&
&
N ;s
W
o
K
'
g
o i
o |
k)
'l
"
No?
v/

@

ot
e
w2y,

hesis {or

5
[+
-

(g
8]
(o

e



:

(U lIHllHIIIIU\MIIIIHII

, 3 1293 01771 190

This is to certify that the
thesis entitled

presented by

? M.(/ /]o--&—. /K—- f’/'vl-.

has been accepted towards fulfillment
"of the requirements for

W ar A5 v degree in Bg_‘_&.{

&L%_&k
Majo 7 professor

Date_7/7ax / /255~

Q-169



THE TEMPRRATURL DEPENDENCE OF THE
FERROMAGNETIC RESONsANCE
LINE WIDTH IN
ELECTRUPLAT:D COBALT

by
David Lyman Kingston

A THESIS
Submitted to the School of Graduate Studies of Michigan
State College of Agriculture and Applied Science
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Physics
1955



L ATee A, —~ A T
SCILICVLEDGEENNIT

The author vis oo to cxtend lLils decrest protitude to
Dr. Robert D. Sncnce wino directed this rescurch. IHis ad-
vice, helpful suggestions, ~nd continuecd interest made the
vork very cnjoyable.

The nuthor r~lso wishes to thank Wolter G. Moyer who

worked side by cide with him for mony months.

J506¢

N
(5]



TIZ TEUPRRATURE DETEINDEICT OF TIZ
FZRROMAGIETIC RISOMAIICE LIIE
WIDTH IN ZLECTRCTLATED COZALT

by
David Lymon Kingston

Al ABSTRACT

Submitted to the School of Graduate Studles of IZichlgan

State College of Zgriculture and Applied Sclence

in portlal fulfillment of the requirements

for the degree of

MASTER OF SCIENCE

Dencortment of Physics

1955

A

'3

proved y %&.&



Dovid L. Hingston
Thesis Abstraoct

Thls thesls renorts a study of the temnercture demendence
of the ferromcgnetic reconznce line wildth in electronloted
cobalte At a frequency of 9300 megacycles per seconds, the
resonance was found ct fields between 400 and 5CO gouss, devmend-
ing on the tempmercture. The resononce line width in electro-
vlated cobclt 1s much broader thon thoet found in electronl-ted

nicliel =2nd considerably dbrocder tion that found 1in electronlat-

ed irone. The line width moy be exuvressed in terms of o reciv-
roczl relaxotion time,'l/Te. The volue of 1/T2 ig 31 x 109

-1 -
seconds at room-temnercture, decrecses to 17 x 109 seconds 1

ot 300 degrees centlrade cnd remcing necrly constont un to
600 degrees centigrode which was the highest temvercture at
winlch data were taken. Thils 1s to be constrasted with the
behavior of electronlated niclzel aond for electrovlated iron.
For niclel, l/T2 1s 3.1 x 109 seconds"l at room temperature
end renclns folrly constant up to 250 degrees centigreodies

At this voint 1t ralses very sheornly and rcaches o value of
5.9 X 109 seconds-l ot 37C degrees centigrads which 1s the
Curile temmercture for nickels For electronlatcd iron, l/T2,

1

c -
ot room temweresture, 1s 15 x 107 seconds ~« It decrecses

nearly linearly to 7 x= 109 seconds-l 2t 600 degrecs centicrade.
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THE TEMPERATURL DEPENDLNCE OF THE FERRUMAGNETIC
RESONANCE LINE WIDTH IN WLECTROPLATED COBaLT

I. INTROUDUCTIUN

Ferromagnetic rescnance was discovered by Griffiths’
in 1946. In his experiment a thin film of ferromugnetic
material was placed on one end of a cylindrical microwave
resonant cavity. An external magnetic field was applied
parallel to the surface of the film. With a constaent mi-
crowave magnetic fleld of fixed frequency parallel to tne
film, but perpendicular to the applied field, it was
found that a maximum power &absorption cccured for a par-
ticular value of the external field.

In 1948 Kip and Arnold2 invectigated the ferromagnetic
resonance in an iron single crystal as a function of the
orientation of the crystsl in the applied field. The tem-
perature dependence of the width was first examlned by

3

Bloerbergen” who worked +ith polycrystalline nickel and
supermalloy. His work on the temperature dependence of
the line wldth wuas extended by Hee.lyl+ who studlied ferro-
magnetic resonance of nickel ferrite as a function of

5

temperature. In 1953 Spence” and Cowen6 examined the
temperature dependence of the resonance line width in
single crystuale of iron and nickel, and electroplated iron

and nickel.



A ferromagnetic may be visuallzed as consisting of a
great number of electron spin magnetic moments coupled to-
gether by exchange forces to give a resultant magnetic
moment. If the applied magnetic field and the r-f fleld
have the correct magnitude and orientation, the ferrom&gnetic
will absorb energy from the r-f field. Quantum mechanically
the applied magnetic field splits the degenerate energy
levels into a set of Zeeman levels designated by the magnetic
quantum numbers mg. If the selection rule Z&n%==i [ is
satistied, the r-f field can induce transitions between these
levels. 8Since the most populated level is the lowest energy
level the result is an absorption of energy from the r-f
field. The absorption continues because the spins give up
energy to the crystalline lattlice tending to maintain an
excess of electrons in the lower state.

At the present time it appeurs that a satisfactory the-
oretical explanstion of the temperature dependence of the
line width has not been given. Bloembergen presented a
means of representing the 1ine width by using spinsplin re-
laxation tines and spin-lattice relaszation times, Kittel

7

and Abrahames’ calculated the temperature dependence of the

spin-lattice relaxation. No calculation of the dependence
¢f spin-spin relaxation times have been made. It is a com-

mon belief that the spin-spin terms make the major contribut-

g

ion to the line width. Kittel and Abrahams  have suggested



that at temperatures below one-helf tre Curie temperature
the spin=spin tcrms predominate, and above one-half the

Curie temperature the spin-lattice terms predominate.



II. THEOURY

A. FERROMAGNETIC RESONANCE ABSURPTICUN

IN AN ISOTRUPIC MEDIUM

A thin sheet of ferromagnetic material, lying in the

Xy plane, 1s subjected to a static mugnetic field in the

z direction and a r-f fleld in the x direction. The mag-

netization will consist of a large constant component, M,
and a varying M, and M,. The magnetization M and the total
angular momentum J are related by
M=YJ (1)

where Y the magneto-mechanical ratio is

_ _ge
Y= amTmc
g 18 the spectroscopic splitting factor, e is the charge of
the electron, m is the mass cf electron, c is the velocity

of light. The classical equations of mction are,

dMyy - m M ,
dfxy—y[MXHeff]xy_ —TK:L , (2a)
____z —3 — ———————

dt y[M X Heff]z Ty (2p)

In the case of an 1sotroplc ferromagnetic material

M X Heff 1s the totsl torque. H, .. 1s the effective field

inside the material, and is given by



-— _ -_— bl 2—
Heff - HeXT —nyZM+ Honis+ OV M [ (3)

where N, is the demagnetizaticn factor. The third term

yz
on the right of equation (3) is due to ferromagnetic anis-
tropy. 8ince, in this case, the medium is isotropic (see
appendix) this term will be dropped. The last term on the
right 1s due to exchange interactions. The exchange efrects9
will be small for pure metals such as cobalt in the temper-
ature range in question. 8ince this term will have little
effect on the eftective field, it will Dbe dropped.

The damping terms in equations (2) involve Tl and T,.
Tl is the spin-lattice relaxation time, and T2 is the rel-
axation tire for all effects disturbing the spln system from
within. T, and T2 may depend on the frequency of the applied
fileld and on the temperature. In general Tl and T, are not
equal,

3

Following Bloembergen” we obtain expressions ror the

ferromagnetic frequency permeabllity and resonant frequency.

A solution of equations (2) can be obtained by letting

M =Mx eKUt. Combining equations (2), (3) and

Xy y

ext iwt ext_ ext _
Hy =He » Hy =0, H; =H,, (4)

we get expressions for Mx, My, and Mz. In these calculations
terms involving products such as MxMy, which are small (see
figure 1) are dropped. Letting M, = M,, the lust term of

5



FIGURE | MOTION OF THE MAGNETIZATION VECTOR
IN FERROMAGNETIC RESONANCE

6



equation (2b) becomes zero. Hence Tl drops out of the final

equations., Using the relation for the susceptibility,

pot=p =i, = 2R (5)

where H1 18 the r-f magnetic fileld, we get
2 2
4Ty M0£H0+(NY—NZ)M0](wo— w?)
2 _ 2,2 4We >
(W —w )+ /4

+ 1, ,
(6)

Hi
2 2w
- 4y Mo[}-lo+(Ny—Nz)Mol /1,
2 “Uo"(ﬂz) + 4&?&5 ! (7)

2
where Wy the resonunt frequency is

ws = 72[H0 + (N, - NZ)MO] [Ho+ (Ny - NZ)MO]+ T

Tz i1s the quantity to be evaluated in this experiment.

(8)



B. THEURY VF THE USE
OF THE RESONaANT CAVITY

A microwave resonant cavity i1s a dlelectric filled re-
glon completely surrounded by conduction walls, except for
an iris which couples the cavity to the rest of the micro-
wave system. The boundary conditions are satisfied by par-
ticular configurations and frequencles cf electromagnetic
field solutions. These normal modes correspond to the res-
onant frequencies of the cavity. In this experim-nt we ure
interested only in those which have linear dimensions of the
cavity of the crder of the wave length in the wave guide.

For convenlence, the cavity may be represented by an
equivalent circult made up of lumped elements. The cavity
and coupling iris may be replaced by parallel resonant cir-
cuit which 18 coupled to the transmission line by a trans-

former (see figure 2)

T
38 | 1

FIGURE 2. EQUIVALENT CIRCUIT OF RESONANT CAVITY




It 18 assumed that the traunsmlsesion line 18 terminated by
i1ts characteristic impedance Zo and the line sees un effect-
ive resistance R. The turns ratio of the transformer 1s n.
It 1s assumed that no energy is lost in the transformer.

With the cavity at resonance, conservation of energy

glves
VAR '
R R (9)
hence
R' = nzl? .
and (10)
2
Zo— n Z,
The absorbed power is then
2 2
LoV v v 1+ T%)
a - R T R - R ‘ ! (||)
where f’, the voltuge reflection coefficient, 1is
_ M
I Vi (12)
At cavity resonance
[-R=Z
R+Z, ° (13)
and
Zo -1 =1
R 1+T (14)



v 2, W 2 v Vi
Po——RL(|+F )—-‘Z"o(l F ), P| Zo ] e ZoI-‘ ]

(15)
where Py and P, are the incldent power and the reflected
power. They are relsted to the absorbed power by

R =R-F

(16)

At resonance, the reflection coefficlent Iﬂ is real
and may be positive or negative since R and i, &re real,
1/p 1s a measure of the coupling between the gulde and the
cavity. In this experiment all the data was taken with an
undercoupl«d cavity. Therefore only the cuse of tne under-
coupled cavity will be consldered.

For the undercoupled case, 1/n 18 small compared to

Z,/R', I 1s negative and V., is negutive. Thus

mex =TV (17)
Voin = VitV
The voltage standing wave ratio is
Ve _ M=V, _1=T _ z,
P™Van ~ Vi+V, 1+ T R (18)

The Q of the cavity will now be defined and related
to quantities which can be measured, namely p, |Iw y Pr.
The totaul Q is

10



energy stored in cavity

= r 3
Q 2 total energy lost per pe”Od (19)

The total losses of the cavity are made up of the 1losses
of the unloaded cavity and the external losses. These
losses are . roportional to the reciprocals of the total Qg

unloaded Qu and the external Qe, respectively.

| | |
—_ = = 4 = )
Q, Qy Q, (20)

The unlcouaded Q; 18 rade up of ull of the losses in the
cavity proper, Qe the losses 1n the copper walls of the
cavity &nd Qrep, losses in the ferromagnetic sample. The

external Q, is the energy lost by the cuvity to the gulde.

(21)
The Qfep, 18 due to the magnetlc losses in the sample, and

losses due to eddy current and dielectric losses. However,
the magnetic losses in the cample are predominate.

The fundamental quantity measured in a ferromagnetic re-
sonance experiment is the rutio of the external Qg to the

unloaded Qu. This 18 defined as

Q _ _ 1+T
QQ P T =T

(S& [[ Hd omp,e jf H cr““s e
(ﬂ-f“ dT )uor of covity (23)

11

(22)




where

N

Therefore we can express the ratio Qe to Qu as

Q.

Q. S AJE+B .

(24)
Experimentally & quantity p, which i8 proportional to

reflected power, is measured.

2
p=ch =cl[l R .

(25)
This equaticn assumes that the amplifier used is linear.
Therefore
]
r - 2%
Q
where

a = ~/cP,

Q@ may be determined by measuring the standing wave ratio

P &t one value of p. Fcr the undercoupled cuse

_ 1+ 10

I =Tl (26)
In the case of an overcoupled cavity f) is the sume as above,
|I1 = ﬁB_:;L ,
P+l (27)

Then

(28)

12



Hence

(29)
T
_a+
LA (30)
a + pé—
= o _ T
a — pez (31)

where A and B involve Q,c and Qu and are constants for a
glven cavity at a given temperature. Thus, a quantity pro-
portional to the effective permeabllity can be obtained from

measurrents made on the cavity.

13



III. EXPERIMENTAL APPARATUS aND PRUOCEDURE
A, MICROWAVE APPARATUS

The apparatus is the conventlional microwave apparatus
as shown in the block dlaegram (Figure 4). The klystron is
a 723AB low power oscillator operating at about 9000 megu-
cycles per second. It is modulated with a 1000 cycles per
second square wave which, along with necessary DC voltages,
18 i1solated from the load by & flap attenuator. The klystron
and attenuator are matched with a Hewlett-Packard E-H tuner
to the H-arm of a magic T. The E-arm is matched with another
E-H tuner. The output of the matched detector is read on a
Browning TAA-16 twin-tee tuned amplifier peaked to match
the frequency of the square wave. The two side arm of the
T feed the energy to & matched load coupled to one arm and
through a standing wave detector to the resonant cavity,
coupled to the othef arm. Energy from the klystron 1s coup-
led into the two side arms but not into the E-arm of the T.
That portion of the energy which goes into the arm with the
matched lozd is completely absorbed. The portion which goes
in to the arm with the cavity 18 reflected from the cavity
and partially coupled into the E-arm. Only power that is re-
flected from the cavity goes into the E-arm. This is the
power that is measured by the detector, and the meter read-
ing 18 proportional to this reflected power. The mutching
devices prevent any multiple reflections in any of the arms

of the T. The overall matching of the system is to a volt-
14



FIGURE 3 APPARATUS
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age standing wave ratio of abcut 1.05 except in the arm con-
taining the resonant cavity. 1In this arm, the standing wave
ratio 18 determined by the type of cavity used. A mica win-
dow was cemented in the guilde to prevent leak&ége of the hy-
drogen gas which was used as a reducing atmosphere. The
mica introduced so little reflection that it was not necess-
ary to match these reflections out.

The resonant cavity used waus three half wave lengths
long. It was coupled to the gulde with a symmetrically
placed circular iris. An iris wlth & dlameter less than
5/16 inch resulted in an undercoupled cavity. An undercoup-
led cavity was used throughout the experiment. The cavity
was assembled with silver solder. Silver solder was used
because of its high melting point. Oxidation was removed
from inside the guide by polishing with & fine grade of
carborundum and then washed with a 10% solution of nitric
acid.

The sample wus plated on a brass disks (copper disks were
also used). The disk was then silver soldered on the end
of the cavity, thus completing the cavity. The preparation

of the sample will be discussed later,

17
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B. HEATING THE SAMPLE

The heating coil nad resistance of approximately 9
ohms and was fabricated of .112 inch by .005 inch Nichrome
ribbon wound on the cavity in & non-inductive manner. The
coll was operated on AC supplied by a Variac. The coil wus
wound on a layer of asbestos on the cavity and was held in
place by a layer of buked potters clay. An insulating layer
of glass wool was wrapped on the clay; Tnis oven was cap-
able of temperatures up tc 800 degrees centigrade with a
power input of 500 watts. The temperature was measured with
a callibrated Chromel-Alumel thermocouple inserted in disk on
which the sample was plated. Thus making 1t possible to
read the temperature at a point adjacent to the sample. The

5

thermocouple was checked by Cowen” and was found to be accur-
ate to 2 degrees centigrade from room temperature up through
the range needed. The cutput of the thermocouple was read

on a Leeds and Northrup typre K potentiometer. The hydrcgen
ga8 in the cavity prevented oxidation of the sample at high
temperatures. The gas entered above the cavity and passed
out the bottom where it was burned. A water cooled section

of the gulde was placed above the cavity to prevent excessive

heating of the rest of the mlcrowave apparatus.

19



C. MAGNET

The magnet was constructed on SAE 1020 low carbon steel
in the form of a square box 22 inches by 22 inches by 9 inches.
The sides of the box which are 3% inches thick were machined
and bolted together with # inch bolts. The pole pleces are
7 inches in diameter. They were machined to¢ slip fit holes
bored in the box, and were threaded and held in place with
retaining rings 1 inch thick. Because the ferromagnetic res-
onance line is very wide no speclial treatment of pole faces
to insure a homogeneous field was undertaken. The copper
wire used in the winding was .072 inchee square formvar 1in-
sulated wire which was wound on four copper bobbins. The
bobbins were made of 3/16 inch thick copper sheet and were
designed so that the finiehed spool was 15 inches in diameter
and 1 3/4 inches thick. Each coll haud a resistance of approx-
lmately 5 ohms. The wire was insulated from the bobbin with
& layer of .010 inch asbestos paper. After winding, the coils
were dipped in formvar and wrapped in linen. The two coils
on each pole were connected in series. The windings on one
pole were connected on parallel with those on the other pole.
The magnet was cooled with 6 water coils made of 4 inch squuare
copper tubing. It was found that the magnet itself did not
heat up to any great extent. However, the ccoling was nec-
essary because of the high temperature to which the cavity
was heated. The power source was & bank of 12 maurine batter-

ies with a 300 ampere hour capacity. The magnet was control-

20



led with a water cooled rheostat. The current was read on
a Westinghouse Type PX-U4 ammeter to an accuracy of approx-
imately 25 milliemperes in the range 0-5 amperes. 8ince the
hysterysis of the magnet is approximately 65 guuss, care
was taken in always taking readings with increasing current.
The magnet was culibrated with a Sensitive Research Cbmpany

model F. M. fluxmeter,

D. PREPARATIUN OF SAMPLE

The cobalt was plated on brass and copper disks. The
disks measured 1 1/4 inches in diameter by 1/8 inch thick.
The disks were rollished with various grades of emery paper.
The final polish was done with Jewelers rouge until & near
mirror finlsh was obtalned. After polishing, the disks were
thoroughly cleaned, first by washing with a detergent and
then electrolytically in a special cieaning solution. The
cleaning solution consisted of 23 grams of sodium carbonuate,
23 grams of sodium triphosphate, 15 grams of sodium hydroxide,
and 8 grams sodlum meta silicate dissolved in cne liter of
water. The sample to be cleaned was used as cathode. The
current denslity used was of the order of 5 amperes per square
inch. The disks were then plated in a solution containing
cobualt sulphate, magnesium sulphate and ammonium sulphate.
The current density used was .012 amperes per square inch.
Oxidation at room temperature was unimportant with cobalt

plates. For this reason it was possible to plate several

21
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samples at one time and then store them. It was not neces-
sary to polish the sample after plating. A bright plate
wag relatively easy to obtain. The sumples were then ready
to be silver soldered to the guide to form the resonant
cavity. Hydrogen gas wus used as a reducing atmosphere in

the soldering process.

23



IV. REDUCTIUN OF DaTa

It is desirable to construct a quent ity wiicl deperds
on fL but does not involve trhe unknown constants of equation
(31), namely A and B. By so doing we can eliminate the

evaluation of these constunts. Rewriting equation (31)
[}

a+p?
AJu +B=2E+° .
Vi a - pz (31)

Let [ ., be the value of [ at ferromugnetic resonance.

Equation (31) becomes
L
a+pk
A +B = ———§ .
/'Lfes a — pf (32)

res
At very large values of HO,/L should equal unity.
Hence
4
a + pl
—
a — p2 (33)
Combining equations (3l), (32), and (33) we get,
L L |
-1 2 _ 2 7
R = «//I_ - - (pl pi.,)(a p,?)
Va2 e RE/NA ~ p2 (34)

R involves only equantities which can be measured directly.

A+ B =

It can easily be determined as a function of Hu. Next it
must be shown that l/T2 can be found from R (H,). The me-
thod employed to find l/T2 18 approximate. The exact method
18 considerable more tedious. Although the method is approx-
imate 1ts accuracy may well be within the 1limits imposed by

the fundamental data,

24



Let Hoé and Hu% be two values of Hu such that

2 2 2w S

Po T W T Ho = Moy (35)
2 2 _ _ 2w, = u- .

w, - w = T, + Ho Ho% (36)

From equations (8) it can be seen that HS% and Haé are

solutions of

2 2 -
Ho'? - Hores.+ 277(Ho'?— Hore) te=0 ! (37)
where
2m = (N, + Ny — 2N, M, 38)
and
c - 2w
2
Yy %
Then
. z
Hol2 + n= [(Hores+ 77) + 6'] ! (39)
and
— 2 %
oy TN [(H°'°S+ n - 6] ' (40)
we define the line width as
— + — -
AH = Hoy = Hoy (41)

Expanding the right side of equations (39) and (40) by the

binomial theorem,

25
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a- S e s -]

Upon examination it can be seen that the second term will

(42)

be small compared to the first term and therefore may be

dropped.
Then

€ = (H.. ..+ AH |

(ores 77) (43)

and

%

= = H + 7m)AH

T?_ Zw( ores 77) (4k)

Thus by measuﬁing the resonance field and the line width we
can evaluate 1/T2. DH cun be obtained from a plot of R (Ho).
+ -
Let f§% and fQ% be the values of [, at Ho equal to
Hyy and H,, respectively. From equations (7), (35), (36)
>~ T o~ L
z = /u'z% = 2 Hzres (45)
The superscripts and will now be dropped. From (6),

Y

~ |
MKt = Het = T Hares + 1
: : (46)
From the expressions

|

M T AL

and from (45), and (46)



~ Fhhores) .t (Fpares)| + 3
K = [(l + 2/U~2res)-+ (Z/J‘Z '95)] T 2Hares (47)

Similarly,
1

rps = [I + (U, ,es)z]i- T Hores (48)

These expressions for le‘ and /iLes are inserted in equat-
2

ion (34) giving the ratio,

- {[(' + 2tk reS)Z +(%/*‘2'95)2]2L * 2, reS}z - |

—

{[|+ (#ms)z]% + ,ums}z -

The intersections of R, with R (HO) give approximate values

(49)

+ -
of HO% and Ho% . R varies slowly with [L, g =8 shown
by Table I.

TABLE 1
VALUES OF Rg FOR VARIOUS VaLUwS OF ,LL2 res

Hares Ra_
65 . 759
60 .758
55 . 757
50 .757
k5 .756
4o .755
25 754
30 . 753
25 . 751

28



An approximate method is now needed for calculating

Hares - From equations (7) and (44),

/.L ~ 47TM°(H0 res + 477"\/5)
zres AH(HO res + 77) (50)

We find 1/T, by proceeding =8 follows:

1. Data consists of & plot of p against applied field
Hy. p i8 measured at a point near resonance. Q@ cun be
calculated from equation (28). R(Ho) can be obtained from
equation (34).

2. Assume 3a¢3 .75. Draw a line on the plot of R(H,)
at .75 and read off the distance between intersection polnts.
This the first approximation of AH .

3. From equation (50) calculate [lp . Find the cor-
responding value of Ra from Table I. Then from the plot of
R(HO) find second approximation of AH.

L. Calculate J/T2 from e, uution (44).

Usually two approximations are sufficient to give all
the avallable accuracy in this method. The advantage of us-
ing the above method 1s eliminating the necessity of evaluat-
ing the constants A and B of equation (31). These constants
involve the uncertain conductivities of the cavity walls. If
they are introduced they increase the possibility of erroneous
results.

Values of the demagnetization factors and the saturat-
lon magnetization had to be inserted in reducing the data,

The total demagnetization factors consist of the sum of the
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shape demagnetization factors and the anisotropy factors.
' a
N, = N, + N,

(51)

The N*'s are anisotropy factors and the N's are shape demag-
netization factors. 8ince the sample used in this experiment
is isotropic, the anisotropy terms8 can be dropped. The shape

demagnetization factors for thin oblate spherolds are,

2
4
N= (0 )
N, = 47’('2" ot %’4‘) (52)
NZ.= %r'(l— E47,_7—) ’

where m the ratio of the diameter to the thickness. The
appropriate thickness for Nz is the actual thickness of the
spheroid, because Ho is oriented along z. The x and y com-
ponents of the magnetic field &are r-f components and therefore
the effective thickness of the spheroids for Nx and Ny is the

skin depth. Therefore for thin spheroids,

112

N 0

X

(53)
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V. RESULTS

Figure 8 shows ua typical resonance curve for electro-
plated cobalt. There is only one resonance peak on the
curve. Through the range of temperature possible with the
apparatus, there wus no appurent change in this resonance
peak, which cume at about 440 gauss,

It was not posslible to reach the Curie temperature for
covalt, which is 1120 degrees centigrade, with the available
apparatus. The highest temperature reached was about 700
degrees centigrade. At this point the apparatus broke down
on each trial. This temperature appeared to be the 1limit of
the heater coll. Also at temperatures above 700 degrees
centigrade the sllver solder melted and gave away to the
pressure of the hydrogen gus in the cavity, and with a hole
in the cavity, the microwave resonance dissappeuared.

Figure 9 represents data on 1/’1‘2 as a function of tem-
peraﬁure for electroplated cobalt. In the range of temper-
atures in which measurements of l/T2 were made, l/T2 tended
to reach a nearly constant value of 17 x 107 second.'1 as
the temperature increased. All of the samples used gave dif-
ferent values of l/‘I‘2 for room temperature, but tended to

flatten ut approxizately the same value for 1/T2.

31



17v800 Q31vidoy10313 ¥Od4 3IAYND 3IONVNOS3IH TVIIdAL
S3Y3dNWV — |
g'e o¢ G'¢ 0'¢ - G ol

GO

8 34NOI4

d3840S8v d3IMOd

32



171v800 Q31v1d0Y19373 HOA

00!

009

006

L

o

40 33N3AN3d30 3IYNLVYYIdA3L 6 3JYN9ld

JYNLVY3IdWN3L

0ot

00g

002

00|

0¢

G2

0¢

G¢

33



APPENDIX

ANISOTROPY ENERGY IN
ELECTROPLATED COBALT

In this experiment the ferromagnetic material used
were cobalt. The cobalt was used in an electroplated form.
An electroplated material 1s generally assumed to be poly-
crystalline, that 1s, there is every possible crientation
of the crystals of the materiual.

In an uniaxial crystal, such as cobalt, the anisotropy
energy 1is,
= K0 +|<| sin29 + Ka sin49 )

k (1)

where Ko, Kl and K, are the crystal anisotropy constants,
and @ 1s the angle between the magnetization vector and
the principal axis of the crystal. To find thé anisotropy
energy in a polycrystalline material it is necessary to find

the average of Ek in all directions,

fEk da = <Ek>cve (2)

After substituting
2T, T

,,[; LEKO+ Klsin29+Kzsin49)s.in9'd9'd9 = (Ek>m,e.

The coordinate axes can be picked such that 9 = 9'

(3)
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Hence

<Ek>cve= O ()

Therefore the average anisotropy energy in electroplated

cobalt is zero.
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