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Reversible magnetization processes and energy density product
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The hysteresis properties 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&l) curve shows the typical exchange spring behavior

for the bilayer if the soft magnetic layer thickness exceeds 10 nm. 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. 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. ©2003 American Institute of Physic§DOI: 10.1063/1.1558245

I. INTRODUCTION (3) Pollman and co-workefsinvestigated the domain

Nanostructured permanent magnets have great potentigi’ucture of a buried SmCo layer in SmCo/Fe spring magnet
for micro-electromechanical systenfIEMS) application, using x-ray magnetlic circular d|ch'r0|sm. The magnetic im-
since it is possible to tailor their magnetic properties accord@9es showed domain walls not oriented parallel to the easy
ing to the specific requirements. A prominent example for2XiS Of magnetization but at angles between 45° and 90°.
nanostructured permanent magnets are hard magnetic/soft " this article we compare the results of numerical mi-
magnetic bilayers. They also provide an excellent model syscromagnetic simulations with the recent experimental find-
tem to study fundamental magnetization processes both ei19s mentioned earlier. The simulations use the f_|n|te elgment
perimentally and numerically. The so-called exchange sprin ethod to model the granular structure of the bilayer films.
mechanism, originally proposed by Kneller and Haig, 'ne hard magnetic properties of nanocomposite magnets
forms the basis of two-phase permanent magnets. A mixturg€nsitively depend on microstructural featLPre'Ehlln. film
of a magnetically hard phase and a magnetically soft phasgrowth techmque; permit the preparation of art|f|C|<_51I nano-
shows excellent hard magnetic properties provided that botfiSPErse magnetic structures. Magnetron sputtering tech-
phases are exchange coupled. Owing to the exchange intdHques enable to control the microstructure, the crystallo-
actions between the hard and the soft magnetic phase tigaphic orientation, and the magnetic %nls_o_tropy of
magnetization reversal process is reversal up to high c)ppognulnlayer hard magnetlc/soft magnetic structur_(anlte el-
ing external fields. The magnetic polarization of the softeément models of bilayer structures can be built more accu-
magnetic phase rotates reversibly out of its easy directiof€ly than those of bulk systems. Indeed, the numerical re-
which is parallel to the anisotropy direction of the adjacentSUlts are in goo_d4 qualitative agreement with recent
hard phase, if a sufficiently large inverse magnetic field is€XPerimental work: ‘Section Il introduces the numerical
applied. Within the soft magnetic phase the magnetizatioﬁ?Chn'q“eS and the fInIFe element model of the myesﬂgated
shows a twist with gradually rotating magnetization. The ro_l:.)llayer structures. Section IlI presents the magnetic proper-
tation angle increases with increasing distance from the hart€S calculated for SmCo/Co bilayers and SmCo/Fe bilayers.
phase, as schematically shown in Fig. 1 for a hard magnetic/
soft magnetic bilayer. The magnetization forms a Bloch wall
like structure and will rotate back in alignment with the hard
phase when the applied field is reduced. Recent experiments ~ €xternal field €
investigate the magnetization structure near magnetically
hard/soft interfaces under an influence of an opposing field

(1) In hard magnetic/soft magnetic bilayers, the soft
magnetic layer breaks up into domains with opposite spin
twist during the reversible part of the demagnetization
process.

(2) Spin-polarized neutron reflectometrshows that the hard magnetic layer
reversible twist of the magnetization penetrates considerably
into the hard magnetic layer.

soft magnetic layer

FIG. 1. The magnetization twist in an exchange spring bilayer. A reversed
field larger than the absolute value of the nucleation field starts induces a
3E|ectronic mail: thomas.schrefl@tuwien.ac.at gradually rotating magnetization within the soft layer.
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TABLE I. Intrinsic magnetic properties used for the calculations. &dte assigning a magnetic moment to each node of the finite ele-

zero magnetocrystalline anisotropy was assumed in the calculations. ment mesh. For each magnetic moment the Landau-Lifshitz
K, MIn?)  J,(T) A(Im Reference  Cilbert (LLG) equation is solved. Since we are only inter-

ested in static properties the Gilbert damping parameter is set

S csmcgmc g 1'8; 2'2 9. 10 to a= 1. Owing to the exchange and the magnetostatic inter-
m O’C'o @ 045 176 13 1 actions between the magnetic moments, a system of coupled

a-Fe 0 215 25 1 nonlinear differential equations has to be solved. A precon-
ditioned, backward differentiation time integration scheme

proved to be highly efficient to solve the dynamic micromag-

netic equations of irregular magnetic structurésnitially

IIl. FINITE ELEMENT MODELS the magnetic system is saturated parallel to the applied field

Benaissa and co-workérinvestigated the structure of direction. Then the LLG equation is integrated until equilib-

SmCo films grown on MgO substrates using high resolutior{ium for decreasing applied field. Thus the quasistatic de-
transmission electron  microscopy. The grains Ofmagnetization curve can be obtained numerically. The mag-

— . netostatic interactions are calculated using a hybrid finite
(1100)-oriented SmCo, grown on MJ@L0 substrates, element/boundary element meth§dA hierarchical muilti-
have in-planec axes which are parallel to each other, reSun'level method® is used to accelerate the boundary element
ing in a uniaxial structure. The studies show that the SmC(?n ;

. : . ethod and to avoid the storage of the full ulate
film consists of a mixture of SmGo Sm,Co,;, and SmCg¢ g y pop d

polytypoids. The magnetocrystalline anisotropy directions mboundary element matrix.
the different phases are in the plane of the film and parallel t?” RESULTS
each other. In the finite element model of the SmCo layer we
have to represent the granular structure and the change of the Figure 2 shows the calculated demagnetization curves
anisotropy from grain to grain. A Voronoi construction is and correspondin®H loop of 10 nm SmCo/10 nm Co and
used to generate the grain structure of the finite elemerif 10 nm SmCo/5 nm Co. The shape of the demagnetization
model. We randomly varied the magnetocrystalline anisoteurves agrees well with experimental datnd has to be
ropy constant from grain to grain, assuming 50 vol%attributed to reversible rotations within the soft magnetic
SmCgq, 25 vol% SmCg, and 25 vol% SrpCo;. Table |  layer. At small inverse fields exchange interactions between
summarizes the intrinsic magnetic properties used for théhe uniaxial SmCo film and the Co layer keep the Co mo-
calculations. The soft layer is assumed to be continuougents parallel to the axis of the SmCo film. When the
without any structural inhomogeneties. Perfect exchangexternal field reaches the nucleation field, a magnetization
coupling is assumed at the interface between the hard and thwist is introduced into the soft layer which corresponds to
soft layer boundary. The variation of the total Gibbs’ freethe sharp drop of the magnetic polarization during reversal.
energy provides the interface condition at boundary betweetf the nucleation fieldHy| is smaller thanls/u the second
the hard layer mesh and the soft layer m&sh. quadrant of théBH loop is no straight line but shows a knee
Then the grains are further subdivided into tetrahedraht the nucleation field. For the 10 nm SmCo/10 nm Co bi-
finite elements. In order to resolve the relevant magnetizatiofayer the nucleation field is smaller thag/(2uo) and the
processes, the mesh size has to be smaller than the domairaximum possible energy density productlgf(4u,) can-
wall width in the hard phasée~2.5 nm and has to be equal not be reached. The reversible rotations of the Co moments
to the exchange length in the soft phdseés nm). To reduce  limit the energy density product. Th&H) . of 389 kJ/ni
the computational effort we reduce the lateral size of the filmis slightly lower than the maximum possible value of 396
to 5X 5 grains with a diameter of 30 nm. The total number ofkJ/n?. Perfect exchange hardening can be achieved if the Co
finite elements reaches 350 000. We derive a system of edayer thickness is reduced to 5 nm. The Co layer remains
change and magnetostatically coupled magnetic momentstable up to an external field ¢f.,=—1.45 MA/m. How-
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A % R N bilayer. The plots give the magnetization configuration in a depth of 6.5 nm
£33 r : $ ¥ i 3 from the top surface of the soft layer, thus the slices are within the hard layer
3% Eas | % t 3 iy : at a distance of 1.5 nm from the hard/soft interface. Irreversible switching
FE3ERE | dEEEL occurs atH ¢,;= —1.96 MA/m.
115 nm T X T T T X = (4 X
it 5 Sy x/ﬁ:—f 7 The micromagnetic simulations show that multidomain
g B LR CENIRERTY ¢ \ 3 ey states may form in the SmCo layer after an irreversible
& : R R switching event. Figure 4 shows the domain formation dur-
S fnARnEn | EEER etk ing irreversible switching of the hard layer of a 2.5 nm
,' LIRS g SmCo/5 nm Fe bilayer. Similar magnetization processes also

=~ ) occur for larger SmCo thicknesses. The right-most image is a
FIG. 3. Magnetization twist in a 10 nm SmCo/10 nm Fe bilayer. The pIotstranSlem magn,etlc .stgte obtained du””g the expansion Of, a
give the magnetization configuration in a depth of 2, 8, and 11.5 nm from'€Versed domain within the hard magnetic layer. The domain
the top surface of the soft layer. The last sli¢&.5 nm is within the hard ~ walls are oriented at angles between 45° and 90° with respect
layer at a distance of 1.5 nm from the hard/soft interface. From left to rightiy the easy direction.
the opposing field is increased.
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