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ABSTRACT

A frequency doubling experiment was performed using 
five polycrystalline yttrium iron garnet spheres at frequen
cies ranging from 2.80 gc to 3.15 gc. The experiment indi
cates that a diameter to guide wavelength ratio on the order 
of 0 . 0 1  is the largest value for which magnetostatic field 
assumptions are strictly valid. Output power varied as the 
sample volume raised to the 1.74 power, taking maximum output 
without regard to mode. It was found that under certain con
ditions the higher order modes can produce conversion effi
ciencies higher than that of the uniform mode. The observed 
maximum conversion efficiencies varied from -99 db to -63 db
for sample sizes from 0.045” to 0.252”„ The corresponding

—8 —4peak output powers range from 5x10 watts to 2x10 watts.
The results also confirm the earlier predictions that only
those higher order magnetostatic modes for which m is zero
contribute to doubling.
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CHAPTER I

INTRODUCTION

1.1 Historical Background
Prior to the early 19309s9 investigation of ferrites 

was limited to general exploration of electromagnetic prop
erties of materials. When frequencies up to the megacycle

1range came into uses Snoek 6 Verwey and others began a sys
tematic investigation of synthetic ferrites in the effort of 
Phillips Research Laboratories of Holland to develop mater
ials with low hysteresis9 high resistivity and high permea-

2bility. The discovery by Forestier and Guiot-Guillain of 
the useful properties of the rare earth-iron garnets includ
ing yttrium-iron garnet (YIG) was made in the 1950"s. C. 
Kittel has said that YIG is to ferromagnetic resonance re
search what the fruit fly is to genetics research.

Kittel^ first suggested the possibility of artific
ially. inducing ferromagnetic resonance by use of an external
static magnetic field. The tensor permeability of ferrites

4 5was noted by Polder and demonstrated by Beljers .
Bloembergen and Damon^ 9 and Bloembergen and Wang^ showed that
the magnetic properties of ferrites at high signal power are
not linearly dependent on the radio-frequency signal power.

8'Ayres9 Vartanians and MeIchor were first to apply



the nonlinear effect by invention of a frequency doubler in,
the late 1950*s and were able to acquire conversion effici”
eneies''-.as .'iarge as - 6  db with an output of 3 watts at 18 gc,

gStern and Pershan proposed theoretically that the output 
should be inversely proportional to the resonance linewidth 
of the ferrite and directly proportional to the saturation 
magnetization and the square of the incident microwave signal
intensity, -

10 11 12 - White3 Solt and Mercereau and Dillon ® demon*
strated th® existence of multiple magnetostatic resonance
modes, The general theory for these modes was worked out by
W a l k e r a n d  supplemented by Fletcher and Bell^^. Suhl^
completed the general theoretical picture with the spin wave
concept and the relationship between the magnetostatic9 plane
wave and spin wave regions in ferrites,

1,2 statement of the Problem
The obvious practical application of harmonic gener* 

atloh resulted in experiments whose object was primarily 
concerned with the maximization of output power. Large ir» 
regularly shaped samples were used for which detailed ealeu* 
lations were impossible. In order to have valid theoretical 
predictions to compare with experiment9 it is necessary to be 
able to describe the external and internal fields in mathe* 
matical language. With Irregular samples the problem is too 
complex for the usual simplifying assumptions to be valid.
The purpose of this thesis is to investigate the effects of



sample size of spherical samples on conversion efficiency 
over a narrow range of S-Band frequencies. Use of spherical 
samples will enable comparison with theoretical predictions,

1.3 Method of Attack
Several spherical samples of polycrystalline YIG will 

be prepared. The samples will be placed in a rectangular » 
waveguide cavity. For a given input frequency the d-c mag
netic field will be varied and the values of d-c field deter
mined for which maxima occur in the second harmonic output 
power. This process will be repeated for a number of fre
quencies between 2,8 and 3.15 gc. Sample size will be varied 
in an attempt to determine the effect of size on the number 
and identity of modes excited, spin wave coupling to modes» 
coupling between modes and conversion efficiency.



CHAPT2~ II 

TH~ORY 

2.1 Mechanics of ~Eequency Doubling 

The classica l equ Ation of motion of the magnetization 

vector when a precessing spin system exists in a magnetic 

material is given by 

'H = 7 ( M X H) (2-1) 
• 

where R is the time derivative of the magnetization vector M, 

~ is the magnetomechanical ratio of the magnetic moment to 

the spin angular momentum of the electron, and H is the in-
~~. f• \ 

terrial field int ensity. By neglecting all second order terms 
13 

it can be shown that for a static field in the z-direction 

and an r-f field in the x-y plane the r-f magnetization m and 

field h are related by 

iii =[X Jii (2-2) 

where the elements of the susceptibility tensor[)(] are 

Xxx = X YY = (2-3a) 

Xyx =-Xxy = (2-3b) 

H is a reduced internal field, both in terms of 
4nM~ 

the saturation magnetization Mo. If we solve equation (2-1) 

4 



5 

and include second order terms there is a z-component of the 

r-f magnetization 

(2-4) 

which from equations (2-2) and (2-3) has a frequency twice 

that of the incident r-f field, and also a resonance condi

tion of 0 = 0 ... 

2.2 Magnetostatic 2E ~alker Modes 

When demagnetization factors are taken into account, 

equation (2-1) can be solved in terms of the external d-e 

and r-f fields. Further, if propagation effects are ignored, 

as well as interactions between the spins, Maxwell's equa

tions reduce to those of magnetostatics. walker
13 

undertook 

the solution of the magnetostatic boundary value problem for 

spheroids and arrived at possible resonant distributions for 

the internal field and magnetiz tion which are commonly re

ferred to as alker modes. By ignoring propagation and 

assuming an exp(jLJt] variation in both magnetization and 

field, equation (2-1) in conjunction with Maxwell's equations 

internally (2-Sa) 

\Ja'f = 0 externally (2-5b) 

Wher Xxx is the quantity given in (2-3a) and \f..' is the mag-

netic potential. 
15 

Fletcher and Bell solved the same problem 

for the special case of a sphere and their results are more 

convenient for our use in this thesis. Their solution to 



6 

equation (2-5a) was written as 

'!'int = ~(f) P:( cos'71) [(cos rn¢ + j(sin m¢J (2-6) 
t 17 where _s and -7l are defined in terms of x, y, z and the 

radius of the sphere, a, by the equations 

x = a(- Xxx) \ (1 - { 2 )~ sin7l cos¢ (2-7a) 

Y • (- Xxx)\ (1 - { 2
)\ sin7l sin¢ {2-7b) 

z = a (- X xx} ~ S cos 7l ( 2- 7 c) 
l+Xxx 

In these equations XXX is number from 0 to -oo. For val-

ues of Xxx less than -1, { must be written -j S . Outside 

the sphere the normal spherical coordinates are used. 

pplication of boundary conditions gives conditions 

on n and o... which result in multiple resonances, rather 

than the simple one indicated in equations (2-3). The reso-

nance equations are complicated algebraic expressions which 

are usually presented graphically as shown in Figure 2.1. 

For spheres, the demagnetization factor is 1/3 and it is con

venient tO plOt nM + 1/3 : ~ t the reduced external d-C 
4rrMo 

field as the abcissa nd n • nH t a function Of the r-f 

frequency and internal field s the ordinate. The resonance 

modes are designated by (n,m,r), where n and m are the indi

ces in equation (2-6) and r indicates the number of the root 

in the solution of the equation for (2 - {l" . In some cases 

there is only one root and r is superfluous for some of the 

sLmple modes. For some values of n and m there can be a 

number of solutions since the algebraic equations are second 

and higher order. Only the lower order solutions are shown 
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in Figure 2.1. The diagonal line shown in Figure 2.1 indi
cates the path or "load line" traversed for various d«c field 
values and a constant frequency of 3.0 go. The intersections 
with the mode curves indicate theoretical d-c magnetic field 
values for resonance of the various modes. The dashed curve 
with the same shape as the mode curves represents the top of 
the spin wave manifolds which is explained in the next sec
tion.

2.3 Spin Waves•
When the effects of interaction between the spins 

cannot be ignored, the propagation of spin waves results.
This effect can be physically visualized by considering a 
situation where the driving field is not uniform within the 
sample; thus9 some of the spins are processing with a dif
ferent amplitude and phase than their neighbors. The equa
tion of motion (2-1) must then be modified. Herring and 

18Kittel used the form
ft * / ( M  X H) *4- Hexda S J L J ? !!S (2-8)

where Hex is the exchange field and 11 d" is the distance be
tween neighboring spins. When demagnetizing factors are in
cluded for the case of a d-c field applied along the axis of
symmetry of an ellipsoidal specimeng the spin wave frequency
, , 19u/^ is given by
U k * [ ( W ^ ^ U ^ ^ a ^ k a )(L4 - N ^  U exaaka4l^sina0k )]^

(2-9).



where L / 0 is the uniform magnetostatic resonance frequency9 

U m = % L/ex » y H ex, Nz is the demagnetizing factor in 
the z-direction, k is the propagation constant of the spin 
wave and 0 ^ is its direction of propagation with respect to 
the z-axis. An analysis of spin waves is beyond the scope of 
this thesis, but a few observations will perhaps be helpful 
in predicting some effects„ Figure 2„2 indicates a physical 
concept of simple spin waves and relates the interaction be
tween spins to a visual concept„ As applied to this thesis, 
the appropriate characteristics of spin waves are as follows:
(1) Spin waves limit,the precession angle by removing energy 
for large precessions; (2) Spin waves can cause coupling 
between magnetostatic modes; (3) Spin waves can be excited 
in a sample by effects of surface irregularities, high r-f 
power, and propagation effects; (4) Spin waves can shift 
the resonance peak to a higher or lower d-c field value.

A general picture of the relationship between the 
regions of Walker modes and the spin wave region is shown in 
Figure 2.3 This picture is called, the Suhl dispersion rela
tion. The spin wave manifold portion is given by equation
(2.9). It should be noted that there is no actual dividing 
line between the regions, i.e.. Walker modes exist in the 
spin wave region and spin wave effects exist in the Walker 
mode region. The center portion is sometimes called the
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plan© wave regions where propagation effects are significant 
but exchange effects are not.

A rule of thumb for the Walker mode-plane wave region 
boundary given by Walker is a sample diameter of approximate
ly 0.1 of the r-f wavelength in the sample. Since the perme
ability of the sample varies through such a wide range near 
resonanee9 the wavelength in the sample also varies markedly 
near resonance. For this experiment the largest sample diam
eter is 0.252". The guide wavelength at 3.15 gc, the highest 
frequency useds is 4.985 inches. Thus the sample diameter is 
on the order of 0.05 guide wavelength. For a relative perme
ability on the order of 5 at resonance and a relative permit
tivity on the order of 10 at microwave frequencies, the ratio 
of diameter to wavelength inside the largest sample might be 
on the order of 0.35. It is to be expected, then, that prop
agation effects cannot be ignored in this experiment.

2.4 Identification of Modes
20Fletcher, SoIt and Bell showed that propagation 

effects could cause mode shifts and coupling between modes.
A mod© shift is a shift to a higher d-c field value for res
onance. This shift was determined experimentally by 
Fletcher, SoIt and Bell for several of the modes for a YIG 
sphere about 0.050” in diameter at frequencies near 10 gc. 
Their results are given for some of the modes in Table 2.1. 
The shift is tabulated in the form of a propagation slope.
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Table 2.1 Propagation slopes9 £\(U/lf )/A(4ttMq ) 9 

for 0.050" diameter YIG sphere at 9.688 gc. (After Fletchers 
Solt and Bell, "Identification of the Hagnetostatie Modes of 
Ferrimagnetic Resonant Spheres," Phys. Rev., Vol. 114, No. 3, 
p. 343, May, 1959)

Mode Slope X 10s / Mode Slope X 10s
n o 2.06 320 0.74
200 1.25 400 1 . 0 1

210 1.15 410 0.83
22 0 1.15 411 0.65
300 0.89 500 0.69
310 1.05 510 0.45
311 1 . 0 0 540 0.59

The propagation slope indicates the slope of the straight 
line U f J  versus 4ttM0 obtained by Fletcher, Solt and Bell 
as they varied saturation magnetization by varying sample 
temperature. As an example, for the shift in the 110 mode in 
YIG which has saturation magnetization given as 1690 gauss, 
the shift would be 2.06 x 0.01 x 1690 == 34.8 oersteds. It is 
not to be expected that these shifts will be accurate for 
this experiment, as the sample diameter and frequency are 
considerably different. However, they may give an order of 
magnitude of the expected effect for the small samples.

The mode coupling effect is observed as a "repulsion" 
of the coupled modes, similar to the behaviour of two coupled 
tuned circuits near degeneracy. The experiments1



determination by Fletcher$ Solt and Bell of the rules for 
coupling indicates that the n and m indices can differ by an 
even integer while r can differ by any integer*

2.5 High Power Effects
The effects of high power must be considered in order 

to determine what deviations from the simple Walker theory 
must be taken into account beyond the propagation and coup
ling effects described above. There are perhaps three ef
fects which must be considered; (1) Heating of the sample 
which could cause a decrease in saturation magnetization;
(2) Subsidiary absorption due to transfer of energy to spin 
waves; and (3) Broadening of the linewidth due to the de
cline of the permeability after exceeding a critical r-f 
power level. Sample heating effects may be minimized by
choosing a sufficiently low pulse repetition rate and will

22not be considered further. Buffler and LeCraw, Spencer and 
23Porter have examined the second two effects. Buffler dem

onstrated that the linewidth for YIG as a function of r-f 
frequency reached a minimum near W ^/2 and a maximum near 
2 U m /3. This result showed good correlation with his theory 
of excitation of degenerate spin waves in the region of max
imum linewidth. Spencer$ LeCraw and Porter demonstrated that 
inhomogeneities in surface finish cause scattering of energy 
into spin-wave modes. The inherent inhomogeneity of a poly- 
crystalline sample is the equivalent of a surface roughness.
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24Lax and Button give the formula for critical r-f

field intensity at which susceptibility starts to decline as

By their admission this equation yields a very rough approxl 
imation for polycrystalline materials; however, Lax and 
Button offer (2.10) as an estimate of the order of magnitude, 
and state that "critical field is not a well-defined param
eter in such [polycrystalline] specimens." In equation
(2 .1 0), and 7^  are loss parameters to the lattice and
the spin waves, respectively.

2.6 Higher Order Magnetostatic Modes
25Richards has examined the magnetostatic modes the

oretically to include their contribution to doubling. He 
arrived at the conclusion that the only higher order modes 
which can contribute to doubling are those for which m ® 0 

and n is greater than or equal to 2. He specifically ex
cludes from consideration the case of two degenerate modes 
combining to produce a nonzero space average of second har
monic magnetization In the z-direction. Thus he concludes 
that the modes which can produce doubling are the uniform 
or 110 mode, the 200 mode, the 300 mode, and so forth. Since 
the r index does not have any physical significance, r could 
have any value possible in modes with m «= 0 .

(2-10)



2.7 Effects of Sample Size
It is desirable to reformulate the theoretical pre

dictions in order that a meaningful experiment may be devised 
to determine the effects of sample size on frequency doub
ling, First we look at the conversion efficiency due to vol
ume, From equations (2-3) and (2-4)s the output power will 
be proportional to the square of the absorbed power« Since 
the absorbed power will be proportional to the volume of the 
sample9 the output power should be proportional to the square 
of the volume of the sample.

The second effect to be considered is the effect of 
sample size on doubling modes. From paragraph 2.4 aboves we 
may expect a shift in the resonance field to a value higher 
than that predicted by the Walker theory. Also there should 
be an effect on the modes excited. That is* since an apprec
iable portion of a wavelength can exist inside the larger 
samples9 the internal field will not be uniform. We expect 
to excite higher order modes even when the sample is placed 
in a nearly uniform r-f field. Also* there should be a dif
ference in the modes excited in different size samples6 if 
the size difference is sufficient to allow an appreciable 
difference in internal field distribution.

A third effect will be that due to high power. As 
discussed in paragraph 2,5 above, a subsidiary absorption may 
exist. Also, the excitation of spin waves may remove energy
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from the uniform mode, and limit the amount of second harmon
ic power which can be produced from that mode.

Since examination of the doubled output essentially 
restricts our view to those modes which contribute to doub
ling, the observed modes should be restricted to the 1 1 0,
200, 300 etc. There may perhaps be some degenerate modes in 
the region of operation which can combine to produce a second
harmonic output. Propagation and high power effects should
enhance coupling and degeneracy of any modes which are within
a few linewidths of each other.



CHAPTER III

EXPERIMENTAL WORK

3„1 Equipment and Arrangement
The basic equipment arrangement and technique used in

25this experiment is the same .as used by Richards and 
2 ̂

MaeDougall,, and is shown schematically in Figures 3.1 and 
3.2. The square wave generator is used for accurate control 
of the pulse repetition frequency of the pulse generator. 
Accurate control is necessary in order that average power 
measurements may be accurately converted to peak power val
ues. The pulse generator is used as a driver from the high 
voltage pulser which powers a triode cavity oscillator. The 
oscillator produces a one microsecond pulse with a peak pow
er of approximately one kilowatt at frequencies tunable over 
the range from 2.80 to 3.15 gc. This pulse is fed through 
a ferrite isolator and three sections of lowpass filter. The 
filter sections attenuate the second harmonic of the oscilla
tor frequency which would otherwise contribute to the double 
frequency output. The dual bi-directional coupler next in 
line permits measurement of both the incident and reflected 
power and the input frequency. An S-Band adaptor excites the 
TE10 mode in the S-Band waveguide. The S-Band slide screw 
tuner is used to couple maximum power into the test section.

18
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The selective absorber is physically located in the

source end of the S-Bahd tuner and will be taken up later,
23The test section was locally fabricated by MacDougall, and 

dimensions are given in Figure 3,3(a), It consists of a sec
tion of S-Band waveguide attached to a section of J-Band 
waveguide rotated 90®, The junction looks essentially like a 
short to the TE-^g mode of the input signal. With the S-Band 
tuner adjusted the S-Band section acts as a TE^gg or TE^q ^ 
cavity. The sample was located at a point approximately a 
half wavelength from the junction* so as to be at a point 
with a nearly uniform r-f magnetic field and nearly zero r-f 
electric field. The d-c magnetic field was applied in a di
rection parallel to the E-field of the S-Band TE^q mode.
This field was then at an angle of 90® with respect to the 
r-f magnetic field of the S-Band signal, A precision gauss- 
met or with a frequency generator and electronic-counter are 
used to measure the d-c field values. When a d-c magnetic 
field at resonance with the frequency of the input signal is 
applied* the ferrite sphere radiates the second harmonic in 
both directions. Since the generated magnetic field is para
llel to the short dimension of the S-Band guide* it propa
gates in the TEqj mode in that guide. The selective absorber 
mentioned earlier attenuates the energy traveling back toward
the oscillator. The absorber was also fabricated by 

23MacDougall and is shown in Figure 3,3(b), A J-Band slide
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Figure 3.3 Fabricated Equipment: (a) Test section
fabricated from standard S-Band and J-Band copper guide stock 
and couplings; (b) Selective absorber.
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screw tuner at the output end of the test section matches the 
J-Band portion of the test section and this half of the sec
ond harmonic power prbpagates in the TE^q mode in the J-Band 
guide. A J-Band adaptor couples the second harmonic signal 
out of the waveguide portion of the equipment0 Precision co
axial attenuators are used to reduce the signal power to a 
value below -45 dbm9 the maximum power for non-saturation of 
the mixer-preamplifler.. One milliwatt of cw local oscillator 
power at a frequency of twice the input plus or minus 30 me 
is also fed into the mixer. The preamplifier portion gives 
25 db power gain and feeds the 30 me laboratory receiver.
The receiver has input attenuation up to 101 db selectable in 
steps of 1 db. The gain of the receiver is variable to a 
maximum value of 65 db. The video output of the receiver is 
displayed on an oscilloscope.

3.2 Measurement Procedure
An input frequency was selected and the triode was 

tuned with the frequency meter. The triode output coupling 
was then adjusted for maximum power output. Using the re
flected power9 the S-Band slide screw tuner was adjusted for
minimum reflection from the test section. The local oscilla
tor was then tuned with the frequency meter to twice the tri
ode frequency plus or minus 30 me. The d-c magnetic field
was turned on and adjusted until a doubled output signal was 
seen on the oscilloscope. The local oscillator and J-Band



tuner were then adjusted for maximum output power and best 
pulse shape on the oscilloscope. The S-Band tuner was then 
readjusted for maximum signal output.

The d-c magnetic field was then tuned until the max
imum output signal was located. To insure that the mixer- 
preamplifier was not saturated, it was necessary to insert 
precision attenuators in front of the mixer. Attenuation was 
added until an added value produced a reduction in pulse 
height on the oscilloscope equal t o .the increase in height 
obtained by removal of amplifier input attenuation. With the 
receiver gain set at a fixed value, receiver input attenua
tion was then inserted so as to produce a 4 centimeter pulse 
height on the oscilloscope for a sensitivity setting of one 
volt per centimeter.

The approximate magnet settings for all observable 
output maxima along with receiver and mixer attenuation val
ues were noted. The precise field values for each resonance 
were then located from the lower.field side, with the field 
reduced to zero between each reading to minimize hysteresis 
effects. The direct signal attenuation and receiver input 
attenuation were recorded for each field value at resonance 
for the same amplifier gain setting and for the same 4 cent
imeter amplitude on the oscilloscope.

The mixer-preamplifier-receiver combination was cali
brated in steps of 5 db from -75 dbm to preamplifier
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saturation. A Hewlett-Packard 618B signal generator was used 
to produce one microsecond pulses at 500 pulses per second 
and the same local oscillator power of one milliwatt was used 
in calibration. Calibration curves were obtained for. three 
amplifier gain settings. Frequency was varied but no signif
icant variation with signal frequency was observed. Calibra
tion curves are shown in Figure 3.4.

3.3 Measurement Problems
The first problem encountered was the presence of a 

second harmonic output signal without any applied d-c magnet
ic field. The causes were isolated to be stray radiation 
from the source and insufficient input filtering. Radiation 
was finally reduced to an acceptable value by completely en
closing in a foil covered box the high voltage pulser, tri- 
ode, isolator and filters. A further reduction was achieved 
by the use of solid outer conductor flexible coaxial cable 
between the filters and the bi-directional coupler. The ad
dition of a low pass filter for a total of three reduced the 
direct second harmonic signal. The final spurious signal 
was reduced to a few db above noise level.

The second problem was encountered in the variation 
of input power over the triode tuning range. One solution 
would be to use an S-Band waveguide calibrated attenuator to 
reduce all powers to the lowest. However, since the total





variation in power over the tuning range was about 3 db, it 
was decided not to use the attenuator. This decision was 
made so as to use maximum available power to the sample and 
increase the probability of observing predicted effects.

A third problem was receiver calibration. In order 
to eliminate the necessity of calibration for all gain set
tings of the receiver* only three gain values were used. One 
was always suitable for the observed signal level. Calibra
tion was checked for variation with input frequency and re
peatability and found to be within 3 db of the original cali
bration curves.

The final major measurement problem was to insure 
that the mixer-preamplifier was not saturated. This was ac
complished as described in the measurement procedure above.

3.4 Sample Configuration and Mounting
A spherical sample shape was chosen to give a pre

dictable demagnetizing factor. The samples were cut into 
rough cubes with a diamond saw from a single bulk polycrys
talline YIG specimen. The cubes were hand ground into rough 
spheres and finished by the tumbling technique on 180CS 300 
and 600 grit size papers successively.

A polyfoam block was used to mount the sample in the 
test section so as to have no dielectric loading and isolate 
effects from sample size alone. The largest sample used was 
0.252" in diameter. A second sample was successively ground
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down in approximately 0.025" increments. The first signifi
cant change in the number of modes occurred at a diameter of 
0. 20011 „ Three additional samples were ground to 0.138", 
0.084" and 0.045".

3.5 Results
The measurement technique and procedure were checked 

by testing the Hughes polycrystalline YIG sample used by 
MacDougall^ This sample was spherical with a diameter of 
0.153". Two magnetostatic modes which produced doubling were 
detected. Plots of conversion efficiency (10 log P^/P^) at 
an arbitrary reference level Pg versus frequency and magneto- 
static field are shown in Figure 3.5. The reference level is 
arbitrary as the calibration equipment was not yet available 
at the time the measurements were made, and the saturation 
value for the mixer was exceeded. The results in Figure 3.5 
differ from those obtained by MacDougall, but are similar to 
the results obtained for the polycrystalline YIG used in this 
experiment. MacDougall found two magnetostatic modes, but 
only one maximum in the frequency plot and a sharp cut-off in 
doubled output near 2.95-gc, with no doubling at lower fre
quencies.

For the samples used in this experiment the value of
'Y/ and saturation magnetization were unknown. In order that
identification of modes can be made, it is necessary to know

-ythe value of i1' eff and the saturation magnetization of the
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sample. As used here9 lf&f£ -̂s defined as U//H0 for the uni-* 
form mode. Defined in this way, includes propagation
effects* btit neglects variation of these effects due to mode* 
sample size and frequency. The effective value of § for the 
polycrystalline YIQ used in this experiment was determined by 
an independent measurement of the uniform resonance. The
method used was the crossguide coupler method first described

..... 27 »by Stinson. A 7/8" coaxial erossguide coupler was used with 
the 0.200" sample and at a frequency of 3.00 ge. The value
of $ eg£ determined was 2.84 mc/oe and was used for all sam
ples and frequencies for the remainder of the experiment. 
Linewidth of the uniform mode was also measured at both 10 ge 
and 3 ge. The values were 20 oersteds and 37 oersteds* re
spectively g indicating that spin wave effects were present at 
3 gc. Lacking an independent means of determining the satu
ration magnetization9 the author assumed a value of 1690 
gausss the generally accepted value for YIG. The assumed 
value was found to be close to the actual value by consist
ency of the results with the theory.

The results which were obtained with the five samples 
used in this experiment will,now be discussed. Identifica
tion of the modes which produced doubling was attempted first 
by plotting the observed resonances on a Walker mode graph. 
The data for the five samples are shown in Figure 3.6. For 
reference purposes we have plotted the 90® spin wave
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frequency u/^ and the Walker modes for which m is zero. Also 
plotted are the 512 and 531 modes $ for which theoretically 
coupling with the uniform mode is possible, and the 440 and 
550 modes which are in the general range of values of some 
resonance points shown by the two small samples.

The scatter of the points is attributed to several 
possible causes. The observed resonances were quite broad, 
causing possible errors of up to 10 oersteds in either direc-

'~y/rtion in some cases. The value of ef£ used was that value
determined for the 0.200" sample at 3,00 gc. Since propaga
tion effects should be different for all samples and modes, 
this could produce a systematic deviation of unknown amount. 
No attempt was made to control the sample temperature, oth
er than allowing each sample to reach equilibrium at reso
nance, Since each sample could have a different equilibrium 
temperature, the saturation magnetization may vary between 
samples and between resonances. The order of this error is 
unknown for this material. The 512 and 531 modes are very 
near degeneracy with the uniform mode over the frequency 
range used. Although these modes should not theoretically 
produce a doubled frequency output, they could cause a shift 
of the uniform mode to a lower resonance.

Figure 3.7 shows the same data from a slightly dif
ferent viewpoint. The observed resonances are compared to 
the boundaries of the spin wave manifold and the Walker 200,
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501 and 300 modes. The proximity of the uniform mode to the 
90° spin waves predicts the broadening of the uniform mode. 
Both Figure 3.6 and 3.7 indicate that the smaller two samples 
support the uniform mode resonance, plus an unknown low field 
resonance. The next two sample sizes exhibit the uniform 
mode and either the 200 or 501 mode. Since the simpler mode 
is more likely, due to the sample location near the r-f mag
netic field maximum, the additional mode will be identified 
as the 200 mode. The largest sample shows the uniform and 
300 mode resonances.

Figure 3.8 has conversion efficiency (10 log Pg/P^) 
plotted as a function of frequency for the three smaller 
samples. Figure 3.9 shows conversion efficiency versus fre
quency for the two larger samples and also compares the con-, 
version efficiency of the uniform mode for the three smaller 
samples. It should be noted from Figure 3.9(a) and 3.9(b) 
that for the larger two samples the higher order mode pro
duces more output power than the uniform mode. For the 
0.138" sample the 200 mode gives almost the same output as 
the 110 mode. Figure 3.9(e) shows the interesting result 
that the conversion efficiency increases with sample size for 
the three smaller samples. However, no increase in effici
ency was noted for the two larger samples nor were the curves 
different. This may be seen by comparing Figures 3.8(c), 
3.9(a) and 3.9(b), Figure 3.10 shows the conversion
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efficiency as a function of the magnetostatic field at reso
nance. The numbering of the points in Figures 3.8 through 
3.10 is done to allow correlation of the field and frequency 
at each resonance. Figure 3.10 indicates that the variation 
of efficiency with field is similar to the variation with 
frequency, exhibiting two maxima in the secondary mode, ex
cepting the largest sample. The two smaller samples show two 
maxima in the uniform mode, but the three.larger samples show 
only one maximum in the uniform mode curve.

Figure 3.11 exhibits the variation of conversion
efficiency with the logarithm of the sample volumes. The
maximum conversion efficiency observed without regard to mode
was proportional to the volume raised to the 1.74 power.
Note in Figure 3.11 that the 200 and 300 modes produced
larger conversion efficiencies than the uniform mode for the
two larger samples. If the power absorbed by the sample is
directly proportional to its volume, the results indicate
that the output power is proportional to the input power
raised to an exponent of 1.74. This result compares with a

28value of 1.8 obtained by MeIchor, Ayres, and Vartanian, for 
output power as a function of input power.

Another interesting effect observed was attributed to 
the initial method of mounting. Figure 3.12 shows five modes 
observed for the 0.252" sample when Duco cement (model glue) 
was used to fix the sample in the polyfoam block. Only two
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of these modes appeared when the sample was held in position 
by a polyfoam plug in the mounting block9 as can be seen from 
Figure 3.9(b). Since an additional low-pass filter section 
was added after the measurements shown in Figure 3.12, the 
non-appearance in Figure 3.9(b) of the very high field mode 
indicated that this high field mode was an effect due to di
rect coupling of second harmonic output of the triode cavity 
oscillator. Two of the modes, however, are attributed to the 
distortion of the fields in the vicinity of the sample by the 
dielectric effect of the glue. One of these two modes also 
showed up occasionally with the two smaller samples, as indi
cated by the points 7, 14 and 15 in Figure 3.10(b).



CHAPTER IV

CONCLUSIONS

4.1 Conclusions
The conclusions to be drawn from the theory of Chap

ter II and the experimental results of Chapter III are ob
scured somewhat by the many effects of sample size observed. 
Those which are made here appear to be supported by the re
sults and should be capable of being confirmed by additional 
experiments.

For input powers on the order of those used in this 
experiment, the double frequency output power varies as the 
sample volume raised to the 1,74 power. The uniform mode 
follows the 1,74 power law up to a sample diameter of 0,138", 
which is a diameter to guide wavelength ratio on the order of 
0.03, The uniform mode second harmonic output power flattens 
out for d/ A ratios greater than 0,03, but a higher order 
mode follows the 1.74 law.

The sample size has an effect on the modes which can
be excited. This attributed to propagation effects; that is9

for d/ Ag  greater than 0 .0 1 , the internal field varies over
an appreciable portion of a wavelength. The higher order
modes give conversion efficiencies greater than the uniform
mode for d/ A greater than 0.03, with no distortion of the S

42
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external field other than that due to the sample itself.
This can be extended to a conclusion that with external tech
niques for distortion of the field, such as dielectric load
ing, higher order modes could produce greater conversion ef
ficiencies than the uniform mode.

The observed maximum conversion efficiencies varied 
from -99 db to -63 db for sample sizes from 0.045" to 0.252". 
The corresponding absolute peak output powers range from 
5x10 ^ watts t o '2x10 ^ watts.

The results obtained here also appear to confirm 
Richards8 conclusion that only those higher order magneto- 
static modes for which m is zero can contribute to doubling. 
For the samples and frequencies used in this experiment, the 
1 1 0 , 200 and 300 modes were identified as those producing the 
doubling. The scatter of the resonant field values indicates 
that spin waves enter the picture in a manner not fully ex
plained by current theory. It appears possible that the in
ternal field distribution might be such that an infinite num- 

N ber of modes might be required to produce the distribution, 
but only those with m = 0 contribute to doubling. In this 
case, optimization of sample size and shape for maximum con
version efficiency may be a possibility.

4.2 Recommendations for Further Study
Conversion efficiency as a function of sample size 

should be observed for frequencies on the high side of the
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spin wave manifold - frequency crossover; i.e., for a fre
quency range of 3.15 ge to 3.62 gc. This data would comple
ment that obtained in this experiment.

Cavity absorption measurements with dielectric asym
metry at the sample should be made to determine the modes ex
cited for samples with spherical symmetry. These data would 
help determine the number and identity of modes excited when 
propagation effects are important.

Conversion efficiency as a function of position with
in the cavity should be a fruitful experiment. The effects 
within the sample would be similar to that given by dielec
tric asymmetry, but should allow simpler analysis on a theo
retical basis.
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