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Electron magnetic circular dichroism (EMCD) allows the quantitative, element-selective determination 

of spin and orbital magnetic moments, similar to its well-established x-ray counterpart, x-ray magnetic 

circular dichroism (XMCD). As an advantage over XMCD, EMCD measurements are made using 

transmission electron microscopes, which are routinely operated at sub-nanometre resolution, thereby 

potentially allowing nanometre magnetic characterisation. However, because of the low intensity of the 

EMCD signal, it has not yet been possible to obtain quantitative information from EMCD signals at the 

nanoscale. Here, we demonstrate a new approach to EMCD measurements that considerably enhances 

the outreach of the technique. The statistical analysis introduced here yields robust quantitative EMCD 

signals. Moreover, we demonstrate that quantitative magnetic information can be routinely obtained 

using electron beams of only a few nanometres in diameter without imposing any restriction regarding 

the crystalline order of the specimen. 
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Introduction 

Modern synchrotron x-ray sources, delivering intense radiation with well-defined polarisation, have provided 

insight into the magnetic aspects of solids1. The usefulness of synchrotron x-rays in magnetism can be 

attributed to the discovery of an important phenomenon: x-ray magnetic circular dichroism (XMCD)2,3,4. 

XMCD originates from the dependence of the absorption cross-section on the sample magnetisation with 

respect to the photon helicity. Spin and orbital magnetic moments can be quantitatively determined in an 

element-specific manner using a simple integration of the XMCD spectra employing sum rules5,6. An 

analogue to XMCD is the EMCD technique, in which electrons are transmitted through a magnetic sample in 

a transmission electron microscope (TEM) 7,8. Electron energy loss spectroscopy (EELS) measured at core-

levels can then be employed to extract element-selective magnetic information. 

     The possible existence of EMCD was first outlined in 2003 (ref. 7) using methods reminiscent of 

symmetry-selected EELS9. Recent theoretical and experimental progress in the EMCD technique led to 

improvements in its spatial resolution10,11 and theoretical understanding12,13,14,15,16 and provided the first 

quantitative studies17,18,19of spin and orbital magnetic moments. Because of the very short de Broglie 

wavelength of the high-energy electrons, TEM offers a much higher spatial resolution than that currently 

obtainable with XMCD. However, high-resolution quantitative EMCD has never been achieved because of its 

inherent low net signal strength. Being measured at core-level edges, the EMCD signal strength exhibits a 

power-law decay as a function of energy loss. Another challenge is the necessity to measure EMCD at 

diffraction angles that do not coincide with Bragg spots in the diffraction plane, which reduces the signal 

strength even further. Moreover, beam and sample instabilities, coupled to a potential damage of the sample 

by an intense electron beam, limit the acquisition time. In most experiments performed to date, a large beam 

current was used in an optimised geometry—namely, the 2-beam8,14,17,20,21 or 3-beam11,17,19,22 Bragg 

condition—which in turn implies a demand for a single-crystalline specimen in a precise and stable 

orientation. In this work, rather than optimising the signal-to-noise ratio (SNR) in a fixed geometry − a 

procedure that is inherently prone to beam damage and stability issues − we rapidly collect a large number of 
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independent spectra and introduce a new statistical technique for the analysis, efficiently overcoming the 

aforementioned restrictions and reducing the lateral resolution of quantitative EMCD to the nanometre range. 

We demonstrate the power of the technique by analysing a polycrystalline iron sample.  

 

Results 

Theoretical background. The approach proposed in this paper has been inspired by simulated distributions of 

dichroic signals in the diffraction plane12,15 that suggest that EMCD is present almost everywhere in the 

diffraction plane, despite non-trivial variations in strength and sign. The underlying reason involves the 

decomposition of the inelastic transition matrix elements (mixed dynamic form-factor – MDFF) in a dipole 

approximation to a linear combination of non-magnetic and magnetic terms, including their anisotropies15. In 

a material with a cubic crystal structure, such as bcc iron, the anisotropic terms are negligible, and a simple 

expression for the MDFF 𝑆𝑆(𝐪𝐪,𝐪𝐪′,𝐸𝐸) remains: 

   𝑆𝑆(𝐪𝐪,𝐪𝐪′,𝐸𝐸) ∝ 𝐪𝐪.𝐪𝐪′𝑁𝑁(𝐸𝐸) + 𝑖𝑖(𝐪𝐪 × 𝐪𝐪′)𝑧𝑧𝑀𝑀𝑧𝑧(𝐸𝐸),                   (1) 

where q, q’ are momentum transfer vectors, E is the energy loss, and 𝑁𝑁(𝐸𝐸),𝑀𝑀𝑧𝑧(𝐸𝐸) are the white-line non-

magnetic signal and magnetic EMCD signal, respectively. In this equation, it has been assumed that the 

sample is magnetically saturated along the z-axis in the magnetic field of the objective lens. 

       At an arbitrary relative orientation of the crystalline axes, incoming beam and detector, the scattering 

cross-section ΩEΩE ∂∂∂ ),(2σ  will be a weighted sum of these terms: 

𝜕𝜕2𝜎𝜎(𝐸𝐸,Ω)
𝜕𝜕𝜕𝜕𝜕𝜕Ω

∝ 𝐴𝐴(𝛺𝛺)𝑁𝑁(𝐸𝐸) + 𝐵𝐵(𝛺𝛺)𝑀𝑀𝑧𝑧(𝐸𝐸),    (2) 

with coefficients 𝐴𝐴(𝛺𝛺) and 𝐵𝐵(𝛺𝛺) that depend on the diffraction angle Ω. Consequently, we establish that for a 

bcc-iron polycrystalline sample with sufficiently large grains, every spectrum is a linear combination of a 

white-line non-magnetic signal 𝑁𝑁(𝐸𝐸) and a magnetic EMCD signal 𝑀𝑀𝑧𝑧(𝐸𝐸), albeit with a priori unknown 

coefficients 𝐴𝐴(𝛺𝛺) and 𝐵𝐵(𝛺𝛺). 
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Experiment. Rather than measuring a few energy-filtered diffraction patterns17,20 or a few spectra21,22 in a 

well-defined scattering geometry, we acquire a large number— up to several hundred—of spectra in a random 

alignment of incoming beam and detector orientations with respect to the lattice axes of an illuminated grain. 

The acquired large dataset forms the starting point for our statistical procedure leading to the extraction of the 

EMCD spectrum. In the measurement, we use an ultra-high-voltage (1 MV) electron beam to significantly 

reduce the effect of multiple scattering, which could otherwise distort the EMCD signal18,19,23. Our theoretical 

simulations indicate that the net EMCD signal at an accelerating voltage of 1 MV is approximately 20% larger 

than that obtained at 200 kV for a specimen thickness between 25 and 40 nm (for details, see Supplementary 

Figure S1). The studied sample is a fine-grain polycrystalline bcc iron film (Fig. 1b) with a thickness of ~ 30 

nm. A schematic diagram of our experimental setup is presented in Fig. 1a. The same acquisition procedure 

was repeated three times independently on different areas of the sample, yielding three independent datasets. 

 

Extraction of the EMCD spectrum. After pre-processing the 225 measured spectra (see Methods), we 

calculated a difference spectrum for every pair of the spectra present in the dataset, which yielded a total of 

25,200 difference spectra per dataset. All the difference spectra were subsequently examined one-by-one for 

the presence of an EMCD signal using criteria that probe the relative signs of intensity around the L3 and L2 

edge,: 

∫ Δ𝜎𝜎 𝑑𝑑𝑑𝑑 ∙ ∫ Δ𝜎𝜎 𝑑𝑑𝑑𝑑 
L2

 
L3

 < 0 and I∆σ (at L3 peak) ∙ I∆σ (at L2 peak) < 0,         (3) 

where ∫ Δ𝜎𝜎 𝑑𝑑𝑑𝑑 
L3

 represents the EMCD signal intensity integrated over the Fe-L3 peak region and I∆σ (at L3 

peak) denotes the EMCD signal value at the L3 peak position. All the difference spectra that passed our 

selection criteria were first aligned in sign such that the L3 signal was positive and then summed. 

Approximately 20–25% of pairs out of the entire set of pairs always displayed signs of the EMCD signal and 

thus passed our selection criteria. Furthermore, we applied a low-pass filter to obtain EMCD signals that are 

sufficiently smooth for quantitative analysis (see below). 

 The final summed signal intensities and profiles for the three datasets were nearly identical (see Fig. 
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2b). Minor differences were observed in the pre-edge and post-edge background regions, which were related 

to varying fluctuations between individual datasets. These differences can be attributed to inaccuracies in the 

extraction of the power-law background signal, which is caused by extrapolation from a noisy pre-edge signal. 

       We averaged the three accumulated EMCD signals to obtain the final EMCD spectrum, which is 

presented in Fig. 2c. The EMCD signal intensity fraction was estimated to be 2–2.3% of the Fe-L2,3 signal 

intensity (Fig. 2a), which is consistent with the theoretical estimate (see Supplementary Figure S1). The final 

EMCD signal is a result of averaging over ~15,000 different spectra and was thus observed to be statistically 

robust. 

 

Quantitative analysis. After extraction of an EMCD signal with a good SNR), the EMCD sum rules12 were 

applied to the signal to evaluate the orbital moment/spin moment ratio, given by13,14: 
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where q is an energy integral of the EMCD spectrum Δ𝜎𝜎(𝐸𝐸) over both edges and p is an energy integral over 

the L3 edge only. Without loss of generality, we can rescale the EMCD spectrum or its integral such that p = 1 

(Fig. 2c). Thus, the orbital to magnetic moment ratio mL/mS becomes a function of q only. The application of 

the low-pass filter can possibly lead to overlap and cancellation of the EMCD signals of the L3 and L2 peaks, 

which could equally reduce the magnitude of both peaks and consequently enhance the effect of their 

difference. Moreover, the application of the low-pass filter can affect the post-edge normalisation24. The latter 

could alter the mL/mS ratio that is determined using the sum rules. The mL/mS ratio was hence plotted as a 

function of the low-pass filter window width and extrapolated to zero window width, as illustrated in Fig. 2d. 

The error bar of the individual data points represents the fluctuation of q in the post-edge region between 740-

750 eV. By linear extrapolation to zero filter width, we finally obtained mL/mS = 0.0429 ± 0.0075, which is in 

good agreement with the value obtained by XMCD for bcc iron, i.e., 0.0433. Our result represents the first 

quantitative EMCD detection performed on a polycrystalline film. 
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Discussion 

The measurements were carried out using EELS spectral imaging with an ultra- high-voltage scanning 

transmission electron microscope (STEM), the JEM 1000K RS of Nagoya University. The STEM was 

operated at 1 MV and equipped with an equivalent Gatan Image Filter (GIF) Quantum, which is specially 

designed for this accelerating voltage. The sample was heated to 200 °C during the experiment so that 

measurements were  contamination-free. The FWHM of the zero-loss peak (ZLP) was approximately 2.6 eV 

because the beam current had been increased to ensure an increase in spectral counts. The electron beam was 

focused to approximately 5 nm and scanned 15 × 15 pixels on the sample with a scan step of 20 nm. This 

configuration guaranteed that the electron beam illuminated random grains, typically one or a few grains at 

each scanned position. The approximate convergence semiangle of the probe was approximately 1 mrad. 

EELS spectra were recorded with a dispersion of 0.5 eV/channel, exposure time of 30 s for each spot and a 

collection semiangle of approximately 1 mrad, where 1 mrad ~ 0.25 g110 ~ 1.25 nm-1. The detector aperture 

was located at a position next to the transmitted beam in the diffraction plane to avoid including the intense 

transmitted beam (Fig. 1a). Under these conditions, the Fe-L3 peak intensities ranged between 8,000 and 

12,000 counts per spectrum. The same experiment was repeated independently for three different areas. We 

stress that whereas a 5 nm nanoprobe was used, the spectral differences were computed from the entire data 

stack, rendering the effectively sampled area to be of the order of 100 nm. This area could be reduced by 

changing the scanning pattern, provided that sufficiently random orientations were included in each dataset. 

Although the measured mL/mS ratio corresponds well to the value known from XMCD measurements, it is 

imperative to analyse the robustness of our statistical scheme.  

     Several error sources that affect the statistical extraction of the EMCD signal can be identified. The main 

error source of our extraction method of the EMCD spectrum stems from the imperfection of the employed 

detectors: the recorded raw spectra may include significant fractions of systematic errors, which originate 

from instrumental instabilities and concomitant intrinsic limitations in addition to the statistical random noise.  
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For the reasons stated above, we observed that conventional statistical signal extraction methods such as 

the one based on multivariate curve resolution technique24 were not efficient, and it was essential that the data 

should be first sorted to select only the datasets containing significant signal levels based on the present 

selection criteria (Eq.(3)) applied to the difference spectra. 

To eliminate the possibility that our procedure might lead to a fake EMCD-like signal profile extracted 

from a random noisy data array, we performed an equivalent set of measurements on an antiferromagnetic 

NiO film, where no EMCD signal was expected due to the cancellation of magnetic signals from 

symmetrically equivalent atoms with antiparallel moments. The sample was a NiO polycrystalline film (grain 

size ~ 30 nm, film thickness ~ 30 nm), and the measurements were performed under the same conditions (at 

165 °C, i.e., below the Néel temperature) as for the bcc iron film. Subsequently, the same data processing was 

applied to the Ni L2,3 white-line spectra. 

The noise level was estimated by taking the square-root of the sum of squares of the difference spectra 

between the raw and median filtered (averaged over every 10 channels) spectra divided by the number of 

channels used for the analysis. Then, the SNR was estimated by dividing the intensity at the L3 peak position 

of the averaged EMCD signal by the noise level. The estimated SNR was 2-3 for bcc iron, whereas it was less 

than 0.5 for NiO. The averaged signal extracted from the NiO data actually was observed to exhibit a bimodal 

EMCD-like profile; however, the profile significantly varied upon changing the integration width for the first 

selection criterion, and the q-value from the sum rule was sometimes positive and sometimes negative, 

without a clear trend with respect to the filter width. The bimodal profile is a result of the selection 

requirements (Eq. (3)), which extract all EMCD-like difference-spectra naturally occurring in the set of 

completely random difference-spectra. However, the signal profiles extracted from the iron film exhibited a 

stable feature. The situation can be best observed from the overlaid typical difference spectra passing the 

selection criteria for the two cases, as shown in the upper panels of Fig. 3. For the iron film, one can clearly 

recognise an approximate EMCD signal profile, whereas for NiO film, the spectra visually differ only slightly 

from random noise. 

As an additional test of the statistical robustness of the polycrystalline iron EMCD result, in contrast to the 
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averaged NiO signals originating from noise, we varied the L2,3 peak energies in the neighbourhood of their 

experimental values in our extraction procedure. At every combination of the L2,3 edge energies, an averaged 

EMCD-like signal was constructed. For every extracted signal, we calculated its norm as a sum of squares 

within the edge integration intervals. If a true EMCD signal was present in the data, this sum of squares would 

have a local maximum near the physically correct values of the edge energies. 

The bottom panels of Fig. 3 present maps of the norms calculated for a median filter of 7 eV and an 

integration range ±5 eV around the assumed peak energies, with the L3 energy as its abscissa and the L2 energy 

as its ordinate. A green circle denotes the position of the L3/L2 peak energies, where the experimental white-line 

spectra exhibit maximal counts. The striking difference between the two plots clearly demonstrates the validity 

of our method. The polycrystalline iron data reveal a distinct peak around the expected values of the edge 

energies, with a maximum within 1 eV from the experimental values. Conversely, the NiO spectra do not exhibit 

any such feature around the expected edge energies. 

    In summary, we conclude that the method introduced in this paper leads to statistically significant EMCD 

spectra. Consequently, our approach allows quantitative EMCD studies of non-single crystalline samples on 

the nanoscale and hence paves the way for a new era of application of EMCD experiments in the field of 

nano-magnetism. 

Methods 

Sample fabrication. A 30-nm-thick bcc iron layer and a 3-nm-thick Al cap layer (to prevent the oxidation of 

Fe) were deposited on 50-nm-thick Si3N4 membranes by thermal evaporation in an ultra-high vacuum 

molecular beam epitaxy (UHV-MBE) system. The thicknesses are controlled using calibrated quartz 

microbalances. Although no measurement (such as AFM) that quantifies the thickness variations was 

performed, we estimate an upper limit for the thickness variations of the studied polycrystalline films of 1 nm, 

which corresponds to the relative thickness fluctuations of approximately 3% and ensures that no significant 

spectral intensity variation due to film thickness variation is expected. No ex situ or in situ 

preparation/cleaning was applied to the Si3N4 membranes before the deposition. The membranes were kept at 
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room temperature during the deposition. The disordered structure of the membranes (nanocrystalline or 

amorphous) led to a polycrystalline morphology of the metallic Fe/Al films. Air exposure after the deposition 

oxidised the Al cap layer to a depth of 1.5 to 2 nm. Because the Al layer was 3 nm thick, a closed AlOx layer 

was maintained even in the presence of surface roughness (likely for a polycrystalline film). Some metallic Al 

may remain at the interface to the iron film. The approximate grain size was approximately 30 nm, which is 

comparable to the thickness of the iron layer (Fig. 1b). 

 Because oxidation of the iron film could have substantial effects on the intensity ratio of the L3 and 

L2 edge25, the film was examined with EELS to probe if any oxidation of the iron occurred before or after the 

EMCD measurements using the fact that the oxygen K edge can be easily distinguished between aluminium 

and iron oxides. Nevertheless, no iron oxides were observed within the detection limit of EELS (< 1 at%). 

 The NiO sample used here was a standard reference sample supplied by Gatan, Inc. and was 

prepared in the following manner: a thin polycrystalline Ni film was first prepared by sputtering Ni on a 

cleaved rock salt crystal. The polycrystalline film was subsequently floated off and mounted on a copper grid. 

The NiO film was then prepared by heating the metal film already supported on grids in air. 

 

Data processing. The obtained spectral image data-cubes were first treated by applying the “SI/Align by 

Peak” and “Volume/Remove x-rays” menu-commands of the Gatan DigitalMicrographTM software to align the 

drifted peak positions and removed x-ray spikes (very bright/dark spots). We then applied the pre-edge 

background subtraction to extract the Fe-L2,3 peaks, after which we applied a low-pass filter with a window 

width that was variable from 3.5 to 10 eV. The filter acts by replacing the value in a given spectrum channel 

by the average number of counts per channel in an interval with a specified width and centred on the channel 

in question. 

     We did not apply the Fourier-ratio deconvolution to remove the plural scattering effect because the 

plasmon peak-to-zero loss peak intensity ratio was less than 6%, therefore causing only a negligible difference 

to the final mL/mS ratio within the experimental accuracy18. The reduced size of the error attributed to the 

multiple scattering is another advantage of using a megavolt-STEM in addition to the improved strength of the 
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EMCD signal compared with lower acceleration voltages, as discussed previously. 

 Each measured spectrum was normalised by scaling the post-edge intensity integrated over the range 

740–750 eV to one. The effect of this normalisation on the quantitative analysis was discussed in a previous 

study24. In the first step, we examined the difference spectra for all pairs of the spectra in the dataset. As 

described above, each spectrum can be considered as consisting of two components, a magnetic one (the 

EMCD) and a nonmagnetic one. When a spectrum is acquired in a random orientation, the weight of each 

component is also random; however, once the spectra are background subtracted and normalised post-edge 

(where the magnetic component is always zero), the nonmagnetic component will be identical and will 

therefore be eliminated by taking the difference spectrum. Despite the noise and error propagation during the 

background subtraction and normalisation, some (20-25%) difference spectra exhibited an EMCD signal, 

while others did not or were too noisy. All the difference spectra were filtered by selecting only those that 

satisfied the selection criteria (Eq.(3)); thus, we ensured that we were preferentially selecting the bimodal 

spectral features characteristic of the EMCD signals. We discarded the spectra that did not exhibit the EMCD 

signature. The selected subset (~ 5,000 difference spectra) originated from more than 100 independent raw 

spectra among the entire set of 225 spectra, which ensures that the statistical noise is reduced by a factor of 10 

compared with the average noise of individual raw spectra. 

A cumulative sum was subsequently constructed from every EMCD spectrum extracted with various filter 

widths (see Fig. 2c for the 5 eV window width). The minimal and maximal q were extracted from the post-

edge region between 740-750 eV energy loss, from which the minimal and maximal mL/mS were calculated. 

The mL/mS values with error bars are plotted as the middle points of these upper and lower bounds in Fig. 2d. 

The shaded area is bounded by linear regression lines (grey solid lines) at the lower and upper bound values. 

The final mL/mS was evaluated to be the intercept of the linear regression line (grey broken line) of the middle 

points +/- half of the interval defined by the intercepts of the bound lines. 

 

Simulations. A bcc iron supercell of 4 × 4 × 18 lattice dimensions (approximately 1 nm × 1 nm × 5 nm) 

containing 576 iron atoms was melted, annealed and slowly cooled in accordance with classical molecular 

11 



dynamics and considering the interatomic potential proposed by Mendelev et al.26. The procedure was 

repeated many times, and in some cases, we obtained a structure model with several crystalline grains with 

different orientations (Supplementary Figure S2a). A representative structure model was used in our proof-of-

concept simulations. The corresponding electron diffraction pattern is presented in Fig. S2b. We calculated the 

electronic structure of this model structure using density functional theory and estimated an average 

magnetisation of 2.19 μB per atom. For calculations of the dynamical diffraction, this structure model was 

periodically repeated in x, y dimensions and illuminated by a plane wave. The calculated Fe-L3 edge energy-

filtered diffraction pattern of the magnetic signal along the z-direction16 is presented in Fig. 1c and Fig. S2c. 

Approximately 600 beams were considered in the simulation12,27. 

 

 

  

12 



References 

1. Stöhr, J. & Siegmann H. Ch. Magnetism: From fundamentals to Nanoscale Dynamics. Springer, ISBN 978-

3-540-30283-4 (2006). 

2. Erskine, J. L. & Stern, E. A. Calculation of the M23 magneto-optical absorption spectrum of ferromagnetic 

nickel. Phys. Rev. B 12, 5016-5024 (1975). 

3. Schutz, G., Wagner, W., Wilhelm, W., Kienle, P., Zeller, R., Frahm, R. & Materlik, G. Absorption of 

circularly polarized x rays in iron. Phys. Rev. Lett. 58, 737-740 (1987). 

4. Chen, C. T.,  Idzerda, Y. U., Lin, H.-J., Smith, N. V., Meigs, G., Chaban, E., Ho, G. H., Pellegrin, E. & 

Sette, F. Experimental confirmation of the X-ray magnetic circular dichroism sum rules for iron and cobalt. 

Phys. Rev. Lett. 75, 152-155 (1995). 

5. Thole, B T., Carra, P., Sette, F. &. van der Laan, G. X-ray circular dichroism as a probe of orbital 

magnetization. Phys. Rev. Lett. 68, 1943-1946 (1992). 

6. Carra, P., Thole, B. T., Altarelli, M. & Wang, X. X-ray circular dichroism and local magnetic fields. Phys. 

Rev. Lett. 70, 694-697 (1993). 

7. Hebert, C. & Schattschneider, P. A proposal for dichroic experiments in the electron microscope. 

Ultramicroscopy 96, 463-468 (2003). 

8. Schattschneider, P., Rubino, S., Hébert, C., Rusz, J., Kunes, J., Novák, P., Carlino, E., Fabrizioli, M., 

Panaccione, G. & Rossi, G. Detection of magnetic circular dichroism using a transmission electron 

microscope. Nature 441, 486-488 (2006). 

9. Batson, P., Symmetry-selected electron-energy-loss scattering in diamond, Phys. Rev. Lett. 70, 1822-1825 
(1993). 

10. Schattschneider, P., Hébert, C., Rubino, S., Stoeger-Pollach, M., Rusz, J. & Novák, P. Magnetic circular 

dichroism in EELS: Towards 10 nm resolution. Ultramicroscopy 108, 433-438 (2008). 

11. Schattschneider, P., Stoeger-Pollach, M., Rubino, S., Sperl, M., Hurm, Ch., Zweck, J. & Rusz, J. 

Detection of magnetic circular dichroism on the two-nanometer scale. Phys. Rev. B 78, 104413 (2008). 

13 

http://prl.aps.org/abstract/PRL/v58/i7/p737_1
http://prl.aps.org/abstract/PRL/v58/i7/p737_1
http://prl.aps.org/abstract/PRL/v68/i12/p1943_1
http://prl.aps.org/abstract/PRL/v68/i12/p1943_1


12. Rusz, J., Rubino, S. & Schattschneider, P. First-principles theory of chiral dichroism in electron 

microscopy applied to 3d ferromagnets. Phys. Rev. B 75, 214425 (2007). 

13. Rusz, J., Eriksson, O., Novák, P. & Oppeneer, P. M. Sum rules for electron energy loss near edge spectra. 

Phys. Rev. B 76, 060408(R) (2007). 

14.Calmels, L. Houdellier, F., Warot-Fonrose, B., Gatel, C., Hÿtch, M. J., Serin, V., Snoeck, E. & 

Schattschneider, P. Experimental application of sum rules for electron energy loss magnetic chiral dichroism. 

Phys. Rev. B 76, 060409(R) (2007). 

15. Rusz, J., Rubino, S., Eriksson, O., Oppeneer, P. M. & Leifer, K. Local electronic structure information 

contained in energy-filtered diffraction patterns. Phys. Rev. B 84, 064444 (2011). 

16. Rubino, S., Schattschneider, P., Rusz, J., Verbeeck, J. & Leifer, K. Simulation of magnetic circular 

dichroism in the electron microscope, J. Physics D: Appl. Phys. 43, 474005 (2010). 

17. Lidbaum, H., Rusz, J., Liebig, A., Hjörvarsson, B., Oppeneer, P. M., Coronel, E., Eriksson, O. & Leifer, K. 

Quantitative magnetic information from reciprocal space maps in transmission electron microscopy. Phys. 

Rev. Lett. 102, 037201 (2009). 

18. J. Rusz, J., Lidbaum, H., Rubino, S., Hjörvarsson, B., Oppeneer, P. M., Eriksson, O. & Leifer, K. Influence 

of plural scattering on the quantitative determination of spin and orbital moments in electron magnetic 

chiral dichroism measurements. Phys. Rev. B 83, 132402 (2011).  

19. Warot-Fonrose, B., Gatel, C., Calmels, L., Serin, V. & Schattschneider, P. Effect of spatial and energy 

distortions on energy-loss magnetic chiral dichroism measurements: Application to an iron thin film. 

Ultramicroscopy 110, 1033-1037 (2010). 

20. Warot-Fonrose, B., Houdellier, F., Hÿtch, M. J., Calmels, L., Serin, V. & Snoeck, E. Mapping inelastic 

intensities in diffraction patterns of magnetic samples using the energy spectrum imaging technique. 

Ultramicroscopy 108, 393-398 (2008). 

21. Zhang, Z. H., Wang, X. F., Xu, J. B., Muller, S., Ronning, C. & Li, Q. Evidence of intrinsic 

ferromagnetism in individual dilute magnetic semiconducting nanostructures. Nature Nanotech. 4, 523-527 

(2009). 

14 



22. Stoeger-Pollach, M., Treiber, C. D., Resch, G. P., Keays, D. A. & Ennen, I. EMCD real space maps of 

Magnetospirillum magnetotacticum. Micron 42, 456-460 (2011). 

23. Rusz, J., Novák, P., Rubino, S., Hébert, C. & Schattschneider, P. Magnetic circular dichroism in electron 

microscopy, Acta Phys. Polonica A 113, 599-604 (2008). 

24. Muto, S., Tatsumi, K. & Rusz, J. Parameter-free extraction of EMCD from an energy-filtered diffraction 

datacube using multivariate curve resolution. Ultramicroscopy 125, 89-96 (2013). 

25. Stöger-Pollach, M. Comment on: “Direct measurement of local magnetic moments at grain boundaries in 

iron”, Scripta Materialia, 69, 820-822 (2013). 

26. Mendelev, M. I., Han, S., Srolovitz, D. J., Ackland, G. J., Sun, D. Y. & Asta, M. Development of new 

interatomic potentials appropriate for crystalline and liquid iron. Phil. Mag. 83, 3977-3994 (2003). 

27. Rusz, J., Muto, S. & Tatsumi, K. New algorithm for efficient Bloch-waves calculations of orientation-

sensitive ELNES. Ultramicroscopy 125, 81-88 (2013). 

 

  

15 



Endnotes 

Acknowledgements 

A portion of this work was supported by a Grant-in-Aid on Innovative Areas "Nano Informatics" (grant 

number 25106004) from the Japan Society of the Promotion of Science. J.R. and P.M.O. acknowledge support 

from the Swedish Research Council, J.R. acknowledges support from STINT and P.M.O. from the European 

Commission (grant No. 281043). Some of the simulations were performed on the computer cluster DORJE at 

the Czech Academy of Sciences. 

 

Authorship statements 

After intense discussions between S.M., K.T. and J.R. on the best method to acquire EMCD using statistical 

analysis, S.M. designed the experiment and analysis procedures, S.M., K.T. and S.A. conducted the 

experiment together on the ultra-high voltage STEM and then S.M. analysed the data. J.R. performed the 

inelastic scattering simulations and wrote the main text. V.K. performed molecular dynamics simulations and 

generated the structure model of the iron polycrystal. P.M.O. initiated and organised the exchange between the 

two experimental groups. S.M. prepared the figures and Supplementary information. R.A., D.E.B. and C.M.S. 

prepared the iron thin film sample used in the experiments. All the co-authors discussed the results and 

implications and commented on the manuscript at all stages.  

  
  

16 



Figure legends 
 

Figure 1|  Schematics of the proposed scanning-mode measurement of EMCD. 
a. Schematic drawing of the experimental setup and the data obtained (ADF: annular dark field, PL: projector 
lens). The detector aperture is placed at the PL cross-over position. In the present STEM mode, the PL cross-
over position is on the diffraction plane. 
b. A TEM image of the investigated polycrystalline iron film. Scale bar, 50 nm. 
c. Calculated EMCD signal intensity distribution of a polycrystalline iron film in the diffraction plane. The 
highlighted area indicates the measured area covered by the detector entrance aperture. The detector entrance 
aperture (solid circle) is located at the position of 0.4 g(110) away from the origin, and its diameter is 0.5 g(110). 
The white broken circle represents the possible aperture centre positions in the diffraction plane and blue 

broken circle corresponds to g(110) ring position for comparison. Scale bar, 2 nm−1. The minimum (black) and 
maximum (white) EMCD values range from -3% to +3%. 
 
Figure 2| Representative EELS and EMCD spectra. The representative spectra are measured on a fine-
grain polycrystalline iron film by STEM-EELS at an accelerating voltage of 1 MV. A 5-eV low-pass filter was 
applied to the original spectra for a-c below.  

a. A pair of Fe-L2,3 EELS spectra (µ+ and µ-) extracted from the dataset and their difference spectrum (EMCD 
signal) ∆σ =  µ− −µ+. 
b. EMCD signals extracted from the three independent datasets of different areas of the sample, plotted 
separately in red, black and blue, respectively. 
c. The averaged EMCD signal (red curve) and its cumulative sum (black curve), which are required to apply 
the sum rule13,14. q is an energy integral of the EMCD signal over both edges, and p is an energy integral over 
the L3 edge only. Without loss of generality, we can rescale the integral of the EMCD signal such that p = 1, as 
indicated, whereupon the orbital to magnetic moment ratio mL/mS is a function of q only, allowing an easy 
visual comparison of the energy integrals in the post-edge region. 
d. Plot of the mL /mS ratio estimated by the sum rule as a function of the window width of the low-pass filter 
used for data smoothing. The error bars were estimated from the statistical fluctuation of q. The shaded area 
was bounded by linear regression lines (grey solid lines) of the lower and upper bound values. The relation is 
linearly extrapolated to zero window width, and the net mL /mS is derived to be 0.0429 ± 0.0075. 
 
Figure 3| Statistical significance tests of the extracted EMCD signals. The tests are applied to 
ferromagnetic and non-ferromagnetic samples.  
a. Example of difference spectra for a polycrystalline bcc Iron film. A random EELS spectrum was selected 
from a dataset, and all 224 difference spectra were tested using our selection criteria (see Methods). Only 
spectra that passed the criteria are shown, after being aligned in sign.  
b. Same as a but for a polycrystalline NiO film. The arrows indicate the L3 and L2 peak positions of the raw 
spectra. Note the different scale of the vertical axes relative to the post-edge normalised spectra, considering 
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that all raw spectra were normalised to 1 in the post-edge region.  
c. Maps of the norm of the extracted averaged spectrum as a function of the L2 and L3 edge energies for the 
polycrystalline bcc iron sample (see Discussion). 
d. Same as c but for the antiferromagnetic NiO film. The green circles indicate experimental edge energies. 
The integration range is ±5 eV around the edge energy, and the median filter width is 7 eV. Both results 
originate from a dataset of 225 spectra, post-edge normalised to one. Note again the different scale of the 
norms. 
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Supplementary Information  

 

 

 

 
Supplementary Figure 1| Simulation of the net EMCD signal fraction to show advantage of high 

accelerating voltage in EMCD measurement. Shown is the calculated net EMCD signal on the Fe-L3 peak 

with respect to its peak height for a bcc single crystal Fe with the incident plane-wave beam parallel to the 

〈1̅18〉  and the 110 systematic row excited. Each solid line corresponds to the case of the centre of Laue circle 

indicated in the legend in units of G, where G = (110) is a Bragg reflection defining the systematic row 

orientation. The oscillating nature of the net EMCD signal fractions in Fig. S1 originates from dynamical 

electron scattering effects. As the accelerating voltage is increased to 1000 kV, the effective extinction 

distance is increased, which then enhances the relative magnetic signal fraction, particularly for a sample 

thickness less than 50 nm.  
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Supplementary Figure 2| Simulation of the EMCD signal distribution in a diffraction plane for a 

polycrystalline sample. The introduced statistical technique is motivated by theoretical simulations of the 

distribution of EMCD signals for polycrystalline materials in the diffraction plane.  (a) Atomic structure of the 

model bcc Fe polycrystalline supercell produced by classical molecular dynamics simulation. (b) Calculated 

electron diffraction pattern of the cell. The broken circle shows the position of (110)BCC. (c) The computed 

theoretical EMCD signal (along the z-direction
16

) intensity distribution in the diffraction plane (note that this 

is the same as Fig. 1c, but without the detector aperture position inset for better view of the magnetic signal 

distribution). The dark colours mean negative EMCD signal, while yellow and white means positive EMCD 

signal. The minimum (black) and maximum (white) values range from -3% to +3%. 
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