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Electron magnetic circular dichroism (EMCD) in transmission electron microscopy (TEM) enables element-
specific measurement of spin and orbital magnetic moments, analogous to x-ray magnetic circular dichroism
(XMCD). While the EMCD technique offers unmatched spatial resolution, its quantitative accuracy remains
under scrutiny, particularly in beam-splitter geometries with convergent probes. Here, we systematically evaluate
the limits of quantitative EMCD analysis using the first-order magnetostructural transition in the functional
phase-change material FeRh as a tunable magnetic reference. Unlike previous EMCD studies primarily focused
on elemental ferromagnets such as Fe, we demonstrate its applicability to a correlated material exhibiting coupled
structural and magnetic order. We demonstrate that the extracted orbital-to-spin moment ratio (i /ms) remains
within the same order of magnitude as XMCD benchmarks, despite a systematic reduction in absolute value, for
TEM probes down to approximately 6 nm, thereby establishing the validity range for reliable quantification. For
nanometer-sized probes with higher convergence angles, we observe an enhanced my /mg, which we attribute
to a combination of instrumental factors and sensitivity to nanoscale heterogeneity within the probed volume.
Our results confirm that EMCD provides quantitative agreement with macroscale techniques under suitable
conditions, while uniquely enabling spatially confined measurements of local magnetic moments in functional
magnetic materials, and allowing the study of interfacial, defect-mediated, or phase-separated magnetism that is

Sub-10-nm quantification of spin and orbital magnetic moment across the metamagnetic phase
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inaccessible to photon-based methods.

DOI: 10.1103/m3vy-18hn

I. INTRODUCTION

Understanding collective magnetic ordering at the
nanoscale requires probes that combine spatial and elemental
selectivity with sensitivity to local spin and orbital moments.
Core-level excitations are especially powerful in this regard,
as they directly connect microscopic electronic structure
to emergent macroscopic magnetic behavior. Dichroic
spectroscopies have therefore become indispensable tools for
quantifying magnetic moments and exploring their spatial
variation in correlated and functional materials.

X-ray magnetic circular dichroism (XMCD) is the estab-
lished standard for element-specific magnetometry, in which
polarization-dependent x-ray absorption spectra analyzed
through the sum rules [1,2] provide quantitative access to spin
and orbital magnetic moments. Synchrotron-based imaging
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techniques extend XMCD to the nanoscale, with scanning
transmission x-ray microscopy (STXM) achieving the visu-
alization of magnetic nanoparticles down to approximately
15 nm in size [3]. Spatially resolved quantitative analysis
based on XMCD sum rules has been demonstrated with lateral
resolutions approaching 25 nm [4]. Further improvement of
spatial resolution in photon-based methods is fundamentally
constrained by diffraction and optical focusing limits.
Electron magnetic circular dichroism (EMCD) [5,6], the
electron-based analog of XMCD, circumvents these spatial
limitations by exploiting the advanced optics of modern
transmission electron microscopes. Initially realized using
a crystalline beam splitter [5—7] (for more details and the
comparison with XMCD, see Appendix A), EMCD has
since diversified to convergent-beam geometries [8—10], elec-
tron vortex beams [11-13], orbital-angular-momentum sorters
[14], and atomic-resolution scanning transmission electron
microscopy - energy electron loss spectroscopy (STEM-
EELS) approaches [15-17]. These methods allow quantitative
access to spin and orbital moments through adapted sum-rule
analyses [18,19], though experimental complexity and inter-
pretation challenges persist, especially under low-symmetry
or low-signal conditions [20-22]. While much of EMCD de-
velopment has emphasized methodological advances, only a
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(a) Fe: +3.3 Fe: 3.2 an effect we evaluate from both physical and instrumental
Rh: 0 1ip 1o Rh: 0.9 ;jg perspectives. These results underpin the feasibility of
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FIG. 1. FeRh system and studied specimen geometry.

(a) Schematic of the AF-FM transition in FeRh, showing
atomic positions and magnetic moments on Fe and Rh atoms.
(b) Temperature-dependent magnetization during heating and
cooling for the 25-nm film on MgO before detachment. (c) Sample
preparation: epitaxial FeRh grown on MgO, followed by selective
MgO etching in Na, EDTA to release the FeRh film, which is then
collected on a Cu TEM grid.

few studies have yet leveraged it to probe functional mate-
rials, such as in the case of the magnetic phase transition in
the manganite PrysSrosMnO;3 [23]. Here, we employ in situ
EMCD to study the equiatomic FeRh alloy, which undergoes a
first-order phase transition from antiferromagnetic (AF) to fer-
romagnetic (FM) order near 360 K [24,25], with Fe moments
of 3.3 up and negligible Rh moments in the AF phase, and
Fe moments of 3.2 ug and induced Rh moments of 0.9 ug in
the FM phase [26,27], as indicated in Fig. 1(a). The transition
features interconnected structural, electronic, and magnetic
degrees of freedom, and can be tuned by magnetic field, strain,
spatial confinement, electrical currents, or optical excitation
[28-33]. Such properties make FeRh an interesting platform
for nanoscale magnetic analysis across phase boundaries.

We experimentally demonstrate sub-10-nm spatially re-
solved EMCD measurements in freestanding FeRh films
across the metamagnetic phase transition upon in situ speci-
men heating. The dichroic signal is unambiguously assigned
to intrinsic magnetic ordering, and sum-rule analysis yields
my/mg ratios which are systematically lower than, but
comparable in magnitude to, values obtained from XMCD ex-
periments [34] for probe diameters down to 6 nm. We find that
further probe miniaturization alters the apparent my /mg ratio,

nanoscale magnetic imaging with EMCD in functional ma-
terials. Combined with recent demonstrations of my /mg
quantification at atomic resolution using large-convergence
STEM-EMCD geometries [35], our study expands the scope
of EMCD to serve as a tool for quantitative nanoscale analysis
of fundamental magnetic properties in functional magnetic
materials. Together, these advances establish EMCD as a
robust probe of local spin and orbital magnetism, while delin-
eating the experimental conditions under which quantitative
analysis remains reliable and accurate.

II. RESULTS

The studied 25-nm-thick FeRh(001) films were epitaxi-
ally grown on MgO(001) substrates by magnetron sputtering
and subsequently prepared for TEM analysis by selective
chemical etching (see experimental details in Appendix B).
The temperature-dependent magnetization data of the FeRh
film on MgO, measured by vibrating sample magnetometry
(VSM), is shown in Fig. 1(b), exhibiting thermal hysteresis
of approximately 20 K and a residual magnetization in the
AF phase of 150 kA/m. This confirms the high quality of the
phase transition in deposited FeRh films used for the film de-
tachment. Immersion in a 0.3 M solution of the disodium salt
of ethylenediaminetetraacetic acid (Na,-EDTA) dissolves the
MgO substrate [36] while preserving the integrity of the FeRh
layer [37], which is then collected onto TEM-compatible Cu
grids [33,38], as schematically shown in Fig. 1(c).

The magnetic phase transition in the freestanding FeRh
films was tracked by in situ Lorentz transmission electron
microscopy (LTEM) during the heating and cooling cycles.
The field-free LTEM configuration enables direct visualiza-
tion of FM domain formation without the need for external
magnetic perturbation. The expected Fresnel contrast at AF—
FM phase boundaries and FM domain walls is illustrated
schematically in Fig. 2(a). As shown in Fig. 2(b), FM domains
nucleate upon heating around 395 K and expand to form a
single dominant phase domain, indicating a low density of
nucleation centers within the film. In addition to the magnetic
contrast, a pronounced evolution of diffraction contrast with
temperature is observed, arising from strain induced by the
lattice parameter change across the FeRh phase transition,
which locally modifies the diffraction condition. In addition
to magnetic contrast, strong nonmagnetic diffraction contrast
in the form of bending contours is observed, arising from
strain associated with the lattice parameter change across
the phase transition. These features evolve significantly with
temperature and locally modify the diffraction condition. For
clarity, nonmagnetic bending contours, AF-FM phase bound-
aries, and FM domain walls are marked by brown, yellow,
and cyan arrows, respectively. The cooling series, as shown in
Fig. 2(c), reveals the retracting FM contrast at approximately
377 K, with the film displaying a local phase transition ther-
mal hysteresis of about 18 K, which is consistent with the
magnetometry measurements on the as-deposited film. This
hysteretic behavior confirms the first-order nature of the AF—
FM transition in the freestanding films and reveals the stable
nature of the magnetic phase evolution at the nanoscale.
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FIG. 2. AF-FM phase transition in LTEM. (a) Schematic illus-
tration of the pretilted freestanding FeRh (red box) illuminated by
electron beam, with expected Fresnel contrast at AF-FM phase
boundaries and FM domain walls. (b) In situ LTEM images showing
the nucleation and growth of the FM phase during heating. In the AF
state, nonmagnetic strain-induced bending contours are marked by
brown arrows, AF-FM phase boundaries by yellow arrows, and FM
domain walls by cyan arrows. (c) Corresponding retraction of the FM
phase upon cooling, revealing the spatial evolution of the magnetic
first-order phase transition.

To evaluate the spatial resolution and quantitative limits
of EMCD, we performed probe-size-dependent measurements
using the beam-splitter geometry, as schematically shown in
Fig. 3(a) for parallel and convergent electron beams, along
with the corresponding detection geometry in the diffraction
plane. The detection is performed with an applied objective
magnetic field of nearly 2 T, saturating the sample magnetiza-
tion out of plane of the film. The crystal is also tilted to the
three-beam condition, ensuring the detectability of EMCD.
The sample thickness represents a critical factor for EMCD
detection, and its effect was evaluated based on the dynam-
ical diffraction simulations, using the code from Ref. [39]
with the simulation details summarized in Appendix C and
the result plotted in Fig. 3(b). The FeRh thickness depen-
dence of EMCD is plotted by comparing the EMCD signals
from two apertures in the diffraction plane constructed us-
ing the conventional Thales circle geometry in a three-beam
configuration for a 300 keV parallel electron beam. A film
thickness of approximately 25 nm provides the highest signals
for reliable EMCD detection. The inset shows the corre-
sponding EMCD signal distribution for 25-nm thickness. The
accurate thickness of the prepared specimen was determined
by x-ray reflectivity measurements of the FeRh film before

detachment, yielding 24.70 +0.03 nm with an evaluated
FeRh roughness of 0.13 4 0.02 nm. Figure 3(c) shows the
experimental electron diffraction patterns with indicated col-
lection apertures for EMCD detection for a 1.2-um-sized
probe in TEM mode and for a 1-nm-sized probe in STEM
mode. Aperture positions for dichroic signal collection were
selected symmetrically with respect to the 100 systematic row
axis.

Experimental EMCD spectra from individual apertures and
the differential spectrum at the Fe L, 3 edges are presented in
Figs. 3(d) and 3(e). The background of the collected spectra
was subtracted, and the resulting spectra were normalized
with respect to the post-edge region. The zero-loss peak was
deconvoluted and smoothed using a Savitzky-Golay filter. In
the AF phase (300 K) of FeRh, the resulting dichroic signal
is weak and approaches the noise floor, consistent with the
negligible net magnetization. Upon heating the FeRh film into
the FM phase (425-450 K), a pronounced EMCD contrast
appears, exhibiting an apparent asymmetry at the L3 and L,
edges, enabling the quantitative extraction of spin and orbital
contributions via sum-rule analysis.

The orbital-to-spin moment ratio can be evaluated using
EMCD sum rules as [18,19]

m. _ 2(p+q) 0
ms  3(p—2q)
where p = ng AI(E)dE, and ¢ = sz AI(E)dE, with
AI(E) = Iyp(E) — Ipown(E) being the dichroic EMCD signal
obtained by subtracting spectra measured at two symmetric
aperture positions with respect to a mirror axis in reciprocal
space.

The results of this analysis applied to our data are pre-
sented in Fig. 4, which shows the probe-size dependence
of the extracted my /mg ratio, along with the corresponding
convergence angle of the electron beam. For probe diameters
as small as ~6nm, obtained by data acquisition in TEM
mode, EMCD yields my, /mg = 0.026 & 0.005, which remains
consistent all the way up to the 1.2 um-sized probe. Exper-
imental and simulated XMCD data for FeRh reported by
Stamm et al. [34], also shown in Fig. 4, are of the same order
of magnitude but exhibit a systematic offset, with XMCD
experimental values exceeding the EMCD-derived ratios by
approximately a factor of two, while quantitatively matching
with simulated XMCD value. In contrast, for highly con-
vergent STEM probes with diameters of sub-6 nm, the ratio
increases sharply to 0.17 & 0.01. We observed that exposure
under sub-nm focused beams induced sample damage, which
ultimately prevented us from evaluating the EMCD signal, for
details see Appendix D.

To contextualize these findings, Table I summarizes
representative my /ms values and total magnetic moments
obtained for the BCC Fe and FeRh systems via EMCD and
XMCD experiments, along with the employed probe sizes.
BCC Fe serves as a reference system, showing systematically
higher values of the measured myp/mg value upon using
EMCD as compared to XMCD. Considerable variations were
observed for my /mg evaluated in atomically resolved EMCD
[35], where the my /mg value averaged over multiple atomic
planes was increased up to 0.16. The potential origin of the
observed variations of my/ms on Fe in FeRh is evaluated

013801-3



JAN HAJDUCEK et al.

PHYSICAL REVIEW MATERIALS 10, 013801 (2026)

~ e~ beam

«—
FeRh

EELS spectrometer

z

/—‘\ 0.5
2 00
= |
e L)
—0.51 00 ‘0;&10 'S
E '8. \ tFern = 25 nm

0 10 20 30 40 50
tpern (Nm)

(d) ()
E drey = 1.2 pm T 3‘00 K 'L3 — Eow:'\ T=45KNL; — Eswn
N = rad —~ P —~
= U p a = 0 mrad 3 AF B ENCD signal N FM BN EMCD signal |
E o, s s
> | >
— ) \ O \
@ Sl Fe L | Fal Fe L, |
— a3 \ ALz P
< @ [\ @ I U/ \
~ = } \ / N s = | - — e,
) £ 1S J
Ol 5 mrad 0 vhewn - 0 MR A
_- L, = Down i L, — Down
g dstEm = 1 nm T =300 K/\ 3 Up T'= 450 K j\¥3 Up
< o = 3 mrad R I R =R B ENCD signal
o ; d | 5
© ‘ 2
- =2 = \Fe
g 2 VAN \ —
o0 ] A b
= o 9
= = = ‘
=l & O =iz - 0 M
o 5 mrad
O 690 700 710 720 730 740 690 700 710 720 730 740

Energy (eV)

Energy (eV)

FIG. 3. EMCD in freestanding FeRh. (a) Schematic of EMCD detection using parallel beam and convergent beam configurations.
(b) Simulated relative EMCD signal as a function of sample thickness for a conventional experimental setup, showing optimal signal near
25 nm at 300 keV. (c) Experimental diffraction patterns with marked aperture positions used for dichroic signal acquisition on 25-nm-thick
freestanding FeRh films. (d) EMCD spectra measured in the AF phase (300 K) for both configurations, showing weak noiselike differences.
(e) EMCD spectra in the FM phase (425-450 K), showing pronounced dichroic contrast.

in the Discussion section from the perspectives of material
properties and instrumental detection.

III. DISCUSSION

In this work, we have demonstrated quantitative EMCD
measurements of the AF-FM transition in freestanding FeRh
films, enabling a direct comparison with macroscale XMCD
results. On the 6 nm to 1 um scale, the extracted my /mg ratio
stays within the range of 0.026 & 0.005. These measurements
reveal a systematic reduction of the EMCD-derived my /mg
values relative to experimental XMCD by approximately a
factor of two for probe sizes between 6 nm and 1 um, while
showing quantitative agreement with the theoretical value of
0.023 obtained from density functional theory [34]. When
employing highly convergent STEM probes, substantial de-
viations in my /mg are observed. These differences can arise
from both instrumental effects related to beam confinement
and data acquisition, as well as from intrinsic nanoscale
variations in the material.

On the instrumental side, several factors are known to
influence EMCD quantification. The preferential three-beam

geometry provides optimal symmetry of the EMCD signal,
but asymmetries between the signal lobes below and above the
systematic row are known to occur and may bias the extracted
my,/mg values [44]. Additionally, the convergence angle plays
a critical role. Even though the low convergence angles, be-
low 1 mrad, preserve the conventional collection geometry
and minimize distortions [47], it is known that overlapping
diffraction disks lead to less straightforward interpretation
[10,53]. Even at higher convergence angles, quantification
is still possible but requires careful treatment of geometries
deviating from the standard Thales circle condition [15,35].
Additional sources of error include plural scattering in EELS,
which artificially increases my /mg if the low-loss spectrum is
untreated [22,46], as well as the finite energy resolution of the
spectrometer and aberrations in STEM optics.

Beyond instrumental factors, intrinsic material properties
play a crucial role in confined-probe EMCD measurements.

Crystallinity, stoichiometry, and growth orientation can
influence the extracted myp/mg ratio. Table I shows that
EMCD on crystalline BCC Fe, as required for conventional
EMCD, yields a relatively broad range of my /mg values.
Interestingly, EMCD on polycrystalline Fe, when analyzed
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FIG. 4. Probe-size dependence of Fe magnetic moments in FeRh
from EMCD. Evaluated orbital-to-spin moment ratio (my/ms) as
a function of electron probe size. The red curve indicates the
corresponding convergence angle of the beam. EMCD results are
compared with reference XMCD values from Stamm et al. [34],
showing a systematic reduction by approximately a factor of two
relative to XMCD for probe diameters larger than ~6 nm in TEM
mode. For smaller, highly convergent STEM probes, my, /ms changes
sharply, indicating limitations of quantitative extraction.

using statistical methods [51], shows excellent agreement
with XMCD on polycrystalline samples [40], while XMCD
on monocrystalline BCC Fe produces comparable results
[41], demonstrating that reliable measurements are possible
in both cases. We expect only minimal influence from slight

TABLE I. Comparison of selected literature and current work
values for orbital-to-spin moment ratio my /msg, and probe size for Fe
and FeRh systems using XMCD and EMCD. TW stands for “This
work.”

Material Technique my /ms Probe size Ref.
[—] [wm]

0.043 >10? [40]

XMCD 0.03 >10° [41]

0.07 - [42]

0.124+0.05 - [43]

0.09 £ 0.03 — [19]

0.08 £ 0.01 ~1073 [44]

BCC Fe 0.065 £ 0.005 — [45]

0.04 £0.01 - [46]

EMCD 0.08 ~1073 [471

0.06 £+ 0.03 ~5x 107 [15]

0.06 £ 0.01 — [49]

0.08 — 0.09 <5x 1073 [50]

0.043 £+ 0.008 ~5x 1073 [51]

0.16 [52] ~1074 [35]

XMCD 0.054 >10? [34]

FeRh 0.026 £ 0.005 1.2 ™

EMCD 0.17 £0.01 1x1073 ™™

deviations from equiatomic FeRh, but preferential growth
orientation, [111] on Pt seed in XMCD samples [34] versus
[001] on MgO in our epitaxial films, may modify orbital-
moment projections, potentially contributing to the systematic
offset observed at large probe sizes.

When the probe size falls below ~10 nm, it interrogates
regions comparable in scale to individual dislocations or
phase boundaries, where local strain and magnetization vari-
ations can modify the dichroic response (see Appendix E).
At ultrasmall probe sizes, additional effects such as beam-
induced damage and local changes in orbital magnetism
become significant, as observed in our atomically resolved
analysis (see Appendix D). Localized strain gradients from
the defect network can alter the dynamical diffraction condi-
tion and geometries essential for measuring EMCD signals
with the beam splitter technique. For measurements with
small probe sizes, we intentionally positioned the probe
away from areas of strong diffraction contrast that could
perturb the measurement. Such limitations may be mit-
igated by using an atomic-scale electron vortex probe
EMCD [11,54,55].

Furthermore, reduced dimensionality, such as surfaces and
interfaces, has been shown to enhance orbital contributions.
Atomically resolved EMCD in Fe has revealed site-dependent
variations in myp /mg and orbital moment enhancement at
surfaces [35], consistent with long-standing observations of
increased orbital magnetism in reduced-dimensional systems
[56-61]. Additional influences, including partial film oxi-
dation of the topmost atomic layers [47,62,63], cannot be
entirely excluded, however, since the EMCD measurements
probe the full film volume in transmission geometry, we do
not expect the impact of oxidation to exceed approximately
5%.

An open question remains on how far the usual approxima-
tions for extracting the orbital-to-spin moment ratio my /mg
can be pushed across systems ranging from atomically local-
ized electrons to fully itinerant Bloch states. Many materials,
featuring mixed valence, charge- or spin-density waves, and
nanoscale multiferroicity, blur this boundary. In principle,
the XMCD and EMCD sum rules are valid for both local-
ized and itinerant electrons because they relate integrated
dichroic intensities to ground-state expectation values for
transitions between well-defined shells (e.g., 2p — 3d in tran-
sition metals) and are largely model-independent [64,65]. In
practice, sum rules developed and benchmarked on local-
moment systems are often applied to metallic solids with
care as well. Microscopically, the notion of a “local mo-
ment” and its link to valence is subtle: high-energy, ultrafast
probes such as XMCD/EMCD effectively take snapshots of
the system in the presence of a deep core hole [66,67], which
can transiently suppress valence fluctuations characteristic
of metallic bonding and thus reveal the instantaneous local
moment on the ion. For quantitative work, potential correc-
tions (e.g., j-j mixing, the magnetic dipole term, and, in
EMCD, dynamical diffraction) should be assessed. A poten-
tial future direction for EMCD research and theory is to push
toward true atomic-scale resolution, enabling site-resolved
measurements of my /mg across unit cells [35], impurities
[68], defects, and interfaces to disentangle localized ver-
sus itinerant contributions and, in turn, empirically test and
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refine the limits of the sum-rule approximations in complex
materials.

Taken together, these results establish EMCD as a robust,
element-specific probe of magnetic moments. Quantitative re-
liability is demonstrated for parallel and moderately confined
probes, while increased sensitivity at the nanometer scale
reveals subtle heterogeneities in functional magnetic mate-
rials. By systematically identifying the experimental regime
in which EMCD results coincide with photon-based XMCD,
this study outlines the conditions for accurate quantification. It
highlights the unique capability of EMCD to probe magnetism
at spatial resolutions far exceeding those of photon-based
methods.

IV. CONCLUSION

In this work, we have demonstrated that EMCD enables
quantitative analysis of the AF—FM transition in freestanding
FeRh with nanometer spatial resolution. The results were di-
rectly benchmarked against XMCD. For TEM probes down
to ~6 nm, the extracted my /mg ratio remains consistent with
established values obtained by XMCD, confirming the va-
lidity range of EMCD for quantitative studies. At higher
convergence angles, deviations emerge, which we attribute to
a combination of instrumental effects and intrinsic sensitivity
to local variations within the probed region.

These findings highlight that EMCD not only provides
quantitative agreement with bulk-sensitive XMCD under
suitable conditions but also reveals enhanced sensitivity to
nanoscale heterogeneity such as strain, defects, and surface
contributions. This capability is consistent with atomically
resolved EMCD studies [35] and establishes EMCD as a pow-
erful, element-specific probe of confined or inhomogeneous
magnetic phases. By leveraging standard TEM infrastructure,
EMCD bridges the gap between bulk-averaged spectroscopies
and nanoscale magnetism, opening new opportunities for
studying functional magnetic materials.
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APPENDIX A: EMCD BEAM SPLITTER METHOD

EMCD is the electron-scattering analog of XMCD,
both probing element-specific magnetic properties through
spin—orbit—coupled electronic transitions. In XMCD,
dichroism arises from the differential absorption of left-
and right-circularly polarized x-rays whose photon helicity
couples to the sample magnetization [see Figs. 5(a) and 5(b)].
In conventional EMCD, an equivalent helicity is generated by
the phase difference between symmetrically scattered electron
beams under controlled diffraction conditions in a TEM
[Fig. 5(c)]. This interference produces an effective circular po-
larization of the electron’s momentum transfer, leading to an
energy-loss asymmetry analogous to the XMCD effect. Both
techniques obey the same dipole selection rules (Am = £1)
and share a common theoretical foundation based on angular
momentum transfer between the probe and the magnetized
electrons. While XMCD detects real-photon absorption in
the electromagnetic regime, EMCD measures virtual-photon
exchange through inelastic electron scattering, offering
identical magnetic information with nanometer to atomic
spatial resolution.

In this work, we employed a method commonly referred
to in the literature as the intrinsic method, or beam splitter
method [6]. In general, for performing these experiments, the
following four conditions must be met.

(1) An EMCD experiment requires at least two electron
plane-wave components to interact simultaneously with the
magnetic sample.

(2) The two momentum transfers from the two electron
beams must not be parallel to measure EMCD. Ideally, the two
momentum transfers should be perpendicular to each other.

(3) The two momentum transfers must not be in-phase
and, ideally, have a phase shift of £ /2 (the optimal condition
for measuring the magnetic circular dichroism).

(4) To measure the EMCD spectral difference, the exper-
iment must enable the selection of electron scattering events
that excite electronic transitions of opposite chirality in the
sample.

This approach involves using a crystalline sample to split
the electron beam via Bragg scattering, fulfilling conditions
(1) and (3) simultaneously. Bragg scattering divides the in-
cident electron beam into two beams, which also induces
a phase shift that can be optimized (;r/2) by controlling
the diffraction conditions and sample thickness. The method
can satisfy conditions (2) and (4) by performing momentum-
resolved electron energy loss spectroscopy (¢-EELS) and
by selecting appropriate scattering directions of left-hand
and right-handed polarization directions, e.g., selecting those
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FIG. 5. Interlink between XMCD and the beam splitter EMCD method. (a) Schematic of core level spin-orbit coupled electron transitions
excited by different handedness circular polarized x rays. (b) Example x-ray absorption spectra (XAS) and difference (XMCD) spectrum for
Co. Adapted from [65]. (c) Schematic of the beam splitter method for EMCD and the Thales circle diagram. Adapted from [6].

defined by the Thales circle in the diffraction plane in the main
text Fig. 3 with the spectrometer entrance aperture.

APPENDIX B: EXPERIMENTAL METHODS

FeRh films of 25-nm thickness were deposited from an
equiatomic target on MgO(001) substrates using a magnetron
sputtering system (BESTEC) with a base pressure lower than
5 x 1078 mbar. The substrates were preheated to 723 K for

Rh

O
T
N -
-
o
eS|

1 nm EMCD probe

=

0.1 nm EMCD probe

1 h before deposition, and film growth was carried out at
the same temperature at an Ar pressure of 2.7 x 10~> mbar
and a deposition rate of 0.3 A/s. The films were post-growth
annealed at 1000 K for 30 min to obtain the desired CsClI-type
crystallographic structure. The samples were then cooled in
high vacuum and capped with a 3-nm-thick Al layer at room
temperature. The thickness of the films was determined by
x-ray reflectivity (Rigaku SmartLab 9 kW diffractometer with
Cu K, radiation, A = 1.5406 A). Temperature-dependent

Combined (Fe + Rh)

.Q' .Q.!' e

- "q._._“. S
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FIG. 6. Beam damage induced by small EMCD probes. Atomically resolved HAADF and EDS maps of FeRh after 15 min exposure to
focused probes of different diameters: (a) 1 and (b) 0.1 nm, with the beam-exposed areas marked by yellow circles. Individual EDS maps for
Rh (red) and Fe (green), together with the combined Fe + Rh distribution, are shown alongside the corresponding HAADF images. The 1 nm
probe leaves no detectable footprint, whereas the 0.1 nm probe produces a distinct dark spot in the HAADF image and a locally damaged
Fe-Rh structure, indicating the onset of beam-induced degradation under sub-nanometer probe confinement.
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magnetization data were acquired via vibrating sample
magnetometry (Quantum Design Versalab) in an applied
magnetic field of 3 T. The field-induced shift of the phase tran-
sition temperature (corresponding to —8 K/T) was compen-
sated for in the dataset, and magnetization data are presented
after subtracting the diamagnetic substrate contribution.

Lorentz TEM was performed on a Titan Themis at 300 kV
using a Gatan heating holder in field-free mode (<1 mT, with
the objective lens off). Fresnel contrast was acquired at | mm
defocus during heating and cooling cycles with a stability of
40.5 K. The AF-FM transition was reproducibly cycled more
than 20 times, and the transition temperature was determined
with an accuracy of £1 K, with an additional calibration un-
certainty of £5 K relative to the VSM. Magnetic fields up to
+1.8 T could be applied along the beam axis by exciting the
objective lens.

EMCD spectra were recorded in the same instrument
equipped with an X-FEG and GIF spectrometer. Data were
acquired in scanning mode to generate 30 x 30 spectral cubes
with a total integration time of approximately ~15 min. Probe
sizes of 1.2 um (TEM mode) and 1 nm (STEM mode) were
employed. In STEM, drift correction ensured sub-nm stability,
while in TEM, the drift remained below 5 nm. A dispersion
of 0.25 eV/channel over 2048 channels (vertically binned)
yielded an effective energy resolution of 1-3 eV, broadened by
spectrometer aberrations in STEM. Background subtraction
was performed using a double arc tangent function fit, and
spectra were normalized after the edge. Integration windows

for the Fe L, 3 edges were set to 705-711 and 718-724 eV in
TEM, and 704-714 and 716-726 eV in STEM to account for
peak broadening, which occurs as a consequence of leaving
the optimized condenser—objective alignment regime where
the STEM column is aberration-corrected to the decreased
convergence angle.

High-resolution structural TEM analysis was performed
using the same instrument with double aberration correction.

APPENDIX C: EMCD SIMULATIONS

Dynamical diffraction simulations of the EMCD signal
were performed using a parallel electron beam, with the MATS
code first presented in Ref. [70] with the improved summation
regime from MATS.V2 method [39].

Thickness dependent diffraction patterns were calculated
on a reciprocal grid spanning +10 mrad in both ¢y, g, with
a 0.25 mrad step and with 1.49-nm thickness step. The inci-
dent beam had the energy of 300 keV (A = 1.968 pm) and
passed through the FeRh crystal oriented in a three-beam
orientation with Bragg spots G = £(100), obtained by tilting
approximately 9.5° from the zone axis [001]. The beam is
therefore aligned along the [016] zone axis direction of the
crystal. The Bloch wave coefficient excitation threshold was
set to 1074, The resulting momentum-resolved EMCD mag-
netic signal was normalized by a corresponding nonmagnetic
signal.

FIG. 7. Dislocation density analysis in FeRh thin films. (a) Off-zone axis HAADF-STEM image showing a uniform dislocation density of
~5 x 10° cm~2. (b) Same image with line-intercept grid used for quantitative density evaluation. (c) High-resolution HAADF-STEM image of
dislocations from panel (b) at higher magnification. (d) HAADF-STEM image along the [012] zone axis showing an a [100] edge dislocation;
insets in (c) and (d), show colored Fe (green) and Rh (red) lattice overlays on [001] and [012] projections, respectively. [(e) and (f)] TEM
bright-field and dark-field images under two-beam conditions highlighting individual dislocations (arrows). The inset in (f) shows a magnified
dislocation with dotted-line contrast, characteristic of a screw-type defect.
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APPENDIX D: BEAM DAMAGE UPON USING
SMALL EMCD PROBES

To assess the effect of probe confinement on specimen
stability, we compared the structural response of freestanding
FeRh films to prolonged illumination by focused electron
probes. Atomically resolved STEM experiments were per-
formed using probe sizes of 1 and 0.1 nm, with identical
exposure times of 15 minutes at 300 kV. High-angle annu-
lar dark-field (HAADF) imaging and energy-dispersive x-ray
spectroscopy (EDS) elemental mapping were acquired after
exposure to evaluate possible beam-induced damage. It is also
important to note that both the electron dose and flux are
two orders of magnitude higher for the 0.1 nm probe, which
is expected to produce significant sputtering of the film and
disorder.

As shown in Fig. 6(a), the 1 nm probe does not produce any
observable footprint in either HAADF contrast or Fe/Rh ele-
mental distributions, confirming that EMCD experiments with
this probe size are nondestructive under the applied condi-
tions. In contrast, Fig. 6(b) shows the corresponding analysis
for the 0.1 nm EMCD probe, which results in a visible dark
spot in HAADF images, together with a distorted atomic ar-
rangement and altered Fe-Rh distribution in EDS maps. These
observations demonstrate that subnanometer probes can
cause irreversible structural modifications, while nanometer-
scale probes provide a safe regime for quantitative EMCD
measurements in FeRh.

APPENDIX E: DISLOCATION DENSITY ANALYSIS

The density and character of dislocations in the freestand-
ing FeRh films were investigated by combining TEM and

STEM imaging. Conventional TEM bright-field and dark-
field images recorded under two-beam diffraction conditions
along the (110) direction enhance defect contrast, allowing
identification of isolated dislocations [Figs. 7(e) and 7(f)]. The
inset in Fig. 7(f) shows a magnified view of a dislocation with
dotted-line contrast, consistent with a screw-type dislocation.
Due to dynamical scattering effects and limited sample tilting,
not all dislocations are visible under a given two-beam con-
dition, and bend contours or secondary phase contrast may
obscure weaker features. As a result, TEM-based counting
tends to underestimate the dislocation density.

In comparison, STEM imaging with convergent-beam il-
lumination provides enhanced and more isotropic dislocation
visibility [Fig. 7(a)-7(d)]. In this mode, the averaging of
intensities over a range of incidence directions reduces strain-
related background contrast, making individual dislocations
more easily distinguishable. High-resolution HAADF-STEM
further resolves the dislocation cores, with Figs. 7(c) and 7(d)
showing edge-type a[100] dislocations viewed along different
zone axes, with corresponding colored Fe (green) and Rh (red)
lattice overlays.

To quantify the dislocation density, we applied the line-
intercept method [71,72], which estimates the density A as

_ 2N

A==, El
3 (ED

where N is the number of intersections between dislocations
and an overlaid grid [Fig. 7(b)], L is the total grid length, and ¢
is the local foil thickness. Applying the method to our STEM
images yields an average dislocation density of ~5 x 10°
cm™? in the freestanding FeRh films.
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