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Ultrafast switching of magnetic nanoelements using a rotating field

J. Fidler, T. Schrefl, V. D. Tsiantos, W. Scholz, D. Suess, and H. Forster
Vienna University of Technology Wiedner Hauptstr. 8, A-1040 Vienna, Austria

Nanostructured granular pFe,q and Co films are studied using a 3D hybrid finite element/
boundary element model. Switching dynamics are calculated for external fields applied
unidirectional after a rise time of 0.1 ns and for a 10 GHz rotational field with a field strength of
Hex=0.2 I/ o (160 kA/m for NiFe and 280 kA/m for Qo The transient magnetization patterns
show that reversal in the unidirectional field proceeds by the nucleation and propagation of end
domains towards the center of the element. The switching time strongly depends on the Gilbert
damping parametex. Materials with uniaxial anisotropyCo), require larger field, but exhibit
shorter switching times. Reversal in rotational fields involves inhomogeneous rotation of the end
domains towards the rotational field direction leading to partial flux-closure structures. Shorter
switching times are obtained by the application of the 10 GHz rotational figlg=(0.05 ns).
Precessional oscillation effects after abruptly switching off the external field which occurred in the
NiFe square element, were suppressed in the granular Co film. Reducing the field to zero slowly
inhibits the high frequency excitations in NiFe. @002 American Institute of Physics.
[DOI: 10.1063/1.1452648

I. INTRODUCTION results are independent of the mesh size, if the finite element
size is smaller than the exchange length, which is determined

The numerical solution of the Landau—Lifshitz—Gilbert , ) )
Iby the Neéor Bloch wall parameters. The time evolution of

equation of motion provides the theoretical background fo

the switching process of ferromagnetic structures. Kikhchithe magnetization at eagh nodal ppmt of the .f|n|te element
derived the difference of the minimum reversal times in amesh was calculated using the Gilbert equation of motion,

sphere and a magnetic thin film depending on the dampin hich describes t_he physical path of the magnetic polariza-
on J toward equilibrium:

parameter. In small hard magnetic particles a waiting tim
after the application of an applied field, before the nucleation dJ a 4

of reversed domains is initiated, has been obsefvéwith at — |yl IX Hegr+ 3.9% 5 (1)
decreasing size of the magnetic structures, thermally acti- s

vated reversal process become significant. Thermally inAt each time step, which is in the order of fs, the effective
duced reversal may influence the writing process as well afield termHegq include the applied field, the exchange field,
the long-term stability of written bits in magnetic recording. the magneto-crystalline anisotropy field and the demagnetiz-
Zhang and Fredkitf used the finite element method to study ing field. The termy, is the gyromagnetic ratio of the free
thermally activated reversal in ellipsoidal particles large€lectron spin and is the damping constant. The first term on
enough to show an inhomogeneous reversal process. Wee right hand side of Eq1) accounts for the gyromagnetic
present a three dimension@D) micromagnetic simulation Precession of the magnetic polarizatidnthe second term
using a hybrid finite element/boundary element model andises from viscous damping. At high damping the magneti-
taking into account realistic magnetic field prof”es with time zation rotates more or less directly toward the field direCtion,
to investigate the switching behavior of permalloy with zeroa@s the second term is dominant. In order to apply various
anisotropy and uniaxial granular Co nanoelements. The inProfiles for the external field or study the effect a rotating
fluence of a rotational field with variable field strength andexternal field, the strength and direction of the external field
rotation speed is compared with an unidirectional field withis treated as a continuous function of time

variable field rise and deca)_/ times. Thermal fluctuations, de- Heoxi= Hox(1) = H(1) - [cOg ¢(1)) - Sin( 6(1)), Sin( (1))

fects and other forms of disorder as well as eddy-currents

occurring during the fast switching process are not included. -sin(6(t)),cog 0(1))] 2

during the time integration of the Landau—Lifshitz—Gilbert

Il. MICROMAGNETIC SIMULATION MODEL equation. In Eq(2) ¢ and@ are the angle of the external field
We have used a 3D numerical micromagnetic modelwith respect to thex- and z-axis of a Cartesian coordinate

with tetrahedral finite elemeritsvith a constant edge length system. For a rotating field in the,y) plane 6 equals/2

between 2.5 nm and 5 nm to study a thin nanostructurednd(2) writes

square of NigFe,, with dimensions of 108 100X 20 nn? _ :

and a polycrystalline Co square shaped element consisting of He(t)=H-[cogw-t),siN(w-1),0], ©

100 randomly oriented grains with uniaxial magnetocrystal-wherew=2=/T is the angular frequency. We use an implicit

line anisotropy and an average diameter of about 10 nm wittime integration scherfieto solve the Landau-Lifshitz—

dimensions of 108 100 10 nnt. Generally, the numerical Gilbert equation. The algorithm requires the right hand side

0021-8979/2002/91(10)/7974/3/$19.00 7974 © 2002 American Institute of Physics

Downloaded 13 Dec 2002 to 128.130.45.110. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Fidler et al. 7975

H_(1) static TABLE I. Typical intrinsic material parameters used for the simulations,
0,2 - L with J as saturation polarizatioi, andK, as magneto-crystalline anisot-
Ty ropy constants anf as exchange constant.
_ 01 o Jg Ky K A
é_’ “%%% Material [T [MJ/m?] [MJ/m?] [pd/m|
o %

= 00 - NigdFeso 1.00 0 0 13
I »ﬁ 4 Co-hcp 1.76 0.45 0.15 13

-0 ol #Assuming uniaxial magneto-crystalline anisotropy parallel to the easy-axes

of the grains.
-0,2
0,0 0.1 0,2 03
t[ns] ponent. The calculations were started from the remanent

state after saturation parallel to they-direction. The simu-
lations were terminated a,<0.9 Js: Previous micromag-
netic simulations have shown that the damping parameter
strongly influences the switching tinfeShorter switching
of the LLG equation at specific timés. Whenever the right times are obtained at low external field strength values (
hand side of the LLG equation is evaluated E2).is used <0.5Js/u). In the present study the Gilbert damping pa-
with t=t; to compute the current direction and strength offameter was kept constant ¢o=0.1. Due to the small size,
the external field. eddy currents are considered to be small and therefore are
In order to compare the different switching behavior, neglected.
two different external field profilebi(t) have been used for
the simulationgFig. 1). In the first case a homogeneous field
was applied after rising the field from zero tb
=0.2J5/ ug (160 kA/m for NiFe and 280 kA/m for Qeafter 1
t=0.10 ns. The unidirectional field was uniformly applied @
along the—y direction of the system. Second, for compari-
son a half cycl€0.05 n3 of a rotating magnetic field with a
frequency of 10 GHz was uniformly applied in thg,y)-
plane starting from field applied along they direction. To
show the influence of the resonance excitation, especially in
NiFe, by abruptly turning off the rotating field, four different
reduction speedgtl to #4 of the field strength to zero have
been used for the simulations. To solve the Gilbert equation

FIG. 1. Rotating magnetic field is applied in they)-plane and is switched
off (#1) or slowly reduced#2-#4 after a half cycle of rotatiofi0.05 n3.

H,(1) static

numerically the magnetic element is divided in finite ele- %%N
ments. Table | summarizes the typical intrinsic material pa- -1 : ' 7
rameters used for the simulations. o o1 02 03 04 05 06
The discretization of the Gilbert equation leads to an t[ns]
ordinary differential equation for every node for each com- ;
b Hy(t) rotational h=0.2
= 10 GHz
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FIG. 2. Transient magnetization states within thg,N&,, square during the
reversal process fdfl o= 160 KA/m (h=0.2 J5/ o) occurring in an unidi-  FIG. 3. Comparison of the time evolution of the polarization inside the
rectional applied field along thg-direction att=0.106 ns leading tqJ) NigoFeo square element during the application of a unidirectional field after
=—0.49J, (a) and after the application of a 10 GHz rotational field in the field rise and a half cycle of a rotating field at 10 GHz fét,y,
(xy) plane starting from they-direction att=0.073 ns leading ta(J) =160 kA/m (h=0.2 J5/u,) for a=0.1 followed by abruptly switching off
=-0.28J; (b). (a) and slow field reductiorfb).
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FIG. 4. Transient magnetization states within the polycrystalline Co square 0,0 0,1 0,2
during the reversal process &t 0.042 ns occurring in an unidirectional t [ns]

applied field ofHg,=100 kA/m (h=0.07 J¢/u,) leading to(J)=0.67 Jg
(@ and during the application of a 10 GHz rotational field in tkg) plane £\ 5. comparison of the time evolution of the polarization inside the
starting from they-direction ofH =280 kA/m (h=0.2Js/u,) leading to o yerystalline Co square during the application of a unidirectional field and

(J)=-0.65J5 (b). a rotating field at 10 GHZrot) for H,=160 kA/m (h=0.234/u,) for
a=0.1.

Ill. RESULTS AND DISCUSSION

The numerical simulations show that in the case of the € granular thin Co film element is modeled with co-
NiFe square with zero magnetocrystalline anisotropy the rel!Mmnar grains generated from Voronoi pi)thedrons.. The
versal process starts from the remanent state by rotating t{EANSient magnetization states of Figayat t=0.042 ns in-

magnetization in the end domains within the square duringr;i'cate that nucle_zatlon ar_wd magnetization r_eversal partly_oc-
the rise time, if the field is applied uniformly along they ~ curs already during the rise time of the unidirectional applied

direction. The out of plane magnetization processes argeld of 280 kA/m. _Inhomogeneous magneuzgtlon rotation
clearly observed in the magnetization pattern of Figg) 2 processes are dominant and lead the expansion of revgrsed
which shows the transient magnetization state tat domains starting from the edges perpendicular to the field

=0.106 ns. In contrary, the reversal process by the appncaQirection. Under the influence of a constant, rotating field of
tion of the rotational field of 160 kA/m reverses only 30% of 10 GHz the magnetization tries to follow the external field

the polarization after switching off the field. Figureb? direction and starts to rotate in all grains leading to a nearly
shows the magnetization pattern just after switching off thef@mPIete reversal of the polarization within a switching time
field (t=0.073 ns). The reversal starts in the center of theOf '_[SWZO'OS ns[F_lg. 4(b)]._PreceSS|onaI osmllaﬂqn effects,

element, whereas the magnetization in the regions along grhich oc_curred in the NiFe square, were Ob_V'OUSW sup-
square edges only rotated by 90°. The diagrams of Fig. pressed in the Co film assuming randomly oriented grains

compare the time evolution of the polarization componentVith uniaxial anisotropy(Fig. 5. We observed thoat the
parallel to the applied field, for the different field profiles switching time decreases by a factor of about 10%, if the

H(t), i.e., unidirectional field after a field rise from zero and Misorientation of the grains is assumed three dimensionally
rotational field, and maximum field strength values for thecompared to a two dimensional texture within the film plane.

NiggFes thin film element. It obvious that the precessional '€ time evolution of the magnetization shows a clear
oscillation effects of the polarization vector are strongly pro-SWitching in less than=0.05 ns after abruptly switching off
nounced after abruptly switching oft1) the high frequency 1€ high frequency rotating fielFig. 5).

rotational field att=0.05 ns[Fig. 3(@)]. Despite the shorter
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