<34 T=E> Journal of the Korean Magnetics Society 34(2), 65-76 (2024)

ISSN (Print)  1598-5385
ISSN (Online) 2233-6648
https:/doi.org/10.4283/JKMS.2024.34.2.065

Electron Holography Studies of Magnetic Domains and their Application
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This article explained the background and principles of electron holography that allows us to determine the phase shift of incident
electrons and observe the magnetic domains from a nanometer-scaled area. We reviewed the studies on the application of the electron
holography to various permanent magnets. In particular, we discussed a method for measurement the magnetic flux density of ultra-
thin (~3 nm) grain boundaries within a Nd-Fe-B sintered magnet, which was determined from the phase information. Furthermore, we
proposed a method to extract the information about the demagnetization field within a Nd,Fe ,B single-crystalline specimen from the
electron holography observation (i.e., the reconstructed phase image). The mapping of demagnetization field derived from this method
showed a good agreement with the result of micromagnetic simulation. Therefore, these two methods proposed in this article can be

promising tools for the development of high coercivity in permanent magnets.
Keywords : electron holography, coercivity, Nd-Fe-B magnet, demagnetization field, grain boundary
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42 TEMQ] & A Z(objective lens)2] ™A G==|(spherical
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Fig. 1. (Color online) (a) Electron-beam diagram showing
conventional electron holography. (b) Schematic illustration showing
a cross section of a magnetic bar magnetized in the y direction.
Incident electrons traverse in the —z direction.
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Fig. 2. (Color online) (a) Schematic representation showing the
time reversal of electron trajectories in electromagnetic fields.
Reconstructed phase images representing the contribution of (b)
electric field and (c) magnetic field for a thin-foiled Nd,Fe,,B
magnet.
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Fig. 3. (Color online) (a) Over-focus and (b) under-focus Lorentz images of non-parallel domain walls in Nd,Fe,,B. Box indicates area used
for off-axis holography. (c) Reconstructed phase image from outlined region contoured at 0.5 7 radian intervals. (d) Vertical gradient of (c).
(e) Domain wall width measurements from phase profiles. Circles (top wall) and squares (bottom wall) are phase date, solid lines are linier

fits. The figures are reprinted with permission from [17].
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Fig. 4. Lorentz microscope images (a)~(c) and reconstructed phase
images (d)~(f) of sintered Nd,Fe,,B. The reconstructed phase
images correspond to the rectangular region in (a). The distances
between the needle and the specimen are shown in the figures. The
direction (big arrow) of the needle approaching is also indicated at
the top. The figures are reprinted with permission from [43].
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Fig. 5. (a) Bright field image, (b) Lorentz microscope image, and (c) reconstructed phase image in the same area in a thin-foiled Sm(Co, ;,,F
€0200CUg.055ZT0 025)7s magnet. The small white arrows indicate the cell boundary and domain wall at which magnetic domain walls are present.
The small white arrows in (b) represent the cell boundaries, at which magnetic domain walls are absent. The white large arrow shows the
direction of the c-axis. The figures are reprinted with permission from [44].
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Fig. 6. (a) Reconstructed phase image of demagnetized Alnico 8. (b) Reconstructed phase image after inducing a magnetic field using the
magnetic needle. (c) and (d) are schematic illustration of (a) and (b), respectively. Solid and broken black lines indicate the interaction domain
boundaries. The interaction domain boundaries that are not changed by inducing a magnetic field are depicted by slid black lines. Small black
and white arrows indicate the direction of lines of magnetic flux. Large black and white arrows indicate the direction of approach of the
magnetic needle and the direction of the magnetic field applied in the thermomagnetic treatment, respectively. The figures are reprinted with

permission from [45].
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Fig. 7. (Color online) Methods of determining the magnetic flux density in the GB phase[37]. (a) Schematic cross-sectional view of a thin-foil
composed of only one Nd,Fe,,B grain, A. (b) Line profile showing phase shift of an electron wave (schematic representation) observed along
the P-Q line in (a). (¢) Schematic cross-sectional view of a thin-foil containing two Nd,Fe,,B grains, A and B, and a thin GB phase indicated
by the red line. (d) Line profile showing phase shift of an electron wave (schematic representation) observed along the P-Q line in (c).
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Fig. 8. (Color online) (a) TEM image of the thin-foiled specimen and electron diffraction pattern (inset). The arrow in (a) indicates the projection
of the c-axis in the x-y plane. (b) Phase image of A¢, revealed by electron holography. The area enclosed by the blue lines in (b) indicates the
area for the calculation of H,. (¢) Phase image of Ag,, deduced from the magnetization vector determined by TEM observations. (d) Phase image
of Ag,,, that was calculated by the simulation. (¢) Phase image of Ag,,, determined for the thin-foil specimen. The phase images in (c)~(e) are
presented in the area indicated by the long-dashed lines in (b). The figures are reconstructed with the permission from [77].
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(a) y component of H,

(b) Micromagnetic simulation
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Fig. 9. (Color online) Evaluation of the y component of the demagnetization field (/") in the thin-foil Nd,Fe ,B specimen. (a) Plot of z,H,’
within the thin-foil specimen enlarged from the area indicated by the rectangle in Fig. 8(b). (b) Result of micromagnetic simulation. The

figures are reprinted with the permission from [77].
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