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ABSTRAJT

An investigation has been made of the propagation
characteristics of magnetostatic waves with frequencies
in the range 890 - 990 MHz in & crystal of Yttrium lron
Garnet. The sample was mounted in a two port strip line
assembly and magnetised axially along the (100)
direction. The experiments were performed at room
temperaturse.

Magnetostatic waves were observed in externsal
magnetic fields in the neighbourhood of 500 Cersteds,
and to explsin the experimental results a ncn-uniform
distribution of magnetisation along the axial direction
is proposed for the unsaturated sampls. fheoretical
results for the demagnetising field and the time delsy
have been computed using this model to explsasin the
excitation and transmission of the observed magnetostatic

waves.,
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CHAPTZR I
INTRODUCT 10N

1.1 Growth of . icrowave Ultrasonics

Hicrowave ultrasonics has aroused considerable
interest in the past decade, owing to:
(i) Successful development of high frequency
transducers
(ii) Development of techniques for growing crystals
of piezoelectric material and low-loss magnet ic
material.

(ii1) Its importance and application in the develop-
ment of microwave frequency rsdar and
communication systems: data processing sand
instrumentation.

(iv) Its importance in the study of 30lid State
Transport. Phenomsna.

l.2 Two iinds of Waves

ilicrowave ultrasonic processes can be associated
with two types of waves, namely:‘
a. HXlastic Waves
b. Magnetic Waves

£lastic Viave

glastic waves propagate as vibrations of the



crystal lattice at about 5 orders of magnitude less than the speed
of light. Associated wave-length parameﬁers are thus of the order of
microns. Such vibrations may be described in terms of phonons or
quantum elements of lattice vibration which are characterised in
terms of an enérgy parameter hY (h: Plan;k’s constant; N frequency
of vibraticn) and a wave vector k.
Maggétic Wéves |

| Certain ﬁagnetic insulating crystals can support and
propagate pure magnetic modes or magnetostatic waves ( 10<:k-<ldscﬁ;|
where k=2¥A is the wave number) or spin waves ( k‘>105cé1)
quantised in terms of magnons as will be discussed in the next
chapter,Many properties'of these waves are similar to those of
elastic waves; in addition, their velocity of propagation can be
controlled ty an appied dc magnetic field. Magnetic waves can have
a velocity, an order of magnitude, less than the velocity of phonons.
Magngtostatic waves traﬁel with nearly electromagnetic speeds to
very low values near the critical field;whereas, spin waves do
not revert to electromagnetic speeds at low values of the field.
This means that magnetostatic waves will show delays from nanoseconds
to microseconds;the spin wave will have a minimum delay of several

. e
microseconds,.

Magnetoglastic Waves

If the applied magnetic field is adjusted so that the wave-
length associated with a particular frequency of excitation is the
same as for an elastic wave of that frequency, then the magnetic and
elastic waves are strongly coupled giving rise to a mode of
propagation which is partly elastic and partly magnetic. Such a wave

1s called a magnetoelastic wave.



As described, lower velocity of pronsgation of
elastic or magnetic waves at microwave frequencies makes
their wave-length comparable with that of light; comnsequent-
ly many types of interactions result, e.g.:

a. Ultrasonic phonon intersction with electrons ang
thermal phonons yields informationngbout the structure of
solids, semiconductors or metalsl'é . 3uch interactions
can be utilised for asmplifications of ultrasonic waves.

b. 1Light interaction with microwave sound has been

given a great impetus owing to the availability of coherent

light from a laser. In the past, this phenomenon was
utilised to determine the elastic constants of the materisal;
but presently, research is directed to obtain hetter and
hetter rarametric amplification and oscillationg.

c. High frequency acoustic waves interact with nuclear
spins yieldinz information about the coupling of nuclear

4
spins with lattice vibrations in solids .

1.3 Propagation and sttenuation Effects in Solids

rfor signal frequéncies in the megacycle range, the
attenusat ion of a propugating vave beccmes prohibitivly
large at rcoum temperstures. For example, in gquartz, above
40°K the absorption is almost independent of temperuture;
it incresses with the square of the frequency, reaching

very high values in the microwave region e.g. 25 to <0 db/cm

* KEumbers refer to the Bibliography listing.
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at 2.0 Gc/s at rccm temperature . Below 40°K, abscrption
rapidly disappears even for the highest frequencies, e.g.
.01 db/em at liquid Helium temperature and at z.o6 os/s.
the exzplanation cf this behaviour is provided by
a, L. Akhiezers.

scattering is produced by the numerous microscopic
defects, such as grain boundaries, dislocations, or the
volume discrder. Vith increased fresquency, the wave-lerngth °
of ultrasonic waves becomes comparable with microscopic
defects, with a consequent increased scattering. Better
crystal growth and use of single crystals largely overcomes
this effect. Flatness and parallelism, and the proper choice
of orientation of the propagating medium, strongly

influence the propagsation and attenuation characteristics

of ultrasonic waves.

1.4 iaterial Hequirements

The extremely small wave-length, of the o:rder of a
few microns, associated with microwave phonons and@ magnons
requires the material to be free of discontinuities larger
than a few microns. This restricts microwsve phonon and
magnen propsgation essentislly to single cerystals, which
are in general very hard to zgrow. In addition, all end
surfaces have to be plane and parallel to an optical

quality to reduce scattering. For phase coherence to 1/10
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wave-length of sovnd, a 1 em. diameter rod cperated at ¢ uc.

will require a long-range flatness of 10-%m. and
parallelism between the pclished faces within £ seconds
of arc.

Recent developmente make Yttrium lron Garnet san
attractive material in this field. Magnetic wsaves csan be
launched, transmitted ané detected in the interior of the
material making optically flat and parallel faces unnecass-
sary. The transmission losses in gigsascycle range ure mcdersate
even &t room temperatures ( == 1 db/em.). Since YIG is
ferrimagnetic, there is no bond problem. However, there is
cne difficulty associated with YIG, it is opaque to light.
Thus it is impossible to inspect its quality by any mes&ns
other than microwave acoustic propasation.

Yttrium Iron Garnet

This material YzFep(rfeCs)x is & ferrimagnetic oxide
whiéh has a crystal structure iscmorphic with the classical
garnet CazFeg(SiC4)z. The crystal structure is very nearly
cubic and contains essentislly no magnetic disorder. The
Fe ions, which are responsible for the magnetic moment, are
8ll trivalent. This property of crystallcgraphic and magnetic
equivalence prevents the small electrical conductivity
experienced in ferrites by means of the exchsange of
electrons amcng #e“ ang Fe® ions and results in a

7
superiority over ferrites ., Y3 is a non-magnetic trivalent
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ion. There are no unpaired spinc, consequently Yx has no perm-
anent spin magnetic moment. ihe growth of a single crystal

8
of YI: by Nielson stimulated research in fundamental

experiments including magnetic prcpagaticn cf micrcwaves.

1.5 Generation and Detection - ITramnsducers

The main difficulty in converting electrumagnetic
energy to microwave accustic energy is that of matching the
wave-length in the cm range to the very short microwuve
acoustic waves having wuve-lengths of a few microne. The
coupling efficiency is an important consideration if. the
insertion loss at microwave frequencies ie tc be held to a
minimum. Thus, very thin plates or films are required for
efficient transducer scticn, Jhin plates have been used at
fundamentsl frequencies as high as 200 Me/s, But beyond this
they becomse extremely difficult toc fabricute and are very
fragile. Their efficiency is relativly low (10~% at micro-
wave frequencies).

Gther techniques develored in the past decade are;

&. TYiezoelectric CJoupling at the free end of g guartz

9,10
crystal placed in =« microwave cavity . It requires

optically flat sand parallel surfaces for efficient ccnversion
and yields narrow bandwidths., lypical values at 1 Ge would
he 1-£% bandwidths with a 30 db conversion loss for one

transducer sction.



b.

Thin FPilm Tresnsducers - T iezoelectric

In the region between 100 HMc/s and a few gigacycles,

transducer action by thin films of piezocelectric semi-

conducting materials deposited on the propagating medium

affords lower conversion efficiencies (20 d4b at 1.6 Ge/s)

11

and larger bandwidths {30%).

A thin resistive layer in a piece of conducting

Piezoelectric material serves as the transducer. ihree types

of resistive-layer transducers have been proposed, namely:

(i)

(i)

(111)

Zpitaxial layer Transducer

s resistive layer is formed on a conductive substrate.

Depletion layer Transducer

4 resistive layer is the depletion region formed at a
rectifying metal-to-semiconductor contact or st a p-n
Junction. This region is in the order of 1000 A
which makes it suitable for operaticn in the 10 Ge
range.

The Diffusion layer Transducer

A resistive layer is formed by diffusing & compen-
sating impurity (such as copper) a short distance into
a conductive base material such as cadmium sulphide.
Since the thickness can be controlled by the diffusion
process, this transducer can orerate at fundamental
frequencies from 100 uc/s to 1 Gc/s with conversion

1¢
losses from 7 db to 28 db and with 15% bandwidth .



(iv) Evsporated layer Iransducer

11
This trensducer type, introduced in 1963 , consists

of a vacuum-evaporated film of cadmium sulphide
deposited directly ontc a metal film én the ultrasonic
med ium. Operation in the frequency range from 100 ic/s
to about 2 Ge/s is achieved with a transducer loss of
6 db at 300 Me/s and 15 4b at 1.6 Ge/s. By careful
control of deposition rate, it should be possible to
deposit Cds films to resonate near 1000 uc/s.

¢. Thonon Generation by lagnetic Films

Perromagnetic resonance of thin magnetostrictive
metal films deposited on an ultrasonic medium may be utilised
for transducer action. Ihe films are subjected to a static
dc magnetic field bisssed for resonmant mode selection. 3uch
films, (which are easy to prepare and 4o not require acoustic
bonding to the transmission medium), operate in the Gec/s

range. conversion efficiencies are low ( 1077 - 10"10 at

13
X-band ) but considerable improvement may rossibly be
achieved with the aid of improved techniques.

d. Perromagnetic and Precessional llodes

In the case of magnetic or magnetoelastic
propagation, the transducer action is accomplished directly
via coupling through resonance or precessional modes in the
crystal material. 4An applied dc magnetic field makes the

dipoles to precess about the equilibrium position i,e. the
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dc field value. The magnitude of the field deteranines the
character of the precessing mode. ‘he rf electromagnetic
energy can be coupled to this mode when applied at an end,
perpendicular to the dc magnetic field. The theory is
developed in the next chapter.

YIG, which is ferrimsguetic, is the most promising
single crystal grown so far and exhibits low propagation
loss even at rcom temperature. 1t is cspable of propagsting

both elastic and magnetic waves.



CHAPTER 11
THAORSTICAL ANALYSIS

2.1 Spin Waves

The concept of spin waves was introduced by Bloch in
1920 on a quantum mechanical basis. In any solid, the
unpaired electron spins contribute to the magnetic
properties of the 80lid. In a ferro- or ferri- magnetic medium,
the exchange field between the atome tends to alizn all the
spin dipoles in the 8sme direction. Under the spplication of
a dc magnetic field H, the magnetic dipoles precess in unison
or in phase about H. an rf magnetic field applied uniformly and
perpendicular to the dc¢ field H, over the whole sample, still
gives a uniform precessional motion but with a larger
precession angle. If the frequency of the rf magnetic field
equals the natural preeession frequency ( “Wo=W.1), ,
ferromagnetic resonance results snd is accompasnied by a large
absorption of energy by the spins.

1f; however, the rf field is applied at one end of
the specimen, it causes some of the spins to precess with a
larger precession angle than their neighbours; the intarnal
exchange field, tending to align the dipoles, forces this
precessional disturbance through the crystal in the form of
8 wave, called a8 siin wave. Spin waves are; therefore, waves

of deflection of electron spins away from the ordered

10
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orientations that are characteristic in & magnetised material.
The ground state corresponds to infinite wave-length
(uniform precession) while for shorter wave-lengths, an
exchange interaction results in additional energy.

In an infinite, lcssless medium the dispersion
relation for the spin waves in the absence of prcpagation

14
effects is given by (see appendix 1)

(s%f = X_Hi +Dk23Lm +I)K2+4‘Wm(ki+k§) /k‘?‘]
{£-1)
Here; 71 : gyromsagnetic ratioc
1.76 107 radians /(second,) (ocersted)
D : a phenomenologicsl exchange constant,

-9 Ge.em2 for YIG.

nearly equal to:; 5 10
M : ssturation magnetisation
internal dc¢ magnetic field, applied

alonz the z direction

k2 = k§+k3

2
y +k7

where k is the spin wave number,

The last term in the relation arises from the
dipolar interaction between the spins. In deriving the
equation (2-1) it was implicitly assumed that the dimension
of the sample is considerably larger than the wave-length

of the spin wavé, i.e., larger at least by a factor of

10. For larger wave-lengths, the effect of boundaries

becomes significant.
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2.2 Axcitaticn of 3pin daves

The fundamental difficulty in coupling an electro-
magnetic field to spin waves is that the wave-length of the
former (cm range) 1s much larger than the latter (micron
range). The rf dipole mcment of a spin wave, which could
give rise to such a coupling, averages out to near zero
when the sample is many wave-lengt's long. [o overcome this
difficulty, Schlomannl5 proposed the existence of a non-
uniform dc magnetic field inside the sample with a configur-
ation such that the effective wave-length of the spin waves
becomes much larger nearer the surface of the sample than it
is in the interior. 4As a consequence, the 8pin wsaves have a
localised rf dirole moment in the region where the effective
wave-length is large. Goﬁpling takes place relatively
efficiently in this region and the spin wave travels in the
direction of decreasing magnetic field |

with changing wave-length and veiocity.

.3 Exchange Dominated Mode

In the exchange dominated mode of operation, the
last term of zq. (&-1) ie negligible and the square of the

effective magnon wave number is given by;
k%(z)::{f%-—ﬁ(z)} /D ' (2-2)

The subscript m distinguishes the magnon wave number from

the phonon wave number given by kp=%- Ve being the
‘D

3
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velocity of elastic shear wuves. H(z) is the internal
magnetic field and it is s function of the distance along
the z direction, owing to the non-uniformity of dc magnetic
field in the finite sample. We shall assume that the sample
is 2 single crystal with the applied field along an easy
or hard direction; so that the effect of crystaline
anisotropy will, in the linear approximation, be to modify
the applied field by un additive anisotropy field.

In effect;

H(z) = Hext., T Ha + Hy(3z) (£-3)
External field + Anisotropy fielga

+ Demagnetising field

The demagnetising field is determined by the geometry
or shape of the sample and the magnetisation vector in the
sample. Such & variation for a saturated cylindrical sample

16
is as shown in figure (4-1). The point at which kg(Z)

becomes zerc is denoted as the 'turning point' z,. The wave-
length is a maximum at this point and the internal field has
the proper value tc bias a magnetic mode to resonance.

The spin wave which originate8 in the vicinity of
the turning point, propagates through the sample in the
direction of decreasing magnetic field, and is partially
converted into elastic waves near the cross-over point 23

2
wherd kg = Kky. Conversion depends upon the field gradient H'.



It is greater when the spin wave travels for a longer time
over the cross-over region i.e. when the field gradient is
small. The field gradient depends on the elastic and

magnetic properties of the material.

z.4 [agnetostatic iicde

Bear the vicinity of the turning point, the wave-
length may &cquire & large enough value, depending on the
field gradient, which is comparable with the sample
dimensions. Under such circumstances, the plane wave
dispersion relation ceases to be useful - although still
valid for Fourier components. To deal with such a case, it

is necessary to solve the magnetostatic field equations:
Jurl h =0 (2-4)
div (h +~ 47 m) =60 (2-5)

Where h and m are the rf field and magnetisation; &nd m is
derived from a linearised equation of motion, subject to the-
boundary conditions of magnetostatics; viz.,
(1) That the tangential component of the ff magnetic
field is continuous.
(i1) That the normal component of the induction,
b=h+4%m is continuous.

17
These considerations led Flgtcher and nittel to



determine the dispersion relation of the magnetostatic
wsves in a cylinder, magnetised longituditially. They

grrived at the relsation:
2
2_-1-\05)

e

W = TH +27I™ { (2-6)

wherse: @& 1s the radius of the rod,
M 1is the saturation'magnetisation.
k 1is the wave-number of the magneto-~
static wave.

This relation assumes that the sample is large
enough to ignore exchange, and small enough to neglect
propazgation. The three distinct regions18 of wave
propagation in a magnetised sample are classified as

follows:

a. lagnetostatic Hegion

10<k <10° en-1
It is governed by the boundary conditions.

b. Exchange Dominated or Spin Wgve Regiocn

k >10% em-1
It is determined by the exchange forces.

c. Blectromagnetic Propagation

k<3 emn~!
It is governed by the dielectric property

of the material.

15



CHAPTER III
IHE COUPLING MiCHANISM
3.1 <Choice of the Coupling Mechanism

In this thesis, the main considerations for the
choice of the coupling mechanism were;
(1) Rigidity of structure.
(ii) Efficient coupling.
{iii) <Capability of being oriented pPrecisely in the field
of an electromagnet when set up in a suitable mount.
{iv) 4 structure in which the fragile crystal of YIG
can be placed with little risk of damaging it.
(v) PFlexibility of the coupling parameteré.
(vi) Cheapness in cost, ease of fabrication, and testing.
These considerations led to the design of a strip-
line. Cdoupling and support mechanism are described in the

following secthon.

3.2 Design of the 3trip-line

The planar or fF1at Strip” transmission system has
fundamentally evolved f}bm the coaxial transmission system.
as can be seen from the figure (3-1).

The dominant mode in a balsnced strip-line is a TEM
mode so that the field distribution can be determined

rigorously by conformsal mapping.

16
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FIGURE (3-1)



18

The characteristic impedence for a zero thickness,

perfectly conducting inner strip air filled line, is given
20
by the following exact formulsa

-

(k)

zo = 30 W (3-1)

]

Where: k(k) and k(k') are complete elliptical integrals

of the first kind, angd:

k = sech gfﬁ (3-2)
k'= taph o ¥ (B3 )
&b

21
A family of curves, computed by cohn are shown in figures

(3-2) 8and (3-3) with dimensions W and b as shown. The values

shown are exact for % 0 and are sccurate to within about

1% for other values of %. The attenuation arising from -
copper and dielectric losses is a fraction of a db at 1 Ge.
This loss is negligible when compared to the coupling loss;
and hence, its consideration may bte ignored in the design.

For this investigation, a strip-line was designed
with the following characteristics:

8. A characteristic impedence close to £0 ohms.

b. A plate spacing (total thickness of the line)

of magnitude roughly equal to the length of the

ecrystal, i.e. 0.4 inches.



80

70

t

fe—W—{
LLLE

-—

‘)i

10\0.05

g BB
X

0.5 0.6 0.7 0.8

GRAPH OF Zo VERSUS W/b FOR VARIOUS VALUES OF t/b

1.0

19

2.0

N
b

0.4

0.3

0.2

220 (—

180 ——\0

|
(=]

0 <
—

SWHO °Z > A

100

80

0.1

FIGURE (3-2)



¢. Provision of a good short at the end of the linse tc
provide a large rf magnetic field for efficient

coupling.

3.3 Construction of the 3trip-line

The designed description of the strip-line is shown
in figures (3-2) and (3-3): the components are shown in
figure (c-4). The dielectric material used is a polystyrene
sheet of thickness 1/8 inch, with a dielectric constant of
2,54,

For & line impedence 2zg = 50 ohme, the dimensions
W and t for the given b = 0.28 inch are determined from

the design curves given in figure (3-2) as follows:

JE Z =50 (€, =[2.54 = 50
= 80 ohms

Taking W = .04 inch

% = 0.16

and the curves give

% = 0.4 for zo = 80

t = 0.1 ineh or 130 thou.
Ifhe width and thickness of the ceBter conductor can

be varied, keeping the characteristic impedence at 50 ohms.
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Components of the Strip=line.
FIGURE (3-4)
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A limitation is imposed by the difficulty of pressing copper
uniformly to the thickness of a few thou and then cutting

a uniform strip from it a few thou wide. The parameters
chosen for the line used in experimental work are shown in
figures (3-2), (3-3) and (3-4).

A UG 290/U type connector waes installed on one end
of the strip-line while the other end was shorted by bending
one of the outer conductors. The inner strip was shorted to
the outer conductors at the end of the line by drilling a
small hole in the bent outer conductor, and scldering the
immer strip on it.

For the mounting of the crystal, & hole with a
diameter & few thou larger than 1/8 inch (which is the
diameter of the crystal) was drilled through the outer
conductor and insulator on one side of the line, about
50 thou from the shorted end. Twe such identical lines with
a polyethylene sheet 25 thou thick betwesn them held the
crystal firmly. The center conductor was installed in a slot
drilled in the center of one of the polystyrene sheets as

shown in figure (3-3).

3.4 Testing of the Line

A block diagram is shown in figure (4-5}).
To determine the characteristic impedence, the line was

terminated in a 50 ohm lcad with the short removed.
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1. Modulating Yower Supply

z. Unit Csc

S low Pass

illator

Filter

4. 3Slotted Line

5. 3trip-line lerminated in a 50 Chm load

6. Standing

FIGURI (3-5)

Wave Indicator

Block Diagram for Testing the 3trip-line
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The voltage standing wave ratio was found to be less than

1.1 at 950 Mc/s.

3.5 Coupling of Electromagnetic Energy to the Crystal

The shorted end gives a current maxima i.e. rf
magnetic field is maximum nesr the hole and parallel across
the face of the crystal. The length of the line was made
roughly equal to 10 cm, (in polystyrene, e-=£2.54 and

A = 10 cm in the 890 - 990 Me/s frequency range) to
obtain a maximum absorption of energy. A4 single stub wss
connected to the input line to mateh the energy into the
line. The distance between the center o the matching stub
and center conductor of the line was 10 cm.

Energy is coupled out in a‘similar way, by the
shorted center conductor of the second line facing the other
end of the crystal. (utput energy, generated at the shorted
end sees the characteristic impedence c¢f the line as it

propazates through it; consequently, it requires no

matching stub at the output end.



CHAPTZR IV
DESCRIPTION OF APPARAIUS AND MEASUREMENT

The main aim was to observe and measure the
propagation characteristics of the magnetostatic waves
through the YIG crystal. This involved & study of the time
delay and dispersion characteristics and the associated

losses as a function of the dc magnetic field.

4.1 Apparatus Description

The apparatus was constructed of General nadio
Company's coaxial line equipment. 4 schematic block disgram
of the complete circuit is shown in figure (4-1) with the
description as follows;

a. Unit Fulser

Type No.: 1217-4, General :Hadio Company.
Time Scale (Duration) : 0.2 aasec to 60 wsec/cm.

Pulse Repetition Frequency : 30 c¢/s to 100 k c¢/s.
Gutput : 25 volts positive or negative
Power Supply Attached : 1203-B GRC.
About 0.5 sec positive pulse of repetition rate
l] or 2 k c/s was fed to the modulating power supply

1264-A as an external modulating signal.
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5, Voltmeter Detector 12. local (scillator
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terminated in s
7. Coupling Assembdbly 50 ohm load
14. T-section - one end
gvailable for the
display of input waveform
156. TFole-Tieces of the

3lectromaznet

FIJURE (4-1) Block Diagram of the Complete Assembly
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b. Modulating Power Supply

Type No. : 1264-4 GRC.
Modulstion Used : dxternal
Output : 160 - 210 volts, negative.
Rise and Decay Time - ( 10% - 90% ).
It is less than 1.5 _usec when driving a load
capacitance of 300 pf in shunt with a resistance of
16 kiloohms. A modulating Iinput pulse of about 200 volts
and negative polarity was fed to the U.H.F. unit oscillator.

¢. Unit Oscillstor

Type No. : 1218-a4 GRC.
Frequency : 900 - 2,000 kKe/s.
Tuned circuit : Ad justable lines
Jalibration asccuracy : 1%
Output : About 150 mw in a 50 ohms load.
The output pulse of 99U kc/s or less from the
oscillator is passed through a low-pass filter of 100 Me.
Type 874-F 1000 GRC, Tschebyscheff type. The filtered
output goes into a detector.

d. Detector snd Variable Attenuatér::

(i) Type 874-Vq Voltmeter Detector
It introduces no appreciable discontinuity when
inserted in a 850 ohm coaxial line.
Frequency Range as ilatched Detector:

0.b iie to 2 Ge.



29

nesonant Frequency : About 5.4 Ge.
Maximum Voltage ::2 volts
VSWR : 1.1 at 1 Ge.
érystsl : 1Nz3 B
Bypass capacitance : About 300 pf.

The detected output serves as the triggering pulse
to the Oscilloscope for synchronisation, after it is
passed through a T-section terminated in a 50 ohm load.

A variable attenustor is connscted as the load to the
detector.
(i1} Type 874 - GAL Vdriable attenuator
This is a waveguide-below-cutoff type attenuator.
Absolute attenuation is the sum of insertion loss and
scale reading. It consists of a short couxial
gection, one snd for source and the other for loacd,
and introduces minimum discontinuity when inserted
in a 50 ohm 1line.
calibrated Range = 120 db (helative attenuation)
Insertion loss =33 ¥ 2 db at 1 Ge with
50 ohm termination and
scale set &t O db.
18 * 2 4b with scale st -9 db,
Asccuracy = 1.3% at 50 4ab.

The attenusator was terminated in a 50 ohm load

and the output was connected to the input strip-line through

a 874-D2CL matching stub,



e. Mounting for the Strip-linés

The mounting is shown in figure (4-2). It was
designed and fabricated in the Engineering Horkshop.
The two strip-lines can be mounted by hand so that their
ends (with 1/8 inch hole) approximately face each other.
Strip-line #1 can then be moved precisely in the three
perpendicular directions by the screws #3,4,and 5. A glass
crystal (0.4 inch long: 0.13 inch diasmeter) cut nearly to the
size of the YIG crystal was placed in the hole of the fixed
line #2. lLine f1 was then moved by the precision screws
80 that the exposed hslf of the crystal was covered by the:
hole in it. It was then moved sway in the axial direction
by about 1 cm by screw 3. The glass crystal was then
repPlaced by the YIG crystal around which was a very thin
plastic (about 2 thou thick) to protect its sides from
the metal surfsasce. -~ polyethylene sheet 25 thou thick was
placed between the lines. line #1 was then moved sxially
to cover thé crystal. The whole operastion was carried out
with ﬁtmost care as the YIG crystal is brittle and its
faces are parallel and polished to sn optical quality.
Bven & slight pressure on it can be detw¥imentel to its
quality. The mount was then screwed up to an electromagnet
as shown in figure (4-3), so that the dc field applied is
parallel to the axis of the crystal, i.e. (100) direction.

The mount is moveable about a vertical axis and the strip-
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The coupling mechanism (strip-lines) clamped to the electromagnet with the
mounted probe. '

FIGURE (4-3)
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lines alcong with the crystal can be swung by the horse-shoe

[}
by about *10 . This operation aligns the crystal axis

with the dc¢ magnetic field.

Power for the electromsgnet was supplied by a
regulated dc power supply - Harrison 6289-A. a maximum
field of 1200 Cersteds could be obtained at 1.6 amperes

with a gap of 1.2 inches.

The output power from strip-line #¢ was fed to

the signal end of the mixer described below.

f. Mixer
Type No. : 874-MRL
Operating Frequency Xange : 40 lic to & Ge.
crystal : 1N21 B
Crystal Current : 5 ma (maximum),

0.2 ma (minimum).

Méximum Input from local Oscillator 2 volts

cutoff Frequency of Cutput Pilter : 40 Mc.
Cutput Impedence : 400 ohms
A 2b0 ohm series resistor isolates the signal

circuit from the local oscillator.

g. Local (scillator

itype No. : 1209-B
Frequency hange : 250 to 960 Mc.
Celibration asccuracy : 1%

Output intc £0 Chme Load : 150 nmw.



The output is fed to the 1L.C. end of the mixer.
It is adjusted so that the crystal current is between
0.2 ma and 5 ma, with an intermediate frequency of 30 He
fed to an amplifier.

h. I.P. Amplifier

Type : Stagger tuned.
center frequency : 30 Mc.
Bandwidth : 20 Mec.
.Gain : About 55 db.
Noise Figure : Around 1.2 db.
Ancde Power Supply : Telaa
Filaments were heated by a 6.3y dc from Yarrison
6289-4 dc power supply to keep the noise to a minimum.
The output cf the amplifier is fed to a built-in
demodulator section which detects the initial half-micro
second pulse from the 30 if¢ I.P. 4 cathode follower

section feeds the oscilloscope via 1 3-foot coaxial cable.

i. Csecilloscope

Type Ro. : Tektronix 5856
Time 3ase : Adjustable from .05 /uxsec
to 2 seconds/cm.
Vertical Scale : Aéjuatable from .01 volts
to 20 volts/cm.

Plug-in-type Used : Type 86
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This incorporates & cslibrated high gain
(0.1 — 20 V /em  4C/TC coupled),
fast rise time { 1.5 nano sec) d4c preamplifier. The &ccuracy
desired (variaticn of delay from O to a few ,~ secs. of a
0.5 Msec. input pulse) is covered by the scope's accuracy.

Pigure (4-4) depicts the ccmplete assembly.

4.2 Measuring Technigue

The calibration accuracy of the oscillator 1218-4
was checked, using a slotted line and a Stsuding Wave
Indicator. sccuracy indicated by the curve in figure (4-5)
confirms that the calibration accuracy is within 1%.

The measurement of the dc magnetic field was carried out using
an incremental Gaussmeter, Bell "240",

This Gaussmeter is & precision magnetic flux

measuring instrument and has two main advantsages:
(i} It can measure 4C or DC fields from 100 milligauss
to 20,000 gauss with high accuracy ( 1% ).
(11) It cen measure small changee or increments in
: maénetic flux density. » controlled feedback
arrangement in the mcdel makes it capable of
magnifying 8 small change in field strength by

a factor of 100.

In the 1 kilogauss range, an incremental field of
0.1 gauss could be measured on the meter. This was very

helpful in studying the variation of time-delay with



The Complete Assembly of the Equipment.

FIGURE (4-4)
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increments in magnrnetic field near the critical field region.
The probe was mounted as shown in figure (4-3).

It was ad justed to give maximum deflection in the meter.

Near the critical field, feedback mechanism was operated

s0 that a change of field up to 0.1 gauss could be measured.

The probe was held in a fixed position throughout the

measurements.

4.5 Iime Delay Hessurements

The input pulse was passed through a detector
( Type : 874-VQ ). The detected output was fed to =
T-section ané part of it was utilised to trigger the time-
base of the scope and the rest was available to be
displayed on the scope. The starting point of the input
pulse was chosen at a well defined point, and was held at
that point throughout the study of output wave forms.
Magnetostatic waves were observed and were studied between
the frequencies 890 to 990 Me with a 10 Kc interval.

The quality and delay of the output pulse were
optimised by aligning the crystal axis direction with the
de field, using the precision arrangements om the
mounting as described earlier. The single stub before
strip-line #1 was ad justed for maximum output.

An Oscillo-tracer wus used to plot the waveforms

as- ghown in figure (4-6).
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Plotting of the Waveforms Using the Uscillotracer.

FIGURE (4-6)
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4.4 Attenuation Méasurement

The insertion loss from the input end of strip-
line #1 to the output end of strip-line #2 was measured by
substitution method. The output pulse was observed with
the variable attenuator set at the position of minimum
attenuation. The coupling mechanism (comprising of the two
strip-lines with the crystal in) was then removed from the
circuit and the variable attenuator adjusted to yield the
seme output. The differance between the two attenuator

readings gave the insertion lcss.



CHAPTER V
RESULTS AND DISCUSSION
5.1 Besults |

Yagnetostatic waves were observed when the
externally applied dc magnetic field was in the region
460 - 515 Cersteds for the range of frequencies covered in
this work i.e. 890 -« 990 Mc. All measurements were carried
out at room temperature.

A leakage pulse was observed at the beginning of
the oscilloscope trace at all fields. Near the critical
field, the transmitted pulse became observable, departing
slowly from the leaskage pulse at first and then sharply
a8 the external field is increased by a few Cersteds.

The increased delay is accompanied by an increased pulse
width and attenuation, the delayed pulse disappearing
completely before 2 microseconds delay. & typical
observation is shown in figure (£-1).

The characteristics of these magnetostatic waves
are analysed by plotting the curves of different parameters

as shown in figures (5-2), (5-3), (6-4), (E-5), and (5-6).

£.2 Discussion of Rasults

Recalling the dispersion relation (2--), we have:
\

/o \ 2
“ = THi+2 7§ ug 2:208)
. /

41
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FIGURE (5=1) : Magnetostatic Waves Through the YIG Crystal
At 950 MHz
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.The group velocity is given by:

44

Vg -

2.405
a
1-06 -
or \Vg\ = 55 ( v - f’Hi)é/g (5-1)
Hi is the internal field in the specimen given by:
Hi = Hyue, v Hg + Hy {£-2)
Where; v
Hoyt, = Externally applied dc magnetic field
Hg - Anisotropy field in the specimen
Hd =

Demagnetising field at the given Hgyy¢,

2quation (5-1) implies that an increase in Hi is

accompanied by a decrease of the group velocity and

therefore an increase in the delsy,.

The generation of one or the other kind of magnetic

waves depends on the frequency of operation, magnetic

field developed inside the specimen, the variation of the

field inside the specimen and the coupling efficiency.

For magnetostatic waves,

the coupling efficiency is high
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becsuse of their greater wave-length and small wave number
k ( § z.ba8). Therefore the delay is variable from nearly
zerc to a few microseconds by increasing the applied
magnetic field by a few (ersteds. This was experimentally
observed, confirming that the observed waves were
magnetostatic. The wave number k for these waves is given

by the equation (2-6), viz.:

1 2 ( w- 1w a )2 .

K< (2.405‘ (5-3)
and velocity is given by (5-1).

vgs 1.06 ( w — X Hi)b/z

100
%Where:

Hi = Hext. -+ Ha “+ Hd

For a constant delay, > varies linearly with Hgxt,

if we assume that Hy remains substantially constant over
the frequency and dc magnetic field ranges covered. This

is shown by curves in figure (5-3). The linearity of these
curves implies that curves betwsen incremental extermnal
field and incremental delays for the different frequencies
used should be the same, within the experimental error.
This is eonfirmed hy the curves in figures (5-4) and (5-5).
Curve in figure (£-5) is a typical (for 9560 iic) and average

curve for the frequercy rsnge covered in this wcrk.
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It was explsained in Shapter 2 that magnetic waves
are generated in the neighbourhood of the turning point
wvhere the internal field satisfies the resonance condition
Fi = “Y/X | At a given frequency, both magnetostatic
and exchange dominated spin wave modes exist only below
the resounsnce field Hi = “/u\ . Por the magnetustatic
case it may be seen from the solution of the potential

function "W given by: (8ee appendix 11)
Yin = ata gn TIC /014 )12

elkz gind (b-4)

with symbols as explsined in the aprendix.

&
d Y 5
'—_gz'— l:—klz)"i’
. D DV 4 kf(z) W = 0 (5-5)
cT: (~ = > + z )

Where k%(z) is given by (5-3).The potential function is

related to the rf magnetic field {(and therefore rf
magnetisation) by:
h = — grad Y
considering the z direction which is the direction
of propagation, we see that the rate of change of the

slope _%%:ﬁ_ is —k®(z) . For k* < 0, rate of change
z

of 8lope has the same sign as "V (or rf magnetisation).

Consequently it never goes through zero uas z is increased



and the wave function decays exponentially, W approaches zero
monotonically as z goes to infinity. On the other hand, if ka> 0,
the solution of the wave function is oscillatory. Thus if Y > 0O,
the slope always decreases as z increases, eventually going
through zero; when V¥ < C, the rate of change of siope is positive
so thét Y goes through zero again and becomes positive and

another cycle starts. This shows that magnetostatic waves propagate

when ka > O and since from equation (5-3)

1 = (wYE) (a/2.405)2
K

this implies that for propagating waves (w/¥ ~H) should be
positive i.e. magnetostativ waves travel in the region where the
internal magnetic field is below the value w/34 . The roots of the
equation w:‘{H;_(z) determine the turning points.

These arguments lead one to expect a non-uniform internal
magnetic field with the region of propagation below the wvalue
w/A$l « The device used in the experimental work was a two port type;
therefore, the magnetostatic waves had io progress from one end to
the other in orcder to be detected. Thus we should have an internal
field which is in the neighbourhood of w/{ near the ends of
. the rod and decrgasing towards the center., That is, the shape of

the curve relating K, and z should be concave,
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5.2 Froposition of a Non-uniform Internal Magnetic Field

for the Unsatursted Cass

The magnetic field at which the magnetostatic waves
were observed was in the neighbourhood of 500 Cersteds.
This is much below the saturation vslue of 17850 Cersteds at
room temperature:and consequently we cammot assume that the
magnetisation M is uniformly distributed in the sample and
pointing in the direction of the externsal field.

Strauss “- has made use of Sommerfield's --relation
for the demagnetising field along the axis of a uniformly

axially magnetised cylinder, viz:

Hg = 2 T Mg 1-3
(; $1-2)% + aES 1/2

1+ 2 .
{(lﬁ-z)z-+ a2} 1/2~.‘] (g-6)

Where:

2l Rod length

H

2 = Distance from the conter of the rod

a = Radius of the rod
g = Saturation magnetisation
The external field was greater than 2 W Mg so that (£-5)
is s good aprroximation for the demagnetising field, This
relationship has been arrived at from the differential

equation for the potential function W i; i.e.

v =_gm e — glﬂ 4o (5-17)
r T
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Mn is the normal component of magnetisstion at the surface,
dxr 8and dc are elemental voclume and surface respectively.
When we consider the magnetisation to be uniform;
divid =0

and Un = Llg, the saturation magnetisation.
Under thie condition, relation (£-5) gives the demagnetising
field. The plot for such an internal field is depicted by
the curve in figure (5-§), use being made of the IRM 7040
Computer. The programme is attached at the end. The ccnvex
shape of this curve does not explain the experimental
cbservatione, for which we require a suitable cocncsve shape
as discussed in the previous section. It 1s therefore
proposed that the magnetisation along the z direction of
the specimen is non-uniform and is described by the

following equation :
= (l~zz) + Mn (6-8)
H 1%

This implies thuat t'e magnetisaticn has tec components, one
varying parsabolically along the z éirection of the sample
and the other of constsnt value Mn. ihe maxinum value of

M is the ssturation magnetissticn value of 1750 Cersteds.
The distribution is symmetrical abcut the ceuter of the

rod oving tc the uniformity of the externally spplied

magnetic field =nd ths structure of the specimen.
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The demagnetising field is calculated from equation
(5-8) in two parts, the resultant field being obtained as a
superposition of the two., The constant term in gives a

demagnetising field Hyy ac described in equaticn (5-5), visz,

H . = 27 kn l'f ~ )
a1 K_ (1-2)°+ a‘i 1/z

l + 2z
+ & s‘—- 2 ‘5’9)
fl1+2)% v &) 1/z }

The YIG specimen used in the experimental investigations

had the following constants:

31 = Rod length = 0.402 inch

2a = Diameter of the rod = 0.125 inch
This is shown in curve (£-6). The demagnetising field
owing the first term of (5-8) is as follows:

aiv i = — My 3z
#ith &-5¢€-.°Y for the coordinates of the coint of

integration, and z,p,¢$¢ for the coordinates of the

referance point, equation (5-6) yiélds;
Ml &
4T Y = = 24§ do | (65-10)
D G r
%here:

8 = (z- & )2+ pPapP -2xpSCOS (¢ - )
and: do =9 d¢ d-
On the bar axis p=0 and we cbtain from (5-9) by carrying

out the integrations with respect to ¢ and Y (see appendix 111}
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M, S : 2, 0.2 1/2
= - d% - &) ~\z- 5-
Y = & ig\\(z & +aE \z- &| i{6-11)
1

1

! g & dg 51<z~e.J2+a2}1/2 +
A\J:—"z

212 3

Ha, = H_%[ (2-1:)2-\-&2} 1/2+ {(z +1)%4 32} 1/2_*_ zz-lzix

S g \(z-a )2+a2\1/2 dg, (5-12)
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The modulus symbol || implies that the sign of this
gquare root is to be positive. let us consider the

second term of the equation (5-12), i.e.

1
M )
__11 S (2= & 12+ a2 | /2 q¢
-1
Z
i 2, g2 1/2
:___;S{(z-&)»ras/dg-—
21 7

1
-ﬁl S gf & -z)za—azg 1/2 dg
z

21~
=._El i K?aalog a-(z +1) ,(z+—l)2+-a2 ~{1l-z) J(l-z}2+-az
21% *

-a%log {(z-+l)'+ J(z-+l)2+ azj {J(1-232+-82*(l—20§

a8 derived in appendix 111,
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Substituting in equation (9-12), we get:

Hag - %1 1/2_1 2, gl 1/2 (z +1)84 g2 | 1/2 zB-12
chth )—\' _\_X’ + +.I__

+ R P! 28%log a -{z+1) J(z +1)2 4+ 8
212 2

-(1-2) J(l-z)zﬁ-az -azlog {}z-+l) + JT;i:ETEIQ_EB‘
f1mah + Je e o |

{6-13)

This field is plotted by carrying out the

calculations using IRI! 7040 computer, as shown by the curve

in'}igure (5-7). This has the desired concave shape. The

resultant curve for the proposed demagnetising field,

equation (5-7),:is obtained by superimposing the fislds

obtained froa aquations (5-9) and (H6-13). The components

Mj and My are chosen so that the internal magnetic field

near the ends is in the neighbourhood of &/yy\ and that

the maximum value of ¥; and M, is 1750 Cersteds.

The internsal field Hi is given by equation (85-2):

Hi = Hext."" Ha + Hd

Where : Ha = Hdl + Hd?.
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Considering a typical frequency, say 970 Mc/s,
the delayed pulse begins to appear sat Hext = 485 Cersteds

and -

W _ 346 Cersteds
¥

H :_‘kl for (100) direction
¥q

a

Where k) is the anisotropy constant, equal to - 6 r\loz’erg/cm5
19

for YIG at room temperature and lig is8 the saturation magneties-

ation ( = 140 Cersteds at room temperature).

Hy = =~ 86 Cersteds
Hi = 486 -%G + Hy
= — - 340

¥
H3 = - 53 (ersteds

Por a resultant internal magnetic field to be in the
ne ighbourhood of the above value at the ends,

Mp = 530 Cersteds

My =1220 (Cersteds
These are obtained by making use of equations (5-9) and
(6-13) and their computed curves. Having determined

Mp and Hj, the resultant demagnetising field is plotted
by the equation:

Hy = Hgy + Hgp
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Hd =Hdl+Hd2= £30 l] - 2 + 1+ 2 2]
gt-(],mz*azp/g %l+z)2+aa}%/2.

1220/21[{(2-1)2“2} /2 z+1)2+32}1/3—\-22-12/l]
1220%x0.5/21 Kzaz log & ~(z+1) ﬁm

- (l-z)JFE:;TEIEE--az 10g%}z+1)+-l721175125i}x
%(1-2)—\—J’(m%] (5-14)

This result is plotted in figure (£-8) making use
of the I3 7040 computer, and hence the internal msgnetic
field Hi is plotted making use of the relation (5-2). Ais
discussed earlier, H_, . and «/|¥| are nearly linearly
relsted and so the same curve for demagnetising field
holds for all the frequencies covered in our work.

The time delay U is obtained by integrating the

velocity between the turning points /3 i.e.

| A=z
T = S 2

vg(z) 1is given by the equation (5-1)

vegl(z) _ 1.06 3/2
B 106 {bo"x(Hextﬁ_Ha+f%(zﬁ

6l
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It 18 extremely difficult to integrate this
analytically in closed form. The delay time was computed by
carrying out a numerical integration ( see computer prog. on p.73),
making use of the IBM éouo computer. The computed delay depends
upon the interval de ch;;aen for a set of values for M, and M.
This in turn gives a gquantitative estimate of the region (in the
vieipity 6: the ’t&m'ing' point) in which the wave packet may be
. assumed to originate and then propogate to the other end,

' For an interval ds = 16 cm. ( l.0. k = 2T/ =2 10 cas
for ?\ar :,156 cita - which encompasses the limit for magnetostatic
waﬂééé) the computer caleulation yields a delay of 1.7,Mbeca;.
at M, = 470 & 8 = 1180 with a slope d4H/dz = 700 Os/ecm. at the
turning point ( appendix 1V ) . This delay decreases o 1.4 JeECS
for'n,{=’500 and M = 1150 Oe. When the slopa‘dlldz increases to
825 Oo./em.‘This results oting to a change of about 3 Oersteds
in the external dc magnetic field. The constant component of
magnetisation M, grows with increase in external rield s making
the slope of the curve for the 1nterna1 magnetic field more

gradual, and is accomyhnibd by an increase in the delay,
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CHAPTER VI
CONCIUSIONS

The low magnetic loss of single crystal Yttrium
Iron Garnet allows wave propagation tc take place at
microwave frequencies within the crystal by mesasns of
magnetic waves, at room temperatures. a convenient meéthod
to excite such waves exists in the non uniformity of |
the demagnetising field of a non-ellipsoidal sample.

Zxperiments have been perfcrmed on a cylindrical
YIG crystal sample 0.40z ineh long, and 0.126 inch
dlameter. A strip line, two port-transmission type
coupling assembly was designed and fabricated to excite
magnetoatstic waves in the sample. s suitable mount wsas
also designed to hold the coupling assembly so that the
YIG crystal could be oriented precisely in sn exterunsl
magnetic field.

Magnetostatic waves of frequency of 950 MHz
were observed to "ropagate when the external magnetic
field was in the neighbourhood of 500 Cersteds. The
YIG sample was magnetised axially along the (100)
direction and at room temperature. The time delay for
these waves to propagate through the crystal varied from

nearly zero to less than two microseconds for a field
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variation of 4 (Cersteds.

A8 discussed in chapter &, section £.2 these
waves require a concave shape for the internsl magnetic
field in order to propagate in the transmission type
device used. 4Also the value of the applied dc magnetic
field at which the magnetostatic waves were observed,
(i.e. 500 Cersteds) is much below the Satur;tion value
of 1750 Cersteds for YIG at room temperaturs.

A non-uniform distribution of magnetisation is
therefore proposed for the unsatursated sample to explain
the excitation, propagsation and delay of the magnetostatic
waves at the observed frequencies and the applied dc
magnetic fields. 1t is assumed that the magnetisation
has two components in the direction of.the applied field,
one which is uniform alonz the length of the sample and
the other varying parabolicsaslly. This extends the
hitherto simplified relation used by Strauss etc.
which relates the potential function with magnetissation,

viz.,

~y ;_Xg_z_;.ai av - gr-_x.r% do
fs described in chapter £, section 5.3.
For uniform magnetisétion. div ¥ = 0 and only lin contributes
to the potential. However, in the proposed magnetisation,

both tpe terms contribute to the potential function.



66

In quéiitative terms this variation is feasible if we
agsume that the rf magnetic field at the ends maxes the
distribution of domains more in a random fashion
compared with those at the center of the specimen so
that the net magnetisation tends to be higher in the
center. This model gives a field distribution with a
value of ,Ln/i at ends and concave shape within the
sample to enable wave propagsation to take place.

It also infers that the internal magnetic field sand
therefore the wave propagation woulé be a function of
the applied rf field mand this s=spect is worthy of
further experimental work.

The time delay for waves in this proposed field
was computed by carrying out numerical integration
using an 1B 7040 Computer, and agrees with the
experimental results., This computation has shown that
most of the delay is confined to the en¢ rzgions where

®/¢ =W is very mearly equal to the internal maguetic
field: about 98% of delay occurs over 2% of the rod
length. This indicates that the delay charscteristics
of the magnetostatic waves will be practically
independent of the rod length, assuming a similar internal
field distribution.

A8 discussed in chapter 2 the time delsy of prop-

agating waves depends cn the value of their wave vector k
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which lies within the range:
k « 10 for electromagnetic wave propagation,
10 < k <_105 for magnetostatic waves,
k > 105- for exchange dominated spin waves,

To obtain long time delays with magnetostatic waves, it is
advantageous to provide a more gradual slope for the demagnetising
field. As most of the delay is confined near the ends of the crystal,
modification of the crystal structure near the end surfaces may
provide a means to achieve this, Alternatively, for long time delays,
spin wave propagation should be utilized or the propagation
characteristics of lower frequencies be investigated. However, for
spin wave propagation, the coupling mechanism has to be very
efficient as electromagnetic energy with wavelength in the cnm. range
has to be converted to spin wavelengths which are in the micron
range. Moreover, crystal imperfections and dislocations have to be
much smaller compared to the spin wavelengths involved to keep the
scattering to a minimum. In our experimental set up, only
magnetostatic waves were observed. To observe spin waves, a more
efficient coupling system with a possible provision for the
rotation of the crystal with respect to the coupling loops is

desirable.
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APPENDIX I
The macroscople equation of motion for spinning electrons is

-%%— - 1’ ( ¥~H) where
M = magnetisation vector at a point ( magnetic moment per unit volume )
and is equal to
Mo M4+ m
H';: vector sunm of all the magnetic fields seen by the spinning
electrons and is equal to |
H=H+h S
n., lh,e,arise because of the rf magnetic field ( applied
perpendicular to the sample ) :
 h=Rexp. i (wt+ Rr)
e=& exp. 1 ( wt+ Kor)

m = i, axp. 4 ( wt + K.r )

The exchange energy density 1s taken as- 1/2 B N (r)\z
Anisotropy energy for the time being is ignored. The internal de
magnetic fﬁqid is along the s - direction, assumed to be uniform ,

Neglecting any loss term , the squation of motion has the form

i,p‘Mc/\(h-B E.Em )—HL/\mé

68
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From the Maxwell's equations
curl E = -1/c B/dt

- — o
curl E = J + o
: >t We have

69

curl [eexp.i(wti-i.?)l = -g(h+hﬂm)iexp.i(wb+l_£.i’)

VA(A¢)-¢(VAA)+°(V¢)/\A

therefore, L. H. S, = exp i (wt + k.p.) Ly ~el +V { exp, 1wt + fc’.?)}(\e

—

= 0+exp. 1 (wt+ k¥ )] PN

“kne
similarily
—
kAnh = w ¢ @
c
eliminating e we have
(kh )k -(kk )nh= -w S(h+4mm)
c"

The equations of motion have solutlons

T w +H,_ 4+ MoB(fE.f)} mt = M_h’
- ¥

z
A2l = O

The characteristic equation 1is now found by eliminating h m

betwaen (A-1) and (A-2) which is

1
§+Ed

y

4 i,

¥

(a1)

(a2)

+ 1 [gi,i’-ki)e+ ngas(?.i)) -x:J
2 T

- > z — LR 7
+1 Lgk,k-k.) t! +H. +MB (k.k)-ko)-c (A=3)
2 LT

huM

ﬂherekt = (w/e" )€

In the absence of propogation effects , k = 0 and it follows from (A-3)


http:elimi.na
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2 - = S LS A
(w/r) = (H_+MB k.k)[(HL+M_Bk.k+hﬂH(k_\ + K, )
. *
This may be written in the form
(wAr) = (H+DE ) (H+DK +4ul (Ko + k3 )/ K

K =k +k3 +k,
D = ¥ B = a phenomsnological constent , ¥ being
the saturat ion magnetisation and B (positive in ferro- ferrimagnetic

mediun) and B is a phencmenological quantity .



APPENDIX II
Neglecting electromagnetiec propogation ,
curl h = 0O
This implies a scalar magnetic potential ~V , where
h= Y7y
Also divb = div(h+4nam)=0
V'Y +40v m=0

Thersfore, ( 1+ K )[ 3y + 3}] + Dy  =.0 inside the sample

At vyt Rzt
Ty + DY + Dy =0 outside the sample
AT DT dz* -

Following Fletcher and Kittel!s approach , this scalar potentiel
function Y has solutions in eylindrical coordinates as

(e m)”L

Voure & HS (ikp) exp.(iks) exp(ing)

™ in= A Jn|ike } exp.(i k z) exp. (i n )

M

Aa!

vhere H is a Hankel functionj here

X= M, H
HSB = (w/Y)?
In the short-wavelsngth limit k¢ >>1 we may approximate the Hankel
funetion by |
(" vz
H, (dkp)c(kpr) - L. axp. (<k¢)
80 that

Four = A (k§ )4'1 -~ . exp. (~ks) exp.(inf)exp,(ike)

The boundar y condition on the continulty of the tangential component
of H at the surface © = R 13 satisfied provided
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s

A J{_@L ] = 4, (kR) — % exp.(-kR )
@ + K2

(1)
The boundary condition on the normal camponentof B is
(1+0) (= )= @V/R) ( PVufop = P%w/2p @)
where
NV = M (w
H - (w/Y

From (2) we have , for kR »1,
A3 (1) [ e/ (4K)™) 9, (R /(1))

+n 0/ B) 3. [0/ (WY Jfm b () ep. (AR B
Cambining (1) and (3) ,

1 (1K) (34 JIn )= <1 ~(n? /kR) (4)

This is the characteristic equation , where the argument of the Bessel
function is ikR / (1+K)U2 .

For excitation by an interaction vhich is uniform across the specimen we
may set n=1, We set

(weyH. )= ¢
I Y

For kR >> 1 , it is seen that € <<1j then

K =xJd = —-\2e

and (4) becomes , for n=1, with x= (2¢)'* kR,

3 (x) /7, (x) = -1/,
which may be reduced to

J.(x) =0

The three lowest roots are x = 2,405 ; 5.520 ; and 8.654 j the lowest
corresponding eigenfrequency is

w = YH +207M (2.405/kR)2
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APPENDIX 1V

For the constant component M,

8= 0, SH“ + 1+z -2?
e Tooew |
& -2 a J z) +a J ' ‘
aF 1-2) 1 1+z) 1 7
9 = 9-5 M TL_éfv 2 z L= T_lr T N iz i
dz k' “&1_3 +27 [T (Iez)*+ & "~ {1+2) +a S {(Tezy +a=""

- 3,14 M, for 1=z, a=0,15875 cm,, 1= 0.5105 cm.

For the varying component M,

H = 0.25 ¥, /1° rZa‘a log a-(z+1) VGI{F + a2 - (1-2) J(1-2)2 + &2

- a2 log i(z-*l) + ,!(z‘l'l)‘2 + a\‘2 3 m + (l-z)}

2 2
a8 2] _zfz=1) + a- _ z(z+l) + a
p = 0Oe¢5 H/ 1 { > > iz > > "7_+ 2z

z (z-1)° + a %(z*-l) + ag

= 0,65 M, for z=1 and values of a and 1 as used above.

Hence the slope dH/dz of the internal magnetic field
with the proposed variation of magnetisation is

dad
dz

0.65M, - 3.14 M,

i

- 700 Oe/cm. for M. = 470 and ¥ = 1180

- 825 Oe/cm, for M, = 500 and M, = 1150
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EIBFTC
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C ViITH PARABOLIC VARIATION OF (FACHETISA
REAL L
£=Ual15875
L=Ue5105
AA=ARA
PRINT 4
4 FORFAT(1OXs2UHDISTANCE FROUM CENTREs 10Xe22HLUEMAG CUEFF-CUHNSTANT i)
110X 23HDEMAG COEFF=PARAROLIC “///7)
/= el
2 Z21=7-L
22=217\<‘Z1+A/\
Z2R=5CRT(Z22)
ZA=7+L
IR=Z2A%ZA+AA
ZER=SNRT(Z7)
77=72R4ZRR+{(7%7-L*¥L)/Nae5105
Cl={(Z+L)#ZBR
C2={L-Z)%Z2R
C3=Z+L+7Z"RR
C3L=ALOG(C3)
Ch=L—-2+22R
C4lL=ALOG(CH)
CC=(2aUHARAYHALDGC(AY=CT1-C2=AARCAL~AARCLL
HS=U e BH 100 ew# ((L=2)/72R+(L+2)/L3R=247)
HR=1UD4UN(ZZ/L+CC/ (26711
PRINT 1s Zs HSs HR
1 FORMATI(15Xs Fluebhs 22XeF1,5s 25XeF10De5/)
7=7+Ue25
[IF(ZeGTe wel) GO TO 3
GO TO 2
2 STOP
END

T

OGN {CONSTANT == ) AND

Cl1=-2*Z2/0L*L))

1
s
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REAL L
F=2eU%*3,1416%970eECH
G=1le76EL7
Tl=Ueb637TE=-0T
A=U,415875
L:\;‘o51'-"5
AA=AH*A
FF=(2s0%AA)FALOG(A)
PRINT ¢4
4 FORMAT(I0Xe20HDISTANCE FRIOM CENTRE$10Xe19HDEMAGNETISING FIEZLD
110X e 14HINTERNAL FIELDs 10X s8HVELOCTITY s 1CXs 10OHTIME DELAY///Y/)
Z=0Ua49616
2 Z1=L-7
Z2=21%721+AA
Z2R=SGRT(Z22)
ZA=Z+1
IB=ZA%ZA+AA
ZBR=SQORT(Z21})
272=22R+ZBR=(Z1%2A)/0e51L5
Cl=2A%Z8BR
C2=21%22R
C3=Z2A+7Z2R
C3L=ALOG(C3)
C4=21+72R
Cal=ALOGICH)
CC=FF-C1-C2=-A"A*CA2L=-AA%C4LL
HR=116540%(Z2Z2/L+CC/Ga521220.5)
HS=243 4 # (21 /Z2R+ZA/ZHR=2e 1)
HD=HS+HR
HI=3G2 4 C+HD
F1=ABS(F=G%HT)
V=]leUE#(FI1#%145)/1eF A
Tl=a00GGL1/V+T]
Z2=7+Jeuiul
IF (Ze GTae U a49632) GO TO 3

1 PRINT 8s Zs HDw HIs Vo T1

8 FORMAT{15XsF1Uehs 2UXsF1Cabe]16XeF10ehe12XsE12e/97 XesE1066)
GO To 2

3 STOP
FND

RY

YS

ch TOT CC46
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