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Abstract. Nanostructured permanent magnets have great potential for MEMS application, since it is possible to tailor their
magnetic properties according to the specific requirements. In addition, hard magnetic / soft magnetic bilayers are excellent
model systems to study fundamental magnetization processes both experimentally and numerically. The hysteresis proper-
ties of epitaxial SmCo/Co and SmCo/Fe bilayers are calculated by the solution of the Landau-Lifshitz Gilbert equation. The
thin film grain structure is taken into account using appropriate finite element techniques. The J(H) curve shows the typical
exchange spring behavior for a 10 nm Co-Sm / 10 nm Fe bilayer. However, the reversible rotations of the magnetization for
low external field deteriorate the maximum energy density product. Straight B(H) curves are obtained only for a Fe layer
thickness of 5 nm. The energy density products are 390 kJ/m?> for 10 nm Co-Sm / 10 nm Fe, 405 kJ/m? for 10 nm Co-Sm /
5 nm Fe, and 644 kJ/m> for 2.5 nm Co-Sm / 5 nm Fe. If the soft magnetic layer is sufficiently small exchange interactions
keep the magnetization aligned even in strong opposing fields. Magnetization reversal starts with the reversible rotation of
the soft layer magnetization. Initially, the magnetization rotates in opposite directions in different regions of the film. The
reversible rotations penetrate substantially into the hard layer. Magnetization angles up to 30 degrees with respect to the easy
axis are found in a depth of 1.5 nm. If the expense of exchange energy becomes to large a reversed domain nucleates and
expands in the hard layer.

1. Introduction

Understanding magnetization reversal is a fundamental issue in permanent magnets. The opti-
mization of the magnetic properties requires a basic knowlegde of the interplay between magneti-
zation reversal and nanoscale structural features. Micromagnetic simulations [9,7,27] provide the
essential mechanisms that govern the magnetic properties of nanostructured magnets. Magnetic
nanostructures composed of magnetically soft and hard phases show interesting properties since it
is possible to increase the remanence due to the high saturation polarization of the soft phase. If
both phases are sufficiently exchange coupled nanocomposite magnets show a reasonable high
coercive field. Recent examples of nano-dispersed composites are bulk Fe;B/Nd,Fe;4B magnets
produced by rapid quenching and subsequent annealing, or by mechanically alloying [3,31]. The
measured energy density products are comparable with those of isotropic, single phase magnets. In
addition, nanocomposite may be cheaper than corresponding single phase magnets, owing to the
lower rare-earth content.

Basic limits of bulk nanocomposite magnets arise from microstructural complexities that make
it often difficult to optimize the magnetic properties. Thin film growth techniques, however, permit
the preparation of artificial nano-disperse magnetic structures. Magnetron sputtering techniques
enable to control the microstructure, the crystallographic orientation, and the magnetic anisotropy
of multilayer hard magnetic / soft magnetic structures [10,13,15]. The saturation polarization and
the stability of the soft magnetic phase against magnetization reversal determine the maximum
achievable energy density product. The maximum possible energy density product is
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where Hy is the nucleation field of the soft phase. If the external field reaches Hy the soft magnetic
phase starts to reverse. Layered hard magnetic / soft magnetic structures have great potential for

high energy density permanent magnets [28]. The high energy saturation polarization of the soft
phase will increase J and in turn enable a high (BH),,,x according to (1). A high magnetocrystal-
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Fig. 1: The magnetization twist in an exchange spring bilayer. An reversed field larger than the absolute value of the nucle-
ation field starts induces a gradually rotating magnetization within the soft layer.

line anisotropy of the hard phase is a prerequisite for the stabilization of the soft magnetic phase
and in turn helps to fulfill equation (2). The saturation polarization Jg can be controlled by the
intrinsic magnetic properties of the soft magnetic phase and the volume fraction of the soft mag-
netic phase. However, increasing the soft magnetic layer thickness, 5, Will lead to a decrease of
the nucleation field. According to Goto and co-workers [11] the nucleation field is
2
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assuming an infinitely rigid hard layer. J and ¢, are interrelated in layered hard magnetic / soft
magnetic structures. In order to optimize the energy density product it is required to increase both
J, and Hy. Thus it is necessary to identify the factors that initiate magnetization reversal in the soft
phase, in order to realize the full potential of the exchange hardening principle.

Hard magnetic / soft magnetic multilayers have great potential for MEMS application [16],
since it is possible to tailor their magnetic properties according to the specific requirements. For
example, hard magnetic materials with a high remanent polarization can be used in bi-directional
microactuators [5]. Another interesting feature of hard magnetic / soft magnetic multilayers with
great potential for use in magnetoelectronic devices is the formation of confined domain walls. The
magnetic polarization of the soft magnetic phase rotates reversibly out of its easy direction, which
is parallel to the anisotropy direction of the adjacent hard phase, if a sufficiently large inverse mag-
netic field is applied. Within the soft magnetic phase the magnetization shows a twist with gradu-
ally rotating magnetization. The rotation angle increases with increasing distance from the hard
phase, as schematically shown in Fig. 1. The magnetization forms a Bloch wall like structure and
will rotate back in alignment with the hard phase when the applied field is reduced. This exchange
spring behavior was originally proposed by Kneller and Hawig [17]. The magnetoresistance origi-
nating from the partial wall structure may be used in sensors or magneto-electronic devices [22].

Besides their possible applications layered hard magnetic, soft magnetic structures are excel-
lent model systems to study fundamental magnetization processes. The growth and movement of
domains walls and the reorientation of the moment direction near the interfaces are the characteris-
tic features of exchange coupled systems. Prominent examples of exchange coupled systems are
exchange-biased systems of ferromagnets and antiferromagnets [23] and exchange spring systems
of soft and hard ferromagnets [10,13,15]. A deeper understanding of the magnetization processes in
exchange coupled structures is beneficial for the improvement of current permanent magnets and



the development of new magnetic devices. Magnetization processes at hard magnetic / soft mag-
netic interfaces play a dominant role in the following application areas:

* The spin-dependent transport which is essential for application in spin electronic devices sig-
nificantly depends on the magnetization structure near interfaces [21].

* The nucleation of reversed domains in hard magnetic grains touching a soft magnetic inclu-
sions is the key element that limits the energy density product of sintered high performance
magnets [6].

* Domain wall pinning on thin phases with a higher magnetocrystalline anisotropy than that in
the adjacent regions is the coercivity mechanism of Sm,Co;; based magnets for high tempera-

ture applications [12,18].

+ Coercivity, remanence, and loop shape of low cost nanocomposite magnets depend on the
magnetic properties and the arrangement of the magnetization near the hard magnetic /soft
magnetic interface [14].

* The tailoring of the magnetic properties of high energy density hard magnetic / soft magnetic
multilayers [10] requires a detailed understanding of the exchange hardening mechanism.

In this work we apply finite element micromagnetic simulations [4] to explore the basic fea-
tures of SmCo based hard magnetic / soft magnetic bilayers. Section 2 of the paper introduces the
numerical techniques and the finite element model of the investigated bilayer structures. Section 3
presents the magnetic properties calculated for SmCo thin film magnets. Section 4 and section 5
treat exchange hardening in SmCo / Co bilayers and SmCo / Fe bilayers. Section 6 summarizes the
results and discusses the structural features required for high energy density product multilayer sys-
tems.

2. Finite element models

Epitaxial SmCo films grown by magnetron sputtering onto Cr-buffered MgO substrates show a
granular structure with a grain size of about 30 nm [2]. In the case of MgO(100) substrates the
(1120)-oriented SmCo shows a bicrystal structure. The c-axes of the grains lie in plane and are nor-
mal or perpendicular to each other. The grains of (1100)-oriented SmCo, grown on MgO(110) sub-
strates, have in-plane c-axes which are parallel to each other, resulting in a uniaxial structure. We
numerically calculated the hysteresis properties of (1120)-oriented SmCo and (1100)-oriented
SmCo thin films, and of bilayers composed of a uniaxial SmCo film using Co or o.-Fe as soft mag-
netic layer.

First a granular structure is calculated using a Voronoi construction [26]. Then the grains are
further subdivided into tetrahedral finite elements. In order to resolve the relevant magnetization
processes, the mesh size has to be sufficiently smaller than the domain wall width in the hard phase
and has to be equal to the exchange length in the soft phase. To reduce the computational effort we
reduce the lateral size of the film to 5 x 5 grains with a diameter of 30 nm. The total number of
finite elements reaches 210 000 for the 10 nm thick SmCo film and 350 000 for the bilayer struc-
tures. We derive a system of exchange and magnetostatically coupled magnetic moments, assigning
a magnetic moment to each node of the finite element mesh [30]. For each magnetic moment the
Landau-Lifshitz Gilbert (LLG) equation [20] is solved. Owing to the exhange and the magneto-
static interactions between the magnetic moments, a system of coupled nonlinear differential equa-
tions has to be solved. A preconditioned, backward differentiation time integration scheme proved
to be highly efficient to solve the dynamic micromagnetic equations of irregular magnetic struc-
tures [30]. Initially the magnetic system is saturated parallel to the applied field direction. Then the



LLG equation is integrated until equilibrium for decreasing applied field. Thus the quasi-static
demagnetization curve can be obtained numerically. The magnetostatic interactions are calculated
using a hybrid finite element / boundary element method [8]. A hierarchical multi-level method [1]
is used to accelerate the boundary element method and to avoid the storage of the fully populated
boundary element matrix.

High resolution transmission electron microscopy studies [2] show that the SmCo film consists
of a mixture of SmCos, Sm,Co7, and SmCoj polytypoids. We randomly varied the magnetocrystal-
line anisotropy constant in the hard magnetic phase assuming 50 volume percent SmCos, in order
to account for this mixture of phases. Table 1 summarizes the intrinsic magnetic properties used for
the calculations.

Table 1: Intrinsic magnetic properties used for the calculations. For o-Fe zero magnetocrystalline anisotropy was assumed in
the calculations.

K (MJ/m?) J5 (T) A (pJ/m) ref.
SmCos 17 1.07 8.6 [19,29]
Sm,Co7, SmCos 12 1.07 8.6
Co 0.45 1.76 13 [32]
o-Fe 0 2.15 25 [17]
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Fig. 2: Left: Demagnetization curves of granular SmCo thin films. Right: Second quadrant of the BH-loop of granular
SmCo thin films. ®external field is applied 45° the c-axes of the bicrystal structure (H|[MgO[011]), Yexternal field parallel
or prependicular to c-axes the bicrystal structure (H||[MgO[001]).

3. Epitaxial SmCo hard magnetic films

Demagnetization curves were calculated for (1120)-oriented SmCo and (1100)-oriented SmCo
films. For the uniaxial structure, (1100)-oriented SmCo, the external field was applied parallel to
the c-axis. For the bicrystal structure, (1120)-oriented SmCo, the demagnetization curves were cal-
culated for two different angles of the external field. The angle between the field and the c-axes was
either 45° (configuration a) or 0° and 90° (configuration b). The film thickness is 10 nm. Fig. 2
shows the demagnetization curves and the second quadrant of the BH-loop.

The uniaxial sample shows a perfectly square demagnetization curve with a coercivity of 19.8
MA/m. This is significantly higher than the values obtained experimentally [2,15]. This discrep-
ancy might be due to structural defects that lower the magnetocrystalline anisotropy in the thin film
as compared to the bulk value. Indeed magnet measurements [15] reveal an anisotropy constant of
SmCo thin films which is about a factor of 4 smaller than the bulk value [19].
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Fig. 3: Magnetization configuration during the reversal of a bicrystal SmCo film with the external field applied at 45°
with respect to the c-axes.

The coercivity of the bicrystal sample depends on the orientation of the applied field with
respect to the easy axes. If the field is applied at 45° the coercive field is higher than at a field angle
of 0° or 90° degrees. This behavior corresponds well to experimental results [2] and has to be
attributed to intergrain exchange interactions. Since the easy axes lie perpendicular to each other,
strong exchange interactions between the grains lead to an effective easy direction being parallel to
an intermediate orientation. Fig. 3 shows the remanent magnetic state of the bicrystal structure, the
magnetic state just before magnetization reversal, and the magnetic state just after reversal. Under
the influence of an inverse external field the magnetization rotates reversible out of the local c-axis.
When the expense of anisotropy and exchange energy becomes too large the magnetization of the
grains switches irreversibly. The energy density products are 60 kJ/m® and 127 kJ/m? for the bic-
rystal film with a field angle of 45° with respect to the c-axes and with field angles of 0°/90° with
respect to the c-axes, respectively. The uniaxial film shows an energy density product of 232 kJ/m?.

4. SmCo / Co bilayers

Fig. 4 shows the calculated demagnetization curves and corresponding BH-loop of
10 nm SmCo / 10 nm Co and of 10 nm SmCo / 5 nm Co. The shape of the demagnetization curves
agrees well with experimental data [15] and has to be attributed to reversible rotations within the
soft magnetic layer. Fig. 5 shows the gradually rotating magnetization structure within the soft
layer and the hard layer. The magnetization configuration are plotted a different distances from the
top surface of the soft layer. The reversible twist of the magnetization penetrates considerably into
the hard layer. This agrees well with the results of recent experiments using spin-polarized neutron
reflectometry [24] that clearly show the reversible magnetization in FePt/NiFe bilayers involves a
portion of the hard ferromagnet.

At small inverse fields exchange interactions between the uniaxial SmCo film and the Co layer
keep the Co moments parallel to the c-axes of the SmCo film. When the external field reaches the
nucleation field, a magnetization twist is introduced into the soft layer which corresponds to the
sharp drop of the magnetic polarization during reversal. If |Hy| is too small the second quadrant of
the BH-loop is no straight line but shows a knee at the nucleation field. For the 10 nm SmCo /
10 nm Co bilayer equation (2) is not fulfilled and po|Hy| <J¢/2. As a consequence the reversible
rotations of the Co moments limit the energy density product. The (BH),,,,x of 389 kJ/m? is slightly
lower than the maximum possible value of 396 kJ/m?>. Perfect exchange hardening can be achieved
if the Co layer thickness is reduced to 5 nm. The Co layer remains stable up to external field of
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Fig. 4: Left: Demagnetization curves of SmCo/Co bilayers. Right: Second quadrant of the BH-loop
of a SmCo/Co bilayers.
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Fig. 5: Magnetization twist in a 10 nm SmCo / 5 nm Co bilayer. The plots give the magnetization configuration in a depth
of 2 nm, 4 nm, and 6 nm from the top surface of the soft layer. The last slice (6 nm) is within the hard layer at a distance of
1 nm from the hard/soft interface. The reversible rotation of the magnetization penetrates into the hard layer.

H,=—1.45 MA/m. However, the reduced saturation polarization causes a reduction of the maxi-
mum energy density product to (BH)ax = 339 kJ/m>. Nevertheless, the calculations show that a Co
layer of 5 nm thickness is sufficient to increase the energy density product considerable with
respect to the single layer uniaxial SmCo film.

5. SmCo / Fe bilayers

The highest energy density products are obtained in SmCo / Fe bilayers due to the high satura-
tion polarization of o-Fe. Fig. 6 shows the calculated demagnetization curves and corresponding
BH-curves for various layer thicknesses. For the 10 nm SmCo / 10 nm Fe bilayer the shape of the
demagnetization curve shows the typical exchange spring behavior. The low nucleation field of
|Hn| = 0.49 MA/m causes a steep decrease of the BH-loop which considerably reduces the energy
density product with respect to its maximum possible value. Exchange hardening is more effective
for thinner soft magnetic layers. The energy density product increases from 390 kJ/m> to 405 kJ/m3
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Fig. 6: Left: Demagnetization curves of SmCo/Fe bilayers. Right: Second quadrant of the BH-loop of a SmCo/Fe bilayers.

if the Fe layer thickness is decreased from 10 nm to 5 nm. A reduction of the hard layer thickness
increases the volume fraction of the soft magnetic phase and in turn increases the saturation polar-
ization, J. This will increase the energy density product as long as the system is stable at suffi-
ciently large inverse fields. The energy density product reaches 644 kJ/m> for a 2.5 nm SmCo /
5 nm Fe bilayer. Fig. 7 shows the reversible rotation of the magnetization in a 10 nm SmCo / 10 nm
Fe bilayer. Initially, the magnetization rotates in opposite directions in different regions of the film.
With increasing rotation angle the exchange energy between the different regions become too large
and the magnetization spontaneously switches within the smaller region to the twist direction of the
large region and the soft magnetic moments become aligned almost parallel to each other. At this
value of the external field the magnetization of the soft layer shows alread a substantial twist. Again
reversible rotations penetrate substantially into the hard layer. Magnetization angles up to 30
degrees with respect to the easy axis are found in a depth of 1.5 nm

Pollman and co-workers [25] investigated the domain structure of a buried SmCo layer in
SmCo/Fe spring magnet using X-ray magnetic circular dichroism. The magnetic images showed
domain walls not oriented parallel the easy axis of magnetization but at angles between 45° and
90°. The micromagnetic simulations show that multi-domain states may form in the SmCo layer
after an irreversible switching event. Fig. 8 shows the domain formation during irreversible switch-
ing of the hard layer of a 2.5 nm SmCo / 5 nm Fe bilayer. The right most image is a transient mag-
netic state obtained during the expansion of a reversed domain within the hard magnetic layer.



H

=-0.44 MA/m

ext

—

2 nm

Fe
e
LR
ceeedeccctecedecend
Cebtdebeke
e R e e © Y
[ v v Y

ceccetecehee

L O

vk ¥

e 2
Sessy»>»2202
Ssu»Pr232R2
NNRRPIIINT

S>3 AAR

FR R g
3 S>333aaAR

NWBID
NNSRIPIID

>

<>

NWBIIFD
T aad

«
e d

vevekevewfpevwduee

veekevvwkevedeeed
vy
v
¥
¥
¥
¥
¥

W Ufuvcex e
13

TT
Jueecke
Juve

e e e

c-axes direction

Heye = -1.45 MA/m

&
&«
&«
«
&«
P
«
«
o
“e
«
&
«
«
«
P
«
«
«
&
&
&
&
&

Hgy =-1.83 MA/m
\ eeef«eeeéteee
qeceereceedeceecfecccece <
b \ €4
{ k <4
qes cee
qEeeekececce Ccecefpeceed
ckeecced
eeeeee&fe&fleee&ee ce e
i psy) Voo
deeectreecece
|
“«
«
«
«
«

8 nm

>222

Fe

S350 22

VIVISYSY

VUCUCECCUECCL L

eee%eeeeeeeeee‘eeee

& &«

SEARARAAAALLDD
= X

ARKE

cecceel e

cdecccgeceeq

11.5 nm

I3

e 5
e
SNy

B S SR\
>33 Rus
E R R R TS >
3 A
E R e A

SmCo

29455

B>

I I 9%9%F:§3§
>%--

B>

P>

>

3 |
>35>,
? 3 133333

y Y

¥
IITIIIITITIY

S e
S basuesss)
R R e h e
SRR ) |
R
PO
S
Sl

>
Sl
>~
>~
>~ o)
>

S B

SRR
e A N
posssdmasyusssiass
R R Y RS Y

) 2~
foms
>3-

TIRRS =
B

AR i
Pos=tasssshess
Pomsdasssyhahas
[o>-s > S
T e N N R By
A N s £ 5 515 ey OO
Nassuspssamssbarssnasss)
M i & AR Rl SO

S~
~—
S )
-

XX XA EEE X E XA i i E A KA XK

LA E XA

TTILTIIII LI CCC R

TSI

ST PTIITIY S SIS

Fig. 7: Magnetization twist in a 10 nm SmCo / 10 nm Fe bilayer. The plots give the magnetization configuration in a depth
of 2 nm, 8 nm, and 11.5 nm from the top surface of the soft layer. The last slice (11.5 nm) is within the hard layer at a dis-
tance of 1.5 nm from the hard/soft interface. From left to right the opposing field is increased.
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Fig. 8: Magnetization reversal in the hard layer of a 2.5 nm SmCo / 5 nm Fe bilayer. The plots give the magnetization con-
figuration in a depth of 6.5 nm from the top surface of the soft layer. The slices are within the hard layer at a distance of
1.5 nm from the hard/soft interface. Irreversible switching occurs at H,, = —1.96 MA/m.

6. Summary

Exchange hardening was investigated in SmCo exchange spring bilayers using finite element
micromagnetic simulations. The basic results are summarized in Table 2. The calculations show
that a high stability of the soft magnetic layer against magnetization reversal is required, in order to
obtain the maximum possible energy density product. The critical field that introduces the twist
into the soft layer, which in turn causes a sharp drop in the demagnetization curve, decreases con-
siderable with decreasing thickness of the soft layer. A sufficiently large stability of the soft mag-
netic phase is obtained for soft layer thicknesses of about 5 nm. Since the domain wall width of
SmCo is as low as 2.2 nm, a hard layer thickness of only 2.5 nm is enough to maintain exchange
hardening. Energy density products up to 644 kJ/m? can be obtained in optimally structured SmCo/
Fe bilayers. This value is considerably higher than the energy density product of high performance,
sintered Nd,Fe 4B magnets.

Table 2: Magnetic properties of SmCo thin films and SmCo based exchange spring bilayers. #,,,q and £, are the thicknesses
of the hard and soft magnetic layers. Jg, and J; are the saturation polarization and the remanent polarization. Hy sof and jH,
are the nucleation field of the soft layer and the coercive field. (BH),,,y is the energy density product.

thard (M) teon (nm)  Jo (T) S (T)  Hygon (MA/mM) #. (MA/m) (BH)max (kJ/m3)

SmCo (1100) 10 - 1.07 1.07 - 19.8 232
SmCo (1120)2 10 - 1.07 0.8 - 122 127
SmCo (1120)° 10 - 1.07 0.55 - 7.7 60
SmCo / Co 10 10 1.42 1.41 0.56 1.3 389
SmCo / Co 10 5 1.3 1.3 1.45 3.6 339
SmCo / Fe 10 10 1.61 1.6 0.49 1.32 390
SmCo / Fe 10 5 1.43 1.43 1.42 2.14 405
SmCo / Fe 2.5 5 1.79 1.79 1.42 1.94 644

a. H| MgO[011]
b. H || MgO[001]
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