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Abstract 

In many applications of permalloy, detailed information 
on the uniaxial anisotropy is needed. A measurement 
system is described, which accurately determines the 
anisotropy field H, and the orientation of the easy- 
axis in a permalloy film or in any material showing 
magnetization induced resistance anisotropy. An 
accuracy of 0.1% in H, and 0 . l o  in easy-axis orien- 
tation is reached in permalloy when the applied 
fieldstrength is 2.5 H,. Deviations from the Stoner- 
Wohlfarth single domain model can be recognized after 
the analysis of the measurement. Four electrical 
contacts have to be positioned on the permalloy in a 
planar-Hall configuration. We use aluminum contacts, 
realised in a standard lithographic process, providing 
a reference for the easy-axis orientation and an 
accurate relative orientation of the different planar- 
Hall elements that can be made out of a single film. 

Introduction 

A number of ways to determine the anisotropy field- 
strength and orientation in a permalloy film have been 
described. An overview of these methods is presented in 
[ 11 .  The accuracy of many of these methods is strongly 
influenced by the magnetization behavior in a non- 
saturated film. Kempter and Hoffmann [21 and Kneer [11 
proposed methods that overcome these problems. Accurate 
values for the anisotropy fieldstrength H, are derived. 
However there is no indication of the quality of the 
film (anisotropy dispersion, magnetic form effects). 
Measurements in higher fields can use ferromagnetic 
resonance or a torque magnetometer, but complicated 
measurement equipment is required [31. Accurate 
measurement of the easy-axis orientation is only 
possible with the torque magnetometer technique. 
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Fig I: Anisotropy in a permalloy film. 

With the possibility, introduced with the computer, of 
recording and analyzing a great number of data, other 
techniques, previously inconceivable because of the 
amount of work involved, are gaining interest. 
Magnetically it is desirable to keep the film in a 
saturated state. The method proposed uses a constant 
in-plane field of 2 to 20 times H,, slowly rotating 
with respect to the film (see figure 1). The field 
direction is determined by measurement of the angle cp. 
The magnetization induces a resistance anisotropy in 
the material 141. When four electrical contacts are 
positioned on the film in a planar-Hall configuration 
151 (see figure 2) we find: 

V,, = I %! sin(20) 2 t  (1) 

with t the film thickness and Ap the resistivity aniso- 
tropy. The shape of the film may be arbitrary. The cur- 
rent contacts should be positioned at some distance 

from the voltage contacts to prevent short-circuiting 
of the Dlanar-Hall effect. 

I - vm- I a a l u m i n u m  

Fig 2: A planar-Hall configuration. 

In ( 1 )  the voltage contacts are considered to be point 
contacts, while the current at a point in the film is 
assumed to be constant over the film thickness. The 
angle 0 ,  determining the magnetization direction, can 
be calculated from Vph. The electrical contacts give a 
geometric reference for the anisotropy orientation, the 
symmetry axis (see figure 2). When modern lithographic 
techniques are used, accurate positioning of contacts 
is possible. 
The angle 9-0 between magnetization and field is 
determined for several field directions. It will follow 
the Stoner-Wohlfarth single domain model [61: 

sin(cp-0) = & sin2(B-a) (2) 

Comparing the behavior of cp-0 with the Stoner-Wohlfarth 
model, the ratio H,/H and the angle between the easy- 
axis and the symmetry axis of the element, a, can be 
calculated. 

The Measurement Equipment 

Figure 3 shows the measurement equipment. The permalloy 
film is mounted on a rotation stage (accuracy 0 . 0 1 O ) .  A 
pair of Helmholtz coils provides a homogeneous magnetic 
field of maximum 6000 A/m. To limit the dissipation 
in the film and to cancel out offset and drift in the 
measuring circuit, a lock-in amplifier (PAR model 128A) 
is used for amplification of the output signal V,, of 
the planar-Hall element. 
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Fig 3:  The measurement equipment. 

A 500 Hz sine generator provides a 1 V RMS reference 
signal for the lock-in amplifier. This voltage is 
divided with a dekavider DV54 (accuracy 10 ppm) and 
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With the parameters A,  B, 6 and 8 ,  cp-0 is calculated as $. 0 '02 '  

a function of the field angle cp. - 0 . 0 1 " -  

Second step: I 

M 

a 
- 0 . 0 1 " -  

- 0 . 0 2 " -  The amplitude of cp-0 versus cp directly determines the 
ratio H,/H through: 

converted to a current, driving the planar-Hall ele- 
ment. The output signal from the planar-Hall element 
has high common-mode. An extra instrumentation ampli- 
fier with high dynamic CMRR is used to increase the 
common-mode rejection of the system. The output of the 
lock-in amplifier is connected with a high resolution 
digital multimeter. A computer drives the steppermotor 
and stores the readings from the multimeter. Calibra- 
tion of the amplifying system showed a non-linearity of 
less than 0.01%. Using (1) one finds that 0 can be 
determined within + O . 0 l o  in 60% of its range and within 
0.02O in 85% of its range. The error in cp depends on 
the rotation stage and is maximum 0 . 0 1 O .  The total 
error in cp-0 is the sum of both errors. Dissipation was 
less than 50 pW in all elements. 

The Analysis 

The analysis of the data is executed in two steps: 
First the magnetization direction 0 as a function of 
field direction cp is calculated. In the second step, 
the anisotropy parameters are determined. 

First step: 

The signal voltage from a planar-Hall element is 
measured at 180 field directions, beginning at cp = 6 
and increasing lo at a time to cp = 8+179O. Usually the 
signal voltage is the sum of V,, and an offset voltage 
Voff, consisting of a small fraction f of the voltage 
across the current contacts of the element, V, (see 
figure 2 ) .  This voltage can be described by [SI: 

Voff = f V, = f I (k p - k Ap sin%) (3) 

with k a geometric factor, depending on the shape of 
the element. and p the resistivity of the permalloy. 
Combining (1) and (3) and introducing A, B and 6 as 
described below, the signal voltage from the planar- 
Hall element is found to be: 

Vsig = A + B sin(20 + 6 )  (4) 
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A =  f k p ( 1  - *) B =  g d l  + (f k t)' 
2P 

I A 8 = arctanf 

A and B are the offset and amplitude of Vslg. 
The phase-shift 6 in V,,,, caused by the offset voltage 
Voff, can be determined directly from A and B when the 
magnetoresistance ratio Ap/p  is known. 
Using (4) the behavior of sin(20 + 6) versus rotation 
stage position is found and 0 can be calculated for 
each position. To relate the position of the rotation 
stage to the field angle cp, the value of cp at the start 
of the measurement, f3, has to be determined. Assuming 
that the Stoner-Wohlfarth single domain model is valid, 
one can show that p can be derived from the two rota- 
tion stage positions cpI and cp2 at which sin(20 + 6 )  has 
positive and negative zero-crossings respectively: 

1.5 n - 'PI - cpz - 6 
2 P =  (5) 

Furthermore, cp equals Q at the positive zero-crossing 
of 9-0, so:  

(7) 

As shown above, the measured values of 0, and therefore 
of cp-0, have lower accuracy in some parts of their 
range. To reduce the influence of this effect on the 
determination of Q and H,/H, theoretical values for 9-0 
are calculated with ( 2 )  using the results of ( 6 )  and 
(71, and are fitted on the measured values, adjusting Q 

and H,/H for a closest fit. 
A worst case calculation for our measurement equipment 
and analysis program shows a maximum error in Q of less 
than 0 . l o  and in H,/H of less than 0.1% in a perfect 
single domain for H z 2.5 H,. Lower fieldstrengths will 
in principle give lower errors, but experiments show, 
that deviations from the single domain model occur, 
caused by an increased influence of form effects and 
anisotropy dispersion. 

Preparation Techniques 

The permalloy films are deposited on silicon wafers 
with 0.5 pm SiO, on the surface. First, a contact 
pattern in aluminum is realised by wet chemical etching 
of a 0.5 pn thick layer of evaporated aluminum. Then a 
50 nm NiFe film is RF-sputtered in a Leybold Heraeus 
2400 sputter unit (voltage 800 V, bias voltage 80 V) in 
an A r  atmosphere (2.5 lo-' mbar). The target consists 
of 82% nickel and 18% iron. A bias field of about 2000 
A/m is used to direct the easy-axis orientation. Wet 
chemical etching of the permalloy gives the planar-Hall 
elements their final shape. The wafers are broken and 
the different elements are mounted on epoxy substrates. 
Copper soldering pads on the epoxy substrate are used 
for the connecting wires. Bonding wires connect the 
soldering pads with the element. 

Measurement Results and Discussion 

Figure 4a shows the measurement result of a typical 
film. To eliminate the influence of magnetic form 
effects on the magnetization in the permalloy, a 
circular shape was chosen. The diameter of the circle 
is 10 mm. The crosses represent the measured values of 
(cp-0) while the solid line represents the theoretical 
curve, fitted to the measurements. For clarity of the 
plot, not all 180 measurement points are shown. 

A = -0.0115 mV RMS 
B = 0.0918 mV RMS 
6 = 0.07O 

Fig 4a: cp-0 vs rotation stage position for a typical 
film, H = 2000 A/m, I = 1.5 mA RMS. 
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Figure 4b shows the difference between the theoretical 
curve and the measured values of (9-8). The magneti- 
zation in the film follows the single domain model well 
within the measurement accuracy. A is the RMS value of 
the difference between measurement and model and is 
used as an indication for the quality of the film. 
Plots like figure 4b give information about the quality 
of the measurement and the film. Errors caused by jam- 
ming of the rotation stage, torque through connecting 
wires, temperature change during the measurement etc. 
can readily be recognized. Furthermore, if the single 
domain model is not valid, the form of this plot can 
reveal the origin of the deviations. 

In general, a permalloy film is not a perfect single 
domain. Dispersion in easy-axis orientation and 
anisotropy fieldstrength throughout the film and 
magnetic form effects will cause deviations from the 
single domain model. 
The galvanomagnetic measurement technique determines an 
averaged magnetization direction for the film. This 
means, that local variations in magnetization direction 
can not be determined. However, when local variations 
in magnetization occur, the averaged magnetization 
direction measured will not follow the single domain 
model, and a close fit between measuring points and 
theoretical values for the (cp-Q)-plot can not be made. 
A plot like figure 4b will now give information about 
the cause of these local variations in magnetization 
direction. The different possibilities will be 
discussed briefly. 

When the film geometry provides a homogeneous demagnet- 
izing field throughout the film, the permalloy will 
behave like a single domain with an effective aniso- 
tropy fieldstrength and orientation in which the 
intrinsic anisotropy and magnetic form effects are 
combined [71. The effective anisotropy parameters are 
determined in the measurement. 
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Inhomogeneous demagnetizing fields cause a deviation 
from the single domain model. Figure 5 shows a 
measurement on a circular film ( 5  1 mm) with small 
extensions of 250 pm length leading to the aluminum 
contacts, 250 pm wide for the current contacts and 100 
pm wide for the voltage contacts. Deviations from the 
model are significant. 
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Fig 5: Deviation from the single domain model for a 
circular element with contact extensions, 
showing magnetic form effects. 

Films with high angular dispersion in anisotropy can be 
produced when the bias field is removed during deposi- 
tion of the film. A measurement on such a film has been 
performed (see figure 6). With the Crowther method [81, 
ago was estimated to be 30°. Computer simulation of a 
film with H, = 400 A/m and similar angular dispersion 
gives comparable results. The measured anisotropy 
orientation is the average orientation in the film. 
H, is reduced with a factor of approximately 0.75. 


