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An electron optical system for observing Foucault images was constructed using a conventional
transmission electron microscope without any special equipment for Lorentz microscopy. The
objective lens was switched off and an electron beam was converged by a condenser optical system
to the crossover on the selected area aperture plane. The selected area aperture was used as an
objective aperture to select the deflected beam for Foucault mode, and the successive image-
forming lenses were controlled for observation of the specimen images. The irradiation area on the
specimen was controlled by selecting the appropriate diameter of the condenser aperture. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4748124]

Lorentz microscopy' is a powerful tool for observing
magnetic domain structures with high spatial resolution. The
Foucault mode, which is one of the two typical kinds of
Lorentz microscopy, has a particular advantage in which it
can visualize the domain structure on the nano-meter scale
using in-focus conditions, which the other Fresnel mode can-
not. However, the Foucault mode is disadvantageous in
which the optical system requires an off-centered objective
aperture in order to select the deflected electron beam pene-
trating through the domain to be observed. One solution is
using an electron biprism instead of an objective aperture,’
but the necessity of an objective lens remains.

Most magnetic domain structures in ferromagnetic
materials are affected by the external magnetic field gener-
ated by the objective lens. Many attempts have been carried
out to reduce the magnetic field in which a specimen is
immersed, for example, by switching off the objective lens,’
by positioning the specimen above the objective lens pole-pi-
ece,” and by using specially developed lenses. The methods
by switching-off the objective lens and off-positioning the
specimen are effective for Fresnel method but not for Fou-
cault method. As the Foucault method requires an opaque
mask at the crossover plane (diffraction plane), positional
correlation between the crossover plane and the plane where
the mask is located is rather difficult for the electron optical
system. In order to achieve the appropriate correlation, spe-
cial objective lenses have been developed, for example, an
electrostatic lens,” a magnetic-field shielding lens,® and a
mini-lens’ that is weakly exited for a long focal length.
Although these attempts have succeeded to perform the Fou-
cault method and to observe the magnetic domain structure,
the pole-piece of the conventional objective lens has to be
replaced by special one. As a result, the microscope is dedi-
cated for the observation of magnetic domain structures in
the ferromagnetic materials and then it is impossible to
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obtain the conventional high-resolution images with the
altered pole-piece configuration. Therefore, the microscopes
customized for observing magnetic domain structures are
categorized as Lorentz microscopes. This specialization is
one of the reasons why the Foucault mode has not been
widely and practically utilized.

In order to extend the utilization of a conventional trans-
mission electron microscope (TEM) to magnetic domain-
structure observation, we have developed a Foucault mode
that does not make use of any objective lens, similar to the
Fresnel mode. Furthermore, it was confirmed that the devel-
oped optical system was effective for small angle diffraction
with long camera lengths.®

Figure 1 shows the proposed optical systems for Foucault
imaging mode in (a) and small angle diffraction mode in (b)
by using a non-dedicated electron microscope. The objective
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FIG. 1. Schematic diagrams of optical systems: (a) Foucault imaging mode,
and (b) small angle diffraction mode.
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lens is switched off in order to obtain a field-free region
around the specimen. The condenser lens is then used to con-
trol the electron beam such that after penetrating the speci-
men, it converges to the crossover on the plane where a
selected area (SA) aperture is located. This SA aperture
works as the angular selective aperture of the Foucault imag-
ing method. The SA aperture and the crossover with diffrac-
tion/deflection patterns are imaged by the first image-forming
lens which is set just below the objective lens (see Fig. 1(b)).
When the magnetic domain structure in the specimen is
observed, the focal length of the first image-forming lens is
elongated, and the specimen image is focused on the image
plane which is the object plane of the successive optical sys-
tem (see Fig. 1(a)). The irradiation area and the convergent
angle of the electron beam on the specimen are adjusted via the
condenser optical system, which includes a condenser aperture
and a specialized aperture for scanning transmission electron
microscope (STEM) if the microscope has a STEM mode.
Although the originally installed objective aperture is not
exactly located at the specimen plane, distance between the
objective aperture and the specimen plane is shorter than the
focal length of the first image-forming lens. Then the objective
aperture is possible to be used as the area selective aperture.

In order to eliminate the diffracted/deflected electron
beams that are unnecessary for the Foucault mode, the SA
aperture is set at the optimum position as a normal angular
selective aperture. The proposed optical system is appropri-
ate for this purpose because it is easy to obtain long camera
lengths in diffraction mode. The directly propagated diffrac-
tion pattern of 100-200 mm camera length is composed on
the SA aperture plane. Furthermore, a magnified diffraction
camera length of over 5000 m is easy to achieve by using the
successive image-forming lenses. The proposed optical sys-
tem is also advantageous for experiments related to small
angle diffraction (Fig. 1(b)). Switching between the Foucault
mode and the small angle diffraction mode is done by con-
trolling the first image-forming lens, shown in Fig. 1.

The optical system shown in Fig. 1 was constructed in
the commercial high-resolution electron microscope, HF-
3300 (300-kV acceleration voltage and field emission gun)
by Hitachi High-Technologies Corp. without any modifica-
tion to the optical system (i.e., no magnetic-field shielding
lens and no mini-lens were installed). The specimen was set
at the normal position after switching off the objective lens.
The microscope HF-3300 which has two intermediate lenses
and two projection lenses gave a maximum magnification
factor of 9200 and a maximum camera length of 9700 m
under the condition of the objective lens being turned off.
Images and diffraction patterns were recorded on a charge-
coupled device (CCD) camera (US1000 of Gatan Co.). It can
be estimated that if an imaging-type post column energy fil-
ter, for example, GIF by Gatan Co., is equipped to the micro-
scope, HF-3300, the magnification and the camera length
would be increased about ten-times greater.

Confirmation of the Lorentz microscopy observation
was demonstrated with 180° and 90°/180° domain structures
of a manganite Lag;551r9,sMnO3; (LSMO). The LSMO is
known to have unusual physical properties, such as a colossal
magnetoresistance (CMR) and a metal-insulator transition. An
approximately 100-nm-thick LSMO thin film of [111] orienta-
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tion was prepared by conventional ion-thinning technique’ and
was then utilized to observe the magnetic domain structure of
the ferromagnetic metallic state at room temperature.

Figure 2 shows the Fresnel images of the 180° domains
of LSMO: (a) under-focused (Af= 1.6 mm), (b) in-focus, and
(c) over-focused (Af=—1.6mm) images. The in-focus and
defocus conditions were controlled by the first image-
forming lens. Crystalline twin boundaries for [110] orienta-
tion of rhombohedral structure of LSMO can be seen in all
the panels in Fig. 2. Especially in the in-focus image in (b),
twin boundaries are visible by the difference of Bragg dif-
fraction between the crystalline domains. Ferromagnetic do-
main boundaries, such as domain walls, are visible as black
and/or white lines in (a) and (c). It is clearly shown that the
twin boundaries in (b) correspond to the position of the do-
main walls in (a) and (c). The ferromagnetic domain struc-
ture is correlated to the crystalline structure of LSMO.”

Figure 3(a) shows the small angle electron deflection
pattern, which was recorded at a 300 m camera length, and

FIG. 2. Fresnel images of 180° domains of a manganite LSMO: (a) under-
focus (Af=1.6mm), (b) in-focus (Af=0mm), and (c) over-focus
(Af=—1.6mm).
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FIG. 3. (a) Small angle diffraction pattern, (b) Foucault image from left-
hand spot in (a) of the same area as Fig. 2, and (c) Foucault image from
right-hand spot in (a).

the Foucault images of 180° domains in (b) and (c), which
are the same area as in Fig. 2. The two dispersed spots with
the streak in Fig. 3(a) indicate that the material has 180°
domains with the magnetic domain walls.*'® From the dis-
persed distance in the diffraction pattern, the magnetization
of the LSMO can be evaluated at about 0.44 T at 300K,
when the specimen thickness is about 100 nm. The value is
about half this at the low temperature (<100K) magnetic
state, but it is in good agreement with the evaluation result
by superconducting quantum interference device magnetom-
eter (SQUID).11 It is considered that the continuously
decreasing magnetic component across the domain wall pro-
duces weaker deflections resulting in the streak between the
two spots.'? The similar streak between the two spots is
observed even at a single domain wall by using a small area
selective aperture and an even thinner specimen. In the case
of periodic domain-structure observation by using a larger
area selective aperture, several Bragg diffraction spots corre-
sponding to the periodicity are observed with the streak
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between the two main deflected spots.® So we consider the
streak in Fig. 3(a) comes from Bloch walls, but further analy-
sis is necessary before deciding the wall type.

A 90°/180° domain structure was observed as shown in
Fig. 4(a). The Fresnel image in (a) shows black and white
lines on the walls, and each magnetization direction in the
domains is indicated by colored arrows. The 90° boundaries
between the domains indicated by the red and green arrows
(blue and purple arrows) and 180° domain boundaries
between the red and blue arrows (green and purple arrows)
seem to be of the same width. There might exist a difference
of a factor of 1.4 between the boundary width of the 90° and
the 180° domains; however, the resolution of the image was
insufficient to observe it due to the low magnification factor
of about 1000 and large defocus distance of —2.2mm. On
the other hand, the small angle diffraction with a camera
length of 150m from the 6-um-diameter observation area
shows four dispersed spots in Fig. 4(b). The deflection spots
show us the magnetization direction in each of the domains
directly. As the observation region is thinner than the region
shown in Fig. 2 or 3, the dispersed distances among four
spots in the deflection pattern is shorter when compared to
the pattern in Fig. 3(a). The evaluated thickness is about
70nm or less. The straight streak in the deflection pattern in
Fig. 4(b) corresponds to the Bloch-type walls while the
minor arc streak with weak contrast might correspond to azi-
muth rotation of the magnetization, such as Néel-type walls
or Cross-tie type walls.'? It remains for our future work to
analyze the relation between the streak with weak contrast
and the magnetization distribution. The precisely visualized
contrast in diffraction/deflection patterns will also be
extended to image in real space by using the diffraction mi-
croscopy technique.'?

Each single dispersed deflection spot observed with a
camera length of 150 m of Fig. 4(b) was selected by the SA
aperture of 5 um in diameter and the Foucault image from
each spot was then observed as shown in Figs. 5(a)-5(d),
respectively. The insets of Fig. 5 are corresponding to the
deflection spot with the SA aperture. Foucault images have the
advantage in showing both the domain structure and magnet-
ization direction if a small angle diffraction can be observed
within a single operation time. The proposed optical system
made it possible by controlling the first image-forming lens
only as shown in Fig. 1.

The 90°/180° ferromagnetic domains were colored one
by one and reconstructed in one micrograph in Fig. 6, and the

FIG. 4. (a) Fresnel image of —2.2mm over-focused 90°/180° domains of
LSMO, (b) small angle diffraction pattern of LSMO in (a). Arrows indicate
magnetization direction of the domains.
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FIG. 5. Foucault images of LSMO from each single deflection spot in Fig. 4
(b). Insets are selected single deflection spots shown with a SA aperture of
5 um in diameter. Magnetic domains and spots in the insets correspond to
each other.

inset of Fig. 6 also shows each corresponding deflection spot
and the aperture size. The distribution of 90° domains is
clearly visualized showing that the Foucault method has an
advantage over Fersnel method in Fig. 4(a), i.e., the magnet-
ization distribution among the domains is directly visualized.
It should be noted that there is no boundary between the red
and purple domains (green and blue domains), which might

Appl. Phys. Lett. 101, 093101 (2012)

FIG. 6. Foucault image of LSMO reconstructed from Fig. 5. White circle
shows the area in Fig. 4(a). Colors on domains correspond to each magnet-
ization direction. Inset is a small angle diffraction corresponding to the col-
ored Foucault image which is also reconstructed from insets of Fig. 5 and
superimposed on diffraction of Fig. 4(b).

explain why there is no streak between these spots in the dif-
fraction pattern in Fig. 4(b). Even if the domain boundaries
between the red and purple domains (green and blue domains)
might exist, the boundary length is too short to produce the
streak in the diffraction/deflection pattern in Fig. 4(b).

It is concluded that the proposed Foucault imaging
method with switching off the objective lens can be practi-
cally performed within a non-dedicated high-resolution
TEM. A condenser optical system was applied to the imag-
ing system with the SA aperture being used for the angular
selection of the deflected electron beam. The system was
able to be utilized not only for the Foucault mode but also
for the Fresnel mode. It is also shown that the optical system
is advantageous for the observation of small angle diffraction
by use of camera lengths of greater than 5000 m. We are con-
fident that our proposed optical system will pave the way for
another utilization of the conventional TEM.

The authors would like to thank Professors S. Mori and Y.
Togawa of Osaka Prefecture University for supplying the
LSMO specimens and valuable discussion about the materials.

'J. N. Chapman, J. Phys. D: Appl. Phys. 17, 623 (1984).

2K. Harada, Appl. Phys. Lett. 100, 061901 (2012).

3T. Matsuda, S. Hasegawa, M. Igarashi, T. Kobayashi, M. Naito, H.
Kajiyama, J. Endo, N. Osakabe, and A. Tonomura, Phys. Rev. Lett. 62,
2519 (1989).

“T. Arii, S. Yatsuya, N. Wada, and K. Mihama, Jpn. J. Appl. Phys., Part 1
17,259 (1978).

H. W. Fuller and M. E. Hale, J. Appl. Phys. 31, 1699 (1960).

°T. Hirayama, Q. Ru, T. Tanji, and A. Tonomura, Appl. Phys. Lett. 63, 418
(1993).

’A. C. Daykin and A. K. Petford-Long, Ultramicroscopy 58, 365 (1995).
ST, Koyama, Y. Togawa, T. Takayanagi, S. Mori, and K. Harada, AIP Adv.
2,012195 (2012).

°S. Mori, T. Asaka, Y. Horibe, Y. Matsui, and K. Takenaka, J. Electron
Microsc. 54 (Suppl.1), i65 (2005).

10T, Asaka, T. Kimura, T. Nagai, X. Z. Yu, K. Kimoto, Y. Tokura, and Y.
Matsui, Phys. Rev. Lett. 95, 227204 (2005).

HA. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, and Y.
Tokura, Phys. Rev. B 51, 14103 (1995).

2p 7. Grundy and R. S. Tebble, Adv. Phys. 17, 153 (1968).

130. Kamimura, Y. Maehara, T. Dobashi, K. Kobayashi, R. Kitaura, H. Shi-
nohara, H. Shioya, and K. Gohara, Appl. Phys. Lett. 98, 174103 (2011).


http://dx.doi.org/10.1088/0022-3727/17/4/003
http://dx.doi.org/10.1063/1.3681780
http://dx.doi.org/10.1103/PhysRevLett.62.2519
http://dx.doi.org/10.1143/JJAP.17.259
http://dx.doi.org/10.1063/1.1735428
http://dx.doi.org/10.1063/1.110011
http://dx.doi.org/10.1016/0304-3991(95)00008-O
http://dx.doi.org/10.1063/1.3701703
http://dx.doi.org/10.1093/jmicro/dfi005
http://dx.doi.org/10.1093/jmicro/dfi005
http://dx.doi.org/10.1103/PhysRevLett.95.227204
http://dx.doi.org/10.1103/PhysRevB.51.14103
http://dx.doi.org/10.1080/00018736800101286
http://dx.doi.org/10.1063/1.3582240

	f1a
	f1b
	f1
	n1
	f2
	f3a
	f3
	f4a
	f4b
	f4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	f6
	f5a
	f5b
	f5c
	f5d
	f5

