
Journal of the Magnetics Society of Japan Vol. 15 Supplement, No. S2 (1991) 
© 1991 by The Magnetics Society of Japan 

THE (ANOMALOUS) HALL MAGNETOMETER AS AN ANALYSIS TOOL FOR 
HIGH DENSITY RECORDING MEDIA 
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Abstmct. --- In this work an evaluation tool for the chamcterization of high-density recording thin film media is 
discussed. The measurement principles are based on the anomalous and the planar Hall effect. We used these Hall effects 
to chamcterize ferromagnetic Co-Cr films and Co/Pd mulitlayers having perpendicular anisotropy. 
The measurement set-up that was built has a sensitivity capable of measuring the hysteresis loops of O.2xO.2 ~m2 Hall 
structures in Co-Cr and jumps were observed in the Hall voltage as a function of the applied field. Easy-axis 
measurements have been carried out, but the results are not in complete agreement with conventional techniques. A 
thickness series of Co/Pd multilayers has been chamcterized with the planar Hall effect imd the magnetoresistance mtio. 

INTRODUCTION 

As a research group on high density recording we are 
particulary interested in the features of materials for 
perpendicular and magneto-optic recording. 
This clarifies the need for a measurement set-up to 
detennine relevant magnetic pammeters in a fast and easy 
way without damaging the sample. 
A measurement set-up was built to study the pmctica1 
application of Hall effects for the chamcterization of thin 
ferromagnetic films in genem1 and recording material in 
particular. The main advantage is its large sensitivity (the 
Hall signal is inversely proportional to the film thickness) 
and consequently the method is very suitable for 
investigating samples with small dimensions (Iateml and 
thickness). 
Several examples can be found in literature of the appli-
cation of Hall effects, for example: the measurement of 
the small coercivities in bubble domain materials [1], the 
investigations on the reversal behaviour [2,3], the 
detennination of the direction of the Easy Axis [4,5], the 
perpendicular anisotropy [6], to study the (anti-)ferro-
magnetic coupling in multilayers [7,8], the giant 
magnetoresistance effect [9,10] the study of tempemture 
effects [11], and compensation tempemture in RE-TM 
materials [12] and the study of time decay [13]. 

THEORY 

In general the measured Hall voltage (V H) consists of the 
contributions of three effects named here: the normal 
(V NHE)' the anomalous (V AHE) and the planar (V PHE) Hall 
effect. As a formula: 

(1) 

In the ferromagnetic materials we measured the first effect 
was negligibly small (except for some special cases). The 
other two effects were large and strongly dependent on 
the strength and direction of the applied field. 

Hall resistivity 
In the case of a perpendicular applied field the ARE or 
Hall resistivity QH is measured. 
The latter is defined as follows: 

VHt 
QH = -1- (2.a) 

with: t: thickness of the film 
I: current through the sample 

In terms of a perpendicular applied magnetic field and the 
magnetization of the sample the formula can be written as 
[14]: 

QH = RoBi + ~RsM (2.b) 
with: Ro: the normal Hall coefficient 

Bi: the magnetic field 
~: the permeability in vacuum 
Rs: the anomalous Hall coefficient 
M: the magnetization 

In order to determine the direction of the easy axis by 
angle-dependent measurements the following formula is 
used [4]: 

(3) 

with k a constant related to the magnetoresistance effect, 
and the angles a, cp and e as defined in figure 1. 
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This fonnu1a (3) contains the contribution of the three 
Hall effects as mentioned in fonnula (1). respectively. 

Fig. 1: Definition of the angles of the applied magnetic field 
and the magnetization. 

It shows that the anomalous Hall effect is proportional to 
the perpendicular component of the magnetization in the 
sample. 

Magnetoresistance effect 
The electric field that is produced by the sample due to 
the planar Hall effect. with a current density J in the x-
direction. can be decomposed into two components in the 
x (Ex) and in the y (Ey) direction [15]: 

Ex = J Q.l (1 + ~ cos21j1) (4.a) 

with Q.l and Q// respectively the resistivity measured in the 
direction perpendicular and parallel to the magnetization 
(in saturation). 
The other component of the electric field yields: 

(4.b) 

The (magnetoresistance) voltage V MR that arises between 
the two contacts (1 and 3 in figure 2) can be written as: 

V13= VMR = J Q.l t (1+ ~cos21j1) (s.a) 
Q 

The measured planar Hall voltage between contacts 2 en 4 
is now: 

V 24= V PHE =J Q.l t (~) sin IjI cos IjI (s.b) 
Q 

In this paper the amplitude of the anisotropic 
magnetoresistance (AMR) effect is defined as: 

f:.e = (Q/r Q) / 2 
and the anisotropic magnetoresistance ratio as: 

AMR-ratio = (~) 
Q 

with Q the electrical resistivity of the sample. 

~I 

Fig. 2: The configuration of the contacts on the sample. 

(6) 

(7) 

The AMR is measured with the pseudo (or planar) Hall-
technique. This has the advantage that the same 
measurement set-up can be used with the same contact 
configuration for both the Hall and the MR 
measurements. Another advantage is that it is not 
necessary to etch the square samples. leaving them intact 
for other measurements. The measured pseudo Hall-
voltage (V 24) has the same magnitude compared with the 
magnetoresistance signals (V n> measured with the 
conventional method. They are identical except for a 45° 
phase shift and a constant tenn [15]. 

AMR-ratio 
In order to measure the AMR-ratio the magnetic field is 
applied in the film plane. The field is rotated through the 
angle IjI over 3600 and the ratio can now be calculated 
using equation (7). 

Resistiyity 
In order to measure the electrical resistivity the Van der 
Pauw method is used together with the contact 
configuration as shown in figure 2. The electrical 
resistivity is obtained by the following fonnu1a [16]: 

Q = 4.s3*(V1zfI34+ V2:/I41) (8) 
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EXPERIMENTAL SET-UP 

The Hall magnetometer built in our laboratory is shown 
in figure 3. The sample is placed inside a small holder 
that is mounted into the main goniometric sample holder. 
Four contact pins are placed on the perifery of the sample 
(as shown in figure 2) to realize the current and voltages 
contacts. This method is preferred to the bonding 
technique as it does not damage the sample, although is it 
sometimes more difficult to realize good contacts. 

Gauss 
meter 

Power 
supply 

MAGNET 
Fig. 3: The measurement set-up. 

Plotter 

A current is passed through two opposite pins and the 
voltage is measured by the other two pins. 
An ac-current source, with a frequency of 830 Hz, has 
been used rather than dc to reach a much higher 
sensitivity and to reduce thermal and magneto-thermal 
effects. The detected Hall voltage is fed to the differential 
input of a lock-in amplifier, The dc output voltage of the 
lock-in amplifier is read by the PC. 
A goniometric sample holder has been constructed, which 
allows the sample to rotate over two axes and makes 
angle-dependent measurements possible. One of the 
angles can be chosen to be driven by a stepper motor and 
a rotation stage and is controlled by PC. 
Several small holders were constructed to measure the 
angle-dependency, MR and AHE for different (sized and 
shaped) samples. 

One of these holders has sliding contacts to allow an 
unlimited rotation of the sample through both axes. 
The sample can be positioned in a homogeneous magnetic 
field up to 1.6 T (with an air-gap distance of 50 mm). The 
field is controlled by a current regulator. The whole 
measurement set-up is PC controlled. 
Software has been written to carry out the different 
measurements and to calculate the relevant parameters. 
During the measurements the loops are plotted directly on 
screen. 

EXPERIMENTAL RESULTS 

With the measuring principles mentioned above we have 
carried out the first experimental studies on different 
types of media used for magnetic and magneto-optic 
recording. 
The following information can be obtained from the 
various types of measurements: 
- Determination of the easy axis 
- Information about the reversal mechanism 
- The AHE and AMR of multilayers 

Sensitivity 
First of all we would like to discuss the sensitivity of our 
measuring method. As was previously mentioned the 
AHE signal is inversely proportional to the layer 
thickness. Therefore very thin layers can be studied. In 
the case of perpendicular recording media, very thin films 
have already been used. In order to study the influence of 
the layer growth on the magnetic properties we have 
made various thin Co-Cr layers (8 - 100 nm) on Ge seed 
layers (thickness 30 nm). In figure 4 an AHE loop is 
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Fig. 4: The AHE loops of Co-Cr layers with different 
thicknesses on a Si-substrate with a 30 nm Ge seed layer. 
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shown of thin (50, 25 and 8 run) Co-Cr layers. As can be 
seen the loops show a more pronounced tilt if the Co-Cr 
layer becomes thinner. In this case the influence of the 
interface on the substrate/seed layer is much more 
important. The shearing of the loop is caused by the 
normal Hall effect from the Ge seed layer. 
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Fig. 5: The two series of loops of an obliquely co-evapomted 
Co-Cr film for detenning the easy axis. 

We observed the same effect in the case of etched (sub-) 
micron Hall structures in a Co-Cr film directly sputtered 
on a Si-substrate. 

Easy-axis determination 
The determination of the easy axis of the magnetization is 
normally done by VSM or torque measurements. 
Okamoto [4] has described a method to determine the 
easy axis in ferromagnetic thin films with the ARE. We 
have applied his method on obliquely co-evaporated Co-
Crfilms [17]. 
In figure 5 the principle ARE curves are given and it can 
be seen that the hard-axis plane is determined by rotating 
the field parallel to the film plane (first series, with fixed 
a) and searching for the angle (y) at which the hysteresis 
disappears from the hysteresis curves. The in-plane angle 
of the hard axis is found and thereby the in-plane angle of 
the easy axis (ell 0)' 
This procedure is repeated in a plane perpendicular to the 
previously determined hard-axis plane (second series with 
fixed y). This yields the second angle (80 ) that detennines 
the easy axis. Although qualitative results can be obtained 
from this type of measurement, these results are not in a, 
good agreement with our torque and VSM measurements. 

Studying the reversal mechanism 
In order to study the reversal mechanism in 
polycrystalline recording thin-film media, we have tested 
our measuring equipment on the Co-Cr layer having 
perpendicular anisotropy and a columnar structure. 

Fig.6: SEM-photogmph of a 3.0 x 3.0 llm2 Co-Cr Hall 
structure. The inset shows the Co-Cr columns in the centre of a 
submicron sample. 

Our aim is to measure the hysteresis loop of very small 
areas (containing 20-50 columns), thereby exploring the 
very large sensitivity of the anomalous Hall effect [3]. 
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Therefore we have prepared a series of small cross-shaped 
Hall structures (see figure 6). The smallest structure, 
prepared by E-beam lithography and ion-beam etching, is 
0.2x0.2!lm2• 
The Co-Cr layer contains 23 at% Cr, and has a saturation 
magnetization, Ms of 321 Wm and a perpendicular 
coercivity Hc of 93 Wm. The film thickness is 200 nm 
and the average column size about 60 nm. 
The measured ARM loop of this sample is shown in 
figure 7, together with the loop of a standard sample from 
the same wafer with dimensions of 1 Ox1 0 mm2• 
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Fig. 7: Hysteresis curves of a Co-Cr Hall structure with an 
active area of 0.2x0.2!ID12 (solid line) and of a lOxlO mm2 
sample (dashed line). The inset shows the observed small 
jumps in the hysteresis curve. 

As can be seen in figure 7 the slope of the submicron 
sample deviates considerably from the standard sample. 
This effect is caused by a decrease in the demagnetization 
factor [18], which is much lower for the submicron Hall 
samples. 
From the inset of figure 7 jumps on the slope of the 
hysteresis loop can be seen. The absence of large jumps is 
possibly due to the fact that the film thickness is too 
small. The columns of thicker Co-Cr films have larger 
magnetic volumes, hereby increasing the signal-to-noise 
ratio. Also the contribution of the initial layer to the Hall 
voltage decreases. 
During the measurements we have used a time constant of 
100 msec. The Hall signal has been averaged over 10 
measurements. We are quite sure that more improvements 
of the electronics can be made to achieve a substantial 
noise reduction. 
Many different samples are being prepared to perform 
more measurements to study the switching of the 

100 

magnetization. Further statistical analysis on these 
measurement data is in progress. Also in-plane media 
(Co-Cr-Ta) are being studied. 

Studyin~ AHE and AMR in CoIPd multilayers 
Preliminary measurements have been carried out on 
Co/Pd sputtered multilayers which have shown good 
properties for MO recording [19]. The measured ML 
films are from a Co thickness series. All films have a 
seedlayer of Pd (20 om) and the ML period (25x) and the 
Pd thickness (1.4 om) are constant while the Co thickness 
varies from 0.21 to 2.27 nm. 
The resistivity and AMR-ratio are measured as a function 
of the Co thickness (teO>. The results are shown in table 1. 

Table 1: Results of the Co/Pd ML's 

film nr. teo Q AMR-
[nm] [~cm] ratio 

ML-1 0.21 33.73 0.095 
ML-2 0.43 48.19 0.215 
ML-3 0.68 35.74 0.635 
ML-4 0.83 36.80 0.662 
ML-5 1.05 33.83 0.828 
ML-6 1.66 31.34 0.842 
ML-7 2.27 31.92 0.760 

As can be seen from this table the AMR -ratio has a 
maximum for ML-6, but is not very high (less than 1%). 
The anomalous Hall loops have also been recorded and an 
example of an AHE-loop and a MR loop is shown in 
figure 8 for ML-3. 

-.0015 ,-------------------, 

-.0017 

>' 
.§. -.0019 

f ....- -.0021 

-.0023 

-.0025 '----'----'----'-----'-----'-----'-----'-------' 
-1000 -500 0 500 1000 

applied magnetic field [kA/m] 
Fig. 8: AHE and MR loop of a Co/Pd triultilayer (ML-3) with a 
Co thickness of 0.68 nm. 
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CONCLUSIONS 

We have built a very sensitive ARE measurement set-up, 
which is fully computerized. Preliminary results have 
shown that we can measure several parameters for 
characterizing magnetic and magneto-optic recording 
media. 
The first hysteresis loop of a O.2xO.2 ~m2 has been 
measured and jumps are visible on the slope. These jumps 
are believed to be due to the reversal of small magnetic 
volumes. 
A disadvantage of the method is that the samples must be 
conductive. There is always a possibility that the substrate 
or initial layer will interfere with the measured signal. 
A systematic study of the reversal mechanism in thin-film 
recording media, and the investigation on coupling effects 
in multilayers is in progress. 
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