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FOREWORD

Messrs. R.D. Harrington and A.L. Rasmussen are with the
High Frequency Impedance Standards Section of the National
Bureau of Standards, Boulder, Colorado. The spectral

data were taken by them,



ABSTRACT

The variation of the magnetic Q with internal magnetization is
discussed using both the domain rotation and the domain-wall
motion model of magnetization change. The variation of the
reversible susceptibilities with magnetic moment is reported

on four samples, and the results are compared with results from
the frequency spectra in the initial and remanent states. The
distribution of magnetic moments in the system as a function of
angle between individual and averaged moments is discussed in
terms of an infinite series expansion in Legendre polynomials,
The coefficients of the first four terms can be measured.

Experimental data are given for the first three,



INTRODUCTION

The magnetic susceptibility is defined to be the ratioc of
resultant magnetization to magnetic field intensity. In ferrimag-
nets it is a function of both field strength and frequency. The
reversible susceptibility is that susceptibility effective with a
differential magnetic field. The differential field can be super-
imposed upon a finite biasing field., The reversible susceptibility
depends upon the angle between biasing and differential fields, upon
the magnetization level in the material, and upon the magnetic history
of the specimen.

The susceptibility-producing mechanism is not completely
understood, It is often assumed that either domain moments rotate
in unison or that the domain walls move to change the net averaged
moment of the sample, The reversible susceptibility and resulting
differential magnetostriction for each mechanism were discussed and
contrasted in an earlier paper, which will be referred to as Iol

In that paper, the reversible quantities were discussed in
terms of the distribution of magnetic moments. The calculations of
predicted behavior of the reversible quantities with magnetic moment
were carried out with the assumption that the moments would be dis-
tributed in some most probable state determined by a Boltzman type
distribution of moments about the unit sphere. This argument has
the merit that the direction of the moments are strongly influenced
by the crystallographic orientation, andvthat the orientation of
neighboring grains can be considered to be independent., This does

not mean, however, that the resulting moments must be randomly



oriented. A factor of considerable interest, therefore, is a cal-
culation of what the distribution of moments is in a magnetic material,

The detailed calculation of f(8) is possible, at this time,
in only the simplest cases. The basic difficulty is that the solution
of this problem must involve the solution of essentially the same
number of coupled differential equations as there are atomic moments,
If the moments are treated in the aggregate, localized potential
minima between neighboring grains and neighboring domains must be
included, as must the effect of nonmagnetic inclusions, The dominant
role played by this type of surface energy has been stressed by
Goodenough.2

The calculation of f(©), then, requires first the develop-
ment of as realistic as possible a microscopic model of magnetic
behavior followed with the distribution of this behavior over the
sample, The microscopic models used in I were (A) that the domain
moments remained always oriented along the crystallographic directions
which minimized the anisotropy energy, and (B) that the static moments
remained along "easy" directions, but the susceptibility arose by the
rotation of the domain moments away from those directions in the dynamic
case, Neither model is completely correct. Both are highly idealized
and, for example, contain neither the "curling" concept discussed by
Brown® and by Frei, Shtrikman and Treve89A nor the effect of inhomo-
geneous fields, A‘more correct formulation éwaits the inclusion of
more accurate microscopic models,

There has, however, been ample precendent set for considering
magnetic susceptibility as due to either domain rotation or to domain
wall motion. This lamentable state is continued in this paper.

=De



It was assumed in I that the frequency of the measuring field
was much less than the resonance or relaxation frequency of the magnet.
Under these conditions, the magnetization dependence of the transverse
susceptibility on the biasing field is distinctly different for each of
the assumed susceptibility sources as long as the anisotropy field re-
mains much larger than the applied field.

The reversible susceptibility, as defined above, is reversible
in the thermodynamic sense of zero energy dissipation for only the
special case of zero applied frequency. An associated energy loss exists
for all nonzero frequencies. This loss is describable as the imaginary
part of the complex magnetic susceptibility, ( X= X! - jX"), The
magnetic Q is defined to be the ratio of real to imaginary susceptibility.
It is convenient in the following section to discuss the loss in terms
of Q. Q dependence upon magnetization, field directions, and source of
susceptibility is briefly discussed in this paper.

Frequency spectra have commonly been used to investigate the
susceptibility sources, This extensively used method depends upon the
different dependence of the frequency of susceptibility fall-off on

5)69738

magnetization mechanism to distinguish between sources, Some
investigators have also measured the spectra of the material magnetized
to remanence and have utilized these results to aid spectral inter-
pretationo99loﬂll Epsteinlzﬂand Birk513 in particular have utilized

spectral information to obtain quantitative determinations of the

amount of wall-motional and domain-rotational susceptibility.



DISCUSSION

Distribution Function f(®)

The macroscopic material is considered composed of randomly
oriented crystallites. The crystallites are sufficiently small so
that the moment of each crystallite is much less than the aggregate
moment of the sample. The crystalline orientation of each grain is
taken to be independent of the orientation of its'néighbors. For
such a model the static moment is always parallel with the static field,
The distribution f(©) sin © d6 is defined to be the fraction
of theatomic moments in the system oriented at an angle between © and
0 + do with respect to the applied magnetic field. It is convehient

to expand £(©) in an infinite series of Legendre functions such that:

£(9) =§f: AyPp (cos 9) (1)
n=o

where A, is a function of the magnetic field present and the magnetic
history of the specimen,
By definition,

Jﬁdiﬁacosn e f(e)
leosh 8> = = (2)

[an.z(e)

where <cos® ©> represents the average value of <cos" ©> over the

sample, Substituting Equation 1 into Equation 2 and integrating over

the unit sphere yields:

1 - 1
Ccos® @) = — ), Ay f Py, (1) (3)
2A o m=0 =1

Upon solving for the coefficients A, in Equation 3, using the ortho-

gonality of the Legendre functions,

-
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KE = (2m + 1) <I}ﬁcos 0)> (L)
)
Thus the coefficient of the m th term in the infinite series expansion

for the distribution function can be determined if <cos ©€) , <cos2 8> gs00

<cos™ > are known. So, of course, the first coefficients ares

Al/Ao = 3<cos 8>
Ro/hg = 5/2 [3 <cos? 0> - 1] (5)
hy/hg = 7/2 [5 <cos? 0) - 3 ¢cos 03] .

So the distribution function can be experimentally determined if Lcos™ 0)
can be measured. The Aj coefficients are functions of both magnetic
field and magnetié history. The coefficient Al/Ao can be determined
from the M-H loop. The coefficient A,/A, can be determined from

14,15

Equation 5 and the magnetostriction and independently from Equation
9 and 10 of I where it is stated that the susceptibility due to domain
rotation is given by?

Xp = -g- x oL - <cos? 8> )
(6)

\VS)

Xt=ﬂxou+»«m§@>)o

A3/AO can be determined from a knowledge of Ay/A, and the use of

Equations 16 of I, relating the differential magnetostrictions, hamelys

3 3
=% d.( <cos ©) =~ <cos” &) )
% (7)
d, = i do( Ccos 6> + <0053 > )
3xnsXo
where dO = —75————-
s



Magnetic Q. (Domain Rotation)

To estimate the magnetization dependence of the magnetic Q
when the susceptibility arises from domain rotation, it is convenient
to start with a single crystal ferromagnet. The domain rotation effects

16

are assumed to obey the differential equation

=yMxH) -2 Mx= (8)

where ﬂjis the magnetic moment, y is the magnetomechanical ratio, Mg
is the spontaneous moment, H is the applied magnetic field, and a is
a dimensionless parameter proportional to the power loss., The total
sample moment is assumed to be the sum of moments from all crysfalliteso
It is thus necessary to first calcﬁlafe intergranular effects, then to
sum up all moments over the polycrystalline sample,

Park8 showed that if the magnetic moment of the grains
neighboring a given grain averages that of the gross material, then

grain size and particle interaction is described by a single constant

P. P is defined by the equation
H=h-opt (9)

where H is the effective differential field, h is the applied dif-
ferential field, and M is the gross magnetization., p is a function of
the localized packing and remains essentially independent of M, p can
be regarded as the demagnetizaing factor of the grain partially canceled
by the moments of its neighbors,

Upon substituting Equation 9 into Equation 8 and using the

additional assumptions that a large static biasing field is oriented
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in the Z-direction and sinusoidal time dependence of an additional
applied field, the reversible susceptibility matrix is given by:
(Equation 8 of I.)
[1+ <cos® @] (X_+X,), 2<cos 8> (X_ =~ X4), 0
1 ; 2 -
K= [ 2<c0s 9 (X_ = Xa)y [L+ <cos? > (x_+X,),0
0, 0, 2 [1 - <cos? )] (X_ + X,)

| (10)
|
¢

/

where < > represents the average value in the polycrystal and ©

represents the angle between the spontaneous moment and the applied

field. The susceptibilities X , are defined by the equation

Xy = ————— (11)

where Mx and Hy are the components of the differential magnetization
and field in the x direction and i = V=1, The i operator represents

a spatial rotation of n/2 radians., The resultant algebra from combining
Equations 8,9, and 11 for the Q of the elements on the diagonal of

Equation 10, yields:

¢F =2 ‘ (12)

where w is the applied radian frequency and o, = yHi. Hy, in turn,

is the sum of the static applied and anisotropy fields, Hap and Han’
and the effective internal field pM .
Thus?
Hy = Hyy + Hyp + DM (13)



In the low frequency limits

Qf =% | (1L)
aw

Note that Q¥ is independent of field direction. The low frequency
initial susceptibility is obtained by combining Equations 5 and 10 of

T, The result isg

2w
== 1
X = (1)
where wy = ylMg. Combining Equations 1L and 15,
2w
U= — L3 16
Xl 3aw (16)

The product depends upon a and directly measureable quantities, and

does not explicitly contain the biasing magnetic field through Wq e

Magnetic Q. (Wall Motion)

The change in magnetic moment due to 180° wall movement is,

in unit volume, given by:

AM 2; 2M Ay, (17)

where Ay is the area of the k th wall, and xp is the distance through
which it is moved by an applied magnetic field H, The wall movement
is presumed to be governed by the differential equation}

2

dx d°x
2uMH = fyxy + Bazk + mipok (18)

where fk is the restoring constant for the k th wall, § depends upon
the structure insensitive properties of the material and the parameter

a of Equation 8, while m depends only upon the structure insensitive
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properties of the material, o is the permeability of free space.
Combining Equations 17 and 18, the wall motional reversible

susceptibility under sinusoidal excitation is found to beg

om . .
1-02D) - £
i QZAk ( W fk) Jw B/ k
Xy = bl - Tx o (19)
(1 - o2 ™ 2 + ol E.?_
fx £,,2

In the low frequency limit, the real susceptibility and the Q becomesg

X = byt ;% (20)
w_ L ZAk/fk . (2L
R zAk/fk2 )

Thus for a given material at a fixed low frequency, the Q varies only
with B, Ay, and fy.

The reversible susceptibility is given as a function of ma-
netization not only by the detailed mechanistic Equation 20 above, but
also by Equations 2 and 18 of I, From these, if X_g = XZ = Xo for
virgin material with M = 0 and if Xp decreases montonically with
increasing M, then so must X . Indeed the susceptibilities are re-

lated by the equation?

W
X4
X.W = o (22)
D W
d 1n Xt
d1lnM




If the average stiffness term f) increases with magnetization,
then so will Q. Since both Ay and fy vary with field orientatlon, the
parallel and transverse Q's will, in general, differ. This feature is

distinctly different from domain rotation.

Initial and Remanent Susceptibility

The initial susceptibility due to domain wall motion has been
approximated by Bozorth17 for sinusoidal internal strains arising from
magnetostrictive forces present when annealed material is cooled below

the Curie temperature. The result is

- hMoMsz
° 3 82E

(23)

where N g is the saturation magnetostriction and E is the Young's
Modulus of the material. Likewise the initial susceptibility due to

domain rotation can be approximated as

=:2udM52 (2L)
(s} 3K1

where po is the permeability of free space and Ky is the first order
anisotropy constant, From Equations 23 and 2L it is apparent that in
pure material the relative impertance of the two susceptibility mechanisms
depends upon the relative magnitudes of the effective anisotropy and
magnetostrictive energy densities in the material,

For material with susceptibility arising by domain rotation,
the relationship between the initial susceptibility and the resonant

frequency should satisfy the equationg

=10=



: - ____._____ZME ” (25)
0
where v is a constant, taken to be 2,21 x 10° m/amp-sec, f  is the
resonant frequency, Mg is the spontaneous moment of the material,
and X, is the initial susceptibility.

Becker and Dorinng discuss a model of magnetic remanence
whereby, as the field is decreased from the saturation value to zero,
the moments rotate to occupy the same "easy" crystallographic directions
occupied in virgin material, except that all components initially anti-
parallel to the saturation direction become parallel, For this model,
the remanent magnetization is 0.5 Mg and the remanent rotational
reversible susceptibilities equal the initial rotational susceptibility,
This model is valid for hexagonal material with XKj» O. Fomenko? used
it to interpret his permeability spectrum results., If this is also
the position of maximum parallel and minimum transverse field suscept-
ibility, then going around the M-H loop the parallel susceptibility
peak occurs for M decreasing in magnitude. The remanent and initial
susceptibilities will be equal.

The rotational model of gross flux change in cubic crystals
would predict moments oriented in the "easy" directions nearest the
field directions at remanence, For this case the remanent and rotational
susceptibilities taken from the results of I are given in Table 1 for
all anisotropy coefficients except K1 equal zero., (These are the

expected values from reference 1 for n — =),

=] ]



Table 1
Remanent Results, M,/Mg

Cubic Cubic Hexagonal Hexagonal
k1< 0 Ky >0 Ky <0 Ky >0
M/M .500 »866 .831 .785
r r
XP/XO 1.000 366 L9 500
XY/XT 1,000 1,318 1,276 1,250

An analysis of the relationships between remanent conditions
and the reversible susceptibility has been carried out by Frei and

19

Shtrikman™ on the assumption that the reversible susceptibility is

due to domain rotation, Their analysis contains the assumption that
the reversible quantities are due to rotation and that the expansion of
magnetization in terms of applied field must obey the rotational
equations through second order in the ratio of applied to anisotropy

fields, as can be seen from their Equation 10, Their resulting

Equation 29 can be put in the formsg

M MgX d( X, + 2%y)
g 2 M
s (Xp'+2Xt) |

(26)

for comparison with experimental values.

EXPERIMENTAL

Samples Measured

Four samples were subjected to detailed measurements and
are reported here. The compositions of the samples are listed in
Table 2, All except the magnesium ferrite sample were fabricated at
the University of Michigan,

=12=



Table 2
Composition of Ferrites Surveyed

Designation Composition
F""l""z Niohé'?Zn.SBBFGZOh
F=6=2 Ni.1682n0533co,299F620h
AA-107=L Fe5Y3019
I-15-1 MgFeo0),

The samples with designation starting F-1 and F-6 were prepared by first
ball milling the C.P. oxides weighed to the desired composition in ace-
tone, then decanting, drying and pressing into a toroidal pill. They
were then heated rapidly to 1150° C, then heated slowly to 1375° C for
one-half hour, then slowly cooled to 1200° and held for two hours, The
furnace was then flushed with nitrogen and deenergized. The I-15-1 core
was prepared by Dr, D.L. Fresh and is from the same material reported

on previously by Rado, et al,zo as their type F core, The AA-107-L

core was prepared by firing in air at 13500 C for four hours. The
mixing and pressing procedure was the same as for the type F-1 and

F-6 cores,

Procedures and Techniques

A1l measurements were taken at ambient temperatures on
toroidal samples, since this geometry avoids the complexities of de-
magnetizing factors., Coaxial line techniques were utilized for the
spectral measurements. The complex susceptibility of the F-6 samples
was measured from 1,0 to LO mc using the radio freqﬁency permeameter
in conjunction with a Q meter. For the F-1 samples the real suscept-

ibility from 0.1 to LO mc and the imaginary susceptibility from 0.1

~13-



to 1.5 me waé.measured using the permeameter, A fixed length coaxial
line and a radio frequency bridge was used for the remaining higher
loss measurements up to 50 mc, From 50 to 5000 mc, variable length
coaxial cavity methods were used for complex susceptibility measure-
ments on both types of samples, |

The susceptibility and Q for the variable field measurements
were taken with a Q-meter, For the transverse field measurements, the
sample was placed between the pole faces of an electromagnet, The
biasing field was along the axis of the toroid, Girdle windings about
both outer and inner periphery of the toroid were used to determine the
field and magnetization, An extra winding was placed about the toroid
to furnish the biasing magnetic field when the parallel field measure-

ments were taken,

Fué‘Sam.Eleso Two different samples of F-6 material code designated
F-6-1 and F-6-17 were measured for the frequency spectra, The initial
spectrum of F=6-1 is shown in Figure 1, Both initial and the remanent,
parallel spectra of F-6-~17 are shown in Figure 2, All spectra show but
a single resonant peak in the real susceptibility., The resonant freq-
uency as determined by the peak in the imaginary susceptibility is
seen to be about 130 me for F-6-1 with a corresponding low-frequency
susceptibility of 17, For F=6-17, the resonant frequency is about 75 me
with an initial low-frequency of about 82. The remanent loss for F=6-17
also peaked at 80 mc, with a low frequency susceptibility of 75, An
instability of a few percent was noted in both samples between different
measuring runs,

Comparing the initial and remanent curves, it is apparent

that the positions of the peak in both real and imaginary susceptibilities.

~1j-
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occur at essentially the same frequency, and that the ratio of remanent
to initial susceptibility is about 0.91.

The variation of the low-frequency susceptibility with magnet-
ization is depicted in Figure 3. These data were taken on sample F-6-2,
The transverse susceptibility passes through a decided minimum near
M = 0, Both the measured Q's are essentially constant over a wide
range of magnetization, and indeed were never observed to rise to a

value equal to twice the initial value.

F-1 Samples. The spectra of the sample code designated F-1-5 was

tested, Figure li shows the complex susceptibility for both initial
and parallel remsnent states. The initial spectra of F-1-6 was also
measured and found to be similar in all respects to F-1-5, The resonant
frequency of F-1-5 was measured as l.5 mc as determined by the peak in
the imaginary value, The low-frequency susceptibility was measured as
561, The ratio of remanent to initial value of susceptibility was 0.66.
The peak in imaginary susceptibility at remanence occured at about 6 mc,
The susceptibility was measured as a function of the magnetiz-
ation on specimen F-1-2, see Figure 5. For this core, the transverse
susceptibility remained essentially constant over a wide range of mag-
netization values. The Q's pass through a minimum near M = 0, As in
the case of F-6-2, the transverse susceptibility remained always larger
than the parallel value, The Q's increased rapidly with increasing

field to a value more than 10 times the initial value,

T-15-1. The frequency spectrum for this material has been published
by Rado, Folen, and Emerson,zo and corresponds to their "Ferrite F",
They conclude that the low-frequency susceptibility is predominately

=18=
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due to the movement of domain walls. The variation of the suscept-
ibilities with magnetization is shown in Figure 6. For this core,
both the susceptibilities pass through a maximum in the vicinity of

zero moment while the Q's pass through a minimum,

AA-107-lL, The frequency spectra for this material has been published
by two of us°21 It was concluded on the basis of spectral information
that the susceptibility was predominately due to domain wall motion,
The variation of the susceptibilities with magnetization is shown in
Figure 7. The transverse susceptibility does not pass through a

ninimum.

INTERPRETATION OF RESULTS

The values of fo measured experimentally are listed in Table 3,
along with the values calculated using Equation 25, The experimental

value of f, was determined by the frequency of the peak value of imaginary

susceptibility.
Table 3
Resonant Frequency, mc.

K p(1=0)
Sample Type Measured Calculated ;Z;zﬁ;57
Febel 130 179 : -
F-6-17 75 102 .91
F=1-2 L.5 15 .66

The expected variation of the parallel susceptibility with mag-
netization can be computed from the transverse susceptibility dependence,
For the case of wall-motional susceptibility, Equation 22 is the proper

D
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equation, For the case of rotational susceptibility, Equation 10 of I
is the proper equation. For Equation 10 to be useful, however, the
variation of X , with applied field must be known. From Equation 15 and
the definition of @y it follows that in the absence of a detailed know-
ledge of the effective anisotropy field, which is always the case for
polycrystalline material, ?(O is known only so long as the biasing field
is small compared with the anisotropy field,

The magnetic parameters of the four cores are listed in Table .

Table L
Magnetic Parameters of Four Ferrimagnetic Cores (320 kc)

Parallel Transverse

Core Xo_w Qo X-po on Xpr prj —Xto Qto Xtr Qtr

F=6=2 - - W6.5 721 39.6 71.7 52.8 60.8 62,0 61.L
F-1-2° | L10 15.2 388 13.2 135 28.1 LSO 13.5 LL8 16.7
I-15-1 - - 5h.2 38.1 33.3 53.9 5h.2 39.5 L3.6 L9.8

AA-107=l | 36,4 10,9 31.1 7.4 30.0 8.2 36,6 10.L L0.0 9.7

*Values at 500 ke.

e subscript "o" indicates measurements in the virgin state,
tp" indicates parallel and "t" transverse measurements. "po" and "to"
represent measurements around the M-H loop at the position M=0 in parallel
and transverse fields, "pr" and "tr" represent similar measurements at
the remanent position, .

Plots of X computed from X for each of the four samples

b
measured are shown in Figures 8 through 11, and compared with the ex-
perimentally measured curves., It is apparent that the rotational curve

fits F=6=2 well and that the wall-motional curve fits I-15-1 well., The

fit is not good for either of the other specimens, but nonetheless the

=2y
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wall-motional curve fits AA-107 closer than the rotational curve. The
conclusion that cores F=6-2 and I-15-1 have susceptibility arising
predominately from rotation and wall motion respectively is substantiated
by the spectral interpretation of Figures 1 and 2 and by Rado et al,zo

The curve calculated for X_p for rotation is valid so long as
the anisotropy field remains much larger than the applied baising field.
F-6-2 contains cobalt, and therefore will have a large anisotropy field.
Core F-1-2 is a mixed nickel-zinc ferrite with a corresponding small
anisotropy. Thus the lack of agreement with rotational curves is not
significant, For the F-1-2 core, there was a slight but real minimum
in the 7C.t in the vicinity of zero moment, This feature is not consistent
with wall motion and the accompanying ]Lp behavior, Therefore it is
concluded that domain rotation must be present, No such behavior was
found in AA-107. In the spectral data, two peaks in the imaginary sus-
ceptibility were observed for AA~107, and only one for F-1-2., There
must, therefore, be two important mechanisms for the AA~107. These
mechanisms are assumed to be rotation and wall motion. For F-1-2, one
can only say that domain rotational effects enter, If wall motional
effects are present, the resonant fregquency must occur at the same
point as the rotational effect. The essential difference between F-1
and F=6 lies in the value of anisotropy. Since rotational effects have
been shown to exist in the high anisotropy material, it is expected
that they should also exist in the low anisotropy material.,

Material F-6=2 apparently fits the conditions imposed in
this paper for the static conditions, namely oriented along easy
crystallographic directions, and the susceptibility obeys the rota-

tional equations. This material would not satisfy the conditions of
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Frei and Shtrikman, Table 5 compares the values of remanent moment

calculated from Equation 26 with experimentally measured values.

Table 5
Specimen Measured Calculated He Mg M,
My, /Mg MM x 1005 x 100
AA-107-L; 389 .259 160 1.06 0.1
F=6=2 660 0Ll 127 3.58 2.37
F-1-2 .610 2330 100 13,67 2.2k
I-15-1 .730 W675 175 1.35 0.98

The agreement is not good, and indeed the best agreement is with the
material whose susceptibility arises from wall motion,
Upon eliminating 7(0 from Equation 6 the average value of
<0082 ©> 1is found to bes
21y - Xp

Coos® 0> = [~ P}, (27)
2Xt + Xp

Solving for <cos3 @» from Equations 7,

2dy, - dy

3 e | —— B
0s- @ =
<C > Qd.t + dp

{cos 6> . (28)

Note that <0052 0> should vary from 1/3 in the demagnetized state to
unity when the material is saturated, A similar wall-motional equation
vields:

1 -2 din Xy
2Xy - Xp dinM

2 X4 + ’)Lp 3.0 <dlnXt>

(29)

dlrM
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If the values of X4 and M are calculated assuming a Boltzman distribution
of moments, then X4 = AMSL(m) /7 énd M = MgL(n) where A is a constant for
the material, L(m) represents the Langevin function of m, and m = AHt
where Hy is the totalized biasing field, including history, anisotropy,
and applied field. Substituting these values into Equation 29 yields
a function which goes from 1/3 for M = O to unity for saturation.

Plots of EEEE_Z_EEE as a function of <cos ©) are shown in

2X4 *+ Xp

Figures 12 and 13, In Figure 12, the theoretical curve is the value of
< cos® ©y calculated for domain rotation, In Figure 13, the theoretical
curve is based upon domain-wall motion. Both curves are based upon
Boltzman distribution of moments. The rotational curve attributed to
domain rotation can be interpreted in terms of variation from the most
probable condition. For F-6-2, as the moment is decreased, moments
parallel and antiparallel are initially in excess of the most probable
condition. However, as M is further decreased towards zero, the parallel-
antiparallel components increase to larger than the most probable value.
This can be considered the reason for the transverse susceptibility at
zero moments being larger than the initial susceptibility, and the cor-
responding parallel susceptibility at zero moment being smaller than
either. Sample F-=1-2, if the susceptibility is assumed entirely rotation,
maintains at all times a predominate parallel-antiparallel moment con-
figuration. The value of A, from Equation 5 as a function of magnetic
moment can be read directly from Figure 12 for sample F-6-2,

More detailed determinations and analyses of the distribution
functions on other materials must await simultaneous parallel and trans-
verse susceptibility and differential magnetostriction measurements.,
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CONCLUSIONS

The magnetic properties of a ferromagnetic system can be
described in terms of a distribution of magnetic moments about the unit
sphere., This function cannot be calculated in detail for macroscopic
systems. However, assuming idealized models of magnetic behavior such
as magnetization by domain-wall motion or magnetization by domain
rotation, some reversible properties of ferromagnets can be compared
without detailed knowledge of the distribution function. If a detailed
distribution function is assumed, then, of course, the magnetic properties
can be calculated in detail.

The inverse of this calculation can also be made. The procedure
consists of firstly expanding the distribution function in an infinite
series of Legendre polynomials. Due to the orthogonality properties of
these functions, the coefficients of each term in the infinite series
can be evaluated if the weighted average value of the proper power of
< cos ©> over the sample is known., <cos © > itself is, of course,
proportional to the magnetic moment of the sample., Under certain con-
ditions <cos? ©> is proportional to the static magnetostriction. It
can also be found from a knowledge of the two reversible susceptibilities
if domain rotation is the source of the susceptibility. Further, under
the same susceptibility conditions, the differential magnetostriction
can be utilized to find <cos3 ©> and one additional coefficient in
the expansion.

The combination of frequency spectra and magnetization dependence
of the susceptibilities on the same types are utilized to examine the
source of the susceptibility., In agreement with other investigators,

=3lj=



it is found that the major susceptibility source depends upon the type of
ferrite, as well as the method of preparation. The nickel zinc cobalt
ferrite F-6-2 shows distinctive domain rotational effects, Sample I~15~1
shows wall-motional effect.

The authors wish to acknowledge the invaluable assistance of

Messrs, R.M., Olson, A, H. Voelker, and Mrs. P,A, Marchello,
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