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Abstract (200 words) 
[bookmark: _Hlk134512642][bookmark: _Hlk136157420][bookmark: _Hlk159160867][bookmark: _Hlk164295275]Atomic-scale observations in a desired local area would bring a great benefit to exploring novel fundamental materials and devices. Development of hardware-type aberration correction1,2 in electron microscopy has enabled local structural observations with atomic resolution 3-5 as well as chemical and vibration analysis6-8. As for magnetic imaging, however, atomic-level spin configuration has been analyzed by electron energy-loss spectroscopy by placing samples in strong magnetic fields9-11, which destroy the nature of the magnetic ordering in the samples. Although magnetic-field-free observation can visualize intrinsic magnetic fields of an antiferromagnet by unit-cell averaging12, it is a challenge to directly observe the magnetic field of an individual atomic layer of a non-uniform structure. Here we report that the magnetic fields of an individual lattice plane inside materials with a non-uniform structure can be observed under magnetic-field-free conditions by electron holography with a hardware-type aberration-corrector assisted by post digital aberration corrections. Magnetic phases of net magnetic moments of (111) lattice planes formed by opposite spin orderings between Fe3+ and Mo5+ in a ferrimagnetic double-perovskite oxide (Ba2FeMoO6) were successfully observed. This result opens the door to direct observations of the magnetic lattice in local areas, such as interfaces and grain boundaries, in many materials and devices.

Main (2505 words)
[bookmark: _Hlk99269304]Analysis of the magnetic structure of a material and its associated spin configuration is an important issue13-16 not only in the fields of solid-state physics, inorganic chemistry, and spintronics but also in other fields such as materials science and engineering. The magnetic structure is generally determined by neutron scattering17 as a direct and useful probe. However, neutron scattering needs a huge volume of samples due to its small magnetic-scattering cross section. Accordingly, it is not suitable for samples that are difficult to grow as large crystal or electronic devices composed of thin films, nanoparticles, nanowires, and other such structures. For these submicrometre-scaled targets, X-ray magnetic circular dichroism (XMCD) using synchrotron-radiation-based scanning transmission X-ray microscopy has large penetration capability and element specificity. However, the spatial resolution of magnetic imaging via spectro-ptychography is in the order of nanometres, i.e., down to 7 nm18. For surface-sensitive magnetic imaging of the material, two atomic-resolution techniques are available: spin-polarized scanning tunneling microscopy19,20 and magnetic exchange force microscopy21. However, atomic-resolution observation of the magnetic structure inside materials has been a long-standing goal of magnetic characterization. For such observation, transmission electron microscopy (TEM) is a powerful tool capable of site-specific analysis22. However, atomic-scale measurement of magnetization by TEM remains a big challenge. Its status appears in sharp contrast to the rapid progress in crystal-structure analysis by TEM in the last two decades, which was triggered by the invention of aberration correction1,2.
[bookmark: _Hlk65830910][bookmark: _Hlk99268033][bookmark: _Hlk99268569][bookmark: _Hlk106341028][bookmark: _Hlk103834707][bookmark: _Hlk99269676]With reference to studies on magnetic structure by using atomic-scale TEM9-11, electron energy-loss spectroscopy allows observation of electron magnetic circular dichroism,23 which is analogous to XMCD, and provides information about spin and orbital angular momentum from magnetic samples. However, the strong magnetic field in the objective lens, which is usually essential for high-resolution observation, magnetizes the specimen in the direction of electron incidence; that is, the original spin configuration is lost in the many cases. Several instruments can position a specimen so that it is free from the undesired magnetic field of the objective lens24-28. The problem with these instruments is deterioration in resolution due to the large aberration of the objective lens. Accordingly, aberration corrections have enabled magnetic-field observation of local areas such as layers and nanomagnets at resolution of a few nanometres29-31. Preliminary examinations of non-ferromagnetic model specimens by using a high-voltage microscope32 or a special objective lens33 have attained atomic resolution. Although unit-cell averaging of a uniform structure has made it possible to visualize intrinsic magnetic fields of an antiferromagnet12, the ultimate goal of electron microscopy is to obtain magnetic information from an individual atomic layer without unit-cell averaging. If that goal were reached, it would be possible to investigate unknown magnetic structures at interfaces. However, several problems must be solved first. Although many methods detect the phase shift or deflection of incident electrons due to magnetic interaction, a crystalline specimen offers additional modulations of the electron wave (including phase shift) caused by dynamical scattering due to the electrostatic-scattering potential. Undesired phase shift can also be produced by the stray magnetic field (so-called “demagnetization field”) outside the specimen and/or the electrostatic potential in the crystal. These additional phase shifts are superposed on the information about spin configuration and must be separated. Moreover, the magnetic signal at atomic scale is weak; therefore, to increase signal-to-noise ratio, high-resolution magnetic-field observation requires relatively longer observation time than that of a strong electrostatic signal of atoms. Temporal change of aberrations during multiple magnetic imagings and difficulty in setting proper focus during the observations are the limiting factors on spatial resolution. These limiting factors have made magnetic-structure analysis using an electron probe extremely challenging.
[bookmark: _Hlk136157536][bookmark: _Hlk134514306][bookmark: _Hlk99270170][bookmark: _Hlk134515587][bookmark: _Hlk135562269]In this study, off-axis electron holography using a sophisticated 1.2-MV holography microscope with an aberration corrector (spatial resolution: 0.24 nm)32,34 was used for magnetic-field-free observations of the magnetic-field distributions of individual lattice plane of a ferrimagnetic double-ordered perovskite crystal Ba2FeMoO6. As mentioned later in greater detail, electron holography can be an ideal tool for comprehensive studies on phase shift. That is, it enables digital focus after the observations with controlled magnetizations and separation of signals arising from magnetization, electrostatic potentials, electron diffraction within the crystal, and other phenomena. Accordingly, it makes it possible to compare experimental phase images and theoretically calculated phase images concerning magnetism. The results of the above-mentioned studies provide conceptual insights for the establishment of magnetic-field observations of individual lattice plane and application of high-resolution magnetic-structure analysis from a nanometre-scale area. This study is the first step in opening a new door to investigate the veiled phenomena whose existence is to be revealed by spin configurations in magnetic materials.

[bookmark: _Hlk134514987]Magnetic-field observation
[bookmark: _Hlk100817870]Ba2FeMoO6 as the objective magnetic sample is one of the double-ordered perovskites with the formula A2FeMoO6 (A: Ca, Sr or Ba) that exhibit spin-polarized giant tunneling magnetoresistance at room temperature35 and behave as a half metal with high Curie temperature36 (330 to 345 K in the case of Ba2FeMoO637,38). Ba2FeMoO6 has a cubic structure with a0 = 0.80747 nm37 and shows an alternate ordering of FeO6 and MoO6 octahedra (Fig. 1a) with ferrimagnetic coupling between the spins of Fe3+ (3d5, S=5/2) and those of Mo5+ (4d1, S=1/2). Recent calculation of its thermoelectric properties predicts that Ba2FeMoO6 is a high-ZT thermoelectric material39. Magnetization of Ba2FeMoO6 at 300 K is about 0.106 T, and magnetic domains have been clearly observed by Lorentz TEM at room temperature38. When the magnetization is along the [2] direction, opposite-directional spin moments on the Fe and Mo atoms align in the (111) lattice plane (Fig. 1b). In terms of phase analysis by electron holography, the opposite directional magnetic field on the Fe and Mo atomic planes along the (111) lattice plane (Fig. 1c) can be clearly observed with slightly tilted sample orientation from the [10] zone axis while the (111) lattice plane is kept parallel to the projection direction.
   A 1.2-MV holography electron microscope with a spherical aberration corrector32,34 was used for electron-holography observations of the magnetic-field distributions (Extended Data Fig. 1a). In the pulse-magnetization system22, we can reverse the direction of the magnetization in the sample without changing the geometrical configuration of the sample holder and stage, by which we can clearly separate the magnetic phases from the electrostatic ones (caused by electrostatic potentials, diffraction within the crystal and other phenomena, e.g., contaminations). The phases obtained in opposite magnetization states have different sign in the magnetic phase but the same sign in the electrostatic phase. Subtracting these phases makes it possible to determine the difference in the magnetic phases due to difference between the in-plane magnetic-field distributions before and after magnetization reversal.
[bookmark: _Hlk134497999][bookmark: _Hlk134515800]   A rectangular-shaped (1600×270 nm) thin sample was fabricated by using a focused ion beam (FIB), to generate [2] or [11] directional magnetizations in the sample (Extended Data Fig. 1 and Method). The surface-damage layers were cleaned by low-energy argon-ion beam. Thickness of the observation area was 45.0±0.1 nm (Extended Data Fig. 1d), which is suitable for observing a magnetic field of a ferrimagnetic lattice plane by a 1.2-MV holography electron microscope. The suitable condition is explained in detail in the “Magnetic-phase simulation” section.
   Multiple pairs of electron holograms with opposite magnetizations states and an interference fringe with spacing of 0.079 nm were acquired at room temperature (Fig. 2a). Object waves (amplitude and phase images) were reconstructed from the holograms by using a reconstruction aperture to obtain a spatial resolution greater than 0.234 nm, which is three times the spacing of the interference fringe.
[bookmark: _Hlk99331326]   Since the magnetic phase shift is only in the order of 0.01 rad, as explained in the simulation section, the object waves were then subjected to numerical-aberration corrections to correct residual aberrations. By analyzing the power spectra and Thon diagrams40 of the object waves, which were obtained by applying the virtual through focus of the reconstructed object wave in a thin amorphous area, it is possible to analyze and digitally correct the residual aberrations (Extended Data Fig. 2). Note that the digital-focusing condition used to maximize the phase in the crystalline area differs from the focusing condition to minimize the amplitude in the thin area due to multiscattering of the electron waves in the sample. To compare the experimental and simulated phases, the phase information before the electrostatic and magnetic phases were separated at high resolution was maximized by additional fine digital focusing. To reduce artifacts due to noise, any frequencies higher than 1/0.40 nm-1 were filtered out by FFT (see Methods).
[bookmark: _Hlk134517639][bookmark: _Hlk162083830][bookmark: _Hlk134517813][bookmark: _Hlk162085109][bookmark: _Hlk159544827][bookmark: _Hlk103783214][bookmark: _Hlk103833057][bookmark: _Hlk159313593]The obtained electrostatic and magnetic phases of ferrimagnetic lattice planes are shown in Figs. 2c and 2d. The lattice fringe observed in the electrostatic phase indicates Fe and Mo (111) planes. The multislice simulation described in the next section shows that the electrostatic phase of the Fe plane becomes larger than that of the Mo plane under the observation conditions stated above. The magnetic phase showing a periodic decrease at the positions of the Fe planes corresponds to the ferrimagnetic magnetic structures in the sample. The derivative of the magnetic phase (Fig. 2g) clearly shows magnetic fields of (111) ferrimagnetic lattice planes with the spacing of 0.466 nm formed by the opposite magnetic moments of Fe and Mo atoms in Ba2FeMoO6. Note that signals of opposite magnetic fields are superimposed in Fig. 2g and the minimum distance between the positive and negative signals of the derivative of the magnetic phase is the half of the resolution. The quantitative value of the electrostatic phase including the electrostatic phase distributions due to two-dimensional non-uniform structure with surface amorphous layers of the sample is 1.4612±0.0477 rad (peak-to-peak) (Fig. 2e). The peak-to-peak magnetic phase after subtracting the background phase slope due to the general [2] directional magnetization is 0.0059±0.0016 rad (Fig. 2f). The magnetic phase is clearly larger than statistical phase error σφ of 0.0010 rad. The +peak for the Mo plane and the −peak for the Fe plane of the derivatives of the magnetic phases are 0.0330±0.0088 rad/nm and −0.0462±0.0089 rad/nm, respectively. These values are also clearly larger than statistical error σdφ of 0.0079 rad/nm.

Magnetic-phase simulation
To understand the experimental results described in Figs 2d and 2g, we performed multislice simulation taking into account atomic-scale magnetic fields using the parameters of the observations and data process as same as performed in the experiment. To calculate magnetic phase due to the [2] directional magnetization, a supercell was created (Fig. 3a). The supercell was used to create electromagnetic phase shift per unit cell (in the manner of a “phase plate”) by combining the electrostatic and magnetic phase gratings (Fig. 3b and Extended Data Fig. 5). The electrostatic phase plate is the same as results by conventional multislice simulation; however, the magnetic phase plate was newly calculated by using first-principles density functional theory (DFT) (see Method).
[bookmark: _Hlk134518232]   The multislice simulations of the phases were performed two dimensionally for sample thickness up to 90 nm; hereafter, the one-dimensional phase profile along the [111] direction is discussed. First, the simulated electrostatic phase at the bottom of the sample, where the defocus value is defined as zero, is discussed. The electrostatic phase reverses sign successively as a function of sample thickness (Fig. 3c). The electrostatic phase of the Mo plane shows a larger phase shift than that of the Fe plane. However, from thickness of 30 to 60 nm, the Fe-phase shift becomes larger than the Mo-phase shift. As for the digital focusing to maximize the phase signal before separating the electrostatic and magnetic phases, two options for maximizing the phase either at the positions of Fe plane or the Mo plane are available. Calculating the magnetic phase for each defocus condition revealed two options: maximizing (i) the Mo phase for the thickness ranges of 0‒25 and 56‒90 nm or (ii) the Fe phase for the thickness range of 25‒56 nm (Fig. 3d). Under these digital-focusing conditions, the magnetic phase can be obtained as a reasonable signal showing the magnetic field of ferrimagnetic lattice planes; that is, the local magnetic-phase slope decreases at the positions of the Fe plane in the same manner as the total-magnetic-phase slope (Fig. 3e). The magnetic phases for sample thickness below 30 nm and around 56 nm are very weak. The suitable thickness to observe the magnetic phase is thus in the range of 35‒50 nm or greater than 65 nm. The sample thickness observed by electron holography was 45.0±0.1 nm. Accordingly, the suitable defocus is that which maximizes the amount of Fe phase, so the digital defocus was applied to the electron wave so as to meet that condition (see Method).
[bookmark: _Hlk99324717][bookmark: _Hlk134518511]   The peak-to-peak value of the simulated electrostatic phase for sample thickness of 45 nm is 1.4545 rad (Fig. 3f), which corresponds to the experimentally obtained value. The peak-to-peak value of the simulated magnetic phase is 0.0061 rad (Fig. 3g), which corresponds to the experimentally obtained value. The +peak for the Mo plane and the −peak for the Fe plane of the derivative of the simulated magnetic phase are 0.0338 rad/nm and −0.0484 rad/nm, respectively, which correspond to the respective experimental values. These results indicate that the magnetic field of an individual ferrimagnetic lattice plane can be observed by the electron holography combined with the additionally developed techniques of post digital aberration correction and focusing as well as of magnetic multislice simulation.

Discussion
[bookmark: _Hlk159543934][bookmark: _Hlk159176977][bookmark: _Hlk135565555][bookmark: _Hlk134493512][bookmark: _Hlk136160065]   The future possibility of magnetic-field observations at higher resolution is discussed hereafter. In this electron holography experiment, magnetic fields of 0.466-nm period in ferrimagnetic Ba2FeMoO6 were observed. To increase the phase sensitivity in this experiment, the spatial resolution was limited by applying a filter and Gaussian blur. The achievement of the magnetic phase imaging without applying a filter and Gaussian blur while maintaining the highest resolution of the microscope remains challenging. The envelope of the contrast-transfer function of the holography microscope used in this experiment is around 0.9 at spatial frequency of 1/0.466 nm-1. Thus, the reduction of the wave (amplitude and phase) signal related to the envelope is negligible. However, if the targeted resolution approaches an information limit, the reduction of the wave-signal intensity becomes problematic. In the future development of electron microscopy, it is thus necessary to enhance the envelope function at higher spatial resolution. This enhancement of the wave-signal intensity will improve the quantitativity of phase imaging in regard to atomic-resolution magnetic-field observation. The true magnetic field in the sample can be estimated by using magnetic multislice simulations and taking into account experimental conditions and data-analysis procedures. Nevertheless, observational capability at higher resolution with quantitativity of phase imaging will lead to the better understanding of the magnetic nature of the sample.
[bookmark: _Hlk134518798][bookmark: _Hlk134518941]Using electron holography with a 1.2-MV holography electron microscope with an aberration corrector, the developed pulsed magnetization and post digital aberration correction have made it possible to observe a magnetic field inside a sample with an individual ferrimagnetic lattice plane. The observed magnetic field was analyzed by multislice simulation taking into account atomic-scale magnetic fields. This high-resolution magnetic-field observation by electron holography will open up a new frontier in the field of electron microscopy and be utilized for research on a variety of fundamental and applied physics issues, including emergent electromagnetic phenomena at interfaces and boundaries in materials and devices.
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[bookmark: _Hlk134520246][bookmark: _Hlk106286557]Fig. 1 | Schematic illustrations of crystal structure and magnetic field in Ba2FeMoO6. a, Crystal structure of Ba2FeMoO6 with a double perovskite structure. b, Crystal and magnetic structures viewed from the [10] direction with magnetization direction of [2]. Ferrimagnetically coupled spins of Fe+3 and Mo+5 cations are respectively marked by green and purple arrows. Oxygen atoms are omitted in this figure. c, Magnetic-field distributions expected to be observed in the observation direction slightly tilted from the [10] zone axis while the (111) lattice is kept parallel to the electron beam. The color wheel indicates magnetic-field directions.

Fig. 2 | Observations of a ferrimagnetic lattice plane by electron holography. a, Full view of the electron hologram. Amorphous regions at the edge of the sample. b, Enlarged image of the area indicated by the white square in (a). Spacing of the interference fringes is 0.079 nm. c, Electrostatic phase showing Fe (yellow arrow) and Mo (purple arrow) planes of the (111) lattice. d, Magnetic phase indicating ferrimagnetic lattice planes. e and f, Line profiles and peak-to-peak histograms of electrostatic and magnetic phase at the same position indicated by the white dashed lines in c and d. g, Derivative of magnetic phase that reflects the in-plane magnetic field along the (111) lattice. The color wheel indicates how color and shade denote magnetic-field directions and strength (i.e., derivatives of magnetic-phase range 0-0.06 rad/nm in absolute values). h, Line profile and histogram of the +peak and −peak of the derivative of magnetic phase at the position indicated by the white dashed line in g. The images d and g are averaged in the (111) lattice plane with a 2.5-nm range of the sample area. Histograms are obtained from the areas indicated in Extended Data Fig. 9. The scale bar in c, d, and g is 0.5 nm.

Fig. 3 | Simulations of electrostatic and magnetic phases. a, Supercell of Ba2FeMoO6 used in multislice simulation of electron-wave propagation in the crystal. Oxygen atoms are omitted in this figure. b, Phase shift per unit cell under the condition observed from the [10] direction. Note that the magnetic-phase contribution of the [2] directional magnetization is magnified by 10000 times to visualize its contribution. c, Electrostatic phase shift at the bottom of the sample (where the defocus value is zero) along the [111] direction calculated for sample thickness up to 90 nm. Note that the mean value is subtracted for each thickness to show the peak-to-peak phase shift. d, Electrostatic phase shift along the [111] direction with digital focus to maximize the phase signal for the post process obtaining magnetic phase. Right-side green and light-green lines indicate two types of digital-focus conditions. Phase shift at the Fe (Mo) layers is maximized in the thickness range indicated by light-green (green) lines. e, Magnetic phase shift along the [111] direction calculated with the same digital-focus conditions used in d. f, Phase profiles of electrostatic phase d at selected thickness. g, Phase profiles of magnetic phase e at selected thickness.
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Methods   
Preparation of a bulk sample and evaluation of its properties 
[bookmark: _Hlk106337245][bookmark: _Hlk98761687][bookmark: _Hlk103835117]A bulk Ba2FeMoO6 single-crystal sample was prepared by the floating-zone technique38. The magnetization of the bulk crystal at 300 K is 0.106 T (about 1.2 µB per formula unit, Extended Data Fig. 6). The crystal quality for the area observed by electron holography is high enough; namely, defects and anti-phase boundaries are not present (Extended Data Fig. 7a). The atomic arrangements and elemental ordering of Ba, Fe, and Mo sites represent also high quality as clearly observed in a high-angle annular dark-field scanning transmission electron microscope (STEM) image obtained by an aberration-corrected STEM at acceleration voltage of 200 kV and elemental mapping by energy-dispersive X-ray spectroscopy (Extended Data Figs. 7c-7e). The magnetic properties of the thin TEM sample at room temperature were analyzed by electron holography with conventional sample flipping41 to separate the electrostatic and magnetic phases. Micrometer-sized magnetic domains (Extended Data Fig. 7b) were observed, and the magnetization, represented by the white dashed area in the figure, where the background phase due to the demagnetization field is small, is 0.106±0.0053 T. The magnetization was calculated from the magnetic-phase gradient and sample thickness obtained from the electrostatic phase. The magnetic-field error is due to uncertainty of sample thickness. This value is used as the magnetization of the thin sample in this study.

TEM sample preparation
The thin sample was prepared from a bulk Ba2FeMoO6 single-crystal sample using a focused-ion-beam scanning electron microscope (FIB-SEM NB5000, Hitachi High-Tech Co.) at acceleration voltage of 40 kV. The surface-damaged layer was cleaned by argon-ion beam thinning instrument (PIPS Model 691, Gatan Inc.) at acceleration voltage of 2.7 kV. To create [2] directional magnetization in the sample, the thinned sample was shaped as a rectangle with its long side along the [2] direction (1600×270 nm) by FIB at acceleration voltage of 5 kV. To protect the sample while the shaping it by unfocused ion beam (due to the lower acceleration voltage of 5 kV), a 300-nm-thick carbon film was placed above the thin sample by using the micromanipulator of the FIB-SEM. This setup makes it possible to produce a sharp edge with less ion-beam damage. The sample thickness to be observed was monitored by the live-view function of the SEM during FIB fabrication, and FIB fabrication was stopped when the sample thickness was around 45 nm. To reduce sample charging in electron-holography experiment, a carbon layer (5 nm in thickness) was deposited on the surface of the sample.

Electron-holography experiment
[bookmark: _Hlk99334389]In the electron-holography experiment, a 1.2-MV holography electron microscope32,34 at acceleration voltage was used (as shown in Extended Data Fig. 1a). The sample was observed in the observation direction tilted three degrees (50 mrad) from the [10] zone axis while the (111) lattice was kept parallel to the electron beam. In the figure, only one biprism is illustrated; however, in the actual experiment, a double biprism system42 was used to reduce the artifacts by Fresnel fringes and to allow flexible control of interference conditions. The spacing of the interference fringes was set to be 0.079 nm (Fig. 2b) to achieve the suitable resolution in the reconstructed-wave image, because the reconstructed resolution attained by the FFT method becomes three times the spacing of the interference fringes. The holograms were acquired by a direct electron detection camera (K2 Summit, Gatan Inc.) with a high values of modulation transfer function and detection quantum efficiency. Improving phase sensitivity up to the range of 2/1000 rad by off-axis electron holography requires multiple acquisitions of electron holograms43-45. Each exposure time of each electron hologram was 2 s, and 15 frames were acquired as one-stack data. The pairs of data stack with the opposite directional magnetizations were acquired 10 times.
   Electron holography can measure the phase shift  of an electron wave that has traversed a thin-foil specimen and the electromagnetic fields inside and outside of the specimen. With reference to the x-y-z coordinate system (i.e., x and y are parallel to the foil plane, and z is along the direction of the incident electrons), the phase  measured in the x direction can be expressed as 46

 ,                                            (1)


where CE, V0, t, e, , and By represent an interaction constant, mean inner potential in the crystal, specimen thickness, elementary charge, Planck’s constant divided by 2, and the y component of magnetic flux density, respectively. The integral of Eq. (1) is calculated over a surface enclosed by two paths of the electron waves at the origin and the x position. The integral is carried out over the area enclosed by the paths of electrons 46.
To extract information about By, the undesired signal due to the electrostatic potential (i.e., the first term of equation (1)) was removed by measuring a pair of phase images under oppositely magnetized conditions using the following equations:

,                                                                    (2)
,                                                                    (3)

where  and  are electrostatic and magnetic phases, and  and  are measured phases in forward and reversed magnetization. This extraction process of the magnetic phase leads to a simple relationship between the phase gradient and By multiplied by t:
     .                                                 (4)
[bookmark: _Hlk134487200][bookmark: _Hlk159182191]The value of t(x) was determined by cross-sectional TEM observations using a thin-foil specimen (Extended Data Fig. 1d). The error in this thickness t measurement comes from the uncertainty of the measurement, which is the order of the pixel size of the image. Note that the measurement of the sample thickness using the cross-sectional TEM observation is not indicating the surface roughness of the sample. This is because the contrast of the cross-sectional TEM image is the average over the surface of the sample in the direction of electron propagation. The electrostatic phase distribution obtained by electron holography not only contains information on the thickness distribution of the sample; it also includes the electrostatic phase of the amorphous layers of the sample. Thus, it is difficult to calculate the sample thickness of the crystal part by using the electrostatic phase.

Pulse-magnetization system
[bookmark: _Hlk99253253][bookmark: _Hlk99253684]To separate the electrostatic and magnetic phases, a pulse-magnetization system22 was used to reverse the magnetization in the sample without changing the geometrical configuration of the sample holder and stage. This system can suppress the drift of the sample more significantly than that in the conventional separation methods, e.g., flipping the sample and reversing the sign of the magnetic phase41, tilting the sample in the magnetic field and thereby reversing the magnetization in the sample47, and changing the temperature across the Curie temperature48. The electrostatic and magnetic phases could also be separated by using different acceleration voltages49, but the resolution would be limited by the lower-voltage condition. In the test experiments to investigate the magnetic domains and its reversal by a pulsed magnetic field, rectangular-shaped thin Ba2FeMoO6 samples were used. A single magnetic domain in the rectangular-shaped sample was stably observed after applying the pulsed magnetic field of 207 kA/m (Extended Data Fig. 8). According to the results of this experiments, to reverse the magnetization in the Ba2FeMoO6 sample, a pulsed magnetic field of 207 kA/m was applied. Note that the magnetic field is not applied while the hologram is acquired.
 
Electron-hologram reconstruction and post digital aberration correction
The holograms were reconstructed with the FFT method using HoloWorks v5.1, namely, a plug-in for the Gatan Microscope Suite (GMS) v3.3 (Gatan Inc.). The aperture used in the reconstruction was set to allow spatial information greater than 0.234 nm to pass through.
Reconstructed object waves at the thin sample edge have amplitude and phase information (Extended Data Figs. 2a and 2b). From the amplitude or phase images only, it is difficult to identify residual aberrations introduced in the hologram acquisitions. However, through the analyses of the power spectra and Thon diagrams40, which were obtained by applying the virtual through focus of the reconstructed object wave of a thin amorphous area, defocus (C1), two-fold astigmatism (A1), spherical aberration (C3), and fifth-order spherical aberration (C5), can be analyzed and corrected digitally (Extended Data Fig. 2).
Constant spherical aberrations (C3) and fifth-order spherical aberration (C5) were corrected in the reconstruction process for each hologram. The numerical details of aberration corrections are described in previous reports50. The values of C3 and C5 were analyzed by using a Thon diagram51 evaluated at a thin amorphous area. The previous research51 describes C3 correction for defocus image modulation processing (DIMP), but the idea can be extended to C5 correction in electron holography. In this experiment, C3 and C5 were evaluated as −4.0 mm and 2.14 km, respectively, and they were corrected by the digital procedure (Extended Data Figs. 2i and 2j).
   The possible temporal changes of the aberrations C1 and A1 (basically C1) for each hologram were evaluated using the Thon diagram, and each evaluated aberration was corrected (Extended Data Fig. 2). The minimum signal of the amplitude image at virtual focus df = 0 nm is observed for spatial frequency up to 1/0.26 nm-1 (Extended Data Fig. 2h). This result shows that the maximum signal of the phase image is obtained at df = 0 nm for the same spatial frequency as we assume that the sample is thin enough. Thus, point resolution in the digitally aberration-corrected image of the thin sample area is 0.26 nm.
[bookmark: _Hlk106321149]   Slightly changing the beam tilt can change the defocus, astigmatism, and image shift. However, as described in “Theoretical simulation”, the amount of beam tilt in the experiments to evaluate the dynamical effect (i.e., changing peak-to-peak phase value by changing beam tilt) were small. Moreover, the changes of defocus and astigmatism were corrected by the digital aberration correction, and the image shift was corrected by the image alignment described in “Image alignment and separation of electrostatic and magnetic information”.
   The simulation showed one of the best defocus to compare the experimental and simulation results is the defocus to maximize the Fe phase. The suitable defocus to maximize the Fe phase for sample thickness of 45 nm is df = 35 nm calculated by the multislice simulation. The condition C1 = 0 estimated from the Thon diagram for the amorphous sample indicates the middle of the sample52. In consideration of this phenomenon, the correction of C1 gives defocus of about df = 23 nm from the bottom of the 45-nm-thick sample; the required defocus in the final defocusing to maximize the Fe phase is thus about 12 nm. Since the error of the C1 determination was 5.0 nm, the above-described numerical procedure can find the best defocus (with high reproducibility) to maximize the Fe phase. These procedures—from reconstruction of the hologram to digital aberration correction—have been automated by using coding scripts for the Gatan Microscope Suite (GMS) v3.3 (Gatan Inc.).
[bookmark: _Hlk99259112]The effect of the error of the digital focus on the obtained phase is discussed hereafter. The C1 error of 5.0 nm reduces the peak-to-peak value of the (111)-lattice phase by 0.15% (2.183×10-3 rad of the 1.4545 rad, which is the simulated peak-to-peak value of the electrostatic phase of the 45-nm-thick sample). The effects on the peak-to-peak values of the phases in multiple acquisitions are averaged by following procedure. Thus, the effect of the error of the digital focus was not distinguishable. As supporting information, the allowable magnitude of aberration coefficients is described hereafter. To satisfy /3 limit on aberration for suppressing the reductions of the peak-to-peak values of the (111)-lattice (electrostatic and magnetic) phase to less than 50%, the C1 and A1 aberrations have to be smaller than 95 nm for the 1.2-MV holography electron microscope.
High-resolution magnetic-field observations require multislice simulation in the same manner as conventional atomic-resolution electrostatic imaging by high-resolution TEM. The obtainable phase images differ in accordance with the experimental and data-processing procedures used. For example, if digital focusing is performed under the wrong condition, the obtainable magnetic phase may give the opposite signal to the true magnetic field. Thus, to evaluate the high-resolution magnetic field, it is important to confirm the sample thickness and defocused conditions in the digital focusing.

Low-resolution magnetic phase analysis and considerations of stray magnetic field
[bookmark: _Hlk99260105]Before high-resolution magnetic-field was analyzed, the low-resolution magnetic phase was evaluated (Extended Data Fig. 3). The obtained phase image (Extended Data Fig. 3a) shows the (111) lattice planes and an amorphous area at the edge of the sample. The low-resolution magnetic phase (Extended Data Figs. 3b and 3c) shows decreasing phase shift on the right side. The phase slope is −0.00642±0.00031 rad/nm, which is similar to the calculated phase slope of −0.00725 rad/nm by setting the [2] directional magnetization of 0.106 T for the thickness of 45 nm. Note that electron holography is sensitive to the magnetic field both inside and outside of the specimen. To determine the intrinsic magnetic-flux density due to the magnetic moment of Fe and Mo, it is necessary to consider the additional phase shift in the reference electron wave propagating in the stray magnetic field (outside the specimen). This additional phase was determined by simulating the three-dimensional magnetic field for a thin-foil specimen (Extended Data Fig. 4), and it was incorporated in the comprehensive study of intrinsic magnetic-flux density. There is a non-magnetic area without a phase slope at the edge of the sample including the area at which lattice images are observed in the electrostatic phase image. This magnetization reduction at the edge area is thought to be due to ion sputtering and implantation effects introduced while the sample was prepared by the ion beam.

Image alignment and separation of electrostatic and magnetic information
[bookmark: _Hlk103787734]The procedure of whole data analysis and step-by-step obtained results are summarized in Extended Data Fig. 9. The phase images were aligned to correct sample drift and separate the electrostatic and magnetic phases. Since the limited memory of the data-proceeding computer of 32 GB, the electron holograms were reconstructed by using pixel size of 0.0312 nm/pix; i.e., 14.6 pixels are used for the (111) lattice spacing of Ba2FeMoO6 (0.466 nm). To align the images precisely, image shift below the pixel size was performed by giving a phase slope in a reciprocal space53. Note that paired phase images with opposite magnetization for separating the electrostatic and magnetic phases were aligned by 0.001-pixel-pitch shift to minimize the mean squared error (Extended Data Fig. 9g) of the magnetic phase  (Extended Data Fig. 9f) from the  background in the non-magnetic area (alignment area) indicated by yellow lines in Extended Data Fig. 9e and the gray line with arrows in Extended Data Fig. 9f. In fine alignment, frequency higher than 1/0.40 nm-1 was filtered by using the FFT method to reduce artifacts due to noise.
[bookmark: _Hlk164309964]The obtained magnetic phase was averaged along the (111) lattice plane with 2.5-nm range (Extended Data Fig. 9h). Because the statistical error σφ of 0.0037 rad in the magnetic phase (Extended Data Fig. 9e) was evaluated by taking the standard deviation of magnetic phase in the non-magnetic area and it was close to the magnetic phase signal to be observed. The noises are additionally reduced by applying Gaussian blur along the (111) lattice plane with σ of 0.4 nm (Extended Data Figs. 9i and 9j). The derivative of the magnetic phase was obtained and used to analyze in-plane magnetic-field distributions (Fig. 2g and Extended Data Figs. 9k and 9l).

Theoretical simulation
The transmitted electron waves through the sample were simulated by multislice simulation software54 (HREM Inc.). To include the effect of the magnetic field in the simulation, the software was modified to accommodate the magnetic phase grating (i.e., phase shift of the electron wave by the magnetic field (vector potential)), which is deduced from the calculated spin-density distributions. The spin-density distribution in the unit cell of Ba2FeMoO6 was calculated by using the first-principles density functional theory (DFT) with the spin-polarized generalized gradient approximation and Hubbard U term (GGA + U)55. The single-electron Kohn-Sham equation was solved by using the Vienna Ab initio Simulation Package56. The unit cell parameters were the same as a known crystal structure37 with a 5 × 5 × 5k-point grid. The on-site Coulomb term U was 4.0 eV for iron.
[bookmark: _Hlk99261958]In several studies, magnetic-phase shift was calculated from magnetization configuration57-60. To calculate spin density, we used the convolutional approach in Fourier space as follows. Magnetic scalar potential  of a dipole formed by x-directional single spin is expressed as

  ,                                  (5)

where  represents the Bohr magneton. Magnetic-field strength  from the dipole of the single spin is given by

                                                            
 .                                  (6)

Since the center pixel at the dipole has a singular point, the value at the center is replaced with the pixel-averaged value  given by

,                                 (7)
,                                  (8)
,                                  (9)

where d is pixel size. This replacement corresponds to setting the magnetic moment of the dipole at the center pixel and gives modified . Magnetic-flux density  in the unit cell is obtained by convoluting the spin-density distribution  and  as

  ,                                            (10)

where  and  denote the forward and inverse Fourier transforms, respectively.  is then used to calculate the magnetic phase grating  of a unit cell, given by

    .                                             (11)

[bookmark: _Hlk106323356][bookmark: _Hlk99262125][bookmark: _Hlk99262180][bookmark: _Hlk99261385][bookmark: _Hlk103835973]In the actual calculation, the magnetization was set in the  direction. To perform a multislice simulation taking account of the background phase slope due to the magnetic field with less influences from boundaries at the unit cell, an orthogonal supercell (Fig. 3a) with the lattice vectors a’ = a/2 – b/2 (0.57 nm), b’ = 2a + 2b + 2c (2.80 nm), and c’ = − 3a/2 – 3b/2 + 3c (2.97 nm) was selected, where a, b, and c are lattice vectors of the original unit cell. The magnetic phase grating of the supercell viewed from the [100] direction, which is the same as the [110] direction in the original unit cell, was calculated from the magnetic-field distributions. The calculated spin density is shown with projection average in the [100] direction of the supercell in Extended Data Fig. 5a. Since the DFT calculates the spin distributes at absolute zero kelvin, the magnetic phase plate has to be normalized for the experimental temperature. To normalize the magnetic phase grating with magnetization of 0.106 T (about 1.2 µB per formula unit) at room temperature, the magnetic phase grating was normalized to have the phase slope of 2.57×10-4 rad across the supercell in the [010] direction, which corresponds to the [111] direction in the original unit cell. The calculated magnetic fluxes per unit cell with the [111] directional (in the original unit cell) component and the  directional (in the original unit cell) component are shown in Extended Data Figs. 5b, and 5c, respectively. The integral of the Extended Data Fig. 5c in the [111] direction gives the magnetic flux of the  directional component. The phase grating obtained by summing with the conventional electrostatic phase grating is shown in Extended Data Fig. 5f. As a technical note, to reduce the edge effect of the unit cell in the multislice calculation, the unit cell was enlarged twice with a reversed signal, and a periodic boundary was formed.
   The parameters used in the multislice simulation are consistent with those used in the electron holography experiment. Since the electron microscope is equipped with an aberration corrector and the post aberration corrections are performed, geometrical aberrations are ignored in the electron-wave simulation. A circular objective aperture used in the electron-wave simulation was 1/0.40 nm-1 in radius. To calculate separated results of the electrostatic and magnetic phases, a pair of electron-wave images with opposite directional magnetizations was calculated. The electrostatic and magnetic phases were separated from that pair using equations (2) ad (3).
[bookmark: _Hlk106321368][bookmark: _Hlk106320862][bookmark: _Hlk106312736][bookmark: _Hlk103835653][bookmark: _Hlk103831500][bookmark: _Hlk105475710][bookmark: _Hlk104093220][bookmark: _Hlk105475725][bookmark: _Hlk103776266][bookmark: _Hlk105751726]   The effect of sample (or beam) tilting on the phases was investigated as follows. The multislice simulation indicated that electrostatic phase shift in the [111] direction is increased by sample tilt in the [111] direction (Extended Data Fig. 10c). For sample thickness of 45 nm, peak-to-peak electrostatic phase increases to 2.150 rad with sample tilt β of 0.121 mrad in the [111] direction from the orientation of the [10] zone axis shown in Fig. 3. To maximize the phase signal for obtaining the magnetic phase, the digital-focus conditions (right side green and light green lines) were changed by a few nanometres. However, the simulated magnetic phase shift in the [111] direction is almost the same as that obtained under the non-tilted condition. The measured peak-to-peak electrostatic phase shift in the [111] direction increased from 1.4348±0.0523 rad in the first data set to 1.4928±0.0522 rad in the last data set. The results indicate that the sample (or beam) tilt as well as its effect on the obtained phase was small. The difference between the peak-to-peak phases with opposite-direction magnetizations by applying a pulsed magnetic field was negligible (namely, less than the phase change due to the sample (or beam) tilt in the order of 0.002 mrad). The experimental peak-to-peak phases of the averaged phases of  and  with opposite-direction magnetizations were 1.4597±0.0478 rad and 1.4627±0.0483 rad, respectively. To discuss the effect of the electrostatic phase difference between  and  on magnetic phase ,  and  are simplified by using the following simple sinusoidal functions: 
 ,    (12)
 ,    (13)
where  and  are the amplitudes of the phases with opposite-direction magnetizations, and  and  are the initial phases with opposite directional magnetization. Wavenumber k is given as , where d is the spacing of the (111) lattice plane.  and  are the amplitudes of the electrostatic phases with opposite-direction magnetizations and orientation tilt. M is the amplitude of the magnetic phases, where M is assumed to be kept within the small tilt of the orientation according to the simulation results (see example in Extended Data Fig. 10c).  is the initial phase of the magnetic phase and according to the simulation results. Note that the background slope of the magnetic phase is omitted in these equations. Eq. (12) can be rearranged as
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Since ,
       (18)
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A similar rearrangement for Eq. (13) as that for Eq. (12) gives the follows:
    (22)
                         (23)

Substituting Eqs. (21) and (23) into Eqs. (2) and (3) gives  and  as
                               (24)
       
                
.   (25)
[bookmark: _Hlk107046957][bookmark: _Hlk107045956]If the measured difference between amplitudes  and  is 0.0015 rad, and peak-to-peak measured magnetic phase is 0.0059 rad, a shift of the initial phase of  in Eq. (25) from  is calculated to be 0.53 rad. The difference between the peak positions of the electrostatic phase and the magnetic phase is calculated to be 0.156 nm, which corresponds to measured peak shift of 0.142±0.010 nm.

[bookmark: _Hlk162273556][bookmark: _Hlk103537184][bookmark: _Hlk164308479][bookmark: _Hlk103829213][bookmark: _Hlk103834182][bookmark: _Hlk103787099][bookmark: _Hlk103784565][bookmark: _Hlk103537576][bookmark: _Hlk103829489][bookmark: _Hlk162270576]Statistical evaluations of phases and derivative of magnetic phase
The electrostatic phase and magnetic phase were statistically analysed by taking standard deviations and histograms of their peak-to-peak values in the area of W 2.8 nm × H 13.7 nm indicated by red-dashed rectangles in Extended Data Figs. 9d and 9i. Statistical error σφ of 0.0010 rad in the phase analysis was evaluated by taking the standard deviation of magnetic phase in the non-magnetic area, indicated by the white-dashed rectangle in Extended Data Fig. 9i. Phase sensitivity 3σφ is 0.0030 rad. The statistical analysis and histogram of the +peak for the Mo plane and the −peak for the Fe plane of the derivative of the magnetic phase were also performed by taking standard deviations of the peak values in the same area of W 2.8 nm × H 13.7 nm indicated by red-dashed rectangle in Extended Data Fig. 9k. Statistical error σdφ of 0.0079 rad/nm in the peak analysis of the derivative of the magnetic phase was evaluated by taking the standard deviation in the non-magnetic area indicated by the white-dashed rectangle in Extended Data Fig. 9k. The sensitivity 3σdφ of the derivative of the magnetic phase is 0.0237 rad/nm.
[bookmark: _Hlk162272803][bookmark: _Hlk162273690][bookmark: _Hlk164313867][bookmark: _Hlk162273019][bookmark: _Hlk162271329][bookmark: _Hlk164297094] To indicate the challenges of the experiments keeping spatial resolution in term of the signal to noise ratio, Extended Data Figs. 11a and 11b provide the phase images free from the 1/0.40 nm-1 filtering. Thus, these panels could be compared to Extended Data Figs. 9b and 9c, respectively, which were subject to both 1/0.40 nm-1 filtering and in-plane averaging. The electrostatic phase (Extended Data Fig. 11c) and the magnetic phase (Extended Data Fig. 11d) were obtained from Extended Data Figs. 11a and 11b using same alignment data used to obtain Extended Data Figs. 9d and 9e. The line profile of magnetic phase in the [111] direction (Extended Data Fig. 11e) shows periodic magnetic phase of (111) lattice planes like Fig. 2f. The statistical error σφ of 0.0009 rad in this phase profile was evaluated by taking the standard deviation of magnetic phase in the non-magnetic area, indicated by the gray-dashed area in Extended Data Fig. 11e. Phase sensitivity 3σφ for this profile is 0.0027 rad. The peak-to-peak magnetic phase after subtracting the background phase slope due to the general [2] directional magnetization is 0.0067±0.0009 rad. The derivative of magnetic phase (Extended Data Fig. 11f) also shows periodic magnetic signal of (111) lattice planes. The statistical error σdφ of 0.0155 rad/nm in this derivative of the magnetic phase was evaluated by taking the standard deviation in the non-magnetic area indicated by the gray-dashed area in Extended Data Fig. 11f. The sensitivity 3σdφ of the derivative of the magnetic phase is 0.0465 rad/nm. The negative peak of −0.0673±0.0104 rad/nm for the Fe plane of the derivatives of the magnetic phases are larger than statistical error σdφ of 0.0155 rad/nm, however, the positive signals around 0.03 rad/nm for Mo is close to the statistical error. Although the signals indicated by arrows in Extended Data Fig. 11f maybe reflect the weaker magnetic signals of Mo than that of Fe, the quantitative analysis for these signals in high resolution data remains as an important research topic in future.
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[bookmark: _Hlk134521186][bookmark: _Hlk134521252][bookmark: _Hlk99267479][bookmark: _Hlk99267334][bookmark: _Hlk99267255]Extended Data Fig. 1 | Experimental setup for high-resolution magnetic-field observation and transmission electron microscopic cross-sectional image of the observed sample. a, Schematic of electron-holography experiment. An 1.2-MeV coherent electron wave passes through the sample (object wave) and vacuum (reference wave). A high-resolution object wave formed by the aberration-corrected imaging system is overlapped with the reference wave by a biprism, and an electron hologram is formed at the image plane, where a direct electron-detection camera is placed. To separate the electrostatic and magnetic phases, pairs of electron holograms with opposite directional magnetizations in the sample are acquired. The magnetization direction in the sample is reversed by using a pulsed magnetic field generated by coils placed near two sides of the sample. b, Schematic of the rectangular sample used to create [2] or [11] directional magnetization along the (111) lattice plane. c, Full view of the cross section. The cross-sectional thin TEM sample of the area observed by electron holography was fabricated after the holography experiment. Carbon is deposited as a protection layer in the sample preparation for cross-sectional observation. d, Enlarged image of the left end of c. The black arrow indicates the observation area subjected to the high-resolution analysis of the magnetic field.

Extended Data Fig. 2 | Defocus, astigmatism, and spherical aberration corrections by electron holography. Reconstructed amplitude (a) and phase (b) images with spatial frequency up to 1/0.23 nm-1. c, Fast Fourier transform (FFT) image of the amplitude image with digital defocus of −200 nm. The elongated ring pattern indicates two-fold astigmatism (A1). d, Thon diagram of the amplitude of the reconstructed wave. Minimum amplitude at df = 40 nm (yellow line) indicates that C1 in this reconstructed wave was −40 nm. Aberrations of focus (C1) and A1 values estimated from the Thon diagram are indicated in d. Aberration-corrected amplitude (e) and phase (f) images. g, FFT image of A1-corrected amplitude image with digital defocus of −200 nm. h, Thon diagram for amplitude of the C1-corrected wave. Experimental defocus (C1) was corrected, and minimum amplitude is shifted to df = 0 nm (red line). The blue pattern is the simulated Thon diagram matched with the aberration-corrected Thon diagram. It indicates the point resolution in the digitally aberration-corrected image is 0.26 nm. i, Thon diagram before spherical aberration correction. Green line shows bending of central black curve due to spherical aberrations (C3: −4.0 mm, C5: 2.14 km). j, Thon diagram after spherical aberration correction.

Extended Data Fig. 3 | Aberration-corrected single-phase image and low-resolution magnetic phase. a, Aberration-corrected phase image. The lattice image of the (111) plane is clearly seen. The scale bar is 2 nm. b, Low-resolution magnetic phase. c, Line profiles of low-resolution magnetic phase of the area indicated by the dashed light-blue rectangle. The phase slope of magnetic phase indicates [2] directional magnetization. A non-magnetic area is clearly visible at the edge of the sample.

Extended Data Fig. 4 | Low-resolution simulated magnetic phase. a, Rectangular model used in the simulation. The shape of the sample in the simulation was set to be similar to the experimental sample. b, Schematics of electron propagations of the object wave (φO) and reference wave (φR). The low-resolution magnetic phase was simulated considering surrounding demagnetizing field outside the sample in the ±4000-nm range in the z direction. c, Phase shift of the reference wave (φR). d, Phase shift of the object wave (φO). e, Observed phase shift (φO - φR). The background phase slopes (dashed lines) due to the demagnetization fields in φO and φR are almost the same, and those effects are subtracted from the hologram observation (φO - φR) for local high-resolution observation.

Extended Data Fig. 5 | Calculated spin distribution, magnetic flux, and electromagnetic phase grating for multislice simulation. a, Spin distribution per unit cell shown with the projection average. b, Magnetic flux with the [111] directional (in the original unit cell) component per unit cell. c, Magnetic flux with the [2] directional (in the original unit cell) component per unit cell. d, Electrostatic phase grating (conventional). e, Magnetic phase grating with [2] directional magnetization calculated by the Vienna Ab initio simulation package (VASP). The magnetic phase is magnified 10000 to visual inspection. f, Electromagnetic phase grating that is a simple sum of d and e. Please note this is not the electromagnetic phase grating used in the simulation, since the magnetic phase is amplified for visual inspection.

[bookmark: _Hlk106337457][bookmark: _Hlk106290769]Extended Data Fig. 6 | Magnetization properties of bulk Ba2FeMoO6. The main graph is the temperature profile of magnetization for a single crystal of Ba2FeMoO6 taken at H//<111> = 0.5 T. The inset shows a magnetization hysteresis curve for the same crystal taken at 5 K.

Extended Data Fig. 7 | Magnetic-flux distribution in the thin Ba2FeMoO6 sample and atomic arrangements and elemental ordering of Ba2FeMoO6 sample observed in the [10] direction. a, TEM image of the thin sample. b, Magnetic flux in the area indicated by the white rectangle in a displayed with the cosine of phase φM amplified 10 times (cos10φM). Constant flux of h/10e flows between adjacent contour lines. The white dashed rectangle indicates the area used for evaluating magnetization. c and d, High-angle annular dark-field (HAADF) scanning transmission electron microscopic (STEM) images. e, Elemental mappings of Ba, Fe and Mo obtained by STEM energy-dispersive X-ray spectroscopy. Scale bar is 0.5 nm.

Extended Data Fig. 8 | Magnetic-flux distribution in the rectangular-shaped thin Ba2FeMoO6 sample. a, TEM image of the thin sample with rectangular shape. b, Magnetic flux obtained after applying a pulsed magnetic field of 207 kA/m in the area indicated by the white rectangle in a, as displayed with the cosine of phase φM amplified 15 times (cos15φM). Constant flux of h/15e flows between adjacent contour lines.

[bookmark: _Hlk106336326]Extended Data Fig. 9 | Procedure of data analysis and obtained data. a, Flow chart of data analysis. b, Phase with +M. c, Phase  with −M. d, Electrostatic phase. e, Magnetic phase. f, Line profiles of magnetic phase in the [111] direction in the area indicated by the yellow-dashed rectangle in e with different alignment positions for separating electrostatic and magnetic phases. g, Mean squared error of phase obtained from the  background with different alignment positions in the alignment area shown in f (also indicated by the yellow lines in e). h, Magnetic phase averaged in the (111) lattice plane with 2.5-nm range of the area indicated by the white rectangle in e. i, Magnetic phase when Gaussian blur with σ of 0.4 nm along the lattice plane after the averaging in the (111) lattice plane with 2.5-nm range for e. j, Enlarged image of the area indicated by the white rectangle in i. k, Derivative of magnetic phase i that reflects the in-plane magnetic field. l, Enlarged image of the area indicated by the white rectangle in k. The color wheel in l indicates how color and shade denote magnetic-field directions and strength (i.e., derivatives of magnetic phase range 0-0.06 rad/nm in absolute values). The areas indicated by white squares in j and l correspond to Figs. 2d and 2g. The white-dashed rectangles in i and l indicate the areas used for evaluating standard deviation. The red-dashed rectangles (W 2.8 nm × H 13.7 nm) in d, i and k show the areas used for evaluating the histograms (Fig. 2e, 2f and 2h) of the peak-to-peak values of electrostatic and magnetic phases and the +peak for the Mo plane and the −peak for the Fe plane of the derivative of the magnetic phase. The scale bar is 2 nm.

Extended Data Fig. 10 | Simulations of electrostatic and magnetic phases with sample tilt in the [111] direction. a, Electrostatic phase shift in the [111] direction without sample tilt β from the orientation of the [10] zone axis shown in Fig. 3. Right-side green and light-green lines indicate two digital-focus conditions. Phase shifts at the Fe (Mo) layers are maximized in the thickness range indicated by the light-green (green) lines. b, Magnetic phase shift in the [111] direction without sample tilt from the orientation of the [10] zone axis shown in Fig. 3 with the same digital focus conditions used in a. c, Electrostatic phase shift in the [111] direction with sample tilt β of 0.121 mrad in the [111] direction from the orientation of the [10] zone axis shown in Fig. 3. Phase shifts at the Fe (Mo) layers are maximized with digital focus for the post process for obtaining magnetic phase. Right-side green and light-green lines indicate two digital-focus conditions. Phase shift at the Fe (Mo) layers is maximized in the thickness range indicated by the light-green (green) lines. d, Magnetic phase shift in the [111] direction with sample tilt β of 0.121 mrad from the orientation of the [10] zone axis shown in Fig. 3 with the same digital focus conditions used in c.

[bookmark: _Hlk162275510][bookmark: _Hlk164314073]Extended Data Fig. 11 | Phase images without applying a 1/0.4 nm-1 filter and obtained data. a, Phase with +M. b, Phase  with −M. c, Electrostatic phase. d, Magnetic phase. e, Line profile of magnetic phase in the [111] direction (averaging width along lattice plane is 12.3 nm) in the area indicated by white rectangle in d. f, Derivative of magnetic phase profile shown in e. The gray-dashed areas in e and f indicate the areas used for evaluating standard deviation. The scale bar is 2 nm.
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