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currents, so the micromagnetic step is handled by

Abstract: This paper extends a recently presented
program for solving the eddy current problem in a
cylindrical geometry, by investigating the effect of
time-varying fields. When the applied field is turned
off, wall motion slows by several orders of magnitude,
but since the wall energy can be reduced by reducing
the length of the wall, it continues to move, albeit
much more dowly. Reversing the applied field has
the effect of nucleating the opposite kind of wall
which propagates inward and eventually annihilates
the previous wall.

direct energy minimization. With this technique

there is no precession, which in conjunction with
the problem geometry insures that there are ne self
magnetostatic (demagnetization) fields.

The particular results reported in this work were
obtained using the following parameter values,
chosen for illustrative purposes rather than to
mimic any physical material: cylinder radius R =
9.5x10" m, saturation magnetizations® 10" A/m,
magneto-crystalline anisotropy (K= 10* J/nT,

exchange coupling A = 3xT0J/m, conductivityo

Micromagnetism, = 0.1 S/m, and base time unit 2.08%10
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. INTRODUCTION
Il. PULSE RESPONSE

Several micromagnetic programs have been

developed to compute the effect of eddy currents mpropagate the wall half-way to the center, we

ferromagnetic materials [1], [2], [3], [4]. We have o "pe aoolied field off. At first it appeared
developed a one dimensional model micromagnetic

program to solve for the dynamic magnetization in that the wall had stopped, as shown in Fig. s It

. . .. _seen that when the wall is almost still the wall
conducting cylinders as a test bed for determining . o X
energy is smaller than when it is moving. Closer
the accuracy of these programs [5], [6].

: S . ., examination showed that it was still moving inward
We consider an infinite cylinder of a material X
. . : : but much more slowly. This type of phenomena
having uniaxial magneto-crystalline anisotropy,

with easy axis parallel to the axis of the cylinder has been observed in single crystals [7].
The initial magnetization is also parallel to the ; : ‘ ! ;
cylinder axis, but at time t=0 an oppositely dissLt L N
magnetic field is applied. The applied field
nucleates a concentric Bloch wall on the surface of
the cylinder, which propagates towards the center.
The wall motion produces eddy currents, which in
turn generate magnetic fields that shield the
interior of the cylinder and retard the wall motion

The  simulation solves the  coupled
magneto/electro-dynamic system by interleaving
micromagnetic and eddy current computations. _ - : _
We assume that the micromagnetic dynamics are %o 0 30 40 50 e 70 0
much faster than the relaxation of the eddy Time (arbitrary units)

After applying a magnetic field long enough to
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Fig. 1. Normalized wall position and wall energyaafsinction
of time due to a pulse input field.
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Fig. 2. Current density just before (solid linejlguast after
(dashed line) applied field is turned off.

Examination of Fig. 2 shows that just before the
field was turned off the current pulse peak was 2.4
mA/m? and three time steps after the pulse was
turned off the current pulse peak was .09 nfA/m
indicating that the wall had slowed down by a
factor of 26 but was still moving.

I11. SQUARE WAVE RESPONSE

If instead of turning off the field as in the

previous section, the field was reversed, a new

wall of the opposite type was generated at the
surface as shown in Fig. 3. This new wall

propagates inward and eventually annihilates the

previous wall leaving a saturated sample.
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Fig. 3. The angle of the magnetization just befeadid line)
and after (dashed lines) the applied field wasrsmgeshowing
the annihilation of the domain wall.

If we plot the position of the inner wall as a
function of time, shown in Fig. 4, we see that ¢her

of the outer wall reduces the field at the inneli,wa
by the effect of the eddy currents, so that it
effectively stops. A plot of the magnetostatiddie
(eddy current field plus applied field) inside the
material, shown in Fig. 5, illustrates that theceff
of the applied field in the interior is greatly
reduced by the outer eddy currents.

Plotting the total wall energy as a function of
time shows that when the field is reversed, the
energy increases because a new wall is formed.

We note from Fig. 6 that for a stationary wall the
anisotropy energy density and the exchange energy
density are virtually equal, as is known to be the
case for uncurved Bloch walls. However, for a
wall moving at a constant velocity, as shown in
Fig. 7, the exchange energy density is larger. We
attribute this to a reduced wall thickness resgltin
from the applied field pushing the wall inward
while the eddy current field pushes the wall
outward.

1.5

Wall radius
——— Wall energy density

Normalized quantities

50 60

40
Time (arbitrary units)

30

Fig. 4. The position of the inner wall and the tetall energy
as a function of time. The field is reversed migtindex 40.
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Fig. 5. The magnetostatic field in the materiatathe applied
field is reversed.

is a slight tendency to reverse when the applied

field is reversed (at time 40). However, the motio
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Fig. 6. Energy density after applied field is tudref. (Note
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Fig. 8. Wall thickness as a function of averagd welbcity.

that the two curves are virtually identical,)
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Fig.7. Energy densities for a moving wall.
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magnetization angle i8(R)/2, is plotted in Fig. 9
for various applied fields. As can be seen from Fig
10, the wall velocity increases nonlinearly witle th
applied field. Note that for fields below 0.2 mA/m
the wall does not nucleate. The nucleation field
and wall velocity are independent properties
governed by different phenomena.
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Fig. 9. Wall velocity as a function of time for diggl fields
(from bottom to top) of 0.2, 0.25, 0.3, 0.35, andl MA/m.

0.5

L) f=] f=]

i i N

b O o0
T T T

Average wall velocity (m/sec)

o

I

]
T

04 : . :
1 2 3 4 5
Applied field (T) 10"

Fig. 10. Average wall velocity as a function of hpg field.

IV. CONCLUSIONS

We have presented results of a micromagnetic
program with eddy currents under the influence of
time varying applied fields. We have shown that
an isolated cylindrical domain wall will shrink and

We have computed wall thickness as a functioneventually annihilate in order to minimize wall

of average wall velocity as seen in Fig. \Ble see

that it is in agreement with the hypothesis.

The wall velocity as a function of time,

energy. Changing the polarity of the applied field
will nucleate a new domain wall that can annihilate
old ones. Also a moving wall is narrower than a
stationary wall and the exchange energy density in

computed as the velocity of the point at which the this case is larger than the anisotropy density.



V. ACKNOWLEDGMENT

The authors would like to thank the members of
the Institute for Magnetics Research and especially
Dr. Lawrence H. Bennett and Gary R. Kahler for
many useful discussions.

REFERENCES

[1] E. Della Torre, J.G. Eicke, “Eddy Currents in
Micromagnetic Calculations,JEEE Trans. Magn. Vol.
33, No.2, March 19997, pp. 1251-1254.

[2] L. Torres, E. Martinez, L. Lopez-Diaz, O. Alejog\fout
the inclusion of eddy currents in micromagnetic
computations, Physica B, 343/1-4, 2004, pp 257-261.

[3] J. Fidler, T. Schrefl, W. Scholz, D. Suess, R.izitt, and
M.  Kirschner, “Micromagnetic = modelling and
magnetization processesl.”"Magn. Magn. Mat., 272-276
(2004) 641-646.

[4] Sandler, G.M., Bertram, H.N., “Micromagnetic
simulations with eddy currents of rise time in tHilm
write heads,"J. App. Phys., 81 (1997), pp 4513-4515.

[5] L. Yanik, E. Della Torre, and M. J. Donahue, “Attesd
for a finite difference time domain micromagnetic
program with eddy currentsPhysica B, 343/1-4, 2004,
pp 216-221.

[6] L. Yanik, E. Della Torre, M. J. Donahue, and E. dedii
“Micromagnetic eddy currents in conducting cylinslér
J. Appl. Phys., (in press).

[7] C. Kittel and J. K. Galt. “Ferromagnetic domainahg”
Solid State Physics, Academic Press: New York (1956)
pp. 439-564.




