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We have been using the recently-developed hollow-cone Foucault imaging method [1, 2] for studying
magnetization structures, such as magnetic domains and domain walls. The hollow-cone Foucault imaging has
two modes depending on the inclination angle of the illumination beam, bright-field mode and dark-field mode.
We have also found a specially controlled mode, a schlieren imaging mode, between these Foucault modes.
Although the schlieren imaging is a method developed in the middle of the 19th century to qualitatively
visualize distributions of refractive indices of transparent media, such as air, it is still used today as a method
for visualizing sound shock waves generated by high-speed flying objects [3]. In this study, we have extended
the schlieren imaging method to be used in transmission electron microscopes (TEMSs) to directly observe
magnetic fields around specimens by using the hollow-cone illumination. The specimens were Fe0.88Ga0.12
alloys (at%) having large magnetostriction at room temperature [4]. Their thin films (250 nm in thickness)
were prepared by a focused ion beam instrument (NB-5000). The visualization experiments were carried out
by using a 200-kV thermal field-emission TEM (JEM-2100F). Figure 1 (a) shows a schematic diagram of the
optical system for the hollow-cone illumination imaging. The parallel electron beams having less than a 10-6
rad diffusion angle are irradiated on the specimen with the inclination angles in X and Y directions controlled
by using the beam deflector system placed above the specimen. The circulating electron beam is illuminated
in all azimuthal directions around the optical axis. Figures 1(b), (c), and (d) show schematic relation between
the selected area (SA) aperture and diffraction spots of small-angle hollow-cone beams. The 0-th transmission
center spots indicated in red in Figs. 1(b), (c), and (d) clarify the difference of three modes of the hollow-cone
imaging, bright-field hollow-cone Foucault mode in (b), hollow-cone schlieren mode in (c), and dark-field
hollow-cone Foucault mode in (d). Figures 1(e), (f), and (g) show the images in these modes, respectively.
Magnetic domains and domain walls are clearly shown in the hollow-cone Foucault images in (e) and (g),
while the schlieren image in (f) has no magnetization-related contrast inside the thin film. When we manually
tuned the display intensity in the vacuum area outside the specimen, we were able to obtain various image
contrasts in the schlieren imaging between bright-field and dark-field hollow-cone Foucault imaging. Figure
2 shows series of schlieren images due to successive changes in the inclination beam angles by 2.0x10-5 rad
at each step. The positions of large changes in contrast modulations coincided with the places where the
magnetic domain walls terminated at specimen edges. The contrast can be interpreted as magnetic fields
leaking out to the vacuum area from the specimen. These experimental results are still at the trial level and
therefore are qualitative. We are working on further developments of the hollow-cone schlieren imaging
method to obtain quantitative data for determining magnetic field behavior.
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Figure 1. (a) Schematic diagram of the optical system for the hollow-cone Foucault (HCF) imaging, (b)
schematics of the relation between an SA aperture hole and diffraction spots for bright-field HCF imaging, (c)
for hollow-cone (HC) schlieren imaging, (d) for dark field HCF imaging, (e) bright-field HCF image, (f) HC
schlieren image, and (g) dark-field HCF image.(a) Schematic diagram of the optical system for the hollow-
cone Foucault (HCF) imaging, (b) schematics of the relation between an SA aperture hole and diffraction spots
for bright-field HCF imaging, (c) for hollow-cone (HC) schlieren imaging, (d) for dark-field HCF imaging, (e)
bright-field HCF image, (f) HC schlieren image, and (g) dark-field HCF image.
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Figure 2. Series of schlieren images depending on the inclination beam angle of the illumination beam, (a)
inclination beam angle of 3.0x10-4 rad, (b) 3.2x10-4 rad, (c) 3.4x10-4 rad, (d) 3.6x10-4 rad, (e) 3.8x10-4 rad,
(f) 4.0x10-4 rad, and (g) 4.2x10-4 rad.
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