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' Ans%t\cr e -
The transmission of 24 (Hz radiation through nickel‘n?ecimens has
- been measured over . the~temperature range 4 to 300 K uBing nickel single

.crystals which had been grown electrolytically on a copper single crystal

substrate.

- » which includes: magneto-elastic coupling between the 1attice and the
&

B

. In general the theory gives -a good account of the observed

- )

'magnetization'
lineshapes and amplitudesw. An estimate of the ultrasonic mean free path

" was made and the temperatureudependence of the magnetic damping parameterf

corresponding to excitations having small wavenumbers was found to be in =~

agreement with earlier results obtained on nickel crystals cut from the
x . , J;..
- .bulk by Heinrich Meredith and Cochran [1].

w

141

The experimental résults have been compared:with'a‘calculation_
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" I. INTRODUCTION

R NS

- an equilibrium state. Bhagat and coworkers [2,3 4} have msde measurements"

the observed increase in magnetic damping at low temperatures. This theory

w

The measurement of the response of a ferrOmagnetic material to a time
varying magnetic field has proven to be a valuable technique for the study

of its magnetic properties. This technique is particularly well suited to ;

Yy

thefstudy of the processes which allow the magnetization to relax back to o

— -

of the’ magnetic relaxation parameter in iron, cobags, and nickel ae

» ' “ ‘e

microwave frequencies by measuring the power absorption at ferromagnetic

. resonance (FMR) -and found that nickel exhibited a large increase in the -

magnetic damping at low’temperatures. Measurements*on copper-nickel alloys
[4] sbeme&ﬁigisuggest that the increase in magnetic damping was related to 7
the rise in the electrical conductijity at low temperatures. Khmbersky [5]

and - Prange and Korenmann [6] have proposed a theoretical explanation for

predicts that the magnetic damping would become both wavenumber and
frequency dependept when the eleectrical conductivity becomes non—local.n Bybi '

non-local we mean that the electron mean free path is comparable to or"‘

~ ¥

longer thanqthe wavelengthlof the disturbance. A consequence of ‘the long

o ’\ i

mean free path is that ohms law which reLates the current density at a .

point to the local electric field 18 no longer(valid. In'metals FMR
measurements excite the material at relatively l%rge wave numbers (10 cm -1

A '

at 24 GHz) and so the conductivity begins to becbme non—local at

‘._ . «
; [

temperatures as high as 150 K. 5 ‘ : _E\ . T

* In order to test this theory it wasinecessa%y*to'measurE'the*magnetie
pamping as a. function of frequency or wavenumber.i Heinrich Meredith and
Cochran [1] measured the nmgnetic damping in nickel -at very small

- ,_\“ . -



£ 0°

. be ‘able to «test the formula for the wavenumber dependent magnetic damping

that a classical treatment is justified)

. - . . . . . N3
“ - “ . . o, - . o v

- . . oL -

H -

wavenumbers using the technique of microwave transmission at ferromagnetic

B = I

‘antiresonance (FMAR) These measurements were made in the temperature L e

2

‘ range from 90-300 K. The present work was motivated by a desire to extend

((

o their measurements to 1owﬁ/temperatures. In particular, we: had hoped to‘

in nickel reported by Heintich Meredith and Cochran [1]

In order to help acquaint the reader with the techniques which are-

used to measure magnetic damping a brief outline of the - equations which

describe tﬁe response of a ferromagnet to a time varying magﬂ’etic field

fol(lows. For simplicity torques due to magnetocrystalline anisotropy,

‘ magnetostriction -and- exchange ‘have heen ne&lected. - ':,,,'Eh,;ea,&;,wil—l:—r—bead—i—scussed jﬁ

in Chapter 2 “Theory".

Althoxgh we will describe the motion of the sample magnetization in _l
classical terms it should be noted that the forces which maintain the l

sample in a ferromagnetic state ére of a quantinn mechanical nature (the

very 1a~rge quantum numbers assoclated. with the sample magnetization suggest

Associated with the magnetic moment .'of * the sample M there is an -

angular momen tum T. and they are related by the magnetOmechanical ratio ¥

~n ‘

(S

.’

In dost magnetic materials 8 has a value that is close to that which

N
[

would be expected for a free electron and so we define<

A»mc .

B - : E N ¥

with the g factor taking on different values in different’materials' g
(g = 2.0023 for a free electron g = 2 18 for nickel etc.)., Tf. we apply a

magnetic field H to the sample the magnetization will experience a torque

4



equal to S L
1-3 T‘ RV‘ ﬁ ¢
which leads to
. 4™ : o S - .
1.4, dat = "3 (AW . o

- . 5 e . : . .
. We have now arrived at an equation of motion for the magrnetization in the -
absence of dany damping. A phenomenological damping term can be included in

T

this equation. Using the Gilbert form of dampi@\ [7] we have .-

T e——

In the ex.perimental arratgenient which we have used a thin slab of the.

material to be studied was mounted so as to form part of thé end wall of «lav

‘microwave cavity. A large D.C. mag‘netic field was then applied in the »

plane 6f" the sample with the D.C. field orientesl so as to be pe‘rpendircula'r ,

to the microwave magnetic field at the surface ef. the sample.,,,Utrler,,these,,,,,,,

[

circumstances and in the apprcximation that the time varying filelds were

small compared with the D.C. field ‘and that the D.C. field was large

~enowgh to saturate” the sample, equation 1.5 yields an R.F. rmﬁbility v

1.6 L BN - 2, BRSNS
. 2 YELIZE N GOICILS)

where E=ﬁ+ "HI'ﬁ, and W 1s the applied microwave frequency. By inspection

of equation 1.6 we can_ see that the permeability,u. takes on a maximum -

value at ‘l |-\ o"'"/x . At this value of applied field the natural R S

precessional frequency of the magnetization is equal to that of the applied )
microwave signal. This condition“is known as ferromagnetic resonance

(FMR). The amount of power absorbed by the sample reaches a maximum at

1.5 : dt - -8 (M‘-‘) - xm, (M xr\) . . ‘,‘,

dM | G )



o

FMR and this results in a lowering of the Q of the microwave cavity. L

Hence by monitoring the Q of the cavity one can determine the FMR
, £
linewidth which can in turn be used to determine the value of the Gilbert

.

damping parameter Gr.v ~ Althowgh it is experimentally quite easy to measure

" the FPMR linewidth this technique suffers from a number ofhshortcomings.

p

Y

~ path begins to- exceed the classical skin depth and effects' due ‘to. non—=docal

tempe'ratnre and at 24 GHz. Consequentl»y, measurements made at FMR are very

'sensitive to the surf@ quality . of the specimen.

"' 1./ Because of the large permeability at FMR ‘the skin depth

S: (Ci/H,’Nu.lCT:AY& is very 'sh_ort.' typically )10(')0 A in nickel ‘at room

3
&

- .

3. / Even at moderately ;ow temperatures (77 K) the electron mean free

P

conductivity must be taken into account.

3./ A s’hort skin depth implies rapid spatial variations .in the

~direction of the magnetization. These spatial variations are resisted .by

the exchange fileld, the field which tends to maintain the parallel spin

. -arrangement in a »ferromagnet. The presence of the exchange field can

result in a considerable increase in the *MR linewidth and consequently it = '

g \

must be ‘taken into account Vbe(fore G can be detevrmined. (This effect is
large‘ f=or iron, but relatively unimportant -for nickel. In nickel the
correction to:the linewidth at 24 GHz is appro:imately 20 percent).

. 4, / The applied microwave field causes the sample magnetization to

precess in a mode whic].';€ has a spatial variation in the z direction only. :

The presence of inhomogeneities in the sample can cause energy to be lost

- to spatially non=uniform precessional modes (spin waves) by a process known

PN

as two magnon scattering (se‘é;-Marshall Sparks for a detailed discussion of
two magnon scattering [8]). At fields near FMR the mode excited by the

microwave field is energetically degenerate with Spin ‘waves having small -

wavenumbers. The result is that measurements made at FMR are strongly

¢



.

o . R

affected by sample inhomegeneities. R , L .,;p,,iiiii.;il

£y

For all of these reasons one would prefer to have an alternative
method for measuring G. lnspection of Equation,1.6‘suggests‘a Second

L - -

method for measuring G. At a field Biyr =“/¥ the ‘permeahility,/u. , takes .
on a minimum value, and'this minimum value is'determined by'G; The'small
Value of/anat ferromagnetic antiresonance (FMAR) implies, that the skin
depth will be much greater than that which would be observed in a normal

metal having the same conductivity. The amount of radiation transmitted

through a metal slab depends exponentially on the ratio of the thickness to '

the skinidepth therefore the amount of power trans?itted at FMAR will be

greatly enhanced over the power transmitted,by a non-maagstic specimen of,'

! ° o~

the same conductivity; The usefulness of FMAR transmissioﬁ'meaghrements
for determining the magnetic properties of ferromagnetic metals was‘firstf
demonstrated hy Heinrich and.Meshcharyakov [9,10]. Their method‘is free‘
fromxthe’problems_(1-3‘above) which occurred at FMR as a result of the

short skin depth. In addition, at FMAR the energetically degenerate

>

SPiDWHVes ‘1lie at much higher wavevectors than the uniform ‘mode. This éééﬁé*m‘”’"

to greatly reduce the sensitivity of FMAR measurements to sample

inhomogeneities. Unfortunately some new experimental difficulties arise.

First the sample must be uniform in thickness S0 that the effective skin

B

depth, and hence G, can be accurately determined. Also the sample must be

thin enough that an observable amount of microwave radiation is transmitted

at FMAR (a minimum of 10-17

»

watts can be detected).
In order to see a signal at FMAR through nickel at room,temperature
the sample thickness must be less than 20Juth . However as it was o@?

isgention to measure G down to 77 K where both the electrical conductivitj[



- and the magnetic ‘damping (G have increased it became neeessary—to—useﬁfﬂw
f*pétkel ‘crystals only 2-3 thick. Pure nickel at .77 K has A

°

conductivity which is approximately 14 times larger than the;room
temperature value and’ the magnetic damping is expected to be about 6 times
larger than the room temperature yalue [1] .Hence the ratio of the sample
thickness to the skin depth will have increased by a facto: of 3 ’ :
'approximately 9_23 (1406)__. And so a 2}mmvthick sample at 77 K will have
Vappruximatelyithe same sise FMAR transmission signal as -an ldfwnusample at d
;room'temperature. It should be'noted that'the use of such thin crystals
results in a rather.weakldependence of the transmitted signal on G at room
temperature (at FMAR'the_signal basically travels across the sample
unattenuated). d. : ; : - o » : e
The production of such thin single crystals from the bulk presents
the ma jor obstacle to the measurement of G at low temperatures by the FMAR
transmission technique. A number of attempts at producing uniformly thin
crystals from bulk nickel crystals by mechanical and electrochemiCal
polishing were made with little success. As a result of these difficulties
a new method of sample preparation was sought, Nickel crystals can' be
grown epitaxially on a suiltable copper substrate by electrolytic deposition
[11}. Using this technique (described in detail in chapter 3) we were
\ableTto grow crystals which were both thin and uniform-in'thickness. It
would appear that oné should be able to use such epitaxially grown nickel

)

single crystals to obtain G as a function of temperature from a

straightforward measurement of FMAR transmission signals. However another

problem arose. A large transmission signal was observed -in the epitaxially -

grown crystals at the field corresponding to FMR. This signal was due te

power transmitted across the sample by an ultrasonic wave. The FMR
ST

transmission signal is generated as a result of the magnetostrictive



7 toupling between the lattice and the precessing magnetiza -ion. 4&~19W.——i

temperatures this phonon~signal became very large compared‘with tbé FMAR

signal, and as a ‘result the lowest temperature at which G conld be

9

‘measured was not limited by the ultinate‘sensitivity of the apparatus but

rather by the condition that the FMAR signal be readily distinguisheé;from 4

the ultrasonic signal. It should -be noted that Heinrich, Meredith and

‘Cochran did not encounter this problem because their sample was not

v'sufficiently plane paraIlel for the ultrasonic signal to arrive at the rear.

N
surface with a well defined phase. ,

In spite of the interference from the ultrasonic signal it was

i

poseible to confirm the results obtained by Heinrich et- al. In addition,

these are the first measurements for which the calculated and observed.

. transmission signal amplitudes at FMR were in agreement. . In all previous

&

measurements the observed amplitude was at least 10 times smaller than was

expected [12]. This was probably due to interference effects which one

'

‘would expect to result from a non-uniform sample thickness. The ultrasonic

attenuation lemgth was found to be independent of teﬁﬁéréfﬁre"withiﬁ" T
¥ ‘ e :

_experimental error. . ‘ , .



%

Qutline of thesis . o ‘ .

e

Directly following this introduction is an)outline of the equations

of motion for the magnetization and lattice when terms due to anisotropy,

exchange and magnetostriction are included.. The equations of motion are

then combined with Maxwell’s equations in order to calculate the response,.

of the samplée ‘to the incident microwave radiation.  The second portion of.

this chapter contains a series of calcula;ed curves which iilustrate ‘tHe
dependence of ’the transmitted signal amplitude on the various parameters
which are used in the theory. Chapter 3 contains a detailed description
of hon the epitaxial single crystal samples were made. This 1is followed
by a description of the microwave measurements. Chapter 4 contains.the

results of the fitting of the experimental~data to the theory outlined in

Chapter 2. The discussion of these results is contained in Chapter 5e

-



II. THEORY R , T

In»this¢~chapter we will be 'coneerned with determining the amoune of .
_microwave radiation reflected ‘from and transmitted through a thin slab of
metal. In order to- do this we- need to know the equations of motjon for
the lattice and for the sample magnetization when terms due to |
magnetocrystalline anisotropy, magnetostriction and exchange have been
‘included. We will start with the relationship between the magnetic moment

~ o~

per unit volume ’M ‘and the angular momentum per unit volume L.

T

2.1 ¥L=-M

Which leads to

o-

2.2( -ﬂr-z'f

o

7
-

where % 1s the net torque per unit volume actiné on the magnetization.
Before proceeding to describe the various torques which act on the
magnetization a description of the particular geometry with which we will

be dealing is required. ’ m



vy

f‘ig.. 2.1 A sketch of the sample ge‘ome'try\used‘ in the calculatiéns 1s shown : L,

-above.

10



The samplekﬁs located between the two planes Z-Oaandgz-d (see.ﬂ?
Fig. 2.1). A large external D.C. nagnetic field is applied ‘along the X .

'% axis- and a small'amplitude microwave frequency magnetic‘field'io applied

along the Y axis at Z=0. Under these conditions the magnetization will

almost lie parallel to the X axis. We can write ﬁ;(Ms,m ,mz) since MX

_ y
will only differ from M by terms which are of secgnd order in:

my and mz. The first contribution to the net torque arises from the

, external fields and has the form ° ‘ ' .\"K'~ .

S~

W

2.3 - zf = MxWH

» n

whege H-(H h h ) with H edual to'the applied D.C. maéneticvfield'(apart
from static denmgnetizing effects) and hy and hé are small microwave: v

frequency magnetic fields.

At this,point it 1is appropriate to make an allowance for the

-

demagnetizing field produced by the sample magnetization. The magnetiq

field within the sample is less than the applied D.C. field)by an” amount

4'“ D M =4 1 D M where D is the{demagnetizing factor in the X di“‘

L1

The’ demagnetizing factor depends only on {;; sample geometry._ For the o

¢ infinite slab shown in Fig. 2.1 QXBO;— For a sample of finite size D will
take on a non zero value. The demagnetizing factors are independent‘of |
position within the Eample only for ellipéoidal shaped samples‘[l3];?
Fortunately the demagnetizing field for the very thin sanples,which we_used
was qnite;small and with sufficientvaconraoy (ilvae) it could be assumed ;
to be tonstant over the central region'of.the sample on‘which the
measurements. were made. = Kraus and Frait [14] give an- empirical expression - -
for g_g demagnetizing field at the center of a disk (the applied field H

is in the plane of the disk)

11
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where R 1s the ratio of the thickness of the disk to its diameter.

Typicalli"for our samples R-10°3, 2% M 3.2 KOe and M_/H <.3. so the S

demagnetizing field will be less than 4 Oe. The net effect 1is thatwe

should use the internal field H-(H -4 'W ) Mos y’h ) rather than the : ‘.

a{ternal field in Equation 2.3.

A contribution to’ the torque on the magnetization arises from the
L

_phenomenological -damping term. Using the form ‘for the damping prop,g\ed by .

[]

Gilbert 1o 1955 wedhave

where -G\is a phenomenol_o.gical'damping 'p"e_ra,meter;" "This term introduces a

torque proportional to the rate of change of M and so it looks: like a

3 13

viscous damping on the motion of M. We have now included all of the' terms

which were introduced ‘in the first chapter: we will now proc\eed' to add\

those contributions to the torque which had been negIected chapter one °*

for "the sake of simplicity.

 The Exchange Field | - o : o |

E3

The exchange fiel& is a mani{feste'tion of the tendency for. the
magnetization to assume a pérailel .spin arrangement.. If we e:tpand the
exchange energy density in terms of‘the component-s of M and their spatial
Jderiyati_ves keepin.g only those‘ terms 'yhi'ch contribute to the ma“intenance of

a parallel spin arrangement and which satisfy the requirements for cubic

symmetry we find that the lowest order term has the form [13}
, A ., ‘
2.6 E= 'F\':; (LV MJ‘ + (v H\’)z't (v M;,)x)

12
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where A is the azchange stiffness parameter. For the sample magnetization

near the- X axis and for spatial variations along the Z axis o§ly (the

signals are assumed to propagate alorg the Z axis as plane waves) we find .
that to first order in -my and m, the exchange energy produces a restoring

‘torque -on the magmetization. of the form 7

’ —

2.7 Tex | (O, Hs(%. 22’) ns M2 %%.1»

If we write the torque in the form e | R ’ ‘
P - . x . ) .
- . _ : A\

3

Then to first order in m&,mz ,h_ and hz we have

y
no Tas (02 F L 3 TRY)

Anisotropy

»

The nex_‘t torque which we will consider arises from terms ‘in the. L

‘energy of the sample magnetization which depend upon the direction of the
magnetization with respect to the crystallographic axis., Expanding tHe
energy density, and’_keepirg_ only those 'terins which are consistent with the : BN

cubic symmetry of the sample we find § .

<

2.10 E =k,(d,’d:+d:d; 0“:4:)*’(:(‘(?‘!:“:)

where o, , &, and «3 are the direction cosines ofy the magnetization with
respect to the three cube edges and where I(1 and K2 are anisotropy
constants. For almost all of the experimental measurements the applied

_field was parallel to the [1060] crystal axis; under these conditions

13
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>

cafy 2 == ] - and % <1 .- The anisotropy energy t:.heﬁ_vsimpliﬁgs_nofi,f,,,,,,,‘,

Ms

211 EaK, (=1 +a}) .

which results in a torque on the magnetization of

T L2k 3 R
2.12 T @M1y -

which can be written in the form
Co 2‘:13‘. 'tml ™M x A;l ; wherfv 'HAN x (T'\-: , 0, O)

.

It should be noted that the sample will not be saturated if the external L e

field 1s not strong enough to overcome the effective anisotropy fields, 1In
Nickel at low temperatures K, is less than- zero and so we lﬁust'épply a
field largef'lthan | .| to saturate the magnetization and cause it to lie
a:lor)g the [100] directidn. “As our 'théofy is only valid for saturated’
samples, the minimum field required to sgturate the ggmple (H-IZKI/MSI)

will be shown on all of the calculated curves.

i

Magnetost‘riction

-

, e

The laét ‘to'rque which we shall consider is a result of t'h.e“ . / : -

magnetoelastic coupling between the lattice and the magnetization. For a"

‘cubic crystal the “total elastic and magnetoelastic energ§; density has the

form [13] | o . | f A
2.16 E= BaCu(€mr €5vka)r MCu(ear €ave)e

Ca (€axbyy? €yy €ap * €nn€ue) +

B (e (2 -10) * Eyy (o7 =18) + €40 (o3 =¥3)) 4+

; "_f Ba (“‘ﬂz 6.1 + ‘ﬂ?ﬁ, 61‘ + .(. o, 6;1)

L3

14



‘rand B, and B

. magnetizdtion of 't.;\‘_i(O,Baé,u“Baé“) which reduces to

.where + - . e o N
. ; : o , : 7 s
215 €xsay 9 Enrgy > Cns 32

3 . . . . . . 1

1 2 are the magnetostrictive coupling constants between the

strains and the direction cosiﬂés‘ of tthe‘ magheﬁiiaéion. . ~Ag>ain we will
consider the case for which the applied ‘D. G. field is a.'t,pg the -[100]
axis,._' By differentiating tb§ energy with respect to the direction cosines
of the‘magnet‘izati_on we. c‘am.,d\ekterpine the torques acting on the ~
rhagnetizatiorh ‘ _Td firs£~'ord;’; in o and &vvwe have a torque on the

. -

T - L e o ,,,,,Fﬁg R

Since we will only be considering plane waves propagating in the 2

direction. (This result ~is independent of the -direction of- propaga'tic_m if

“the Z axis Ties in the (100) plane.) It should be noted that if ‘the

sample is mechanically. strained there will be additional terms in vequationg

2.17., For example J.R. Macdonald {15] 'has shown that if theré is a
uniform tension T in thé“"(OOI) plane of thevsankzple as a resi;lt of
differential thermal contraction between the sample and the diaphragm on

which it was mounted then Equatioh 2.17 will become v " .

2

. 'l new (.O B:. al, ) 3a-nso

(o Ma, o)

~

where 7 : - . ,

15
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These’ tensionrreleted effects can ,easilgpro'duce sbifts of 100 Oe in the °

resonant fields. ?

AN

Thi's completes the list of torques acting on the magnetization. The

'equation of motion for the magnetization can be written as

3
2.20 -3-% = ‘X(N* Heee! +0m T(ﬁ— ""\) Y tme)

b where | 2.21 “gln = B ﬁ‘“e‘ *HM L

- oy, —
-

4
l?efaore we can solve for the. transmitted and reflected microwave si.g,n'als. we

.still needéthe equation of motion for the lattice. The forces, acting otr

the lattice can be determined by differentiating the energy density with

respect to the* strains, For the geometry which we have been considering

only a shear wave propagating in the Z direction with the displacement

parallel to the X axis is excited. , If we_ include a_ damping"termlfor the,,,,,i,i,,,,, _—

lattice motion proportional to the velocity of the’ lattice, the

magnetization is parallel to the [100] direction and the direction of

pfopagation is along [100] or [110] we "have B : , \
: . Ba M, P AU _ o Pu
. 2.22 C M - = =P
~. S "y u* M, Az T 3t X
-z viwl 5 -
As all of the time dependént quantities vary as e we find that to-

first order in the small quantities my,mz,hy and h Equation 2.20 becomes

i . " | [ G
2.23 '-*gﬁm,s(l-l.-%mn,r““ 3%.‘: ow_-)p\:-aa\cu-mh,

2. 24L -A-VJ Hza(“o H'ﬂb""\s*& _l_ﬁ “8&_5 ﬂ\' Msh,

ek

.

- 16



These two equations éfé the linearized equations of n;ativrrfor,‘thr*samﬁl*ﬁ*
magnetization. 1 |

In order to proceed furthex; we must now combiné the equétions of
motion for the lat;ice and samPle magnetization with ngwell’s equatiqy\s".

3

In CGS units Maxwell ‘s equations.ha_ve the form

. - = —_ -

‘D = N ' fedX
2.2 0D - P 2,26 AL RS 9‘ %- )
2.27 VB <0 2.28 VxE=Z %—3—_

We will assume that we Have an isotropic dielectric constant € and a e

. ) — =
scalar local conductivity ie.Jsoe E . With these assumptions Maxwell’s

- Lt
equations for plane waves propagating like C“*"'u . become

2.29 =—KeE=4W P  2.30 (ku,, K My, o):@ls'éﬂ-‘i)e

t

231 BasO  2.32 (KEy,-KE,, O)z"ERE

-

from which EZZQ,. :3Z-O-Hz+4 ™ M, and

2 (W) u'rr.a.wcr ua=e, i }
. 2.33 K {.“J _( ) )

In a metal such as Nickel the conduction current is much larger than the

displacement current and so Equation 2.33 reduces 'to
o Y Hx .4‘.— sgll .
= —
2.3 K i“il_ SR
where st(c"f%v\n) is the classical skin depth. We are now in a p'os'_irtricrmr

to eliminate the fields 1'1y and hz from Equations 2.22 and 2.23. .After

having done that we find

17
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By combining these two equaﬁions with the equation of motion for the

lattice (i.?,_l) we obtain the dispersion relation

wl (-'-Mr My + 2 . AKY 0@
2.57 42 = (Ho-4wDMs + Qe m,ﬁ.%)x

(o oDt s 228K, s oy, B
o s Do« 30 -2 e s - B o)

-

r]

‘ This equation ylelds 4 eigenvalues forﬂ K2. One corresponds to a mainly
ul trasonic wave and the rémafning three are coupled electromagnetic and
spin waves.

7’ We now have ‘the solution for signal propagation within‘thve sa‘mple.'
The amplitudes of the 8 waves w’itﬁiﬁ"ﬁtﬁé"sﬁﬁfpléwéﬂd"'Eﬁé amplitudes of the
transmitted and reflected waves must be determined by matching bo@dary
conditions at the front and rear surfaces. As there are 10 waver
amplitud:;igfs be determined we need 5 boundary conditions on eaéh surface,
Two "boundary conditions at each surface arise stra;l.ghtforwardly from the
conditions that the tangential components of e and hy must be qohtinuousb
across each surface. < |

It should be noted that' our experiments were carried out in tunedv
microwave cavities and so the ratio of e, .to hy at theAsurface of the
sample will be diffe;ent from the free space value of Zo-ex/ h~y=1.
Although the. transmitted signal amplitude  is stromgly dependent on the

impedance Z the cal_cuiated lineshape is almost independent of the impedance

18



[16]. By mounting the eampIe between two tuned céﬁities”(each‘wiﬂmﬂr"
cayity quality factor of Q) the observed signal amplitude is increased by a
factor of apnrqximately Q over the amplitude which would be observedfif the
sample was simply placed across the waveguide.

The total force acting on the lattice at the surface yields a thiypd
/pair of boundary conditlons, one at each surface. If the surface is free
of any surface mass (ie. a thick axide layer) the acoustic boundary
conditions are |

2.38 Cw gt;_ s B2 Hz\ =0
2*0,4 Ms 2:0,4

The remaining two Poundary conditions are a result of summing tHe

'surface torques'acting on the magnetization, these Boundary conditions were

T -

first described by Rado and Weertman in 1959 [17]. The particular boundary

conditions which we have used are
239 . AdMy | A M \ e )
IR ) L S

These equations correspond to a free or unpinned surface’ magnetization. " We
now have all of the boundary conditions which are required to solve the

_ &
problem and the transmitted and reflected amplitudes can be calculated in a

reiatively straightforward manner by means of a digital computer.

Demonstration Curves

-~ »

This section contains a series of curves which illua}rate the
dependence of the transmitted signal amplitude on the input parameters used
in the calculation. The transmitted signal amplitude is defined to be the

ratio of the transmitted to incident microwave magnetic fields.

19
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Fig. 2.2 shows the fransmitted amplitude as 'a function of the applied
field for various values o.fw.the sample thickness. All of the other
parameters havé been set equal to the published values Vfor bulk nickel at
300 K. The FMAR transmission peak is located at approximatly 1.7 KOe.

The small peak at 5.5 KOe is ',the‘ult‘rasonirc signal which is centered at
FMR., The rise in the trapémitted amplitude at higher fields is a result
‘of the decrease in the permeability with increasing field (in the 1imit of
very large fields 44 =1 see equation 1.6). 7 '

Fig. 2.3 shows the transmitted ampliﬁtxde as a func'tion;of sample
thickness for various values of the ultrasonic decay time (tau). All of
the other'parameters K@ve been set equal to the published values for bplk
nickel at 300 K. The applied f:l_.eld is fixed at the‘peak of the FMR
vtransmission (5.49 KOe). The peak in the transmitted amplitt;de at a
thicknesé of 2.32/_(0-1 ié a result of acoustic standing’ waves in the sample.
It should be noted that a change in the value of €4y OF the d_énsity
(cixanges in the speed of sound) will cause a shift in the position oflthis
' peak; — | - } |

Fig. 2.4 shows the transmitbted amplitud.e‘ as a function of applied
field f9r various values. of the magnetic damping ‘parameter (gilbert). All
of therther parameters have been set equai to 't'he‘pulalished values for
bulk nickel at~300 K. Note that the FMR transmission ;iénal decreases
rapidly with increasing magnetic damping. Thevt're‘ms{nitted signal amplitude
at FMR is appraximately proportional to 1/G2. A |

Fig. 72.5 shows the .transmitted amplitudd as a function of applied
field for various values of the magneto?lasti; coupling parameter '(Bz).
All of the other parameters ha\;e»been set equai to the published values

for bulk nickel at 300 K. The maximum FMR signal amplitude is

approx imately broportional to the square of the magnetoelastic coupling

20
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parameter (the coupling parameter enters once at each eﬁ?fébe);

.Fig. 2.6 shows the transmitted amplitude as a function of applted
field for various values of sample resﬁivity? All of the other_parametets .
have been set equﬂl to the pzb}ished values for bulk nickel at’ 300 K.

Fig 2.7 shows the transmitted aﬁplitude as a functiop of epplied
field for various values of the magnetocrystaline anisotropy (K ). All of
the other parameters have been set equal to the published values ‘for bulk
nickel at 300 K. A-change in the anisotropy constant simply shifts the
wﬁole curve rigidly to higher or 1ower fields.

Fig 2.8 shows the\}(ansmitted'amplitude as a function of applied
field for various values of the sample magnetization (satmag); All of the
other parameters have been set‘equal to the published -values foribulk
nickel at 300 Kf Neglecting shifts due to dampiné;exchange and episotropy
the FMAR peak is located at a field HMR#%’"“\‘““s and FMR occurs at a
field such that (BH) CwWY .

ig 2. 9 shows the transmitted amplitude as a function of applied
"field for various values of the exchange constant, K. All of the other
parameters have been set equal to the published—ua{:es for bulk nickel at
300 K, |

Fig. 2:10 shows the real and imaginary parts of the phonop wavevector
as.aifunction of applied field. The phonon lifetime (tau) is long enough
so that essentially all of tpe ultrasonie absorption is a result of
magnetoelastic coupling.. The peak‘in'abserption occurs at a field 2AK2/Ms
below FMR where K- is the phonon wevevector. The separation between the
peak in ultrasonic absorption and{FMR is a result of‘spinwave dispersion
[12,18]. The effect of changing the separation between FMR andhthe max imum .
in ultrasonic absorption can be seen in Fig. 2.9 where the exchanée - 4 |

constant A (spinwave dispersion) has been varied.
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Fig. 2.2 Calculated transmission ampgiitude as a function of applied field \§
for various values of the thickness d. The applied’ frequenéy was

23.9133 GHz the other parameters used in the calculatioﬁ were taken from the
published values for nickel at 300 K.\/ They were w/¥ =7.822 KOe,

4 M _=6.143 KOe, G=2.45 x 10° Hz, R=7.529 x 10 ~° ohm-cm,

A=1.0 x 107% ergs/cm, 2K, /M_=-240 Oe, B,=1.07 x 10° ergs/em’,

density=8.906 g/cm3, tau=,66 x 10-'9 sec, and C,,=1,.234 x 1012 ergs/cms.

44
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Fig. 2.3 Calculated transmission amplitude at 5.49 KOe as a function of

~

sample thickness for various vaiues‘ of the ultrasonic decay time tau. The
applied frequency was 23.943 GHz the other parameters used in the

calculation were taken from the published values for nickel at 300 K.

They were W/¥ =7.822 KOe, 47YM_=6.143 Koe, G=2.45 x 10° Hz, -

R=7.529 x 10 -6‘ olm-cm, A=1.0 x 10,-6 ergs/cm, ZKI/MS-'-ZZ»O Oe,

8

B2-1.07 x 10 ergs/cm3, density=8.906 g/cm3,'and C44i1.234 x 1012 ergs/cm3.
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 TRANSMITTED
AMPLITUDE

lxlﬁé& |

!

_I-Eg_.M Calculated transmission amplitiude as a function of appl}iedv fivé‘lzd
for various v ues of the magnet;ic damping parameter ‘G. The appliec‘l
frequency wasag. 943 'Gﬂz, the éample thicknesé was d=2.5 x 10—4cm and the
other parameters(ukd in the calculation were taken from the published'_

values for nicke].\al:B 300 K. They were W/Y¥ =7,822 KOg, D=2.5 x 10'_4 cm,

Aﬂ’Ms-6.143 KOe, R=7,529 x 10 -6 ohm-cm, A=1.0 x 10-6 ergs/cm,

8 ergs/cm3, density=8. 906 g/cm3,

12

2K, /M_=-240 Oe, B,=1.07 x 10

tau=.66 x 10.9 sec, and 044-1'234 x 1077 ergs/cm3.
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_:l_.g 2.5 Calculated transmission amplitude as a function of applied field

‘fd‘r various values' of ‘the magnetoelastic coupling parameter B2 The applied

-

frequency was 23. 943 ‘GHz ,, tl{e sample thickness was d=2.5 x 10 cm and the
othér parameters used in the: calculation were taken from the published

values for nickel at 300 K. They were M/‘K =7.822 KOe, D=2.5 x 10‘-4 ‘cym,

8 ~6

4 WM _=6.143 KOe, G=2.45 x 10 Hz, R=7.529 x 10 ohm~cm,

A=1.0 x 10~ -6 ergs/cm, 2K /M 240 Oe, density-B 906 g/cm ,

‘‘‘‘‘‘

tau=.66 x 10 -9 sec, -and 044-1 234 x 10 ergs/cm3'.
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Fig. 2.6 Calculated transmission amplitude as a function of applied field

for various values of the sample resistivity R. The applied frequency was

4

23.9%3 GHz, the saﬁple thickness was d=2.5 x 10 'cm and the other

parameters used in the calculation were taken from the pub@}she& values for ‘
f 1 :

nickel at 300 K. They were w/¥ =7.822 KOe, D=2.5 x 10™° cm,

8

4 =6.143 KOe, G=2.45 x 10° Hz, A=1.0 x 10 ergs/cn, 2K /M_=~240 Oe,

8 ér:gs/cmB, density=8. 906 g/cm3, taus,66 X 10-9 séc, and

C44-1.234 X 1012 ergs/cmB.

32-1.07 x 10
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Fig. 2.7 Calculated tfaﬁsmission amplitude as a function of applied field

t

- for various values of the anisotropy field Hati-ZKl/Ms‘ The applied

4

frequency was 23.9%3 GHz, the sample thickness was d;2.5 x 10 'em and the

other parameters used in the calculation were taken from the published
values for nickel at 300 K. They were /¥ =7.822 KOe, D=2.5 x 10'"4 cm,
4 4 _=6.143 Koe, G=2.45 x 10° Hz, R=7.529 x 10 ~° ohm-cm,

6 8 ergs/cm3, density=8, 906 g/cm3,

2

A=1.0 x 10 ° ergs/cm, B,=1.07 x 10

tau=,66 x 10-'9 sec, and 044-1.234 X 101 ergs/cm3.
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Ho IN KOe

Fig. 2.8 Calculated trat{smiw amplitude as a functiom of applied field
&for various values of the sample magnetization. The applied fféquency ﬁas
23.943 GHz, the sample thickness was d=2,5 x 10-4cnn amd the other
ﬁarameters used in the cal;ulation.were taken from the pul;].ished values for

nickel at 300 K. They were W/¥ =7,822 KOe, D=2.5 x 10™* cm,

8 -6

G=2.45 x 10° Hz, R=7.529 x 10 ~® otm-cm, A=1.0 x 107° emgs/cm,

2K /M_=-240 O, B,=1.07 x 10% ergs/en’, density=8.906 g/em>,
' tau-.yx 107° sec, and C, =1.234 x 1012 ergs/cm3.
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Fig. 2.9 Calculated tiggﬂﬁission ampﬂitude as a function of applied field

-

for various values of the exchange stiffness parameter A. The applied
frequency was 23.943 GHz, the sample thickness was d=2.5 x 10—4cm and the
other parameters used in the calculation were taken from the published

values for nickel at 300 K. They were W/¥ =7.822 KOe, D=2.5 x 10-4

49rM_=6.143 KOe, G=2.45 x 10% Bz, Re7.529 x 100 8

32-1.07 x 108 ezgs/cm3, density=8. 906 g/c:ma,_ tau=,66 x 10-9 and

cm,
ohm~-cm, 2K, /M _=~240 Oe,
sec,

C,,=1+234 x 1012 ergs/em>.

o -
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Fig. 2.10 The real and imaginary parts of the phonon' wavevector as a
function of the abplied field. The applied frequency was‘ 23,943 GHz, t;he
sample thickness was d=2.5 x lo-z'cm and the other parameters used in the
calculation were taken from the published values for nickel at 300 K.
They were w /¥ =7.822 Koe, D=2.5 x 10~ cm, 4xH_=6.143 Koe, o

G=2.45 x 10% Hz, R=7.529 x 10 ~° -6

8

. ohm-cm, A=1.0 x 1070 erg/cm,

21(1/2«15-24;0 De, 32-1.07 x 10 ergs/cm3, density=8.906 gﬁ/cm3,
tau=]l x .10_6 sec, and C“-1.234 x 1012 ergs/cm3.
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III. EXPERIMENTAL DETAILS

Sample Preparation ‘ R

In order to carry out low temperature trhnsmission measurementg it is
neceséarykto have thin (2-3_um) single crystal sémples which are uniform
in thickness over an area approximately 4 mm in diameter. A qﬁmber of‘
attempts weré made tq produce such samples”by spark cutting slabs .5 mm
thick from bulk single crystals and then mechanically polishing and finally
' eléctropolishing them doﬁn to the desired thickmess. Unfortunately the
resulting crystals tended to be thicker in the center then at the edges
and were covered with a slight ripple (% .2 umwamplitude) on both faces as
a result of the electrépolishing. Since crfstals prepared in this way were
not sufficiently uniform in thickness for our purposes we turned to
crystals which were grown epitaxiallys by electrodeposition. These cfys;alé o
were grown on a single crystal copper disk .5 mﬁ thick énd 2 cm&&n
diaméter using a technique similar to that descriﬁed by Wright [11]. The
copper substrates were spark cut from-a single crystal boule obtained from
Mate;iéls Research Corp. The resulting disks had the [110] axis normal to
their face. One of the faces was prepared for eleétrodeposition by |
-mechanically polishing, by proceeding from 400 érit silicon carbide paper ‘
to L“.udiamond grit embedded in a paper lap. Although the resultingn
surface was mirror-like, the mechanical polishing leaves a thin layer of -
highly deformed copper on the surface.- This layer was removed by‘
electropolishing the copper in a 36Z% by volume H3PO4 [19] solution at a

current density of .4 amp ber cm2. During the polishing the surface of the
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crystal was coutinuously rubbed with a cotton swab to pre?eﬁﬁ'bubbf%s from
adhering. It was found that this solution tended to ﬁrodﬁcé a slightly
rippled -surface if it was allowed to polish for a long time. In brder to
minimize this effect the electropolishing should not be continued for more
than one minute. The substratebwas removed from the pplishing solution
without discdnnecting the current, and was then thoroughly‘rinsed in
disti;léd water thle making sure that the surface always remained wet. As
the'cfystal growth was not carried out in an inert atmosphere the time
spent in transfering the pol}shed copper disc from the polishingrsolution
to the plating cell should be kept to a miﬁimum (< 15 sec.). However,
even durigg this short period an éxide'lajer will likely have formed on . .
the cobper substrate. Such an oxide layer could prevent eéitaxial growth.,

Fortunately a thin oxide layer may be removed during the initial stages of
- o

deposition by the reaction [20]

+ -
Cu20+ 2H -l-2e ‘—..""ZCu +H20 .

The clean copper substrate was placed in a plating cell containing a cobalt

sulphate solution at 18C which consisted of 300 g/l.CoSO4;7ﬁ20; 6 g}i"ﬁsBO; N

and 3 g/1 NaCl which had been adjusted to a ph of 2.3 by the addition of

2

remove any dissolved gasses before being placed in the cell., (An aspirator

H SG4 [21]. This solution had been filtered and boiled in a vacuum to

was used to create the vacuum.) The substrate was then plated for 60
secon&s ét-a current density eof 12 ma/cmz. This pro&uced a shiny layer of
face centered cpbalt appraximately .lzumuthick.

Upon remdval from the cobalt solution the crystal was rinsed ip
distilled water and placed.in a second plating cell which contained a
n;ckel gulphate solution consisting of .43 m/i N}SOA.6H20 and .4 m/1 H,BO,

which had been adjusted to a ph of 3.7 by the addition of H,50, and which
~
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was heated to a temperature of 27 C [22]. This solution had also Been
filtered and boiled in vacuuﬁ before being plaéed in the plating celi.
The crystal was depasited at a cur}ent density of 20 ma/cmz, a pléting
time of 9 minutes yielded & 2.3 umwof nickel.‘ Occasional agitation during
ﬁlating was required to prevent the formation of pits due to bubbles on

the surface. N

‘The plating .cell consisted of a rectangular plexiglas box 10 cm long

by 5 cm wide by 7 cm deep which was divided in the middle by a sintered -
glass filter. The coppér substrate was placed at one end and aﬁ anode |
made of the me;al to be plated was at the other The sintered glass

filter was neceééary to prevent particles which were etched free ffom the

anode from reaching the cathode -and disrupting the crystal growth [23].

There were two reasons for applying a thin cobalt:layer to the copper

substraté. The first was that face centered cobait has a lattice constant
between that of copper and nickel, this should help to reduce the amount

of strain in the nickel crystal.

Iable’ _1_ o ‘
| Lattice constant (ZO'C)[24] ‘ Ré;ib tb_ﬁickel

Cu . 3.615 A C L 1L.e2s9

Co (fce) 3.544 A  1.0059

N 3.524 A Y0

Seca;dly it was hoped that the nipkgl foils ?ould?be‘;eﬁoved from the o
copper substrate by dissolving the cobalt layér [11]. Unfortunately foils
obtaiﬁed.in this way contained numerous holes éndvhende were not suitable

for transmission measurements. It éhoﬁld be noted that we have also grown

nickel directly on copper but we have not yet been able to determine which
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.method results in Better crystals. .
 As was m;ntioned earlier, the nickel crystal could nbt be removed by

dissolying the cobalt lafer so the copper substrate and the thin cobalt

layer were regovea froﬁ the nickel’cryptal. This was done by

electropoliéhingggway thé bulk of the 20§per. ”During this process the

‘ bfép;ckel ﬁas protectéd by a layer of beeswax. The remainder of the copper

| sdbsfféte and the cobalt film were dissolved away by means of a chromic

acid'SOquion,Eonéist;;g of 500 g/1 Cr0, and 50 g/1 H,80, [25]. This

solutidn seems to have no effect on ;he nickel cgystal; Specimens’& mm on

a side werqbcut from the resulting nickel single crystal foil and were Kr\

annealed in vacuum at 1000 C for 6 hours: After which they were ready to

be mopnted.

Microwave Sjstem

All of the microwave measurements were carried out‘usiﬁg a 24 GHz
homodyn€\ﬁzsfém which has previously been described in detail [16]. Thisir
system has a sensitivity ofiappraximately 10-17 watts in a i Hz bandwidth.
In order to mount the specimen it was soldered using pure indium over a
1.8 mm diémeter orifice in a .15 mm thick berfllium copper diaphragm.

This diaphragm was then‘mounted to form a common wall between tuned
transmitter and receiver cavities« Spurious' leakage between/the cavities
was prevented by means of a gaéket formed from .4 mm.diameter indium wire.
The cavities were mounted ip an electromagnet in juch a way that the
applied field could be rotated in the plane of’the sample, Asrmost of the
measureﬁénts were to be made below room temperature a double wall 1ligquid
nitr&en shielded dewar was placed around the cavities. The cavities were

. ¢
cooled by blowing cold nitrogen gas over them. The temperature was

e
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r;gula;ed by means of a small heater strafped fo the lower cavity,” Liquid
helium was used to reach teﬁperatufes below-;7K.

Although the cfystalyhad been oriehted by'heans of'a Laue x-~ray
photograph it was still necessary to determine the exact orientation of the
crystal axis relative to the applie&“magne;icvfield. ?he orientation‘of
the crystal could easily be dete;mined by measuringvthe position bf FMR as
a function of thef{ magnet angle ;fter the sample pad been cooled so as to
increase theﬁvalﬁé‘of the magnetoérystalline anisotropy; A maximum in the
value of the applied field at which FMR occurs in Nickﬁl is observed when’
thekapplied,f;éld is.parallel to the [100] axis. TUsing- this method it was
possible to align the magnet to ;fthin 2'6f the [100] axis by cooling the
crystal to 150 K (the [110] axis was normal to the plane of the sample).

: Beforé presenting Ehe results of the microwave transmission
measuremeﬁ?é I Qbhld like to outline the procedure used to obtain a
complete set of transmission measurements.’ First the magnet- was aligned so
that the applie& field was along one of fhe crystal axes (usually [100])
and the klystron frequency whs.lockéd to that of an external reférenée .
cavity. Oﬁce the temperéture of the sample had reached tge desired value
the transmitter and receiver were tuned to the klystron frequency by meané
of quartz tuning rods inéerted into each cavity. As the samples measured
were relativelylthin it was necessary to insert an atteﬁuator in';he wave
guide leading to the transmitter cavity in order to prevent the signal from
oveyloading the mixer. Next tge microwave phase shifter was adjusted for
the first phase and the signal gmplitude was then recorded as a function
of appiied magnetic field. Thé data was stored both on an analog x-y
chart recorder and digitally using a PDP-8 based microcomputer. After the
signal had been recorded over the desired field region two additional

measurements were made. First the magnet was rotated so that the applied

. 35



D;C. magnetic field was parallel to the microwave mégnetic field and the
D.C. field was ad justed to appraoximately 10 KOe. In this configuration the
R.F. permeabiiity is €qual to unity and fhe amplitude of the transmitted
signal depends only on the thickness and conductivity of the sample.v

| Throughout the rest of this thesis this signal will be referred to as.the
parallel parallel signal. A second measurement was made with the
attenuator in the wavegulde leading to the transmitter cavity closed. This
measurement was used to’digitally subtract any signal resulting from
leakage between waveguides. This coppieted the measuremeht of the first
éhase. The phése shifter was thén moved by 90 and all the measurements
were repeated. Asxa final step the data was transferred from the
micrécomputer to an IBM 4341 where thevfbtal tréhsmittgd signal amplitude
was calcuiated by digitally combining the signals corresponding to the two

phases. .

/!
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-IV. EXPERIMENTAL RESULTS

The bulk /of the prefimental data isvi; the form of a series of
;easurements of the tranémitted amplitude as a function of thé applied‘
magnetic field. In order to extract information about the propgrties of Ni
from the obgerved traﬂsmission curves the parameters used to calculate the
transmitted signal were Qaried until a éood fit was secured to the observed
signal. Each experimentally observed tranémission curve 1s presented along
with a theoretical fit. In order to make a theoretical fit to the
observed transmission signal we need to know both the resistivity and
thickness of the sample. The resistivitvaas determined by measuring the
resistance of a strip approximately 1 mm wide and i cm long cut from a
section of the crystal which was adjacent to the specimen used for:the
transmission‘héasurements. The resistance of this strip was measured at
room temperature, in liquid Nitrogéh (77 X) and in liquid Helium(4.2 K)
using a standérdué probé technique. The resistancé of the sample was
assumed to be given by the éum of a qonstant'residual resistance aﬁﬁ the
resistance that would be observed in a ﬁure Nickel sample [26,27,28]. The
magnitudé\of the re?idual resistance was in this way fouﬁd to have thp ‘

values sh&wn in Tabfe 2.

\
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Table 2 ‘ . :

| -R/R299 Residual Resistance
299 K ) 1 na
LN, (77 K) ‘ 8.93 «295 m Scm
LHe(4.2K) 244 307 2 cm

As can be seen in T;ble 2 the values of RR obtained from

R77/R299 and R4.2/R299 agree very well. A valuevfor the residual
resistanée of RR=.3Q7/LJ\-GM was used throughout the rest of this work
since the value for the residual resistance obtained from the 77 K
measurement could be strongly affecteg by a small change in the temperature
of the sample.(A .7 degreef&ifference in temperature would account fbr the
observed discrepancy) It'appea;s that a large pdrtion of the residual
resistance is associated with the,annealing process. We have made
measurements of the res%duél resistance ratio of nickel crysfals which had
been grown directly on the copper substraté.: Béfore annealiné these
samples had a residual resistance ratio of over‘200'thié ratio dropped to

about 20 after they had been annealed. At this time the‘cause of the

increased resistance is not known.

Sample Thickness

In order to determine its thickness, the sample was weighed using a

~

Cahn Electrobalance and its area was estimated by using the stage'bn a

*

metalographic microscope. These measurements along with a room temperature

'Y
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density of 8.906 g/cm3 [26,29] ga;e an average thickness,of 2.5 -«
HOWevervthe-thickness of the crystaip?as found to incre;se towards the rim
and so the value of Z.Q/umu is likely to be an‘overestimate of the
thickness at the centre:of the sample. - Fortunately one ‘can quite
accurately determine the thickness of the sample by making fits to the
observed transmission amplitude., This is illustrated in Figures 4,1-3
where the thickness used in the calculatieq was varied from 2.275 to

* 2,375 _uew . All of the other parameters used in the calculation are those .
for bulk Nickel at this temperature‘(300‘k), As can be seen this is quite
a sensitive means of determining the thickness. Another method for f
determining the sample thickness 1s to use the temperature dependence of
the parallel.par ilel signal. The size of this signal depends only on the
resistivity and thickness of the sample. éince we hare already meesured |
the resistivity we can determine the thickness. Fig. 4.4 shows the
experimental data along with a fit obtained usiﬁg,a thickness of 2.31 pamn) .

_ Although the data is somewhat noisy due to the difficulty in determining
the sensitivity of the system as a function of temperature the results are
copsistent with thoee obtained by fitting the field depengence of the reom'
temperature transmission signal. There is one last method which can be
used to dete ne the sample thickness. AThis is to look for the presence
of acoustic standing waves in the sample. Figures 4.5-7 show the
transmitted amplitude at FMR as a functien of sample thickness, the levels
of the experimentaily oBserved amplitudes are elso shown., From Fig. 4.5 we
see that the room temperature sample thickness.must lie in the range 2.305
to 2.335 4w and from Fig. 4.7 we see that the sample thickness must 1lie
between 2,278 and 2.308‘puﬁd or 2.283 to 2.3131M0*9 at room temperature
(allowing for .005 Jﬁh; of thermal expansion). A room temperature
thickness of 2.3l/unn)(2.30%/ywd at lOO k) would account for the observed

—
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signal amplitudes. Aé a result of all these measuremenss a value of"

‘2.3101Lmnﬁwas taken for the sample thickness. \
Now having determined both the thickness and the resistivity of the

sample we can investigéte the temperature dependeqcerof the magnetic

damping and of the ultrasonic signal. Figures 4.8~16 show both the

experimentally observed.signal and a theorétical fit at each temﬁefature.

Only three free parameters were used to make a fit to the observed

signals. [These were:

N

1. The value of damping in the region of FMR (G, ).

MR
2.'_The value of damping used elsewhere (G).
3. The valué of the lifetime of the phonors (tau).
All other parameters used were obtained from the published values for
Nickel ( festivity[26,27,28],density [26,29] ,elastic constants
[30] ,magnetocrystalline anisotropy [31], magnetization [32,33],"
magnetoelastic coupliﬁg constant [34]). It was found that a magnetic
damping at FMR which was .7x108hz larger than the values,rgported by Bhagat
and Lubitz [3] gave a good fit to the observed linewidth at all" '
temperatures. This value was used throughout the remainder’of the thesis.
In order to secure a fit to the data the following procedure was used.
At temperatures above appraximately 150 K the experimental and
~calculated curvés were scaled to have the same amplitude at FMAR. "The
value of G used was then adjusted until both curves agreed in the
neighbourhood of F&AR and in the field region well above FMR (in this
field region the signal is relatively insensitive to\;he value of G).
After this had\been done the relative scaling of the ¥mperimegtal and
calculated curves was fixed and Tau was ad justed to m;Fch the amplitude of

|
|

the FMR phonon peak.
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For temperatures below 150 K the signal in the field region above FMR
was not large enoushwto;bé used as a reference to fix the value of GFMAR .
It was therefore necessary to fix the relative size of the expefimental and
calculated signals by making use “of the measured sensitivity of the system.
Having fixed the relative scaling, -the vaiue of G was adjusted to give the
correct amplitude at FMAR. Tau was then adju;ted to match the amplitude
of the FMR~phonon peak. \
_ The'temﬁerature dependence of the system sensitivity was determined
by_replacing the sample with a Be-Cu diaphragm which contained a small
pinhole. As.the'coupling between cavities produced by sucﬁ a pinhole
should bevtemperature independent, any éhangés in the transmitted signal
could be attributed to the temperature dependence of the system .
senéitivity. It was found that there was only i?xoz variation in the
sensitivity for temperatures below 200 K.

Fig. 4.17 shows the temperature dependence of the magnetic damping
(G) measured in the region of FMAk. Also shown is a solid curve which
represents the daﬁa obtained by Heinricﬁ, Meredith, and Cochran.
Unfortunately it was not possible to extend the present measurements to
lower températures in spite of the fact that the crystal used in this work
was approx 1/2 as thick as the oné used by Heinrich; Meredith and Cochran.
This was because the FMR transmiésion peak bgcame 8o large relative to the
FMAR signal that it dominated agd’ﬁbscured the FMAR signal at temperatures

below 100 k. As a consequencef it was impossible to determine the dampi
. pi ping

parameter G which characterized the FMAR signal for temperatures legs than
100 K. Fig. 4.18 shows the temperature dependence of the transmitted
amplitude at FMR. The observed ultrasonic signal amplitude could be
accounted for by using an ultrasonic decay time (tau) which had a value

between .9 nsec and 1.4 nsec as is shown in Fig. 4.8-4.16 There are a

41




number of factors which contribute to ‘the . uncertainty in tau. First theb | R
transmitted amplitude depends strongly on the value af the magnetic damping.
'(approximately like 1/62)_and so a relatively small error in the m;gnetic

damping produces a iarge change in tau. Since acoustic interference

effecfs were present it was necessary to accurately know the sample.

thickness, density and fhe shear modulus in order to determine tau. Theré

was an uhcertainty of .SZ-inxthe shear modulus [30] (this is equivalent to

an unceftainty of .25%Z in the sample thickness) and as cah be seen from

Fh;. 4.5;7, this éan introduce a considerable uncertainty in the value of

tau. Andvso to within‘experimentai error (-25%, +100%) the ultrasonic

decay time was found to have a temperature independent value of 1.2 nsec.
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Fig. 4.1 The transmission amplitude as a function of the applied field.

The crosses (+) représent experimental data and the solid line was
calculated using R=7.529 _uwolm-cm, F=23.943 GHz, W/¥ =7.822 KOe,

; -6
4’”}!3-6.143 lfOe, ZKI/M's-—ZIoO Oe, D=2.275 um, A-l x 10 ergs/cm,. .
B2-1.07 x 108 ergs/cm3, density=8.9055 g/cm3, @;.45:: 108‘ Hz,

1Cyum1.234 x 1012, and tau=.66 x 1077,

¢
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Fig. 4.2 The transmission amplitude as a function of the applied field.
 The crosses (+) vrepr'esent experimental data and the solid line was
calculated using R=7.529 i otm-cm, F=23.943 GHz, W/¥ =7.822 Koe,

4% =6.143 KOe, 2K,/M =240 Oe, D=2.325 wm, A=l x 107® ergs/cm,

B,=1.07 x 108 ergsécmB, density-8.9055 g/f:ﬁxB, G=2.45 x 10%

C,u=1.234 x 102, and tau=.66 x 107°:

Hz,
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Fig, 4.3 The transmission amplitude as a function of the applied field.

The crosses (+) represent experimental data and the solid line was
calculated using R-7.529 _ohm-cm, F=23.943 GHz, w/¥ =7.822 KOe,
. : -6
44?1!8-6.143 KOe, ZKI/MS-ZloO Oe, D-2.375M’ A=1 x 10 ergs/cg,
B2-1.O7 X 108 ergs/cm3, density=8.9055 g/cm3, G=2,45 x 108 Hz,
Cuy™1-234 x 10'%, and tau=.66 x 107°
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AMPLITUDE .

100 ' . 200 T (K) 309
Fig. 4.4 The log of the tE@tted amplitude as a function of temperature

when the DC and microwave magnetic fields are applied in the same

direction. (In this orientation the transmitted signal amplitude depends

only on the thicknes and resitivity of the sample.) The crosses ‘(+)

represent experiment—al data and the solid lines were calculated using

sémple thicknesses of 2,0 s ,2,31,” and 2.6 «em.
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Fig. 4.5 The transmitted amplitude at FMR as a function of sampie ;hicknéss
for various values of tau. The dashed linéisﬁows the experimentaily
observed signal strengtﬁ and the soli&miihes were calculated using

R=7.529 A4 ohm-cm, F=23.943 GHz, W /¥ =7.822 KOe, 4&rus-6.143 KOe,
2K, /M =240 Oe, H_=5.49 KOe, A=l x 10™° ergs/cm, B,=1.07 x 10°

ergs/cm3,-_
8 .

=1.234 x 1012,

densit§;8.9055 g/cm3, G=2.45 x 10 4

Hz and C
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Fig. 4.6 The transmitted amplitude at FMR as a function of sample thickness -
for various values of tau. The dashed line show§ the experimentally -

/

observed signal strength and the solid lines were calculated using
R=4,302 _sAohm-cm, F=23.943 GHz, W/¥ =7.822 KOe, 4 ’II'MS-6.392 KOe,
ZKI/MS--7700e, H°-5.99 KOe, A=] x 10"6 ergs/cm, B2-1.30 X 108 ergs/cma,

density=8.935 g/cm>, G=3.15 x 108 Hz and C, =1.268 x 1012,

4
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100 X

2x107% TAU = 3.2x10° SEC )
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Fig. 4.7 The transmitted amplitude at FMR as a function of sample thickness
for various values of tau. S’I‘he dashed line shows the experimentally
observed' signal strengt’h«b and the solid lines were caicula’ted using .

R=1.275 _s ohm—cm, F=23,943 GHz, w/Y =7,822 KOe; 4'“‘!18-6.548 KOe,

2K, /M _=2000 Oe, H =7.50 KOe, A=l x 107% ergs/cm, By=1.48 x 108 ergs/ca’,
density=8.962 g/cm>, G=5.10 x 103 Hz and C

o 12
44 1.301 x 10°“,
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Fig. 4.8 The transmission amplitude as a funétion of the applied field.
The crosseé (+) represent experiﬁéi:tal data and the solid line was
calculated using R=7.529_s4 ohm-cm, F=23.93 GHz, “@/¥ ‘-758?2 KOe,
44rM_=6.143 KOe, 2K /M =240 Oe, D=2.310 ), A=l x 1078 ergs/cm,
B,=1.07 x 10° erga/cm®, density=8.9055 g/em>, C,,=1.234 x 10'%,
tau=.9 x 10”7 and 6=3.0 x 10% Bz in the field region from 5-6.5 KOe for
all other fields a magnetic damping of G=2.45 x 108 Hz was used. The
inset shows the quality. of the fit in the regiom of FMR.
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Fig. 4.9 The transmission amplitude as a function of the applied field.

The crosses (+) represent experimental data and the solid line was

calculated using R=5.606 «i ohm-cm, F=23.943 Gz, /¥ =7.822 KOe,

4 WM =6.290 KOe, 2K /M _=-435 Oc, D=2.308_ums, A=l x 1070 ergs/cm,
8

B,=1.21 x 10 ergs/cm>, density=8.923.g/cm>, C,,=1.247 x 1012
9

tau=.9 x 10~2. and G=3.0 x 10°

Hz jm the f:leld region from 5-6.5 KOe.
all other fields a magnetic damping of G=2.45 x 108 Hz was used. The

inget. shows the qualify of the fit in the regibn of FMR.
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'TRANSMITTED
AMPLITUDE

1x10~3

5x10

B IN KOe
Fig. 4.10 The transmission amplitude as a function of the applied field.
The cx;osses (+) represent experimental data and the solid line Awas
calculatéd using R=4.890 44 ohm-cm, F=23.943 GHz, W/¥. =7,822 KOe,
47 =6.354 KOe, 2K /M =630 Oe, D=2.307 umv, A=l x 107

B,=1.26 x 10® ergs/cm’, density=8.929 g/cm, C,=1.255 x 1012,

9

ergs/cm,

tau=l.1 x 10 , and G=3.0 x 108 Hz in the field region from 5-6.5 KOe.
For all other fields a magnetic damping of G=2.45 x 108 Hz was used. The

inseg shows the quality of the fit in the region of FMR.

&
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5x10

5 _ 10
H 1IN KOe
o
Fig. 4.11 The transmission amplitude as a function of the applied field.
The crosses (+) represent experimental data and the solid line was
calculated using R-4\.302/M- ohm-cm, F=23.943 GHz, “)/_8 =7,822 KOe',
470 M_=6.398 KOe, 2K;/M_=-770 Oe, D=2.307um., A=l x 10°° ergs/cm,

B2-1.30 X 1‘-08 ergs/cm3, density=8.935 g/cm3, C44-1.268 X 1012
9

tau=l1,2 x 10 , and G=3,15 x 108 Hz in the field region from 5-6.5 KGe.

For all other fields a magnetic damping of G=2.45 x 108 Hz was used. The
inset shows the quality of the fit in the region of_ FMR. 7

53



1x10~3

TRANSMITTED . -~
AMPLITUDE

5x10”

H IN KOe
>F,1_~g. 4,12 The transmission amplitude as a function of the ﬁpplied field.

The crosses (+) represent experimental data and the s0lid line’ was

calculated using R=3.854 ut ohm-cm, F=23.943 GHz, W/¥ =7.822 Koe,

. < -6 .
4 MST6'420 KOe, 2K1/Hs-950 Oe, D-2.3‘07/w\:‘, A=1 x }O ergs/cm,
B,=1.33 x 10° ergs/em’, density=8.939 g/em®, ¢, =1.273 x 10'%,
. ‘

tau=1.0 x‘KIO- , and G=3,2 x 108 Hz in the _fieid region from 5-\5'55 KOe.

For all other fields a magnetic damping of c-zl\as x 108 Hz was-used. The

inset shows the quality of the fit in the regidn of FMR.
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1x10~3

TRANSMITTED
AMPLITUDE

5x1074

5 ‘ 10
_ Ho IN KOe
Fig. 4.13 The transmission amplitude as a function of the applied field.
_ ) , y

The crosses (+) represent experimental data and the solid line was
calculated using R=3.572 « ohm-cm, F=23,943 GHz, W/X =7,822 KOe,

4T M =6.436 KOe, 2K /M =-1070 Oc, D=2.306 uumv, A=l x 107°

ergs/cm,
B,=1.35 x 108

'ergs/cm3, density=8,942 g/cm3, C“-l.276 x 1012,

tau=1.0 x 10”7, and G=3.2 x 108 Hz in the field region from 5-6.5 KOe.

For all other fields a magnetic damping of G=2.45 x 108 Hz was used. The

inset ghows the quality of the fit in the region of FMR.
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Fig. 4.14 The transmission amplitude as a function of the appiied field.
The crosses (+) represent experimental data and the solid line was
calculated using R=2.533 _i ohm-cm, F=23.943 GHz, 0>/¥ =7.822 KOe,

4ACM =6.490 KOe, 2K /M _=1640 Oc, D=2.305 sum , A=l x 10 ergs/ca,

i
For all other fields a magnetic damping of 6=3.10 x 108

inset shows the quality of the fit in the region of FMR.

. "
By=l.41 x 10° ergs/cm’, density=8.951 g/ca, C,hu~1.288 x 1012, ///f\>
tau=l.3 x 10-9, and G=3.7 x 108 Hz in the field region:from 6-8.5 K’(%.- ' -
N
~
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E}g_; 4.15 The transmission ampli'tude.as a function of the applied field.
The crosses (+) represent experimental data and the solid line was

| calcuiated using R=1.869 4 ohm—cm, F=23.943 GHz, w/¥ =7.822 KOe,
47 M _=6.522 KOe, 2x1/u8-23oo‘oé; D=2.305 -, A=l x 1078 ergs/cm,
B,=1.45 x 10° ergs/cn’, density=8.957 g/en’, Cju=1.298 x;10{f;

tau=l.4 x 10-9, and G=4.3 x 108 Hz in the- field region above 6 KOeV and a

magnetic damping of G=5.3 x 108 Hz was used at fields below 6 KOe.
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5

Fig. 4.16 The transmission amplitude as a function of the applied field.

The crosses (+) represent experimental-dat# and the sol:l& line was ,.

calculated using R=1.275 i ohm-cm, F=23.943 GHz, wW/¥ =7.822 KOe, _

47T M_=6.548 KOe, 21<1'/u8-2750 Oe, D=2.305 umt, A=1 x 10~ ergs/cm, |
8

32-1.48 x 10

exgs/cm3, density=8, 962 g/cm3,- 044-1.301':: lblz

tau=1.3 x 1077, and G=5.1 x 108 Hz in the field region above 6 K0e and a

magnetic damping of G=8.3 x 108 Hz was used for fields below 6 KOe.
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Fig. 4.17 The temperature dependence of the magnetic damping parameter
measured at FMAR. The solid curve shows the results of Heinrich, Meredith

and Cochran.
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Fig. 4.18 The -temperature dependence of the transmission amplitude at FMR.
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'~ Magnetic Damping

V. DISCUSSION .. ..

t*‘ln general the theory outlined in chapter 2 gave a good fit to the

iobstrved transmission signals. The observedptemperature dependence of the

;magnetic damping at FMAR was found to agree to within experimental error

with vhe results obtained by Heinrich et al [1l]. 1In addition a magnetic

damping at FMR %hich was .7 x 10 Hz larger- than that measured by Bhagat

-and Lubitz [3], was found to give a good fit to the linewidth of the

ultrasonic signal. This additional damping at FMR is probably due to the

presence of surface imperfections.

l-At-thiss§Oint a brief discussion:about theborigin of magnetic damping
in metals is in order. In addition to the damping mhichvresnlts from the.
presence of imperfections (1e two magnon scattering [8]), there is a large
intrinsic damping associated-with the presence of the conduction electrons.
Hodges, Stone and Gold' [35] hane.shown that the shape of the Fermi surface

changes when. the direction of the sample magnetization is changed. Hence

the Fermi surface will be continually changing shape in response to a

. precessing magnetization and the distribution of the electrons will always

lag behind the instantaneous equilibrium distribution. This phase lag
gives rise to'a umgnetic damping term. If the electron relaxatiog tipe is
m?ch-shorter than the period of precession we find that  the magneiic
damping from this source is proportional to the relaxation time U (or the
DC conductivity & ). This damping mechanism was proposed by Kambersky [5]

and was latetr extended by Korenmann and Prange [6] who made an estimate of
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the size of the magnetic damping based on a band theory qu‘el of
ferromagnetism in which spin orbit coupling had been included. ‘Korenmann\
and Prange found that the magnetic damping was approximately proportional

to the wavenumber dépendeh; electrical conductivity .

G\ e TANK':- KL

where LsVgTU is the electron mean frée path and K is the wavenumber
\

o A .
Another source of magnetic damping arises from the finite spin

associated with the magnetic disturbance.

lifetime of\ the lferromagnetic electrohs. 'A number of authors have studied
this problem‘ [36,37,38] and found that in our temperature range the BN
magnetic damping should be proportional to V/%¥ (or the DC resistivity P)
where U is the conductioﬁ electron relaxation time.
As a result of these co'ﬁsiderations Heinrich et a]: [1] made a fit to
the magnetic damping measured at FMAR using two terms, one proportional to
q (at FMAR KI<] and so (tan—HKrL)/KL-l) and one propbrt:l:onal mt;.o f. They

obtained a good fit to the observed damping using the formula
- 2 ‘ ¢ o
Gz 10710 (Y o 119 % 10 p(8) [ e
This formula was used to draw the solid line shown in Fig. (4.17) and -is

in agreement with the results we have obtained to within the uncertainty of

the experiment.
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Ultrasonic Attenuation

Thére are a number of mechanisms'which give_ rise to ultrasonic
attenuation in a‘ferromaghetic metal. One of theélargest of these results
from the nmgnetoelastic'coupling‘between the<latti§e,and the magnetization.
This term was included in the theory outlined in chapter 2 and giyesgrise
to the magnetic field dependent wltrasonic attenuation which is shawn in
Fig. 2.10. This contribution results in an ultrasoﬁicrenergy decay length
of X Sumw(a lifetime of 1.5 x 10-'9 sec) at MR at room.temperature: (It
should be noted that this attenuation occurs in addition to the damping
related to the value of tau.)

fhe finite ultrasonic energy decay time tau accounts for the
ultrasonic attenuation caused by the following mechanisms. The first of
which results from interactions between the ultrésonic wave andvthe
conduction electrons. This effect has been studied in considerable detail
since the measurement of ultrasonic attenuation in sgperconducting
materials provides usefull information dbout the size of the energy gap
(see [39,40]). In normal metals energy is lost from the acoustic wave
because the mofion of the conduction electrons lags'slightly behind that of
the lattice. The motion of the electrons relative to the lattice gives
rise to an ohmic loss. The calculation of the rate of attenuation is
complicated by the fact that at low temperatures the electronvmean free
path becomes longer than the acoustic wavelength. This problem has beeﬁ
addressed by a number of authors ( Pippard [41],Steinberg [42], Cohen,
Harrison and Harrison [43] and Banic and Overhauser [44]). The attenuation
length reaches a minimum at helium temperatures and by using equation 3.5

of Steinberg [42] with the modification that we include the permeability
N T )

AL in the calculation of the skin depth (K.":.‘/s" becomes Ko3a s
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Yandl

we find that the attenuation length from this source is at worstv6qju~(a

lifetime of more than 20vnsec.) and so it 1s unlikely that the conduction

electrons produce a significant amount of ultrasonic signal attenuation in

our samples.
A third source of energy loss results from fhe coupling of the
ultfasonié wave to thermal phonons by means of.anharmonic terms in the
stgss strain temsot. The preéence‘of anharmonic terms causes the
equilibrium conditions for the thermal phonons to vary with time when an{
ultrasonic wave 1s present. The phonons will continually relax back toward
thérmal equilibrium and in doing so will damp thé ultrasonic signal. Ihis
source of damping was first pointed out by Akhieser [45] and has since
been treated theoretically.by Bpmmel and Dransfeld [46], Woodruff and
Ehrenrich [47] and Mason and Bateman [48]. This is the dominant loss
mechanism inlmany insulating crystals at room temperature. Oliver and
Slack [49] preseht an approximate expression for the room temperature sound
aﬁtenuation which was based on theqreSults of Woo&ruff and Ehrenreich.
Thié expreséion yields an ultrasonic relaxation time ofrappraximately
1 nsec. This relaxation time is expécted to bé only weakly temperature
dependent for sample temperatures larger than 2,1 eDebye (75 K ffor N;)\."
We have also observed that there was a marked decrease in the size
of the signal transmitted.at FMR. after the §ampie had been mechanically
deformed. This suggests that dislocations play a role in determining thé
attenuation length. Granato and Lucke [50] have studied the attenuation of

sound by dislocations . The observed rise in the ultrasonic attenuation

,could be accounted for with a reasonable dislocation density (N4=1010/cm2).
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Summar \

Perhaps the most useful result of this work was the development of a
techniqué for producing thin single crystals of uniform thickness. These
crystals can be grown to thicknesses in excess of 20w and appear to have

i<ﬁhterial properties which are indistinguishable from bulk nickel. In the s
unanﬁealed’state the epitaxially grown crystals have a'higher residual |
réstivity ratio (RRR > 200) than i; found iﬁ nickel crystals grown by the

v‘Czochralski techniﬁue“(RRR 70). - This wofk cbnfirms thg earlier
me;surements of the.temperatdre dependence of the magnétic damping at FMAR
made by Heinrich, Meredith and Cochran [1]. The large ultrasonic signal - f,;;
centered at FﬁR prevented us from determining the mégnetic damping at
temperatures below 100 K.

The observed ultrasonic signal amplitude could be accounted fof by

using the bulk value of the magnetostriction constant, and by using én
-ultrasonic energy decay time of 1.2 nsec (a mean free path of@5.umw).
This is believed to be the first measﬁrement of the ultrasonic mean free
path Iin nickel at a frequency above 9 GHz.: Thé observed'ultrasOnié
attenuation can be accounted for by two effects: the absorption of sound by
dislocations and fhe attenuatibn due to coupiing of the ﬁltrgsonic wave to
thermal phonons by anharmonic térms in the stress strain tensor.

In order to extend the'measurement of the magnetic dampiné at FMAR to
lower temperatures it appears that we must produce samples with a
non-uniform thickness. This could be done elther modify{gg the plating
cell geometry so as to produce wédge shaped samples or by électropolishing
the samples after they had been grownr(electropolishing produces a sligﬁtly

rippled surface). A more accurate determination of the temperature ) i
t ) .

dependence of the ultrasonic attenuation could be made iffthicker samples

65



were used. The use of thicker samples would also reduce phe sizé‘ of the
af:'oust;}c standing waves which made the ’knowiedge of the exact samle .f
thi(:km;.ss a crucial factor in the c}etermination of the témperature B
dependence of the ultrasonic attenuaktion.

It 1s also possible to determine the exchange constant by ﬁéas’uringl
the separation' between FMR and the peak in the magnetoelastic component of
the ultrasoﬁic attenuation. This separation wae;~ ;oo(large to be readily
mea::;.ured at 24 GHz, however, as the separation is proéoi‘tional to the.
frequencyr squared meas‘urements-made, at lower frequenéiés can’be ‘used to

determine the exchange constant. Reference [18] contains our pr_eliminary

results of the ultrasonic determination of excharge at 9.5 GHz.

///
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