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Hysteresis loops, energy products and magnetic moment distributions of perpendicularly oriented Nd,Fe;4B/a-Fe
exchange-spring multilayers are studied systematically based on both three-dimensional (3D) and one-dimensional (1D)
micromagnetic methods, focused on the influence of the interface anisotropy. The calculated results are carefully compared
with each other. The interface anisotropy effect is very palpable on the nucleation, pinning and coercive fields when the soft
layer is very thin. However, as the soft layer thickness increases, the pinning and coercive fields are almost unchanged with
the increment of interface anisotropy though the nucleation field still monotonically rises. Negative interface anisotropy
decreases the maximum energy products and increases slightly the angles between the magnetization and applied field.
The magnetic moment distributions in the thickness direction at various applied fields demonstrate a progress of three-step
magnetic reversal, i.e., nucleation, evolution and irreversible motion of the domain wall. The above results calculated by
two models are in good agreement with each other. Moreover, the in-plane magnetic moment orientations based on two
models are different. The 3D calculation shows a progress of generation and disappearance of vortex state, however, the
magnetization orientations within the film plane calculated by the 1D model are coherent. Simulation results suggest that
negative interface anisotropy is necessarily avoided experimentally.
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1. Introduction

Exchange-spring magnets, proposed formerly by Kneller
in 1991, have always been an important topic in magnetic
materials. These materials have large coercivity and rema-
nence provided by the hard and soft phases, respectively, due
to the exchange-coupled interactions between two phases at
nanoscale. As a result, the exchange-coupled hard/soft mag-
nets show spring behavior.>>! Since Skomskil® predicted in
1993, via a 1D micromagnetic model, that the energy prod-
uct can be as large as 1 MJ/m? in exchange-spring materials
with in-plane axes, many experiments have been carried out to
reach such a large energy product,!’~'!' which has never been
achieved. One of the reasons is that the calculation model!®!
did not consider the influence of the interface anisotropy, de-
magnetization, and stray fields on the energy product. How-
ever, 3D micromagnetic simulations can give simultaneously
the effects of all these factors on the energy product whether
easy axes are in-plane or out-of-plane. [!>14]

For realizing such a giant energy product, many works
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have been carried out in the recent two decades. ! 1 Among

them, Cui et al. found that increasing anisotropy behav-
ior can be realized because of preventing effectively interdif-
fusion by inserting thin non-magnetic spacer layers such as
Mo in Nd,Fe4B/o-Fe.['81 In experiments, though the pre-
diction of famous giant energy product is based on parallel-
oriented hard/soft multilayers,['”! the largest energy prod-
uct was presently realized in perpendicular Nd,Fe;4B/FeCo

multilayers.[?"]

In most theories, the volume crystalline
anisotropy constant K,, which is independent of the thick-
ness t of the film, is only considered in every layer of

-23

hard/soft multilayers.?'=>3] On the other hand, the anisotropy

of thin magnetic films measured experimentally, varies lin-

[241 Such behavior comes from the two

early along with 1/¢.
parts of the crystalline anisotropy, that is, the volume crys-
talline anisotropy constant K, and the surface crystalline
anisotropy constant K;, whose contribution to the magnetic
film anisotropy is 2K;/f. The interface anisotropy constant

in hard/soft multilayers is the sum of the two related surface
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anisotropy constants.!?>26] The interface anisotropy constants
of the transition metals, measured experimentally, may change
from positive to negative values'?”-?8! mainly due to the effect
of the material, the lattice orientation and the interface charac-
ter.

So far, there have been few studies on the influence of
interface anisotropy on the magnetic properties of exchange-
spring magnets, which are all performed within a 1D micro-
magnetic framework.?3!1' A 3D micromagnetic calculation
can give hysteresis loops, such as the nucleation field, coer-
civity, energy product, similar to the 1D model. It can also
show the magnetic distributions within the film plane, which,
however, cannot be described by the 1D model. Within the
1D model, the spin distribution is assumed to be coherent for
simplicity. Moreover, the 3D method can give the effect of the
stray field on magnetic properties. Therefore, in principle, the
3D model can yield more information and clarify some under-
lying physical phenomenon of the demagnetization process,
which is out of the scope of the 1D model.!'>~'*] However,
unfortunately, there are numerical errors caused by the rela-
tively large mesh sizes adopted in the 3D models, which can
be overcome by the 1D model. Also, the most important in-
fluence of the interface anisotropy on the magnetic properties,
i.e., hysteresis loops and domain walls, are highlighted in the
domain wall and its evolution in the thickness direction, which
can be described by the 1D model more clearly. Therefore, it is
better that both models are used simultaneously and the results
are compared with each other to guarantee the reliability. The
detailed discussions about these two methods can be found in
Refs. [12-14,32,33].

The interface anisotropy is more vital for hard/soft
exchange-spring multilayers because they have multiple in-
terfaces. Until now, Nd,Fe 4B is the best permanent mag-
net because of both its high coercivity and saturation magne-
tization, and hence it has the largest energy product. More-
over, Fe has higher saturation magnetization and can well pro-
duce exchange coupling with Nd,Fe 4B. Especially, the sur-
face anisotropy values of thin Fe films may change from posi-
tive to negative. Experimental results suggest that positive and
negative interface anisotropies may occur when the interface
of a-Fe is the 100 and 110 planes, respectively. Besides the
lattice orientation, the nature of the interface and the tempera-
ture have also important influences on the interface anisotropy.
More details can be found in Refs. [27,34-36].

In this paper, the effect of interface anisotropy varying
from positive to negative values on the hysteresis loop and
energy product of a perpendicular Nd,Fe 4B/o-Fe multilayer
system is studied by the 3D and 1D methods. The results of
the two calculated methods are carefully compared with each
other. As interface anisotropy increases, the changes of the nu-
cleation field and energy product are always significant for a

wide soft layer thickness region, whereas those of the pinning
and coercive fields gradually disappear with the increment of
the soft layer thickness. Magnetic moment distributions within
the film plane and in the thickness direction are given. Our
calculated results demonstrate that it is very vital to avoid the
negative interface anisotropy in experiments.

2. Calculation model and method

An exchange-spring multilayer system is selected as the
present calculation model, with hard/soft layers arranged al-
ternatively. As shown Fig. 1, the calculation is performed
only for a double-layer system because of the symmetry of

[30.31.371 An 0-xyz coordinate system is established

the system.
with the origin designed at the center of the interface. The easy
axes of both layers denoted by e and the applied field are as-
sumed to be in the z direction. The superscripts h, s represent
the hard and soft layers, respectively. The variable ¢ stands for
every layer thickness, and hence the thicknesses of the hard
and soft layers are denoted by " and %, respectively. Calcu-
lated ranges corresponding to the soft and hard layers are from

—15/2 to 0, and from O to " /2, respectively.

Fig. 1. The basic scheme in this work, with regions calculated from
—1%/2 to t" /2, which is a simplification of the symmetrical Nd,Fe 4B
(10 nm)/ce-Fe (%) multilayer.

We perform both 3D and 1D calculations and make care-
ful comparisons to guarantee the reliability of our results.
Meanwhile, the demagnetization progress can be understood
better. The 3D simulations are made using the OOMMEF
software,3®! based on the Landau—Lifshitz—Gilbert (LLG) dy-

[39]
dM o dM
M xHg— 2 (Mx &2 1
& |Y| M x Hg Ms( X dt>’ (D

where M, H.g, and Y are the magnetization, the effective

namics equation:

field, and the Gilbert gyromagnetic ratio, respectively. Mg
is the spontaneous magnetization, and ¢ is the dimensionless
damping constant, with the value of 0.5. The effective field is
defined as follows:

_, JE
Hep =y ' 5o )
The average energy density E is a function of M specified by
Brown’s equation: 391
vM? (M -n)?
E=A —| —K(r)————uoM -H
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where H and Hy(r) are the applied and magnetostatic self-
interaction fields, respectively; n is the unit vector in the easy-
axis direction. A and K represent the exchange and anisotropy
constants, respectively. The four terms on the right side of
Eq. (3) are in turn the exchange, anisotropy, applied field (Zee-
man) and magnetostatic (demagnetization) energies.

In the 3D simulations, the length and width of both the
hard and soft layers are set as 300 nm.!'>~14] The length and
width of each cell is 3 nm, which is close to the Block wall
width of most hard materials. The thickness of each cell is
set as 0.5 nm, which has been optimized to achieve a balance
between calculation accuracy and computation time. More-
over, the model can also be mimicked better, with the interface
anisotropy included in two cells adjacent to the hard and soft
layers. Corresponding to the interface anisotropy constant K™
varying from —1 erg/cm? to 1 erg/cm? in the 1D calculation,
the parameters K of these two cells add K™ in the range from
—2.0 x 107 erg/lem? to 2.0 x 107 erg/cm? in the 3D simula-
tion. The total thickness of the layers is (£ +%)/2, as shown
in Fig. 1. The hard layer thickness ¢! is set as 10 nm, while the
soft layer thickness #* = 3 nm and 6 nm so that the calculated
composite magnets are the exchange springs.!?°-31]

The above 3D energy could be simplified to a 1D expres-
sion, assuming all layers extending to infinity in the direction
perpendicular to the z-axis, and the energy density per area in
the film plane is314!]

th /2 0 ) .
/ Fhdz+ / Fidz + K™ sin? 00 @)
0 —13/2

where

dz
+27IM§2 cos’6, (i=h,s),

i i (46 ? P2 i
F'=A"| — ) +K'sin"8 —HMgcos O

0 is the angle between the magnetization Mg and the applied
field H, and 6° is the specific angle at the interface. F' is
the sum of the exchange, anisotropy, Zeeman and demagneti-
zation energies, while the last term in Eq. (4) is the interface

[13.311 j5 used to min-

anisotropy energy. A variational method
imize the energy expressed in Eq. (4) with suitable boundary
conditions, 3! which yields the angular distribution equations
and the interface constraint equation as follows:

/9 de
ot \/Jh(sin2 6 — sin” O") — HM} (cos & — cos B1)
M2z
Jan

)
/95 do
0 \/JS(Sinze—Sinzes)—HM;(COSQ—COSGS)
8242
JA
\/zﬁ\/ﬁ(sin2 60 — sin? %) — HMg (cos 80 — cos 6%)

(6)

= \/Ah\/lh(sin2 80 — sin® ") — HM® (cos 6° — cos O)
+K™sin 6% cos 6°, @)

where J' = K' —27M#2 (i = h,s) are the effective volume
anisotropy constants, and 8" and 6° are the directions of the
magnetizations at the center of the hard and soft layers, respec-
tively. Based on Egs. (5)—(7), the angular distributions 0(z) in
the z direction, hysteresis loops and energy products can be
obtained. [?!-22:31]

In this paper, Nd,Fe;4B and «a-Fe are chosen as the
hard and soft layers, respectively. The material param-
eters used in calculations are A" = 7.70 x 1077 erg/cm,
K" =430 x 107 erg/em?, M} = 1.28 x 10° emu/cm?, AS =
2.50 x 1079 erg/cm, K* = 4.60 x 10° erg/em®, M§ = 1.71 x
103 emu/cm3, which are adopted from Refs. [30,31]. On the
other hand, the exchange energy constant between the hard
and soft layers is set as 1.635 x 107 erg/cm in the 3D simu-
lations.

3. Results and discussion

Figure 2 compares the hysteresis loops calculated by the
3D and 1D methods with various interface anisotropies and
soft layer thicknesses, where ¢! is fixed at 10 nm. The two
methods give not only similar hysteresis loops and close coer-
cive fields Hc, but also the same coercivity mechanism of pin-
ning, justifying our calculation. This coercivity mechanism
is consistent with the results of Nd;Fe 4B/a-Fe bilayers for
this range of soft layer thickness calculated by Zhao et al. in
Ref. [13] using the 1D and 3D models where K™ = 0 erg/cm?.
Moreover, when t* = 6 nm, the hysteresis loops are much
more slant than those for ° = 3 nm because of the longer
domain wall evolution from nucleation to pinning. One can
see that based on the calculated results of these two meth-
ods, the coercivity Hc goes up for smaller 5, and then is al-
most invariable for larger 7* with the increase of K'™. When
t* = 6 nm, the coercivity and the pinning field Hp calculated
by the 3D method (Hc = Hp = 14.0 kOe shown in Fig. 2(b))
are equal for three interface anisotropy constants. Moreover,
they are slightly smaller than those based on the 1D model
(Hc = Hp = 14.6 kOe) in Fig. 2(d), which is similar to the re-
sults calculated in Ref. [13]. The edge and corner stray fields
accounted in the 3D calculations can help the reversal of the
magnetic moments. 13!

As shown in Fig. 2, when the soft thickness is smaller,
15 = 3 nm, the effect of the interface anisotropy on the co-
ercivity Hc and the nucleation field Hy based on the 3D
method is larger than that calculated by the 1D model for
K™ = —1 erg/cm? and 1 erg/cm?. This may be ascribed to the
interface anisotropy considered in 3D cells with the thickness
of 0.5 nm in the 3D model rather than in interfaces. How-
ever, the influence of this rough consideration for interface
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Fig. 2. Calculated demagnetization curves of NdyFe 4B (10 nm)/a-Fe (%) multilayers for various interface anisotropies at #* = 3 nm and 6 nm

based on OOMMEF (top) and 1D analytical method (bottom).

anisotropy on the demagnetization progress gradually dimin-
ishes and then disappears as the soft layer thickness increases.

The nucleation field calculated by both the methods in-
creases monotonously with K'™ for any #° and is close to each
other for the same K'™ and #°. When K'™™ = 0 erg/cm? for any
13, the nucleation field according to OOMMEF is slightly larger
than that based on the 1D method. Meanwhile, the nucleation
field for K™ = 0 erg/cm? based on two models decreases all
with the increment of the soft layer thickness. The latter two
results are consistent with those in Ref. [13]. Based on any
of the two methods, the soft layer thickness ¢° has a greater
influence on the nucleation field than the interface anisotropy
constant K'"', As 7% increases, nucleation changes from the
second quadrant to the first quadrant, while the nucleation
field becomes less dependent on K'™. Even so, when ¢° is
larger, K™ has still a great influence on the nucleation field.
As shown in Fig. 2(b) when #* = 6 nm, the nucleation fields
are —2.7 kOe, —6.7 kOe and 1.3 kOe for K"t =0 erg/cmz,
K™ = —1 erg/cm® and 1 erg/cm?, respectively, where Hy
changes by more than 1.6 times. The corresponding rema-
nences M, are 1.36 x 103 emu/cm?, 1.21 x 10% emu/cm? and
1.44 x 10° emu/cm?, respectively. The greater the interface
anisotropy is, the larger the nucleation field is, and hence the
higher the remanence is. Moreover, based on any model, for
smaller 5, the remanence is the same for various K™ due to
nucleation all occurring in the second quadrant. On the other
hand, for any ¢°, the nucleation field drops fast with the de-
crease of K™, As a result, the gap between the nucleation and

pinning fields largens, while the hysteresis loop squareness is
deteriorated.

The magnetic domain evolution with applied fields and
the magnetic reversal mechanism can be visually demon-
strated by the angular distribution. The angular distribution
0(z) in the thickness direction has been calculated by the 3D
method, as shown in Fig. 3 for * = 6 nm, various interface
anisotropies and different applied fields, corresponding to typ-
ical exchange-spring magnets. ['°!

As shown in Fig. 3(a), a small deviation from the positive
saturation state appears at a certain applied field for all three
interface anisotropies. According to Brown, this progress is
defined as nucleation and the negative value of this applied
field is called the nucleation field. When K™ = 0, 6° and
6" are 8.8° and 6.8°, respectively, whilst 8" (= 0.8°) is much
smaller. As a result, an 8.0° prototype domain wall is formed
in the multilayer system. The effect of the interface anisotropy
on the angles is slight. A negative interface anisotropy reduces
the total anisotropy, and then the response of the magnetiza-
tions to the applied field is faster. As a result, the angles are
increased slightly. Moreover, a positive interface anisotropy
makes the angles shrink, hindering the response of the magne-
tizations to the applied field. Therefore, the prototype domain
walls are 6.9° and 12.5° for K™ = 1 erg/cm? and —1 erg/cm?,
respectively, which form the nucleation.

As the applied field drops, these prototype domain walls
grow fast, while the domain wall decreases with the increase
of interface anisotropy. As shown in Fig. 3(b), these do-
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main walls all become mature when H = —9.0 kOe, and equal
63.6°, 70.1° and 52.5° for K™ = 0 erg/cm?, —1 erg/cm® and
1 erg/cm?, respectively. Then, these domain walls deteriorate
to a single one at the pinning and equal 80.5°. Finally, as the
applied field goes down further, the magnetic reversal in the
whole multilayer appears, and the system is the negative satu-
ration state.

z/nm
-3 -2 -1 0 1 2 3 4 5
2W0—rT——7T—"——7""T7T T T 77
| (a) ) nucleation
Kint=—1 erg/cm?
15r H=6.7 kOe
— K"t =0 erg/cm?
> 10 H=2.7 kOe
S5F. .
Kint=1 erg/cm?
H=-1.3 kO
o—+—+—t—+—t————————t—
100} (b) pinning
SoLH = —9.0 kOe ™\\H = —14.0 kOe
__60f
& 40-_Kint
20-_ Kint=0 erg/cm?
r Kint =1 erg/cm?
0 1 1 1 1 L 1 L 1 1 L 1

3 2 1.0 1 2 3 4 5
z/nm

Fig. 3. Angular distribution 6(z) of the magnetization in the thick-
ness direction calculated by the 3D method for a Nd;Fe 4B (10 nm)/a-
Fe (6 nm) multilayer under various interface anisotropies and applied
fields. (a) Angular distribution at the nucleation and (b) angular distri-
bution at H = —9.0 kOe and —14.0 kOe at the pinning.

Figure 4 shows the angular distribution 0(z) based on the
1D model for * = 6 nm. We can see that it is very similar
to Fig. 3, indicating that the system has the same magnetic
reversal progresses based on the two methods, that is, nucle-
ation, evolution and irreversible motion of the domain wall.
Meanwhile, the comparison result proves the reliability of our
simulations. Seen from Figs. 3 and 4, the pinning fields calcu-
lated by the two methods are quite close, i.e., Hp = 14.0 kOe
and 14.6 kOe calculated by the 3D and 1D models, respec-
tively, being in good agreement with the results obtained by
macroscopic hysteresis loops.

Though the above angular distribution of magnetizations
in the thickness direction has well illustrated the domain wall,
the magnetic moment distribution in the film plane at differ-
ent applied fields should also be discussed for fully revealing
the magnetization reversal mechanism. However, in the 1D
model, the in-plane magnetic moment distribution is coherent.
Based on the 3D simulations, it is interesting to see the forma-
tion and change of vortex state in the progress from nucleation
to pinning.

z/nm
-3 -2 —-1 0 1 2 3 4 5
20——m—m————"——7"——"—T—1—
(a) nucleation
15+ Kint=—1 erg/cm?
H=6.6 kOe
< 10k
< OK‘““:O erg/cm?
H=4.2 kOe
5F Kint=1 erg/cm?
H=2.0 kOe
0 p——+— } } } } } }
[ (b)
100 pinning
80 H=-9.0 kOe \\ H=-14.6 kOe
— 60 K"t =0 erg/cm?
< -
S 40F
| Kint = —1 erg/cm?
20F Kint=1 erg/cm?
0 1 " 1 1 " 1 " 1 " 1 " 1 " 1

-3 -2 -1 0 1 2 3 4 5
z/nm
Fig. 4. Angular distribution 6(z) of the magnetization in the thick-
ness direction calculated by the 1D model for a Nd,Fe 4B (10 nm)/a-
Fe (6 nm) multilayer under various interface anisotropies and applied
fields. (a) Angular distribution at the nucleation and (b) angular distri-
bution at H = —9.0 kOe and H = —14.6 kOe (the pinning).
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23 £ by Py 2 2 2 L r3 =2 L ¥

l(d)l L] L] - - - L] ]

s = = = = = = = =

s = = = = = = = =

s = = = = = = = =

Fig. 5. Two-dimensional evolution of the magnetic moments calcu-
lated by OOMMF of a Nd,Fe 4B (10 nm)/-Fe (6 nm) multilayer at
the hard/soft interface when Kt = 0 erg/crnz. (a) H = 0.7 kOe, the
formation of the vortex state after nucleation; (b) H = —4.0 kOe, at
which the vortex core begins to rotate away; (¢) H = —14.0 kOe right
at the pinning point where the component of the in-plane magnetic mo-
ments is the largest; and (d) H = —14.7 kOe, where the vortex state has
annihilated after magnetic reversal. The adopted ratio is 1: 12 for pre-
sentation. This means that one displayed magnetic moment at the figure
stands for 12x 12 calculated moments.

Figure 5 shows the in-plane magnetic moments calculated
with OOMMF for #* = 6 nm at various applied fields and the
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hard/soft interface when K™ = 0 erg/cm?. Nucleation appears
at H = 2.7 kOe, where the magnetic moments away from the
center begin to deviate from the positive saturation state first,
6 = 0°. One can see from Fig. 5(a) that with the decrease of
the applied field, the obvious vortex occurs at H = 0.7 kOe,
where the magnetization component within the film plane in
the edge of multilayers is smaller than that in the part around
the central point. Furthermore, the magnetic moment right at
the center does not rotate away, and orients perpendicularly to
the film plane. As a result, the magnetic moment distribution
has symmetry. As the applied field decreases further, the mag-
netic moments have a larger deviation from the previous state,
i.e., the perpendicular direction, which is shown by the larger
arrows. As the applied field drops to —4.0 kOe, the in-plane
magnetization component becomes dominant, while a slight
deviation from the previous saturation state of the magnetic
moment in the central point appears (see Fig. 5(b)). Almost

all magnetic moment orientations away from the perpendicular
direction are roughly to 88° at H = —14.0 kOe (see Fig. 5(c),
where pinning occurs. As the applied field reduces slightly, all
magnetic moments of the whole multilayer will reverse com-
pletely to another coherent state of the system, 8 = 180° (see
Fig. 5(d).

In fact, when #* = 3 nm and 6 nm for any interface
anisotropy in the multilayers, such a realized magnetic reversal
progress from generation to disappearance of magnetic vortex
state based on the 3D model also appears. This means that this
process is a general in-plane magnetic reversal mechanism in
the 3D model except for the multilayer with very small soft
layer thickness, whose hysteresis loop is square and the re-
versal of the magnetic moments of the whole multilayer is
simultaneous (not shown in figure in this paper). The mag-
netic vortex state observed in this paper was also reported in
Ref. [13].

H/kOe H/kOe
—16 —12 -8 —4 0 —16 —12 —8 —4 0
75t (a) t=3 nm D (OOMMF)| (b) #=6 nm 3D (OOMMF) 175
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2 ©)
S 45} 145 %
int — __ 2
E Kint = 1 org/on) int = —1 erg/cm E
T 30t 130 o
q
15}F Kint =0 erg/cm? 115
Kint =0 erg/cm?
O t + t + t + - t t t t T t t t t t 0
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60 Kint =1 erg/cm? K"t =1 erg/cm? 160
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Fig. 6. Calculated magnetic energy products (BH) of Nd,Fe 4B (10 nm)/o-Fe (¢*) multilayers for various interface anisotropies at 5 = 3 nm
and 6 nm based on OOMMEF (top) and a 1D analytical method (bottom).

One of the most important properties for permanent mag-
nets is the maximum energy products (BH )max. Based on the
data in Fig. 2, magnetic energy products (BH) of multilay-
ers with various interface anisotropies and soft layer thick-
nesses can be calculated, as shown in Fig. 6, where the re-
sults calculated by the two methods are in agreement with
each other. Especially, the (BH)max and the corresponding
applied fields are very close. It is found from Figs. 6(a) and
6(c) that the (BH)max of the multilayer with #* = 3 nm for

K™ = —1 erg/cm? is smaller than those for K™ = 0 erg/cm?

and 1 erg/cm? because of its smaller nucleation field. The
(BH )max values for the latter two K"g are almost identical in
any of the two methods because the applied fields correspond-
ing to the (BH )max are nearly equal and larger than —10 kOe,
where the nucleation does not occur (shown in Figs. 2(a)
and 2(c)), i.e., the magnetization values corresponding to the
(BH ) max are equal for K™ = 0 erg/cm? and 1 erg/cm®. One
can see from Fig. 3(b) or 3(d) that the (BH )max goes up with
K™ when * = 6 nm mainly due to the larger remanence M, of

the multilayer with the larger interface anisotropy, caused by

037501-6
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the larger nucleation field. Based on the 3D simulations, the
(BH ) max values with 15 = 6 nm for K™ = 0 erg/cm?, K" =
—1 erg/em?, and 1 erg/cm? equal 48.4 MGOe, 39.3 MGOe,
and 60.5 MGOe, respectively, which are larger than those cal-
culated by the 1D model. The reason is that the magnetic
vortex state in the 3D model blocks the nucleation and hence
enhances the nucleation field and the remanence of the multi-
layer.

4. Conclusions

The influence of the interface anisotropy on the magnetic
properties of perpendicularly oriented Nd,Fe4B/c-Fe multi-
layers are researched based on the 3D micromagnetic software
OOMME, and are compared carefully with those calculated
by the 1D analytical method. This effect on the coercivity
is obvious as the soft layer thickness is small. However, it
gradually decreases and last disappears with the increase of
the soft layer thickness. The coercivity mechanism is pin-
ning. However, the interface anisotropy always has the large
influence on the nucleation field in a wide soft layer thickness
range. The nucleation field, coercivity and maximum energy
product decrease as the interface anisotropy drops. Therefore,
it is important to avoid experimentally the negative interface
anisotropy. Moreover, if a giant energy product is to be real-
ized in exchange-spring multilayers, the small soft layer thick-
ness is preferred. The angular distribution in the thickness di-
rection demonstrates that a progress of three-step magnetic re-
versal, i.e., nucleation, evolution and irreversible motion of the
domain wall, exists in the system. The above results calculated
by the two methods accord well with each other, confirming
that our simulations are correct.

When the hysteresis loop is not square, there is a general
magnetic reversal mechanism that the in-plane magnetic mo-
ment distribution has a progress of generation and disappear-
ance of magnetic vortex state in the 3D method, whereas there
is a coherent distribution in the 1D method. This magnetic
vortex state blocks the nucleation, resulting in the increase of
the nucleation field of the system. This explains that although
the coercivity calculated by the 3D model is smaller than that
by the 1D model, the energy product in the 3D calculation is
systematically larger than that by the 1D method.
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