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The ac magnetic susceptibility of {100} iron whiskers as a function of currents is studied with and with-
out external field. The ac susceptibility depends on the magnitude and the direction of the applied dc
current when a small external field is applied along the magnetization of the central domain of the whis-
ker. Variation of the central domain size accounts for the current-dependent response. The measured
magnetic responses are explained, using a micromagnetic calculation based on a simple model, as a func-
tion of applied currents over a wide range except critical values.

I. Introduction

A well-grown {100} iron whisker is bound by
{100} planes and has the Landau structure of two
long domains separated by a 180° domain wall with
closure domains on each end. Applied dc current
transforms the Landau structure of the {100} whis-
ker into the rotated structure, which has been
suggested by Shumate et al[1]. Their predicted
structure is based on a surface observation and it
consists of six domains, Four of them near surfaces
surround two domains at the center separated by a
180° wall. The structure is designed to accommo-
date both the field from the current and the need
to decrease the demagnetizing energy. But the sur-
face observation can not give detailed information
on the principal domain walls concealed inside the
whisker.

The information of the internal domain structure
can be provided from the ac susceptibility
measurement using two different external fields,
dc and small ac fields along the principal axis of
the whisker. The dc magnetic field changes the
domain structure of the {100} whisker and the small
ac driving field vibrates domain walls, The change
in the magnetic flux is measured with the pickup
coil around the mid-plane of the whisker. The ac
magnetic susceptibility depends on the current I,
the external field H, and their past history. The
out-of -phase component of the ac susceptibility is

mainly due to eddy currents particularly sensitive
to the wall movement, The information about the
domain pattern has to be interpreted from the
induced signal.

The domain configuration of the {100} whisker
with external fields and a large current has been
deduced from the ac susceptibility measurement
recently[2]. The deduced domain structure is
shown in Fig. 1. This configuration is also designed
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Fig. 1. Domain structure in a {100} iron whisker with ex-
ternal magnetic field and current. The applied current
transforms the Landau structure to the rotated struc-
ture. Without the external field, the whisker has a very
small central domain in the mid-plane of the whisker.
The size of the domain grows with the applied field. The
domain configuration is designed to reduce the dema-
gnetizing field at edges of the whisker,
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to minimize the demagnetizing energy. The domain
pattern at the mid-plane of the whisker consists of
five domains, four of which surround “one” domain
at the center. Walls around the central core are too
small to induce any ac signal at zero field. A simple
model based on this configuration has been
suggested and the in-phase (real) and out-of-
phase (imaginary) components of the ac signal as a
function of external fields are well explained[3].
But the effect of the current variation on the ac
response is not well-understood, yet. In this paper,
experimental data of the ac magnetic susceptibility
measurement as a function of currents will be
presented with and without external field. These
data will be explained quantitatively with the pre-
vious model.

II. Experiments

The {100} whisker used for the measurement has
the dimensions 200 um X 200 pm X 1.5 cm. Fine
copper lead wires for current are connected to the
edges of the whisker with Galn solder to reduce
the stress. A two-turn pickup coil is placed in the
mid- plane of the whisker,

Detailed ac magnetic susceptibility measurements
have been described in Ref. 3. The magnetic re-
sponse of the {100} whisker which has the simple
Landau domain structure shows a characteristic
behavior as described in Ref. 3. If the induced ac
signal shows the characteristic response, the
sample is treated as exhibiting the Landau struc-
ture. Only samples with Landau structures are
used for our measurement.

The ac driving field is 700 Hz in the range 10 to
100 mOe. The ac magnetic field is too small to
change the domain structure of the whisker but
large enough to vibrate walls lying in {100} planes.
Currents applied along the principal axis vary in
the range of 200 mA. As mentioned before, the ac
response depends on the history of applied fields
and currents, Initially the dc external magnetic
field, which is strong enough to saturate the center
of the whisker with 200 mA, is applied along the
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principal axis of the {100} iron whisker and then
the field decreases to 0.5~1 Qe that is strong
enough to make the central core enlarged. The
small external field has to be applied along the
magnetization of the central domain in the mid-
plane. If the external field is opposite to the
magnetization of the core, nothing happens until a
larger external field nucleates a new central do-
main. The out-of-phase components of the ac
signals are measured as a function of applied
currents with and without the external field.

. Result

The out-of-phase components of the ac res-
ponses with the variation of currents are shown in
Fig. 2. The measurement for Fig. 2(a) is done
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Fig. 2. Measured out-of-phase components of the ac
susceptibility for a {100} whisker as a function of ap-
plied currents without external field (a) and with two
different fields (b) and (c).
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without any external magnetic field. No out-of-
phase component of the ac signal is induced when
the {100} whisker has the magnetization pattern
rotated. Only 90° walls lying in the {110} planes do
not easily vibrate with the small driving field. The
magnitude of the high susceptibility in Fig. 2(a) is
equal to that measured without applied current and
zero field. The discontinuous changes in the ac sig-
nal correspond to the transformation from one
stable domain structure to another. The ac suscep-
tibility for Fig. 2(a) can be understood with the
change in deduced domain configurations shown in
Fig. 3 : As the current increases from the negative
to positive value, the domain structure of the {100
whisker is changed from the rotated, to the Lan-
dau, and to the rotated structure,

a) b) c)

l.]@@‘.'

— —_—

Fig. 3. Domain structures in the mid-plane of a {100}
whisker while current is applied into the cross section
(a). As the applied current decreases toward zero cur-
rent, the rotated structure (a) is transformed into the
Landau structure (b). As the current increases
further, the magnetization near surfaces are changed
again, The corresponding domain configuration is
shown in (c). The difference between (a) and (c) is
the magnetization of the domain near a surface. The
magnetic moment per unit length, »¢ multiplies 100
for the y-axis scale,

The difference between Fig. 2(a) and (b) is the
area of the central domain in the mid-plane of the
whisker. When the applied current is large enough
to rotate the magnetization pattern, no ac suscepti-
bility is observed without external magnetic field
as shown in Fig. 2(a). As the dc external field is
applied along the magnetization of the central do-
main in the mid-plane, the length of the domain
walls around the inner domain becomes large
enough to induce the ac signal easily. The change
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in the magnetic flux from the four walls can be
detected with the pickup coil, Figs. 2(b) and (c)
show the intensities of the ac responses depend on
the external magnetic field, the magnitude and the
direction of the applied currents. The current-de-
pendent ac signal, before transforming one stable
structure to another, can be explained with the
varying size of the central domain; the current
makes the central domain shrink and then the vi-
bration of the shrunk walls becomes weaker. The
large increase and decrease of ac signals at critical
currents indicate sudden changes in the domain
configuration, The magnetic response at the criti-
cal currents in Fig. 2(b) can be interpreted as the
domain structure is changed from the rotated, to
the Landau, and to the rotated state. The ac sus-
ceptibility in Fig. 2(c) is explained with the do-
main pattern varying from Fig. 3(a) to (c). This
magnetic behavior is identified by the surface ob-
servation with a magnetic garnet film,

IV. Discussion

We can not explain measured signals for all
currents ; especially the ac magnetic signals at the
transformation from the rotated structure to the
Landau structure and at the opposite transform-
ation can not be explained analytically. But slopes
of the ac signals in Figs. 2(b) and (c) try to be
calculated with the previous model, For calculating
the ac response, we have to find the relation be-
tween the applied current and the magnetization
and then the ac magnetic susceptibility can be
obtained as a function of the applied current,
These calculations are possible with the micro-
magnetic treatment based on the previously
suggested model[2].

The {100} whisker with a small external field H
and current I has the domain structure as
explained before[4]. The total energy of the de-
duced domain configuration consists of the ener-
gies from the external field and the applied cur-
rent, the demagnetizing energy, the wall energy,
and themagneto-elastic energy. The total energy
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density in the system can be expressed in terms of
the magnetic moment per unit length, m, as

Er=—H- -m+ 1 4anz___OM
2 VM,
~ 6B (mlogm—m+ M)
25 4
3
2
_*__Zm_L_ (1)
15d VM,

where 24 is the width of the whisker, o, & . .
energy density of a 90° wall lying in the {100} plane,
M, is the saturation magnetization of the iron whis-
ker, and B,, is the constant for the magnetostric-
tion, The demagnetizing factor 4nD depends on the
dimensions of the whisker. These energies com-
pete with each other to find the stable structure
for the given magnetic field and current. The en-
ergy from the current, the demagnetizing energy,
and the magneto-elastic energy keep the central
domain small. But the energy from the external
field and the wall energy try to expand the central
domain,

The effective field defined as H,;;, = —0E;/om
vanishes at equilibrium[2]. From the above defi-
nition, the relation between the field from the cur-
rent and the other fields can be obtained. As the
applied current varies, the field from the current is
balanced by the magneto-elastic field, the wall
field, the external field, and the demagnetizing
field. The effective current as a function of the
magnetization is given by

I=5d\/nMS|:—_E—4nD\/%+M—
vm V2M,m
+ ﬂ3"'%( logm + 31_m):| (2)
25V m 2

The current is plotted against the magnetization
with a few small external fields in Fig. 4. When
the field from the current is applied opposite to the
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Fig. 4. Calculated relation between the magnetization
and the applied current with different external fields,
a) H=10.053 Oe, b) H=10.052 Oe, c) H=10.051 Oe,
d) H=0.05 Oe, e) H=0.049 Oe, and f) H = 0.048
QOe. If the applied field is smaller than 0.052 Oe, the
whisker can have more than one domain configuration
in the region of the negative currents and the size of
the central domain can increase or decrease suddenly
at specific currents.

magnetization of the surface domain, the central
domain grows continuously with the external field
larger than 0.052 Oe. With the field smaller than
0.052 Oe, the whisker can have more than one do-
main configuration for small negative currents.
The size of the central domain can increase or de-
crease suddenly as the applied currents vary in the
negative value. The change in the size of the cen-
tral domain might be detected with the ac suscep-
tibility measurement. At certain fields the energy
is a double-well function of the size of the central
domain, which determines the magnetization. It is
expected that the effect of the quantum tunneling
of magnetization might be observed when currents
and external fields at low temperatures are applied
properly. This magnetic process is not observed
with our ac susceptibility measurement, yet. The
magnetic processes at transitions will be discussed
further in the future.

The dc susceptibility for varying currents, de-
fined as 1 /x, = a(0) = 6H /dm, is given by
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L =0 =2 4 opp+ 290w
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2om

The effective current is plotted against the mag-
netization and the calculated dc susceptibility with
a small field as shown in Fig. 5(a). The figure
shows the dc susceptibility increases smoothly as
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Fig. 5. Calculated dc susceptibility (a) and ac suscep-
tibility (b) while currents varying with the external
field H = 0.051 Oe. The frequency used for the calcu-
lation is 300 Hz.
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the current decreases toward the negative value
and is expected to become infinite at critical
currents. The slope of the dc susceptibility is simi-
lar to that of our observed data but the behavior
near the critical currents is not observed yet. Our
experimental data can be explained that the do-
main structure near the critical current may be
changed from the rotated to Landau structure
rather than the central domain becomes larger. Or
the magnetization of the surface domain is flipped
by the applied current.

The ac susceptibility x” can be written in terms
of a magnetic stiffness «(0) and a magnetic vis-
cosity B(0), which is related to the wall movement
inside a whisker. The eddy current has been ob-
tained for our domain configuration[2]. The ex-
pected ac susceptibility is approximately given by

Lol 0 Fiwp)
P ¥ —ix
= L9 e ™), (1)
x, w d

where o is the frequency of the driving field and
, is the constant related with the eddy current,
The ac signal depends on the external field, the
current, and the frequency of the driving field.
The relation between the calculated susceptibility
and the effective current with a small magnetic
field is plotted in Fig. 5(b). As the current
decreases from the positive to negative value, the
calculated ac susceptibility behaves similar to
those in Figs. 2(b) and (c). But the measured ac
responses near critical currents do not increase as
much as the calculated susceptibility does. This
behavior has to be clear with further experiments.

V. Conclusion

The size of the central domain decreases with
the field from the current along the surface
magnetization but grows with the field opposite to
the magnetization in the surface domain. Depen-
ding on the current, the growth of the central do-
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main can be a continuous or discontinuous process.
The measurement of the out-of-phase component
of the ac magnetic susceptibility can identify the
role of the applied current in the {100} whisker
while a small dc external field is applied along the
magnetization of the central domain,

The micromagnetic calculation based on our
model is possible to explain the current dependence
of the ac susceptibility, The existence of the
double well as a function of the external field and
applied current can be predicted with the calcu-
lation. But predicted magnetic processes are not
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observed and the magnetic behavior at critical
currents remains unsolved.
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