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ANGULAR DEPENDENCE OF MAGNETORESISTANCE IN THIN
Ni-Fe FILMS

By T. STOBIECKI AND A. PAJA
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The magnetoresistance of thin ferromagnetic film is calculated for the case when both
the directions of the current and of magnetization vector are changed independently. The
validity of the expression obtained is examined for the planar evaporated sample of
80-209% Ni-Fe. A new method of magnetoresistance measurement is applied. The agree-
ment between theoretical calculations and experimental results is good.

1. Introduction

The phenomenon of interest to us is the magnetoresistance of thin ferromagnetic
films. This effect has been the subject of many investigations [1-7]. Our aim was to deter-
mine the behaviour of magnetoresistance while the angles between current and easy axis
as well as between saturation magnetization vector and easy axis were both changed.
The formula predicted theoretically provides a new method for measuring the anisotropy
field Hg. In the present paper we shall only compare our theoretical curves with experi-
mental ones.

2. Theory

Consider a thin film in which the current i makes an angle ¢ with the easy axis, the
saturation magnetization vector M an angle ¢ and the external magnetic field H is applied
along the hard axis (Fig. 1). The free energy per unit volume is given by the well-known
formula [1]:

E = K, sin?¢— MH sin ¢ 1)
where K, is the uniaxial anisotropy constant. By minimizing this energy in order to get

the equilibrium state we can find the angle ¢ as an implicit function of the field H or,
equivalently, of a normalized field &
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where

Hy = =", )

The resistivity of a polycrystalline ferromagnet in isothermal conditions depends
upon the angle between the direction of the measurement (i. e. the direction of current

I

hard axis

easy axis
T .

Fig. 1. Definition of angles; the reference direction is the easy axis direction

for measuring the resistance) and that of magnetization only. That dependence is given
by the well-known Voigt-Thomson formula [2]

(g, 0) = o, sin?(¢p—b)+gycos?(p—6) @

where ¢, and g are measured for M; being perpendicular and parallel to the current,
respectively. We define a quantity A

A= oy, 0)—e, ©)
e
and we seé from (4) that
A =cos*(0—¢) (6)
where
@ = arcsin A. @)

In the cases when the current is parallel or normal to the easy axis (0 = 0° or 6 = 90°
respectively) our formulae (6) and (7) give the same results as those obtained by West [3].
Nevertheless, in the other cases, a plot of A against 4 should not be a parabola, but a curve
of a more complicated shape. In the range of k for which (7) is valid for a given film (i. e.

H < Hy) the plot should correspond to the function
Mh) = cos®*(@—arcsinh), H < Hyg h . ®)
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Fig. 2a. Theoretical, b. experimental plots representing the relative magnetoresistance 4 as a function of the normalized magnetic field A
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where 0 is treated as a parameter. Outside this range the function should be constant
because the external field H > Hy gives the same position of magnetization vector as Hy:

Mh) = A1) =sin?6, H > Hy. ®
The curve has a minimum for
arcsin & = 6—-90° (10)
and a maximum for
| arcsin b = 0. 1)

Thus the distance between extremal points is
4h = /2 cos (0—45°). (12)

x:The theoretical plots for different angles 6 are shown in Fig. 2a. Negative values of &
(also H) have only the meaning of direction reversal.
One can see that extremal points give the value of anisotropy field Hy. We have e. g.

Hy = H_,, cosec 0 (13)

where H,,,, denotes the value of the external field H for maximum in the non-normalized
plot. The results of this new method of measuring H, and a comparison of them with
those obtained with other methods will be presented in our next paper.

3. Experimental

3.1. Sample

The film was prepared by vacuum evaporation from a melt of 80-209; Ni-Fe at the
pressure above 10~ Torr (1.3 x 10~7 N/m2). During the evaporation the glass substrate was
kept at 200°C (473°K) and the external magnetic field of about 200 Oe (1.6 x10* A/m)
was applied to the substrate plane. The thickness of the film was 1400 A (1.4 x 107 m).
Its planar size is not important — it must be only bigger than the distance between the
electrodes used in the measurement.

3.2. Measurement

The measurements were performed with the specimen at room temperature. The
external magnetic field H was applied to the substrate plane perpendicularly to the easy
axis. The magnetoresistance signal was obtained from the film with the electrodes touching
its surface [8]. A constant current of about 50 mA was passed through the film. The poten-
tial drop between the electrodes was measured by a constant current amplifier. The change
in resistance was recorded on an X-Y plotter as a function of the magnetic field. The
ground new of this method is a possibility of continuous change in the angle 0 and a per-
forming of the measurements with the planar films of any shape.
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3.3. Results
The theasurements were made for @ varying from 0° to 90°: The obtained plots wéré
normalized and they are shown in Fig. .2b together with the theoretical curves.

4. Conclusions

*"To obtain the angular dependeﬁcé' of the magnetoresistance effect we have assumed
the coherent rotation model. As seen in these figures the agreement between theoretical
and experimental curves is fair. A slight shift of extrema for 6 = 0° and 6 = 90° observed
also by West [3] was explained as ordinary hysteresis effect. It also appears for the other
cases, as expected. The edges of the plot for & = +1 are not sharp, due to various factors
as dispersion, intrinsic structure etc. which cause that saturation in the hard axis direction
is obtained later than H reaches Hy and disappears earlier before H decreases to Hy.
For the applied field H a little greater than Hy the normalized magnetoresistance comes
closet to the calculated value sin? 0. This’ theory is  valid only for low saturation fields [3]
because the strong magnetlc field dlsturbs the current. Accordmg to thé Lorentz force
namely, the field ‘makes the current go nearer to its own direction and thus the magneto-
resistance tends to grow. The clearest example is seen in Fig. 2b for the angle 6 = 75°
because the angle between field and current is 15° only, so that the disturbing influence
of the field is the strongest among investigated cases. Hence A reaches its maximum value
for the field much greater than: Hg. - Coat

The remaining slight differences between the. experlmental ‘and. theoretical values
should not be considered as significant because the measurement of resistance is so
sensitive that a small change in external conditions (e. g. temperature) can appreciably
influence the results.

In conclusion we can say that the experimental results conﬁrm our model of change
in resistance caused by rotation of the magnetlzatlon vector. The deviations discussed
above will be the subject of further 1nvest1gatlons and the results will be publlshed in later
papers
. . The authors w1sh to thank Professor dr L Kozlowskl for many proﬁtable d1scus-
sions. The authors are also Very 1ndebted to Engineer H. Jankowski for his help in con-
structing of apparatus.
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