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The composition and size dependence of the magnetic properties of FePt/Fe exchange-spring bilayer
films was studied using micromagnetic simulation. Based on the simulated hysteresis loops for
composite layers with an identical thickness of 20 nm and different composition ratios, it can be
observed that when the thickness ratio of Fe is 10%, an exchange-spring effect with a negative nucleation
field appears; the switching field is greatly reduced compared to the rigid magnetic FePt, and the
squareness ratio reaches its maximum value. When the thickness ratio of Fe is 25% and more, the
nucleation fields become positive; meanwhile, the coercivity is smaller than the switching field, and
the squareness ratio decreases because of the increase in the thickness of the Fe film. In addition, at a
fixed thickness ratio and total volume, the switching field of the FePt/Fe bilayer films is further reduced,
accompanied by a decrease in the squareness ratio due to an increase in the thickness of the Fe layer.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The exchange-spring effect has attracted extensive interest since
the original report by Kneller [1]. Exchange-spring magnetic bilayers
are composed of nanometer-scale coupled hard-magnetic (HM) and
soft-magnetic (SM) films, and a reversible demagnetization beha-
viour in the SM phase is observed when the external field does not
exceed a critical value [2-7]. Unlike conventional permanent mag-
netic materials, demagnetization in an exchange-spring magnet is
nucleated in the SM phase, leading to a significant reduction of the
switching field without affecting the thermal stability [8-11]. There-
fore, the exchange-spring effect has its potential in the applications
in high-performance magnetic recording [1,12-14].

Among exchange-spring magnets, the FePt/Fe bilayer has
attracted great attention [15-19]. Compared to the HM FePt layer
with a very high magneto-crystalline anisotropy energy, the coerciv-
ity of the FePt/Fe bilayers magnetized in the perpendicular direction
is significantly smaller [20-23]. Such coercivity control has made the
FePt/Fe exchange-spring magnet one of the most important potential
candidates for high-density magnetic recording materials [5,24,25].
Extensive theoretical [26] and experimental [2,27-29] studies on the
exchange-spring behaviour of the FePt/Fe composite layers have

Abbreviations: HM, hard magnetic; SM, soft magnetic; OOMMF, object-oriented
micromagnetic framework
* Corresponding author. Tel.: +86 27 87542893; fax: +86 27 87558209.
E-mail address: yue-zhang@mail.hust.edu.cn (Y. Zhang).

http://dx.doi.org/10.1016/j.jmmm.2014.07.029
0304-8853/© 2014 Elsevier B.V. All rights reserved.

been carried out. For example, it has been reported that the thickness
of the SM Fe layer and the strength of the interfacial exchange
coupling have a great effect on the coercivity and other magnetic
properties of the FePt/Fe composite layers [26,28,29]. However, in
view of future applications, more research is still necessary, as the
factors that are critical to the recording performance of a storage
medium not only include the thickness of the SM layer and interfacial
exchange coupling, but some other aspects such as the thickness
ratio, size and shape as well. All these factors need to be taken into
account for optimization of the properties during the design process
of the storage cell.

Therefore, at the present stage of our research, the magnetic
properties of different FePt/Fe exchange-spring magnets having
various shapes, sizes, and thickness ratio of FePt have been studied
using the micro-magnetic simulation software known as ‘object-
oriented micro-magnetic framework’ (OOMMEF). Based on the results
of the simulation, the optimum magnetic properties are understood
and the related mechanisms are discussed.

2. Simulation methods

The dynamical calculations in the simulation are based on the
well-known Gilbert equation,
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Fig. 1. The model for simulation: the FePt/Fe exchange-spring bilayer.

Table 1
Thickness of FePt/Fe layer with fixed total volume (2 x 10° nm?) but different
underside lengths.

Underside length/nm 100 80 70 60 50 40
Thickness of FePt/nm 18 28 37 50 72 113
Thickness of Fe/nm 2 3 4 6 8 12

where M is the magnetization vector; @ and Ms are the damping
constant and saturation magnetization, respectively; y is the
Gilbert gyromagnetic ratio; Heg is the effective field including
the exchange, demagnetization, anisotropy, and external magnetic
fields.

As shown in Fig. 1, a cuboid composite layer composed by Fe
(upper) and FePt (bottom) was chosen for the simulation. First, the
magnetic properties of the FePt/Fe composite films with different
thickness ratios were studied, and an optimal thickness ratio is
expected to be determined. The total thickness is 20 nm while
the width and the length are same of 100 nm. In this size, the
thickness of each layer is around 10 nm, and the ratio of
the underside length to the thickness is very large, about 10:1.
Therefore, the change of the magnetization against the thickness
ratio can be mainly related to the exchange spring behaviour, and
the influence of the demagnetization field, can be neglected.

The size of the unit cell of the magnetic moment was
5nm x 5 nm x 1 nm. The thickness ratio of FePt was varied from
100% to 0%. After the optimal thickness ratio of FePt was deter-
mined, the effect of the change in size on the magnetic properties
was further investigated using a series of composite films with a
fixed thickness ratio and volume, but with different underside
lengths and thicknesses, as shown in Table 1.

The saturation magnetization (Ms) of the FePt and Fe layers is
6.9 x 10° A/m and 1.7 x 10° A/m [26], respectively, and the Ms of
the composite layers can be obtained from the equation [13],

Ms = Msgepof pept +Ms(re)f Fe @)

where frepr and fre are the thickness ratios of FePt and Fe,
respectively. The magneto-crystalline anisotropy constant (Ky) of
the FePt and Fe layers is 4 x 10° J/m® and 10* J/m> [26], respec-
tively; the easy axis for the uniaxially anisotropic FePt and Fe is
[001] and [1 0 0], respectively. The exchange constant A for Fe,
FePt, and FePt/Fe interface is 10" J/m, and « is 0.01 [26]. The
external magnetic field is applied along the z axis.

In the simulation process, an initial equilibrium state of the
spin configuration is obtained by solving Eq. (1) without consider-
ing the external magnetic field. Then, the composite layers are
simulated to be magnetized till saturation occurs, followed by the
simulation of the hysteresis loops.

3. Results and discussion

3.1. The initial states of the magnetic moments in the films with
different thickness ratios of FePt

The zero-field initial states of the magnetic moments are
depicted in Fig. 2. It can be seen that in the HM FePt layer, most
moments align along the z axis, which is the easy axis of FePt.
However, in the SM Fe layer, the moments in the Fe layer that are
near the FePt phase do not align along the easy axis of Fe; instead
they align close to the easy axis of FePt because of the stronger
anisotropy field of the FePt layer. Furthermore, &, the angle
between the magnetic moment and the z axis, increases with z.
As the thickness ratio of Fe becomes 40% and more, 6 can
continuously change from 0° to 90°, forming an intact 90°
magnetic domain wall mainly in the Fe phase.

3.2. The hysteresis loops and the magnetic properties of the
composite films with different thickness ratios of FePt

The magnetic hysteresis loops for the pure FePt and composite
films with 10% Fe are shown in Fig. 3(a). It can be seen that the
switching field (Hs) and coercivity (Hc) for both samples coincide.
For the pure FePt film, Hs is as large as 10.9915 T, which is too
strong to switch the moments in the writing process. When the
thickness ratio of FePt becomes 90%, Hs is significantly reduced to
2.8885 T with a clear increase in the remanent magnetization (M,).
In addition, one can see a continuous demagnetization from
- 0.35T to Hs, indicating the typical exchange-spring behaviour
with a negative nucleation field (Hy), — 0.35 T, which signifies a
critical field below which the moments will deviate from the
saturation state [6]. In an exchange-spring magnet, after nuclea-
tion in the SM phase, the rotation of the SM moments approaches
the HM phase in a stronger magnetic field. The moments of the
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Fig. 2. The angle between the magnetic moment and the z axis with different
thickness ratios of FePt in the FePt/Fe exchange-spring bilayers.
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Fig. 3. (a) The magnetic hysteresis loops of the FePt/Fe bilayers with 100% and 90% of the thickness ratios of FePt; (b) the magnetic hysteresis loops for the FePt/Fe bilayers
with different thickness ratios excluding the proportion 20:0; (c) the nucleation fields with different thickness ratios of FePt; (d) the coercivity and the saturation
magnetization with different thickness ratios of FePt (the calculated switching field is shown by the blue dashed line); (e) the remanence and the squareness ratio with
different thickness ratios of FePt. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

HM phases are reversed when the domain wall of the SM phase

penetrates into the HM phase [1]. Hs reflects

the critical

de-pinning field for the movement of the domain wall into the
HM phase [4]. Compared to single FePt films, the switching of the

FePt/Fe exchange-spring magnet is nucleated in the Fe phase,
resulting in an easier reversal in the demagnetization process.

As shown in Fig. 3(b), when the thickness ratio of FePt
decreases from 90% to 0%, the shapes of the hysteresis loops vary
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and the SM behaviour becomes dominant. Some important mag-
netic parameters, such as Hy, Hc, Hs, M; and the squareness ratio
(M{/Ms), are determined from these loops. The changes in
these parameters with the thickness ratio of FePt are depicted in
Fig. 3(c)-(e).

As shown in Fig. 3(c), Hy increases when the thickness ratio of
FePt decreases. At this point, more magnetic moments of Fe are
decoupled from FePt, and these moments can deviate from the
saturated state in a higher critical field. Additionally, it is noticed
that Hy becomes negative when the thickness ratio of FePt
increases to 90%. In the HM/SM exchange-spring materials, a
positive Hy appears only if the double layer thickness of the SM
phase exceeds the exchange length (lex) of the HM phase [6],
which can be determined by

(A 1/2
lex=m (m) 3)

where A, and K, are the exchange stiffness constant and the
magneto-crystalline anisotropy constant of the hard phase, respec-
tively. Based on Eq. (3), the [.x of FePt is 4.97 nm, which is smaller
than the double layer thickness of the SM Fe phase when the
thickness ratio of Fe is 25% and more. From Fig. 3(d), one can see
that when the thickness ratio of FePt is between 25% and 75%, a
constant value of Hs is observed and Hc is smaller than Hs. As for
the exchange-spring magnet composed of HM and SM phases with
infinite thicknesses, Hs can be determined theoretically using the
following equations [4],

2 [MiL2+MoLy (/132 =1) [ VLA — LA L Ay

Hs =2 5 ,(L1 <0)
Ho M7A1L; — (2M1A1 — M2A2)M> Ly
4
Li=Ki—poM? /2,(i=1,2) (5)

where subscript 1 and 2 represent SM and HM, respectively; M; is
the saturation magnetization; o is the permeability of the
vacuum; A; is the exchange constant; K; is the magneto-
crystalline anisotropy constant; L; is the effective anisotropy
constant which indicates a combination of the magneto-
crystalline anisotropy and the shape anisotropy. The theoretical
values of Hs were calculated and are shown by the blue dashed
line in Fig. 3(d). It is consistent with the constant value of Hs
obtained from the simulated hysteresis loops. When the thickness
ratio of either phase is very small, the theoretical Hs clearly
deviates from the constant value due to the small thickness of
the FePt or Fe layer.

Furthermore, when the thickness ratio of FePt is 75% and less,
Hc is one-fourth or less than that of the pure FePt. In Ref. [2],
a critical SM size (Ic) for such a reduction of coercivity has been
presented as follows

1/2
-s(2)

Based on the related parameters, the Ic is determined to be
7.02 nm, which is close to the thickness of Fe for composite layers
with the thickness ratio of FePt larger than 75%.

Fig. 3(e) depicts the variation of M, and M;/Ms with the
thickness ratio of FePt. It can be seen that compared to pure FePt,
the exchange-spring bilayers have larger M; when the thickness
ratio of FePt is between 90% and 75%, and a peak for the maximum
M, is found when the thickness ratio of FePt is 90%. Both M, and
M,/Ms decline when the thickness ratio of FePt is less than 75%.

When the amount of Fe is very small, an intact 90° domain wall
cannot be formed and the Fe moments are strongly pinned by the
anisotropy field of FePt. As a result, enhanced M, and M,/Ms for the
composite films are predicted due to the larger Ms of Fe. When the

thickness ratio of Fe is so large that its size exceeds I, an intact
domain wall is formed, leaving some of the Fe moments outside of
the domain wall. These moments are not strongly coupled to the
FePt moments and can rotate easily in an external field, resulting
in smaller Hc and M. Particularly, Hc becomes smaller than Hs
when the thickness ratio of FePt is less than 75%, i.e., the rotated Fe
moments can offset the FePt moments, thus creating a zero net
moment in the composite layers before the reversal of the FePt
moments. Taking Hs, Hc, and M;/Ms into account, it is noticed that
when the thickness ratios of FePt are 90% and 75%, M, and M,/Ms
are large enough for information storage, but Hs is still large even
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Fig. 4. (a) The magnetic hysteresis loops for different underside lengths at a fixed
total volume and an optimal thickness ratio of FePt (90%); (b) the nucleation field
with the variation in the underside length at an optimal thickness ratio of FePt
(90%); (c) the coercivity and the squareness ratio with the variation in the
underside length at an optimal thickness ratio of FePt (90%).
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though it is greatly reduced as compared with the Hs of the pure
FePt. On the other hand, when Fe becomes dominant in thickness
ratio, Hs and H¢ are further reduced, but M, and M;/Ms also
decrease. Therefore, an effort to further improve these properties
is necessary.

3.3. The hysteresis loops and the magnetic properties of the FePt90-
Fe10 composite films with different sizes

At a fixed total volume (2 x 10° nm?) and thickness ratio of FePt
(90%), the impact of variations in size, including the underside
length and thickness, on the magnetic properties was further
investigated. The magnetic hysteresis loops are shown in Fig. 4(a);
it can be seen that the areas of the loops decrease with the
reduction in the underside length. Hy, Hs, and M;/Ms determined
from the loops are depicted in Fig. 4(b) and (c). From Fig. 4(b),
it is observed that Hy increases with the decrease in the underside
length and Hy changes from negative to positive when the
underside length decreases to 80 nm. At this length, the double
thickness for Fe is larger than the [.x of FePt, leading to
the exchange-spring effect with the positive Hy. When the thick-
ness of the Fe layer increases further with a decrease in the
underside length, more SM moments are decoupled from the
moments of FePt, and these can deviate from the saturated state in
a higher nucleation field. Fig. 4(c) depicts the change in Hs and M,/
Ms with the underside length, from which it can be seen that both
Hs and M,/Ms are reduced with a decrease in the underside length.
When the underside length is larger than 60 nm, the change in Hs
and M,/Ms becomes smaller, corresponding to a 6-nm thickness of
Fe. This result indicates that for the FePt/Fe composite film with a
fixed thickness ratio of FePt, Hs can be reduced by decreasing the
underside length of the composite layers, accompanied by a small
decrease in M;/Ms. As the thickness of Fe increases with the
decrease in the bottom length, as discussed above, the nucleation
in the SM phase and the switching in the HM phase become easier,
resulting in the larger Hy and the smaller Hs and M,/Ms. On the
other hand, the changes in the shape alter the demagnetization
field, which can also modify Hs and M;/Ms due to the variation of
the effective magnetic anisotropy of the HM FePt layer:

Kot =Ka—F2N . = N;)MZ ™)

where K, is the magneto-crystalline anisotropy constant, and N
and Ny, represent the out-of-plane demagnetization factor and the
in-plane one, respectively. As to the film with a small thickness
and a large underside length, N, — N, is close to 1, and it will be
smaller when the thickness-to-underside length ratio becomes
larger, leading to a stronger effective magnetic anisotropy energy,
and a more stable out-of-plane state and a larger switching field
are expected. However, the simulation result is to the contrary,
indicating the dominance of the influence of thickness variations
of the SM Fe layer over the demagnetization effect.

4. Conclusions

In summary, the results of the micromagnetic simulation show
that with respect to 20-nm-thick pure FePt films, the switching
field can be greatly reduced and the remanent magnetization
increased by replacing 10% FePt with Fe due to the exchange-
spring behaviour with a negative nucleation field. For the FePt/
Fe composite layer with a constant total thickness (20 nm), when
the thickness ratio of Fe is larger than 25%, the thickness of
the Fe layer exceeds the domain-wall thickness. As a result, the
exchange-spring behaviour with positive nucleation fields can be
observed; the coercivity becomes smaller than the switching field

and the squareness ratio also decreases. Additionally, at a constant
total volume (2 x 10° nm?®) and the optimal thickness ratio of FePt
(90%), the switching field of the FePt/Fe exchange-spring bilayer
films can be further reduced at the expense of the squareness ratio
by reducing the bottom size.
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