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ABSTRACT

The line width of a single crystal anisotropic 

ferrite (ZngY) was measured experimentally as a function 

of the orientation of the crystal in the static magnetic 

field. Two cases were considered: In the first the

ferrite was rotated about an axis perpendicular to its 

preferred plane of magnetization. Relatively small differ

ences in line width were found between orientations and 

no particular orientation had the lowest or highest line 

width over the range of frequencies considered. In the 

second case the ferrite was rotated about an axis contained 
in its preferred plane of magnetization. In this case the 

line width was always smallest when the preferred plane of 

magnetization was perpendicular to the static magnetic 

field and, at a particular frequency, largest when the 

preferred plane of magnetization was oriented parallel 

to the static magnetic field.
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CHAPTER I 

INTRODUCTION

I .1 General Background
The first magnetic material known was the ferrite

magnetite which is also the only ferrite found in nature.

The properties of magnetite were first studied in the late

ninteenth century. DuBois^ measured the saturation magne-
2tization in 1890 and Weiss studied the B-H characteristics 

of magnetite with its crystal orientation as a parameter 

in 1896. It was realized early in the twentieth century 

that magnetite, since its resistivity is of the order of 

one thousand times larger than that of iron, would be 

useful in reducing eddy currents and therefore losses in 

transformers. Hilbert in 1909 produced the first synthetic 

ferrites with the idea in mind of improving on the loss 

properties of magnetite. He experienced considerable 

difficulty in achieving consistency. Improvements in the 

metallurgy and laminating techniques of iron transformers 

around the same time essentially killed the then budding 

interest in ferrites.^
It was not until the 1930's that any significant 

interest was again shown in ferrites, Most of the work
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done at this time mas in the area of ferrite crystal
structure. X-ray diffraction mas the principal tool and

5mith it Bourth and Posnjak discovered in 1932 what is

now called the inverted spinel structure which is required.

for the existance of the feromagnetic phenomenon in ferrites.
From 1933 until after World War II most of the 

significant work in ferrites was carried on at the Phillips 

research Laboratories in Eindhoven, Holland. Under the direc

tion of Snoek, researchers at Phillips were able to make 

significant strides in increasing the permeability and 

decreasing the losses in ferrites as well as in develop

ing the technology necessary for commercial production.
The most important postwar development in ferrites 

1 6was Neel's theory of ferrimagnetism. This explained the 

results of the discovery that certain kinds of ferrites

were not ferromagnetic and had a normal rather than in-
8

verted spinel structure. Neel's theory induced the synthesis 

and study of even more exotic ferrites. Among these have 

been the substitution ferrites, the ferrimagnetic garnets 

and the barium ferrites of which ZngY is one.*
Among the properties of ferrites currently of in

terest is the ferromagnetic line width which is defined

* These compounds are, strictly speaking, not 
ferrites but ferrimagnetic oxides, but will be referred to 
in this thesis as ferrites as is common practice.



as the incremental magnetostatic field between two points on

the resonance curve where absorption is 3 db below peak 
7value . The line width is inversely proportional to the 

magnetic "Q" of the ferrite and is thus an important property„

1.2 Statement of the Problem
The line width of a planar ferrite is sensitive to 

the angular orientation of the ferrite in the magnetostatic 

field. The degree of sensitivity, is maximum over a relative

ly narrow range of rf frequencies. This thesis will cor
relate experimental and theoretical data on the angular 

dependence of the line width over the above range of rf 

frequencies for a particular planar anisotropic ferrite 

(Zn2Y).

1.3 Method of Treatment
A spherical single crystal sample will be placed 

in a cross guide coupler that has been modified to permit 

changing the orientation of the sample without disturbing 

any of the other parameters. Two cases will be considered:

One in which the sample will be rotated about the "c" 

axis which is the axis perpendicular to the preferred 

plane of magnetization of the sample and the other in which 
the sample will be rotated about the hexagonal axis which' 

is the axis contained in the preferred plane of magnetization. 

Line width measurements will be made at various angles as 
the ferrite is rotated about each of the axes.



CHAPTER 2 
THEORY

2.1 Physical Characteristics

Chemically, the ferrimagnetic oxides are characte 

ized by the addition of one or two divalent metal oxides 

to FegOg* Since Zn2 Y is a member of the barium, group of 
ferrimagnetic oxides, the two divalent metal oxides pre

sent in addition to FegOg are BaO and ZnO. The "Yn 

designation is one devised by Janker, UJijn and Braun.

It, along with other designations devised by this same 
group and now generally accepted in describing the barium 

oxide group of ferrites are explained in Table I®.

In the table Me can be, besides Zn or Mg, any of 
the divalent transition metals of the iron group. From 

the table then, Zn^Y would be ZBaO'ZZnO'CFegO^.

Crystals of the barium oxide group show hexagonal

symmetry, but more importantly have large (8.7 - 28 kilo
v 9oersteds) internal anisotropic magnetic fields oriented 

in one of two ways with respect to the hexagonal plane 

bf symmetry. In the Z and Y compounds the anisotropy 

field strongly binds the magnetization of the crystal 

to the hexagonal plane, but leaves the magnetization 

comparatively free to rotate in the plane itself. The 

relative stiffness of rotation of the magnetization in
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TABLE I
CHEMICAL RELATIONSHIPS OF THE BARIUM OXIDE FERRITES

Compound Composition Interrelation

S Me0"Fe203

m BaO'SFegOg

W Ba0-2Me0-8Fe203 Ui = M + 2 S

Y 2Ba0«2Me0‘6Fe203

Z 3Ba0«2Me0»12Fe203 Z = M + Y



the plane is of the order of 10“  ̂ times that of rotation 
out of the plane for Z and Y compounds in general and of th 
order of 1 to 9000 for Zn2 Y in p a r t i c u l a r . I n  the 

other barium oxides the anisotropy field binds the 

magnetization to an axis perpendicular to the hexagonal 
plane. This amounts to a built in permanent magnet which 
is highly useful in many ferrite devices.

These anisotropy fields can be explained by the
i

Neel theory of ferrimagnetism, specifically by the 

concept of super exchange interaction.  ̂ The fact that 

some of the compounds have planar anisotropy and others 

uniaxial anisotropy is a result of the positions of the

Fe and lYle ions with respect to the 0 ions in the crystal. 11

12 13Measurements by Smit and UJijn , and Shaw are in

general agreement and give the following data for ZngY:
i\Hjj| 1 oersted

8700 oersteds

4ttMs 2850 oersteds
nThe subscripts of H are the usual spherical coordinates

and the hexagonal plane is coplanar with the $ plane.

2.2 Gyromaqnetic Resonance Theory

Consider an electron spinning in a lossless 

environment as in Figure 2.1. Let p be the angular
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FIGURE 2.1 - PRECESSION OF A SPINNING ELECTRON

\
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momentum of the electron, u the magnetic moment and I 

the torque resulting from the action of an applied 

magnetostatic field Hq on u . Then

T = 7^ = u x Hq (2.01)

dp = d$ psin e (2.02)

$ = 1 * %  (2.03)
psin e

= U n = UH°Sln 8 (2.04)°C 0 psin 8

W  o = p H0 = ^ Ho (2.05)

where CO Q is the natural processional frequency of the

spinning electron. Also, if the magnetic moment per unit 

volumne is IYI = Nu, where i\J is the number of magnetic dipoles 

per unit volumne, then if H is the sum of Hq and any other 

magnetic field in the ferrite,

"2 Y = &(M x H ) and (2.06)

X  = -̂  = ge/2mc (2.07)

where e, m and c are the charge and mass of an electron 

and the speed of light respectively. The quantity g is 

the spectroscopic splitting factor, usually called simply 

the g factor, which has a value slightly in excess of 2.
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With reference to the coordinate system in Figure 

2.1, suppose that in addition to the applied magnetostatic 
field Hq along the z axis, an rf R field is applied 

perpendicularly to HQ where | R|«| HJ. Then the total 

magnetic field will be

H = ReJUt + Hq (2.08)

The total magnetization will be

m = me^wt ♦ iYI0 ' (2.09)

Also,

S0 x Hq = 0 (2.10)

for an isotropic ferrite, presuming a large enough Hq 

for saturation. Using these expressions for S and H in 

Equation (2.06) and neglecting all but the first order 

terms gives

juJm =tf( fYlQ x R + m x HQ ) (2.1l)

1 0After some simple vector manipulations

m *U)J. -U)3- jWV(irio x R) + ̂ a‘(H0 *m0 )R-2 (Ho .R)mo (2.12)
Thus the rf component of magnetization has a maximum at 

J = CJq = X H q .
Equation 2.12
U) = CJ0 = ̂  Hq . Now if R = lxhx + iyhy is substituted in

IYln ^
mx = °  (W h - jWhy ) (2.13a)
x coi ^ 0 x y
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m
a) n - oj1

(jouh, LU h )

mz = 0

(2.13b)

(2.13c)

Thus an rf field applied perpendicularly to Hq not only
reinforces itself but also creates another rf field
perpendicular to both itself and Hq . That is, m = 
where is the suseptibility tensor. In this case

/

Xyy = Xxx

(x) =

uJ04f.TH0Y

xx

yx
0

xy

yy
0

where (2.14)

U) o

/

= — X
CO q “ COi (2.15)xy y x

The factor 4 if is necessary since, as is common in the 

ferrite literature, Gaussian and lYlKS units are mixed 
in the same equation.

In the analysis to this point, the following sim
plifying assumptions have been made: (1) The system is

lossless, and (2) The field in any ferrite sample is 

simply the vector sum of the externally applied fields. 

There are, of course, losses. Also, in addition to the 

externally applied fields there are fields in any ferrite 

sample that result from the interaction of neighboring 

spinning electrons and from the boundary conditions of any 

finite sample. The former are called exchange fields and 

the latter demagnetizing fields. The boundary conditions
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for spheres are such that there are no demagnetizing 

fields. The effects of losses and exchange fields will 
be covered in the following sections of this chapter.

2.3 Damping

There are two formulations of damping or loss
term. Both are added to the right hand side of Equation

2.06 and are supposed to account for "frictional" losses.

The first was formulated by Landau and Lifshitz^ and the
15other by Bloch and Bloembergen . That there must be 

some such term is obvious in order to establish preces

sion equilibrium as well as to keep m and finite

at resonance. Since these losses cause to be finite
at resonance they in turn cause the ferrite to have a 

non-zero magnetic line width. Any increase in losses 

causes greater line width. Bowers and Stinson^ have 

shown that neither of the forms is adequate for the complete 
microwave spectrum.

2.4 Effects of Anisotropy on Resonance
17 18Using a method devised by Smit , Buffler has

derived a resonance equation for planar anisotropic ferrites 

for the case in which the preferred plane of magneti

zation is parallel to the applied magnetostatic field.
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It is

h0( V hA) (2.16a)

i gFor other orientations Lax and Button point out that

^  ( H o  * (2.17)

where e is the angle between IY1 and Hq and is a function

plane of magnetization. Anisotropy, therefore, consider
ably complicates the relationship between oJQ and Hq .

2 .5 Spin Wave Theory

In addition to the losses in energy that are a 

direct result of magnetic dipole motion, i.e., those 

described by the Landau-Lifshitz and Bloch-Bloembergen 
loss terms, there are other losses that take place which

are a result of so called spin waves. These losses have
2 nbeen described by Herring and Kittel by adding another 

term to Equation 2.06. Physically, spin waves may be 
described as follows; Suppose an rf magnetic field is 

applied to one end of a ferrite specimen so as to cause 

some of the electron spins to process with a greater angle 

than their neighbors. The internal exchange field Hex 

tending to align dipoles will act to swing the neighbors 

into the larger processional angle, but there will be a 

small delay. Thus the processional angle disturbance will

—  a —of Hg, H , and the angle between and the preferred
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travel through the crystal in the form of a wave with both
21phase and amplitude changes between dipoles . Therefore,

22as described by Clogs ton, Suhl, Walker and Anderson , 

energy is lost by the uniformly processing spin dipoles to 
the spin wave reservoir.

2.6 Line Width in Anisotropic Ferrites

One of the ways in which anisotropy may affect the 

line width is by altering the loss term. For instance, if 

the Landau-Lifshitz loss term is included in Equation 2.06,
23then it can be shown that Equation 2.11 has an additional

term proportional to iz x m. As will be shown shortly,

m and m in the case of anisotropic ferrites are proport- x y
ional to the cosine of the angle between (Tl and H . There-o o
fore for minimum losses this angle should be maximized which

for a given planar anisotropic ferrite means that the

preferred plane of magnetization should be perpendicular to

the applied magnetostatic field.

The Herring-Kittel spin wave loss term depends on 
*-the term y if!. Applying the indicated operation on 

Equation 2.09 gives

vi - iy\ + yv\ * izv\ and (2.18)
from Equation 2.13

V  s = IXV  f1 (hx,hy) + iyV  f2(hx>hy ) ♦ izV ‘<f3(hx,h ) (2.19)
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Since the ferrite sample used in the experiments described
in the next chapter mas much smaller than the wave length

r-7̂s-of the applied rf field, the assumption that V  IT1 = 0 is 

reasonable if discontinuites of m due to physical imper
fections in the sample are ignored. This subject has been 

covered elsewhere^ and, since it is not in the area of 

interest of this thesis, it will be ignored here.
Another effect of anisotropy on line width becomes 

clear if Equation 2.17 is examined more closely and the 
presence of losses of some kind is taken into account.

A qualitative rather than quantitative plot of the relation 

described by Equation 2.17 for a particular but arbitrary 

value of e is shown in figure 2.2. Curve a in the figure is 

plotted from the upper 3 db points and curve b from the 

lower 3 db points of the resonance curve. The line width 

A H  = Hh - Ha can be seen to be smaller at the frequency

One other possible effect of anisotropy comes to 

light when Equation 2.06 is solved again without the 

condition = 0. If the sample is oriented as in

same procedure is used as in deriving Equations 2.13, then

GJ 2 than at^j-j. That is

figure 2.3 such that IY1q • ix = 0 and •!x 0, and if the
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% m cos e
my - I jU)hx * < H 0hy | (2.20b)

mI = ~ ^ ano 3ln S |jU)hx | (2.20c)

The significance of the differences between Equations 2.20 

for the anisotropic case and Equations 2.13 for the iso

tropic case has already been discussed.



CHAPTER 3 

EXPERIMENTAL

3 o 1 Experimental Procedure

A block diagram of the experimental arrangement 

is shown in Figure 3.1, Two klystrons were used: a Sperry 
2K44 for the frequency range 5 = 7gq - 7,5gq and a Varian 
X-13 for a frequency range of 8 „ Igq to 9. 2gp.. Both 

klystrons were square wave modulated at 1000 cps for 
proper VSti/R meter operation „ The X-13 had a higher upper 

frequency limit than 9.2gc but this is the cut-off fre

quency for higher order modes in the 50 ohm coaxial cable 

used as well as the cross guide coupler. The ferrite 

isolator was used only with the X-13 for frequency stability 

purposes. VSWR meter #1 was used to tune the klystrons 

and as a frequency indicator when a tunable cavity type 

frequency meter was used with the X-13. VSWR meter #2 

was used to indicate resonance in the ferrite. was

provided by an adjustable strength magnet with an upper 

limit of about 3500 oersteds For the gap used. The gauss- 

meter‘s operation is based on nuclear magnetic resonance 

and is read by means of a cathode ray tube, and charts 

supplied with the meter. More accuracy may be had with

17
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the gaussmeter with additional equipment but this was 

unnecessary as the line widths encountered were 50 

oersteds or more.

The theory and operation of the cross guide coupler 
25is covered elsewhere and will not be repeated hers.

The one used in this experiment was modified to permit 
changing the angular orientation of the ferrite easily.
This was done as indicated in Figure 3.2. A .02 inch dia

meter spherical single crystal sample of ZngY was glued on 

the end of the dielectric rod which was free to rotate in 

the coupler. The amount of rotation was indicated by the 
plastic indicator fixed to the rod.

For each of the two cases considered in this 

experiment, the ferrite crystal was oriented by sight on 

the end of the dielectric rod. A I D  power microscope was . 

helpful in getting an accurate orientation. Even more 

helpful in getting an accurate orientation was the fact 

that a piece about 1/10 the diameter of the spherical 

sample was broken off along the plane of preferred magnetiz
ation. This left the preferred plane a shiny surface easy 

to see even with the naked eye. The relationship of the 

experimental orientations of the ferrite to the coordinate 

system used in discussing the theory in Chapter 2 is 

shown in Figure 3.3 for each of the two cases. The easy 

or preferred plane of the ferrite is indicated by a
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hexagon. Rotation in both cases was done about the x axis.

This experimental arrangement had two serious 
shortcomings in that the upper limit on frequency and 

magnetic field strength imposed by the equipment prevented 
getting complete data.

3.2 Results Fo r Rotation About the _c Axis

The line width was measured as a function of 

frequency for four fixed angular orientations as shown 
in Figure 3.4. No line width measurements were made 

below 8.5gc since in this area the resonance became
9 Ftquite broad. A probable explanation offered by Buffler 

states that when the ferrite sample becomes unsaturated 

the line width increases until resonance is no longer 
discernable. Substitution of 8.5gc into Equation 2.16 

gives an of 950 oersteds. A sphere of Zn^Y becomes 

saturated when Hq = 4/3 ^  ITI = 915 oersteds. The be
havior of the curves in Figure 3.4 between 8.5gc and 

8,6gc is identical to that found by Buffler and others 

for other anisotropic ferrites on the border of satur
ation .

The relation between line width and angular 

orientation is indicated in Figures 3.5 (a) - (d).

According to both theoretical and experimental data
27obtained by Smit and ll/ijn with other planar ferrites, 

the line width should have six cycles of variations for
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each 360° of rotation. Only at a frequency of 9.21gc 
is this symmetry evident. The lack of sixfold symmetry 
at the other three frequencies is possibly the result 
of the fact that the anisotropy field restraining rota
tion of magnetization in the preferred plane of ZngY 

is very small compared with other planar ferrites«
e O RAlso, Neel has postulated the existence of uniaxial 

magnetic anisotropy due to internal mechanical stresses. 
If this uniaxial anisotropy were present, it could alter 

the sixfold symmetry. However, the exact mechanism 

causing the dissymmetry as a function of frequency is 
not known„ Also, the large increase in line width 

between 60° and 120° at a frequency of 8.9gc and between 

140° and 240° at a frequency of 9.21gc is not explainable

3,3 Results For Rotation About the Hexagonal Axis

Resonance in this case is also limited to fre-- 

quencies above 8.5gc. Again, the sample becoming unsatu

rated might be the reason, although the behavior of the 

line width as indicated in Figure 3=6 in the region just 

above 8.5gc is unlike the previous case. Also, the 

resonance behavior below 8,5gc was unlike the previous 

case in that no detectable resonance was found, i.e. 

the behavior was more that of a cut-off phenomenon. 

Unfortunately, the behavior here is•complicated by the
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fact that the slope of the (jU Q vs Hq relationship as in

dicated in figure 3.8 changes sign just above 8.5gc. As 
postulated in Chapter 2 this requires a large line width 
at the point where the slope is zero. That this actually 

occurred experimentally is illustrated in figure 3.7a.
When the measurements at this frequency were being made, 

the klystron frequency started drifting upward and actually 

passed through the point at 8.56gc where the break in the 

W g  vs Hg curve takes place. These breaks in the slope, 

as indicated in figures 3.6 and 3.8, occur every .28gc.

figures 3.7 (a)-(f) indicate minimum line width at 

all frequencies at an angle between the applied mag

netos tat ic field and the preferred plane of 90°. This is 

also in agreement with the theory of Chapter 2. Only 90° 

of rotation were examined in this case as the line width 

showed fourfold symmetry for each 360° of rotation.
The relation between oJ and H for variouso o

angular orientations is indicated in figure 3.8. Although

our present interest is only in the slopes of the curves,

the functional relation between oJ and H certainlyo o
warrants further investigation. for instance, resonance 

is almost (jJQ independent when the angle between the applied 

magnetostatic field and the preferred plane is 90°. This 

and the periodicity of the resonance relation with frequency 

is, as far as the literature to date indicates, unique.



CHAPTER 4 
CONCLUSIONS

4.1 Conclusions
The following are concluded from the results and 

other discussions:
A. In the case of rotation about the c axis,

the line width variations for ZngY do not depend entirely

on the symmetry of the crystal.
B. In the case of rotation about the hexagonal

axis, the line width varies as the inverse of the slope

of the (jJQ vs Hg resonance relation and as the inverse 

of the angle between the magnetostatic field and the 
preferred plane of magnetization.

4.2 Recommendations for Further Study

A. The resonance phenomenon illustrated in Figure 
3.8 should be investigated more thoroughly.

0. Some means of investigating both line width and 

resonance above the limits imposed by the present equipment 

should be devised.

C . Other factors, possibly affecting the line 

width of planar anisotropic ferrites should be studied. 

Among these might be surface polish, shape and size.
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