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Abstract

A technique for characterizing the entire static
hysteresis loop using Fourier analysis has been devel-
oped. The method goes beyond the familiar listing of
saturation moment, squareness, coercivity, and switch-
ing field distribution to describe the magnetization
process in detail. The essence of the technique is to
"unfold" the static hysteresis loop by plotting the mo-
ment as a function of applied field over one complete
field cycle and then to take the Fourier transform of
the resulting waveform. The procedure is repeated for
a series of minor loops taken with increasing values of
maximum field until saturation is achieved and the de~
pendence of the harmonic content on maximum field is
used to differentiate among various oxide recording me-
dia. Several additional applications of the Fourier
transform method, including characterization of the
temperature dependence of hysteretic properties and
analytic expressions for accurate loop reconstruction,
are described.



Introduction

The characterization of magnetic materials based upon
hysteresis loop measurements generally involves a small
set of familiar parameters consisting of the saturation
moment m_, the squareness S, the goercivity H,, and the
switching field distribution S . This d8scription
neglects additional information about the magnetization
process which is contained in the hysteresis loop and
which, prior to now, was not easily extracted. The
situation has changed in that the data may now be
readily taken in digital fashion and subsequently ma-
nipulated by computer. With the digital implementation
in mind, the obvious technique for characterizing the
entire loop is the use of Fourier analysis. Previous
efforts along these lines were primarily theoretiﬁ
and did not demonstrate the utility of the method.”’
In the present work, a measurement scheme for charac-
terizing particulate recording media using the Fourier
method is discussed and examples are presented.

Experimental Detajls ‘

Data are taken using a modified EG&G Princeton Ap—
plied Research vibrating sample magnetometer (VSM) in-
terfaced to a Hewlett Packard 9836C computer which con-
trols the apparatus and performs the data analysis. In
operation, the hysteresis loop is digitized, stored on
disk, and then analyzed using either the discrete Four-
ier transform (DFT) or fast Fourier transform (FFT).
The FFT is just a very efficient numerical scheme of
calculating the DFT and either method produces
equivalent results. The choice of which transform to
use depends upon the experimental conditions in that
the FFT algorithm requires that the number of mament
values be a power of 2 and that the moment values be
separated by equal magnetic field intervals. In the
context of this paper, Fourier transform (FT) will be O
taken to mean either DFT or FFT. < Fie.1

The essence of the method is to measure a static
loop, Fig. 1l(a), starting at some maximum magnetic
field H___, then "unfold" the loop as shown in Fig.
1(b). B¥e the values of the moment are plotted as a
function of applied field over ocne complete field cycle
starting at +H___. The FT method is applied to the
moment waveformnsl’:(oducing a Fourier cosine series, Fig.
1(c), having only odd harmonics as given in Eq. (1).

m(h) = mSZAncos(nh +8) (for odd n) (1)

where h = 90(1 - H/ ) for H starting at +H and
going to -H and wheré h = 90(3 + H/H x) for H con-
tinuing frdf*-g back to. +H___. RXthe present
characterization%od, this pr&@é&ure is repeated for
a series of loops taken with the field applied along
the particle orientation/tape velocity direction with
(H /Hc) =1, 1.5, 2, 3, and 6. The sample is demag-
neﬁéed prior to each loop excursion. By specifying



H and the resulting Fourier amplitudes and phases,
thé*entire hysteresis loop may be described. Compar-
ison between samples with different values of H_ and
magnetic moment is facilitated by nomalizingc the
harmonic amplitudes with respect to the fundamental
component amplitude, Al.

Results and Discussion

A typical series of loops taken at different values
of L - is shown in Fig. 2. For clarity, the data for
H ="2H, and 6H_ are not included. The sample is a
p’f@ée of ‘.Ampex 5 high energy recording tape whose
properties are listed in Fig. 5. Figs. 3(a) and 3(b)
illustrate the dependence of the harmonic amplitudes
and phases for this sample on the value of (H H)).
Although the software routinely computes re
harmonics, the behavior for only the first five odd
harmonics (n =1, 3, ..., 9) is shown. In general, the
number of harmonics retained depends upon the end use
of the analysis, i.e., sample comparison, loop
reconstruction, or detailed characterization. The ac-
curacy of the FT description of the hysteretic behavior
is quantitatively shown in Fig. 4 where, for the above
example, the root mean square deviation between the ac-
tual loop data and the FT results is plotted as a func-
tion of the number of harmonics used. The points shown
span the range from the smallest to the largest value
of H employed. Using only the first five odd har-
moniE?‘xproduces an error which ranges from 0.6% for
H = H, to 6% for = 6H.. The reason for this
b&Advior “is that as (B2 /u_) Sncreases, the loop be-
comes "squarer” and has™h: ghgr harmonic content.

A principal use for the present FT method has been to
provide a quantitative comparison among different sam-
ples of magnetic oxide recording tapes. Fig. 3(b)
shows that the field dependence of the phase becomes
more striking with increasing harmonic number but the
amplitudes became too small to be of practical value.
For purposes of comparison, the field dependence of the
amplitude in the H region between H, and 3HC has the
most significance.mxAt higher values %f H ¢ the am—
plitudes of all samples approach the values ¢f a square
wave (whose harmonic amplitudes vary like n °). Fig. 5
illustrates the H dependence of the first 3 odd
components for sd¥etal oriented and one unoriented
(ISOMAX) media. The latter has a distinctly different
behavior from that of the oriented samples, i.e., a
monotonic increase in (A,/A,) and (A./A,) as opposed to
the more complicated depEndénce of tge 3riented samples
in the region of H between H, K and 2H_.

This FT characteP3Sation methS8d has bSen used to dis-
tinguish among various lots of ostensibly the same
tape. It is sensitive enough to show that where the
saturation moment has been intentionally reduced by the
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manufacturer by 25%, the remaining magnetic properties,
as revealed by Fourier analysis, were identical to
those of the original tape. This led to the conclusion
that only the coating thickness had been altered and
not the composition of the coating. Alternately, where
two samples having the same M_ and H_, originating in
different lots were characterized, thé FT method re-
vealed significant differences between them.

Another use for the FT method is to characterize
changes in the same sample under different experimental
conditions. This is illustrated in Fig. 6 where the
field dependence of the Fourier amplitudes at different
temperatures is shown. The data refer to an ISOMAX
sample with properties listed in the figure. Although
the coercivity changes by almost a factor of four over
this range and the squareness changes by 17%, the
present characterization procedure gives a concise,
analytic description of the variation in loop shape.
While the (P?/Al) field dependence just shifts dowrnward
with increasing temperature, the (A5/A ). behavior is
somewhat more complicated with the de&elopment of a
minimum in the data at H = 2H_, at the highest
temperature. Over thism’szemperagure range, the
magnetization reversal process is dominated by the
crystalline anisotropy and the FT method may afford the
means of jmderstanding the details of the reversal
mechanism.

The FT method can also be used to provide an analytic
description of the hysteretic process. In this appli-
cation, the technique yields an accurate, analytic ex-
pression which may be incorporated into calculations
for more realistic modelling of magnetic phenomena.
Figs. 7 and 8 illustrate the actual and the Fourier
reconstructed loops for 2 samples having vastly dif-
ferent hysteretic behavior. Fig. 7 describes an ISOMAX
sample with the applied field perpendicular to the
plane of the sample. The shearing effect of the demag-
netizing field reduces the harmonic content of the loop
which can be represented with an accuracy of 1% using
onlx the first and third harrgonics A, = l.OBms, g, =
344°%; A, = 0.115m_, 4. = 122°). Fig.'8 refers°to the
sample %escribed %arﬁer in Fig. 2 with H = 6H_..
The high squareness (0.79) of the loop and"¥he larSe
value of (H Hc) require a considerable number of
harmonics to dchieve the 2% accuracy shown here. In
this instance, the first ten odd harmonics are used in
the reconstruction and their values are listed in the
fiqure. The "wiggles" in the reconstructed loop have
the periodicity of the highest harmonic component.

Future work involves the application of stress, tem
perature, and compositional changes to determine the
effect on the hysteretic properties as monitored by the
FT method. The aim of this effort is a deeper under-
standing of the magnetization process. Such an under-
standing is dependent upon a precise method for charac-
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terizing the magnetic behavior and work thus far indi-
cates that the FT analysis is such a method. The FT
method also enhances the portability of hysteretic
data. At present, hysteretic data circulates in the
technical community either in the form of the familiar
magnetic parameters or as actual loop traces. With the
FT method, it is possible to distribute hysteretic in-
formation by tabulating the harmonic content of a
series of loops.

Conclusions

A technique, using Fourier analysis of hysteresis
loops to characterize magnetic oxide recording media
with greater accuracy than previously possible, is now
available. This method owes its existence and ease of
implementation to digital instrumentation techniques.
In this work, it has been used to compare different
particulate recording media, characterize the temper-
ature dependence of hysteretic behavior, and provide
analytic expressions for static hysteresis loops. It
may have wider applications in the future as a sensi-
tive probe of magnetization processes and also as an
efficient means for transmitting detailed hysteretic
&ta.
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Figure 7. Perpendicular Loop For ISOMAX. Solid Curve Is Data.
Dashed Curve Is Fourier Reconstruction.
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