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ABSTRACT

The effects of various branches geometry and dimensions such as length, thickness, and width for H-, U-, O-, YH- and YU-shaped alnico
structures on coercivity (H,;) using micromagnetic simulation for coherent rotation and curling modes are investigated. The simulation
results suggest that the H-shaped structure needs long and short branch length for the coherent rotation and curling, respectively, regardless
of branch thickness and width to realize high H,;. Short branch length with thin thickness and short width are recommended for both rotations
for the U- and O-shaped structures. Lastly, both Y-shaped structures need branch with long length, thin thickness, and mid-long width for the
coherent rotation, but short width for the YH-shaped and mid-long width for the YU-shaped regardless of length and thickness for curling
are desired. Furthermore, among the five studied structures, H- or YH-shaped structure for coherent rotation and O-shaped structure for
curling are highly recommended for fabrication to realize a high H.;.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000298

I. INTRODUCTION

Due to high saturation magnetization (M), small operating
temperature coefficient of M, and high Curie temperature, alnico
permanent magnets (PMs) received much attention.' ’ Despite
these advantages, its relatively low intrinsic coercivity (H) has
lessened its market growth in various applications.’

Among reported processes, the thermal-magnetic process
(TMP) has achieved the highest H; of 162 kA/m.” In this pro-
cess, an external magnetic field is applied along with the casting
direction during the annealing process to elongate ferromagnetic
FeCo-rich rods (a;-phase) embedded in a non-magnetic Al-Ni-rich
matrix (az-phase) to increase the shape-anisotropy constant and
make the rod end circular, resulting in cylindrical rod.”” How-
ever, during the TMP, an a;-phase branch also forms between
two a;-phase rods and causes H; to decrease."* To observe the
effects of such branch on H,, Ke simulated alnico structure with

two different branch positions on Z-axis using micromagnetic sim-
ulation and concluded that the branch connected on the bottom
or both bottom and top of the rectangular rod, namely U- and
O-shaped structure, showed lower H; than the branch connected
on the middle, namely H-shaped.* Furthermore, Won investigated
the effects of various branch geometries and dimensions on H,;
for the H- and U-shaped alnico structures having rectangular «;-
phase rectangular rods and found their optimal branch dimensions.”
However, these studies investigated the effect of the branch on
the a;-phase rectangular rod, not the cylindrical rod, as observed
experimentally.” Further, the branch can be formed in a Y-shaped
structure during the TMP, as reported in Refs. 1 and 2. Thus,
this paper investigates the effects of branch length (L), thickness
(TB), and width (W) on H, for five structures, including H-,
U-, O-, YU-, and YH-structures, using a micromagnetic simula-
tor when a;-phase cylindrical rod experiences coherent rotation
and curling.
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Il. MICROMAGNETIC SIMULATION SETUP

Figure 1 shows the structures of alnico used in the simula-
tion. The alnico element was divided into 1x1x2 nm® cell size
with an aspect ratio of 8 and simulated with 1 Oe field steps
using LLG micromagnetic simulator v2.63b° to obtain M-H hys-
teresis loop. In this simulation, M; of 1671 and 0 emu/cc and
exchange stiffness (A) of 1.1x10™" and 0 J/m for a;- and as-phase
are used, respectively.” Two different a;-phase diameters (D),
10 and 25 nm, were chosen to observe the effects of the rod’s
spin rotation on H,. These Dq; are chosen because when Dy; is
below 12.8 nm, the coherent rotation dominates, while the curling
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dominates for D,; above 12.8 nm.' For all structures, these effects
were observed:

(i) Lpfrom 10 to 20 nm at T of 30 nm and Wg of 20% of Dy;.
(ii) Tpfrom 15 to 125 nm at Lp of 15 nm and Wy of 20% of Dy;.
(iii) Wp from 20 to 80% of Dy; at Ts of 30 nm and Lp of 15 nm.

Ill. RESULTS AND DISCUSSION
A. Branch length

Figure 2 shows the effects of Lg on different structures’ H,;, hav-
ing Tp and Wp listed above for Dg; of 10 and 25 nm. H; of the
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FIG. 2. H,; versus Lg for D, of (a) 10 nm and (b) 25 nm. Surface spin configuration of O-shaped structure with D, of 10 nm and Lg of (c) 10 nm and (d) 15 nm.
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H- and Y-shaped alnico structure increases as Lp increases from
10 to 20 nm, while H; of other structures decreases for D,; of
10 nm. For Dg; of 25 nm, a constant H,; of 268.2 and 262.6 kA/m
for the H- and Y-shaped structures is observed, respectively. For
the U- and O-shaped structures, H. decreases from 257.8 to
222 kA/m and 266.6 to 245.1 kA/m, respectively. This decrease in
H,; for the U- and O-shaped structures is attributed to the in-plane
magnetic spin orientation of the cylindrical rods. Compared to the
spin orientation in Fig. 2(c), the spin orientation shown in Fig. 2(d)
points more perpendlcular to the applied field (H,pp) direction as Lp
increases from 10 to 15 nm. H,; increase for the H- and Y-shaped
structure is mainly attributed to a 2 % per Lp decrease in exchange
energy (Eex).

Accordingly, the simulation result suggests longer Lp for the
H- and Y-shaped structures and shorter Lp for the U- and O-shaped
structures when the rods experience coherent rotation. For the curl-
ing, a shorter Lp is recommended for the U- and O-shaped structure,
while any L for other structures.

90
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110 130
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FIG. 3. H,; versus Tg for D, of (a) 10 nm and (b) 25 nm. Surface spin configuration of O-shaped structure with D4 of 10 nm and T of (c) 15 nm and (d) 30 nm.

B. Branch thickness

Figure 3 shows the effects of T on H,; of five different struc-
tures having Lg of 15 nm and W of 20% of Dy; when the cylindrical
rod experiences coherent rotation and curling. For the H- and
YH-shaped structures experiencing coherent rotation, H,; remains
constant at 558.7 and 557.1 kA/m, respectively, with respect to
Tg. For the others, H,; first decreases and remains constant. The
decrease in H,; is mainly attributed to the in-plane spin orientation
of the branch, resulting in the in-plane orientation of the cylin-
drical rods as T increases. As illustrated in Fig. 3(c) and (d), the
magnetic spin direction of the O-shaped structure having shorter
T [Fig. 3(c)] is parallel to Hgpp direction, while perpendicular for
the structure with longer T [Fig. 3(d)]. For curling, although H,;
of the H- and Y-shaped structure shows fluctuation, since fluctua-
tion is only 1-2%; H; can be assumed constant with respect to T'p.
For the U- and O-shaped structures, H,; decreases from 257.8 and
266.6 kA/m to 222.1 and 245.1 kA/m, respectively. This decrease
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TABLE I. Recommended alnico structures for high coercivity.

scitation.org/journal/adv

Parameter H-shaped U-shaped O-shaped YH-shaped YU-shaped
Branch length, Lp Long/Short Short/Short Short/Short Long/Any Long/Any
Branch thickness, T’ Any/Any Thin/Thin Thin/Thin Thin/Any Thin/Any
Branch width, W Any/Any Short/Short Short/Short Mid-long/Short Mid-long/Mid-long
1.0 : 1.0 - M- . ;
( —H---0 —---YH
2 05 2 054 - -U—--YU . g g
2 2 y ; : FIG. 5. Normalized M-H hysteresis loop
= = . ¢ of five structures showing highest H; for
E ool E oolilr_, ’l i | D, of (a) 10 nm with branch dimensions
= = il |i for H-, YH-, and YU- (Lg: 20 nm, Tg:
= = a4 15 nm, Wp: 4 nm), U- and O- (Lg: 10 nm,
= s = s V]t Tg: 15 nm, Wa: 2 nm), and (b) 25 nm
=272 270 -268  -266  -264 with branch dimensions for H-, YH-, and
A ) YU- (Lg: 10 nm, Tg: 65 nm, Wpg: 15 nm),
-1.0 -1.0 U- and O- (Lg: 10 nm, Tg: 15 nm, Wp:
750 -500 250 0 250 500 750 300 -200 -100 0 100 200 300 5nm).
Applied Field, H (kA/m) Applied Field, H (kA/m)
(a) (b)

is also attributed to the in-plane spin orientation of the branch, as
explained above.

Thus, it can be concluded that the structure having a branch
on the bottom demands thinner T, while any T for the structures
having branch on the middle for both rotations.

C. Branch width

Figure 4 shows the effects of Wp on H.; of five alnico struc-
tures, having Lp of 15 nm and T’ of 30 nm at Dq; of 10 and 25 nm.
For Dy; of 10 nm, the H-shaped alnico’s H,; remains constant at
558.7 kA/m, while H,; of the YH-shaped structure first increases
from 540.3 to 557 kA/m and remains constant as Wp increases.
For the U- and O-shaped structures, a positive quadratic trend
is observed for H., while a negative quadratic trend is observed
for the YU-shaped structure. For Dq; of 25 nm, similar trends are
observed. These trends are attributed to change in E., with respect
to Wp.

These results suggest short Wp for the U- and O-shaped struc-
tures, any W for the H-shaped structure, and mid-long W for the
YU-shaped structures for both rotations. For the YH-shaped struc-
tures, the branch with mid-long W3 for coherent rotation and short
W for curling is demanded.

D. Optimal alnico structure and performance
comparison between structures

Table T summarizes the recommended branch geometries for
each alnico structure when a;-phase rod experiences coherent rota-
tion and curling. Fig. 5 illustrates the normalized M-H hystere-
sis loop of each alnico structure with optimal branch dimensions
exhibiting the highest H.; for both rotations. Accordingly, the H-

, U-, O-, YU-, and YH-shaped structures can realize H,; of 575,

533, 553.9, 565, and 573 kA/m, respectively, when the a;-phase rod
experiences coherent rotation. For curling, the H-, U-, O-, YU-, and
YH-shaped structures can realize H; of 268.2, 265.8, 270.6, 266.6,
and 266.6 kA/m, respectively.

The simulation results also show that high H,; is observed for
the O-shaped structure, compared to that of the U-shaped struc-
ture for all branch geometries. This is mainly attributed to the
formation of Ts. As Fig. 3(a) shows, H; of the U- and O-shaped
structures are the same when the U-shaped structure has half of T
of the O-shaped structure. This is because when T’z equals 30 nm,
the U-shaped structure has a 30 nm thick branch on the bottom,
while the O-shaped has a 15 nm thick branch on the bottom and
top (net T of 30 nm). The simulation results suggest that fabri-
cating thin T’ in the direction of Hypp is recommended to realize
hlgh H, ci+

In overall, alnico structure with the branch on the middle Z-
axis for the coherent rotation and O-shaped alnico structures for the
curling are highly recommended to realize a high H..

IV. CONCLUSIONS

The effects of various branches’ geometry and dimensions of
five different alnico structures on coercivity (H.;) were evaluated
for coherent rotation and curling using micromagnetic simulation.
The H-shaped structure demanded the branch with long length (L)
regardless of branch thickness (T) and width (W3p) for coherent
rotation. For curling, the structural design with short L, any T,
and long Wp was demanded to realize a high H,;. For the U- and
O-shaped structures, fabricating alnico with short Lg, thin T, and
short W3 is recommended for both rotations. Lastly, the YH- and
YU-shaped structures demanded the branches with long L, thin T,
mid-long W for coherent rotation and short Wp for the YH-shaped
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and mid-long W for the YU-shaped regardless of L and T for
curling.
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