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Switching behavior of a Stoner particle beyond the relaxation time limit
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~Received 4 June 1999!

Results of the switching properties of Stoner-like magnetic particles, subject to short magnetic field pulses,
obtained by numerical investigations, are reported. The switching properties are discussed as a function of the
external field pulse strength and direction, pulse length, and the pulse shape. For field pulses long compared to
the precession time, the switching behavior is governed by the magnetic damping term. In the limit of short
field pulses, switching properties are dominated by the details of the magnetic precession. In the latter case, the
magnetic damping term is of minor importance and ultrafast switching can be achieved by choosing the right
field pulse parameters. It is also possible to choose pulse parameters in order to provide switching over a wide
range of applied field directions.
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I. INTRODUCTION

Magnetization reversal in magnetic particles is one of
fundamental issues in magnetic data storage. Current
perspective technologies require understanding and con
ling dynamic magnetization processes in fine particles
nanosecond time scales. This is an interesting region to s
because the dynamic processes are highly nonlinear in
regime.

Because of advances in nanoscale lithographic te
niques, and the current ability to shape submicron sized m
netic particles with great precision, a huge variety of expe
mental geometries are possible. To date, only a restri
number of special cases have been examined, and only
narrow range of magnetic-field configurations.1–4

Useful models for the switching process can be form
lated as semiclassical Landau-Lifschitz equations of mo
with a Gilbert damping term. For a static applied fie
switching by the homogeneous rotation of the magnetiza
or nucleation and propagation of domain walls, and com
nations thereof, have been studied thoroughly.1,4,5 Initial
work on precession dominated reversal of Stoner particle
static fields was discussed in detail by Brown,6 and recent
work has begun probing this region experimentally.7,8

Pulsed field reversal is less well studied. Precession
fects can be expected to be particularly important on ti
scales where the length of the field pulse is comparable
shorter than the typical relaxation time of the magnetizati
In this region, the strength, duration, and direction of t
applied field pulse are important.

The purpose of this paper is to examine details of
reversal process, calculated for single domain ellipsoidal p
ticles, under a variety of different reversal field configur
tions. In particular, the effects on high-speed switching
magnetic-field pulse duration, strength, and orientation
simulated. A practical method of analysis is proposed.

The following studies are relevant to reversal processe
isolated single domain magnetic particles with homogene
PRB 610163-1829/2000/61~5!/3410~7!/$15.00
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magnetization. The present results apply to the switch
properties of individual small magnetic grains in a data st
age medium, sensors, and magnetic random access me
~MRAM ! cells with small geometries.

II. MODEL

Shape anisotropy in the magnetic particle can be
scribed by demagnetization factors in thex, y, andz direc-
tion, Nx , Ny , and Nz . Only ellipsoidally shaped particle
and infinite films are considered, so that the demagnetiza
field is assumed constant across the sample. All calculat
presented in the following are performed for permalloy@satu-
ration magnetization 4pMS510.8 kG, gyromagnetic facto
g50.0176 Oe21 ns21, and the Gilbert magnetic dampin
factor a50.008 ~Refs. 7 and 9!#. Only shape and uniaxia
in-plane anisotropies are considered. Except for the sph
case, the demagnetization factors or the anisotropy field
chosen such that the equilibrium magnetization direction,
der zero applied field conditions, lies in thexy plane ~in-
plane!. For all anisotropies thex axis corresponds to the eas
axis of magnetization. In all cases, the initial magnetizat
direction is taken to be along the negativex direction.

The motion of the magnetization under the influence of
effective magnetic field and with a phenomenological dam
ing may be described by the Gilbert form of the Landa
Lifschitz equation10–12

]MW

]t
52gMW 3HW e f f1

a

MS
MW 3

]MW

]t
. ~1!

The first term on the right-hand side is the precession te
and the second one is the damping term. The effective fi
HW e f f is defined as the sum of all fields acting on the mag
tization
3410 ©2000 The American Physical Society
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HW e f f5HW ext1HW ani1HW shape,

HW ani5uHW aniu
Mx

MS
x̂, ~2!

HW shape52~4pNxMxx̂14pNyM yŷ14pNzMzẑ!,

with HW ext the external applied field,HW ani the uniaxial in-
plane anisotropy field withx the easy axis of magnetization
Ni( i 5x,y,z) the diagonal components of the demagneti
tion tensor in diagonal form, andMx , M y , andMz the vec-
torial magnetization components along thex,y, andz axes.
The results are obtained by numerical integration of Eq.~1!
using a standard, self-optimizing, embedded Runge-K
algorithm.13

III. PRECESSION EFFECTS IN REVERSAL

A. Reversal of an isotropic sphere

In this section, the effects of the shape and uniaxial
plane anisotropies on the switching behavior are examin
We begin by studying reversal of an isotropic sphere by
stantaneously increasing a magnetic field, initially at zero
a finite, constant value. The magnetic field lies in thexy
plane with an angle of 135° with respect to the initial dire
tion of MW . The demagnetization factors of the isotrop
sphere areNx5Ny5Nz51/3.

Figure 1 shows the trajectories of the end point of

FIG. 1. Time evolution of the magnetization vector of a perm
loy sphere. The initial direction of magnetization is along the ne
tive x direction ~black arrow!; a field of 50 Oe~gray arrow! is
applied at an angle of 135° in thexy plane. The time evolution is
shown for the first 500 ns.~a! No anisotropy, no damping,~b!
uniaxial anisotropy field 45 Oe, no damping,~c! no anisotropy,
damping parametera50.008, and~d! uniaxial anisotropy field 45
Oe, damping parametera50.008.
-

ta

-
d.
-
o

-

e

magnetization vector in three dimensions for vario
damping/anisotropy combinations. In all cases, the initial
rection of the magnetization lies along the negativex direc-
tion, and a field ofHext550 Oe ~gray arrow! is applied at
time t050. The initial magnetization orientation is indicate
by the black arrow.

In the absence of damping or anisotropy, the Zeeman
ergy of the magnetization remains constant and the mag
tization will precess in a circular orbit with its plane perpe
dicular to HW ext , as displayed in Fig. 1~a!. Note that no
switching can occur without dissipation. If the external fie
is switched off at timet1.t0, the magnetization will simply
stop at whatever positionMW is in at t1.

If a uniaxial anisotropy (Hani545 Oe! is present, the or-
bit of the magnetization becomes elliptical since the effect
field is now anisotropic. This is illustrated in Fig. 1~b!. Note
that the trajectory of the magnetization vector does not lie
a single plane. In this case, if the external field is switch
off at time t1, and if the magnetization is not along an ea
direction at that time, then the magnetization will continue
precess about the axis of the anisotropy.

Next the above calculations are repeated for a sm
damping parameter ofa50.008. First, the case of a sphe
without uniaxial anisotropy is considered. The trajectory
Fig. 1~c! shows the time evolution of the magnetization du
ing the first 500 ns. The switching of the magnetization o
curs because energy is dissipated, thus allowing the ma
tization to relax into a low-energy configuration by alignin
in the direction of the effective field.

With this small value of the damping parameter, 500
are not sufficient to align the magnetization parallel to t
applied field. If a uniaxial anisotropy is included, as show
in Fig. 1~d!, the switching time is decreased and after 500
the magnetization is completely reversed. Note that this
sult cannot be achieved by increasing the magnitude of
applied field, and is instead due to a deformation of the
jectory.

B. Reversal of an infinite thin film

The effect of shape anisotropy is now examined. We c
sider an infinite thin film with demagetization factorsNx
5Ny50, andNz51, so that the film is in thexy plane. The
results are displayed in Fig. 2. The magnetization is initia
aligned along the negativex direction, prior to the applica-
tion of an external field of 50 Oe. Since the external field
applied in the film plane, the precession orbit is mostly out
the film plane, and hence a significant demagnetization fi
will appear. Similar to the case of a sphere with uniax
anisotropy, the precession orbit is strongly deformed. In t
case, the anisotropy is an easy plane type, and the mag
zation remains close to the film plane.

The orbit shown in Fig. 2~a! consists of two arclike sec
tions almost parallel to the film plane. Note that the mag
tization precesses through a large range of in-plane angle
a uniaxial anisotropy field of 45 Oe is included, the range
in-plane magnetization angles is reduced. This case is sh
in Fig. 2~b!.

Reversal is possible if the magnetization crosses the h
in-plane axis at some point during its trajectory. This is po
sible even with very small applied fields. For example, w

-
-
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3412 PRB 61BAUER, FASSBENDER, HILLEBRANDS, AND STAMPS
the parameters used in this study, reversal can be achi
with a field as small as 18 Oe. The influence of damp
does not alter this feature. This is shown in Fig. 2~c! for the
case of no uniaxial in-plane anisotropy. The magnetizat
reverses into the direction of the applied field within 5 ns
a field magnitude of 50 Oe. An in-plane uniaxial anisotro
@Fig. 2~d!# also supports reversal inside 5 ns, but the mag
tization aligns in this case along the direction of the effect
field.

In summary, precession dominated reversal between
plane orientations can be very fast in the case of a film w
an in-plane uniaxial anisotropy. The reason is that the p
cession frequency is large, so that precession times are s
due to the large shape anisotropy field. This allows very
reversal from one in-plane orientation to another, because
effective field is mostly perpendicular to the film plane, th
forcing precession to be mostly in-plane.

IV. PRECESSION OF THE MAGNETIZATION
IN A PULSED APPLIED FIELD

In this section, switching phenomena under application
a short magnetic-field pulse are discussed. To define the
tation of the pulse rise time, pulse length, and pulse fall ti
used throughout this article, a scheme is outlined as show
Fig. 3. The pulse is characterized by the triplets of numb
‘‘rise time/pulse length/fall time.’’ For the pulse rise and fa
a sinusoidal time dependence is assumed. All values
given in units of nanoseconds.

In Fig. 4 different scenarios of the magnetization switc
ing including damping, initiated by a 0.2/1.0/0.2 magne
field pulse, are shown. For a film geometry results with
in-plane uniaxial anisotropy are shown in~a! and with in-

FIG. 2. Time evolution of the magnetization vector of a th
infinitely extended magnetic permalloy film. The time evolution
shown for the first 10 ns. All other parameters are as in Fig. 1.
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plane uniaxial anisotropy in~b!. All parameters except the
shape of the pulse are the same as those used to gen
Figs. 2~c! and ~d!. Figures 4~c! and ~d! contain the corre-
sponding results for an ellipsoidally shaped particle with
demagnetization factors ofNx50.008, Ny50.012, andNz
50.980. As in Sec. III, the initial direction of magnetizatio
represented by the black arrow, lies along the negativx

FIG. 3. Scheme of the magnetic-field pulse to explain the
rameters pulse rise time/pulse length/pulse fall time. All values
given in units of nanoseconds. Rise and fall times have a sinuso
shape, and the pulse length is determined as the full width at
maximum.

FIG. 4. Different scenarios of the magnetization switching i
tiated by a 0.2/1.0/0.2 magnetic-field pulse, shown for a thin fi
without ~a! and with~b! anisotropy (Hani545 Oe!. ~c! and~d! show
the corresponding results for an ellipsoidally shaped particle w
the demagnetization factors ofNx50.008, Ny50.012, andNz

50.980. The initial direction of magnetization is along the negat
x direction~black arrow!; a field of 50 Oe~gray arrow! is applied at
an angle of 135° in thexy plane. The time evolution is shown fo
the first 10 ns. Data are represented black~gray! during ~after! the
magnetic-field pulse.
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PRB 61 3413SWITCHING BEHAVIOR OF A STONER PARTICLE . . .
direction; a field of 50 Oe~gray arrow! is applied at an angle
of 135° in thexy plane. The time evolution is shown for th
first 10 ns. In these figures, the data during field pulse
represented by black lines, and after the field pulse by g
lines.

In the case of a film without anisotropies, as shown in F
4~a!, the magnetic field pulse leads to a damped preces
about the effective field direction. When the applied fie
terminates, the effective field is entirely due to the demag
tization field, and the magnetization precesses in a circ
trajectory with a small component initially out of plan
Since no in-plane anisotropy is present, all in-plane angle
the magnetization can be realized as a final state by fi
pulse length variation.

A uniaxial in-plane anisotropy is included in the calcul
tion and shown in Fig. 4~b!. The time evolution of the mag
netization during the field pulse is similar to Fig. 4~a!. The
effective field is modified by the in-plane anisotropy fiel
The relaxation of the magnetization leads to the final e
magnetization direction, which is closer to the magnetizat
direction when the pulse was terminated. As discussed
low, the final position turns out to be very sensitive to t
pulse strength in certain orientations.

In Figs. 4~c! and ~d!, the demagnetization factor is suc
that its in-plane component is comparable in magnitude
the uniaxial in-plane anisotropy. This changes the switch
behavior. In the case without anisotropy, the magnetiza
ultimately rests at its initial position after termination of th
field pulse. For this reduced shape anisotropy, the preces
time is also reduced, allowing the magnetization to remain
the x,0 half space for a long time during the pulse. Th
increases the probability of relaxing back into the initial d
rection when the pulse ends.

Figure 4~d! shows the time evolution of the magnetizatio
reversal for an ellipsoidally shaped geometry with a uniax
anisotropy. Although the resulting in-plane anisotropy co
tribution is '90 Oe, fast and stable switching occurs for
field pulse of 50 Oe.

It is clear from Figs. 4~b! and ~c!, that the length of the
short pulse determines the final state of the magnetizatio
should be noted that experimental evidence for this was
cently demonstrated by Backet al.,8 testing the domain
structure written into a perpendicularly magnetized film b
pulse of high-energy electrons propagating at near spee
light in the Stanford Linear Accelerator Facility. In their e
periments it was possible to observe the different dom
patterns created by different magnetic-field pulse mag
tudes.

V. MAGNETIZATION SWITCHING OF SMALL
PARTICLES

For reversal processes we are mainly interested in
final state of the magnetization. As suggested above, the
state is sensitive to the parameters describing the pulse
suggest here a particular graphical representation that is
ful for providing the final configurational state informatio
as a function of the pulse field strength and direction. T
representation is shown in Figs. 5 and 6. The ellipsoida
shaped magnetic particle has demagnetization factorsNx
50.008, Ny50.012, andNz50.980. No further anisotropy
re
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is considered. The magnetic damping parameter is chose
a50.008. Prior to the field pulse, the magnetization li
along the negativex direction, and reversal is into the pos
tive x direction. Dark~bright! areas indicate that the fina
state of magnetization is in the negative~positive! x direc-
tion. The circular polar coordinates represent the direct
and strength of the field pulse. The strength is zero at
center, and its increment is 25 Oe between circles. The
rection from the center indicates the direction of the exter
field.

A. Switching with long pulses—the relaxation dominated
switching regime

We now apply a 0.0/2.75/0.0 pulse to the ellipsoid. T
result is displayed in Fig. 5. It is evident that reversal tak

FIG. 5. Switching diagram of an ellipsoidally shaped partic
with the demagnetization factorsNx50.008, Ny50.012, andNz

50.980, i.e., thex axis is the easy magnetization axis. The initi
direction of magnetization is along the negativex direction. A field
pulse of 0/2.75/0 ns is applied. Bright~dark! areas indicate that the
magnetization has switched~not switched! from the negative into
the positivex direction. The direction of each point of the diagra
from the center indicates the direction of the applied field pul
The strength of the field pulse is proportional to the distance fr
the center. The circles show increments of the field strength o
Oe. The four panels display the time evolution of the three mag
tization componentsMx ~bold black line!, M y ~thin gray line!, and
Mz ~thin black line! at the positions indicated in the switching dia
gram. The time structure of the applied field pulse is shown by
dashed line.
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FIG. 6. Switching diagram for
a field pulse of 0/0.25/0. All other
parameters are as in Fig. 5.
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place for most of the parameter sets, where the field direc
has a component along the positivex direction. If the field is
aligned near the6y directions, switching and nonswitchin
areas alternate with increasing field strength. Along th
directions the final configuration is very sensitive to pu
magnitude, and we call this the ‘‘instability region.’’ Thi
region exists because during precession about the fieldy
directions, thex component of the magnetization oscillat
between the positive and negativex directions. The final
state is determined by the position of the magnetization w
the field pulse is terminated. The instability region is due
a beating between the applied field pulse and the preces
of the magnetization. Note that if the value of the appli
field is too small, no switching will appear.

Note that the angular extent of the instability region
creases with field strength. A corresponding increase in
precession frequency increases the angular range cov
during precession, and thus extends the instability region

The four diagrams labeled~a! to ~d! in Fig. 5 show the
time evolution of all components of the magnetization. V
n

e

n
o
ion

e
red

-

ues are shown as a function of time for different fie
strengths and directions. A significant ‘‘ringing’’ of the mag
netization at the beginning and ends of the applied field pu
is observed. In all cases the crucial parameter for the swi
ing is the magnetic damping parameter. If the applied fi
pulse has a component along the positivex direction, damp-
ing helps the reversal because the average of thex compo-
nent can move toward the positivex direction in a single
oscillation period. This can be seen in the black lines sho
in Figs. 5~b! and ~c!. Otherwise, damping actually hinder
switching because the negativex direction is favored.

B. Switching with short pulses—the precession dominated
switching regime

Application of a very short, 0/0.25/0, field pulse is no
examined. For moderate applied fields, this pulse length
shorter than the precession period of the magnetization.
ure 6 shows the results of the calculations. Compared to
results of long pulses~cf. Fig. 5! we observe a strongly al
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ternating behavior in the right part of the diagram, where
x component of the applied field is antiparallel to the init
direction of the magnetization. We also find that the regio
in the left part of the diagram, where switching can occ
are greatly enlarged. Diagrams 6~a!–~d! illustrate the time
evolution of the switching process for the same values
directions of the external field, as in Fig. 5. The final state
the magnetization of Figs. 6~b!–~d! is the same as in Figs
5~b!–~d!. In Fig. 6~a! the magnetization is reversed in co
trast to the case shown in Fig. 5~a!. This is because the du
ration of the pulse is short enough to avoid the relaxat
into the negativex direction.

A remarkable situation is shown in Fig. 6~b!. Full reversal
of the magnetization is achieved within the pulse len
without significant ringing afterwards. The reason is that
pulse is switched off at the time thez component of the
magnetization crosses zero. This is energetically favora
since at this point most of the energy is contained in
Zeeman term which will be dismissed upon field terminatio
The suppression of the ringing is important for ultrafast a
plications in order for consecutive pulses to be applied to
same cell without dead time.

VI. INFLUENCE OF THE SHAPE OF THE MAGNETIC
FIELD PULSE ON THE MAGNETIZATION

REVERSAL

The influence of the pulse shape on the switching prop
ties is summarized in Fig. 7. On the left we show diagra
for rectangularly shaped pulses. In the top figure, the pu
length is 0.25 ns, so that switching is dominated by prec
sion~cf. Fig. 6!. In the bottom figure, the pulse length is 2.7
ns, and switching is determined by the relaxation time~cf.
Fig. 5!. The middle figure shows an example out of the tra
sition region between the precessional and relaxation lim
for a pulse length of 1.4 ns.

The right panels of Fig. 7 show the switching diagram
for the same pulse lengths as in the left panels, but with
and fall times equal to the pulse length. In each case, reg
of stable switching into the positivex direction are enlarged
compared to the case of a rectangular pulse of same dura
especially for the transition regime. In addition, we find th
the angular range of no switching regions~i.e., into the nega-
tive x direction! is larger. Hence we find for the bottom righ
panel a clear separation between the switching and n
switching areas at the6y direction, with the exception of the
Stoner asteroid in the center of the diagram for small app
fields.

VII. APPLICATIONS

Criteria for fast and stable switching are derived, and
diagrammatic representation, suggested for analysis,
been presented. We believe that these kind of diagrams
be useful for optimizing switching times in magnetic d
vices. In particular, this analysis can be used for MRA
storage cell geometries, which usually consist of a magn
multilayer stack containing the storage element and the
sor structure for readout. Reversal can be achieved using
crossing, current-carrying wires to address and switch
cell. The wires are perpendicular to each other, and alig
e
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parallel and perpendicular to the easy axis of the stor
elements. Each wire alone is supposed not to switch
storage elements. Only the addressed element beneath
current carrying wires will be switched. From Fig. 5, fo
example, crucial information is extracted about the switch
by drawing a square~for identical values of current in eac
wire! or a rectangle~for different values of current in eac
wire! around the center. The intersections with thex and y
axis contain the information about a possible switching
elements beneath each wire. For stable operation, the in
sections with thex and y axis should not switch, but the
corner position should indicate successful switching.

To achieve stable switching, for example, for a giv
range of fluctuations in material parameters, a fairly lar
range in the diagrams must be considered, where switch
occurs. In the precession dominated case, such an are
identified along the6y directions. Improved switching of an
MRAM memory cell could be achieved by simultanous
addressing two data lines which are oriented parallel to
easy axis of magnetization such that the generated fiel
oriented along the6y directions.

VIII. SUMMARY

The switching properties of Stoner-like magnetic partic
upon application of short magnetic pulses have been

FIG. 7. Switching diagrams as in Figs. 5 and 6 for pulse leng
of 0.25 ns~top!, 1.40 ns~middle!, and 2.75 ns~bottom!. The left
panels show the diagrams for rectangularly shaped pulses, the
panels for pulses with rise and fall times equal to the pulse len
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sented. Switching depends largely on the pulse length a
the pulse shape. Two distinct switching mechanisms can
realized. For short field pulses the switching properties a
governed by the precession of the magnetization, whereas
long field pulses only the damping term is important. W
have shown that by choosing optimum field pulse paramet
the damping term is of minor importance and ultrafa
switching becomes possible.
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