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Introduction: Magnetite is one of major aqueous
alteration products and should be one of major reser-
voirs of magnetic remanence in carbonaceous chon-
drite. Their unique morphology such as framboid and
plaquette, and characteristic magnetic property were
results of their experienced processes and environ-
ments mainly in formation and possibly in oxida-
tion/reduction, heating, shock and so on. Based on
magnetic domain structure of framboidal magnetites in
the Tagish Lake meteorite, we have proposed the for-
mation process, place and timing in the early Solar
System using electron holography [1,2]. To under-
stand a part of the big picture in the early solar system,
here, we applied electron holography to the returned
sample from asteroid (162173) Ryugu and the na-
noscale magnetic domain structures of the framboidal
magnetites were observed.

Sample treatments: Ryugu samples were mount-
ed on an indium plate in the glove box at Tohoku Uni-
versity. The indium plate was supported by silicon
plate with less than 3 x 3 mm? for easier handling. The
samples were packed filled with N, gas and bring to a
glove box at Japan Fine Ceramics Center for the analy-
sis. The glove box has a capability to maintain the
dew temperature of ~-80°C in Ar gas. During the
analysis, all the samples were stored in the glove box.
A part of the sample was transferred to Hitachi Ltd. for
electron holography using a transmission electron mi-
croscope (TEM) with the higher acceleration voltage.

Initially, we tried to work without carbon deposi-
tion in order to maintain the original condition as much
as possible. However, the electrical charging was
large and the first sample was flew off during the
evacuation of a focused ion beam (FIB; Fig. 1). There-
fore, all the samples on an indium plate was coated by
carbon (30 nm in thickness) using a carbon coater
(PECS 11, Gatan Inc.). Specimen is not heated by the
carbon coating, which does not affect to the magnetic
domain structure and remanence of the magnetite.

All analysis was conducted in negligibly weak
magnetic field conditions less than 50 puT from receiv-

ing the sample on JAXA/ISAS curation facility to the
electron holography. Later, scanning TEM-energy
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Fig. 1. An example of a fragment of the returned
sample named A0064-FO010 from the asteroid
Ryugu. AO0064 is a grain collected at the first
touchdown site. All data was collected by a SEM
(JCM-7000, NeoScope, JEOL) with an acceleration
voltage of 5 kV. Scale bars are 20 um. A. Second-
ary electron image. B. Back scatter electron image.
C. Secondary electron image after flew off the sam-
ple from the indium plate during the evacuation of a
FIB. D. EDX spectrum of whole the view area in A
using an EDS analysis system (JED-2300 Analysis
Station Plus) installed in the SEM. The atomic ratio
of iron, oxygen, sulfur, nickel, silicon, magnesium,
aluminum and carbon are 2.9, 51.2, 3.4, 0.7, 15.9,
11.6, 2.1 and 12.2, respectively. E-J. SEM-EDS
mapping data corresponding to iron, oxygen, sulfur,
nickel, silicon and magnesium, respectively.
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dispersive X-ray spectroscopy (EDS) elemental map-
pings, electron diffraction patterns, and electron ener-
gy-loss spectroscopy (EELS) were obtained in normal
magnetic environments in these analytical methods.

All sample preparations and analyses were per-
formed without exposure to air, except for sample
loading and removal into the scanning electron micro-
scope (SEM). The total duration for exposure to the
air is less than 15 s. These samples were still stored in
the glove box at this moment.

Sample selection and preparation of thin section
for electron holography: The samples were observed
using a SEM equipped with an EDS detector (JCM-
7000, NeoScope, JEOL). To preserve a magnetic field
in the environment of the sample stage as weak as pos-
sible, the acceleration voltage was maintained at 5 kV.
In addition to magnetite framboid, individual magnet-
ite particles with similar size and morphology with the
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Fig. 2. Typical framboidal magnetite and its
magnetic structure. A. TEM image of a thin
section of a fragment from the sample A0064-
FOO007 prepared by FIB. Strong contrast (black)
region is tungsten layer deposited to prevent
beam damage during FIB thinning. B. Magnetic
flux distribution image of remanent magnetic
state of magnetites in A observed by electron
holography. Half times phase-amplified for 2.
Each particle has a concentric circular magnetic
field (vortex structure). Scale bars are 1 um.
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magnetite framboid were distributed on the surface of
fragments of the returned sample in SEM images as
shown in Fig. 1. Based on the SEM-EDS elemental
mapping, framboids composed of spherical particles
with iron and oxygen were selected and thin sections
were prepared at -90°C and mounted on a standard
TEM grid using cryo-FIB (NB5000, Hitachi High-
Tech). The thin section was coated by carbon with 30
nm thickness in each face.

Figure 2A shows an example of a thin section of
magnetites with diameters of ~1 pum in a magnetite
framboid. SEM-EDS and STEM-EDS elemental map-
pings and electron diffraction patterns of the particles
were obtained after observation by electron holography
and confirmed that the spherical particles corresponded
to magnetite [3]. Matrix surrounding the magnetites
was phyllosilicate composed of mainly silicon and
magnesium.

Electron holography: The thin section was load-
ed into the electron-holography TEM (HF3300-EH,
Hitachi High-Tech) with an acceleration voltage of 300
kV. The magnetic field of the sample stage in the
TEM is less than ~17 uT.

Five images of holograms were taken with an ex-
posure time of 20 s in each. Phase images reconstruct-
ed by the five images were averaged for precise visual-
ization of the magnetic domains and flux distributions.
The reconstructed image of eclectron wave passing
through the sample has a both information of magnetic
flux and inner potential of the sample. To subtract the
internal potential, the TEM sample was rotated 180°
and another series of holograms were recorded from
the other side of the thin section [1].

Figure 2B is the resulting image showing nanome-
ter-scale magnetic domain structure and magnetic flux
distribution of the framboidal magnetites correspond-
ing to Fig. 2A with a spatial resolution of 14 nm. All
magnetites had vortex magnetic structures and a part of
the magnetic flux leaked out of the particles. External
magnetic flux is detectable as remanent magnetization
in traditional macroscopic measurements. Therefore,
the remanences of framboidal magnetites having vor-
tex magnetic domain states contribute significantly to
the natural remanent magnetization of asteroid Ryugu.
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