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A micromagnetic model and a single-domain model simulation programs were used to analyze the sensitivity of
a 20 um X 60 um x 1000 A permalloy strip as a magnetoresistance sensor with bias fields of various directions
and magnitudes. The micromagnetic model agrees with the measured sensitivity data better than the single-
domain model. The data show the highest peak sensitivity with the bias field at 90° to the current. The peak sen-
sitivity decreases and the peak broadens as the bias angle decreases. The simulation using the micromagnetic
model shows that a bias angle smaller than 90° leads to magnetization patterns which are free from closure

domains or vortices over a wider range of bias fields.

1. Introduction

Magnetoresistive sensors have become important devices
in magnetic recording. For these sensors, a bias field is
needed to linearize the signal and to suppress the
Barkhausen noise [1, 2]. A single-domain model is often
used in designing and analyzing the sensors, but it has lim-
itations in simulating the actual behavior. Barkhausen noise
in such sensors is due to domain wall motion or vortex for-
mation of spins, which can only be simulated by micromag-
netic models.

There are several ways for biasing magnetoresistive
devices [1]. They differ in the ways of applying the bias
field and in the direction of the field. In this paper, the sen-
sitivity as a function of direction and magnitude of the bias
field was investigated. Free standing permalloy (Nigg;Feg 10)
thin film strips of 20 um x 60 um x 1000 A were fabricated
and the magnetoresistance and sensitivity were measured
for different directions of applied fields or bias fields. The
measured data were compared with simulated results using
a single-domain model and using a micromagnetic model.

2. Theory

2.1 Single-Domain Model

A permalloy thin film was treated as a single domain par-
ticle [3, 4]. In this model, the easy axis of the uniaxial
anisotropy and the current I were set along the x-axis. The
angles of the applied field H and the magnetization M with
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the x-axis were denoted as ¢y and ¢, respectively.
The free energy density of the system was represented as

e=—M - H+K,sin’0,~3M - H, )

where K, is the uniaxial anistropy constant, and H; is the
demagnetization field. H, is approximated as H;,=—47M,t/
L, and H,=—4nM/L, [4, 5] where L, and L, are the corre-
sponding lengths of the sample. The anisotropy constant
was obtained from K,=MH;/2. The energy in equation (1)
was minimized by the Variable Metric Method [6] so that
¢ was determined for an applied field H.

The resistance of the sample depends on the angle ¢y, [5]:

R = Ry + (AR) o COS* (1. 2

So the normalized magnetoresistance is equal to cos® @y.
The magnetic field is represented by

H=H,+h,. 3

where H,, is the static bias field and h,. denotes the ac field
from the magnetic media. For the simulation of magnetore-
sistance, h,. was set to zero and H, was scanned, at a fixed
angle to the x-axis, from a maxmium field to a maximum in
the opposite direction and back to the starting field. For the
simulation of sensitivity, H, was scanned in the same way
but the calculation was done with h,.=+hyy .

3. Micromagnetic Model

The thin film strip was divided into 40 x 120 cells in the
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Fig. 1. Configuration of cells for the micromagnetic model.
The sample was divided into 40 X 120 cells in the film plane.

film plane as in Fig. 1. The equation of motion with a Lan-
dau-Lishitz damping term was applied to each cell:

aM

717=YMxHeff—%ﬁ‘Mx(MxHeff). @

where ¥=-1.76 X 10" Oe™" sec™ is the gyromagnetic ratio
and o =0.02 is the damping constant [7]. The effective field
was obtained from the following equation:

o€

where € is the total energy density. The energy density is
the sum of the exchange energy, the anisotropy energy, the
demagnetization energy, and the Zeeman energy. It is repre-
sented by

3
e=4y, Ve *+Ksin’f-2M - H,+M - H ©)

where A =1.0% 107 erg/em is the exchange constant [7],
oy’s are the direction cosines of M, f§ is the angle between
M and the easy axis, H, is the demagnetization field, and H
is the applied field. All the vectors in equation (4) were
treated in 3-dimensions and equation (4) was iterated for
each cell until an equilibrium was reached.

The demagnetization field at each cell was calculated as
the sum of the field at the center of the cell due to the sur-
face magnetic charges on the six faces of other cells [8]
throughout the sample. Calculating the demagnetization
field takes most of the computing time and H, is the con-
volution of M and a geometrical factor. Therefore, Fast
Fourier Transformation (FFT) was used in calculating H.,.
For FFT, a mesh of 128 x 256 cells was used with zero pad-
ding [6] to suppress the calculation error to a factor less
than 107 [9].

The easy axis of the uniaxial anisotropy and the current
were set along the x-axis. For the simulation of magnetore-
sistance curves and sensitivity curves, the same procedure
as in section II1 was followed. Normalized magnetoresis-
tance was calculated as <cos’gy> [2].

4. Experiments

Permalloy thin films 1000 A thick were deposited on Si
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substrates by DC magnetron sputtering with an applied field
of about 400 Oe on the average to induce an in-plane uniax-
ial anisotropy along the x-axis. The target had a composi-
tion of 81Ni-19wt%Fe. 20 um x 60 ym permalloy micro-
strips as magnetoresistance sensors and circular disk sam-
ples with 5 mm diameter were fabricated by photolithogra-
phy together with the deposited films. Gold electrodes were
coated on the samples with a gap of 20 A for the micros-
trips and 1 mm for the disk samples respectively.

For the disk samples, hysteresis curves of magnetic
moment were measured with a VSM and the uniaxial
anisotropy field H, was measured from the hard axis hys-
teresis loop and also by the rotating magnetic field method
[10]. Magnetoresistance curves and sensitivity curves were
measured for both kinds of samples by applying dc fields at
90°, 60° 45° 30°, and 0° from the x-axis, along which the
current flowed. The above fields were applied using two
perpendicular sets of Helmholtz coils or an electromagnet.
For the sensitivity measurement, this field was the bias field
H,, in equation (3) and an additional small ac field A, of 0.5
Oe rms at 500 Hz in the y direction was applied using a
small solenoid coil.

5. Results and Discussion

The easy axis and the hard axis hysteresis loops of a disk
sample are shown in Fig. 2. The hard axis coercivity was
0.8 Oe. The permalloy films had M=800 emu/cm’® and
H, =4 Oe. The measured values of M, and H, for the disk
samples were used for the microstrips where H, was paral-
lel to the longer edge of the microstrip, which was parallel
to the x-axis and also to the current.

Fig. 3 shows the measured curves of normalized magne-
toresistance (MR) vs applied field at 90°, 60°, 45°, 30°, and
(0° from the current. Let us denote the scanning direction of
the applied field as the ‘forward scan’ for a positive maxi-
mum field to a negative maximum and the ‘reverse scan’
for the return scan to a positive maximum. The curves
showed hysteresis but only the forward scans are shown in
the figure. The change of MR from zero field to the satu-
ration field H; gets smaller as the bias angle decreases from
90° to 0°. The normalized MR’s at the saturation fields
approach cos’@y, which is nearly equal to cos®dy,. The nor-
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Fig. 2. Hysteresis loop of m vs H of a Smm diameter disk
sample for (a) easy axis and (b) hard axis.
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Fig. 3. Normalized MR of a disk sample with applied fields
at various angles from the current. Plotted curves are at (a) 90°
(), (b) 60° (v), () 45° (2 ), (d) 30° (D), and (e) 0° (O)
respectively.

S (1 Volt/ Oe)

H(Oe)

Fig. 4. Sensitivity vs bias field of a disk sample with angles
90° (©), 60° (v), 45° (»), 30° (O), and 0° (O) from the current
(x-axis). The sensitivity was measured with small ac field of
0.5 Oe rms along the y-axis at 500 Hz.

malized MR’s at zero field at each angle are not exactly 1,
which reflects the effects of pinned spins at the edges or at
defects of the sample, or by formation of closure domains
although the uniaxial anisotropy was set along the current
direction (x-axis).

Measured sensitivities of the disk sample with different
bias angles are shown in Fig. 4. The current through the
sample was 4 mA. Only the forward scans are shown in the
figure. As expected from Fig. 3, the sensitivity showed the
largest maximum at 90° bias and decreased as the bias
angle decreased. Maximum sensitivities of 4.5, 2.3, 1.6, and
1.0 uV/Oe occurred at 4.1, 5.3, 5.3, and 5.3x0.3 Oe in
positive fields for bias angles 90°, 60°, 45°, and 30°, respec-
tively. It is remarkable that the maximum sensitivity
occurred at the same magnitude of bias field within the
measurement error for 60°, 45°, and 30° measurements. The
sensitivity peak of 0.5 ©V/Oe was observed at -1.2 Oe with
0° bias.

The normalized MR curves of a microstrip sample are

Normalized MR

-400 -200 0 200 400
H {Oe)

Fig. 5. Normalized MR of a microstrip sample with applied
fields at various angles from the current. Plotted curves are at
90° (&), 60° (), 45° (2), 30° (1), and 0° (O ) respectively.
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Fig. 6. Sensitivity vs bias field of a microstrip sample with
angles (a) 90° , (b) 60°, (c) 45°, and (d) 30°. The sensitivity
was measured with small ac field of 0.5 Oe rms along the y-
axis at 500 Hz.

shown in Fig. 5. They show hysteresis but only measured
data in the forward scan are shown in the figure. At larger
fields, behavior similar to the disk sample is observed,
except that the saturation fields H, are much larger than
those of the disk samples due to the large demagnetization
fields. However, the MR curves with applied fields at 60°,
45°, and 30° show dips near zero field while the curve at
90° does not.

Fig. 6 shows the measured sensitivities for the microstrip
sample with varying bias fields at different angles from the
x-axis. Only the forward scans are shown in the figure. The
current through the sample was 4 mA. Maximum sensitiv-
ities of 6.6, 3.2, 2.2, and 1.6 uV/Oe were observed for bias
angles 90°, 60°, 45°, and 30° respectively. Compared to the
sensitivity at 90°, sensitivities at 60°, 45°, and 30° were
close to 1/2, 1/3, and 1/4, respectively. However, the peak
gets broader as the bias angle decreases, which means bet-
ter linearity. While the sensitivity peak occurs at 38 =3 Oe
for 90° bias, it occurs at 50 5 Qe for 60° 45°, and 30°
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Fig. 7. Measured magnetoresistance (O ) and simulated ones by the single-domain model (---) and the micromagnetic model (& )

with the bias fields at (a) 90° and (b) 60° from the x-axis.

biases. The range of bias field over which the sensitivity
decreases less than 10% from its maximum value is about
12 Oe for the 90° bias but it broadens to about 40 Oe for
60° bias and gets even broader than 60 Oe for both 45° and
30° biases.

Comparisons of normalized experimental MR data and
calculated values with 90° and 60° bias fields are shown in
Fig. 7. Only the forward scans are shown. For the calcula-
tion of magnetoresistance by the micromagnetic model,
only the cells which were located between the electrodes
were included. As shown in Fig. 7(a) with 90° bias, the
maximum values of MR are 0.93, 1, and 0.81 for the mea-
sured data, for the single-domain (SD) model, and for the
micromagnetic (MM) model, respectively. The SD model
shows very little hysteresis so that it cannot be differenti-
ated even if the reverse scanned curve is plotted. MR of the
SD model drops to zero at H = 39 Oe, which is quite dif-
ferent from the real data. However, the MR curve from the
MM model shows a gradual decrease as the field grows
larger. Alhough the fit to the real data by the MM model is
a little better than by the SD model, the MM model for this
bias condition shows lower values than the measured data.
This can be attributed to the large cell size of 0.5 ym in this
MM model compared to the domain wall thickness of per-
malloy thin films which is around 0.1 um [8].

The curves in Fig. 7(b) with 60° bias field show much
better agreement between the measured data and the MM
model. The fit at medium fields and at high fields is good
while the fit around zero field is poor. However, the MM
model explains the presence of a dip in the MR curve near
zero field, which was already noted in Fig. 5. Similar qual-
ity of fitting was obtained for 45° and 30° bias fields. It can
be seen that the SD model also shows a gradual decrease of
MR for these biases, but the fit with the model is still poor.

In Fig. 8, the magnetization patterns near zero field for
the forward scan with 90° and 60° biases are shown.
Though the mesh size of the MM model calculation was 40
by 120, only 11 by 31 cells out of them are shown in the
figure. The magnetization pattern at zero field with 90° bias
shows large scale but simple closure domains while that
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Fig. 8. Magnetization patterns near zero field for the forward
scan: (a) at 0 Oe with 90° bias, (b) at 0 Oe with 60° bias, and
(c) at 4 Oe with 60° bias.

with 60° bias shows a complicated distribution of closure
domains and also shows vortices. Fig. 8(c) shows the mag-
netization pattern at 4 Oe with 60° bias. Comparing Figs.
8(b) and (c), we can see that the normalized MR, <cos®
¢nr>, for (b) is lower than that for (c). This explains why
there exist dips near zero field for the MR curves except for
the 90° bias condition. Fig. 8 also indicates that the arrange-
ment of magnetizations at zero field depends on the previ-
ous history of applied fields.

Measured and calculated sensitivities are compared in
Fig. 9. The curves from the SD model are quite far from the
real data. The curves from the MM model for positive fields
show reasonable fits to the data but those for negative fields
show large Barkhausen noise which is not observed in the
real data. Considering that the bias fields for this kind of
microstrip sensor are usually designed in the range of pos-
itive field for the forward scan [1], the above results suggest
that the MM model offers reasonable design parameters for
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Fig. 9. Measured sensitivity (O) and simulated ones by the
single-domain model (---) and the micromagnetic model ( 2 )
where the bias fields are at (a) 90° (b) 60° and (c) 45° from
the x-axis.

Microstrip sensors.

It is known that the formation of closure domains or vor-
tices make the sensors noisy [1, 2]. Therefore, the sensors
should have bias conditions where neither closure domains
nor vortices are formed in their operating condition. Fig.
10(a) shows the magnetization pattern at 38 Oe with 90°
bias, where the sensitivity shows a maximum. It consists
mostly of two kinds of domains where the magnetizations
are tilted either to the right or to the left. They can develop
to form closure domains as in Fig. 8(a), which leads to a
narrow width of the sensitivity peak in Fig. 6. It was
already pointed out that broad peaks occur for 60°, 45°, and
30° biases. Figs. 10(b) and (c) show magnetization patterns
at 22 and 80 Oe with 45° bias. The diagrams illustrate a
similarity of magnetization configurations for a wide range
of bias fields. There are no closure domains in either dia-
gram and a continuous change in the angles of adjacent
magnetizations is observed, which may be described as sin-
gle-domain-like patterns. The only difference between them
is the change in the angle of the corresponding magnetiza-
tion. The magnetization patterns in Fig. 10 also show why
the single-domain model cannot predict MR curves and
sensitivity curves within reasonable errors.

All the magnetization patterns shown above have pinned
magnetizations at the edges of the sample. The pinned mag-
netizations at the edges are due to the strong demagnetiza-
tion fields, so a high field is needed to reverse its direction.
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Fig. 10. Magnetization patterns for the forward scan (a) at 38
Oe with 90° bias, (b) at 22 Oe with 45° bias, and (c) 80 Oe
with 45° bias.
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Fig. 11. Magnetization pattern at 120 Oe for the reverse scan
with 45° bias. Pinned magnetizations at top and bottom edges
have not yet been turned around along the direction of the
applied field.

Fig. 11 shows a magnetization pattern in a reverse scan at
120 Oe with 45° bias. One layer of magnetizations at the
top edge and one at the bottom edge remain in opposite
directions to the other magnetizations. The configuration
means that there is a domain wall between the pinned mag-
netizations and the others. The simulation shows that a
higher field than 120 Oe is needed to turn arround the
pinned spins.

6. Conclusion

The measured sensitivities show the highest peak with
90° bias for both the disk and the microstrip samples. As
the bias angle decreases, the peak sensitivity decreases and
the peak broadens. The micromagnetic model explains this
behavior well, while the single-domain model does not. The
micromagnetic model also explains the dips which are
observed in the tilted bias data. The tilted bias field causes
single-domain-like magnetization patterns around the sensi-
tivity peaks and is expected to reduce noise in the micros-
trip MR sensors. It also leads to better linearity over a wide
range of applied field for those sensors.
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