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The effect of soft phase on magnetic properties and magnetization reversal

process of Nd-Fe-B based multilayers

Weiwei Pan®!

, Yuying Wang & Yanyan Lu
(College of Big Data and Intelligent Engineering, Guizhou University of Commerce, Guiyang,
China)

Abstract: The soft phase significantly influenced the magnetic properties of
Nd-Fe-B based nanocomposite multilayers, the effect structure and type of soft phase
on magnetic properties and magnetic reversal process of multilayers were
systematically investigated based on micromagnetic method. NdFeB is the hard phase
and a-Fe is the soft phases to form soft/hard bilayer, hard/soft/hard and soft/hard/soft
trilayers, the calculation results indicated that the B; increases monotonically while the
H. decreases with increase of soft layer thickness Ls. However, the (BH)max of three
multilayers all show an initial increase followed by a decrease with increase of Ls, the
soft/hard/soft trilayers has the highest (BH)max value of 84.54 MGOe at Ls = 4 nm
compared to other multilayers. The increasing trend of (BH)max Wwith soft phase
structure mainly attribute to the increase in B;. The magnetic moment distributions in
three multilayers demonstrate the soft/hard layer interfaces differ leading to the
distinct forms and magnitudes of magnetic moments. The (BH)max of Nd-Fe-B based
trilayers with FeisN2, FegsCoss, and FesB as soft phase reaching maximum values at
Ls = 4 and 3 nm, respectively; with (BH)max = 109.38, 92.01, and 65.40 MGOe,
primarily attributable to the high Ms and B: of soft phase. The magnetic moment
distributions in the NdFeB/FesN trilayers display a progress of three-step magnetic
reversal, which the coercivity mechanism is pinning. The results demonstrate that the
soft/hard/soft trilayers has high B and (BH)max, while the NdFeB/FesN; trilayers is
candidate for high magnetic properties materials.

Keywords: Micromagnetic simulations; Soft/hard phase exchange coupling;

Coercivity; Maximum energy product

Introduction

In 1984, Sagawa and Croat fabricated the Nd>Fe14B permanent magnet with high
saturation magnetization (1.61 T), high magnetic crystal anisotropy field (70 kOe),

and high maximum energy product (BH)max = 64 MGOe, this permanent magnet has
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the highest magnetic performance available today and is renowned as the “Magnetic
King”!”*. To meet the demands of modern scientific and technological advancements,
researchers have consistently pursued higher energy product. The experiment
prepared Nd>Fe4sB permanent magnet exhibits a (BH)max of 59.5 MGOe which
achieving 93% of the theoretical value, representing the highest energy product®.
Once the energy product of Nd>Fei4B permanent magnet is raised to a certain level, it
hits a bottleneck, leaving little room for further improvement. A major leap in energy
product will requirt the emergence of a new material. In 1989, Coehoorn et al. first
reported that the remanence enhancement effect in Nd:FeisB-based double
nanocrystalline composite materials which improves the coercivity and energy
product of permanent magnets’. Skomski and Coey pointed out that the theoretical
(BH)max value for the SmyFe7N3/FessCoss multilayers can reach 1 MJ/m® (125
MGOe)®. Therefore, soft/hard exchange-coupled composite permanent magnets are
poised to become the fourth-generation rare-earth permanent magnet and thus have
emerged as a focal point of research®!®. However, the experimental measured (BH)max
value is significantly lower than the theoretical value; this is primarily attributed to
the inverse relationship between remanent and coercivity. The high saturation
magnetization of soft phase enhances the remanent, while the low magnetic
crystalline anisotropy field reduces the coercivity. The soft phase has a significant
impact on the magnetic performance and energy product of soft/hard
exchange-coupled composite magnets.

For soft/hard exchange-coupled nanocrystalline magnets, both theoretical and
experimental studies have shown that when the grain size of soft phase is
approximately twice the width of the Bloch domain wall in the hard phase!”'°, the
composite magnet exhibits excellent exchange coupling interaction; the remanence
enhancement effect increases the energy product. When NdzFei4B is used as the hard

phase (5, =7V A4/K = 4.2 nm), the optimal grain size for the soft phase ranges from 5

to 10 nm. However, it is experimentally challenging to prepare the soft phases with
grain sizes below 10 nm and regular, uniform grain shapes, as well as hard phases that
exhibit an ideal, uniformly oriented grain arrangement in nanocrystalline composite
magnets. Thanks to advances in thin-film fabrication technologies, soft/hard
exchange-coupled composite multilayers allow for precise control over the

composition, microstructure, and film thickness of the soft and hard phases; by



adjusting experimental parameters to align the easy-axis orientations of the two
phases in a consistent manner, this represents an effective approach to achieving the
high energy product’*2’. The (BH)max value of the Nd.FeisB/FessCoss nanocomposite
multilayers synthesized by Cui et al. reached 61 MGOe?®. Via the micromagnetic
simulation, the (BH)max value for Nd:Fe:sB/a-Fe multilayers with soft layer thickness
of 10 nm is 80 MGOe?, for the Nd:FeisB/FessCoss bilayer film with soft layer
thickness of 1 nm, (BH)max = 561.61 kJ/m? (70.6 MGOe)*’; and for the SmCo/Fe
bilayer film with soft layer thickness of 2 nm, (BH)max = 40.2 MGOe>!. No fixed soft
layer thickness has been identified in soft/hard exchange-coupled multilayers that can
achieve the optimal (BH)ma value, the (BH)ma is influenced by various factors
including the hard and soft phase, film structure, and simulated parameters.

This study employs a micromagnetism simulation method, using NdFeB as the
hard phase, and focuses on soft/hard exchange-coupled bilayer and trilayer films to
investigate the influence of the soft phase structure on remanence, coercivity, energy
product, and magnetization reversal, as well as to determine the conditions under
which the optimal (BH)max value can be achieved. By transforming the soft phases
into a-Fe, FeisN2, FeesCoss, and FesB, the influence of soft phase type on energy
product of the multilayers was investigated. The results presented in this paper can
provide theoretical support for the design and fabrication of thin films with high

magnetic properties.

Calculation model and method

The Mumax3 micromagnetism simulation software was employed to calculate
soft/hard exchange-coupled multilayers; the two- and three-dimensional model are
shown in Fig. 1. The yellow color represents the soft layer; the blue color represents
the hard layer, type a represents the typical soft/hard bilayer; type b (hard/soft/hard
trilayers) is formed by adding a soft phase to type a; similarly, type ¢ (soft/hard/soft
rilayers) is formed by adding a soft layer to type a. Set the hard layer thickness to Ln =
10nm and the soft layer thickness to Ls = 1 ~ 10 nm; the subscripts h and s denote the
hard and soft layer, respectively. NdFeB represents the hard phase, while a-Fe, FeisNa,
FessCozs and FesB represent the soft phases; the magnetic parameters used in the

simulation are listed in Table 1, where Ms, K, A, and M’/M”" are the saturation

magnetization, magneto-crystal anisotropy constant, exchange coupling constant, and



saturation magnetization ratio of soft and hard phase.

The three-dimensional scheme of soft’/hard exchange-coupled multilayers is
shown in Fig. 1(d), the vertex at the bottom surface is taken as the origin O, and an
o-xyz coordinate system is established. The film surface lies within the x-y plane, with
both its length and width measuring 500 nm. The easy axes of both phases denoted by
e and the applied field H are assumed to be in the +y direction. Nd-Fe-B Bloch wall
width 6,=4.2 nm, the grid size is set to 4 nm X 4 nm % 1 nm which is close the J,.

(b) (c)

(a)

X

Fig. 1 Two- and three-dimensional scheme for three soft/hard exchange-coupled
multilayers, (a) type a: soft/hard bilayer, (b) type b: hard/soft/hard trilayers, (c) type c:

soft/hard/soft trilayers, and (d) basic scheme in this work.

Table 1 Simulated magnetic parameters of the hard and soft phase

Magnetic phase | Ms/(10°A/m)  K/(10°J/m?)  A4/(10"2J/m)  m>/Mm"
Nd,Fe 4B 1.28 4.3 7.7
o-Fe 1.71 0.046 25 1.34
Fei16N2 2.235 0.25 32.5 1.75
FessCoss 1.934 0.01 16.7 1.51
Fe;B 1.30 0.20 8.11 1.02

Results and discussions
The influence of structure of soft phase

a-Fe is the soft phases, which forms NdFeB/a-Fe nanocomposite bilayers and
trilayers, the influence of the structure of soft phase was investigated. Fig. 2 compares
the demagnetization curves of types a, b, and c, the shapes of demagnetization curves

for the three multilayers are similar; as soft layer thickness Ls increases, the shape of



curve gradually change from rectangular to elliptical. The rectangular curve indicates
that the soft layer is strongly coupled to the hard layer, and the multilayers exhibits a
single hard phase externally. When Ls increases to a certain value, the
demagnetization curve begins to exhibit a knee-shaped turn, indicating that the
exchange coupling between the soft and hard phase starts to weaken, and the magnetic
reversal processes of the two phases become separated. Curves of types a, b, and c all

have a good remanence ratio, m; = 1.
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Fig. 2 Demagnetization curves for types a, b, and c¢ of the NdFeB/a-Fe nanocomposite

multilayers

Based on the demagnetization curves, the variation trends of the soft phase
volume fraction f;, remanence B, coercivity H., and maximum energy product
(BH)max for types a, b, and ¢ with Ls can be obtained, as shown in Fig. 3. The f; and B:
of the three multilayers both monotonically increase with the increase of Ls, and the
variation trends of f; and B: are consistent. Type b has two hard layers and one soft
layer, resulting in the lowest fs value; whereas type c has two soft layers and one hard
layer, resulting in the highest fs value. Since the M; of soft phase a-Fe is higher than
that of hard phase NdFeB, type b has the lowest B;, whereas type ¢ has the highest B:.
When Ls increases from 1 nm to 10 nm, the B; of types a, b, and ¢ increase from 1.65,
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1.63, and 1.70 T to 1.87, 1.79, and 1.95 T, respectively; with increases of 13.3%,

9.8%, and 14.7%. The increase in B: will be conducive to improving the energy

product.
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Fig. 3 The variation trends of fs, Br, Hc and (BH)max for types a, b, and ¢ of the
NdFeB/a-Fe multilayers as a funcion of Ls

Table 2 The (BH)max values for types a, b, and ¢ of the NdFeB/a-Fe multilayers for

various Ls
soft layer thickness type a type b type ¢
Ly/nm (BH)max/MGOe
1 68.61 66.61 72.09
2 72.09 68.58 77.60
3 74.98 70.40 81.85
4 77.28 72.08 84.54
5 76.70 73.55 83.52
6 73.22 74.92 78.52
7 68.14 75.91 71.57
8 62.58 76.42 63.28
9 57.31 76.08 55.92
10 52.14 75.11 49.10

As shown in Fig. 3, the coercivity of types a, b, and c all decrease with the

increase of Ls. At all soft layer thicknesses, type b has the highest coercivity, while
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types a and ¢ have similar coercivity. The Hc of types a, b, and ¢ decreases from
36.30, 47.10, and 35.70 kOe at Ls = 1 nm to 5.42, 11.02, and 5.42 kOe at Ls = 10 nm,
representing reductions of 85.2%, 76.6%, and 84.8%, respectively. The lower
magneto-crystalline anisotropy field of soft phase dilutes the magneto-crystalline
anisotropy field of hard phase, leading to the decreasing trend of Hc. Type b has one
soft layer and the lowest fs , thus having the minimum impact of the soft phase on the
reduction of coercivity, resulting in the highest H. value. Exchange coupling occurs at
the interface between the soft and hard phases, this exchange coupling causes the
magnetic moments on both sides of interface to deviate from their respective easy
axes, allowing the magnetic moments of both phases to align with the applied field H,
which weakens the ability of the multilayers magnetic moments to resist reversal by
the H, leading to a significant reduction in coercivity. Compared to type a, type ¢ has
two soft layers, but its coercivity does not decrease significantly, which plays a
positive role in improving the energy product.

As shown in Fig. 3, the (BH)max of types a, b, and c all show an initial increase
followed by a decrease with the increase of Ls, reaching maximum values of 77.28,
76.42, and 84.54 MGOe at Ls = 4 nm, 8 nm, and 4 nm, respectively; the specific
values are listed in Table 2. The soft layer thickness at which types a and ¢ exhibit the
maximum (BH)max value is approximately equal to the Bloch wall width of NdFeB (
0,= 4.2 nm), while the soft layer thickness at which type b exhibits the maximum

(BH)max value is approximately twice that. The increased remanence and decreased
coercivity jointly affect the energy product. When remanence and coercivity reach an
equilibrium at a certain soft layer thickness, the NdFeB/a-Fe multilayers achieves the
optimal (BH)max. This soft layer thickness is not a fixed value but is influenced by the
soft phase structure. The increasing trend of (BH)max With Ls mainly stems from the
increase in remanence, while the decreasing trend of (BH)max 1s primarily attributed to
the significant reduction in coercivity. When Ls < 6 nm, the (BH)max value of type c is
higher than that of types a and b, which is mainly due to the higher remanence.
Literature 29 reported the (BH)max of 80 MGOe for Nd>FeisB/o-Fe magnetic
multilayers at Ls = 10 nm, which is lower than the (BH)max value of type c in this
study (84.54 MGOe). The difference in simulated values may arise from differences
in calculation methods, magnetic film thickness, and simulation parameters.

Therefore, the type c trilayers can be used to prepare high-performance magnetic



films.
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Fig. 4 Magnetic moment distributions before magnetization reversal for types a, b,

=-12.25 kOe;
-11.90 kOe

4 nm, (al-a3): type a, H

and c of the NdFeB/a-Fe multilayers at Ls

(c1-c3): typec, H

=-21.00 kOe;

:type b, H

(b1-b3)

The demagnetization curve characterizes the macroscopic magnetic properties of

magnet, while the magnetic moment distributions clearly reflects the microscopic

features during the magnetization reversal process. Fig. 4 shows the magnetic moment

distributions of types a, b, and c at various applied field H before magnetization

4 nm. Due to the high magneto-crystalline anisotropy field of NdFeB,

reversal at L

its magnetic moments are difficult to deflect, whereas a-Fe has three easy axes and its

magnetic moments are easily deflected. Magnetization reversal nucleation occurs in

the soft layer, and then drives the deflection of the magnetic moments in hard layer.

As shown in the Fig. 4 (al) - (a3), when H = -12.25 kOe, most of the magnetic

moments inside the soft layer of type a have already deflected, exhibiting a left-right



symmetric "C"-shaped distribution; meanwhile, the magnetic moments inside the hard
layer still maintain their initial magnetization state, i.e., along the +y axis. Driven by
the magnetic moments in the soft layer, the magnetic moments at the four corners and
sides of the interface between the soft and hard layers begin to deflect.

In type b, the two hard layers are strongly coupled to the soft layer, and exchange
coupling occurs at two interfaces. As shown in Fig. 4 (bl) - (b3), the high anisotropy
of the hard phase fixes the magnetic moments of soft phase along the easy axis, until
H = -21.00 kOe the magnetic moments at the four corners and sides of the film
surface inside the soft layer deflect, driving the deflection of the magnetic moments at
the interface, while the magnetic moments inside the hard layer maintain their initial
magnetization state. As shown in Fig. 4 (c1) - (c3), in type ¢ the two soft layers are
coupled to one hard layer at the two interfaces, most of the magnetic moments inside
the soft layer can deflect at a relatively small applied field of # = - 11.90 kOe, driving
most of the magnetic moments at the interface to deflect, with a higher degree of
deflection than type a. Therefore, the soft phase structure significantly affects the

magnetization reversal process of NdFeB/a-Fe multilayers.
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Fig. 5 Magnetic moment distributions after magnetization reversal fo a, b, and

]

type
c of the NdFeB/a-Fe multilayers at Ls= 4 nm, (a) type a: H=—12.60 kOe; (b) type b:

H=-21.35kOe; (c) type c: H=-12.25 kOe

When the applied field before magnetization reversal of types a, b, and c is
slightly reduced, the magnetic moments can complete their deflection. Fig. 5 shows
the magnetic moment distributions of the three multilayers after magnetization
reversal. When H =-12.60, -21.35, and -12.25 kOe, all magnetic moments of types a,
b, and ¢ deflect 180° from their initial saturated magnetization state (along the +y
axis) to the -y axis direction. The negative values of the average applied fields before

and after magnetization reversal for types a, b, and ¢ are H, = 12.43 kOe, Hy = 21.17



kOe, and H. = 12.08 kOe, respectively. These average values are close to the
coercivity obtained from the demagnetization curves: Hea = 12.42 kOe, Hep = 21.52
kOe, and H.. = 12.42 kOe. Therefore, the NdFeB/a-Fe multilayers undergo

magnetization reversal near the coercivity.

The influence of type of soft phase

To study the influence of type of soft phase on magnetic properties of Nd-Fe-B
based multilayers, FeisN2, FeesCoss, and FesB were taken as the soft phase to form
type c trilayers, and compared with type ¢ where a-Fe was the soft phase. Fig. 6
shows the hysteresis loops of Nd-Fe-B based trilayers with FeisN> and FesB as the
soft phase. As shown in Fig. 6, with the increase of Ls, the hysteresis loop of the
NdFeB/Fei1sNy trilayers gradually changes from rectangular to elliptical, similar to the
types of a, b, and ¢ NdFeB/a-Fe multilayers as shown in Fig. 2, and also similar to the
NdFeB/FegsCoss trilayers. When Ls = 1 ~ 2 nm, the hysteresis loop of NdFeB/Fe;B
trilayers is rectangular. Starting from Ls = 3 nm, a knee -shaped turn appears in the
hysteresis loop. When Ls = 6 ~ 10 nm, the hysteresis loop shows a significant waist,
exhibiting typical soft magnetic behavior, with the soft and hard phases undergo
decoupling. The high anisotropy of hard phase can no longer fix the magnetic
moments of soft phase, leading to the deflection of the soft phase magnetic moments

at low fields, resulting in the separation of the magnetization reversal of the two

phases.
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Fig. 6 Hysteresis loops of Nd-Fe-B based trilayers with Fei;sN2 and Fe;B as soft

phases

The trends of B:, Hc, and (BH)max of Nd-Fe-B based trilayers with soft phases of
Fei6N2, FessCoss, a-Fe, and FesB as a function of Ls are obtained from the hysteresis

1



loops, as shown in Fig. 7. The M; value of NdFeB/Fe3;B trilayers is close to that of
NdFeB, Mm’/Mm!= 1.02, the increase in B:r of FesB with Ls is relatively small,

increasing from 1.61 T at 1 nm to 1.62 T at 10 nm, an increase of only 0.62%. The B:
values of the trilayers with FeisN2, FeesCo3s, and a-Fe as soft phases all increase
monotonically with Ls, and the increasing trends are consistent with the values of

M?/M!" The Msand M’/M!(=1.75, as shown in Table 1) values of Fei¢N: are the

highest , so the NdFeB/Fe 6N trilayers has the highest By, increasing from 1.81 T at 1
nm to 2.39 T at 10 nm, an increase of 32.04%.

The H. of the trilayers with FeisN2, FeesCoss, and o-Fe as soft phases all
decrease monotonically with Ls. At all soft layer thicknesses, the H. value of the
NdFeB/a-Fe trilayers is slightly higher than those of the NdFeB/FeisN> and
NdFeB/FessCoss trilayers, with the H. values of the latter two being very close. The
NdFeB/FesB trilayers has the highest Hc, which first decreases and then increases
with Ls, reaching a peak at Ls = 6 nm (H. = 15.11 kOe) before decreasing again. The
intermediate increase in H. is mainly due to the decoupling effect between the soft
and hard phases at high soft layer thickness.

As shown in Fig. 7, the (BH)max of Nd-Fe-B based trilayers with FeisNo,
FessCoss, and FesB as soft phases all show an initial increase followed by a decrease
with Ls, reaching maximum values at Ls = 4 nm and 3 nm, respectively; with (BH)max
= 109.38, 92.01, and 65.40 MGOe. The specific values are listed in Table 3. The
NdFeB/FesN; trilayers has the highest (BH)max value, which is mainly attributed to
its largest B:; the increase from Ls = 1 nm to 4 nm is 33.91%. The (BH)max value of
NdFeB/FegsCoss trilayers increases by 21.02% from Ls = 1 nm to 4 nm. The (BH)max
value of NdFeB/FesB trilayers shows the smallest increase, only 0.83% from Ls = 1
nm to 3 nm, which is mainly due to the small increase in B:. The (BH)max of the
soft/hard/soft c-type NdFeB/FeisN> trilayers for Ls < 8 nm is superior to the (BH)max
of the Nd>Fe14B/ " -Fe1sNz bilayer in literature 32 (81.7 MGOe) .The (BH)max of the
NdFeB/FessCoss trilayers for Ls < 6 nm is superior to the (BH)max of the
Nd>Fe14B/FegsCoss bilayer in literature 30 (70.6 MGOe), and also superior to the
(BH)max = 630 kJ/m?® (79.14 MGOe) of the Nd,Fei4B/FessCoss/NdoFe4B trilayers

reported in literature 33.
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Fig. 7 The variation trend of magnetic properties of Nd-Fe-B based trilayers with

Fei16N2, FeesCoss, a-Fe, and FesB as soft phases as a funcion of Ls

Table 3 The (BH)max values of Nd-Fe-B based trilayers with Fe1sN2, FessCoss, and
FesB as soft phase

soft layer thickness Fei6N2 FessCoss Fe:B
Ly/nm (BH)max/MGOe
1 81.68 76.03 64.86
2 95.09 84.83 65.22
3 105.54 91.31 65.40
4 109.38 92.01 65.12
5 105.54 84.88 64.45
6 98.38 74.40 61.11
7 89.87 62.15 55.97
8 81.88 52.23 50.19
9 74.11 43.43 44.75
10 65.90 36.14 39.85

To analyze the coercivity mechanism of NdFeB/FesN; trilayers, Fig. 8 shows

the magnetic moment distributions at the interface between soft and hard layer at Ls =

1



4 nm. When the applied field (H = 30.00 kOe) is in the positive saturation state, the
magnetic moment direction is consistent with the applied field direction, i.e., along
the +y axis. When the applied field decreases to - 2.45 kOe as shown in Fig. 8 (b), the
magnetic moments at the four corners of film surface begin to deflect by a small
angle, while the magnetic moments over a large area still maintain their initial
magnetization state. At this point, the opposite of the applied field is called nucleation
field, Hx = 2.45 kOe. As the applied field continues to decrease, the magnetic
moments at the interface deflect and diffuse towards the edges. When H = - 8.05 kOe
as shown in Fig. 8 (¢) , the magnetic moments at the edges of the film surface deflect
in-plane by about 45°. When applied field decreases to near the coercivity (H = - 9.80
kOe, as shown in Fig. 8 (d)), the magnetic moments at the edges of the film surface
have completed a 90° deflection and drag the surrounding magnetic moments to
deflect, putting the trilayers in a critical state. As shown in Fig. 8 (e), a slight decrease
in the applied field to - 10.15 kOe leads to the irreversible movement of the domain
wall, and the magnetic moments complete their reversal. At this point, the opposite of
applied field is called pinning field, Hp = 10.15 kOe. When the applied field decreases
to the reverse saturation field (4 = - 30.00 kOe), all magnetic moments complete the
180° reversal, i.e., along the -y axis, and reach saturation in the reverse direction. The
H. (= 10.32 kOe) of the trilayers is greater than the Hx while approximately equal to
the Hp, indicating that the coercivity mechanism is pinning. The magnetization
reversal process of NdFeB/FeisN: trilayers undergoes demagnetization nucleation,
reverse domain expansion, and irreversible reversal of the magnetization vector,

which is consistent with the pinning mechanism proposed by Zhao et al**.
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Fig. 8 Magnetic moment distributions of NdFeB/FesN> trilayers under various

applied fields at Ls=4 nm, (a) H =30.00 kOe; (b) H = - 2.45 kOe; (c¢) H = — 8.05 kOe;
(d) H=-9.80kOe; (e) H=—10.15 kOe and (f) H=—30.00 kOe

To study the magnetic reversal process and magnetic moment distributions of
multilayers using the micromagnetic method, it is necessary to calculate the total
Gibbs free energy of the trilayers and then solve for the minimum free energy.
Generally, neglecting the elastic energy of the trilayers, the Gibbs free energy formula
is defined as follows:*’

Etot = Eex +Ean +Edem +Ezeem (1)

where FEiot, Eex, Ean, Edem, and Ezem are the total, exchange, magneto-crystalline
anisotropy, demagnetization, and Zeeman energies. The most of Nd-Fe-B based
trilayers with different soft phases tend to achieve the optimal (BH)max value at Ls = 4
nm, Fig. 9 consequently shows the variation trends of the energies terms for the four
soft phase trilayers at this thickness. As shown in the Fig. 9, the magnetic moment is
aligned with the applied field direction when H = 30.00 kOe, the angle €= 0°, and
the magnetic moment reaches an equilibrium state under the action of Eex, Ean, Edem,
and Ezeem, which point the energy is at the minimum. When applied field decreases to
near the negative value of coercivity, the energy terms exhibit positive or negative
peaks. The applied fields corresponding to the soft phases of a-Fe, FeigN2, FessCoss,
and FesB are H=- 12.25, - 10.15, - 10.85, and - 14.35 kOe, respectively; indicating
that the energy terms undergo abrupt changes when the magnetic moment reverses.
Under this applied fields, Eex, Ean, and Ezcem reach their maximum values, while Edem
reaches its minimum value, and the total energy Ei reaches its maximum value.
When the total energy of trilayers reaches its maximum, the magnetic moment
distributions becomes unstable, an irreversible reversal occurs, and the magnetic

moment reaches another equilibrium state, &= 180°. As the applied field continues to



decrease, Eex, Ean, and Ezem decrease, while Egem increases; finally, at H = - 30.00

kOe, the Ei reaches a new minimum state.
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Fig. 9 The variation trend of energies for Nd-Fe-B based nanocomposite trilayers with

a-Fe, FeisNo, FessCoss, and FesB as soft phase at L= 4 nm

As shown in Fig. 9, the Ezeem of four trilayers remain around 0.655 x 1071 J, so
the changes in Eex, Ean, and E¢em are the main reasons for the change in Ei. Near the
coercivity, the exchange energy and magneto-crystalline anisotropy energy of the
NdFeB/Fei¢N; trilayers are the lowest values, with Eex= 0.189 x 1071 J and Eum= -
1.098 x 10'* J; while the NdFeB/FeesCoss trilayers has the highest values for these
two energies, with Eex= 1.11 x 107° J and Ew= - 1.001 x 107 J; while the
NdFeB/FesB trilayers has lower values for these two energies than the
NdFeB/FessCoss trilayers, with Eex = 0.963 x 1071 J and Ean = -1.049 x 107'* J. The
exchange energy tends to make the magnetic moment of adjacent atoms align parallel,
while the magneto-crystalline anisotropy energy causes the magnetization inside the
magnet to align along the easy axis. The minimum FEe of NdFeB/FeigN> trilayers
indicates a strong exchange coupling, making it difficult for the magnetic moment of
the soft phase to nucleate reverse magnetization; the low Ea, value indicates a small
coercivity. The NdFeB/FesB trilayers has higher Eex and Ean, showing a opposite trend
to that the NdFeB/FeisN> trilayers. The demagnetization energy is the interaction

1



energy between the demagnetizing field and magnetization of the trilayers, and the
demagnetizing field favors the reverse magnetization. The NdFeB/Fei¢N> trilayers has
the highest demagnetization energy, Egem = 2.42 x 107'% J; while the NdFeB/Fe;B
trilayers has the lowest demagnetization energy, Edem = 1.33 x 107'® J. The increase in
demagnetization energy leads to a decrease in coercivity, so the NdFeB/Fe3B trilayers

has the largest coercivity.

Conclusions

In this paper, the demagnetization curves, magnetic moment distributions, and
energy change trends of Nd-Fe-B-based multilayers were calculated using the
Mumax3 micromagnetic simulation software. The soft phase structure and type
significantly affect the magnetic properties and magnetization reversal of the
multilayesrs. The calculation results show that:

(1) For the multilayesrs of types a, b, and c, as soft layer thickness Ls increases,
the remanence B: of the three multilayesrs increases, while the coercivity H.
decreases; meanwhile, the maximum energy product (BH)max shows a trend of first
increasing and then decreasing. When Ls < 7 nm, the (BH)max value of the type c
trilayers is higher than those of types a and b, which is mainly attributed to the higher
Br and H.; the optimal (BH)max = 84.54 MGOe is obtained at Ls = 4 nm.

(2) Eex, Ean, Edem, and Ezeem undergo abrupt changes near the coercivity, and the
magnetic moment distributions of all trilayers changes from one equilibrium state to
another. The Eex and Ean of NdFeB/Fei¢N: trilayers are the lowest, while the
NdFeB/FesB trilayers has higher Eex and Ean, indicating that these two trilayers have
opposite magnetic properties.

(3) Among the type c trilayers with a-Fe, FeisN2, FegsCoss, and FesB as soft
phase, the (BH)max of the NdFeB/FeisN: trilayers is higher than that other trilayers in
the range of Ls = 1 ~ 10 nm, which can provide a reference for the experimental

design and preparation of high-performance magnetic thin films.
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