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INTRODUCTION

'ODERN technology depends to a large extent on
- ~ ferromagnetic materials for distribution, control,

and utilization of power, for high-speed computers, and
electronic devices of all kinds. A new perspective for
high-frequency circuitry was opened up by the develop-
ment of the ferrites or ferrospinels, materials with the
general formula M++Fe204, at the Philips Research
Laboratories. ' Lately, ferromagnetic semiconductors of
hexagonal, ' as well as cubic, perovskite, ' and garnet4
structures have made their appearance. Like numerous
other research groups, the Laboratory for Insulation
Research has been active in the study of these materials
over the last few years. In particular it concerns itself
with their response to electric and magnetic excitations
over a very broad frequency range, extending, with
gaps, from dc to the ultraviolet. This review aims at a
unified appraisal of the information obtained by such a
broad-band approach. In the absence of an accepted
name we call this eBort "dielectric spectroscopy. "

The stirring sequence of spectral lines, shown by
individual atoms and molecules and described by the
Rydberg-Ritz combination principle, led to an under-
standing of the quantum states of electronic excitation,
vibration and rotation. These resonance spectra of
individual particles extend from the x-ray into the
microwave region. By condensing gases to liquids and
solids, the frequency range of the electrical engineer
from microwaves to dc fills up with absorption spectra,
and drastic changes occur in the optical spectral range.
The characteristic response of the individual particles
to the electromagnetic field becomes submerged in
effects of mutual interaction.

In consequence, the original sharpness of the reso-
nance response of atoms and molecules with its re-
vealing detail is supplanted in liquids and solids by
broad resonance and relaxation spectra with much more
scrambled information. Only the nuclear and para-
magnetic resonance spectra may still transmit fine and
hyperfine structure intelligence, because the magnetic
spins are loosely coupled to their surroundings.

' J. L. Snoek, Pew Developments in ferromagnetic 3Eaterials
(Elsevier Publishing Company, New York and Amsterdam, 1947).' Went, Rathenau, Gorter, and van Oosterhout, Philips Tech,
Rev. 13, 194 (1952).' G. H. Jonker and J. H. van Santen, Physica 16, 337 (1950),

4 R, Pauthenet, Compt. rend. 242, 1859 (1956).
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The spectroscopist has always considered the optical
range from infrared to ultraviolet as his domain and
has added in recent years microwave and magnetic
spectroscopy as far as they are concerned with
resonance lines and therefore amenable to his old
language. The electrical engineer, by necessity, has
measured the dispersion and absorption of materials
from dc to microwaves, but essentially from the
empirical standpoint of knowing these characteristics
for applications. Only the relaxation spectra caused by
the orientation of permanent electrical dipole moments,
first interpreted by Debye, have become an important
and widely used source of molecular information,
especially for chemical problems.

Obviously, for a true understanding of liquids and
solids the total range from dc to x-rays should be con-
sidered as a uni6ed stage on which the interplay between
electromagnetic fields and matter is enacted.

1. THE LANGUAGE OF DIELECTRIC SPECTROSCOPYS

The name "dielectric, " as used here, refers to any
material when viewed from the standpoint of electric
or magnetic response. In their reaction to sinusoidal
electric and magnetic fields, dielectrics can be charac-
terized by their comptex permAtioity and complex
permeability,

1 f(
JC

These parameters, the real permittivity (dielectric
constant) 6' and permeability p', describing the storage
of electric and magnetic energy and the loss factors e"
and p,

" its dissipation, are actually measured in refer-
ence to vacuum as a reka6ee complex permittivity and
permeability

the product and ratio of these we get the velocity of
light c and the impedance of free space Z

o=—(co@0) & 3X10' [m/sec]

&= (po/~o)' —120~=376.6 [ohm].
(1.4)

Permittivity and permeability, as de6ned, refer to
isotropic, linear dielectrics; that is, an electric field K
CI'cRtcs R polal izRtloIl P Rnd R magnetic 6cld 8 R

magnetization M parallel and proportional to such field.
The electric Aux density 9 and the magnetic Aux

density 8 are the arithmetic sum of 6eld lines and dipole
chains,

D = e()E+P = e*E

&=poH+ @0M=p*H.
(1.5)

The complex nature of the permittivity and perrne-
ability indicates a temporal phase shift between the
acting field, E or 8, and the dipole moment per unit
volume, P or M, created by such field. The product of
angular frequency and electric-loss factor represents a
Aelectri c coeduc6ei ty

a=cue"[ohm 'm '] (1.6)

with n designating the attenuation factor and P the
phase factor of the wave. The intrinsic impedance

which may correspond to a true conductivity created
by migrating charge carriers or to any other dissipative
action of the polarization.

Alternative sets of parameters, frequently used in
science and engineering, can easily be expressed in
terms e* and p,*. The propagation of electromagnetic
waves is described by a complex propagation factor

v= ~+i P=i ~( *~*)',

=K =K gK
6p

(1 2)
(1.8)

=K =K JK
ll

Pp

In the rationalized mks system, used here, the dielectric
constant and permittivity of free space are

so= 10'/4n. 8~8.854X 10 " Darad/m]
(1.3)

u, =4 X1O ' 1.25"tX1O ' 0enry/m]

of the dielectric represents the ratio of the coupled
electric and magnetic 6eld components as to amplitude
and temporal phase for an in6nitely extended material.
Wavelength X and phase velocity v in the dielectric
Rrc given Rs

in which, when precision values are needed, c is the
experimental value of the velocity of light in vacuum
expressed in meters per second. For most practical
purposes one may set c=3X10' m/sec which is some-
times called the standardized velocity of light. From

~ For a systematic development of the electric and magnetic
concepts see A. von Hippel, D~elecfrics and 8"aves (John Wiley
and Sons, Inc., New York, 1954, and Technology Press, Massa-
chusetts Institute of Technology).

&o c 'Ap

e=——=—=—P
v 2w

(1.10)

The ratio of wavelength or phase velocity in vacuum
to that in the dielectric material is the index of re-
fraction
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nX 0.
k=——=—

22r p

and the attenuation per radian, the index of absorption, and different from each other, depends on the macro-
scopic symmetry of the system. Frequently more useful
for the molecular analysis are the corresponding
susceptibility matrices

The indices of refraction and absorption together define
the complex index of refraction

(1.12)

which the physicist uses for the characterization of
materials in place of the propagation factor of the
engineer,

The relations between Aux densities and fields,
measured by permittivity and permeability [see (1.5)],
contain also the contribution of the field ie canto. One
refers to the dipole response of the material alone by
introducing the electric and magnetic susceptibilities
g andy

P= (3'—33)K—=g23E

P
=K

~pK

) "'
iH=x„H

133

X11 X12 +13
+21 X22 +23

X31 X32 X33 ~

Notwithstanding the tensor form of ~* and p,
* in

anisotropic crystals, the behavior of a polycrystalline
aggregate of such materials is described by the simple
quantities e*=e' —je", p,*=p' —jp,", provided that the
microstructure of the material is much smaller than
the specimen size and the wavelength of the exciting
field, and provided that the material is in a depolarized
or demagnetized state.

For ferroelectrics and ferromagnetics the situation
becomes more involved because the moments line up
spontaneously, forming electric or magnetic axes.
Changes in position cause, in general, a crystal defor-
mation, hence a coupling exists to the elastic coeKcients
of the crystal structure (piezoelectricity and piezo-
magnetismt). Furthermore, the response to external
fields is nonlinear and depends on the prehistory of the
sample because domain arrays are formed to minimize
the field energy.

Ferroelectrics and ferromagnetics are thus charac-
terized by polarization and magnetization curves
depending on field strength, and the permittivity and
permeability coeKcients here used designate certain
slopes of these characteristics (Fig. 1.1). In evaluating

In anisotropic, linear dielectrics, P and M are not,
in general, parallel to the generating fields; hence each
component of D or B is a linear function of the three
space components of R or 8 as i magnetization

curve

D1 &11E1+&12E2+ &13E3)

D2 &21E1+322E2+ 223E3)

D3= 331E1+f32E2+ 333E3)

(1.15)
max

~1 l311+1+P12%+P13+3)

I12 921If1+I322If2+1323fI3)

&3=u31II1+I332&2+1333&3.

(1.16)
' =+rev

Because of the purely displacive nature of the polari-
zation process the permittivity tensor is symmetric
with eg= e;;. The same is true of the permeability tensor
at frequencies well below the inverse of the relaxation
time associated with the return to equilibrium of a
disturbed magnetic system. At higher frequencies,
however, p;, = —p, ; for i4 j. The skew symmetry of
these elements reAects the gyroscopic nature of the
magnetization process (Sec. 6). A possible maximum
of six independent coefficients of permittivity and of
permeability therefore exists. How many are not zero

FIG. 1.1. Parameters characterizing the quasi-static
magnetization of ferromagnetics.

f The term "piezomagnetism" is becoming rightfully accepted
in place of "magnetostriction, " because in ferromagnetics the
effect is analogous to the piezoelectricity of ferroelectrics. The
terms "electrostriction" and "magnetostriction" should be re-
served to the mechanical deformation caused by induced moments.
These latter processes have no inverse, i.e., mechanical deforma-
tion does not in this case produce or alter moments as a first-
order effect.
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FIG. 2.1. Recording Ruxmeter for quasi-static
magnetic measurements.

where m is a shape factor varying from zero for a long
needle parallel to the field, to one for a disk perpen-
dicular to the Geld.

As mentioned at the beginning of this section, we use
the rationalized mks system. The conversion factors of
the magnetic field strength and Aux density to the
oersted and gauss are

4x
[87=[amp/m] = [oersted]

103
(1.19)

1.26&&10 '[oersted7

[8]= [weber/m'] = 104[gauss].

NUll coil
control

~H~(g, . Null in(l jt:gtor

I IG. 2.2. Pendulum magnetometer.

"normal" curves and hysteresis loops, corrections are
required to transform from the externally applied Geld
strength K or H to the internally applied field strength
K; and H;. The shape of the sample enters because the
free poles at the sample boundaries produce depolarizing
and demagnetizing fields. For ellipsoids of revolution
the internal Geld is homogeneous and derived from the
applied Geld as

gpK .= 6pK —'Mp

H;=H —zM,

2. MEASUREMENT TECHNIQUES

(a) Quasi-Static Magnetic Measurements

Up to ~2000 amp/m (25 oersteds), our normal
magnetization curves and hysteresis loops are plotted
by a quasi-static fluxmeter (Fig. 2.1), developed after
a design by Cioffi. s For fields up to 400000 amp™
the normal magnetization characteristics can be deter-
mined with a null-coil pendulum magnetometer' (Fig.
2.2). Finally, a vibrating-coil magnetometer has been
developed here recently' (Fig. 2.3) for rapid measure-
ments of magnetization and anisotropy characteristics,
useful over a wide temperature and pressure range.
With this instrument the dipole Geld of the sample can
be measured at a distance, hence outside of and un-
hindered by thermostats or pressure bombs.

Magnetizing
field -~

Magnet -::mmm
-': .+'.;." Magnet

pole — .':: ' ". . pole

V ib«ting coil - ~oi ole f;,ld

Coupling
fod

Vibrator

oscillator

40~
amp I i f i er Temperature

from T.C.

X Y

recorder
,

Magnetizing —f ield signal

from rotating coil

FIG. 2.3. Vibrating-coil magnetometer.

(b) Measurements of e* by Four-Terminal
Methods

To avoid boundary-layer effects, semiconductors
should be measured, in general, by a four-terminal
arrangement. For dc the voltage drop across the po-
tential electrodes is compared with that across a
10000-ohm standard resistor (Fig. 2.4). Ac measure-
ments up to 104 cps are made either with a differential
voltmeter circuit (Fig. 2.5) or (to avoid the nonlinearity
of the electronic components) in a potentiometer circuit
with the coupling transformer to the detector tuned to
resonance to provide a very high input impedance
(Fig. 2.6).

(c) Two-Terminal Measurements of e.* and t'* at
Low Frequencies (10' to 10' cps)

In most cases the permittivity is obtained by bal-
ancing the sample capacitor in one of the bridge circuits

' P. P. Cio%, Rev. Sci. Instr. 21, 624 (1950).
7 C. A. Domenicali, Rev. Sci. Instr. 21, 327 (1950).' D. O. Smith, Rev. Sci. Instr. 27, 261 (1956).
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4 dial—Chopper — -& precision—amplifier potentiometerdetector

sample is placed on a movable shorting plunger sn a
four-arm coaxial bridge (Fig. 2.10). Between 10' and
10' cps the coaxial sample can be measured at the

Sample
Standard resistor

(i0,000 Q j

cc+c,
K

e,

K" = Cd
— bCb

cu Rb

cp

FIG. 2.4. Equipment for four-terminal dc
conductivity measurements.

LOVIt LOSS

Sample:. ':.
ISwl

fridge
transformer

Differentiol
ompli f ier

I

No. 1
Differential

amplif ier

No. 2

I JVariable Phose To
attenuotor shifter null detector

Variable standords

cc
Cp

Gc

Qcp

FIG. 2.5. Differential voltmeter circuit for four-terminal ac
measurements up to 104 cps.

shown in Fig. 2.7. For permeability determinations
'd samples with windings are used and measured

with a capacitance in series in the same type of bridge
circuit (Fig. 2.8).

(d) e* and p* in the Medium-Frequency Range
(10' to 10' cps)

Measurements of the permittivity on lumped-
capacitor samples have been extended by the use of a
susceptance variation circuit; dielectric constant and
1oss are obtained by the resonance position and ha-
width of the resonance curve (Fig. 2.9). For toroids in

permeability determinations this technique is inferior
because of the distributed capacitance of the winnings.
Hence the complex permeability is obtained on coaxia
samples. For the range from 10' to 10' cps, such a

HIGH LOSS

FIG. 2.7. Bridge circuits for electrical measurements from
10' to 10' cps.

cc
Lp o 'Cs~{ s+QCc

=LOKm

FIG. 2,8. Bridge circuit for magnetic measurements from
10' to 105 cps.

res. (sample out)

Sample .::.
c

(v)
CY

Sa

Sam

s.(somple in)

s, (sample out)

~XMAS

Shielded toroidal
transformer

Selective null

detector

Cyo Cy ~
~ +Co', BCY ~res. (sample out)K" =—

CO
' ~ ~ 4J res. (sample in )

FIG. 2.6. Potentiometer circuit for four-terminal
ac measurements.

FIG. 2.9. Resonance circuit for electric measurements from
10' to 10' cps.
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Fxo. 2.10. Coaxial line bridge for magnetic measurements from 10' to 10' cps.

shorted end of a fixed line section in the sample arm of
a commercial radio-frequency bridge (G.R. 916-A or
1601) (Fig. 2.11).

pressed to nearly transparent specimens' in the form of
disks (t,a 1 cm diam, 2 mm thick). ln addition, single-
crystal disks were measured in reQection and evaporated
layers in transmission.

3. STRUCTURE OF FERRITES

The ferrites considered here have the spinel structure,
a closest-packed cubic array of 0' spheres with com-
pensating cations in interstitial positions. Adjacent to
each oxygen ion are 14 interstices: 6 located in the
cube-edge directions, surrounded by six oxygen ions
(octahedral sites), 8 placed in the space-diagonal
directions, surrounded by four oxygen ions (tetrahedral
sites) (Fig. 3.1).

Fzo. 2.11.Impedance bridge with coaxial line for magnetic
measurements from 107 to 10g cps.

(e) Measurements in the High-Frequency Range
(10' to 10"cps)

Between 10 and 3)(10' cps e* and p,
* are obtained

in a coaxial line with standing-wave detector, by
locating a thin sample in two successive measurements
in a region of high magnetic and high electric 6eld
strength (short-circuit and open-circuit method) (Fig.
2.12). A dc magnetic field parallel to the high-frequency
6eld can be superposed by connecting a current source
across the center conductor. At higher frequencies,
the standing-wave method is used with hollow wave
guides.

(f) Measurements in the Optical Range

Po fystyrene
spacer

& „o.c.

Storage
battery

Line
stretcherlength

From
H. F.

generators

Probe
detector

electrical
meas.

4 . r

Magnetic g Wi. m;
meas. t AM

Insula ted Capacitative
plunger coupling

4r

Polystyrene
spacers

t meter
slot

Absorption by the ferrites in the optical range is
very high. Our spectra are recorded from 2000 to about
10 000 A by a Cary instrument and from 1 to about 40 p
by an IR-3 Beckman spectrophotometer, equipped for
the far infrared with KRS-5 optics. For a survey study,
ceramic or crystal samples were pulverized to particles
of the order of 0.1 to 1 p, , mixed with KBr powder and

Ammeter
)I w D.C. bus

Fzo. 2.12. Standing-wave method for electric and magnetic meas-
urements from 10' to 10"cps in presence of dc magnetic bias.

'M. M. Stimson and M. J. O'Donnell, J. Am. Chem. Soc. 74,
1805 (1952); U. Schiedt and H, Rginwein, Z, Naturforsch, ?B,
270 (1952).
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The form of the magnetization vs temperature curve,
on the other hand, depends essentially on the magnitude
and nature of the couplings within each sublattice. In
general these are found to be antiferromagnetic, al-
though magnetite appears to have a weak ferromagnetic
coupling between the ions of sublattice A.

Near j.19'K, one observes an electronic order-disorder
transition in magnetite. The electron exchange between
Fe'+ and Fe'+ has obviously slowed down so much that
the lattice can respond to the whereabouts of the
electrons by distortion. Thus an ordered Fe'+Fe'+
structure can be frozen in at the 8 sites. In Neel's
sense, we should now distinguish between one A and
two 8 magnetic sublattices.

By substituting other cations for Fe'+ and/or Fe'+,
a great variety of materials of ferrite-type can be made
in which the resulting magnetic properties depend in a
complicated manner on the spin interactions in and
between such sublattices. A satisfactory physical
analysis of the ferrites requires accurate knowledge of
the cation distribution, of the electron exchange
between multivalent ions, of the origin and coupling
of the magnetic moments, and an understanding of
their interaction with the crystal lattice. In this con-
nection it must be considered that a purely ionic
description of the structure may not be justified.

4. PRINCIPLES OF DIELECTRIC ANALYSIS

At first sight, the broad-band spectrum of a ferrite
evokes a feeling of complexity and inarticulation (Fig.

,06

IP5
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K" I03
Km
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I02

IO

I
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IX~ a X

"rn
o ~
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I

I f

I
I
I
I
I

, .X- "
I

I

I

Ip Ip IO IO' IOI2 IO IO IO"

Frequency (cps)

FIG. 4.j. Broad-band dielectric spectra of nickel ferrite
(dispersion and absorption).

tetrahedral and octahedral sublattices and that this
A+-+8 coupling is antiferromagnetic. Thus the satu-
ration magnetization of magnetite at absolute zero
should correspond to that of the ferrous ions only:

Bsites A sites
Filled cation sites
per unit cell: Octahedral (16) Tetrahedral (8) Resultant moment

Magnetic moments: 8 Fe++ t 8 Fe+++ f 8 Fe+++ $ 8Fe++ f .

I 0 I-

0 I—:=
O. i

Q=t

II
II
II
I I
I I
I I
I I
I I
I
I I
I I
I I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

WI
'V

\

lh

x'/x,

--- x'/x 5

FIG, 4.2. Normalized susceptibility (dispersion and absorption)
of classical resonator.

1Ve'/corn

(dp GP+ JM2A
(4.1)

or, with respect to the static susceptibility y„anor-

'2 See reference 5, pp. 161 ff.

4.1). A number of effects are superposed and guiding
principles are needed to reduce the integrated charac-
teristics into meaningful components.

The response to electromagnetic fields is under
consideration. Hence it is logical that we inquire about
electric processes excited by electric fields, magnetic
processes excited by magnetic fields, and interaction
phenomena between the two. Furthermore, electro-
magnetic fields couple to matter essentially by dipole
terms; hence charge carriers, induced moments, and
permanent moments will make their appearance and
respond in resonance and relaxation spectra. These
spectra are characterized by the frequency response of
their dispersion (/) and absorption (~") components,
but the identification as to type may be ambiguous,
since a continuous transition from resonance to
relaxation is possible.

The common classical resonator, a mechanical one
with viscous damping or, electrically, a simple series
I R.C circuit, is identical in its frequency response with

the quantum-mechanical resonator with its transitions
between quantum states of isolated atoms and mole-

cules. " If E is the number of resonators per unit
volume, e their charge and m their mass, one observes
an electric susceptibility I see (1.14)j
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malized susceptibility (Fig. 4.2) Re f tr -1) +
-10 -9 -8 .7 .6 -5 -4 -3 -2 -1 0 l 2 3 4 5 6 7 8 9 10

t'&a) ar

1-I —I+j,
Ecdp j (do rt

(4.2)

For low damping, the spectral line is symmetrical about
the resonance frequency co0 with a width dao' at half-
power points given by the attenuation factor 2o.

AG)g= 2CL= —. (4.3)

x

1+j(or
(4 4)

where the relaxation time 7 corresponds, for example,
to Debye's ordering time of permanent dipoles in a
viscous medium. " We can transform from (4.2) to

I 0—

0.5

0.0

I.O

ri is the lifetime of the excited state. In classical terms,
the quality factor Q of the resonator, defined as the
ratio of energy stored to that dissipated per half-cycle,
is equal to coo/hcoi, . Transitions between quantized
magnetic states in isolated systems, described by the
magnetic susceptibility, follow the same form.

Elimination of the acceleration term in the resonance
equation leads to the simplest prototype of a relaxation
spectrum (Fig. 4.3)

FIG. 4,4, Vector plot of the complex susceptibility {~*—1),
illustrating continuous transition from resonance to relaxation
spectrum.

(4.4) by defining formally

7—
&l0

(4.5)

2 1x'— +x'"=
2(1—re') 4(1—w')'

shifting the resonance to very high frequencies in
comparison to the frequency of observation (&v«coo),
and increasing the damping Qt, that is, reducing the
lifetime ri until r«&(1/coo). The physical meaning of
this procedure is that we wipe out the discrete quantum
states of the individual particles by interaction with
their surroundings, and observe the adjustment of the
particles in these surroundings. A typical example is
the pressure broadening of spectral lines when a dis-
rupting collision interferes before a vibration or ro-
tation cycle can be completed. A plot of the vector x*
(Fig. 4.4) shows the transition from a resonator (with
the phase of its dipole moment relative to that of the
inducing field varying from 0' to 180') to the simple
relaxing system with its circular arc locus (Cole-Cole
plot'4) and phase shift from 0' to 90'. The circular loci
of Fig. 4.4 have the form

O. I
M

w =—=constant; (4.6)
070

O.OI
O. l I.O

OJ Y

IO

1—Qm ' ( Q)' Q'
+I x"——I=—f» Q&2.

2) 4

FIG. 4.3. Dielectric relaxation spectrum
{dispersion and absorption).

"P. Debye, Polar Jtt/Jolecules {Chemical Catalog Company,
New York, 1929), pp. 83 6.

Electron transitions and vibrations of individual
particles find their counterpart in the electron transi-

"K.S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 {1941),
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tions and vibrations of coupled systems and hence
maintain their resonance character. The rotation of
electric dipoles in condensed systems leads to relaxation
spectra, while the much looser coupling of electron and
nuclear spins to their surroundings permits well-defined
magnetic resonance spectra to persist. The experimental
distinction between resonance and relaxation (Fig. 4.4)
may be dificult, but two criteria, if fulfilled, unequivo-
cally identify resonance. The dispersion curve of a
relaxation spectrum can only fall with increasing
frequency, hence a maximum or minimum of the ~'

curve attests to a resonance contribution. Furthermore,
the ~" curve of the simple relaxation spectrum is the
steepest absorption possible for this type. Plotted on a
log-log scale it shows a maximum slope &I (Fig. 4.3).
Hence, a loss peak with a slope steeper than 1 is an
unmistakable sign of resonance.
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5. ELECTRIC SPECTRA

(a) Electronic Transitions

The absorption spectra of bound electrons in solids
consist normally of a broad sequence of bands in the
"eigenabsorption" region, correlated to specific transi-
tions. They are preceded towards longer wavelengths

by weaker absorptions arising from impurities and
distorted lattice areas. Light absorption, especially at
the tail of the intrinsic band, may lead to photoelectric
conduction and to the buildup of new absorptions

E'nergy ( ev)
3 4

8 lp l2
Frequency (cps}

j4 x IPI4

FIG. 5.2. Transmission of magnetite film in the optical region.

(b) Infrared Vibrations

towards the infrared. Electronic conduction, to which
the quantum-mechanical conduction band concept
applies, will produce a continuum which underlies the
other absorptions. Figure 5.1 illustrates these types of
spectra for the case of impure silicon.

The ferrites considered here absorb strongly in the
optical region. For this reason the information we
possess at this time is limited. Transmission measure-
ments on single crystals have to await development of
grinding and etching techniques capable of reducing
crystal sections to a thickness of about 0.1 micron. For
a discussion of the low-frequency dielectric constant,
it is necessary to know the over-all contribution of the
electronic polarization. Estimates of this value are
obtained from the refractive index of Mg ferrite at
0.6 micron (x' 6.5) and by reflectivity measurements
on a single crystal of nickel ferrite on the high-frequency
side of the infrared bands (d 7). Thus the electronic
polarization contributes a value of 6 to 7 to the static
dielectric constant.

An actual transmission characteristic was taken on a
magnetite film produced by the evaporation of pure
iron and its oxidation to Fe304 (Fig. 5.2). Its scrambled
information on transitions, for example, from cation 3d
levels to higher bands, or from 0' to the various
cations, points up the need for measurements on single
crystals at very low temperatures in order to achieve
resolution sufficient for the identification of individual
lines.

FIG. 5.1.Electron'cabs rPtionsPectrumof s'licon LW. C. Dash The unit ce]l of magnetite as mentioned in Sec. 3and R. Newman, Phys. Rev. 99, 1151 (1955); R. Newman, ibid.
103, 103 (1956)g. (Fig. 3.2), contains eight Fe304 groups or 56 particles,
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FIG. 5.3. Rhombohedral subcells of spinel lattice.

resultant mixture is measured. This is not simply the
coe%cient for the material, reduced in magnitude by
the dilution, but depends on other factors. For example,
pronounced scattering will occur when the particle
sizes become of the order of the wavelength; the
dielectric constant of the embedding medium also
enters. ' In the present work scattering becomes of
importance only in the visible range. For particles very
much smaller than the wavelength, the absorption is
expected to follow the variations in the dielectric loss
factor ~" for the ferrite and to show peaks near the
vibrational resonance frequencies.

Absorption spectra for six simple ferrites are shown
in Fig. 5.4. Two main bands occur, with peaks in the
vicinity of 550 and 400 cm ', which we attribute to the
two highest modes; the two lower bands apparently lie
beyond the range of our instrument. ZnFe&04 is a
"normal" spinel, that is, the Zn'+ ion occupies the
tetrahedral lattice sites, while Pe~04, NiFe~04, and

each of which contributes three degrees of freedom.
Hence the unit cell has 168 normal vibrations. This
inconveniently large number can be cut down by a
factor of four by dividing the unit cell into four primi-
tive rhombohedral subcells (Fig. 5.3). If we write the
formula of the ferrites as MFe~04, where M stands for
a divalent metal ion, the rhombohedral cell (M~Fe408)
contains 14 ions which can be lumped into two M04
and one Fe4 tetrahedral subgroups.

Of the 42 possible modes those which create a change
in dipole moment L(Bp/Br)WO] are optically active.
Only eight vibratory modes cause local dipole moment
changes; three of these become inactivated because the
over-all dipole-moment change in the primitive cell is
zero; a fourth is a zero-frequency translation. Hence,
four optically active modes remain and are in phase
throughout the lattice, when the subcells are joined
together. '~

The mode of highest frequency (v~) corresponds to
the vibrations of the oxygen ions along the tetrahedral
bond directions, the L111]crystal directions; the next
lower mode (v&) represents a motion of the oxygen ions
in a direction almost perpendicular to the 6rst one; the
remai

'
m ining two modes (va v4) correspond to osci ations

o emf th metal ions in the force 6elds of their octahe ra
and tetrahedral oxygen environments (Fig. 5. ).

In absorption measurements, the real part n of the
propagation constant y is obtained. For a nonmagnetic
material, p may be expressed in terms of the dielectric
constant ~*=a'—j~" as [Eq. (1.7)$

t'l~*l —~ i . (I~*I+~ i '
+ja=~ol I +j~

2 i E 2

However, when the material is powdered and imbedded
in a loss-free dielectric, the absorption coeKcient of the

'5 R. D. Waldron, Phys. Rev. 99, 1727 (1955).
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F G. 5.4. Vibration spectra and associated active modes
of ferrites (WaldronI5).

' J. T. Last, Phys. Rev. 105, 1740 (1954).
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CoFe204 are "inversed" spinels. MgFe204 and MnFe204
are intermediate cases, on which firing conditions and
cooling have great influence. "The spectra show that,
in the inversed structure, additional charge in the
tetrahedral site increases the energy and restoring force
associated with the bonds between the tetrahedral
atom and its oxygen neighbors. This increases the
frequency separation of v1 and v2 by 30 to 40 wave
numbers. In addition, slight changes are expected
because of the lowering of symmetry, but the large
experimental band widths limit the sensitivity of this
method of analysis.

An attempt was made to map the complete dispersion
and absorption characteristics of nickel ferrite in the
infrared, by measuring the polarization of the reflected
light as a function of the angle of incidence on a single-
crystal specimen. Unfortunately, the accuracy in this
long wavelength range proved insufficient for reliable
tracing of such curves. As a significant result, a value
of K', 7.0&0.5, was obtained at the high-frequency side
of the absorption p, 5 )2), as mentioned above. Since
the value of K' is of the order of 10 to 15 in the micro-
wave region, the atomic polarization adds about 3 to 8
to the dielectric constant.

is given by

Vgn, p= JQ)C= JGOK Cp

Ks Koe 0

1+gM 7 C06p

(5 2)

(5.3)

c)
T

(c) Relaxation Spectra Caused by Interfacial
Polarization"

While the dielectric constant of ferrites in the micro-
wave range is only about 10 to 15, it may rise to values
of 104 and higher as low frequencies are approached
(Fig. 4.1). This behavior is typical for conducting
materials through which the free Aow of current is
impeded, for example, by grain boundaries and barrier
layers. A well-known prototype for a simple analysis of
such effects is the Maxwell-Wagner two-layer capacitor
(Fig. 5.5). Here the dielectric consists of two parallel
sheets of materials (l) and (2), characterized by di-
electric constant, conductivity and thickness. The
apparent dielectric constant K* of the composite ma-
terial, obtained by interpreting the admittance of the
capacitor as

Io'

IOP

IO

IO

I

10 " IO IO 10" IO IO IO I

FIG. 5.6. Dielectric spectra of interfacial polarization.

where

and

(d1+d2) 0102
Koo )

(d102+ d 201)00

(dl+d2) (01dlP2 + 02d201 )
K $

00 ((Tld2+&2d1)

(d1+d2) 0.10 2

(dla 2+d20 1)

61d2+ 62d1
7'=

&1~2+0 2~1

R2 0 1d2
8=—=

7

R1 0 2(51

(5 4)

Examination of (5.3) shows that the dispersion caused

by the double layer is identical with that of the dipole
relaxation of (4.4), while the absorption contains an
additional term, 0/co00, dominant at low frequencies,
due to the series resistors E1 and E2. In order to see
the dependence of the dispersion and absorption
characteristics on the relative properties of the two
layers, we introduce factors of proportionality a and b,
where

FIG. 5.5. Maxwell-Wagner two-layer capacitor and
its equivalent circuit.

' G. Economos, J. Am. Ceram. Soc. 38, 282, 335 (1955).
"See reference 5, pp. 228 6,

Figure 5.6 shows typical characteristics with the
factor b chosen arbitrarily as 2000 and K„'as 10, orders
of magnitude frequently observed. The effect of in-
creasing resistance ratios is illustrated by the parameter
8,
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FIG. 5.7. Field-strength dependence of the interfacial
polarization at 10' cps.

"C. G. Koops, Phys. Rev. 83, 121 (1951).
'0 A. Fairweather and E. J. Frost, Proc. Inst. Elec. Engrs. 100,

Pt. IIA, 15 (1953).

The two-layer model can be altered into an m-layer
model of two media or into a dispersion of spherical
particles of medium 1, distributed in a matrix of medium
2. As long as the relative amounts of media 1 and 2
remain the same, the complex permittivity stays un-
altered. However, the prerequisite "spherical" is
needed in order to preserve a simple relaxation spectrum
with only one time constant.

Returning with this information to the electrical
spectra of ferrites, we 6nd, as did Koops, "that we can
approximately match the observed characteristics (Figs.
7.1 and 7.2) by the equivalent circuit of Fig. 5.6 by
choosing, for (5.4), parameter a between 0.1 and 1.5
and parameter b between 104 and 2&(10'. The ferrite
proper (medium 1) is assumed to be dispersed as
spherical particles in an interface (medium 2) which
forms thin layers of high resistivity around the particles;
hence C~&&C~, E2 R~, v~&&v. ~. In consequence, b&&1,
a 1, and at su%ciently high frequencies the interface
medium is shortened out, and one observes the dielectric
properties of the base material.

For magnesium ferrite-aluminates a comparison with
the two-layer model has been made by Fairweather
and Frost"; constants e and b were derived from 2-
terminal measurements. We find that 2-terminal data
can be quite unreliable in the lower frequency range
and may show a 6eld-strength dependence which varies
with the type of electrode used. Four-terminal measure-
ments eliminate these difhculties. The remaining
consistent field-strength dependence (Fig. 5.7) is
probably caused by the high electric stress across the
thin layers of medium 2, which leads to localized 6eld
emission and breakdown.
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FIG. 5.8. Increase of the dielectric conductivity of ferrites
towards the microwave region.
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Fzo. 5.9. Increase of the dielectric conductivity of glasses
towards the microwave region.

After the relaxation spectrum of the interfacial
polarization has been traversed toward increasing
frequency we should expect a characteristic which
remains constant until the infrared absorption becomes
noticeable. Instead, the dielectric conductivity begins
to rise again appreciably between 10' and 10" cycles
(Fig. 5.8). A similar behavior is observed for glasses
when they contain loosely bound cations (Fig. 5.9).
Furthermore we find that while the microwave con-
ductivity of a typical nickel-zinc ferrite increases
slowly with temperature, the dc conductivity shows the
exponential decrease expected for a normal semi-
conductor (Fig. 5.10).

This indicates that an additional absorption spec-
trum, lying in the 10" to 10"cps range, moves towards
lower frequencies as the temperature decreases. Only
the Aat region of the r characteristic is therefore
descriptive of the electronic conductivity of the
ferrites, while the bulk of the electric losses at micro-
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wave frequencies arises from the incoming absorption
spectrum.

This absorption is possibly caused by loosely bound
charge carriers moving out of phase with their com-
pensating ionic surroundings. Such spectra would be
akin to the relaxation spectra of ionic atmospheres in
liquids" (Wien effect), but might have resonance
character in solids.

(e) The Conductivity of Ferrites
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Fn. 5.10. Temperature dependence of the dc conductivity
of ferrites (Epstein4').

' P. Debye and H. Falkenhagen, Physik. Z. 29, 121 (1928);M.
Wien and co-workers, Physik. Z. 37, 155 (1936).

Interfacial polarization effects of ferrite ceramics
certify that the observed conductivity may not at all
be the true conductivity of the base material. There
may be a variety of such effects, depending on com-
position and pre-treatment. For highly resistive ferrites,
for example, an exponential increase of the conductivity
with temperature has been reported to be governed by
the same activation energy below and above the
relaxation region. " In this case, the transition layers
appear to be not of different electric properties but
rather to be represented by geometrical intergranular
contact areas. On the other hand, true transition layers
frequently exist and can be identified, e.g. , as a highly
resistive surface layer of diiferent texture (Fig. 5.11) in
a sintered manganese-zinc sample.

Our research samples are, in general, fired to ap-
preciably higher density (95—99% of x-ray density)
than commerical samples (75—85%). In the case of our
nickel-zinc ferrites this resulted in an increase in con-

g;:.. .» .~, . i (." -:-'.

«(4'4': .p'- "%~ -~:.:+

Fza. 5.11.Highly resistive surface layer (a) of
manganese-zinc ferrite.

ductivity by about three orders of magnitude, even in
the microwave region. The reason is probably that at
high temperatures electron transitions take place from
0' to Fe'+. An excess of Fe'+ is created and the over-all
charge balance restored by oxygen loss from the
material. In cooling, a porous sample can reabsorb
oxygen with relative ease from the firing atmosphere,
and return to a low-temperature ferric equilibrium.
For dense samples, the diffusion of the oxygen is too
slow and a greater excess of ferrous iron remains.

This explanation is consistent with a number of other
observations. Kamiyoshi22 found that the activation
energies of nickel ferrite and cobalt ferrite can be
decreased considerably by quenching from high tem-
perature. %mijn" showed that oxygen deficiency in a
Ni-Zn ferrite can increase its conductivity from 10 '
to 10 ' (ohm cm) ' and lower the activation energy
from 0.4 to 0.1 ev. Finally, measurements on single
crystals of magnetite'4 have given us detailed informa-
tion on the dominant role played by the Fe'+~Fe'+
electron exchange in the conduction process.

The temperature dependence of the dc conductivity
of a magnetite single crystal shows a very unusual
characteristic (Fig. 5.12). One striking feature is an
abrupt drop of the conductivity, by several orders of
magnitude, when the crystal is cooled through a tran-
sition from cubic to orthorhombic symmetry near
119'K. This effect was interpreted by Verwey and
co-workers" as an electronic order-disorder transition
in the Fe'+—Fe'+ occupation of the octahedral cation

"K. Kamiyoshi, Sci. Repts. Research Inst. Tohoku Univ. 3,
716 (1951).

"H. P. J. Wijn, I.ab. Philips Gloeilampenfabrieken, Separaat
2092, 1953.

24 C. A. Domenicali, Phys. Rev. 78, 458 (1950);B.A. Calhoun,
i'd. 94, 1577 (1954).
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FIG. 5.12. Temperature dependence on the dc conductivity of the magnetite single crystal.

sites. Observations on a concurrent ordering of the
magnetic spin system'4 support this explanation. The
sharpness of the transition is rapidly destroyed by
addition agents which interrupt the ferrous-ferric
sequence in the octahedral sites (Fig. 5.13).

Without doubt the very high conductivity of magne-
tite is caused by the easy electron transfer in the
octahedral sites, and the highly resistive ft.rrites are
made by interrupting this transfer. The electron
exchange in magnetite may be considered as an acti-
vation process, in which the electrons are handed along
so fast above the transition that the vibrations cannot
follow. At the transition, the lattice vibrations catch
up and differentiate between ionic arrangements by
diferent distortion of the structure at the Fe'+ and
Fe'+ sites. Thus, above the transition only the electronic
polarization enters into the activation process; below
it, both the electronic and atomic polarization are
involved. The ordering is not complete immediately
below the transition, as conduction measurements
show, " but improves with falling temperature; also
the apparent activation energy, as measured. by the
slope of log conductivity vs 1/T curve, decreases slowly
from 0.1 ev and reaches 0.03 ev at 40'K.

It is tempting to speculate that in magnetite single
crystals the unusual case of band-type conduction in
specific lattice directions [110$ is realized, which

changes below a critical temperature to a more classical
trapping and release process. More research is needed
to clarify this issue. At higher temperature, scattering
by lattice vibrations flattens the slope of the conduc-
tivity characteristic and reverses it near 355'K. The
new rise above the Curie point may be caused by strong
onset of the higher energy electron transfer processes
between 0' and the cations postulated above. Such a
transfer would simultaneously weaken the super-
exchange coupling causing ferromagnetism and be a
determining factor for the Curie temperature. Electron
transfer between cations on tetrahedral and octahedral
sites may also become of importance in the disordered
magnetic state.

6. MAGNETIC SPECTRA (GENERAL DISCUSSION)

(a) Gyroscopic Effects

The elementary magnetic moments m of a material
are casually related to quantized angular momenta p' as

m= yy', (6.1)

where p is the gyromagnetic ratio. Viewed classically,
they are gyroscopes, subjected in a magnetic field H,
according to Newton's law, to a torque

dp
T= =m)(poHp (6.2)

dt
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M =Woe&""

~ e(jcapt+x/2)
y 0

M.=constant= (M' —Me')&,

(6.3)=yLm)&tioH j.
dt (6.7)

Thc IDagnctlzation, lcprcscntcd lay thc additlvc action
of X dipole moments per unit volume,

vrith ~0= —ypoJJ, . The two oscillating components are
(6.4) out of phase by 90' in space and time, hence add up to

a circular rotation in the x-y plane. The magnetization
vector M precesses around the magnetic field axis. (The
sign of a&0 indicates a counterclockwise precession for
y&0, as viewed looking along the direction of the
applied field. )

therefore obeys the equation of motion

dM
=pLMXtioHj.

I'recession in Static Fields
Sttperposition of a Sntalt Alternating Magnetic FieldIf H represents a static field applied in the +s

direction, If the magnetization vector M is initially at rest,
(6.6) pointing in the direction of the static field H„the super-I

H
I
=8'.= constant,

which causes a temporal change of the magnetic moment (6.5) has the solution
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position of a small alternating magnetic fmld

(6.8)

again causes a precession. Without attenuation and by
including only first-order terms, the torque equation
(6.5) reads

d(AM, )
=ytiop(AM„)H, M, (—AH„)]

"CBective" Geld, H,ff, which contains all inAuences that
lead to a change in the free energy 8 of the magnetic
system, when the magnetization vector M is turned
from its equilibrium direction. ' %riting the free energy
h as a function of the polar angles 8 and p,

yti0 8'8 8'h |' 8'h q' &

Mp=—
M sin8. 88' 8&' (88 8&l

d(AM„)=ytioLM, (AH, )—(AM )H,] (6.9)

= —7POIIeff. (6.13)

The most important contributions of the material to
the CGective Geld are the following.

the solution of which is

hM, =a(EH, ) j—a(AH„—);—

AM.=a(AH„)—+j a(AH )—,

Magnetic Anisotropy of the Crystal Strlctlre

In a crystal of cubic symmetry, for example, the
Rnlsotl'opy clmrgy of thc magnetization M CRI1 bc
expressed as

(6 10) h =Eo+Ei(ai &~ +&2 &3 +as &i )
+Ei(nPnPnii)+, (6.14)

with

C:—
Mo M

where o.», o.2, n3 are the direction cosines of the mag-
netization vector in respect to the crystal axes (Fig.
6.1). Landau and Lifshitz" first pointed out that this
anisotropy leads to an effective Geld, which for a
single-domain crystal of spherical shape, when the
first-order term dominates, "amounts to

Expressing the relation between the magnetization
and Geld components by a susceptibility matrix for the
magnetic susceptibihty x ~, we obtain x»1= y22= u, and
X»= X»= j(oi/~o)a»

M

u —j—u 0
Mo

M

Xm= J—@

Mo

Ltef f
POMs

for Ei positive (easy direction L100])

for Ei negative (easy direction L111]).

(6.15)

An experiment designed to measure the diagonal
susceptibilities x„„wouldtherefore trace out the dis-

pel sion cul'vc

+11 X22

M02 —M2

a resonance curve identical with that for an undamped
linear oscillator (Sec. 4).

(Q) Spin Resonance and Effective Field

In Eq. (6.'/) we assumed that the Larmor frequency
is determined by the applied Geld II, ; this is true only
in isotropic magnetic media without domain and
crystal boundaries. More generally, the resonance
frequency can be represented as proportional to an

O.l 0 O.l 0.2 0.2 OA O.S 0.2 O. I 0 O. l 0.2 0.5

JOAN

(units of K»K23

FIG. 6.I. Magnetic anisotropy energy in two planes
of a cubic crystal.

~6 H. Suhl, Phys. Rev. 97, 555 I'1955).
26L. Landau and E. Lifshitz, Physik. Z. Sowjetunion 8, 135

(1931)."C. Kittel, Phys. Rev. 'B, 155 (1948).
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Shape Factor

For ellipsoids the position of minimum energy for
an isotropic ferromagnetic is the direction of the long
axis, because the smallest demagnetizing field results
(1.18). Hence, deflection of the magnetization vector
from this direction gives rise to a torque tending to
restore the minimum energy state. In this case the
effective Beld for a single-domain ellipsoid ' polarized
in the s direction by a Geld IJ, is given by

2 [Mx(MyH)J

y(MxH)

Precession pat/ )or
ygQ

H.i,= [H,+ (w, —w, )M,]'[H,+ (w„—w,)M,]
H*eff'H—weff . .(6.16)

The maximum value is reached for a long needle
(we=we= 2~ we=0)

H, ti =H.+ ', M, . -

Iedlced Moments oe Domain Bogedaries

As the Curie point of a ferromagnetic is approached
from higher temperature, the elementary spins spon-
taneously align and a saturation magnetization M
develops in a preferred crystallographic direction.
Several equivalent lattice directions are available and
are usually chosen by the magnetic axes to produce a
domain pattern approaching a constellation of minimum

free energy.
A large "dynamic" effective field may be produced,

as Polder and Smit showed, "because of the presence of
domain boundaries. Figure 6.2 shows a section through
a ferromagnetic body containing 180' domains ori-
entated in the ~s direction with thin walls in the y-s
planes. Application of an oscillatory field in the &x
direction, that is, perpendicular to the wall, produces a
Larmor precession around the II, field with the sense
of rotation opposite in the up-and-down domains. In
consequence, the poles in the x direction at the walls

appear in phase and, adding to dipole chains, produce
the normal shape magnetization factor m, of the over-
all body. The poles created in the y direction are in

opposition and their demagnetizing effect cancels

(wz, ef f=wzq wy, ef f= 0& wz =0) .

FiG. 6.3. Erecting torque damping gyromagnetic precession.

On the other hand, if the oscillatory field stands in
the ~y direction, the free poles induced on the domain
walls pile up in alternating sheets and lead to very
strong closing fields in the individual domains (wz ff —1;
we, ii=w„;w, =0). Since the shape factor in the x or y
direction can vary between 0 and 1, the effective field
for the first mode of excitation can vary between H,
and H, '* (H,+~,) l, and for the second mode, between
H, & (H,+M,)& and (H.+M,).

The field action of induced moments invoked by
Polder and Smit can be generalized; a system of e
types of interacting domains will have e-resonant
frequencies as do e-coupled oscillators. A complex
domain arrangement pointing at various angles to the
applied oscillatory 6eld should therefore produce a
broad distribution of I,armor frequencies whose effective
fields lie for the most part in the range between the
anisotropy field H and (H +Izr.).

In addition to these resonances where the individual
moments within each domain precess as a single spin
system, the existence of magnetic sublattices in ferrites
permits further modes of precession wherein the spin
system of one sublattice changes its orientation with

respect to the others. " The frequency of such modes
should lie in the infrared region in most cases."They
have never been observed in simple ferrites. However,
a resonance of this kind has been induced at microwave
frequencies, "under the special condition that the sub-

lattice moments were very nearly balanced.

Fr@. 6.2. Gyromagnetic rotation creating free poles
on domain walls.

28 D. Polder and J. Smit, Revs. Modern Phys. 25, 89 (1953).

Damping sects
In real matter, the rotational energy of the Larmor

precession will be dissipated by such effects as magnetic
dipole radiation, interaction with nearby magnetic
moments, with conduction electrons and, through
magneto-elastic coupling with lattice vibrations. In
consequence, the magnetization vector will spiral back
into the s direction. This tendency can be expressed
formally in the equations of motion by adding to the

"R.K. %angsness, Phys. Rev. 91, 1085 (1953); 93, 68 (1954).
"J.Kaplan and C. Kittel, J, Chem. Phys. 21, 760 (1953)."R. K. %angsness, Phys. Rev. 97, 831 (1955);T. R. McGuire,

~bid. 97, 831 (1955).
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rotational torque an erecting torque (Fig. 6.3)

=~[M&&~,H]— [M&& (MXH)]
dt /Mi'

(M H)M—=y[M&&ppH]+X H-
[M['

(6.17) Waves II ta
field axis

as first introduced by Landau and Lifshitz. "Up to the
present, no theory has adequately explained why the
attenuation is so strong in ferrites; the relaxation times
are of the order of 10 ' sec. In considering this problem
it is convenient to regard the precessional motion of the
magnetization vector as a periodic disturbance of the
system of spin moments, which leaves all these moments
mutually parallel; that is, the wave motion in the spin
system has an infinite wavelength or zero wave number
k. Disturbances of shorter wavelengths may also exist
and would have the effect of reducing the over-all
magnetic moment of the spin system. Only the wave
with k=0 can be excited by a uniform field. Since there
is little interaction of this wave by magnetic-elastic
coupling with the thermal vibrations of the lattice" (the
bulk of which have wave numbers of the order of
10' m '), it has been diKcult to explain the attenu-
ation as a direct energy transfer process. It has been
suggested" that energy is first transferred from the
%=0 wave to waves of higher k value and thence to
the lattice, but this process itself has remained un-
explained, since in a system of infinite extent much
more energy is required to excite a wave of high 1r.. This
is because, when neighboring spins are moved out of

%yp. H ~

&t ~0(H- —)~M

3

es ih Infinite
ium with H=Q

k=107-los m '

Fig. 6.5. Energy of spin waves propagating in sphere.

alignment, exchange energies enter of the form

Bg=ypoEM+Xk', (6.18)

where X is a constant of the order of 10 40 joule m2.

Lately, it has been realized" that for a magnetic
system of finite extent this energy expression has to be
modified considerably. For example, a disturbance of
large wave number in a sphere, oriented along the
external field direction, induces alternate N and S poles
on the surface of the sphere (Fig. 6.4), which, in con-
trast to the case of k=0, effectively cancel each other' s
inQuence at a distance large to their separation. There-
fore the precessing dipoles of this wave mode contribute
magnetization components only in the 2' direction,
hence the demagnetizing factors are m, = 3, m, =m„=0,
and the energy of the wave is (Fig. 6.5)

My
BI,=hpppI II, i+Xk'.

3) (6.19)

S
S

N

N

N

N
N

For wave propagation at an angle 0 to,the field axis in
a spheroid

Bg Psycho(e, cV,——iV)+Xk']~—
X [hypo(H, —1V,M+M sin'8)+XA']&. (6.20)

For very low k values, the situation is more complicated
and has been treated theoretically by Walker. '4 Such
modes have been excited by nonuniform 6elds" (Fig.
6.6). It is clear from (6.20) and Fig. 6.5 that many
modes with comparatively large k(~10~ '[m ']) may
have approximately the same energy as the %=0 wave.

FIG. 6.4. Dynamic pole distribution on sphere caused by
high-order spin wave.

"C. Kittel and E. Abrahams, Revs. Modern Phys. 25, 233
(1953).

"Clogston, Suhl, Walker, and Anderson, Phys. Rev. 101, 903
(1956).

g4 L. R. Walker, Phys. Rev. 105, 390 (1957).
'~ P. A. Miles, thesis, London, 1954 (unpublished); White, Solt,

and Mercereau, Bull. Am. Phys. Soc. Ser. II, 1, 12 (1956); J. F.
Dillon, Jr., ibid. Ser. II, 1, 125 (1956);R. L. White and I.H. Solt,
Jr., Phys. Rev. 104, 56 (1956).
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the oscillators in the x-y plane remain out of phase by
90' in space and time but are attenuated. The resonance
frequency coo is still identical to the Larmor frequency
of (6.7).

Corresponding to (6.10), which relate to the appli-
cation of a small oscillatory 6eld, we now have

(6.22)

where

~~ +g~1J~g (dG)
gl y/

pop + (jco+n) pop + (gpo+n)

and co'= —yp0~'
FIG. 6.6. Magnetic resonance doubling at 24 kmc in a nickel ferrite

crystal sphere produced by nonuniform excitation (Miles" ).

The fact that structural inhomogeneities in the lattice
may provide coupling between these waves overs some
hope for the explanation of resonance damping in
ferrites.

The resonance frequency, hence energy, of the
uniform mode depends on the shape of the specimen.
It follows that the degree of degeneracy of the spin-
wave system, and with it the resonance damping, may
also be shape-dependent. Thus the damping for a rod
magnetized along its axis should be more than for a
sphere, because more spin-wave modes of approximately
equal energy can be excited in the rod. Such eGects
have not yet been reported. The spin-wave theory
predicts" in addition that the uniform precession mode,
directly excited, may become unstable at large ampli-
tudes of oscillation. The reduction of resonance ab-
sorption in metals and ferrites at high levels of rf
excitation observed by Bloembergen and co-workers"
is believed to be due to this instability.

We will use the Landau-Lifshitz formalism for the
future discussion, despite the fact that the mechanism
outlined above would not conserve the length of the
vector M. The damping factor will therefore be con-
sidered as a parameter which may depend on both 8
and M.

The solution of (6.17) is

For very low frequencies in relation to coo, the DM
vector in the plane oscillates practically in the direction
of and in phase with the driving Geld; for very high
frequencies (co»cop), the magnetization vector is
essentially out of phase by 90' in space and 180' in
time; at the Larmor frequency itself, the AM vector
describes a circular motion in the x-y plane (Fig. 6.7)
with a temporal phase shift of 90' with respect to the
driving field AH. Energy is continuously absorbed from
the exciting 6eld and transferred to the surrounding
medium via the damping process.

In comparison with the case of undamped motion
(6.12), the diagonal susceptibility terms now have the
form

cop'+np+j (on

pop'+n' cu'+j po—2n
(6.23)

The dispersion and absorption curves for this resonance
response are very similar to those of Figs. 4.2 and 4.4
for low damping, where the line width Aco=2e, but
deviations occur at low Q values (Fig. 6.8). fn the limit
for extreme damping (X))—yppM), the response follows
a simple relaxation curve, but this time the loss maxi-
mum shifts to a frequency co= (1/r)= (XH/M) much
higher than the resonance frequency coo. Physically this
means that if the system is perturbed, equilibrium is
regained so rapidly that the precession is unable to
take place.

3f =defoe(&"p
—~)'

—~ &(jap—n) 5+m/2
y 0

(Mp) '
M, =M 1—

i
ie''

(6.21)

X

nM&Q

with n= (LEE/M). By introducing the erecting torque,

3' P. W. Anderson and H. Suhl, Phys. Rev. 100, 1788 (1955).
"N. Sloembergen and S. Wang, Phys. Rev. 93, 72 (1954);

R. W. Damon, Revs. Modern Phys. 25, 239 (1953).

Qj aO

FrG. 6.7. Equilibrium precession of magnetization vector
in small oscillatory field.
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If the factor ) is a physical constant of the material,
the Q value of the resonance is independent of the
frequency, since

IOO—

0 "fp 0Hres
~ M=—

20. 2XH... (6.24)
OP

50-
OP ~ IO

CP ~ ik Sphere dia. 0.45mm
Field along $111] axis

Thus if the resonance is traced by varying the applied
field 8 at a 6xed frequency co, the resonance line width
AH should be proportional to eo. In ferrite single
crystals, line widths measured in the microwave region
are found to vary linearly with cv, but not proportional
to a& (Fig. 6.9). Thus, no unique frequency-independent
constant X can be used to describe such resonances in
ferrites. In the frequency region 10" to 4&10' cps, at
least, we can take care of this fact in a formal way by
introducing a further damping factor 6 in the form

aM/alt =etio (M &(H)

pX
~
(MXM yH). (6.2S)

MHi

The attenuation factor n of (6.21) now becomes

(6.26)

-lo -9

W i 1.05

Re(tm-t I ~
-8 -7 -6 -5 -4 -3 -2 -I 0 I 2 3 4 5 6 7.. 8 9 10

I I I i

Ii— Q=
Q al

~o A sth Im (xm)

FIG. 6.8. Resonance response with Landau-Lifshitz damping.

with the contribution 8 describing a frequency-inde-
pendent line width. A damping process of this form
gives an energy loss per cycle which depends solely
on the deviation of the magnetization vector from its
equilibrium position and, '"not upon the static field
applied. If the line widths .found in nickel ferrite (see
Fig. 6.9) are due to damping, the appropriate values of
the constants are 8= 3.2)(10' rad/sec X = 1.3&(10'
rad/sec.

IO 20 30
Frequency'(Kmcs)

FIG. 6.9. Resonance line width of nickel ferrite single crystal
at microwave frequencies (Miles'~).

The precise structure of the wall is determined by a
compromise between opposing forces of magneto-
crystalline anisotropy trying to align all spins along
the preferred axes (hence to minimize the thickness of
the transition layer) and exchange energy, forcing spins
into parallel alignment (hence expanding the wall in
order to minimize the misalignment of neighboring
spins). The resultant energy stored in a wall may be
shown2' " to be proportional to the product (AZi)&,
and its thickness of the order of (A/Z~)' where Ei is
the first-order anisotropy constant and A an exchange-
energy factor usually of the order of 10 " joule/m.
Estimates of wall energies for known ferromagnetics lie
in the range 10 ' to 10 ' joule/m' for walls of 10' to
104 angstroms thickness.

The motion of domain walls has been treated in the
following way" ":the application of an external field
H, produces a torque on the magnetic spins in the wall
proportionally to sin 0. Since the spins behave as
gyroscopes, there tends to develop a precession around
the s axis carrying the spins out of the y-s planes.
Because the spins are coupled and staggered, an actual
precession cannot take place but a wall deformation
results, producing a magnetization in. the x direction.
This component M, creates a closing 6eld

(6.27)

because div 8 = 0 (div B„anddiv B.are, a priori, zero
for a wall of infinite sidewise extension). The torque
exerted by H„and hence the wall distortion and the
3E components, are a maximum in the middle of the
wall, where the closing field H, may be appreciably
larger than the applied 6eld H, .

(c) Domain Walls

Adjacent areas in a crystal, where the spin arrays
are aligned along diferent axes of easy magnetization,
are separated by transition regions (domain walls) in
which the spins change direction gradually (Fig. 6.10).

FIG. 6.10. Structure of 180' domain wall.

' C. Kittel, Revs. Modern Phys. 21, 541 (1949).' W. Doring, Z. Naturforsch. BA, 373 {1948);R. Becker, J.
phys. radium 12, 332 (1951);Rado, Wright, and Emerson, Phys.
Rev. 80, 273 (1950).
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The coeKcient of v'/2 may be interpreted as an effective
wa mass

(6.33)

do do——=—'V;
dx

hence

In moving the wall a unit distance the
ener of thergy o e system is reduced by the reversal from
antiparallel to parallel of moment 2M per unit area of
wall. The associated energy 2pp3fH, must be trans-
erre to the lattice by the damping mechanism oper-

ating on the re-orientating dipole moments in the wall.
ing o ~ . ~„this mechanism gives a dissipation

rate ppH' (DI/dt)~poXH, ', since for low damping
H,))H, in the center of the wall. The consequence of
the introduction of the Landau-Lifshitz term is to give
a rate of damping which increases with wall distortion,
and hence with wall velocity.

The equilibrium velocity v is given by the balance
of the rates of energy creation and dissipation

(6.34)

If a periodic field H, =H, e&"' is a lied
4 0

's a ie, a suscepti i ity
contribution stemming from the 'll
o' served,

e osci ating walls is

mx+Px+ kx = 2v, 03fH, .

63f, 2M@
x-*= S. (6.35)

H, H,

3M
ZH

v'A, "rd8
23EHgppv= l ppXH 2'=

)
—

[ d,

Due to the H, field component, an additional pre-
cession motion about H ensues and th 1 d

e ampmg torques directed towards H, and H,
according to the Landau-Lifshitz expression) erects

(d91

the moments into the s direction and causes the wall Pp ~—oo t& A,

sume to remain unchanged during translation, while
Th's descriPt'on of wall motion tacitl

the individual s ins arp are left behind as partic]es in any

ion aci y assumes that

wave motion. For thor e individual dipoles the instan- handled as if all the magnetiz t'
in ivi ua spins can be

taneous an ular vel

agne iza ion vectors would

axis is
g ve ocity for precession around the execute their Precession with 1ve x i equa amp itude and

p ase. Actually, the introduction of a wall distortion
that moves ast lap ttice imperfections suggests that

(6 2g) exchange coupling effects may become of importance. 4'

and d
fro

urthermore, a wall region may d'8

an determines the translation velocity v (Fig. 6.10) asy g processes eGective in domain precession and domain-
wall motion may not be identical.

(6 29) When a wall is stabilized in position by the presence
o impurities, cavities, stress patterns etc. an el
restorin force

v de
H =

'
p cements. Consequently, the equation of motion

ppp dS
o t e trapped wall may be written as that of an
harmonic oscillator of the mass m subjected to frictional
damping, i.e.,

whence
2p @pe

V= AH, =
(dgq '

„Edx)

2ppMH~
(6.31)

m~, dx= —f H.2d*
2 — 2

v 1" fd8)
]
—

i
dx.

2"Ppp ~) Edx)

(6.32)

The driving force per unit area 2ppJII/IH, is equal to the
frictional damping force Pv.

The wall distortion causing H also implies an
increase in the energy stored in the wall structure.

is additional deformation energy per unit area is

Qi
.0.0l tvc

Frequency ~

FIG. 6.11. Contribution to magnetic dis ersio
ti do

'
ll (f d

harmonic analysis) .
wa s un amental corn onp ent denved from

40 Exchange effects have been observed in a
resonance experiment l h

d th iti fi Id d 'th'
rapidly attenuated with depth (W. S. Amen
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Here 2M' represents the moment reversed for one mall

displaced bf s~ and Q thc nuQlbcr of walls pcI' unit
length, in the x direction. Hence

~pa~'/m
(636)

with co02= k/rN. The ratio of dynamic to static suscepti-
bility is therefore

gfrs8 GPO k
(637)

G&0 —M +JGA k —tlkO +QCOp

where X,=4NppM~/k. In the case of high damping

(P))rm), this resonance response approaches a re-
laxation form

xmas ~+J~P I+J~&
(6.38)

(4Np03P)
(6.39)

with the relaxation time r = (P/k) = (X/coP). If the walls
are not bound to equilibrium positions but move
through the crystal with a velocity given by (6.31),
the susceptibility beconMs
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FIG. 7.2. Dielectric spectra of nickel-zinc ferrites from 10' to 10"cps.

that is, a pure magnetic loss which varies with frequency
in the same way as an electric loss due to charge
migration. H this wall motion is interrupted at the
critical frequency cu, =4ep03IH, /P by the walls being
swept out of the crystal, the magnetic response is no
longer linear. The harmonic analysis of this new
response at frequencies below cv. has fundamental
components both in and out of phase with the exciting
field (Fig. 6.11). It can be seen that a distribution of
critical frequencies can produce a dispersion spectrum
similar to a relaxation, but this will be accompanied
by an abnormally high and steep loss characteristic.
The introduction of a Qnite coercive field B, produces

a nonlinear response at all frequencies and an additional
frequency-dependent loss component below the appro-
priate critical frequency.

7. MAGNETIC SPECTRA OF FERRITES

The preceding discussion foresees three dispersion
mechanisms: migration of domain walls, oscillation of
domain walls around equilibrium positions, and gyro-
magnetic rotation of the magnetization vectors within
domains. The migration of walls causes a loss similar to
conduction phenomena, and possibly a relaxation-like
spectrum; wall oscillation and gyromagnetic rotation,
if not overdamped, produce resonance spectra.
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p Xme=2
4Cpp~2

(7 1)

By introducing typical experimental values: %=2.5
X10' amp/m, x,=30, 10' walls per meter, and a wall
mass as calculated for nickel ferrite (9X10 "kg/m'),
we obtain a resonance frequency &up/2pr=55 Mc/sec.
Over-damping of the wall leads to a loss-maximum
frequency cps= (k/Xrn) and

aXm, s =
4' pM2

(7.2)

Wall or Spin Resonances

The frequency-response characteristics of the nickel-
zinc ferrite series at room temperature (Figs. 7.1 and
7.2), as well as those of other ferrites, give the impression
that there are two main dispersion regions showing some
resonance character. The 6rst is marked by a rapid
increase in magnetic loss combiried with a slight rise in
the a ' characteristic in the range of 10 to 10 cps; the
second by a loss peak and a minimum of I~

' between
10' and 10" cps. Rado and co-workers" advanced the
interpretation that the upper and lower resonance
regions are caused by spin and by domain-wall reso-
nance, respectively, while scientists at the Philips
Research I.aboratories~ are inclined to attribute both
regions in cubic ferrites to spin resonance.

It cannot be postulated that the frequency location
of the resonance region gives an a priori decision about
the mechanism involved. The two main pieces of
experimental evidence supplied by these characteristics
are the static susceptibility X, and the resonance
frequency as identi6ed by a loss maximum. These
quantities are theoretically interrelated (Sec. 6).

For wall resonance, where a&p
——(k/np) & and

=4CppM'/k (6.36) with the factor C given by the
number of walls and their relative orientation,
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FIG. 7.4. Magnetic spectrum of nickel ferrite single crystal.

data ()—1X10' rad/sec), the loss-maximum frequency
is lowered to cps/2w 20 Mc/sec.

Deriving the corresponding relations for spin reso
nance requires knowledge of the eRective (inner) field
which acts on the spin system; it depends on anisotropy
energy and on shape and domain-walls factor. If the
inner field stands in the s direction (Hs, rf), a small
magnetic applied in the x or y direction may see different
susceptibilities because the inner field does not neces-
sarily have rotational symmetry (i.e., the restoring
forces may be diRerent in the two directions). Hence
(6.16)

C'm

~ith a typical damping factor, taken (with the reser-
vations discussed in Sec. 6b) from magnetic resonance

X(m, 8)~=
HSGf f

C'M
X(ma)&=

Beef f

sPp 7 (H1sp*ef fH ff)sse~

(Hpetf) *

pspX1ms)s= —'r1spC sM
](Huff� )

(7.3)

(7.4)

in the case of axial symmetry (Hx ff Hg ff) the product
is simplified to

&pX~~= —VppC ~ (7.5)

FIG. 7.3. Toroid of nickel ferrite single crystal cut in (110)plane.

' G. T. Rado, Revs. Modern Phys. 25, 81 (1953).
~ J. L. Snoek, Physica 14, 207 (1948); D. Polder and J. Smit,

Revs. Modern Phys. 25, 89 (1953).

The factor C' takes account of the spatial distribution
of the spin axes of the various domains. The experi-
mental values given above, plus a random distribution
for the various sPin-axis directions (C'=ap), lead to a
Larmor frequency psp/2pr=180 Mc/sec. If the spin
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resonance becomes overdamped P ) i ypoMi), the loss
maximum occurs at a frequency

(7.6)

hence
dxms= C ~ (7.7)

Szegle-Crystat Measlremeets

The only single crystal available in the nickel-zinc
ferrite series was a nickel-ferrite crystal grown by Qame

However, with X=1&&10' rad/sec, as above, the dis-
persion would retain its resonance character and the
loss-peak frequency would remain practically un-
changed.

The domain-wall resonance in our example lies at a
frequency somewhat lower than that of the spin
resonance, but due to the arbitrary choice of the
number of walls present, there is no clear order-of-
magnitude distinction. When dealing with unknown
domain arrays and multicrystalline structure of
ceramics, the whole calculation rests on shaky grounds.
Additional information can be provided by measure-
ments on single crystals, by temperature- and field-

strength effects and by a careful analysis of the in-
huence of cation substitution.

fusion. " It was cut in the shape of a toroid, oriented
with a (110)plane parallel to the toroid plane (Fig. 7.3);
the two [111jdirections in this plane are directions of
easy magnetization at room temperature. The cylin-
drical shape was a compromise between the ideal
diamond shape with a simple domain pattern for
quasi-static studies, '4 and the need to take measure-
ments over a wide frequency range.

At low field strengths the frequency-response curve
(Fig. 7.4) shows a general similarity to that of the
ceramic, but the loss peaks are higher and more widely
separated. It appears that there are two dispersion
regions, centered near 8 and 600 Mc/sec. Increase of
the ac field strength leaves the high-frequency dis-
persion relatively unaGected while causing a complete
change in the lower region: the loss maximum Battens
and moves to lower frequencies, the plateau of the low-

frequency permeability is raised from 130 to ca 1300,
and a pronounced nonlinearity of the magnetization
process is observed.

These facts tend to indicate that the lower peak. is
caused by a reversible wall oscillation, and that at
higher field strength the walls tear loose from their
anchored position and traverse the material in widening
swings.

4' Supplied through courtesy of Linde Air Products Company.
44 Gait, Andrus, and Hopper, Revs. Modern Phys. 25, 93 (1953).
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TemPeratlre Egects

Lowering the temperature of the ceramics produces
a very striking effect (Figs. 7.5 and 7.6): a broad
relaxation spectrum splits oG from the main dispersion
region and moves rapidly to lower frequencies; simul-
taneously, two loss peaks become clearly discerned in
the range from 10' to 10"cps. A corresponding change
occurs in the magnetic spectrum of the single crystal
(Fig. 7.7).

A detailed study of the relaxation spectrum" shows
that it stems from gome process requiring an activation
energy U. The frequency co at which the maximum of
the loss tangent is traversed, varies with temperature as

~= oe +~~~ (7.8)

and a Cole-Cole plot places all measurements on circular
arcs with centers below the real axis (Fig. 7.8).f,
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4' D. J. Epstein, Sc.D. thesis, Massachusetts Institute of
Technology, May, 1956.

$ The relaxation spectrum can be traversed either by varying
the frequency at fixed temperature, or by temperature variation

FIG. 7.9. Cole-Cole plot of relaxation spectrum for
nickel ferrite crystal (Epstein4').

The data for ceramics are fitted by a distribution of
time constants extending over two decades. This is not
surprising because individual crystallites dier in
composition and state of oxidation, in strain and
environment. This is confirmed by measurements on
the nickel ferrite single crystal which give a distribution
of time constants about thirty times narrower than that
for the corresponding ceramic (Fig. 7.9).

Activation energies obtained from these data (Table
7.1) agree well with those of conductivity measure-
ments, and with previous findings of %ijn.23" Tem-
perature has a very striking inAuence on the switching
of memory cores made from these materials: while at
room temperature the switching takes place in less than
10 ' sec, Epstein" observed time constants of seconds
at 77'K. This corresponds to the damping effects seen
by Gait'7 in domain-wall motion studies on single
crystals, where at these low temperatures the apparent

at 6xed frequency. In the latter case the range of the relaxation
dispersion (~,' —& „')is found to vary with temperature. The
function f(T) appearing in Fig. 7.8 is an empirical factor intro-
duced to compensate for this change."H. P. J. Wijn and H. van der Heide, Revs. Modern Phys, 25,
98 (&9S3).

4' J. K. Gait, Bell System Tech. J. 33, 1023 (1954);ibid. 34, 439
(~955).
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TABLE 7.1. Activation energies for conduction and magnetic
relaxation in nickel-zinc ferrite (Epstein" ).

Composition

Activation energies (ev)
Conductivity Magnetic

170'K relaxation

NiFe204
Nip SZnp. 2Fe204
»0.6Zn0. 4Fe204
Nip. 3Znp. 7Fe204

0.14
0.14
0.16
0.14

0.17
0.12
0.17
0.13

damping constants were increased by orders of magni-
tude.

Direct comparison of our results with those of the
Philips Research Laboratories is misleading, if we
assume that both parties, when quoting a ferrite
composition of the same stoichiometry, speak about
the same material. As already pointed out in Sec. 5,
our ceramic samples were Ared to within a few percent
of theoretical density, while the Philips Feroxcube
materials are fi.red at lower temperature and maintain
a porous structure. The consequences for domain-wall
motion are decisive: in the porous material the walls
are easily trapped and immobilized and porous ceramics
re-oxidize more completely on cooling, hence are much
less conducting. Thus the Philips ceramics may show
the relaxation spectrum identified here only to a minor
degree, or not at all.

Origin of the Relaxation Spectrum

All of our measurements thus far are consistent with
the following interpretation of the relaxation spectrum.

In slightly reduced ferrites Fe'+ and Fe'+ cations are
built in at octahedral lattice sites and can easily
exchange electrons, as is known from studies on
magnetite. Transfer of electrons also represents a
transfer of magnetic spins. The domain-wall array in a
crystal corresponds to some minimum free-energy
constellation. Without conductivity a wall is therefore
trapped in a potential minimum; with conductivity,
a deeper, more favorable, minimum can be created by
shifting of magnetic moments. This is a kind of aging
effect observed in metals, for example, as a diffusion of
carbon or nitrogen to alternate interstitial sites. 4' In
our case, since electrons are being shifted, the diffusion
is much more rapid; at room temperature the wall
buries itself in about 10 ' sec. As the temperature is
lowered, the electron exchange is slowed and the domain
wall needs more and more time to deepen its potential
well.

Application of an oscillatory field causes a wall to
move up the sides of its well; the electron atmosphere
tends to follow this swing by a redistribution of the
Fe'+-Fe'+ arrangement. If the period of oscillation is
long in comparison to the electron diffusion time, the
wall behaves as if oscillating in a shallow well not

"J.L. Snoek, Physica 8, 711 (1941);I.. Neel, J. phys. radium
13, 249 (1952); A. M. Clogston, Bell System Tech. J. 34, 739
(1955).

deepened by electron interchange. This seems to be
the situation at room temperature, where the wall
resonance appears unimpeded by electron drag.
Lowering the temperature and thus lengthening the
relaxation time of the electron atmosphere, causes the
wall resonance to degenerate into a relaxation spectrum
controlled by electron-spin redistribution. At very low
temperatures, when the electrons are essentially im-
mobilized in the room-temperature-resonance region,
a wall resonance should reappear at a higher frequency,
since the wall oscillation now corresponds to a motion
in the deepened well.

Two other considerations support the interpretation
that the low-frequency loss peak is due to domain-wall
motion rather than to domain rotation. Effective
internal fields of the order of 240 to 2400 amp/m (3 to
30 oersteds) are required to account for gyromagnetic
resonances in the range of 10' to 10' cps. Although such
low fields might result from a near balance of shape
and anisotropy effects, such a balance is improbable.
Furthermore, the Landau-Lifshitz dispersion formula
predicts that for increased damping, a gyromagnetic
resonance should tend towards a relaxation spectrum
at frequencies much greater than those of the original
position; this is in contrast to our observations.
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Fig. 7.10. Effect of static magnetic field on frequency
response of nickel ferrites.

Origin of the Magnetic Dispersion between
l0' and 10"cps

The dispersion and loss peak resolved between 10'
and 10"cps in the room-temperature spectra of nickel-
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zinc ferrites is clearly a resonance, and in nickel ferrite
the high frequency limit is in good agreement with that
predicted. for a gyromagnetic resonance in the presence
of domain walls (Sec. 6b). This appears therefore to be
the correct interpretation. The origin of the loss peak
between 10 and 10' cps which develops out of the low-

frequency dispersion. as the temperature is lowered
(Fig. 7.5) is less clear. It could be the re-emerging wall
resonance referred to in the previous section, but more
probably it is a group of gyromagnetic resonance pro-
duced when excitation takes place perpendicular to
domain walls. In the simple case treated in Sec. 6b,
excitation perpendicular or parallel to such walls gives
two resonances separated by a frequency interval of
the order of yppM/2 (5&& 10' cps for nickel ferrite). The
observed separations of the two peaks are somewhat
smaller, but this might be accounted for by a more
realistic domain configuration.
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The effect of cation substitution on magnetic spectra
is not a simple one, since the fundamental properties
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Application of a static magnetic 6eld parallel to the
oscillatory Geld markedly aGects the lower resonance
region (Fig. 7.10). The prominent minimum in ~

near 10' cps practically disappears, indicating that it
was caused by the high-frequency tail of the lower
dispersion. This behavior is consistent with the idea
that this part of the dispersion is due to, or greatly
influenced by, the presence of domain walls. In par-
ticular, the selective elimination of walls oriented
perpendicularly to the oscillatory field would explain
the reduction of the lower group of spin resonances
whose position is determined by their presence.

FIG. '7.12. Saturation magnetization for the nickel-zinc
ferrite series.

of the material, such as saturation magnetization, Curie
point, anisotropy, magnetostriction, conductivity, do-
main and grain structure, undergo changes. The
temperature dependence of the initial permeability
for the nickel-zinc ferrite series (Fig. 7.11) reflects
relatively clearly that the Curie temperature decreases
with increasing zinc content and that anisotropy and
magnetostriction decrease as the Curie point is ap-
proached. The saturation magnetization, on the
other hand, traverses a maximum and then falls to
zero for zinc ferrite (Fig. 7.12).4' The dispersion between
10' and 10"cps, in a general way, adjusts to this change
in magnetization by a shift in resonance frequency, but
does not behave as simple theory would predict. This
is probably due to variations in the other parameters
and their eGect on domain patterns and interactions.

It is obvious that we are still far from a complete
understanding of these ferromagnetics. Many pieces of
the puzzle, however, have been identified, and dielectric
spectroscopy is one approach of assembling them in
proper perspective.
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FIG. 7.11.Temperature dependence of initial permeability
for nickel-zinc ferrites {10'cps).

"E.W. Gorter, Nature 165, 798 {1950);C. Guillaud, J. phys.
radium 12, 143 {1951);R. Pauthenet, Ann. phys. I 12) 7, 714
{1952).




