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Magnetization Reversal in Micron-Sized Magnetic Thin Films
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We have measured and simulated the dynamics of magnetization reversal in 5 nm by 0.8 by 1.6mm
Ni60Fe40 thin films. The films measured form the upper electrode of a spin-polarized tunnel junction
so that the magnetization direction of the film can be probed by measuring the tunneling resistance
the junction. When a magnetic field pulse is applied, the time to switch the film magnetization change
from greater than 10 ns to less than 500 ps as the pulse amplitude is increased from the coerc
field to 10 mT and beyond. We have simulated these transitions using micromagnetic modeling o
the exact experimental conditions. The simulations agree well with the experimental measuremen
[S0031-9007(98)07661-3]
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In this paper we will investigate the dynamics of mag
netization reversal in micron-sized magnets. This w
be done both from measurement and modeling points
view. While the switching times of small ferromagnetic
objects have been measured many times in the past
none of these earlier measurements were made in micr
sized objects with picosecond time resolution. Recen
several groups have made picosecond time resolut
measurements using magneto-optic [3] or inductive pro
ing [2] of the sample magnetization on larger sample
Also, while there has been widespread use of microma
netic modeling to study the static properties of small stru
tures, time domain simulations of how such micron-size
structures switch are rare [4]. As far as we know, th
is the first paper where both measured and simulated d
namical properties are quantitatively compared on micro
sized magnetic samples.

In order to measure the magnetization reversal
micron-sized films, we chose to use spin-polarized tu
neling as a probe of the magnetization direction. I
this way, a simple-to-measure change in the tunneli
resistance between a pinned and a free magnetic la
can serve to probe the magnetization dynamics of
micron-sized magnetic film. Using this method, we hav
measured the time required to reverse the magnetizat
direction in micron and submicron-sized thin films of a
soft ferromagnet Ni60Fe40 in the 100 ps to 100 ns range
In order to understand and visualize the dynamics of t
magnetization reversal in such films we have develop
time-domain micromagnetic models of the experimental
measured films that exactly simulate the experimen
conditions. By comparing the results of the simulation
with the measurements, the simulations can be vetted a
some of the needed parameters can be determined.

The sample structure consisted of two thin ferroma
netic films separated by an Al2O3 tunnel junction [5]. The
bottom film, the pinned layer, was an antiparallel (AP
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pinned structure formed of two Co layers separated by
0.6 nm Ru film. The top film, the free layer, was a 5 nm
layer of Ni60Fe40. The structures reported here were a
0.8 by 1.6 mm in size, but both smaller and larger one
were also tested. There was a uniaxial anisotropy of a
proximately 800 Jym3 along the easy (long) axis direc-
tion. Immediately above and below the magnetic tunn
junctions were aluminum and/or gold thin film cross
stripes which were used to measure the tunnel junction
sistance and to apply an easy axis magnetic field to swit
the magnetization direction of the free layer (see inset
Fig. 3). For the small fields applied in this experimen
the magnetization of the pinned layer does not reorien
Spin-polarized tunneling between the two magnetic laye
provides a magnetoresistance effect in the range of 10
to 20%, which was used as a simple probe of the sense
the magnetization along the easy axis direction.

A pulse generator was used to create current pulses w
less than 40 ps rise times through the upper cross stri
In this way, short magnetic field pulses could be applie
in the easy axis direction of the free layer. A dc curren
bias was applied across the junction which meant th
when the junction resistance changed, a voltage pulse w
created across the junction. Hence, the magnetization
time of the free layer could be determined by measurin
the voltage between the upper and lower stripes using
sampling oscilloscope. There were also two large extern
coils that were used to apply dc fields in the hard and ea
axis directions.

To understand these results we constructed a tim
domain simulation of the Landau-Lifshitz-Gilbert (LLG)
equations of motion for our samples [4]. Our micromag
netic simulations modeled the film as a two-dimension
array that was 256 by 128 blocks in size. Each bloc
was 6.25 nm by 6.25 nm by 5 nm in dimension. Th
magnetostatic field was calculated using fast Fouri
transform (FFT) methods and the LLG equations we
© 1998 The American Physical Society
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integrated in time using a fourth order predictor-correcto
method with an 0.8 ps time step. The value of the dam
ing parametera used was 0.01. In the simulation we
applied the same field waveform as in the measureme
and recorded the average magnetization of the films a
snapshots of the magnetization pattern.

Figure 1(a) plots the measured magnetization when ea
axis magnetic field pulses were applied to the sample. T
pulse amplitudes ranged from 1.4 to 12.6 mT, zero to pea
and the period was 10 ns. The hard axis field was nom
nally zero. They-axis scale is the reduced magnetization
i.e., the average magnetization of the sample in the ea
axis direction normalized by the saturation magnetizatio
The conversion from sampling scope voltage to the r
duced magnetization is calibrated by knowing the chan
in voltage when the sample magnetization is complete
reversed at very low frequencies. The noise on the pl
represents instrumental noise. As the drive amplitude
increased, the reduced magnetization starts to change
amplitudes greater than about 2 mT, and saturates for fie
greater than about 6 mT. The rise time of the change
magnetization also gradually decreases as the pulse am
tude is increased.

Figure 1(b) plots the simulated switching for the sam
range of applied fields as the measured data. There is go
qualitative agreement between the measured and simula

FIG. 1. (a) Measured reduced magnetization vs time for ea
axis pulse amplitudes (zero to peak) of 1.4, 2.8, 4.2, 5.6, 7
8.4, 9.8, 11.2, and 12.6 mT. The hard axis field was nominal
zero. The curves are offset for clarity. (b) Simulated reduce
magnetization vs time for easy axis pulse amplitudes of 2, 3,
8, 10, 12, 15, and 20 mT.
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data, although the measured data lack some of the fi
structure of the simulated data. We believe this resu
partially from the lack of exact edge definition in the rea
samples [6]. The simulated images of the magnetizatio
pattern vs time are shown in Fig. 2. The results show th
in this range of parameters for our sample, the switchin
occurs in three stages: In stage 1, the edge domains on
short sides of the film move in toward each other until the
intercept. At that point, stage 2, the interior of the film
rapidly rotates to align with the applied field. Before the
magnetization is permanently switched, the edges of t
film, which are still orientated in their approximate initial
directions, must be reversed. In stage 3, the center sect
grows in size and eventually nucleates reversal on t
edges of the film. For larger fields, beyond about 10 mT
the transition proceeds via a different topological route
where the stage 2 rotation of the center section occu
before the stage 1 motion of the domain walls toward th
center is completed. This type of reversal, which is mo
characteristic of coherent rotation is considerably faste
but still requires stage 3 to occur.

FIG. 2(color). Simulated images of the magnetization v
position of the film as function of time after application of a
7 mT easy axis field. In each image the easy or horizont
direction is 1.6 mm in size. The hard or vertical direction
is 0.8 mm in size. The time points for the 9 images are 0
0.25, 1.42, 1.59, 1.75, 1.90, 2.07, 2.32, and 6.61 ns after t
application of the pulse. The color wheel indicates the loc
direction of the magnetization, e.g., blue green being the initi
state in the minusx direction, and red the final state in the plus
x direction.
4513
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Figure 3 plots the magnitude of the easy axis fie
required to switch the magnetization of the free layer v
the pulse duration for two values of hard axis field. Th
easy axis waveform was a pulse of a given magnitu
HPULSEstd and durationt, followed by a dwell time at zero
field, then a negative-going pulse of the same magnitu
and duration, and finally another identical zero field dwe
time. In the long pulse limit, the pulse amplitude require
to switch the film was equal to the value of the coerciv
field Hc obtained using conventional dc measuremen
As the pulse length became shorter, the amount of fie
required to switch the film increased. The two dashed lin
are fits to the empirical form:

1yt  S21
w fBPULSEstd 2 Bcg , (1)

whereBc is the “dc” coercive field in tesla (Bc  m0Hc)
and the switching coefficient [1]Sw  Lym. L is the
sample length andm is an effective mobility, which
depends on the hard axis field. For zero hard axis fie
m  1.6 3 105 myT s. This type of relationship between
the pulse duration and magnitude required to switch t
film results from the nature of the magnetization revers
in this field and size range. The switching proceeds by t
mechanism of viscous domain wall motion andBPULSE 2

Bc represents the net magnitude of the driving forc
The same type of relationship between the drive fie
and the switching time has been found on much thick
films, where the damping that resulted in the measur
mobility is a result of eddy currents [7]. In these
smaller and thinner films the dominant damping is no
from eddy currents but is intrinsic to the material, i.e.,a.

Figure 4(a) plots the magnetization vs time for anoth
sample when a series of 200 ps easy axis pulses w
applied with a hard axis field of 5 mT. Because th

FIG. 3. Measured switching timet vs easy axis pulse
amplitude HPULSEstd with two values of the hard axis field,
dots (0 T) and triangles (5 mT). The dashed lines are Eq. (
with the indicated values ofSW andHdc of 2 and 1.5 mT for the
two value of hard axis field. The open dots (0.1 mT) and ope
triangles (5 mT) are the switching fields predicted from th
micromagnetic simulation. Inset: A plan view of the junction
geometry.
4514
ld
s
e
de

de
ll
d
e
ts.
ld

es

ld

he
al
he

e.
ld
er
ed

t

er
ere
e

1)

n
e

pulse width was shorter, the field required to switch
the film was larger. Comparisons of this measured da
with our simulation are shown in Fig. 4(b). As can
be seen there is good agreement between the sha
and frequencies of the measured and predicted resu
although the rounding of the staticM vs H curve was less
in the simulation than what was measured. This reduce
the maximum change in reduced magnetization from
about 1 in the simulations to 0.6 in the measurement
These oscillations are damped ringing of the averag
magnetization vector around the hard axis field that occu
after the magnetization vector is pulsed by the switchin
field. Using the small angle approximation of the LLG
equation [8] in a thin film geometry it is easy to show tha
the oscillation frequency

fFM  gm0

p
HhardMSy2p (2)

and the damping timetDECAY  2ym0agMS. MS is the
saturation magnetization. Using the measuredm0MS for
our films of 0.93 T , Eq. (2) predicts a resonant frequency
of about 1.9 GHz if one ignores the demagnetizatio
effects in the film. The measured frequency is lowe
and is about 1.8 GHz, which might be expected from th
0.8 m by 1.6 mm shape of the film. The measured deca
time of about 1 ns can be used to infera  0.01. A
larger value fora would not produce results consistent
with the measurements.

FIG. 4. (a) Measured reduced magnetization vs time for eas
axis pulse amplitudes (zero to peak) of 1.4, 2.8, 4.2, 5.6, 7.
8.4, 9.8, 11.2, and 12.6 mT. The pulse width was 0.2 ns an
the hard axis field was 5 mT in both (a) and (b). The curve
are offset for clarity. (b) Simulated reduced magnetization v
time for easy axis pulse amplitudes of 2, 3, 6, 8, 10, 12, 14, 1
and 20 mT.
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FIG. 5(color). Simulated results for a 8 mT pulse applied fo
200 ps with a hard axis field of 5 mT. The time points are 0
159, 279, 399, 519, 639, 849, 969, and 1089 ps after the pu
was applied. This time period spans almost 2 oscillations. T
magnetization does not reverse.

Figure 5 plots the simulated results for the magnetiz
tion pattern when a 200 ps easy axis pulse is applied. T
change from the first to the second frame corresponds
the average reduced magnetization in the easy axis dir
tion rapidly increasing from20.8 to 10.7 when the field
is applied. By the next frame the easy axis field is aga
zero, and the magnetization has rotated back. The os
lation pattern can be seen in the last five frames, whi
represent one oscillation period. The magnetization p
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tern is reminiscent of spin waves in a box. Given the
complexity of these patterns, the ability of Eq. (2) to pre
dict the primary oscillation frequency is remarkable. Fi
nally, we note that the exact nature of the nucleation o
the magnetization from the center to the edges of the film
is very dependent on detailed nature of the edges, both
the simulation and the measurement. Further work nee
to be done in this area.

In this paper we have discussed how a micron-size
magnetic object switches. Such a film represents the tra
sition between larger objects that reverse primarily by do
main wall mechanisms and smaller objects which behav
as single domains and switch via coherent rotations of th
magnetization vector. Measurements and micromagne
simulations of larger and smaller films that discussed he
show such limiting behavior.
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