected Dy sites, as
signal extraction are indicated by yellow and green circles, respectively. b, The indicatedind.
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