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The calculation of energy barriers between stable equilibrium states in strongly interacting systems
requires the calculation of saddle points in high dimensional energy landscapes. We combine the
nudged elastic band method with finite element micromagnetics to calculate optimal paths, giving
a global view of thermal switching in antiferromagnetically coupled media. Energy barriers and
transition rates can be estimated from the saddle points and the energy minima along this path. We
investigate the dependence of the energy barrier on the strength of the antiferromagnetic coupling
and study the reversal in the data bit transition region. Below 1.1 fre)fwo step reversal occurs
passing a metastable state. Above 1.1 mdhis metastable state disappears and the energy barrier

is constant for a coupling strength greater than 1.5 rhJ/@ 2003 American Institute of Physics.
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I. INTRODUCTION model the geometry of the magnet. A sequence wlagnetic
states is constructed in such a way as to form a discrete

. . . ._“representation of a path from the initial magnetization state
storage elements becomes important with decreasing size

. . i to the final magnetization stak#; . The most simple case

the magnetic structures. The calculation of the thermal sta- L D . . o ;
- . o . of the initial path is just a straight line with linear interpola-
bility requires the estimation of transition rates between.

stable equilibrium states of the magnet. The calculation Opon in the configuration space betwebf) and M. An it

o . o erative optimization algorithm is then applied until at any
transition rates needs a detailed characterization of the en- . . . .
S point along the path the gradient of the energy is only point-

ergy landscape along the most probable path which is taken . .
2T : . ing along the path which also means that the path integral of

by the system from its initial state to a final state. Using the . . . . o
the micromagnetic action along this path is in a local

finite element method it is possible to represent complex inimum? Another expression for this optimal path is also

geometries and grain structures. While it is strmghtforward?mimmum energy path,” and means that the energy is sta-

to c_alculate energy minima a much more _demandmg task Iﬁonary for any degree of freedom perpendicular to the path.

to find the saddle points between the minima. Even for low . b o
. . . . A detailed description of the method as applied in micromag-

dimensional models, e.g., a macrospin model for antiferro-_ _.." = .

) ; . netics is given elsewhere.

magnetically coupledAFC) media where two spins are ex-

change coupled, this calculatiois quite complex although it L RESULTS

has just four degrees of freedom. We combine the elastill"

band method with finite element micromagnetics to calculate  AFC media is a prominent candidate where thermal sta-

the saddle points and energy barriers. The method is robusility is increased by a stabilizing layéf. The recording

and allows models with many degrees of freedom. We staifayer and the stabilizing layer are separated by a thin non-

with one irregularly shaped AFC graitrig. 1(b)] meshed magnetic Ru-spacer of about 0.8 nm thickness which couples

with about 800 nodes. In a next step energy barriers in théhe two layers antiferromagnetically. For an interface area of

data bit transition region were calculated in a model with 19

irregularly shaped AFC grair$=ig. 1(a)] with a tetrahedral

mesh of~5000 nodes.

The thermal stability of magnetic media and magnetic

magnetic layer 1
(9 nm CoCr)

Il. METHOD nonmagnetic
. . spacer
To calculate optimal paths we follow the idea of Henkel- (&8 nm Ru)

man and Jossod and combine the nudged elastic band
method with finite element micromagnetit$n micromag-
netics we represent the magnetic states of a system by a set
of magnetic moments. This corresponds to the magnetization

at the nodes of the finite element mesh, which is used t&IG. 1. (a) Data bit transition region in AFC medigb) One grain of AFC
media has reversed. The interface area of the enlarged AFC grain is 96.15
n?. V; andV, are the volumes of the top and bottom layer grails (
¥Electronic mail: rok.dittrich@tuwien.ac.at =865 nnt¥, V,=2385 nn¥).

magnetic layer 2
(4 nm CoCr)
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FIG. 2. Energy along the optimal path for an exchange coupling [|G. 4. Switching field as a function of the energy barrier. Compared are

=0.2mJ/nt (Jx Area~4.8kgT). The magnetization reverses by a two step conventional media with AFC media. The reversing field is applied 21° to

process passing two energy barriers. Energy barriers and magnetizatiqRe easy axis. From the horizontal line we see that the energy barrier of the

states are indicated. AFC media is 15% higher that the one of conventional media at the same
switching (writing) field.

96.15 nnt and a coupling strength up to 5 m¥/this gives

energies up to 4BgT. The uniaxial anisotropy energy isin ) ) _

the order of 5&gT. still increases with the coupling strength reaching
We start by investigating the energy barrier dependencd-45K.V1, at J~2mJ/nf. Above this value saturation is

on the interface coupling strength for an isolated irregularly'eachedFig. 3).

shaped AFC grain as shown in FiglbL As a basic set of For a high quality recording media a high energy barrier

=10 pJ/m, I =J=0.375T andK ;=K ,=2.30 kd/ni. creasing the anisotropy in conventional media. The second
For weak coupling J<1.1 mJ/mi) a two step reversal oc- Important quality factor is the writability of the media since
curs. First one layer reverses and the system remains in tg€ recording head has only a limited writing field. The de-
metastable state where both grains are parallel until the segireéd “good writability” media should have a low switching
ond layer switches. The two step reversal mode is shown ifi€ld but keep a high energy barrier. In a second step we
Fig. 2. The energy barrier increases linearly with the coucalculate the switching fields using standard dynamic
pling strength reaching 1.44,V; at about 1 mJ/f K, is mlcromagnetlc%usmg a \_/alug of Q.OZ fo_r thc_e Gilbert damp-
the uniaxial anisotropy and, andV, are the volumes of the INg constant. The reversing field is applied m_plane under an
two subunits[see Fig. 1b)]. Above a critical coupling angle of Zlf(Ref. 9 to the easy axis of the grain. The results
strength of 1.1 mJ/fthe metastable state disappeésse areé shown in Fig. 4. We compare the switching fiéld of

Fig. 3. Above this critical value the interface coupling en- conventional media with AFC media as a function of the
ergy exceeds the energy for uniform rotation of the smallefOrresponding energy barrier. In the case of conventional
grain. For thinner bottom layers a smaller coupling strengtinedia(using the top layer grain only of our AFC moglele

is sufficient to reach this critical point. The energy barrierincreased the energy barrier by varyifigcreasing the an-
isotropy constanK, (starting from 230 kJ/f). In AFC me-

dia the energy barrier is increased by vary{imgreasing the
interface coupling strength but keeping the anisotropy con-

. ] IR o a a stant (<, =230 kJ/n?). The dashed line shows that the en-
§ 1-4_“ f‘;g?é%ba’”e’ 7] ergy barrier is increased by 15% as compared to conven-
213+ o tional media without increasing the switching fiétd . This

> "/ two step ] best gain corresponds to an interface coupling strength in the

) 12 [/ reversal B AFC media where the reversal mode changes from two step

o 1.1 - to one step reversdsee Fig. 3. Here the interface coupling

| T R S N ] energy is about 110% of the anisotropy energy of the bottom
0 1 2 3 4 5 layer/grain.
J (mJ/mz) The method also allows the calculation of more complex

models. We constructed a model of 19 irregularly shaped
FIG. 3. Energy barrier as a function of the interface coupling strength foroEC grains. The average grain diameter was 9 nm and with

one isolated AFC grain. The point indicates the critical coupling strength . . . L
which separates the two- and the one-step reversal mgdendV, are the 0.9-nm-thick nonmagnetic grain boundaries in between. The

volumes of the top and bottom layer grainé=€ 230 kJ/ni, V,=865 nn, top and _bOttom |5_‘yer had equal para_mEterS as in the example
V,=385 nnt). of the single grain. The energy barrier was calculated for a
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grain in the data bit transition region as shown in Figell  without increasing the switching field. The method is capable
Although the model is complex and the dimension of theof calculating energy barriers of grains within the bit transi-
discretization space high the method gives the proper saddt®n region. Here demagnetizing fields lower the energy bar-
point and corresponding energy barrier in a reasonable conmier by 3% as compared to the case of one isolated AFC
puting time (1/2 day, when meshed with 5000 nofes a  grain.
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