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THE PROPERTIES OF FERROMAGNETIC MATERIALS AT HIGH FREQUENCIES.

1. INTRODUCTION

l.1. Dielectric and magnetic dispersion.

The dielectric dlspersion and absorption of
materials at high frequencies have been the subject of
extensive study for several decsades. The thsory of
dipole moments and polar relasxation processes (Debye,
1929) has reached a sufficlently advanced stage, that
the study of dielectric spectra has become one of the
standard methods of investigating structural and
molecular properties.

The behaviour of paramagnetic solids in
high-frequency fields 1s similar to that of dielectric
materials. The contribution of the magnetic dipoles
to the paramagnetic susceptibllity decays away by
relaxsation processes, analogous to those observed in
polar dielectrics. The investigation of paramagnetic
relaxation and its dependence on temperature and
external fields has led to the development of a
satisfactory theory of the thermodynamlc processes
in these materials (Gorter, 1947).

In comparison, the study of the magnetic

dispersion and absorption of ferromagnetic materials
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at high frequencies is at & much less advanced stage.

All the previous experimental work on high-frequency
permeability, with the exception of a few isolated
measurements, has been concerned with ferromagnetic
metsls, probably beceause of thelr technological

interest. Much of the experimental data is conflicting,
and due to Inherent difficultlies of measuring the true
high-frequency permeability of conducting materials, it is
often presented in a form which is not amenable to direct
analysise. Various s=lternative thsories of ferromagnetic
dispersion have been proposed, but 1little success has yet
been achieved in correlating these with the experimental
observatlions.

l.2. Previous work on ferromagnetic metsals.

At low frequencles the permeabllity of a ferro:
smagnetic material may be measured directly, but at high
frequencies 1t can only be derived indirectly from
meagsurements of the electromagnetic properties of a
circuit or system containing the material. Ferromagnetic
metals, becéuse of their high conductivity, have been
studlied as conducting elements in high frequency circuits,
transmission lines or cavity resonators. Four parameters
R ,G,L and C, the resistance, conductance, inductance

and capaclitance per unit length, define the properties of



3.
such systems. Two of these,R and L., are dependent on
the permeability of the conductorse. Thus 1n a coaxlel
line in which the radiuvus, resistivity and permeability
of the inner and outer conductors are respectively r, ,
Qs M end r,, @2 , M, at s frequency Vv, R

and L. are given by the classical equations,

R -N[@+@] (1)

. I K aXa
L = :2I037? + “73[3”lf + MR ] (2)

an * Y
All the experimental methods, which have been

used, fall into one or other of twoc categories, based on
the measurement of either (a) the resistive component R
, or quantities releted to it, such as the attenuation
or Q-fector of the system (Table 1), or (b) the inductive
component l. or related quantities, such as the wave-
velocity or the resonant frequency (Table 2). The
permeability/m,2 derived from messurements of the
resistive losses of the high-frequency circult, differs
from the value/LLobtained from measurements of the circuit
inductance. It has been shewn (Arksdiew, 1913; Kittel,
1946) that thls snomaly arises from the implicit
assumption that M 1s a real (rather than a complex)

quantity at high frequencies. By confieming the
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Table 1 - Resistive measurementse. (/LR)
Method Observers

Resistance of wires in resonant
circuiv, by substitutlon method.

wepb (1938)
Hoag and Cox (1940)

Resistance of heater wire in
thermo-~junction.

strutt (1931)
Schwarz (1932)
Mohring (1939)

Resistance of lecher-wires, by
Whesatstone bridge method.

Kreiselisheimer (19v9)

Resistance o1t ferromagnetic wire, by
lecher~wire impedance bridge method.

King (1998)

Attenuation along lecher-wires by
standing-wave method.

Arkadiew (1919)
Michelis (1931)

Absorption of waves by wire
gratinge.

Arksdiew (19.14,24,26

Q=factor ot lecher-wire system,
bridged by ferromagnetic wire.

Potapenko and Sanger
(1933, 87)

Q=-factor of resonant cavity,
having one ferromsgnetic wall.

Griffiths (1lv46)
Yager and Bozorth
(1947)

Q=-fector ot coaxial resonator,
with ferromegnetic 1lnner conductor.

Johnson, Rado and
Maloof (1947)

Absorption of waves by ferromagnetic
fiim,.

Simon (1946)
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‘Teble 2 =« Inductive measurements. (}1L)
Method Observers 1

Inductance of lecher-wires, by
Wheststone brldge method

Krelelsheimer (193%)

Inductence of coii with
ferromagnetic materiel, in
resonant circulte.

Dannatt (1936)
Volkova (1932)

wavelength on iechsr-wire system.

Lindman (1938)

Procupiu and d'Albon
(1937)

Michels (1931)

Hoag and Gottlieb
(1939)

Hoag and Jones (1932)

Wavelength on coaxial line, wilth
ferromagnetlic inner conductor.

Glathart (.1999)
Schmidt (1948)

Resonant length of copper lLecher=-
wire system, bridged by
ferromagnetic wirse.

Potapenko and Sanger
(1933, 387)

Resonant frequency of tuned
circuit, containing ferro:
smagnetic meteriele.

wait (1927)
Woods (1942)

Resonant frequency of coaxial
resonator, with ferromasgnetie
lnner conductor.

Johnson, Rado and
Maloof (1947)

Reflection of waves by wire
grating

Arkadiew (1914 ,24,26)
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measurements to either the real or imsginary
component of the circult lmpedance, different values
of the apparent real permeablllity MR and My are
obtained, nelther of which is equal to, or simply
related to, the true permeability/x . The
equations (1) and (2) on which the measurements are
based, are in fact only valid simultaeneously when
is real and /*a.’}‘t- .

The measurement of both impedance components
of the same circuit, sand the consequent determination
of/; 1s made difficult by the presence of & high
conductivity, associated with the permeabllity. The
majority of observers have, therefore, confined
themasslves to measurements of elther mgorm, . The
experlmentsl data on iron, reviewed by Allanson (1945),
1s shewn in Figure 1. Although the results shew
certain general trends, there are obvious ma jor
discrepancies to be accounted for. The most
congistent date 1s that 1n the frequency region above
200 Mc/s.

The macroscopic properties of ferromsgnetic
materials are normally lnterpreted in terms of
translational and rotational motions of the domains,

which form the fundamental structursl wnits and whose
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dimensions are of the order of lo‘a to IO." cm.

By analogy with the relsxation observed in dielectric
, and parsmagnetic materisls, ferromagnetlic dlspersion
associated with the internal restraints on such domain
motions might be expected theoreticsally. Various
alternative mechanisms have been proposed to account
for the dispersion process slong these lines, by
considering the restralnts due to magnetic viscosity
(Arkediew, 1913), due to eddy-current fields (Becker,
1938) and due to snisotropy forces (Landau and
Lifshitz, 1935). These theorles will be considered
in more detail in § 8.

None of these theories accounts satls:
sfactorily for the magnetic dispersion in iron and
other ferromegnetic metals above 200 Mc/s. The
reason for this has been polnted out by Kittel
(1946). In metals, the high conductivity restricts
the penetration of the high-frequency magnetic field
to & thin surface layer. The skin-depth in 1lron st
200 Mc/s is only sbout 104 cm., which is less than
the average thickness of a single domaln. The
disperslon observed at higher frequencies igs,
therefore, assoclated primarily with the incomplete

penetretion of the surfece domains. It 1s not due
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to internal domain phenomena, which cannot be
observed, because of the intense skin-effect.

1.3. Ferromsgnetic materisels of low conductivity.

A consideration of this previous work on
metals suggested that an investigation of the high-
frequency properties of ferromagnetic materials of
low conductivity would be of interest. These
materials offer several advantages. The
experimental difficulties and anomalies experienced
with metals, due to their high conductivity, can
thereby be avolded. In the wave-impedance methods
possible with low-conductivity materisls, both the
complex permeabllity and permittivity can be
measured, without introducling relations, such as
(1) and (2), which are of limited validity.
Moreover, since the high-frequency field is able
to penetrate much more deeply than in a metal, it
'1s possible to observe internal domsain effects,
which would otherwise be observed by the skin-
effect.

Previous work on the high-frequency
permeability of ferromagnetic materisls of low
conductivity 1s in general scanty, and of limited
Interest. Most of the observations have been made

at relatively low frequencles below 20 Mc¢/s, by
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introducing specimens into air-cored colls, and
determinirg;,;L from the Inductance change, measured
by tuned-circult or impedance-bridie methods. The
true permeability cannot be obtsined thus, since the
dielectric losses prevent the magnetic absorption
being measured independently. The method hag been
used by Foster and Newton (1941) on iron-dust cofes
of unspecified composition from 1-50 Mc/s, by Wait
(1927) on magnetite dust at 3 Mc/s, and by Zimowski
(1937) on various ferromagnetic compounds (magnetite,
haematite, pyrites etc.) from 5-20 Mc/s.
Measurements have also been made up to 1 Mc/s by
Snoek and his co-workers st Eindhoven, on the
properties of the ferrites (Snoek, 1947a).

The only measurements known at higher
frequencies, prior to the present investigation,
were those carried out 1n Germany, during the war,
on the "Schornsteinfeger Project". The results
obtained in 1945 by Huttlg and Flegler on¥ -ferric
oxide at wavelengths of 174, 77.5 and 39.5 cm. are
listed in Table 3. The data 1s taken from a report
(MacFarlane, 1945) based on captured documents. No
detalls of the experimental method used are given.
The trend of these observations suggests the

occurrence of magnetic dispersion and absorption in
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Table o - S -ferric oxide (Huttig)
X\ (cm.) 174 77°5 | 395
oy 5°9 53 4+6
Fan %, A 0°0 0°30 0°46
€ 5425 5°4 54
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the microwave region. It was, therefore, decided
to investigate the properties of low-conductivity
ferromagnetic materials at wavelengths from 60 cm.
down to 1.25 em., the 1imit set by the microwave

ogcillators available.
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2. GENERAL PRINCIPLES OF MEASUREMENT

2.1 Impedance concepte.

The permeability/L and the permittivity €
of a medium, relative to thelr free-space values,
can be defined in oscillatory filelds by Maxwell's

ellectro-magnetic equations for the medium,

H
Curl E = - /"“_C_. -g_r- (3)
. £ 2E (4)

CMV“ H —-c— B"

An alternative and equivalent definition, which is
more convenlent in the present context, i1s provided
by the impedance concept, developed by Schelkunoff
(1938) . The properties of the medium are
expressed in terms of two parameters, the propagation
coefficlient 1{, and the intrinsic impedance =2 ,
relative to frese spsace. The propagatlon coefficlent

of the medium,

[}
. AW -
¥ = ¢ T (ﬂ-e) (5)
where A\ 1is the free-space wavelength, determines the
phase velocity (imaginary component of § ) and the
attenuation constant (real component of ¥ ). The

relative intrinsic 1lmpedance

z = (w/e)t (6)
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1s defined as the ratio of the electric and
magnetic fields in a plane wave propagated
through the medium, compared with the free-space
ratio.

% determines the reflectlion and
transmission coefficlients of s wave at a
boundary of the medium. Thus at normal incidence
the reflection and transmission coefficients r

2’

ta » 8t the boundary of two medis, relative

intrinsic impedances 2, , 2, , are given by

ra = A2 (7)
2z, +32,

Fo = o (8)
z, + 2,

In some wave systems 1t 1s simpler to treat these
coefficlents, rather than the intrinsic impedances,
as fundamental. A formal theory, based on
generalised reflection and transmission
coefficlents, has been developed by the author
(1946a), and applied to multiple dielectric medisa.
For the present purpose, the impedance concept 1s

more suitable.
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2.2. Complex permittivity and permeabllity.

In principle, determinations of u and €
at high frequencies resolve into msasurements of =2
and § , or quantities equivalent to them in the
particular transmissiocn system used. For non-
magnetic meterials, the permeability m = , and
the permittivity € can, therefore, bevderived from
measurements of either zor § . € 1is in general

complex and may be written

M -i$
€ -~ € -:1€" - [e|la”"" (9)

where

Fan SG = et/é’ (10)

1s called the dielectric loss tangent.

For ferromagnetlic materlals, a
measurement of both the complex quantitles z and g
is necessary and sufficlent for the determination
of m and € . These properties are then given
uniquely, from (5) and (6), by

ez 8 M\

pon - A (11)
¢ - - (12)

When measurements of 2 and ¥ lead (as do the
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observations to be described) to both a complex€and
a complex m , these quantities represent the
macroscopic permittivity and permeability of the
material, as defined by (3) and (4). A complex

permesbility may be written

Mo /L'— epﬁ = l,;le"ig“ (13)

where

Fan S,u = /*"/,a.’ (14)

i1s the magnetic loss tangent.
Mexwell's equations, being originally

based on the statlic properties of materials, are

commonly formulated in terms of three real parameters,

€ , o end e, the conductivity. Dielectric

sbsorption is then described in terms of an equivalent

conductivity, although the absorption may arise from

other ceauses. It 1s, however, impossible to describe

magnetic absorption in terms of three real parsmeters;

8 fourth one must be introduced for the purpose. The

breakdown of equatlions (1) and (2) in a region of
magnetlc absorptlion occurs, because they are both
derived from the classical 3-parameter form of
Maxwell's equations.

The adoption of (3) and (4) as
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fundamental without restrictions on the nature
of € and g, avolds this anomaly. Reversing the
earlier procedure, conductivity can now be
expressed in terms of e“. o static equivalent
of ,u“exists, since magnetic absorption is s
dynamic effect only.

205« Free-gpace lmpedance methods.

The intrinsic impedance z of s
materisl can in principle be obtained from the
reflection coefficient (7) of a plane wave,
incident in free-space, on the boundary of a
gemi-infinite specimen, l.e. of sufficlent
thickness that the reflection from the second
face 1is negligible. The relative input field-

impedance
2o = z (15)

(Field-impedances, like intrinsic impedances, are
expressed relative to the intrinsic impedance of
free space). In practice, however, unless the
material has a very high absorption, one 1s
restricted to measurements on a specimen of
finife thickness, d , terminated in a relative

fleld-impedance 2Z, . The input field-impedance
‘o
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LA is then given by

2 + 2 Fanh ¥d

z; = =z
¢ Z  + 2z; tamh 84 (16)

The simplified forms of (16) obtained for
2y = 0O » 8and z, =00 , form the basls of a method
sultable for poorly-conducting ferromagnetic
materials. The former case corresponds to the
specimen being terminated in a short-circult, and

the relative input impedance is

280 = 2z Fanh Kol (17)

The lstter case corresponds to an open-circuilt

termination, giving
Zoc = z coth ¥d (18)

Combining (17) and (18), solutions are obtained for
zend ¥ in terms of the measurable quantities 24 ,

2qc ond d ,
z = (zse 29&)‘& (19)

¥ = i. orc Fanh (zsc/?-oc)& (20)
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Se THEORY OF WAVEGUIDE IMPEDANCE METHOD

The free-space method, outlined in82.3,
though feasible, would involve taking measurements
on large sheets of the ferromagnetic material. Thils
limitation may be overcome by the use of transmission
lines, for which only small specimens are required,
and on which measurements can be made with much
greater precision. The experimental method which
has, therefore, been adopted 1s the transmlission-
line analogue of the free-space method. Coaxial
lines are used at wavelengths of 60 -6 cm., and M4
rectangular waveguides at wavelengths of 3 cm. and
1-25 cm. Both types of transmission line may be
referred to as waveguldes.

Observations are made on a specimen of
the ferromsgnetic material, filling a section of
1ength.&.at the output end of a wavegulde.
Measurements are made of the amplitude and phase
of the voltage standing-weve on the input wavegulde
when the specimen 1s terminated (a) by a short-
circulting plate, and (b) by a closed quarter-
wavelength section of wavegulde, which is
equlvalent to an open-circuit. From these
measurements, the input impedance zz , relative to

the characteristic impedance of the empty
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wavegulde, 1s obtained for the short-circuit and
open circult conditions (= 2. and z%
respectively). The reletive input impedance is

given by

p ! ~ ( Fanpl
z, = /n e (21)
(=~ { (tanp)fy,

wherenis the standing wave ratio (ratio of voltage

meximum to minimum), £ is the distance of the
volteze minimum from the input face of the specimen,
@ (=aw/\g) 1is the phase velocity, and N, is the
measured wavelength on the input wavegulde ( = \
for the coaxial line). ’
The relative input impedances ®%, and
2/,. are related, by equations similar to (17) and
(18), to 2‘ , the characteristic impedance of the
filled section, relative to that of the empty
waveguide, and KIthe propagation constant of the
section. Hence
= 2 (2% 'l-'o;)‘k (192)
K‘

 For a coaxlal line operating in 1ts principsl mode,

—;—; arce tanh (.llsc./z:n,)‘i (20a)

the wave i1s purely transverse snd

v o~ oz o= (ufe)f (6a)
/ = = ' 2_“; ‘k‘ 5
5 = ¥ x (o €) (58)

so that (11) and (12) remain valid in the form
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- as c—E:i,_L
. 4
€ = -2 (12e)

For an H, rectangular waveguide, ='

/
and ¥ are alsc dependent on the cut-off wavelength

of the empty guide, A¢ (= 2o , Where a is the guide
width) and are given by

2! = /“[ - (X/Xc_)z]!i
p€ =(NNY

¥ = & ‘*‘_;\‘ [_,Le - (A/xc)‘]% (23)

(22)

leading to
s . 1 !
w

w2 2

c¥ N [ w
-—Z_ )t - {= 25
where Xa is the wavelength in the empty guide. Thus

€

(]

in both types of transmission line, M and € are

obtained in terms of measurable quantities.
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4. DESCRIPTION OF APPARATUS

4.1. Waveguide and detector systems.

The input voltage standing-wave is measured
by means of a tuned crystal detector, mounted in s
sliding carriage, which 1s moved manually along the
length of the wavegulde. A short thin probe from
the detector projects into the wavegulde through a
narrow longitudinal slot, milled parallel to the
axis of the gulde and, in the case of the W,
rectangular wavegulde, along the centre of its
broad sids. The high frequency voltage induced in
the probe is rectified by the crystal,and the
crystal current 1s measured by a sensitive
galvanometer. The tuning of the detector by means
of a variable reactance stub increases 1lts
sensitivity and discriminates against the detection
of harmonics. Particular care has been tsken in
the mechanical construction to ensure that the probe
moves centrally along thé gulde, and that its depth
of penetration remains constant as the position of
the carriage 13 varied.

The general arrangement of the complete
apparatus used on each of the four wavelength

ranges (60 - 20 cm., 15 - 6 cm., 3 cme. and 1°25 cm.)
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1s simllar, and 1t differs only in detsail from the
schematic disgram (Figure 2).

4.2 60 - 20 cm. apparstus.

For mesasurements at wavelengths from 60
cm. to 20 cm. & variable frequency triode
oscillator (446 tube with concentric line tuning)
1s vused. The oscillator output, which is monitored
by a bolometer bridge circuit, is loosely coupled
through a concentric cable to the slotted coaxlal
wavegulde. The coaxial has an outer conductor
dismeter of 4.45 cm., &n inner conductor dismeter
of 1.35 cm. and a slot length of 110 cm. The
Inner conductor which 1s constructed of light thin-
walled tube to give rigidity is supported at
intervals by sets of three thin polystyrene rods,
screwed thrcugh the outer conductor, st 120° to
each other., These spacing rods have been found
to have 1little effect on the phase veloclty in
the 1line, but to avoid any such errors being
introduced into the standing-weve measurements,
no spacers are used in the last §0 cm. of the
line. The inner conductor 1ls supported at the
output end by the specimen and termination. The
position of the detector carrisge 1ls measured by a

0*01 cm. vernler scale.
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4.5, 15-6 cm. apparatus.

At wavelengths near 9 cm., 8 standard
reflex klystron oscillator (CV67) is used. For
other wavelengths in thls range, & modified
klystron oscillator has been constructed (Figure
3)e The central rhumbatron cavity of the
osclllator 1s extended on each side by
‘rectangular wavegulde sections, whose length may
be varled by short-circulting pistons, geared to
move 1n synchronism. By adjustment of thse
electrode voltages, and thus modifying the
transit-time of the veloclty-moduleted electron
beam through the drift-space between the cavity
gap and the reflector, high~order modes of
oscillation of varlous wavelengths from 16 cm.
to 5 cm. can be induced in this composite
cavitye. Care is exercised in the choice of
suitable modes, to ensure that the
oscillations are stable and monochromatice.

The klystron oscillator 1s loosely
coupled to a long length of cable, feeding the
coaxisl. The coaxial line has an outer
conductor dismeter of 2°225 ¢m., inner conductor
0+775 cm., and a slot length of 16 cme. The

inner conductor 1s supported at the input end by
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8 polythene insulator, and at the load end by the
sample and termination.

The position of the detector carrisge
is measured by two 1" micrometer dial gauges
(calibrated in 0+001" divisions) which are
mounted on the coaxlal line, cn opposite sides
of the carrlage, and bearing against it. The
gauges are positioned to record consecutive 1"
traverses of the carriasge along the 1line.

FPor the longer wavelengths, where a greater
movement 1s necessary for the standing-weve
measurements, & single dial-gauge is used, and
calibrated 1" and 2" sliding steel blocks are
placed between the detector carriage snd the
dial-gauge probe to extend its range.

4.4 3 cme and 1-25 cm. spparatuse.

At wavelengths near 3 cm., a CV 129
reflex klystron oscillator is used. The
osclllator is coupled to a short coaxlal cable,
which terminates in a probe feeding the 1% x &".
H,, rectengular wavegulde system. A fraction
of the input power is tapped off, through a gap
in the short-circulting plate behind the probe,
to a fixed crystal detector, which monitors the
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power fed to the wavegulde system. The

fixed attemustor, which consists of a flst prism
of lossy/dielectric materisl, attached to the
brosd inner face of the waveguide, has an
attenuation of about 6 decibels, and serves to
minimise frequency-pulling due to changes in the
load impedance. The varisble attenuator
consists of a thin circular segment of résistive
meterisl (carbonised bakelite), which may be
lowered 1into the gulde through a longitudinal
central slot 1In the broad face of the guide.

By this means, up to 40 db. of attenuation may

be introduced, without mismatching the oscillator.
The sttenuator is used for setting the detector
crystal current at the level required. (At
longer wavelengths this is done by varying the
depth of penetration of the probe). The
slotted waveguide section has been machined from
brass plate to obtaln the required constructional
accuracy, the internal cross-sectional dimensions
being constant to 0°1¥. The position of the
crystal detector is measured by & micrometer dial
geuge, attabhed to the detector carriage, and
bearing agealinst a fixed block on the side of the

wavegulde.
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The apparatus used at 1°25 cm. wsvelength
1s similar, except in minor detalls. The reflex
klystron oscillator (an experimental type, developed
%y E.M.I.) feeds directly into a 0+42" x 017" H,
rectangular wavegulde system. The power 1is
monitored by a fixed crystal detector situated
between the fixed and varisble attenuators. The
position of the detector carriage, which is moved
along the slotted guide by a simple frictional
drive mechanism, is measured by a micrometer
disl-gauge fixed relative to the gulde, and

bearing sgainst the end of the carriage.
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5. EXPERIMENTAL PROCEDURE

5.1. Crystal calibration.

An Initial investligation was made of the
high-frequency rectifying characteristics of the
crystals used. Measurements were made at 9 cm.
wavelength, with the slotted coaxial line empty
and short-circuited. The crystals were ingerted
in turn into the detector, and the cryatal current
1 measured as a function of x , the distance
along the line of the detector from the current
minimum. Since the voltage distribution on a
lossless short-circuited 1line is simisoidel, the
high-frequency voltage V is proportional to Sinpx-
The results may be summarised as follows. The
crystals have a square-law charscteristic
(I proportional to V') for crystal currents
up to a few microamperes. At higher currents,
they deviate in different degrees, often
considerably, from the square law. Mechanical
shock and ageing may affect the sensitivity and
the charascteristic, but they do not appear to
alter the square-law property at low currents.

The characteristic 1s markedly dependent on the
galvanometer circuit resistance, the optimum
resistance for I « V  over the widest range,

being of the order of 400 olms. (Figure 4).
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It was, therefore, decided to make all standing-wave
measurements at lcw crystal currents, using a spot
galvanometer with a sensitivity of 1 ma. for full-
scale deflection, and an internal resistance of 400
ohms. The alternative superheterodyne method of
mixing the detector current with a large signal from
a second high-frequency oscillator and amplifying the
resultant intermediate-frequency signel, (Collle,
Ritson and Hasted 1946) would involve the
duplication of each of the oscillators, and it wag
not, therefore, considered practicable.

An overall check on the performance of
each of the wavegulde systems has been made, by
measuring I vs. sm’px for the empty short-
circuited gulide ss described above, with a
maximum crystal current of 1 ma. The constancy
of the ratio I / sin'@x depends not only on the
velidity of the crystal square law, but also on the
accuracy of construction and measurement.

Deviations in this ratio may arise from

(a) varistions in the depth of penetration
of the detector probe,

(b) irregularities in the movement of the
carriage,

(c) rectification of any harmonics present,

(d) interaction of the detector probe on the
wave in the gulde, and

" (e) errors in the measurement of current or
position.
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The results indicate that none of these
effects are pronounced, since over the range of
currents used 1n the standing-wave measurements
(0+05 to 1 ma,) the variations of T [sinpx
are random, for each of the four wavegulde systems,
and have the maximum velues given in Table 4.

5.2 Standing-wave measurements.

The values of the voltege standing-
wave ratlio s« to be measured are often as high as
100 or more. Direct measurement of such large
values of m would involve the observation of
crystal currents of the order of 10"4/,L¢., if

Loox ¥ tma. .« Apart from

observetional errors, deviations in the crysta;
law are likely to become pronounced over so wide
8 range. Hence, form > 3, an indirect method
of determining -mn from the width of the
stationary wave pattern near the minimum 1is
used, which avoids the measurement of either very
large or very small crystal currentse.

The voltage distribution on a lossless
line may be written

v o= vzm.“ (cos"p'x + 'n"scn‘p'x) (26)
where Vm."is the minimum voltege, and V 1s the voltage

at a distance % from the minimum. Rewrlting
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Table 4 - Calibration of apparatus.
wavelength |60 cme. | @5 ciae | LO Cm. Cme | 6 Cme | O Cme| lg cme
variation of|d A% 3 29 2 29 | & 1% | L1k% : 3%

I /Sintp'x
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(26) as
o= e (VY =) conelpu (27)

= 1+ (@)1, -) wsedpx  (28)

-

for T o V? » 1t 1s seen that m may be determined
from a measurement of w , for a glven value of
T /.., - For IfI__=a, the stendard

ratio adopted,

nw* = 4 c.osu.zp'xo (29)

where dx 1s the measured distance between points on
each side of the minimum at which the crystal
current 1s twice the minimum value (Fig. 5(b)). 1In
a few cases, wheredx, 1s too small to be measured
with ressonable accuracy,l/rmc_ratios greater than
2 have been used. Since measurements are taken
only in the region of the voltage minimum, where the
impedance of the guide is low, the probe depth may
be made quite large without the introduction of
appreciable loss due to the shunt conductance of
the detector system. Thus, & much higher
sensitivity is obtainable, than in a direct
measurement of 4 .

The distance f. from the voltage minimum

to the input face of the specimen is measured in
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the following manner. The dial gauge or scale,
which records the position of the crystal detector,
has an arbiltrary zero, which must be cailibrated.
This is done by the measurement of the position b
of a voltage minimum, with the guide empty and
terminated in a short-circuit (Figure 5 (a))e.
This minimum is known theoretically to be mig/a
from the end of the guide (wherewm is a positive
integer). The semple, Length d , is then
introduced into the guide, and the position € of
the voitage minimum is measured (Figﬁre S5 (b)).
Equating the distances from the zero of the scale

to the end of the guide in each case, we have

bvmk,/g'lcd'e*o( (30)

and hence

tanpl = taup(b-c -d) (31)
which is the quantity required for substitution
in (21)s The value of X’/, and hence @ , is
obtained from the difference pbetween two

congecutive values of b or ¢ .
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bede C(omputation

1The complete sequence of opbservetions and

computetion iInvolved in each measurement, msy best

pe illustrated by a typical set ci resulitse.

All lengths are in tenths of an inch.

A = 1.940
b = 8-059
Ubservations and «35-652 . Xs = R9+422
*S.C termination 0.C termination
C = 4-x79 652
RAXg = 4°246 1°194
b-c-d = 1°840 - 0°13%
ranpl = 05562 - 0°0U356  From (91)
Ywm = 0°4745 0°1570 (29)
zh. = 076953 2o = 0°1610 (21)
exp (=& 34-259) exp (i12°45°)
2 = 0°554L exp (={10°9°) (198)
Fanh ¥d = $°075  exp (=i#d°58°) (2808)
X¥d = 1°86  exp (¢ 75°95°) Chart
¥ = 0*959  exp (¢ 75°95°)
/' M = 180 exp (-¢ ¥8°) (lla)
Results
\ €= 1007 exp (=t5°4°) (12a)
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"d is obtained from the complex
hyperbolic tangent, using the Chart Atlas compiled
by Kennelly (1914). ¥'d 1is generally sufficiently
small that the principal solution is the wvalid
one, but any ambiguity in the value of ¥d is
resolved by the measurement of a second sample
of different thickness,

Sede Preparation of specimens,

The ferromagnetic compounds which have
been lnvestigated are normally obtained in the
form of finely-divided powders. Preliminary
measurements on specimens formed by simple
compression of these powders gave inconsi stent
results. These are attributable to porosity,
the densities of the samples varying between
0«5 and 0.7 of the solid density. Denser
mnaterials can be formed by sintering the
powders at high temperatures (Snoek 1947a),
but apart from the subsequent difficulties of
machining these to the required specimen size,
the ferromagnetic properties are generally
modified by the heat treatment. One of the
compounds ¥ -ferric oxide, loses its ferro:
smagnetism permanently if heated above 300°C,

since it changes into the o =form, which has a

different crystal structure and 1s paramagnetic

(Welo and Basdisch 1925).
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‘It was, therefore, decided to mix the
powdered compounds with a lossless, non-magnetic
base material to form solid samples for measure:
sment, Paraffin wax has been found very suitable
for this purpose, because of its low melting
point, its negligible dielectric lose, and its
plasticity. Mixtures of reasonable homogeneity
can be formed by vigorously stirring the compound
into molten paraffin wax as it is cooling. The
solid mixture is moulded into the required
sample shape at room temperature, using a hand-
vice for applying pressure. The absence of air-
inclusions in the moulded sample is tested by
comparing its measured density, with that
calculated from the known composition of the
mixture. Uniformity of thickness is obtained
by turning the sample between the jaws of a
steel micrometer, set to the required thickness.
The cross-scction of the moulded specimen 1is made
slightly oversize, as the material 1s sufficiently
soft to be force-fitted into the waveguide or
coaxial line, thereby eliminating experimental
errors due to gaps between the sample and the

transmission line conductors.
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6. MEASUREMENTS ON 4 ¥ <FERRIC OXIDE MIXTURE.

6.1, Magnetic dispersion and absorption.

A typical series of observations on a
single mixture will be described initially to
illustrate the general nature of the results.

The mixture contained 32.6% by volume of ¥ =ferric
oxlde in paraffin wax,

The magnetic and dielectric properties
were measured at 9 different wavelengths ; 585,
39+2, 298, 22°4, 153, 893, 597, 309 and 1°23
cm. Measurements were made at each wavelength
on 3 or more specimens moulded from the same
materisl. The mean values of the components of
the permeability m , and of the permittivity €
are plotted in Figures 6 and 7. The
permeability:p.was found to be 1independent of the
strength of the applied field, within the range
employed, by repeating observations at different
high~frequency field strengths. The initial
static permeability/stas measured by a balllstic
method, and found to be 3-2.

Although the magnetic properties are of
primary interest, the simultaneous derivation of

&€ from the same set of observational data provides
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an inherent check on the validity of the measure:
sments. The gradual, steady decrease of
permittivity with wavelength which is observed
(Figure 7) is typical of the dielectric dispersion
of solid inorganic compounds, Unusual features
in the magnetic dispersion cannot, therefore, be
attributed to experimental error. (This point
is emphasised, because certain abnormal magnetic
dispersion phenomena reported in metals
(Kartsehagin (1922), Gans and Loyarte (1921),
Israel (1926)) were later shown to arise from
errors of observation (Wait (1927)).

The accuracy of the observations
has been assessed as follows, In the
experiments to be described in § 6.2., A’ and./ﬂ'
were reduced by 60% and 95% respectively by the
application of a lérge steédy magnetic field.
The measured value of € , which should be
unchanged, was found to remain constant to !%ﬁ
for sequences of 10 or more measurements on tﬁe
same sample, It is considered from such
observations that the accuracy of individual

measurements, except at the two shorter wave:
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:lengths, is of this order. The overall
accuracy is, however, limited by locsal
inhomogeneities in the mixture used, which
lead to greater variations than this being
found between different specimens of the same
mixture. Taking thils factor into account,
it is estimated that the mean values are
correct to M 2% at wavelengths from 585 cm.
to 5+97 cn., : 4% at 3°09 cm., and :101 at
123 cm, “

The magnetic dispersion and
absorption (Figure 6) displays several
interesting features. From the trendzaf the
observations, it is estimated that the
limiting velue, p, , Of /x' on the low=
frequency side of the dispersion region
(AN~ 150 cm.) is 5:05. Since u,1s
within 5% of Yy the static permeability,

(= 3+2) no appreciable dispersion can occur
in the interval from A=o0 to A «~

150 cm., At this latter wavelength,c.‘ begins
to decrease, becoming unity at A = 7.5 cm.

while fanS,‘ rises to a maximum at about the
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same wavelength. At shorter wavelengths,
MS" decreases again rapidly, ;md,‘,‘ falls below
unity, corresponding to a negative
susceptibility. At the shortest wavelength
of measurement, A =1.23 cm,, the magnetic
loss is negligible, while)J is approximately
unity, which is the ultimate highefrequency
value for ferromagnetic materials, indicated
by the Infra-red measurements of Hagen and
Rubens (1903). Thus, practically all the
magnetic dispersion and absorption of the
material occurs in the wavelength interval
180 cm., to 1 cm,

6.2 Effect of magnetostatic field.

Further measurements have been
made on the 32.6% ¥ =ferric oxide mixture to
determine the effect of a static magnetic
field on the observed dispersion. The
moulded specimens were located in the usual
manner at the end of the coaxiai line, which
was placed between the poles of an electros
:magnet, producing a parallel fieldH normal
to the axis. Specimens of similar

dimensional ratios were used to avoid
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differences in demagnetisstion coefficients.
The effective values of m as a function of H
were measured at wavelengths from §8°*5 cm. to
5°97 cm, The permittivity € was unaffected
by H (§ 6.1).

The static magnetisation of the
mixture has also been investigated by a
ballistic method, and the incremental statiec
permeability mg (= dB/44 ) and its reversible
component uyq have been derived as functions
of the applied field H . The results of
the static and high-frequency meassurements are
plotted together in Figure 8, The scale of
the static measurements has been ad justed to
allow for the demagnetisation coefficients of
the coaxial specimens,

The high~frequency and static
observetions are comparable, since in both
cases they represent the effect of a weak
field applied to the ferromagnetic material,
when it is in the magnetic state produced by
a fieldH + The magnetic dispersion and
absorption curves, corresponding to different

values of H , are plotted in Figure 9. For
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comparison the ordinates are expressed relative
to the corresponding values of mge -1 . It
will be observed that the dispersion retains a
similar form, but shifts to & orter wavelengths,
and becomes steeper, as the field H is

increased,
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7. MAGNETIC DISPERSION OF FERROMAGNETIC
COMPOUNDS ,

7.1. B -ferric oxide : Effect of concentration.

Measurements have been made on mixtures
containing various concentrations of ¥ «ferric
oxide 1n paraffin wax. The permeability and
permittivity curves for the different mixtures
are similar to those already described in§ 6.1,
An attempt has, therefore, been made to
extrapolate the observations on the mixtures to
zero dilution, and thus derive the properties
of the solid material, The initial measure:
tments (1946b), over a limited range of
wavelengths and concentrations, agreed
reasonably with the classical Clausius=
Mosotti relation

A:;J - V¥ /&2::
/L*a /hbfl

where A is the permeability of a mixture

(32)

containing a proportion v by volume of the
oxide, and gy is the (extrapolated)
permeability of the oxide. Further
measurements showed, however, that (32) is of

very limited validity, and the alternative
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"mixture" laws, reviewed by Guillien (1941) were
compared with the observations,

Lichtenecker (1918) proposed, on semi-
theoretlcal grounds, a logarithmic law for the
permittivity € of a random dielectric mixture,
of the form

log € = Z v logé, (33)

where v is the proportion by volume of the
constituent, permittivity €,, and Z v = ( .
Applying (33) and its magnetic analogue to
the complex permittivity andpe rmeability, of the

oxlde-wax mixture, we obtain for the real parts

loslé‘ 2 V log [€a| + ¢ -v) ‘°3'€w’ (34)

log jul = v log|pal (35)

and for the imaginary parts,
se = v gea (56)
S, * Y (37)

where suffix "a " refers to the (extrapolated)
properties of the ferromagnetic solid, and

suffix "w " to the properties of the wax,

Clcnl « 2:38 , |l = 100, Se, = Su, = ©)
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It is found that, within the experimental
error, {u| and (€] for the § =ferric oxide - wax
mixtures vary with v , according to (35) and (34).
The experimental values of Vﬂ at different wave:
tlengths are plotted on a logarithmic scale
against v in Figure 1C. The measurements on
§ -ferric oxide have been limited to values of v
up to O¢4l, but Legg and Given (1940), using
compressed powdered Permalloy, found (35) to be
valid for v up to 1°0, and Buchner (1939) and
Wul (1946), using retile mixtures, found (34)
to be also tenable up to 100 concentration,

The magnetic loss angle S,. does not
increase as rapidly with v , as is indicated
by (37). Within the range of the
measurements, these observations are more
satisfactorily represented by the relation

hmgh = vm.Sh (38)
The experimental values of hmsrvs v for
different wavelengths are plotted in Figure 11,
The dielectric loss angle 3¢ is sufficiently
small, that tan$ ~ §¢ , and (36) or the
dielectric analogue of (38) are equally valid.

The values of u, and €, derived

from the observations, using (34), (35), (36) and
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(38) are given in ‘'lable 5. ‘'he initial
static permeability Mas extrapolated from

measurements on the mixtures in static fields,
and the limiting permeability Mao s at
frequencies below the dispersion region,
(cp.§ 6,1.) have also been obtained. The
derived magnetic dispersion and absorption
curves for solid ¥ -ferric oxide are plotted
in Figure 12,

The lower values of permeability
and permittivity obtainedby Hattig (Table 3)
are attributable to porosity in the compressed
samples of oxide which he used. Comparison
of his value of |€| = 5e4 at A& 395 cm., with
the value of [€[= 84 from Table 5, leads to
V 3 083, from (34). This concentration
corresponds to that for closest packing of
equal spheres in a cubic lattice (= 7/¢ )
Using this derived value of v , Huttig's
measurements of u and € have been
extrapolated to 100% concentration (Table
6). The consistency of these values with
those in Table 5 provides a useful check on

the extrapolation method.
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Table § - s01id ¥ -ferric oxide.

A (cm.) | pal % (€] S
58°5 21°2 56° 235°9 8+s°
39°2 18°1 45° 24°0 g8-8°
298 16°9 51° 24°5 g+1°
225 12°4 57° 21°7 8°5°
15°3 8+0 61° 206 7+2°

8°93 3.2 67 19°5 6°
5°97 1°4 65° 176 5°

309 0°53 320 16°1 4°

1°23 1°2 ~ 5° 16 ~ §°
Mas = 54

Mao - 30

Table 6 = Solid ¥-ferric oxide (derived from Table &)

) (cmoe) b pal Dt [€a|

174 28°6 ~° 228
775 254 29°5° 24
39°5 17+9 41° 24
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7ol Other ferromagpet&e compounds.,

A similar series of measurements
have been made on mixtures containing various
concentrations of ferroso=ferric oxide
(magnetite) in wax, up to v = 055, ‘I'he
observations of [u and l’ug‘against v for the
different wavelengths of measurement are
plctted in Figures 13 and 14. The mixture
relations (34) (35) (36) and (38) are again
found to be valid, and the properties of the
80l1id material have been similarly obtained
by extrapolation. The derived magnetic
dispersion and absorption curves for magnetite
are plotted in Figure 15,

Similar measurements have been made
on mixtures containing manganese=zinc ferrite
and nickel-zinc ferrite. These materials,
known as "Ferrox-cube 3" and "4", are mixtures
of MnQ. Fe,04 and ZnO. Fe,Of and
of NiO. Fe,©3 and ZnO.Fe,O5 respectively,
Their preparation, structure, and general
properties have been describedby Snoek (1947a),
to whom the author is indebted for supplying

powdered specimens, The extrapolated
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observations on manganese=zinc ferrite and
on nickel-zinc ferrite are plotted in Figures
16 and 17.

The values of a, and M3 for the four
compounds (the suffix a will be omitted in the
subsequent discussion), obtained from the
magnetic dispersion curves, and from static
measurements on mixtures respectively, are

listed in Table 7.
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Table 7 - Comparison ot ug and M,
Material Ms Jo
¥ -ferric oxide 54 50
Magnetite 15 8
Mn -2, ferrite 48 44
Ni-Zan ferrite 40 54
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8. THEORY OF MAGNETIC DISPERSION

8.1, Nature of Magnetisation Process,

There is a major difference between
the microwave magnetic dispersion that occursin
metals, and that which 1s observed in the
ferromagnetic compounds. The former is directly
associated with skin-effect, and the incomplete
penetration of surface-domains (8 1.2), The
magnetic dispersion of the compounds on the other
hand, can only be due to an internal
magnetisation process, since skin-effect 1is
negligible because of their low conductivity.

The domain theory of ferromagnetism
(Becker and Doring, 1939) differentiates four
elementary processes which occur in the static
magnetisation of a demagnetised materialj;

(1) Reversible displacements of the Bloch
walls, separating adjacent domains.

(1i) Irreversible displacements of the
domain walls,

(1ii1) Irreversible rotations of the spins
within a domain from one direction

of easy magnetisation to another.

(iv) Reversible rotations of the domain
spins, towards the direction of the

applied field.
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The reversible translational magnetisation
(1) takes place in weak fields only, and is gencrally
considered responsible for the initial permeability,
The irreversible magnetisation processes (ii) and
(111), which are responsible for the Barkhausen
effect, occur in medium fields over the steep
portion of the B~H curve, The irreversible
component produces the peak in the static/pﬁ vs H
curve (Figure 8), The reversible rotational
magnetisation (iv) can occur at all field-strengths,
and 1s theonly process operative in high fields,

Becker (1938) has developed a theory
of magnetic dispersion for the translational and
irreversible magnetisation components, The
dispersion is attributed to the damping action of
eddy current fields, induced in the vicinity of
domains by the extension of their boundaries, or
by irreversible rotations. According to Becker,
the irreversible magnetisation component should
disappear at relatively low frequencies, The
experimental results (Figure 8) confirm this,
since the peak in the/u'vsF1 curve has completely
disappeared at the lowest frequency used. Hence,
only reversible magnetisation processes are

operative in the microwave region.
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For the relaxation of the reversible
domain=-wall displacements, Becker obtains a

Debye~type equation of the fornm

=L . (39)

Ms 1 R AY
for the permeability/L in weak fields of
frequency v , where V' is the relaxation
frequency. The form of (39) is identical
with that proposed earlier by Arkadiew
(1913), from his theory of magnetic viscosity.
This theory was based on Weber's conception of
a ferromagnetic material, formed of quasi=
independent elementary magnets, and was
developed by direct analogy with dipole
relaxation in dielectric materials. Becker's
eddy-current theory is more in accord with
modern interpretations of magnetlc

phenomena.

Comparison of the observed magnetic
dispersion and absorption with (39) reveals
several major differences, (e.g. Figure 6).
The /J vs \ curve 1is steeper than that given

by (39) ; the absorption is sharper than the
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theoretical one ; anqp#'becomes negative,
while (39) gives positive values only. The
permeablility does not, therefore, decay by a
relaxation process, as would be expected if it
were due to translational magnetisation,

The observations on the effect of
an applied field (Figure 9) show that a
similar dispersion mechanism operates when high
static fields are applied to the material,
Translational magnetisation, which can only
occur in weak fields, cannot, therefore, be
responsible. It is concluded that the
magnetic dispersion must be accounted for in
terms of the only alternative process, reversible
rotational magnetisation, which is operative at
all field stgengths.

Comparison of the values of u,with
Ms (Table 7) shews that, with the exceptlon of
magnetite, practically all the magnetic
dispersion, occurs in the mlcrowave region.
If this dispersion is attributed to rotational
magnetisation, it follows that the translational
magnetisation in these materials is relatively
small, This is probably due to the low
conductivity, which will inhibit the spread of



48,

eddy currents associated with domain-boundary
displacements. Magnetite has a higher
conductivity than the other materials
investigated, andit appears that the
rotational and translational components

are of equal magnitudes. (s ~ Q/uo )e

The magnetic dispersion observed in magnetite
by Zimowski (1937) at 5-20 Mc/s, probably
corresponds to the relaxation of the
translational magnetisation, Snoek (1947a)
has observed similar low-frequency magnetic
dispersion, below 1 Mc/s, in the ferrites,

8.2, Natural ferromagnetic resonance,

The rotation of the spins within
a domain towards the direction of the applied
field 1is opposed by the crystalline animotropy
forces, which tend to keep the spins aligned
along an easy magnetisation axisOn. Landau
and Lifshitz (1935) have considered a
theoretical domain model of a uniaxial
ferromagnetic crystal, and they have
suggested that these anlisotropy forces are
equivalent to an internal magnetic field H,,

acting along Om . This natural anisotropy



49,

field, which is of the order of 1000 gauss,
arises from spin-orbit interaction, and is
distinct from the much larger Welss molecular
field, arising from the spin exchange forces,
Landau and Lifshitz have considered the
effect of a weak high-frequency magnetic field
applied transverse toOw, i.e. in such a
direction that spin rotation is the only
magnetisation process possible. They find
that magnetic dispersion takes place as a
resonance process, resonance occurring at the
Larmor precession frequencyV, of the electron

spins in the internal field, given by
l’]\)."_ = 3/‘5 H‘h. (40)

where g is the Landé factor ( = 2 for electron
spins)h is Planck's constant, u, 1s the Bohr
magneton.

The differences, noted in § 8el.,
between the observed magnetic dispersion and
absorption and the relaxation equation (39),
and, in particular, the negative values of

fﬂ—: , are characteristic of a resonance

process, These observations provide the first
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direct experimental evidence of the existence

of the internal anisotropy field H, , predicted
by Landau and Lifshitz. As the magnetic
properties are due to electronic spin-moments,

any magnetic resonance process observed in the
microwave region must be due to the presence

of a field of the order of 1000 gauss, since for
an electron-spin, the Larmor relation (40) becomes

numerically

H, A\, = 107 x o> gauss=cm., (av)

where Xh(=C/Qh) is the resonant wavelength.
Since resonance occurs when no such field is
applied externally, an effective field H, must
exist within the ferromagnetic material, When
an external field H is appliedto the material,
it will increase the total field acting on the
spins, and the resonance will shift to higher
frequencies, as observed (Figure 9)., Thus,
qualitatively, the observations are consistent

with Landau and Lifshitz' theory.
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8e3e¢ Induced magnetic resonance.

The conditions within & single domain or
region of the polyerystalline material, in which
an internal unidirectional anisotropy field H,,
exists, will be similar to those in a saturated
paramagnetic or ferromagnetic materialil, imn
which the spins are aiigned by an external
polarising field H, . In the latter case,
when an oscillatory field, frequencyv , is
applied transverse to H,, it has been found
experimentally that the high-frequency
magnetlc absorption becomes s maximum at the
Larmor trequency of the etlectron spins in the
external static fleid. This induced magnetic
resonance effect is thus clogsely related to
the naturai magnetic resonance, due to the
internsl anisotropy flelid.

, Induced magnetic resonance has
been observed in paramagnetic saits by
Zavolsky (1946), Cummerow and Hailiday
(1946) and others, and in ferromagnetio
materials by Griffiths (1lv46), Yager and
Bozorth (1947) and Hewitt (1948). The theory
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of the effect has been considered by Frenkel
(1945) and Kittel (1947, 48). Frenkel hsas
derived an expression for the highefrequency
susceptibility X of the magnetic material,
relative to its static rotationsal
susceptibility'xoin,a similar transverse

fieid,

X b % 42
Xo oy Vo -vte2i0Y (42)

where V, 1s the resonant freguency in the
applied fleld H,, and v' 1s the damping
frequency, due to spineiattice lnteraction.
(The suffix@1is used as in § 7 to distinguish
the statie transverse magnetisation component
(L.0¢ that due to reversible spin rotations)
from the totel static magnetlsation denoted
by the suffix s )« This expression has been
verified experimentally for a saturated
ferromagnetisc by Yager and Bozorth (1947).
The real and imaginary components of

susceptlibiliity and permeablilLity are given by

!

X i_‘ \’z \’1_ 'l)
e e T
7(4 }15 -1 (\,‘h -\’) +4vV

“ i }

X, 2 2wy

Xe fo ™! (32 -9+ a?
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The induced resonance expseriments on
ferromagnetic materials show that the damping
frequency v/ 1s smail compared with v, , and
hence, from (44), the maximum absorption "
oecurs when v = VvV, . This result is of
some lmportance in interpreting the
observations on naturai magnetic resonance.

Be4do Natural resonance in polyecrystalline
materiala.

The conditions within an un:
cmagnetised poliycrystalline ferromagnetis
material are much more complex than in a
saturated materlal, in which the spins are
ell aiigned in an unidirectional external
fieid. The internal fieid H, will vary in
direction, due to local changes in the
domain and crystalline structure, and it
will ailso vary in magnitude, due to thermal
and magnetic interactions. The
polycrystaililine material can, however, be
considered as made up of small regions, of
the order of the domaln size or less,

within which the internai fieid H,1a constant.
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The contribution r_x/xo]N ot each of
these regions to the total relative
susceptibility will be given by a relation
similar to (42). [ x/x,]N depends on the
local value of V, , but belng a relative
quantity, it 1s independent of the
orientation of the reglon with respect

to the high-frequency fleid. If the total
number of such regions in unit volume is N ,
and the relative susceptiblility of a number
dN 1is f_X/)(e']N , then the total relative

susceptibility wiit be given by

Yt w TR )

where the terms dN depend on the
distribution of H, , v, , and V' .

If ail interactions are
neglected, and it is assumed that H, 1is
constant in magnitude throughout the
polycrystalline material, and that v 1is
also constant, then (45) reduces to (42).
It has been found possible by a suitable
choice of parameters, to obtaln an
approximate correlation with the observed

polycrystalline dlspersion and absorption
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curves, using the simple damped resonsnce
relation (42). Such a comparison with the
measurements on magnetite is shown in Figure
18. This empirical correiation involves
the selection of two parameterss V, which is
taken from (49) as the frequency at which

"= , and v/, the damping frequency.
i

It 1s, however, necessary in each
c¢ase to postulate & value of v greater than
V. in order to account for the breadth of
the observed absorption curves on this
simple single-resonance theory. Such high
damping coefficlients are inconsistent with
the data on induced magnetic resonance in
ferromagnetic materiais (€ 8.5.) which
indicate that v is much less than Vo o« It
appears more reasonablie to conslder
elternatively that the broad natural magnetiec
resonances obgerved are due tu a broad
distribution of resonant frequencies about
a mean value %“, corresponding to the un:

s:disturbed or unicrystatline anisotropy
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fietd H, . On this model, the
polycrystalline resonance is made up of a
broad series of relatively sharp resonances,
occurring localily in individual domains.
In the absence of any suitable theory for
treating the thermal and long-range
magnetic interactions responsible for the
distribution oka_aboutHﬂo, no attempt has
been made to develop (45) to obtain a
detailed dispersion relation, The mean
resonant wavelength)aoean, however, be
derived directiy from the observations as
the wavelength at which the magnetic
absorption/flis s maximum; (cf.§ 8eJe)e
The values of Atoandﬂuoobtained for the
different s0lid materials are given in
Table 8.

Evidence in favour of the
distributed-rssonance theory is provided
by the observations on the effect of an
applied fieid on the dispersion (Fig.9).
Apart from the shift of the resonance

towards higher frequencies, due to the
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Table 8 - Resonance parameters and fielids.

(Distripbuted -~ resonance theory)e.

Material x“@ Y, He,
(cme) (Mc/s) (gauss)
¥ -ferric oxide 40 750 268
Magnetite 18 1670 §9%
Mn2n ferrite 70 450 4153
NiZn ferrite 50 600 214
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increase of the effective fieid acting on

the spins, there is a reduction in the width
of the resonance, corresponding to the
decrease in magnetic disorder in the material
as the domain moments sre turned from

random orientations towards the direction of

the applied field.
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Do THE INTERNAL ANISOTRUPY FIELD.

Selo Anisotropy energy and the internal flelid.

The anisotropic properties of a
ferromagnetic materiai are normsliy describped
in terms of an anisotropy energy coetficient,
K (Bitter, 1997)e. For a cubic crystal,
megnetised to saturation, the component of
the magnetic energy due to anisotropy may be

formalily expressed as
2 a2
e K (o +odoty voi3?)  (46)

where <o, ,o(, ,«, , are the direction cCosines

of the magnetisation relative to the cube
edges, the (100) axes. The value of K ,

the anisotropy energy coefficlent, can be
derived experimentaily from the difference
between the energies of magnetisation of the
crystal slong the different crystal axes,

since from (46)
Fo =~ Fiee = X/3 (47)

Fua - Floo = K/L (48)
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Quittner (1909) has measured the
magnetisation curves of a magnetite crystal
along its thres crystailographic axes.
Magnetite, like the other compounds studied,
has a spinel-type cubic structure, and its
preferred dlirection of magnetisation is
ailong the cube diagonai, or (1lii) axis.
Comparison of the relations (47) and (48)
with Quittner's measurements gives a vaiue
of K® - 1°124 x 1P ergs./cc., for
magnetite.

The internali anigotropy fieid HN
in a crystai can be slmpiy related to the
anisotropy energy coefficient K , and the
saturation intensityM . Let us consider
& single domain of a cubic crystal, lylng
in a (100] pisne Oyz , whose easy
direction of magnetisation lies along a
(100) axis,0Oz (Figure 19). 1In the
unmagnetised stateM 1s directed along
Oz , and the internat fleid H,l° acts in
the same direction. If now a smalil
transverse fieid H 1s sppiied aiong Ox ,

M wili be rotated through a smail angle §
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in the [100] plane Oxz , where

fan § = Hx (49)
H1\o
The internal field#kcexerts a restoring torque

on M, given by

T = MH, sind (50)

Alternatively, if the process 1is
described in terms of the anisotropy energy
F (46), we have in the planeOxz, «, = sind R

o, = O , ol =c.os9, 80 thatF reduces to
F = K cos’“e 5’;‘!\19 (51)

The snisotropy energy exerts a restoring

torque

T = %—F = K sin20 cos28

>

(52)
Equating the torques (50) and (52), we obtain

H.‘O = %;:‘-( wsb cos20 (53)

which, for 0 small, reduces to
2K
(54) glves the effectlive anisgotropy field for

& cublic crystai, in which the (100) axes are
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the preferred magnetisation directlons.

The corresponding case for a
crystal in which the (1il) axeas are
preferred, can be obtained in a similar
manner, by eXpressing the anisotropy energy
F in terms of & second anlsotropy

. ’
coefficient K, such that

! 2 2
Foa K (ool g™ 4 o) (55)

/ / ¥
l)‘lﬁ)d3

where « R are the directione
cosines of the magnetisation, reistive to
the (111) axes. The analiysis then folilows
identicali lines to that given above, and we
obtain

W = 2K

", oy (56)

Since from (55), the difference in
anisotropy energies aiong the (1l0u) and

(1il) axes is

/
Floo - Fm = '(/é (57)
we have, by comparison with (47), that

]

K = -K ,and hence (56) becomes

Ha, = =52 (58)
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Thus, for both the (100) and (1lll) axes, we
obtaln for the magnitude of the anisotropy
fieid

2«

Ho, = (59)

This relation has been compared with
the data on magnetite. The saturation
Intensity of artificial magnetite at room
temperature,M ® 450 (Welss and Forrer,
1929), so that combining this with the value
of K 2 = 1°124 x 10° from Quittner's data,
we obtain from (58), that*ﬂu= 500, This
value sgrees satisfactorily with that of
Hy,, = 595, obtained from the peak of the
natural magnetic absorption.

No data is avallable on the
magnetic properties of single crystais of
the other compounds studled. The
magnitude of the anisotropy constant K can,
howéver, be estimated from H,,6 , provided
the saturation intensityM is known. The
sign of K wiil depend on whether the (111)
or (100) axes are the preferred

magnetisation dlrections, Welss and
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Forrer (1929) have obtained € = 760 for
the specific saturation intensity of ¥ =
ferric oxlde at room tempserature. The
density of the solid materiai used in the
present investigation is 4°65 gm./cc., and,
hence,™M = 354. Combining this with t he
vatue of H, from Table 8 , we obtain, from
(59)

¥ -ferric oxide :|K|~ 4°7 x 10% ergs./cc.
A saturation intensity of M s 200 has been
observed by Hewitt (1v48) for a specimen of
manganese=zinc ferrite, so that, assuming a

similar value for the material used, we find

Mn-Za ferrite :|K|~ 15 x 10t ergs./cc.

There appears to be no published data on the
saturation intensity of nickel=zinc ferrite,
but teking an approximate value of M~ 300,
gives
Ni-Zn ferrite :|kl~ 3°2 x 10% ergs./cc.
The magnitude of K 1is one of the
principal factors determining the initial
permeebility of a ferromagnetic materiai, a

smalil anisotropy beling associated with s
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large initial permeabiilty (Snoek 194™.
In Table 9, the derived values of[K[and/uo,
the initisi rotational component of
permeablility, sre compared. It will be
observed that [K|and s, are in inverse
sequence, as it 1s to be expecteds

Jele The internsl fieid and the initisl
permeabllitye.

Although the quantitative results
obtained for the four compounds studied
depend on the exact compousition of the
‘particular specimens used, comparison
of the initial permeabilitieS/g from
Table 7 with those from other sources
(Table 10) indicates that, with the
.exception of the manganese=zinc ferrite,
the specimens are representative.

It appears, however, that the
composition of the manganese=zinc
ferrite specimen differs appreclably
‘from the optimum mixtures obtalned by
Snoek (1947a, 48) which have us~ au, v
1000. In such materials, the value of
|K| will be much smailer, and,

consequently, natural magnetic resonance
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Tabie 9. =

Anisotropy coefficient K and Mo e

Meterial | KI Mo
Magnetite 112 x 104 8
¥-ferric oxide 4°7 x 104 30
NiZn ferrite 5°2 x 104 34

MnZn foerrite 1°5 x 10% 44

MnZn ferrite;
obtained from data | 0°7 x 1(° ~ 1000
ol Snoek (1948),

(see 8 9.2)

Table 10e -

Comparison Of/‘s with published data.

Material (Table 7) (Puble) Source
s fis
Magnetite 18 ~ 17 |Klttel (1946)
¥ -ferric oxide 54 A~ 51 |welo and ;
Bandisch(19<56)|
Ni 2n ferrite 40 ~ 50 |Snoek (1947a)
Mn 2w ferrite 48 ~ 1000 |Snoek (1ly47a)
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should occur at much lower frequencies.
Snoek (1948) has observed the initial
part of a sharp rise in the magnetic
absorption of optimum mangsnese=-zinc
ferrite mixtures at frequencies beliow
.1 Mc/se This is interpreted by Snoek
as the fringe of a magnetic resonance
region, but his observations have been
confined to frequencies well beiow the
natural resonance frequencye. Prom the
limited data, 1t may be estimated that
this occurs at about 20 Mc/s, which 1s
equivalent, on the theory given in § 9.1.,
to en internai fieid M, ~ 7 gauss, and
IK|  ~ 700 ergs./cce

The simpie domsln moded,
considered in § 9.L., has been used by
Snoek (1948), to obtain a relation
Jbetween the transverse susceptibiiity X,
and the internal fie.d H,o. We have,

referring to Figure 19,

Msin 0 ™M
X‘x = __s;—- = _23—0- (60)
H, Hy

so that for the initial susceptibiiity,
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where 8 is small,

(]

X, L (61)

M,
Combining this with (69), & simpie reilation
for K, in terms of [K| and M is ootained,
M2

K = 20wl (62)

If the appiied fieid is not normadl,
but makes an angle § with the direction of
M , then since ouniy its trangverse cumpunent
causes rotaciuvnai magnetisatiovn, the

rotationai susceptliobiiivy
X¢ = Y, Ss'v\z¢ (63)

For a polycrystailine materiai, containing N
domains per unit voiume, of which a number dN
have & rotational susceptibpiiity. X¢ , the

mean rotvativnal susceptioiilty will be
|
Ko = & Xgedo (64)

where the terms dN depend on the distribution
of X, , which i1s governed by the local
internal fieid, and of % s Which is randome.

If 1t is assumed, for simpiicity, that X is
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ccenstent, lees that the iocal internal
fieid is constant in magnitude, then (64)

becomes

x
[ n sg ag ,
X = 2 = 2K, (65)
© I sing dy *

o
Hence, from (61)

.2 M, swM (65
H1‘° -3 Xo 3(/40~l> )

80 that fcr a given value of M , the
internal fielid H“o should be inversely
proportional to Moo=l o

The psrameters derived from
Sneek's measurements on the menganesee
zinc ferrite specimen,,‘aw 1000, have been
compared with those obtained for the
specimen,luo=44. It is found that the
values of H,.o are ~ 1 : 22 , while those
of fo-! are ~ 25 : 1. Thus, the relative
magnitudes of the internsi fielids and the
saunisotropy coefficients are accounived for by
the difference in tvhe initisi permeabi.l.ii:ies
ol the two specimense.

In Tebie 11, the theoreticai
veiues of Huoderived from (65) sre compared

with those obtained experimentally from the
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Table L1 = Comparison of H% with theory (65)

materisal M, Ha, Ha (0Xpe '
(exptis) (theor.) -‘T::T_tﬂ%i Mo
Magnetite 596 540 lel 8
§-terric oxide 468 100 27 30
NiZn ferrite 214 74 49 54
MnZn torrite 158 4< 56 44
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magnetic absorption maxima. In the case
oI magnetite, there ls & reaounably close
sgreement between tne two values, but for
the other materials, there is a
discrepancy by & factor ~ o, A
similar discrepancy has been found by
Snoex (1947P) in comparing a relastion,
based on (65) with his observations on
an unspecified ferrite material.
Névertheless, the order of agreement 1is
sﬁfficiently close to provide a further
vérificatiun ol the nature of the
dispersion process, as the resonance of
the spin rotations in the internai fielid,
The dliscrepancy increases witrl/ua , and 1t
can be readiiy attributed to the magnetic
interactions between domeins, which have

been negaected in the derivation of (65)e
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10, COUNCLUSIUN.

The principal rssults of the research described
in this thesis may be summarised as follows.

A waveguide impedance methcd hes been developed
for measuring the magnetic and disliectric properties of
low=conductivity materials at high rrequencies. Coaxiale-
line andlﬂowaveguide apparatus has been constructed, and
operated in the microwaveiength region from 60 cm. to L*Z3
Ccme. Sulitable techniques have been evoived for the precise
measurement of the stationary wave patterns, from which
the input impedances and electromagnetic properties of the
materials are computed.

Observations have been made on a geries of
mixtures containing various ferromagnetic compounds;
¥ -ferric oxide, magnetite, manganese-ginc ferrite, and
nickel=-zinc ferrits. From these observations, the high=
frequency properties of the soiid compounds have been
obtained by extrapolation. Each of the materials has a
pronounced magnetic dispersion and absorption in the
microwave region. When a static magnetlic fieid 1s

appiied, this dispersion shifts towards higher

frequenclies and becomes shsarper.
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Anaiysis of the observations has led to
the following concliusions.

(a) The dominant magnetisation process
in Llow=conductivity ferromagnetic materiais is the
rotation ot the spinemoments within the domains
towards the direction of the applied fielde. ‘i'ne
transiationel magnetisatlon component is
relatively small, and decays at frequencies below
the microwave region. Irreversible effects alsgo
disappear at Low Ifrequenciese.

(b) The observed dispersion is due to
the decay of the rotational magnetisation component.
This occurs as s natural resonance process,
corresponding to the Larmor precession of the
electronic spin-moments in the internai fielid of
the ferromagnetic materliale.

(c) A distribution of the values of
this internai field about & mean field '4u. leads
to a broad distribution of resonant frequencies

about & mean frequency Q;o .
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(d) The internai fieid ariges from
the magnetic anisotropy of the material. In
magnetite, the value of‘H‘Oderived from the pesk
absorption frequency agrees closely with the
effective anisotropy field, obtained from
crystalline magnetisation data. In the other
materlials, the magnitude of the anisotropy
constant K has been estimated from H,  and
the saturation intensity M .

(e) The internai field also
determines the static rotationai megnetisation
of the materlial, and a reasonable correlation
has been obtained between H, and Mo » the
initisl rotational permeabiilty. The
occurrence of natural meagnetic resonance at
much Lower frequencles in high-permeabiiity

materials is thus explained.
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Figure _1. Collected experimental data on high-frequency
permeability ( and ) of Iron.
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Fig 1?16 2* General schematic diagram of waveguide
impedance apparatus.

Fic. 2



Broad-band reflex klystron oscillator*



Figure 4, Calibration curves for typical crystal.
Dependence on circuit resistance, R
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Figure 5. Standing-wave measurement
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Figure 6.

Magnetic dispersion and absorption
-ferric oxide mixture.
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Figure 7. Dielectric dispersion and absorption
of 32*68% y-ferric oxide mixture.



Figure 8. Effect of applied fieldH on high-
frequency permeability.
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Figure 9.

Effect of applied fieldHon relative
magnetic dispersion and absorption.
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Figure 10. $§ -ferric oxide mixtures. Dependence

of on concentration y, at different wavelengths
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Figure 11, & -ferric oxide mixtures. Dependence of
magnetic loss tangent on concentration v
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figure 12. Magnetic dispersion and absorption of
-ferric oxide.
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Figure 15«
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Magnetite mixtures.
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Figure 14- Magnetite mixtures. Dependence of
magnetic loss tangent on concentration.



Figure 15. Magnetic dispersion and absorption of
magnetitee



Figure 16.
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Magnetic dispersion and absorption of
manganese-zinc ferrite.
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Figure 17,

Magnetic dispersion and absorption
of nickel-zinc ferrite.
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Figure 18. Magnetite. Comparison with single-
resonance theory ( /*« =8 , ~ = 5000 Mc/s,
= 7500 Mc/s).



Figure 19. Rotational magnetisation process in a
single domain.
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