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[57] ABSTRACT 
The present invention is an apparatus and method for 

the non-destructive testing of the anisotropic magneto 
resistance parameters of a ?lm. A plurality of contacts 
points are securely disposed in a generally planar sup 
port means and engagable with a surface of the ?lm for 
measuring the anisotropic magnetoresistance parame 
ters of the ?lm in accord with a predetermined equa 
tion. 

2 Claims, 2 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more speci?c information on the 
rights associated with a statutory invention registration 
see 35 U.S.C° 157. 
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ANISOTROPIC MAGNETORESISTANCE 
MEASUREMENT APPARATUS AND METHOD 

THEREOF 

BACKGROUND OF THE INVENTION 

The present invention relates to measurement probes, 
and more particularly, to probes for measurement of 
anisotropic magnetoresistance characteristics of thin 
?lms and the like. 
The anisotropic magnetoresistance of a thin metal 

?lm is a sensitive measure of the quality of the ?lm. 
When the ?lms are to be used in the development of 
devices that use the magnetoresistance, it becomes nec 
essary to measure that quantity on every ?lm. The mea 
surement must therefore be made easily and without 
damaging the ?lm in the process. 

Heretofore, the techniques commonly used to mea 
sure the sheet resistance of a thin metal ?lm either can 
not measure the magnetoresistance or destroy the ?lm 
in the process of measuring it. One technique is etching 
or cutting the film into a strip and making two or four 
wire resistance measurements on the strip. This tech 
nique can measure the magnetoresistance, but it leaves 
the ?lm in an unsuitable condition for further process 
ing. The second technique is to make contact with the 
?lm at four collinear points, using a device called a 
four-point probe, and make voltage versus current mea 
surements. This method is nondestructive but is not 
sensitive to the anisotropic magnetoresistance. The 
third technique is to process the ?lm to produce a small 
magnetoresistive device on a small portion of the ?lm 
and then test this device. This approach requires consid 
erable processing to be accomplished on the tested thin 
?lm which might be discarded for failing the test. 

Additionally, the results measured on a small portion 
of the ?lm using this produced device may not be repre 
sentative of the rest of the area of the thin ?lm under 
test. 

Accordingly, it is desirable to provide a device and 
method for measurement of magnetoresistance parame 
ters of thin ?lms which overcomes the de?ciencies of 
the prior devices and methods discussed hereinabove. 

Accordingly, it is an object of the present invention 
to provide a device and method thereof for measure 
ment of magnetostrictive parameters in thin ?lms at an 
early stage of production in a non-destructive manner. 
Further objects and advantages of the present invention 
will become apparent as the following description pro 
ceeds and features of novelty characterizing the inven 
tion will be pointed out with particularity in the claims 
annexed to and forming a part of this speci?cation. 

SUMMARY OF THE INVENTION 

Brie?y, the present invention is an apparatus and 
method for the non-destructive testing of the magneto 
resistance parameters of a ?lm. A plurality of contact 
points are securely disposed in a generally planar sup 
port means and are engageable with a surface of the 
generally planar ?lm for measuring the magnetoresis 
tance parameters of the ?lm in accord with a predeter 
mined equation. 

DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention 
reference may be had the accompanying drawings 
wherein: 
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2 
FIG. 1 is a diagrammatic representation of the rela 

tive positions of the probe contact points of the present 
invention. 
FIG. 2 is a diagrammatic representation of the con 

struction of the probe of the present invention. 
FIG. 3 is a bottom view of the probe of FIG. 2. 
FIG. 4 is a block diagram representation of the elec 

tronics of the probe of the present invention. 
FIG. 5 shows a diagrammatic representation of a test 

setup using the probe of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

A resistance probe is non-destructive and basically 
consists, inter alia, of four needles that make contact 
with the ?lm under test at four points that are equally 
spaced along a line. In the most commonly used mode 
of operation, a current is passed between the outer two 
points, and the voltage between the inner two points is 
measured. The ratio of the voltage to the current is 
proportional to the sheet resistance. In alternative mode 
of operation, the outer two needles are used for the 
voltage contacts and the inner two for the current 
contacts. It will be shown later that the relationship 
between the voltage/current ratio and the sheet resis 
tance is the same in both modes of operation. 

Since contacts that are collinear with the current 
contacts are insensitive to the anisotropic magnetoresis 
tance, two contacts are added to the in-line probe to 
make it sensitive to the anisotropic magnetoresistance. 
With reference to FIG. 1, the additional contacts 6 are 
placed in such a way with relation to in-line contacts 50 
so as to eliminate the signal due to the isotropic resis 
tance, and maximize the signal due to the anisotropic 
magnetoresistance. The optimum position of the probe 
points are determined by analyzing the current distribu 
tion and the electric potential within the ?lm as pres 
ented herein. The ?rst step of such an analysis is the 
case of isotropic resistance, and then extended to the 
case of an anisotropic magnetoresistance. 
The positions of the added contacts are chosen on the 

basis of the following two criteria. First, the contacts 
should be placed at points that maximize the mag 
netoresistancce signal to aid in the measurement. An 
added bene?t in this placement would be the minimiza 
tion of errors due to the misplacement of the contacts. 
Second, the contacts should be placed in such a way 
that they are insensitive to the isotropic resistance. This 
reduces the dif?culties due to noisy contacts, drifts in 
the isotropic resistance, and allows the measurements to 
be made at d-c with simple equipment. 

In a thin ?lm, when the current is injected at a point, 
the current will spread out in all directions. The current 
density therefore will decrease with the distance from 
the current contacts because the current must be spread 
over the circumference of ever larger circles. Since, by 
Ohm’s law, the electric ?eld is proportional to the cur 
rent density, the ?eld is also decreasing. Hence the 
current density throughout the ?lm can be calculated 
from Ohm’s law and the conservation of current. 
The magnetoresistance signal is determined by the 

second and third terms of equation 11 (shown hereinaf 
ter). Each term as a maximum of of ln(1+Ap/p0) and a 
minimum of 0. The magnetoresistance signal would 
therefore be maximized if the subtrahend were 
ln(l+Ap/po) and the minuend were 0. This occurs at 
the coordinates 
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x=d cos 29 

y=d sin 26 (1) 

The magnetoresistance signal is minimized when the 
subtrahend is 0 and the rninuend is ln(1+p/p,,), which 
occurs at the coordinates 

x: --d cos 26 

y: -d sin 20 (2) 

The signal is the voltage difference between two probe 
points so if one contact is placed at the position of maxi 
mum signal and the other at the point of minimum sig 
nal, the output voltage due to the magnetoresistance 
would be maximized. 
The ?rst term in equation 11 is due to the isotropic 

resistance. Substituting the positions of the probe points 
given in equations 1 and 2 into that term, it can be 
shown that the signal due to the isotropic resistance is 
proportional to the logarithm of the cotangent of theta, 
which is zero when 0=45°. The position of the added 
contacts, equations 1 and 2, would therefore be (O,d) 
and (O,-d), shown in FIG. 1. 

If the magnetization were not at the optimum angle of 
45°, the voltage between the added points, from insert 
ing the location of the points into equation would be: 

AP [Ln [1 + Po 
(3) 

.IL 
21r (c050 + sinli)2 ) 

Ln (1 + AP (cos0 - sin0)20 P0 

Since the magnetoresistance is a small fraction of the 
isotropic resistance, the voltage between the points can 
be approximated by: 

(4) sin 20 v = 717 P: 

This technique measures the anisotropy in the resis 
tance due to all causes. The magnetoresistance can be 
distinguished from the anisotropy due to other causes 
by making a ?rst measurement with the magnetization 
at 45° to the probe’s axis, and a second measurement at 
—-45°. The magnetoresistance would have the same 
magnitude but opposite signs. The difference between 
the two measurements would be twice the signal due to 
the magnetoresistance, 

V : IR AP (5) 
7r p0 

Contact points for measuring the isotropic resistance 
are also placed on the modi?ed probe so that the iso 
tropic resistance could be measured along with the 
magnetoresistance. These contacts are placed outside of 
the current contacts, as shown in FIG. 1, to allow the 
probe to be as small as possible. From equation 11 it is 
seen that the voltage, V between the contacts measur 
ing the isotropic resistance is: 
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(6) 

The quotient of equations 5 and 6 gives a relationship 
between the ratio of the magnetoresistance and the 
isotropic resistance and the ratio of AVA’, and VP, 

A VAP 
VP 

(7) 

From this it is seen that one of the salient features of 
an in-line probe is that the relationship of V/I to the 
resistivity is independent of the dimensions of the probe. 
It should also be realized that the current spreads 
throughout the entire ?lm, so the probe measures the 
resistance over an extended area. The dimensions of the 
probe must therefore be small compared to the size of 
the ?lm, and the probe should not be near the edge of 
the ?lm. 
The resistance in most materials is isotropic, and as a 

consequence, the current density is parallel to, as well as 
proportional to, the electric ?eld. This is shown in the 
familiar form of Ohm’s law: 

E=pJ (8) 

where 
p is the resistivity of the material, 
E is the electric ?eld within the film, and 
J is the current density. 
The current is conserved except at the current 

contacts, so the divergence of the current density van 
ishes everywhere throughout the ?lm except at the 
source and sink. 

In a material that has an anisotropic resistance, the 
current density is not necessarily parallel to the electric 
?eld, but it is still proportional to the electric field. This 
is expressed in a less familiar form of Ohm’s law, where 
the resistivity is a matrix rather than a scalar. In the case 
of magnetoresistance the resistivity matrix takes the 
form 

(9) [pa + Apcos20 Apsin0cos0 
ApsinOcosO p0 + Apsin29 

where 
p0 is the resistivity perpendicular to the magnetiza 

tion, 
Ap is the magnetoresistance, and 
0 is the angle of the magnetization to the x-axis. 
The equation for the potential that results from this 

modi?cation to Ohm’s law is: 

where 
p-1 is the inverse of the resistivity matrix, 
8 is the dirac delta function. 

The solution to these equations can be reduced to the 
three terms 
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-continued 

1R AP x c050 in0 2 J _ L l — _ 

4? "i + to film-WM: 

IR Ln 1 + AP “x — Q)cos0 + zginOlZ ) 
4" P0 (x - :02 + y2 

The ?rst term is independent of the direction of the 
magnetization, i.e., it is the isotropic part of the poten 
tial, the second and third terms vanish if there is no 
magnetoresistance. 
When the potential in equation (ll) is evaluated for 

any points on the x-axis the second and third terms 
vanish, indicating that the magnetoresistance has no 
effect on the potential at those points. Therefore the 
in-line probe is not able to measure the magnetoresis 
tance. The only way to modify the probe so that the 
probe can measure magnetoresistance is to add contacts 
that are not collinear with the current contacts as stated 
above. 
The construction of the probe generally designated 

10 disclosed herein is shown in FIGS. 2 and 3 for mea 
suring the magnetoresistance of thin permalloy ?lms. 
The probe structure in the exemplary embodiment is 
made out of acrylic sheet. Contact support 12 is de 
mountable so that probes can be replaced. Probe body 
14 is attached to a base 16 by a hinge so that the points 
20 will make a uniform contact with the ?lm (not 
shown) to be tested and so that the probe 10 will have 
less of a chance of sliding across the ?lm and scratching 
it. 
The contact with the ?lms can be made using contact 

points 20 manufactured by OB Test Group Inc., (War 
wick, RI). Contacts points 20 consist of three parts: (1) 
a receptacle 22 that is permanently mounted in the 
probe body 14; (2) terminals 24 for attaching the wires 
that connect to electronics 26, and (3) terminals 24- for 
attaching the wires that connect to the ?lm. The spear 
point is removable so that it can be replaced when it 
becomes dull. 
FIG. 4 is a diagram of the electronics for probe 10 

and provide the current for probe 10 amplify the output 
signal. A battery (not shown) is supplied providing 
+22.5 and -22.5 volts to power the system at terminals 
30. Regulators 32 reduce the voltage to an acceptable 
range for the ampli?er 34. Resistors 36 provide a cur 
rent source for the resistivity measurements and the 
voltage drop Vi across one of them was a measure of 
the current through the ?lm. The ampli?er 34 provides 
a gain of 1000 and boosts the signal for the use of the 
probe for an oscilloscope. 
The isotropic resistance is measured by the four col 

linear points of the probe. Expressing the current 
through the probe as the voltage, V], across the resistor 
R1, the isotropic resistance can be related to the ratio of 
VP and V] by 

VP 
p = 6799971 

Referring now to FIG. 5, there is shown the probe 20 
is placed inside of a Helmholtz coil 38 so that the ?eld 
of the coil 38 could reorient magnetization. In this 
setup, probe should be oriented at 45° to the axis of the 
coils, and the easy axis should be perpendicular to the 
coil’s axis. The signal from the magnetoresistance 
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would therefore be at a maximum when the ?eld clue to 
the coils 38 is zero, and a minimum when the ?elds of 
the coils is greater than the anisotropy constant of the 
?lm. 
The coils 38 are driven by a 60 cycle a-c current 

source. An oscilloscope 40 is used in an “X-Y” mode 
with the X-axis being proportional to the current 
through the coils and Y-axis being proportional to the 
output from the probe. The diagrams of the resistance 
vs. external ?eld (R-H curves) are generated by a com 
puter simulation of the output of the probe, and verti 
?ed through the operation of the probe. 

Permalloy is a ferromagnetic alloy with a uniaxial 
magnetic anisotropy, i.e., in the absence of external 
magnetic ?elds, the magnetization would orient itself 
parallel to an axis, called the easy axis which is deter 
mined when the ?lm is made. The magnetization can be 
pulled away from this axis by an external magnetic ?eld, 
for example by placing the ?lm in a Helmholtz coil. The 
magnetization will become parallel to the external ?le if 
the ?eld is great enough. If, however, the ?eld is not 
large enough, the orientation of the magnetization will 
lie somewhere between the direction of the easy axis 
and the coil’s axis. When an external ?eld is applied 
antiparallel to the easy axis, the magentization will 
maintain its direction unless the strength of the external 
?eld is greater that a critical value known as the coer 
civity. The magnetization will change its direction in a 
sudden jump when the external ?eld exceeds the coer 
civity. 
The magnetization has a unique orientation for a 

large external ?eld, but there are two energetically 
stable orientations for a small external ?eld. The critical 
?eld intensity at which one of the orientations becomes 
unstable depends on the angle between the external ?eld 
and the easy axis. When the critical ?eld is exceeded, 
and the magnetization is in the unstable orientation, the 
magnetization quickly rotates to the stable orientation. 
When the probe, coils, and the ?lm’s easy axis are 

aligned properly, the magnetization will smoothly ro 
tate from the easy axis, at zero ?eld, to parallel to the 
coil’s axis, when the magentic ?eld of the coils is greater 
than Hk. Therefore the magnetoresistance signal will 
smoothly go from the maximum to the minimum. 
When the easy axis is parallel to the coil’s axis, then 

the magnetization switches suddenly when the ?eld is 
He. The magnetization of the ?lm switches by the mag 
netization of the domains rotating, thereby making the 
magnetization perpendicular to the axis of the probe for 
a brief period. The R-H curve in this case will be ?at 
except for a spike when the external ?eld is equal to the 
coercivity. In this orientation the probe could be used to 
measure the coercivity of the ?lm. 
With a small rotation of the ?lm from its proper align 

ment, the peaks in the magnetoresistance no longer 
coincide. This is caused by magnetization at zero exter 
nal ?eld no longer being at an angle of +45° to the axis 
of the probe. An external ?eld is needed to rotate the 
magnetization into that direction. The magnetization 
will not be parallel to the coil’s axis for a ?nite ?eld, so 
that the magnetoresistance asymptotically approaches 
its minimum value. A correct magnetoresistance mea 
surement can only be made by using a large amplitude 
a-c ?eld. 
A constant bias magnetic ?eld that is parallel to the 

axis of the probe will only have the effect of shifting the 
R-H curve to the left or right. When the bias ?eld is 
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perpendicular to the coil’s axis, the total external ?eld 
will not be parallel to the coil’s axis. The ?eld will ap 
proach the direction of the coil’s axis as the coil’s ?eld 
becomes much greater than the bias ?eld. The magneti 
zation will therefore asymptotically approach —45° to 
the probe’s axis and so the minimum signal from the 
probe is approached asymptotically. The correct mea 
surement of the magnetoresistance can only be made by 
increasing the amplitude of the a-c ?eld. 

Rotating the probe, while keeping the ?lm’s orienta 
tion to the coils ?xed, will also result in a qualitative 
change in the RH curve. The changes result from the 
axis of the probe no longer being at 45° to the mangeti 
zation when the ?eld from the coil is at its maximum. As 
long as the ?lm’s easy axis is perpendicular to the coils 
axis, the magnetization will smoothly rotate through all 
angles. Hence the magnetization will be at +45° and 
—45° to the axis of the axis of the probe at some time in 
the cycle of the ?eld. At those times the probe’s output 
will be at its maximum and minimum. Therefore the 
measurement of the magnetoresistance will be correct 
as long as minimum and maximum readings are used for 
the calculation of AVAP. 
What is claimed is: 
1. Apparatus for measurement of magnetoresistance 

parameters of a ?lm having a surface exposed to a mag 
netization comprising: 

a support means, and 
a plurality of contact points engagable with the sur 

face of the ?lm, 
the plurality of contact points being supported by the 

support means for contact with the surface of the 
?lm and arranged in a pattern suitable for measur 
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8 
ing the magnetoresistance parameters of the ?lm 
according to the equation 

Lteiii 

A 

If “(Hi 
IR “2: — glcose + §in622 ) 
4 (x — d? + y2 

wherein: 
4) is the potential between the respective contact 

points, 
I is the isotropic current 
R is the isotropic resistance, 
(xi-d) are the abscissa coordinates of the contact 

points, 
y is the ordinate coordinate of the contact points, 
Ap is the magnetoresistance 
p0 is the resistivity perpendicular to the magnetiza 

tion, and 
0 is the angle of the magnetization to the abscissa. 

2. The apparatus of claim 1 further comprising an 
alternating magnetic ?eld source for generating an al 
ternating magnetic ?eld, the alternating magnetic ?eld 
being interceptable with the ?lm during movement of 
the anisotropic magnetoresistance parameters of the 
?lm. 

* i it i * 


