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. 1ii
- ABSTRACT

“The température;dependence'of the ferromagnetic anti-
'%esonant (FMAR) transmission of 24 GHz microwaves through
polycrystalline and single crystal nickel samples has been
étudied. Between 300K and 637K measurements of trarfsmission
amplitude vs. magnetic field can be described by the usual -
equation of motion for the magnetization using a Landau-
Lifshitz damping parameter of‘2.45 + .1 x 1085ec-1 ang a
g-factor of 2.187 + .005, both temperature independent.
Meausrements of the maximum transmission amplitude at
FMAR vs. temperature were obtained between 120K and 637K.
These measurements confirmed the temperature independence of
the damping above 300K and indicated a rapid increase in the
damping below 200K. This 'increase in the damping is in agree-
ment with the results Bhagat and Hirst (1966) obtained from
ferromagnetic resonance absorption measurements.

The FMAR transmission signal was too small to be observed
below 45 ¢+ 5K. A second transmissi on peak at an applied field
corresponding to ferromagnetic resonance developed at
temperatures less than 40K. The origin of this new transmission

. v ~
peak is not clear.

o
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CHAPTER 1

INTRODUCTION
. .

‘ The phyéics commﬁnity has exerted a great deal of effort
on fhe study of the radio frequency properties of magnetic
materials sinée Griffiths (1946) first demonstrated thaf ;
magnetic field influenced the surface impedance of nickel.

. The mﬁFrowave ;bsbrption maxima Griffiths observed became
known'és ferromagnetic resonance (FMR) . Frgg th{lsurface
impedance~extractéd from fefromagnetic reionancg é;bérimeﬁts
one could obtain informationab;utthe mégﬂetizétiOn; g-f%ctor;
méghetic anisotropy, ma;netic damping, exchange, and-the .
surface pinhing of a ferrdmagnetic metal (MécDonald 1951;
Ament and Rado 1955, Rado_and’Weertman 1959). In pracfice,
the shape of the mdgnetic~fie1d dependent surface impedhncc
‘near FMR *d®pends in a very. complex manner on all the above
parameters, ﬁaking it difficult to disentangle effects dﬁé

to magnetic damping from effects due to exchange and surface"
pinning.

Heinrich and Meschyerakov (1969, 1970) showed that
permalloy exhibited a peak in the transmitted microwave signal
at an applied magnetic field which correspondeéd to a minimum
in the radio frequency permeability (real part of Mpp = 0).
This phenomenon is known as ferromagnetic antiresonant (FMAR) ~
transmission. The enhanced transmission at FMAR of a ferro-

magnetic metal was predicted by Kaganov (1959) and is related

. A . .- . .
to the microwave transmission maxima discovered earlier in
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gadolinium by Lewis et al. (1966).

Thii/FMAR transmission pgak arises because the permeabil-
ity modhlates the skin depth of the microwave radiation within
the magnetic metal'. Depending on the metal, the permeability
can increase the decay length of the radiation by a factor of
from five to ten. Since the transmitted sign{l depends exponen-
tially on the inverse decay length, the transmiFted signal
can vary by orders of magnitude as the magnetic field is
swept through FMAR. Typical examples of FMAR transmission
through nickel are illustrated in Figs. 1.1 and 1.2.

Heinrich and Mescheryakov have shown that the magnetic
field deﬁendence of the transmission of radiation through
ferromagnetic metals can be used to obtain the g-factor,
saturation magnetization, and damping uncomplicated by
effects due to exchange and surface pinning. Thus the FMAR
transmission technique is more attractive than the FMR
absorption technique for determining these material
parameters. Further, FMAR transmission is a.bulk phenomenon;
it is insensitive to surface pinning and .the RF radiatjion
probes the tot;1 thickness of the sample. This differs from
FMR for which the shape and position of the FMR absorption
line are dependent upon the degree of surface pinning, and
for which only a layer approximately 100 Z thick 1is probed by
24 GHz radiation. FMAR measurements are; therefore, far

i ?
less sensitive to the condition of the sample surfaces than

'0f course, the permeability also plays a role in determining
how much radiation is reflected and transmitted at the
surface of the metal.




Fig. 1.1: Transmission amplitude vS. applied magnetic field
for a polycrystalline specimen. The -agheti; fiefd‘was
parallel to the plane of the disc shaped sample. The
temperature was 224°C. The calculated transmission (solid
line) is normalized to the experinenfal peak amplitude
(points). Parameters used for the calculated transmission
are: R.F. frequency = 23.825 GHz, g = 2.187, M_ = 377 Gauss,

resistivity = 17.82 x 1076

8 1

Q-cm, thickness = 19.12 um, and

A = 2.45 x 10" sec
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Fig. 1.2: T:ansmissiaﬁ amplitude vs. applied magnetic field
for the same polycrystalline samplé'as in Fig. 1.1 but

with the applied field normal to the plane of the sample.
Parameters used for the calculation (solid 1ine) are:

R.F. frequency = 23.825 GHz, g = 2.187, M_-= 377 Gauss,

resistivity = 17.82 x 10°% @-cm, thickness = 19.12 um,

8 1

and A = 2.45 x 10 sec The data (po{nts) were obtained

LN

at 224°C.
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FMR measurements and this minimizes problems associated with
the preparation of reproducibly clean, smooth surfaces.

Most of this thesis concerns the study of the R.F.
magnetic properties of nickel using the FMAR transmission
technique. The type of data available from experiment is
exemplified by Figs. 1.1 and 1.2. The calculated curves
were fitted to the two sets of data using only four parameters:
two line positions (g-factor and magnetization) and two line-
»widths (damping)?. The close agreement between the data
and calculation demonstrate the confidence one can place in
this method for determining material parameters.

The motivation behind using the microwave transmission
technique to study nickel was two-fold. First, previous
FMR measurements made by Bhagat and Chichlis (1969) had indi-
cated that the high temperature magnetic damping for nickel,
i.e. the damping for temperatures-of the order of the Curie
temperature of 357°C, was half the room temperature value.
Also, the g-factor displaved a slight temperaturé dependence.
Both these results were in disagreement with the results of
FMR experiments performed earlier by Rodbell (1965). Rodbell
had reported that both the magnetic damping and g-factor for
nickel were temperature independent over the range -120°C to
360°C. Moreover, Bhagat and Rothstein (1971) suggested that the

usual phenomenological approach to describing the dynamic

The damping parameter used in the calculations shown in
Figs. 1.1 and 1.2 were not constrained to be equal.
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response of the magnetization (see Chapter 2) was incapable
of describing FMR absorption measurements on nickel at tem-
peratures near the Curie temperature. Since the magnetic
damping in nickel is more than twice as large as for the
other ferromagnetic 3-d transition metals, and the microscopic
origin of damping in nickel for this temperature range is not
clearly understood, a re-examination of nickel's R.F. magnetic
properties using the FMAR transmission technique was in order.
The results of this investigation, described in Chapter 4,
indicate that both the magﬁetic damping and g-factor for
nickel were temperature independent between room temperature
and 364°C.

Second, Bhagat and Hirst (1966) discovered that nickel's
FMR absorption linewidth rapidly increased as the temperature
was decreased below room temperature: The interpretation of
this observation is complicated by the role the conductivity
plays in determining the FMR absorption linewith. In order to
analyze their data, Bhagat and Hirest calculated'fge surface
impedance of nickel in the anomalous skin effect régime, i.e.
in the régime in which the mean free path of the conduction
electrons is longer than the characteristic wavelength of the
R.F. radiation in the metal. The results obtained using the
non-local conductivity appropriate to the anomalous skin effect
régime showed that the damping parameter for nickel at
temperatures less than 50K was six times larger than the
room temperature value. The temperature range over which the

damping increased to the low temperature value coincided with



the onset of the anomalous skin effect régime. The FMAR
.transmission measurements described in Chapter 5 were
undertaken in order to remove any doubt that the increased low
temperature damping was not an artifact of the anomalous skin
effect régime. The wavelength of the R:F. radiation in a
ferromagnetic metal is much longer at FMAR than at FMR and,
hence, the anomalous skin effect sets in at a lower temperature
for the FMAR measurement. Thus the interpretation of the FMAR
transmission measurement is not complicated by effects due to
a non-local conductivity over the temperature range in which
Bhagat ,and Hirest reported the magnetic damping to rapidly
increase. The results of the FMAR measurements, described in
detail in Chapter 5, do indeed confirm this rapid increase of
the magnetic damping.

A new peak was observed in the magnetic.field dependent
transmission of microwaves through nickel. This peak occurred
at a magnetic field corresponding to FMR and was most pro-
nounced at temperatures below 20K. The nature of this peak is
not clear and further experimehts beyond the scope of this
thesis are necessary to elucidate the origin of this trans-
mission peak. )

The remainder of this thesis is organized as follows.

In Chapter 2 the transmission calculation is described. The
relevant material parameters are introduced, three possible
phenomenological statements of the equation of motion for the

magnetization are developed, and Maxwell's equations are



solved to find the transmitted microwave field for two
specific cases appropriate to\the experiment. The chapter
ends with several example calculations which illustrate the
information;gne can obtain from microwave transmission
measurements. ‘

Chapter 3 deals with the experimental apparatus used to
take the measurements. A detailed description of the micro-
wave cavities used in the various temperature ranges covered
in the experiments 1s presented along with a short description
of the microwave circuit and magnet system.

Chapter 4 and Chapter 5 contain the descriptions and
results of the high temperature and low temperature measurements,
respectively. The substance of these chapters has been stated
above. |

Chapter 6 concludes the thesis with a summary of the major
results and conclusions which can be drawn from them. Finally,
some follow-up experiments pertaining to the new transmission

¥
peak are suggested.
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CHAPTER 2

TRANSMISSION CALCULATION

The calculation of the outcome of a microwave transmission
experiment breaks naturally into two parts. First, one must
describe the relevant properties of the material being studied.
For our purposes these are the properties which enter
Maxwell's equations through the constitutive relations, namely
the conductivity, the dielectric constant, and the permeability.
Second, one must solve a boundary value problem. In this
problem microwaves are incident dn one side of a slab of
material and one determines the amplitude and phase of the
microwave signal emerging from the other side of the slab.

This chapter is organized as follows. Brief discussions
of the conductivity and dielectric constant are followed by
an extensive description of the permeability as a function of
applied magnetic field. A simplified expression for the ~———
permeability, combined with Maxwell's equations, is used to .
solve the boundary value probiem in two particular but
important cases. A more coﬁplete expression for the permea-
bility is given in Appendix I{; Finally, a series of plots of
transmitted signal vs. applieﬁ magnetic field is presented
which show how sensitive these plots are to the ma%erial .
parameters used in the calculation. This illustrates how
material properties can be accurately determined by comparing

-

the calculations with the experimental data.



2.1 Conductivity

The conductivity enters into the calculation outlined

here through Ohm's Law.
j = o2 (2.1)

Here 3, o, and e are the current density, conductivity, and
electric field, respectively. The conductivity appropriate
to our expériments 1s ordinarily ‘the d.c. conductivity. (It
is not appropriate to use the simple d.c. conductivity if

the electron mean free path is longer than the skin depth.
This case is discussed in Chapter 5.) The microwave electric
fields appear static to the electrons in the metal because

-14sec, Mott and Jones 1936) is

-10

their collision time (= 10
much shorter than the microwave period (= 10 sec).
Additionally, the electron mean free path (= 10—6cm, Mott and
Jones 1936) 1s short in comparison to the skin depth ( 10_4cm).
Thus the microwave electric fields appear constant in time and
space throughout the lifetime of a given electron state.
Moreover, magnetoresistive effects are small (Potter 1931,
Marcus and Langenberg 1963). Under these conditions the
simple d.c. conductivity used in Equation (2.1) yields an
adequate description of the electron response to the
microwave electric field.

A note of caution is in order here. The microwave signal

inside a ferromagnetic metal includes a part which is es-

sentially a driven spin wave. This spin wave can be
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characterized by a decay length = 102 times shorter than the
skin depth for the electromagnetic wave, i.e. the spin wave
decays in a length comparable to the electron mean free path.
In this case the d.c. conductivity is not appropriate and Ohm's
Law 1s invalid. Fortunately, these spin waves have very little
effect on transmission at FMAR. (See Cochran et al. 1977(a).)
Further discussion of this point is postponed until Chapter 5.

2.2 Dielectric Constant

The dielectric constant, €, enters into the calculation in

the familiar Maxwell equation,

(¢33

E)

ek o= U o 22

(2.2)

|

nOlm
~+

Using Ohm's Law, Equation (Z.1), and allowing the electromag-
netic fields to have the time and frequency dependence cxp(iwt),

Equation (2.2) becomes:
ST (*_Cl__u>g (2.3)

Tvpically, = = 10 sec and « = 10 sec_l. The dielectric

C

constant 1is a number of the order of unity and, hence, the term
containing £ 1in Equation (2.3) 1s = 107 times smaller than the
term containing the conductivity. This means that the displace-
ment current 1s much smaller than the conduction current

over the frequency range of interest here. Therefore,

the term containing the dielectric constant can be ignored.



2.3 Permeability

The microwave properties of interest in ferromagnetic

- metals mani}est themselves in the radio frequency permeability
or, equivalently, in the radio frequency susceptibility.
Essentially, the permeability includes in Maxwell's equations
the effects of the response of the magnetization to the

electromagnetic radiation in the metal.

Consider a unit volume of magnetic material of

- -

magnetization M in an external magnetic field H. This magnetic

-

field exerts a torque L, where

> >
L = MxH . S (2.4)

-

on the angular momentum J of the magnetic carriers. The

magnetization is related to the angular momentum by
M = -Y J (2'5)

where y = [ge/2Zmc! is the maghetomechanicai ratio. Here e,m,
and g are the electronic charge, mass, and spectroscopic
splitting factor!. Using the usual relation between torque

and angular momentum,

- -+ ) d -
l1.e. L = aTJ (2.6)

! The name "spectroscopic splitting factor" is reserved for
the g-factor appropriate to an electromagnetic experiment.
The g-factor found in a mechanical experiment is called the
""magnetomechanical factor™. For a discussion of the
difference between these two g-factors, see Kittel (1949).

-
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]

as well as Equations (2.4) and (2.5), one obtains the following

equation of motion for the magnetization:

M xR (2.7)

B
This results in the familiar precessiqn of the magnetization
about the applied magnetic field, Fig. 2.1. Note, however,
that fhe case considered here is unlike the situation one
considers in nucléar magnetic resonance where each spiﬁ
precesses independently of all the others in one of a few
quantized efates. Here the exchange interaction locks the
spins of the individual electrons together and the magnetiza-

. . 22
tion, characterized by a quantum number >10 precesses

about the external field. This justifies the classical

- ’/\'
description employed throughout this discussion. !

-
Equation (2.7) is not complete because there is no means

for the magnetization to reach its lowest energy configuration
\
-

with g ii H.  In magnetic metals the magnetization attains its
equilibrium direction very quickly (g 10-$sec). The detailed.
description of the relaxation of the magnétizatiop tojjts
equilibrium direction should be based oh a‘microscopic theory ®
which includes a mechaniém whereby individual spins flip

and give up magnetic energy to the lattice. No Sugh complete
theory exists for the materials we are interested in. A
possible microscopic mechanism which may account for part of
the mAgnetic relaxation in nickel is described by Kambersky

(1370) and by Korenman and Prange (1972). This mechanism is

——



Fig. 2.1:

(2.7).
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Vector quantities entering Equations

(2.6) and

N
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discussed further in Chapfer 5.

In the absence of a detailed description of the magnetic
relaxation, phenomenological damping terms were added to
Equatioﬁ (2.7). The fifst such damping term to be considered
- was introduced by Landau and Lifshitz in 1935. They proposed

the following form of the damﬂing:

> >

'—3— (M x (M x H)) . (2.8a)
M
o _ //?-
In this term.Mo is the magnitude of the saturation maghetiza-

tion and x is a phenomenological constant with dimensions of

-+ -+
sec !, Gilbert (1955) modified this term by replacing M x H
with dM/dt. The damping term then becomes
S § B (2.8b)
\ N.
Y.!o 4

.

where G is the phenomenological damping constant. This form

of damping causes the magnetization to relax toward its

instantaneous equilibrium direction whereas the Landau-

Lifshitz damping term causes the magnetization to relax towards

the final equilibrium direction obtained when dﬁ/dt = 0.

For small damping g x ; and d;/dt are very nearly in the same

direction and G and * then have the same numerical values.
Bloembergen (1950) introduced the transverse relaxation

approximation encountered in nuclear magnetic- resonance as a

possible relaxation term. This term has the form



- (M - Mo)l
(2.8¢)

T ’

Here the subscript ”_L” indiéates,that only the component
of (§ - go) which is perpendicular tb ﬁo is considered. The
damping is characterized by the decay time t. The Bloembergen
form of damping is basically different from the Landau-
Lifshitz or Gilbert forms of démging in that the magnitude
of i‘is not conserved, i.e. loﬁgitudinal relaxation is
ignored. However, in the limit of light damping this
difference is small and comparison of terms (2.8a) and (2.8c)
in Equation (2.7) shows that 1/t 2 A(w/YM_). |

The effect of these phenomenological damping terms is .
illustrated in Fig. 2.2. These damping terms are not the
only possible ones. However, almost’all experiments involving
reflection or transmission of micfowavgs from magnetic
materials have been compared with calculations employing
one of these damping terms. Diffusion of the magnetic carriers
is an additional damping mechanism but experience‘shows that

the effect of diffusion is quite small. (See Cochran et al.

1977a and References therein.)

The equation of motion for the magnetization déveloped
thus far contains terms proportional to the torque on the
magnetization due to an applied magnetic field ﬁ. In a real
material there eixst other sources of torque on the ﬁagneti-

zation, for example anisotropy and‘shape demagnetization
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Fig. 2.2: TIllustration of the direction of the Landau-
Lifshitz (L.L.), Gilbert (G), and Bloembergen (B) damping

terms. H is parallel to the Z-axis and M is in the Y-Z

plane.
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effects, which enter into the equation of motion. These -
torques are conventionally expressed in terms of an

effective demagnetizing field proportional to the magnetiza-
tion (Macdonald 1951). These demagnetizing_fields can be
lumped in with the appiied field (and the exchange field
discussed below) to yield a net effective field acting on the

magnetization. The equation of motion then becomes

d - -5 _x > > I
a% = -Y(M x H ff) + ———2- (M x M x Heff) (2.9)
M
S
C_ ”
— (M x dM/dt)
yM -
S
(M - MO)L

where only one of the damping terms in parentheses is chosen.

The effective field is written as:

Heff = ,Ho + h + HD + hD + hexch (2.10)

The first two terms on the right side of Equation (2.10),
H0 and h, represent the total magnetié field applied to the

magnetization. This applied field is separated into two parts

>

5
for convenience: H0 is the static applied field and h is the

magnetic field associated with the microwave radiation in the

>

material. H,_, is the static demagnetizing field proportional

D
. >
to the equilibrium magnetization, Mo’ i.e.



?{D = 4n DM (2.11)
Similarly,

;D T - (2.12)
where ; = & - Qo | (2.13)

The tensor demagnetizing factors D and d are caléulated
explicitly for contributions due to sample shape, magneto-
crystalline anisotropy, and magnetostriction in Appendix I.
The final term in Equation (2.10) is the éxchange field.
This field was first considered with reference to spin waves
by Herring and Kittel (1951) and incorporated into the
effective field bv Ament and Rado (1955). The Coulomb
exchange interaction which is responsible for maintaining
ferromagnetism cannot exert a torque on the magnetization
directly. (This large effective field is parallel to the
magnetization.) However, a magnetization which is non-
uniform in space will experience a transverse restoring force

+

tending to produce a uniform magnetization. éfhe first term
in the Taylor expansion for the potential energy of the
magnetization about its spatially uniform configuration is
proportional to the second spatial-derivative of ﬁ. (The

first derivative is zero because a spatially uniform

magnetiﬁation is the minimum exchange energy configuration.)



One can also write this energy as the dot product of the

magnetization and thg exchange field hexch’ i.e.
> M- hexch‘x Mo \ (2.14)

and introducing the exchange constant A as the constant of

proportionality one .obtains

_ 2A v%M
exch M 2 § (2.15)
o .

= 4

This exchange field is introduced here for the sake of
completeness. This field plays a small role in determining
the microwave transmission and can safely be neglected. (See
Cochran et al. 1977a and References therein.)

The purpose of this section is to obtain an expression
for the microwave permeability. This can be done in a
straightforward manner from Equation (2.9). For concreteness
consider the co-ordinate system of Fig. 2.3. The (i,%,%)
co-ordinate system is the natural reference system to describe
the geometry of the magnetic material. It is the laboratory
co-ordinate system. The magnetic material is taken to be a
slab of finite thickness with the Z axis normal to the slab.
However, the (X', Y', Z') co-ordinate system of Fig. 2.3 is
the natural reference system in which to describe the |
permeability. Since the magnitude of the magnetization is to

a very gbod approximation independent of the microwave



Fig. 2.3: Co-ordinate systems for the description of the
sample orientation (unprimed) and for the equation of motion

of the magnetization (primes).



field, then to first order the magnetization can only mdye
perpendicular to ﬁo' Thus in the co-ordinate system in
which Z' is parallel to ﬁo the response of the magnetizﬁtion
to the microwave field is limited to the i'-?‘ plane. In
general ﬁo is at some angle 6 from the Z axis. It is
convenient to orient the i’-?'.axes so that X' is in the
direction of increasing 6. Equation (2.9), for the choice of

Landau-Lifshitz damping, can now be expressed as:

iemy, = -y ((HOZ' - 4n DZ'Z'MO)mY'
2
—Mo(hY, . ;Ak My, - 41 (dy g My, + dY,Y,mY,))
(o]
A
- ﬁ— ((HO ' - 4n DZ'Z'MO)mX'
o] Z
2
- ZAk My - 4“(d 1 m ' + d ] vm )))
Mo(hX'+;4__2— X X'X''X X'y'y!
(0]
(2.16a)
lme' = - v (-(HOZ' - 4 DZ'Z'MO)mX'
2AK*

+ MO(hX' + g-j— mxv - 4“(dXvX|va + dXvava)))
(o]

A
- M; ((Hoz' - 4 DZ'Z'MO)mY'
2AK*
- MO(hY' + ;‘7— myv - 4"(dY'X'mX' + dyvyvmyv)))
(o]

(2.16b)



and

1}
o

ium,, (2.16¢)

Several points concerning Equation (2.16) are in order. First,
the quantities ; and ; are assumed to have wavelike time and
space dependence, i.e. these quantities vary as exp(iwt - kZ)
where k is a complex propagafion constant to be determined.
Second, 5 and H are small in magnitude compared to ﬁ and ﬁo'

In Equation (2.16) terms which are of second order in small
quantities have been dropped. Thus Equation (2.16) is a

-

linearized version of Equation (2.9). Third, in the 1limit
}E-ao, E + 0 the magnetization attains its equilibrium
direction and there is no torque acting on the magnetization.
This fact has been used to eliminate all terms in Equation
(2.16) which are not proportionai to m or h.

Equation (2.16) is a relation between the radio frequency
magnetization and magnetic field. After some manipulation

this equation can be brought into the form

m = xh (2.17)
and the permeability we wish to find is then
o= 1 + 4nx (2.18)
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where T is the unit tensor. Derivation of Equation (2.18)
fulfills the purpose of this section. Explicit expressions
for the elements of the permeability tensor are given in

1)

Appendix II.

2.4a Maxwell's Equations* and Propégation Constant:
Perpendicular Configuration

The permeability developed in the previous section merely
relates the magnetic induction g to the magnetic field E.
Maxwell's equations impose further conditions on these quan-
tities. In order to simplify the solution for the waves inside
a ferromggnetic metal, two specific but important special
cases will be considered. Hererthe case in which the
applied magnetic field is perpendicular to the plane of an
infinite slab (8 = 0° in Fig. 2.3) is discussed. This is known
as the perpendicular configuration. In the next section the
case in which the(magnetic-field is applied in the plane of
the slab (8 = 90°) is discussed.

The solutions of Maxwell's equations for the perpendicular
configuration are most simply described using circularly

polarized waves. The transformation from the (X,Y,Z)

co-ordinate system'of Fig. 2.3 is accomplished by the matrix

o\

1 i
7 7
R =] L -1 . (2.19)
7 V2
0 0 1 / )
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Of course the inverse of R is simply its transposed complex
conjugate R". To simplify matters further, only waves
travelling in the Z direction will be considered?. Maxwell's

equations can then be explicitly written as:

R se,
Vee = 37 = 0 (2.20a)
s abz .
Ve = TZ—‘ = 0 (Z.ZOb)
> 3 _ i 9
Vxe = 37 e+ = + T 3t b+ (2.20c)
2 - I
37 ©- - ¢ 3t P-
0 = 0
_ ) _ - 4noi
vxh = == h, - e, (2.20d)
9 _ + 4rmoi
EYA h_ N < €.
0 = 0

The permeability can also be straightforwardly expressed in
circularly polarized co-ordinates. Starting with the usual

relation between b and h, namely

2This is not a particularly restrictive condition. The index

of refraction for a metal is so large (~10*) that microwaves
are refracted normal to the surface no matter what the angle
of incidence is.



b =% h (2.21)
and by applying the matrix ﬁ, then
- = = > = " m$ >
bC = ‘*3 pwh = RupuR hC
—
or
u. = RaR (2.22)

where the subscript ''c¢'" indicates a circularly polarized basis.

Explicitly
b, 0 0 e
He 7 0 w0 (2.23)
0 0 Hay

This diagonalized permeability can be used in Equation (2.20c)
to eliminate b. Remembering that.the solutions go like
exp[iwt - kZ], where k is the propagation constant, then

Equations (2.20c) and (2.20d) reduce to

2 +4 i
ky = SRS, (2.28)
C s

In summary, Maxwell's equations and the equation of motion,
i.e. Equations (2.20) and (2.21), constitute two independent
systems of linear algebraic equations, one set positively polar-
ized and one set negatively polarized. The requirement that
these equations have nonzero solutions results in a dispersion
relation, Equation (2.24), which determines the propagation

constants of the waves inside a magnetic metal.



;Insigﬁt into the nature of'the solutions above can be
gained by studying the permeability in Equation (2.24).
Negleftjng magnetocrystalline anisotropy and magnetostriction
and remembering that we are also ignoring exchange, then

Equaiion (2.18) yieidsq

V4
W 1A
7 Hy (1 + ;ﬁ; )
b, = (2.25a)
' W L 1A
:{— - (HO 4T\’MO) (1-+ 370- )
“yH (1 -1
oo ™  (2.25b)
. - - | , N
“ 4 (H - 4mMYQ - 1) ‘
Y o o | TM N
e
and
Woz = 1 (2.25c¢)

This permeability has two special values of applied

magnetic field associated with it. First, if

W - ‘
H, T v AmMy (2.26)

then
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-~ . 14 . W@
4M o (4-M_ + 2)
u, = (2.27a)
- iz
(2 Car)
0
and
N P SR SLe
T 2 g 4 M, t1 YMO)
wooo= — — - (2.27b)
(2) (2 - )
0
ZﬂMO
In the limit of small damping 1, - = whereas u_+ 1 + —
'.’7

Thus the positively polarized wave has a large value for its
permeability and Equation (2.24) shows that this wave 1is
heavily attenuated. This is known as ferromagnetic resonance
(FMR). Note that positive circular polarization corresponds
to an R.F. field with the same sense of precession as the
magnetization about an external Af¥gnetic field.

Second, if

= v :
Ho ~ (2.28)
then
1X
vM
¢ , = o (2.29a)
M, 7 ix iX
0
1 )
w/Y ( yﬁo YMo
and 9 Z_IA
™o : (2 295)
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’o

2
-;/V“ Mo~
w/y

This shows that the k+ in Equation (2.24) is small for this

In the 1limit of small dampiné v, > 0 whereas u_ -~

value of applied field and the wave is onl} lightly attenuated.
Hence, there is the potential for the wave to penetrate through
a moderately thick slab of magnetic metal. This is called\\;
ferromagnetic~antiresonance (FMAR). The complete expression

for .

, is plotted as a function of nagnetic field in Fig. 2.4.

2.4b Maxwell's Equations and Propagation Constants: Parallel
Configuration

The geometry considered 1n this section is such that the
magnetic fileld and magnetization are parallel to the i—axis of
Fig. 2.3. This changes the solution to Maxwell's equations
obtained in the preyious section in two ways. First, the
shape demagnetization factor which enters Equation (2.16) is
DZ'Z‘ = DXX =0 wﬁereas this term was 1 in the perpendicular
configuration. Second, the Maxwell equation veb = 0 is not
simply satisfied by bZ = hi = 0 as in the perpendicular
configuration. Here bz = 0 but hZ = -4nMZ # 0. This can be
seen by notirg that if the magnetization is perturbed from
equilibrium it tends to precess about the i-axis with MZ # 0.
The conventional approach to guarantee that the permeability
always yields bZ = uthx + LZYhY + “ZZhZ = 0 is to substituge

h.'= -47M., into Equation (2.16). Then the permeability

A Z

becomes

3
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Fig. 2.4: The real (R) and imaginary (1) parts of the

perneab{iity u,. The scale shown here is in arbitra}y units
(1 -unit equals'a permeability of 5.758). Parameters used in
the calculation were: R.F. frequency = 24.00 GHz, g = 2.187,

M, = 486:G, and A = 2.45 x 108sec™ !,
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1 0 0
U= 0 uyy O (2.30)
Mgy 1
where
Hyy
2 .
2 A2 w iA w
(Hy+4mM ) [1+(m;)]- (3) +2 yie v (HoramMy)
] H (H +4nM_) [1+ (L)z]-(ﬁ)zl 1A 9 (oH sqmM )
o'"o ) ™y Y My Y o) )
(2.31a)
X
and
Hzy ‘
A z2 w 2 1A w ) w
HO_(HO+4“MO)[1+ ( W ) ] - (7) + W; 7 (2H0+4“M0) = 1 7 4TTM0
H_ (H +4wM ) [1+( A )ZT- '(2)2+ X9 oy sgmm )
oo o] yMo Y yMo Y ( 0 0

‘(2.31b)
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Only two of Maxwell's equations remain to be satisfied, i.e. '

Y -
Y/ "., - dt
Je ’ sh
~ > X _1 Y'
(4 X e = + TZ’ = ‘—C— DYY —'g'f (2.323)
0 0
_ 3hy s
aZ
3h
> X - 479 e 2.32b
V x h = + 37 C Y ( )
0 0

Operating on the time and space dependence exp[iwt - kZ],

Equation (2.32) reduces to

'SR g (2.33a)
C
and ‘
kX = i il%; by (2.33b)
C

As with the perpendicular configuration there are two
propagation constants. The uninteresting value of k
(Equation (2.33a)) corresponds to a linearly polarized wave
This wave is the same as one would find in a

with hopll M.

nonmagnetic metal. The second propagation constant
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(Equation (2.33b)) corresponds to a wave with KRFlﬁo" This
propagation constant is modulated by Hyy - The phenomena of
ferromagnetic resonance and ferromagnetic)antiresonance can
be seen to exist for the parallel éonfiguratidn by noting that

Hyy = @ as.» » 0 for an applied magnetic field which satisfies

N 1/2
S o= [(HG) (Hy + 4mM)] (2.34)

and that Hyy 0 as x » 0 for

Ho = w/y - 4TrMo. (2.35)
The magnetic field values at which FMR and FMAR occur for the
parallel configuration are different from the perpendicular
configuration. This difference can be exploited to measure M-

Otherwise, these two configurations are quite similar.

2.5a The Boundary Value Problem: Perpendicular Configuration

The expressions for the prgpagation constants developed_
thus far remain to be incorporated into an explicit calculation
of the microwave transmission through a slab of magnetic metal.
Here the perpendicular configuration is dealt with. The waves
we are concerned with are schematically indicated in Fig. 2.5.
A circularly polarized wave in free space of amplitude eo,ho
is normally incident on the slab. A wave of amplitude eR,hR\‘
is reflected and a wave of amplitude eF’hF propagates into '

the slab. At the back of the slab some radiation of amplitude
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Fig. 2.5: Schematic of waves involved in the bou#dary value
problem. The waves are either>sircu1ar1y polarized

(perpendicular configuration) or linearly polarized (parallel

configuration).
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h, is internally reflected. Subscripts referring to

°>"B
positive or negative polarization have been supressed since
all the waves are of the same polarization. The amplitudes
of these waves can be determined by requiring that tangential

R and tangential e be continuous at each surface of the slab.

At the front surface we have

=
+

o
1]

h

o R F + hBexp(-kd) (2.36a)

= e, * eBexp(-kd) ' (2.36b)

F

and at the back surface

"
=

hFexp(—kd) + hB (2.36¢)

(2.36d)

eFexp(-kd) + ep er

The electric fields are eliminated from these equations by

noting that Equation (2.20d) may be rewritten as

2

. 1wdTk,
e, = h, (2.37a)
c
and
. iwslx
e = ——— h_ (2.37b)
C.
where ”
) .
52 = S | (2.38)
4ntwo

Similarly, in free space where the waves have the harmonic

T I




iw

dependence exp[iwt - = z],
e, = -1h, (2.39a)
and
d Al
~
e = +ih | (2.39b)

Expressions (2.37) and (2.39) apply to'forward'propagating
waves; for backward propagating waves the terms on the right
in Equations (2.37) and (2.39) must be multiplied by -1.
After the electric fields are eliminated from Equation (2.36)
this system of four algebraic equations can be solved for the

transmitted wave in terms of the incident wave, i.e.

2
h T 4 w kC(S
;_ = - > > - (2.40)
o (1 + wﬁf ) ekd L wﬁf ) o kd

Equation (2.40) is true for both polarizations separately.

This equation constitutes the solution to the boundary value
problem in the perpendicular configuration. It is apparent that
all one need do to calculate the transmitted signal is feed

the material parameters into Equation (2.25) to calculate

», and hence obtain kt from Equation (2.24). All the

information about the magnetic properties of the material is
contained in k, . Substitution of k‘ into Equation (2.40)

immediately yields the desired transmission amplitude.
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2.5b The Boundary Value Problem: Parallel Configuration

The solution to the boundary value problem in the parallel
" configuration proceeds in the same manner as for the perpen-
dicular configuration. Since the linearly polarized wave with
ERF]'ﬁo does not contain any information about the magnetic
system, only incident radiation with KRF-Lﬁo will be discussed
here. Fig. 2.5 illustrates the boundary value problem. An
incident wave of amplitude eo,h0 gives rise to a reflected wave
JeR’hR and a transmitted wave eF’hF at the front surface of

the slab. At the back surface of the slab the forward propa-
gating wave is partly reflected to form a backward propagating
wave of amplitude eB’hB and partly transmitted to form the
transmitted wave of amplitude eT,hT. Continuity of e and R

at the front and back surfaces require that

ho +.hR = hF + hBexp(-kd) (2.41a)
e, t ep = ep ¢ eBexp{-kd) (2.41b)
‘hFexp(-kd) + hB = hT (2.41¢)
eFexp(-kd) + eg = ep (2.414)

. Here the h's are all polarized along the Y-axis and the e's
are polarized along the X-axis. The electric fields inside

the metal may be eliminated by rewriting Equation (2.32b) as

(2.42a)

and
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ey = - = k 8% h (2.42b)

for backward propagating waves. Of course, in free space we

have

Y (2.43a)

(2.43b)

for backward propagating waves. Solution of Equation (2.41)

L J
for the transmitted wave then yields:

hT
° -kd
) e - (1 - —) e

This equation is formally identical to Equation (2.40). This
constitutes the solution to the boundary value problem in the

parallel configuration.

2.6 Example Calculations

The material presented in this chapter is meant to indicate
precisely what is involved in calculating a plot of transmitted
microwave signal vs. magnetic field. Thus far the prescription

for the calculation (neglecting exchange) has been given.
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Ultimately these calculations are compared with experimental
data and the parameters descrihing the material are adjusted
within the calculations to obtain the best agreement with the
experimental data. This procedure is most useful if Each
parameter of interest affects the calculation in a manner
relatively independent of all ogher paramekers. In this
section the effect of various parameters on the calculations
1s illustrated. )

The material parameters entering into the calculation
are:

1) Magnetization.

2) Spectroscopic splitting factor (g-factor).

3) Magnetic damping.

4) Shape demagnetization factors.

5) Conductivity.

6) Sample thickness.

7) Ani;otropy (magnetocrystalline and magnetostrictive).

8) Exchange constant and exchange boundary conditions

(Appendix III).

The set of figures~q&}ch follow are typical of nickel at
200°C. The specific parameters used in the foilowing figures
are listed in Table 2.1.

Figure 2.6 shows how the lineshape of the transmitted
amplitude vs. magnetic field varies with different values
of the Landau-Lifshitz damping parameter and g-factor. The

calculations were made for the case in which the magnetization

is perpendicular to the plane of the slab. Curves a, b and
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Table 2.1 .

.
Parameters used for calculations shown in Fig. 2.6 to 2.9,
\

3

unless otherwise stated. The material pa?zﬁeters correspond
to nickel at 200°C. '
f R.F. frequency 24:000 GHz
g g-factor 2.187
My magnetization 399 gauss
p resistivity 16.5 x 10°% g-cm
(o) (conductivity) (5.36 x 1016sec'1)
d thickness 2.0 x 10 %cm
. ' 8. -1
A damping 2.45 x 10 sec
N
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c were calculated using A = 2.4 x 1085ec-1, g = 2.19;

A= 2.5 x 10%sec’, g = 2.19; and 2 = 2.4 x 10%sec’!, g = 2.20.
The peak transmission amplitude for each curve has been
normalized to 1.0. Idenf®ical curves could have been produced

using eitheEAthe Gilbert or Bloembergen form of damping. The

~— -

damping clearly dominates the linewidth and the g-factor
determines the position of the peak transmissionf However,
the damping does have a small effect on the position of the
peak transmission (see curves a and b). Although it is

not indicated in Fig. 2.6, the fact that the shape demagneti-
zation factor is D,, <« 1 for a finite sample also alters the
peak position slightly.

The magnetization has only a weak effect on the trans-
mission lineshape of Fig. 2.6. However, if the magnetizatioh
1s in the plane of the slab and linearly polarized radition is
incident such that h 1 ﬁo’ then the position of the peak
transmission is drastically altered. As shown previously,
FMAR occurs f;r the parallel configuration at an apblied field
H, = w/y - 4nMo. (The approximation sign is used here becausq‘i
oDXX ¥ 0 for a finite sample and this changes the condition
described by Equation (2.35) by introducing the demagnetization
field AWDXXMO,) Transmission amplitude vs. applied gagnetic
field calculations for both the parall€l and perpendicglar
configurations are shown in Fig. 2.7. Curves a and b are for

the parallel configuration and curves c and d are Tor'the,
perpendicular configuration. The separation between these two

+

> . . .
sets of curves 1is proportional to the magnetization.
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T

Fig. 2.6: Transmitted amplitude vs. magnetic field showing.
the effect of different g-factors and damping parameters.

' Curve (8): A = 2.4 x lossec°1, g = 2.19;

Curve (b) A = 2.5 x iOssec'l, g = 2.19; and

Curve (c) A = 2.4 x lossec'l, g = 2.20.

In all cases the -agnétic field is pérpendicular to the

v

plane of the slab. Other parameters used were: f = 24.000 GHz,

M, = 399 G, o = 5.36 x 10'%sec”!, and d = 20um.
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Thus far the effect of the g-factor, magnetization, and
mggnetic damping have been shown to determine the lineshape
and position of the transmitted signal. The other parameters
uged in the calculation can minic the effect of these
parameters Somgwhat. Figure 2.7 shows the effect of the
slab thickness and/o:Lconductivié on the transmieésion
lineshape. Both of these parameters enter the calculation
through the term exp[-kd] where k « % = Yo and, hence, both
parameters have an identical effect on the calculated -
transmission. Curves a and b of Fig. 2.7 are calculated
for a thickness of 20)Land lq#, respectively, and curves c

and d are calculated for a conductivity of 5.36 x 10165ec-1

and 4.47 x 10165ec'1. One can see tﬁat the broadening of the
transmission lineshape with decreased thickness or coﬁductivity
is more symmetric'than the proédening introduced by the damping
parameter (Fig. 2.6). This is more easily discerned if the
plot of the amplitude vs. phase of the transmitted signal,
i.e. the locus plot, is concerned. AIn Fié. 2.8 two different
pairs of damping and thickness were used to calculate locus
plots. The parameters were chosen such that £he usual graphs
of transmitted amplitude vs. magnetic field were identical to
within three thicknesses of the lines used to‘draw these |
figures. The difference between these two sets of parameters
is quite apparent in the locus plot in Fig. 2.8.

Magnetocrystalline anisotropy and magnetostriction enter

the calculation through the radio frequency demagnetization.
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Fig. 2.7: Transmitted amplitude vs. magnetic field for the

parallel (curves (a) and (b)) and perpendicular (curves (c)

and (d)) configurations. Parameters used were: (a) d = 20 um,
16 . -1,

A=5.36 x 101%sec™); (b) d = 18 ym, A= 5.36 x 10 %sec™!;

(c) d =20 ym, A= 5.36 x 101%ec™); (d) d = 20um, A = 4.47

x 1016sec'1. Also, see Table 2.1. Parameters common to all

curves were f = 24.000 GHz, g = 2.187, Mo = 399 G, and

A = 2.45 x 10%sec™ !,

)\»
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Fig. 2.8: Calculated amplitude vs. phase of transmitted
signal in the perpendicular configuration for two thickness-

damping combinations. In the calculation for curve (a)

d = 20um and A = 2.4 x 10%sec’!; for curve (b) d = 18um and

» = 1.9 x 10%sec™!. Other parameters used were: f = 24.000

GHz, g = 2.187, M_ = 399 G, and A = 5.36 x 1018sec™?,

<
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factors as well as through the static demagnetization factors
(Appendix I). These demagnetization factors shift the trans-
missioﬁ line position and slightly alter the lineshape. This is
shown in Fig. 2.9 for the case of a material of negative
magnetostrictive constant in a state of uniform, planar tension.
Curves a and b are calculated for the perpendicular configura-
tion; curves ¢ and d are calculated for the parallel configura-
tion. Nonzero magnetostrictive demagnetization factors have
been used to calculated curves b and d. Note that the effect
of the stress is to shift the transmission lines in a different
manner and even to alter the peak amplitude for one configura-
tion. Similar shifts and amplitude changes are associated with
magnetocrystalline anisotropy.

The effect of exchange is so small that it is not 1llustrated
here. Changing the exchange constant A by an order of
magnitude (1.0 x 10‘6 erg/cm to 1.0 x 10'5 erg/cm) and specify-
ing any boundary condition on the radiofrequency magnetization
at the sample surface (node, antinode, and anything in betwegn)
produces a change in the transmitted signal of less than the
thickness of the lines used to draw the figures in this section.

The calculations presented here illustrate the information
available from measurements of microwave transmission Vs.
magnetic field. In particular, the position and width of the
transmission peak in the perpendicular configuration determine
the g-factor and the damping parameter; the separation between

the peaks in the parallel and perpendicular configurations




Fig: 2.9: Transmitted amplitude vs. applied magnetic
field illustrating the effect of magnetostriction. Curves
(a) and (b) are for the perpendicular configuratibn,

curves (c¢) and (d) are for the parallel configuration.
30 _o

A magnetostrictive R.F. demagnetization factor of ~—§—z
4nM

= 3.97 x 10°% has been used in calculating curves °

(b) and (d). Other parameters used in the calculation
"were: f = 24,000 GHz, g = 2.187, M_ = 399 G, o = 5.36

(o]
x 101%sec™!, d = 20um, and A = 2.45 x 10%sec’ .
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determines the magnetization; and the width of the peak in the
parallel configuration provides a second determination of the
damping parameter®. The other parameters which influence the
transmission either have a negligible effect (exchange) or are
available from independent measurements or published data
(R.F. frequency, sample thickness, resistivity, static

demagnetization factors, and anisotropy and magnetostrictive

constants).

' The damping parameter for the parallel configuration need not
equal the damping parameter for the perpendicular configuration.
If a mechgnism exists in which a spin wave of propagation
constant ~ 0 decays into two spjin waves of large k, then
conservation of energy and total k allows this process to occur
in the parallel configuration and not in the perpendicular
configuration. For details of the spin wave dispersion relation
see, for example, E.A. Turov in Ferromagnetic Resonance (1966),

p.208 et seq.
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CHAPTER 3

EXPERIMENT

The details of the apparatus used in the experiments
reported here have been published elsewhere (Cochran et al.
1977b). A short description of the microwave circuit and
data acquisition system used to rqu?d the transmission signal
is given here along with a more complete description of the

particular microwave cavities used in these experiments.

3.1 Microwave Circuit

The sample being studied formed part of the common wall
between two microwave cavities. Microwaves were generated!
and guided into one of the cavities; the signal which was
transmitted through the sample appeared in the second cavity
ané a fraction of this signal was “‘guided into the receiver
section of the microwave circuit (see Fig. 3.1). This
received signal was chopbed at 30 MHz by a TRG750 electronic
switch? and fed into a balanced mixer and pre-amplifier?.

The 30 MHz output of the pre-amplifier was amplified further®

'Between 250 mW and 350 mW of 24 GHz radiation was available
from an O0K124V11l klystron made by OK1l Electronics of America,
Inc., 500 S.E. 24th Street, Fort Lauderdale, Florida, 33316.

Switch made by Alpha Industries, Inc., 20 Sylvan Road, Woburn,
Maine, 01801. ’

JLEL KCH-2 switch made by the LEL division, Varian Associates,
Copiague, Long Island, New York.

“LEL model IF 301-30-10-50 narrow band amplifier.
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and then demodulated”®. The balanced mixer was fed a reference
signal coupled from the klystrén. This reference signal
passed through a precision phase shifter® and a 200 Hz
chopper’. Thus the output of the sysfem was a 200 Hz signai
proportional to the amplitude of the received microwave signal
in phase with the reference signal. This output was detected
by a lock-in amplifier® and continuously recorded, alongrwith
the magnetic field, on an X-Y recorder and digitally recorded
every three to six seconds on paper tape. Each measurement
of transmitted amplitude .vs. magnetic field was repeated
with the phase shifter in the reference line altered by 90°
betweén measurements. In this manner both the amplitude and
the relative phase of the transmitted signal as a function of
magnetic field were measured. The data were stored on magnetic
disc and they were readily available for comparison with
computed transmission curves based on the phenomenological
theory described 1in Chapter 2.

Several other features of the microwave circuit bear

explanation. A portion of the output of the klystron was

SHP10514A mixer made by Hewlett Packard Co., 1501 Page Mill
Road, Palo Alto, Calif.

*DBE 8k9 manufactured by Systron Donney Corp., 1 Systron Dr.,
Concord, Calif.

7TRG K130, Alpha Industries.

®Ithaco 391A lock-in amplifier made by Ithaco Inc., 735 W.
Clinton St., Ithaca, New York, 14850.



directed through a tunable reference cavity and detected by
diode D1 of Fig. 3.1. The voltage acrpss D1 seryéd as an
input to a control circuit which locked the frequency of «he
klystron to the resonant frequency of the reference cavity.
Both the transmitter and receiver cavities could be tuned to
the output frequency of\thé klystron by routing the microwave
power 1nto either cavity via switches TRG K530 and attenuato;
DBE 430. The signal refected from each cavity was detected
at diode D2 or D3 and the cavities were mechanically tuned
bv minimizing the reflected signal. The microwave output of
the klvstron could also be shuntedvinto the detection
svstem through the circuit laballed ''calibration line'" in

-

1g. 3.1. This line could be used to direct a known fraction

b |

cf tie klystron output into the detector and this was used to
calibrate the receiver and assorted amplifiers. The

frequency of the microwave radiation was measured by means of
a Hewlett Packard K432A frequency meter. This meter was
calibrated with an accuracy of + 0.01% using the ESR signal of

DPPH. Further details concerning the microwave system are

given by Cochran et al. (1977b). ~/‘i;7

3.2 Microwave Cavities

The experiments were carried out with three sets of micro-
wave cavities, each set fabricated from either brass, stain-
less steel, or berylljium-copper.

The brass and stainless steel cavities were used for the

. _
high temperature measurements. Since these two sets of
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cavities were similar in design, only the stainless steel
cavities will be described here. The steel cévities are
schematicglly shown in Fig. 3.2.

The stainless steel cavities were fabricated from two
blocks of #304 stainless steel. The blocks were machined
to the desired outside-dimensions and then the cavities were
spark'éut into the blocks. The final inside dimensions of
the cavities were 3.06 x 1.07 x 0.44 cm and coupling holes
were cut injthe H-wall»of the cavities. The cavity quality
factors, Q, were determined from the frequency shifts re-
quired to detune the critically coupled cavities so that
half the incident power was reflected. The receiver and

3 and

transmitter cavities had unload;d—Q's of 1.4 x 10
1.2 x 103, respectively. The stainless steel cavities could

be separately tuned by means of quartz rods 0.10 cm in dia-
meter (Fig. 3.2). The rods fitted smoothly into holes 1.38 cm
long drilled into the end walls of the cavities. These

holes were beyond cutoff for the 24 GHz radiation; the
fundamental mode in each hole had a dampiﬁg length of 0.07 cm.
Experiments using these cavities could be carried out at
constant frequency over a wide temperature range.because it

was possible to compensate changes in cavity resonant frequency
due to thzrmal expansion by altering the depth of insertion pf
the quartz tuning rods. The tuning capability of the brass cavi-
ties was less extensive in that only one cavity (the trans-

mitter) was tunable via a brass screw threaded into the cavity

end-wall. Thus the operating frequency of the brass cavities was

-
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Fig. 3.2: View of cavities and sample: (a) quartz tuning
rod, (b) trahsmitter cavity, (c) coupiing hole, (d) sample,
(e) critically coupled aperature between cavity and . wave-
guide, (f) copper diaphragm, (g) receiver cavity, (h)linterior
of the receiver cavity. The transmitter cavity ;s bolted to
the receiver cavity with the sample sandwiched';}ghtly
between the cavities. The directions of the RF ﬁagnetic

field, h and the applied, static field in the parallel

RF’
and perpendicular configurations, Hlland Hl , are indicated.

The total height of each cavity is 4.44 cm.

/\
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constrained to follow the resonant frequency of the receiver
cavity. This resonant frequency decreased with increasing
temperatures because of the thermal expansion of the receive
cavity.

The stainless steel cavities had two principal advantages
over the brass cavities. First, the coefficient of thermal
expansion of stainless steel is smaller than that of brass,
but larger than that of nickel; at elevated temperatures the
stainless steel cavities strained the rigidly clamped® nickel
sample, but this strain was less than that produced by the
brass cavities. Secondly, the brass cavities gave off zinc
at elevated temperatures.

The principle disadvantage of the stainless steel
cavities was that the steel was strongly paramagnetic!® .

In order to find the magnetic field shift (caused by the
cavities) at the position of the specimen, the H@R signal

fat 24 CHz) of a piece of DPPH glued to the centre of a copper
specimen was measured using both the bra;s and the stainless
steel cavities. The shift in the applied field, at resonance,
between the two sets of cavities was determined as a function

of angle of applied field with respect to the specimen normal.

? The sample actually fusedto the cavities during the course
of the measurements.

“These cavities eventually became useless when a fraction of
the steel transformed to the ferromagnetic phase.
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At 20°C the magnetic fieli’at the position of the specimen was
;18.6 + .5 Oe less than the é.S7 kOe magnetic field applied along
the specimen normal (along Hl in Fig. 3.2). The magnetic field
at the position of the specimen was 18.4 + .5 Oe greater than
the 8.57 kOe magnetic field applied in the plane of the speci-
men (along Hllin Fig. 3.2). This shifp in magnetic field was
assumed to vary directly as the applied field and inversely as
the absolute temperature of the stainless steel. The latter
assumption was found to be consistent with shifts meésured over
the limited temperature range 20° to 50°C. Also, the shift was
homogeneous near the centre of the sample in that the change in
the shift caused by moving the piece of DPPH 1.2 mm from the
centre of the copper specimen was less than one oersted.

During the measurements the cavity assembly was mounted in
a vacuum of at least 10-4 torr and heated by a non-inductively
wound heater supplied from a Kepco bipolar operational power
supply/amplifier . The temperature, monitored by a chromel-
alumel thermocouple, was found to be stable to f_0.5°C 6ver
periods comparable to the time required to take a transmission
measurement. The nominal error stated by the manufacturer? for
the thermocodﬁie material was the larger of + 2°C or + 3/4%.

Each time the heater power was changed the apparatus was

left at least four hours before the transmission measurements

were made in order for the temperature to stabilize.

I Kepco, Inc., 131-38 Sanford Avenue, Flushing, New York, 11352.

2 Thermo Electric (Canada) Ltd., Brampton, Ontario.
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The beryllium-copper cavities were used for the low
temperature microwave measurements. These cavities were
designed to function with the sample mounted in the common
end-wall of the cavities', Fig. 3.3. (The sample had to be
initially mounted on a nickel diaphragm. See(jmptérs.) Beryllium-
copper stock was machined into two blocks 2.5 x 2.5 x 3.1 cm
and the cavities (1.07 x 0.44 x 3.1 cm) were spark cut through
the length of the blocks. Provision was made to tune the
cavities with quartz plugs introduced through holes drilled
in the sides of the cavities.

The main feature incorporated into these cavities was the
capability to remotely tighten or loosen the screws holding
the transmitter and receiver cavities together. In operation,
the cavity assembly was sealed into a stainless steel can,
which excluded liquid nitrogen or helium from the cavities,
and the assembly was lowered into a stainless steel dewar
(Lyall 1970). The two cavities were tightened, sandwiching
the sample between them, only after the temperature of the
system was below 80K or stabilized at some higher temperature.
This was done to avoid buckling the nickel sample during the
cool-down process because of the differential thermal

contraction between beryllium-copper and nickel.

'3 Note that the magnetic field could be applied only in the
plane of the sample.
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Fig. 3.3: Schematic of the beryllium-copper cavities.

Vertical motion of tuning rod (a) controlled the depth

a spring loaded quartz plug (b) entered the cavity. Both
cavities were tunable. (Only one tuning rod is shown.)

One of fhe three bolts (c) used to remotely tighten the
cavities together is shown. The sample diaphragm (d) served
as the common end-wall of the cavities. Critically coupled

copper didphragn§ (e) served as the remaining end-walls.
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3.3 Magnet System

The sample assembly was mounted in the 8.9 cm gap of a
Varian V-3800 thirty-eight centimeter electromagnet™ having
a magnetic field uniform to at least 0.1 oersted over the
volume of the specimen. A signal proportional to the magnetic
field was obtained from a Bell model 620 gaussmeter'>. The
gaussmeter was usually calibrated from the VFR 2701 Mk I1I
Fieldial magnet power.supply and was accurate to *+5 oersted.
For one sample, AugldNi (see Table 4.1), the field was
calibrated with an accuracy of + 1 oersted bv means of an

NMR probe.

® Varian Associates, 611 Hansen Way, Palo Alto, California.

“F.wW. Bell, Inc., Columbus 12, Ohio.
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ChaEter 4
. TRANSMISSION MEASUREMENTS ON POLYCRYSTALLINE NICKEL

Microwave transmission measurements were carried out on
polyvcrystalline nickel foils oﬁiﬁﬁm and 20um thicknesses’.

*The aim of these experiments was to‘examine the temperature
variation of the magnetic damping and g-factor between room
temperature and the Curie temperature. The temperaturé
dependent magnetization was also extracted from the trans-
mission data.

This chapter is organized as follows. A short description
of the samples and sample preparation is given. Next are two
sub-sections which describe how the data were analyzed

using a.computer program based on the calculations of Chapter

2. Finally, the results of these measurements are presented.

4.1 Samples and Sample Preparation

Samples were cut from 7um and 20um thick polycrystalline
nickel sheets?. Squares of nickel (2 x 2cm) were cut from the

sheets with a razor blade and batches of three or four of the

1
.

Most of the material in this chapter has been-reported in
the literature (Dewar et al. 1977).

? Nickel obtained from Goodfellow Metals Ltd., Ruxley Towers,
Claygate, Esher, Surrey, England, KT10 OTS. A Certificate
of Analysis from the company stated that the principle
impurities were: CU (<0.25%), Fe (<0.40%), C (<0.15%),

Si (<0.15%), Mn (<0.35%), Mg (<0.20%), Ti (<0.10%),

S (<0.10%). The total of all other elements except Co was
<0.001%. Nickel (plus some Co) made up more than 99.0%

of the foil.
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squares were sandwiched, side by side, between two similar
Supermalloy squares'SOum thick. Each batch was held between
the end faces of two pieces of 2 cm diameter cylindrical
stock and turned on a lathe. This procedure produced flat,
unscratched discs without burrs on their edges. The discs?
were placed on either an alumina or a molybdenum substrate and
annealed at 1000°C for one hour, with heating and cooling
rates of 100 deg/h.

Extensive measurements were made on three specimens.
The physical parameters of these specimens are listed in
Table 4.1. The mass and diameter of each disc were measured
and the thickness was then compﬁted from the density of nickel

of 8.902 gm/cm3 (Metals Handbook, 1961). The thickness and

diameter of the discs were used to compute the demagnetization
factors by assuming the discs to be uniformly magnetized.®
(See Kraus and Frait (1973) for a discussion of this approxi-
mation.) Under the assumption that the sample was uniformly
magnetized perpendicular to the plane of -the disc the
demagnetization factor D,, appropriate to the centre of the

disc can be written as a power series in r, where r is the

*The 13mm diameter sample, NiUNJ11B, was not annealed before
transmission measurements were made on it.

*The demagnetization factor D;, calculated on the assumption
that the discs were uniformly magnetized, was within 6 parts
in 10* of the values obtained using the oblate spheroid
model (Schmidt et al., 1964). For example, Dz, = 0.9982 for
sample Ni20. These two calculations are upper and lower
bounds for the appropriate demagnetization factor for a right
circular disc (Kraus and Frait, 1973).
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-ratio of the thickpess to the diameter of the didc. The

first three terms of this series are:

. DZZ =1 -1 + Zr3 | (4.1a)

The demagnetization factor Dxx is then determined from

D, = (1 -D_)/2 (4.1b)

The demagnetization factors for the samples used in these
measurements, found from Equations (4.1a) and (4.1b), are
given in Table 4.1.

One disc, 16mm in diameter, was used with a set of brass-
microwave cavities; th¢ other discs, 13mm and 18mm in diameter,
were used with a set of stainless steel cavities. For the
18mm sample only g‘central portion smaller than the cavity
coupling hole was eXposed to RF radiation. This was
accomplished by evaporating an annular (Z.Sﬁm.inside diamétef,
18mm outside diameter) aluminum film 1.5um thick on both
sides of the sample. The aluminum was used in an éffort to
reduce any possible effects on the RF transmissdon due to
inhomogeneous strains in the nickel sample where the edge of
the coupling hole gripped it. A similar gold film 6um thick
was evaporated on one side of the 13mm sample. The area of
this sample exposed to microwaves was approximately 0.01 cmz.

Strips of nickel were cut from the same sheets, and given

the same thermal treatment, as the samples used in the transmis-

sion experiments. These strips were used to determine the



/—/ Table 4.1

Physical parameters of samples. Subscripts refer to
Figure 2.3. The demagnetization factors were calculated

as indicated in Equations (4.la) and (4.1b).

Name Diameter Thickness Demagnetization Factors |,
(um) Dxx Dzz
;-
Ni20 15.73 ¢ .02 19.0 ¢ .6 0.0006 0.9988
Aug2ONi 17.95 ¢+ .02 19.12 ¢+ .02 0.0005 0.9989
NiUNJI11B 13.39 ¢+ .02 7.39 ¢ .02 0.0003 0.9994

R T N
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resistivity between room temperature and 400°C. The results
of two measurements on the 20um foil are shown in Fig. 4.1.
The thermocouple used to measure the temperature of the
stainless steel cavities during the transmission experiments
was calibrated against the thermocouple used to make
reéistivity measurements in order to eliminate uncertainities
in the resistivity at a particular temperature due to

differences between these thermocouples.
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Fig. 4.1. Measured resistivity of nickel foil as a
function of temperature for two different samples of 20um
foil. Estimated uncertainty in the resistivity is = 2%.
The Curie temperature was obtained from the kink in the
curve of resistivity vs. temperature and was found to

be TC = 354 ¢ 4°C, in good agreement with data reported
in the literature, for example: 354°C (Weiss and Forrer

1926) and 358°C (Arrott and Noakes 1967).
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4.2a Analysis of Data: T < TC

In the calculation of theoretical curves of transmission
amplitude versus appl{ed magnetic field it was necessary
to specify values for specimen's g-factor, magnetization,
and damping parameter along with predetermined values for the
thickness, resistivity, and demagnetization factors. First
estimates of the g-factor and magnetization were made using
the following procedure. If it is assumed that the specimen
is an infinite sheet with no magnetic damping, the peak of the

transmission curve occurs at
H = oy (2.28)
in the perpendicular configuration and at

Ho = w/y - 4WMO (2.35)

in the parallel configuration. (See Chapter 2.) As a .
first approximation the g-factor was obtained from the position
of the peak of the experimental transmission curve in the
perpendicular configuration and the magnetizafion was obtained
from the difference between the experimental peak positions

in the parallel and perpendicular configurations. These values
were then used, together with an estimate of the damping, to
calculate a theoretical curve of transmission amplitude versus
external field, Ho' This calculated curve was compared directly
with the'experinental data and corrections to the g-factor.

magnetization, and damping parameter were estimated for the
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next iteration. Two or three iterations were generally
sufficient to obtain excellent agreement between the
calculated and observed variation of transmission with
magnetic field. Tyﬁical examples of the degree of agreement
which can be obtained between theory and experiment, for
temperatures well below the Curie temperature, are shown

in Figs. 4.2 and 4.3 for the parallel and perpendicular
configurations, respectively. The small differences between
the calculation and experiment, obvious on the low field side
of the peak in Figs. 4.2 and 4.3, varied from sample to sample.
I attribute these differences to small non-uniformities of

the effective field inside the polycrystalline samples arising
from magnetocrystalline anisotropy and from the magneto-
strictive effective field. (Usually two magnetostrictive
constants are used to describe strain effects in _.a single
crystal; in a poly-crystalline material a single, average
magnetostrictive constant is used.)

The data presented in Figs. 4.2 and 4.3 was typical of
measurements on the polycrystalline hickel samples. The
analysis described above was carried out on several tens of
sets of transmission data to determine thé g-factor, magneti-
zation, and damping parameter for nickel from room tempera-

ture to within 30°C of the Curie temperature.
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Fig. 4.2. Transmission amplitude vs. applied magnetic
field for the 18 mm sample in the parallel configuration.
The measurement was made at 272°C. The calculated
transmission (solid line) is normalized to the experi-
mental peak amplitude (points). Parameters used for the

calculated,tranélission are: RF frequency = 23.860 GHz,

g = 2.186, M_ = 326 gauss, resistivity = 21.2 x lo-éncn,

3A0/4nM2 = -2.1 x 1072, x = 2.4 x 10° sec!

Dxx = 0.0005, and Dzz = 0.9989.
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Fig. 4.3: Transmission amplitude vs. applied

magnetic field for the 18mm sample in the perpendicular
configuration. The measurement was made at 272°C.

The calculated transmission (solid line) is normalized
the experimental peak amplitude (points). Parameters
used for the calculated transmission are: RF

frequency = 23.860 GHz, g = 2.186, Mo = 326 gauss,

2 2

resistivity = 21.2 x 10'6an, 3150/4wMo = -2.1 x 10" ,

. 8 . -1 ) i,
A = 2.4 x 10" sec’", D _ = 0.0005, and D_, = 0.9989.

J

-\
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4.2b Analysis of Data: T = TC

For temperatures near TC the above procedure for ob-

taining the magnetization, g-factor, and damping was slightly
modified because one must take explicitly into account the
variation of the magnetization with the magnitude of the in-
ternal magnetic field. Near the Curie temperature the
magnitude of ﬁo varies appreciably with the strength of the
applied field. The equation of state for nickel of Arrott and

Noakes (1967),

(}{)1/5 ) T - TC . (!2)1/6 4. 2)
M I M '
o] 1 1

was used to calculate Mo at given values of temperature, T, and

static internal field,

(4.3)

In the limit of zero applied field MO becomes Ms, the
saturation magnetization®. In Equation (4.2) Tl’ Ml’ 5, and B
are fitting parameters.

Instead of fitting the transmission data to g, A, and Mo

they were fitted to g, *, and (T - Tc) using the Arrott and

—~Noakes (1967) equation of state, Equation (4.2). A set of

transmission data consisted of one measurement made in the

® This assumes a specimen which consists of a single domain.
The theory cannot, of course, describe a multi-domaip
system and it is therefore only valid for fields suff1c1ent1y
large to remove all domain boundaries from the active
volume of the specinen . '




parallel configuration and one measurement made in the

perpendicular configuration. Both transmission measurements

were made at the same temperature. The procedure used to

find ZT‘=,It), g, and the damping was as follows:

1)

3)

4)

An initial estimate of (T - TC) was made. This

was done by either estimating MO from the separation
of the transmission peaks in the parallel and
perpendicular configurations and then using the
Arrott and Noakes equation6 to obtain (T - TC)

or by directly using the measured temperature of
the sample and the Curie temperature as determined
from resistivity measurements. The method used

to obtain the initial estimate of (T - TC) was

not crucial.

The initial value for the g-factor was estimated
from the position of the transmission peak 1in the
perpendicular configuration.

An initial value for the damping parameter was
estimated from the width of the transmission peak
in the perpendicular configuration.

Values for (T - TC), g, and the damping were used
to generate curves of transmission amplitude versus
applied magnetic field in which the magnitude of

the magnetization, as given by the Arrott and Noakes

- &The parameters Arrott and Noakes (1967) determined for
Equation (4.2) (5§ = 1.31, 8 = 0.3864, My = 39.5 G, and
T; = 0.309°C) were used in this analysis.
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equation (Equation (4.2)), was allowed to vary

. with the internal field. These curves were
calculated for both the parallel and perpendicular
configurations. -

5) Comparison with experiment indicated\;&w the
parameters (T - TC) g, and the damping had to be
modified to secure better agreement between theory
and experiment. (The damping parameter for the
parallel configuration was allowed to take on a
value different from the damping used for the
perpendicular configuration.}-

6) Steps (4) and (5) were repeated until no further
improvement between the theoretical and experimental
curves could be made.

For temperatures near TC the shapes of the experimental
transmission curves were sensitive to the procedure used to
détermine the transmission zero. In this case the experimen;al
transmission at 11 kOe was arbitrarily assigned the value
zero and the calculated transmission curves were altered by
subtracting the calculated transmission at 11 kOe from the
curves. This subtraction of a vector baseline (amplitude and
phase) from the theoretical transmission curves made very
little difference to the shapes of the curves except for
temperatures above Té, where the transmitted amplitude was
a very slow function of applied magnetic field. (See
Figs. 4.10 and 4.115. The transmission amplitude at 11 kOe

included leakage between the cavities but in the perpendicular
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configuration it also included the transmitted left-hand
circularly polarized radiation which does not interact
strongly with the magnetization.

The .transmission measurements made in the vicinity of
the Curie temperature were influenced by two effects which
were negligible at lower temperatures. First, the magnitude
of the magnetization was magnetic field dependent and, secoﬁd,
there was significant transmission through the sample for
all valwes of applied magnetic field. These two effects
were allowed for by introducing the Arrott and Noakes
(1967) equation of state for nickel into the analysis and
by introducing an arbitrary zero levellinto both the

transmission measutements and the calculations.

”



~ij 4.2c- The Role of Strain

The sample% werg<strained during the measurements
because the thermal expansion of thé nickel was less than that
of the brass or of thé'?tainless steel cavities. In order to
’obtain the values of the magietostrictive demagnetization
factors appropriate to the i8 mm s;mplc.the following stress-
strain hfstory was assumed. (a) Tﬁe sample was unstrained
until it reached 120°C, whereupon it ceased to slip relative
to the cavities. This assumption was supported by the fact
that there was microwave leakage around the sag;le for the
measurements up,t? 100°C and not for the measurement at 120°C.
This indicated that the '‘sample was not gripped tightly by
the cavities until the tempefature reached 120°C. Also, the
apparatus was left at 120°C for one week before the
'transmiséion meésdrements were made. (b) Upon increasing
the temperature beyond 120°C the stress was proportional to
the strain until the\st;esé reached the yield’strength.'
Thereafter the stress remained constant to the highest
temperature reached. Creep was neglected. (c) The stress
decreased. proportionally with thé strain with deéreasing
téﬁperature until the stress reached zero. (d) At this
point the sample was assumedlnot to be able to support a
compressional stress but to bend instead. As the'temperatﬁrq
decreased to room tempeﬁature the sample bent further bu; was

nearly strgss free. _(When the apparatus was disassembled

the sampiezwas indeed observed fo be permanently deformed

-
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into a difh shape.)

. f R
-The magnetostrictive demagnetization factors—fef the 18mm -

sample were calculated from the elastic constants of nickel
(Simmons and Wang 1971) and from the strain found from the

differential thermal expansion of nickel and stainless steel

(Thermophysical Prgpeftieg of High Temperature Solid
Materials 1967). The yield strenéth of annealed\hickel was

taken to be 8,500 psi (Metals Handbook 1961). The temperature

dependent value of the magnétostrictive constant used in

calculating the demagnetization facéors was taken f;g;,Birss

and Lee (1960). The magnetization was treated as a paraﬁeter

to be found, as indicated in'SéEtion 4.2a.

The primary effect of the stress was to shift the

" position of the peak transmission amplityde by +(3ASO/MO)

gauss’ in the perpendicular configuratién and by -(SASO/ZMO)

gauss in the parallel configuration. (See Appendix I.) .
Fig. 4.4 shows the magnitude of the shift in the perpendicular
configuration as a functiofi of temperature. It is clear .that -
magnetostrictive fields approachiwrg 100G were‘pfesent in ~
the nickel sample. _ : | -?

The effect of strain in the sample was to alter the

position of the transmission peak in both the parallel aﬂa

perpendicular configurations. The g;factor and magnetization

extracted from experiment were dependent on these peak ")

’Here Ag is the magnetostrictive ‘constant and o is the
magnitude of the uniform planar stress in the sample. o is
the conventional symbol for 'stress and gs not to be confused
with the conductivity. : ‘

_ N
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- -
Fig. 4.4: The calculated shift of the position of

the FMAR peak in the perpendicular configuration
zaused by thermal strain vs. tenpéflture.'

The a£rows indicate the cycle this shift followed
as the sample was heated and cooled. The sample

was assumed to be unstrained at the point labelled "A".
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positions. In the following sections results for the‘
g-factor and magnetization obtained both with and without
allowing for the effect of strain are presented. _The
strain played no role in determining the dampiné parameter

extracted from the data.
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4.3a Results: Damping Parameter from Transmission Lineshapés

The Landau-Lifshitz damping parameter for both the 16
and 18 mm samples, determined from the curve-fitting procedure
described above is plofted agaiﬁst temperature in Fig. 4.5.
Fgr temperatures above 100°C, but below Tc’ a change of 4% in
the damping parameter resulted in notiééably poorer.agreement
betwee; the calculated and measured transmission lineshapes.
There could also be a systematic error in the damping parameter
of 3% due to uncertainties in the measurement of resistivity
and thickness of the specimens. Below 100°C comparison of theory
and experimént for the 18 mm‘specimeﬁ was made difficult by
microwave leakage around the sample. This problem was al-
leviated at higher temperatures partly because the
transmission amplitude increased and partly because the
specimen became sintered to the stainless steel cavities.
There was no perceptible leakage around the 16 mm ;ample.

The magnetic anisotropy of nickel tended to broaden the
observed transmission lineshapes :;d, since this broadening
was not taken into account in the theoretical calculation,
the damping parameter obtained by comparing the calculation
with experiment overestimated the intrinsic damping in the
samﬁle. Fortunately, this effect due to anisotropy was only
significant for temperatures less than 100°C. (See Fig. 4.5.)

Neglecting the data for temperatures less than 100°C, thgv

Landau-Lifshitz damping parameter as determined from the FMAR

transmission measurements had the temperature ' independent

»*.
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Fig. 4.5: Landau-Lifshitz damping parameter for nickel as a

function of t\emperature.‘ The error bars signify the limits
to which A could be varied without resulting in tetally unac-

ceptaable fits between calculated and measured lineshépes.
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value A = 2.45 +,1 x 108 sec'i. This is comparable to the
2.3 x 10% sec™! (Bhagat and Chichlis 1969, Anders

et al. 1971) and » = 2.5 x 108 sec'1 (Rodbell 1964) obtained

values A

from FMR measurements on carefully prepared nickel singi&
crystals and platelets.. }n particular, the damping parameter
observed in the present work was constant in the temperature
range 300° to 364°C. This observation is contrary to previoas
deductions made from FMR measurements which indicated that
the damplng parameter”decreased by a factor of two in this
temperature/range (Bhagat and Chicklis 1969, Bhagat and
Rothstein 1971). Bhagat and Rothstein found that none of the
damping terms in Equation (2.9) édequately described their
9.4 GHz FMR data near the Curie temperature. They suggested
that fluctuation effects may be important. The data here
indicate that FMAR measurements are insensitive to whatever
ﬁechanism causes the FMR linewidths near TC to be narrower
than that which one would expect from a temperature indepen-
dent damping.

The experimental lineshapes could be fitted equally well
using either the Gilbert, the Bloembergen, or the Landaﬁ-
Lifshitz form of damping. The best- fitting G11bert damplng
parameter was numerically equal to the best-fitting
Landau-Lifshitz damping parameter at all temperatures below
TC and slightly larger just above TC. (See Table }.2.) The
Bloembergen damping parameter obtained for the 18 mm saﬁplet
is plotted as a function of temperature in Fig. 4.6. From

(3

Fig. 4.6 it is clear that the value of the Bloembergen

[.\\ﬂ




TABLE 4.2

ad’

Parameters determined from fitting the experimental data

with the phenomenoldgical theory.

364°C-and are shown in Figs. 4.10 and 4.11.

The data were taken at

Form of Damping Damping Parameter g-factor
(sec-l) ’
Landau-Lifshitz 2.3+ .3 x 10° 2.20 + .02
Gilbert 2.5 + .3 x 10° 2.30 + .02
Bloembergen 3.0 + .4 x 1080 2.27 + .02

-
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Fig. 4.6: The telpereture dependence of the Bloembergen
damping parameter which is required to fit the experimental
data for nickel. Only results from data taken for temperatures
‘less than the Curie te-pérature are shown:" The ‘error bars
signify the limits to whieh 1/% could: bo. varied without.zesult-
ing in totally unacceptable fits between calculated and
measured lineshapes.
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n
damﬁ!ng parameter requlr(d to f1t the data was markedly
temperature dependént. @f

In sdmmary, the linewidth'df the FMAR‘Eransmissién data
- was 'most sihply describéd by a tehperature indepeﬂdent
Landau Lifshitz damping parame;er of 2.45 ¢+ 1 x 1085ec-1. 
The Bloembergen 'damping parameter described ‘the data equaliy
well but this damping parameter was found to b{ temperature

dependent. : N 4 ‘ o
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" 4.3b Results: Da-p ng Parameter and the Max1mum Transmission
Amplitude ' ’
_ We were able to measure the-varlatlon of .the maxlmum

transmission- amplltude at FMAR as. a functlon of temperature

kR . e =3
P’ v

F1g 4.7 is a plot of th1s maxzmum amplltude verSu; temperature
fpr the polydrystalllne 18 mm sample The scale for the exper1-
mental points was determlned by assigning the max1mum amplztude
%.at 257°C the valuesl.Q,Aall,other amplitudes are plotted
‘rfelative to this transmitted ampiitude“ The frequency deﬁem-
dent response of the m1crowave detectlon system was e11m1nated
by using two staznless steel cav1t1es wh1ch could he tuned to
the same resonant frequency over a wide temperature range.
Thls eliminated the primary séurce of error in such a measure-
ment. The maximum amplitude at any oue ‘temperature was
reproducible to =5%. Additionally, microwave leakage intro-
duced some error into the measurements below 100°C (=~ 5% ig the-
: ;perpendicular configuration, =®10% in the parailel configura-
tion) and the uncertainty in the cavity Q-factor. introduced
an error of =6% at the highest temperature reached. For the
measurement at 257°C the peak power detected (perpendicular

12 Gates® (RtF.'magnetic

-7

configuration) was found to be 3 x 10
field amplitude along the axis of the waveguide = 2.1 x 10 ‘oe).

for an input power of 160 mW. This corresponded to a signal

® The transmission amplitude calculated from theory predicted

a peak transmitted power of 5 x 10 watts for this level

of power input. Waveguide losses were included in computing

this transmitted power. See Cochran et al. (1977a) for a
~disucssion on the calculation.of absolute values of

transmitted power.
. [ 4
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to nojse ratio of 2 x 103 in the ampiﬁgudg of the transmitte&j
signal. ' ’ /,+‘

. , L
The maximum transmission increased as the temperature

increased from soom temperature because the sample resistivity

-
3 o ¥

increased, thereby caﬁsing a decrease in the yptalunumber of

skin depths in the sample thickneés; "However, above a:zsgrtft
the magnetization decreased rapidliy with température and-thgs
caused the maximum'traﬁsmission to fall to a lével comparahle
with that observed in skin depth.modulated electron spin- .
resonance transmission. o

o

The solid lines in Fig. 4.7_'were generéted frém maximum
trénsmissjon amplitudes ca;culated using X = 2.45 x lbssec-l,
g = 2.187, and the magnetization appropriate for the 18 mm
sample. Stress effects were inéluded. The calculated curves
were normalized by assigning the peak transmission in tﬁe
perpendicular éonfigufation the value 1.0 > The shape of the
curves in Fig. 447 was found to be insensitive to the g-
factor used in their calculation; however, the shape was
sensitive to variations wit? temperature of the damping

parameter. Consider, for illustrative purposes, a hypothetical

temperature dependence of the damping of the form:

11 -1
1.46 x 10 sec (4.4)

(T + 340) : ' y

 The calculated ratio between the maximum transmitted
amplitudes in the perpendicular and parallel configurations
agreed with the experimentally observed ratio. See Cochran
et al. (1977a) for a discussion of this ratio.



"Fig. 4.7: Maximum transmission amplitude at FMAR plotted

as a function of temperature. Experimental points are data
taken for the 18 mm sample. The solid lines were calculated
usiné the temperature independent damping of

’.v.ec.l and g = 2.187. The dashed line was

A= 2.45 x 10
calculated using the temperature dependent damping of
Equation (4.4). Stress effects were included. These
calculated lines were normalized by requiring the peak
transmitted amplitude in the perpendicular configuration to
be 1.0. The error bars reflect the uncertainty in the gain
of the de;ection sjstel, the unce(tainty in the temperature

dependegzg of the cavity Q- factors, and the contributions of

spurious leakage signals.
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where T is the temperature in degrees Centigrade. This
relation is not intended to represent the observegzgiyping;

it is used here only tolindicate how a reasonable and\Q\\‘-Q,;;
relatively slowly varying temperature dependent damping would
affect the variation of the maximum transmitted amplitude

with temperature. This démping would have the value 4.0
17085ec'-1 at 20°C, 2.45 x 108sec™! at 255°C, and z.z'x 108sec™!
at 320°C. The dashed line in Fig. 4.7 is a plot of the maximum
transmission amplitude in the perpendiculaf configuration
versus temperature calculated using this temperature ‘dependence
of Xx; all o6ther parameters are the Same as were used to cal--
culate the solid curves. It is obvious that this temperature
dependent damping factor gives a very poor fit to the
experimental data. In particular, if the damping parameter of
ﬁickel did decrease about’ 0.25 x 1085ec—1 between 255°C‘and
.‘350°C, the transmissioh ‘ne&r 350°C relative to the ‘transmission
at 250°C would have been about a factor of two greater than

the experimentally observed ratio. This is strong evidence

that the Landau-Lifshitz damping parameter required to fit

our data varies very little with temperature in the range 30°

to 360°C. J//”—

»

. ~ ' j
. ) » .
’ - —>



4.3c Results: g-factor

The g-factor was extracted from the transmission data -
in the manner described in section 4.2. 1In Fig. 4.8 the
g-factor for the polycrystalline 18 mm sample is shown as a
function of temperature. ValJes of the g-factor found both
with (filled symbols) and without (open symbols) using
magnetostrictive demagnetization factors are plotted. Notice
lhat in the case in which the magnetostrictive demagnetization
factors are employed the g-factor for the measurement at
224°CY, with temperature decreasing, lies far from the g-
factors found from the data taken with the temperature
increasing. This discrepancy is removed when the magneto-
strictive demangetization factors are invoked. The data
indicate that the g-factor for our sample had the temperature
independent value of 2.187 + .005. Pre;iously reported g-
factors were 2.22 + .03 (Rodbell £964, 1965) and 2.21 (Bhagat

and Chicklis 1969).

“The transmission measurements at 224°C are shown in Figs. 1.1
and 1.2. s /
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Fig. 4.8: The g-factor of nickel plotted as a function
‘of temperatures for the 18 mm sample. The unfilled
symbols indicate the g-factor determined from the
experimental transmission data using the Landau-Lifshit:z
damping parameter without considering stress effects.
Filled symbils represent the g-factors found with

stress effects included. The error bars represent the
range through which the g-factor could be varied without
resulting in totally unacceptable fits between the
calculated and measured transmission line positions.

The error bars have been left off the filled symbols

for clarity.
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4.3d Results: Transmission above TC .

-
e

It is notable that for temperatures slightly above the
Curie temperature there is no FMAR effect. The magnetization,
MO, becomes so small that at no value of the external field
does the real part of thevdynamic permeability at 24 GHz
become zero. This is the regime which corresponds‘to the
original work on gadolinium reported by Lewis et al. (1966)
and correctly explaigfd by VanderVen (1967). Fig. 4.9 shows
a family of calﬁdiated permeabilities versus applied magnetic
field for temperatures near TC. For nickel at 24 GHz the FMAR
disappears between 354° and 356°C.

Figs. 4.10 and 4.11 show the expérimental and calculated
transmission amplitude versus magnetic field for the 18 mm
sample at 364°C. The signal amplitude was much smaller at
this temperature than below TC; in fact, the peak amplitude
in the perpendicular configuration corresponded to a detected
power of 4 x 10—16 watts. (A system time constant of 0.3
seconds was used in taking this data.)

The g-factor required to fit the data at 364°C was
dependent on the form of damping considered in the equation
of motibn for the magnetization, Equation (2.9). (See
Table 4.2.) Salamon (1967) noted that the g-factor found
using the Bloembergen form of damping to analyze his FMAR
data -changed from 2.21 below TC to 2.29 above TC. The g-

factor extracted from the FMAR transmission data shown in

Fig. 4.11 using the Bloembergen form of damping was 2.27, and
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Fig. 4.9: Calculated permeability (at 24 GHz) of nickel
vs. magnetic field applied in the perpendicular
configuration. The low field zero crossing of the real
part of the permeability characterizes FMAR. The real
part of the permeability is 1.0 at FMR. A Landau-Lifshitz
damping of 2.45 x lossec_1 and a Curie temperature of

354°C were used in the calculation.



- 91b -

(90%) OH

37/

4.9

Fi



- 92a -

Fig. 4.10: Transmission amplitude as a function of magnetic
field for the 18 mm sample in the parallel configuration.
Dotted symbols represent the experimentally measured trans-
mission amplitude. The data were taken at 364°C. The scale
for the transmission amplitude refers to the longitudinal

RF magnetic field for the TEI,O mode of the waveguide. The
calculated transmission curves (solid lines) have been

normalized to an RF magnetic field amplitude for 3.24 x 10'9

oe. This corresponds to a detected power of 6.9 x 10'16
watts. A resistivity of 29.ij 10°% watts. A resistivity

_of 29.6 x 10"% Qcm was used in these calculations. Curve

(a) is the calculated transmission for A = 2.3 x lossec'1 and
g = 2.20. Curves (b), (c) and (d) have had a vector baseline
subtracted equal to the transmission at 11 kOe. Parameters
are: (b) A = 2.1 x 10%sec™d, g = 2.21; (c) A = 2.3 x 10%sec” ],

g = 2.20; (d) A = 2.5 x 10%sec™!, g = 2.19.

w
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Fig. 4.11: Transmission amplitude as a function of magnetic
field for the 18 mm sample in the perpendicular configuration.
The data were taken at 364°C. The scale for the transmission

~
%; amplitude refers to the longitudinal RF magnetic field for

the TE1 ornode of the waveguide. Calculated curves have been
14 .

normalized to an RF magnetic field amplitude of 2.38 x 10_9

oe. This corresponds to a detected power of Z’:.7‘>< 10'16 watts.
A resistivity of 29.6 x 10"% gcm was used in these calcula-
tions. Curve (a) is the calculated transmission for

r» = 2.3 x 10%ec™! and g = 2.20. Curves (b), (c) and (d)

have had a vector baseline subtracted equal to the transmission
at 11 kOe. Parameters are: (b) A = 2.1 x 1085ec-1, g = 2.21;
(c) x = 2.3 x 1ossec‘1; g = 2.20; (d) x» = 2.5 x 108sec™ 1, |

g = 2.19.

‘e
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using the Gilbert form of damping was 2.30. This was a
marw increase over the value found for the g-factor at
temperétures less than TCu . However, the g-factdr extracted
from the exp?rimental data using the Landau-Lifshitz damping
parameter was/gssentially the saﬁé at 364°C (g = 2.20) as it
was below Tc.i\iﬁus the determination of the g-factor from the
data collected above TC was clearly dependent upon the form
of damping gsed in the equation of motion for the magnetiza-
tion.

‘The result that the g-factor obtained using the‘LaﬁdéuP
Lifshitz damping term in the edgation of motion for the
magnetizaf?gg was temperature independent over the range
30°C to 304°C is the simplest description of the g-factor'
extracted from the FMAR transmission measurements reported
here. This result, taken with the result that Ehe Landau-
Lifshitz damping parameter is also constant over this
temperature range, suggests that the band éi;ucturq which

determines the g-factor is also temperature independent over
. ;

this témperature range.

-

A

IStress effects were not taken into account above T.. The
magnetostriction constant at these temperatures varied
appreciably with applied magnetic field. In any case the
shifts in the apparent g-factor caused by magnetostrictive
effects were of the order of the uncertainty in the g-factor.



4.3e Results: Magnetization

The magnetization for the 18 mm sample above 100°C was
determiﬁed both with-and without taking magnetostrictive
effects into account. These magnetizations are plotted in
Fig. 4.12. Open svmbols are for magnetizafions determined
without considering stress effects; filled symbols are for
magnetizations found by including stress effects. The solid
line in Fig. 4.1 1s the magnetization of nickel, at the
appropriate internal field, interpolated from the data of
weiss and Forrer .1926). It is clear that the inclusion of
stress effects improves the agreement between values for
the magnetization of our 18 mm sample and the magnetization
tor the specirmen of weiss and Forrer. The fact that the
magneti:ation'founi for the 18 mm sample falls below the
magnetlzation curve interpolated from the data of Weiss and
Forrer is characteristic of alloved nickel-.

It was possible to find a set of parameters 1n the
equation of state for nickel appropriate for thé 18 mm
samplé used 1n the transmission experiments rather than for
that of the nickel used by Arrott and Noakes (1967) and Weiss
and Forrer “1926:. The experimental data in the inset of
Fig. 4.12 represent the magnetizations required to fit the
calculated positions of the transmission curves to the
experimental ones. The temperatures on the graph were
measured using the thermocouple attached to the cavities. The

experimental value of the Curie temperature, found from
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Fig. 4.12: Magnetization of the 18 mm sample as a

function of temperature. The sample was heated from 30°
td 364°C and then cooled. Open symbols show the
magnetization for this cycle found by neglecting stress
effects. The filled symbols indicate the magnetization
found when the stress effects were taken into account.
The solid line is the magnetization, at the appropriate
internal field, interpolated from the data of Weiss and
Forrer (1926). Above 330°C the magnetization of Weiss
and Forrer is identical with the magnetization given by
the Arrott and Noakes equation of state for nickel,
Equation (4.2) with T_ = 354°C, T, = 0.309°C, M) =

39.5 G, 6 = 1.31, and B = 0.3864. The dashed line

in the inset is from Equation (4.2) with a lower value

of M i.e. Ml = 37.0 G, and Tc’ Tl’ 5, B as above.

ll
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resistivity measurements, coincided with the TC of 354°C
obtained by Weilss and Forrer. Equation (4.2) can be fitted
to this data by taking the critical exponents and T1 to be
fixed at the Arrott and Noakes values and by altering'M1 to
fit the data. The dashed curve in Fig. 4.12 was plotted
using Equation (4.2) for the appropriate internal field,

0.309°C, and M, = 37.0 gauss. A

W

H, and T_ = 354°C, T

1 1
similar curve with Ml = 38.5 gauss would fit the data with
strain effects taken into account. (The solid line in the

inset of Fig. 4.12 1s interpolated from the data of Weiss and
Forrer and is identical to Equation (4.2) plotted with the
Arrott and Noakes values for Tl and Ml.) The transmission
data for the 18 mnm sample at each temperature neaf TC were
refitted using the value of Ml appropriate to our sample, i.e.
the g-factor, damping parameter, and magnetization were found
self-consistently. It is these results which are plotted
in Figs. 4.10 and 4.11 and quoted in Table 4.2.

The results for the magnetization of the 18 mm sample
are not in themselves remarkable. However, the smoothness
of the temperature dependence of the stress corrected
magnetization is evidence that the magnetostrictive effects
have been adequately described. This lends confidence to

the results obtained for the g-factor.
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Chapter 5
NICKEL SINGLE CRYSTAL MEASUREMENTS

Microwave transmission measurements were made on nickel
single crystals in the temperature range 4K to 300K. These
measurements were motivated by the desire to determine the
variation of the magnetic damping parameter over the tempera-
ture range which Bhagat and Hirst (1966) observed the damping
to increase by a factor of six. As stated in Chapter 1, the
interpretation of the FMR experiment of Bhagat and Hirst was
complicated by the onset of the anomalous skin effect régime
concurrently with the increase of the damping parameter. The
magnetic damping parameter results presented here were obtained
over a temperature range for which the usual local conductivity
was appropriate. The damping parameter did in fact increase
dramatically as the temperature was lowered from room
temperature to 120K.

A new peak was observed in the magnetic field dependent
microwave transmission through nickel. This peak occurred
at an applied magnetic field which corresponded to FMR. The
peak was observed only at temperatures for which the nickel
was in the anomalouskskin effect régime. Additionally, a
significant magnetic field independent microwave signal was
transmitted through the nickel at the lowest temperature used
in these experiments.

This chapter is organized as follows. After a short

description of the sample preparation technique some of the
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problems involved in low temperature microwave- transmission
measurements are discussed. Next, transmission measurements
from which the magnetic damping between 120K and 300K was
obtained are reported and discussed. Finally, the
meésurements in which the new transmission peak was observed

are presented’ ~

s et -
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, 5.1 Sample Preparation

Discs were speak cut from a nickel single crystal!
with the [100] axis normal to the plane of the disc. These
discs were approximately 1 cm in diameter and between 300um
and 400um thick. The rough surfaces left by the spark cutter
were smoothed on a mechanical lapping/polishing apparatus?2.
The finest grade of polish employed was 5um aluminum oxide
grit. After this mechanical polishing stage the discs were
150um to 200um thick with shiny, parallel sides.

The final stage of thinning of the discs down to less
than 10um thickness was accomplished by electropolishing the
discs in a specially designed electropolishing apparatus.

For the details of the electropolishing apparatus and polishing
technique see Appendix IV. The final discs were 3um to 8im
thick and 4 mm to 7 mm in diameter. Judging from the rate at
which the sample diameter decreased with decreasing thickness
in the final stages of electropolishing, the central portion

of the best samples were uniform in thickness to approximately
1.m.

Each sample disc was soldered with indium over a 2.0 mm
diameter hole in a gold plated nickel diaphragm. Details of

how samples with diaphragms were incorporated into“the micro-

'The measured residual resistivity ratio for the single crystal
was 300 + 50. This is a lower bound to the intrinsic residual

resistivity ratio since no magnetic field was applied to the
crystal to align the magnetization parallel to the current

CTF Systems, Inc., 1750 McLean Street, Port Coquitlam, B.C.
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wave cavity system are given in Chapter 3. Throughout the
electropolisbing process and after the final mounting of the
samples, X-ray-ﬁhotographs were made to check the quality
and orientatjon of the samples.

Nickel was used as a diaphragm maperial"to eliminate
thermal strains between the sample and the diaphragm. 1If a
material such as copper were used the differential the}mal
contraction between the nickel and copper would have either
buckled the sample or introduced an effective magnetostrictive
field of = 102 gauss. The nickel diaphragms did introduce
a slightly nonuniform demagnetizing field (see below) but
this was tolerable.

Indium was used as the solder because the indium was soft
enough that even upon cooling to 4K the sample was not strained
by the solder.

The diaphragms were 25 mm diameter circular discs cut
from 125 um thick nickel foil. After mounting holes and a
central diameter hole were drilled into the diaphragm (see
Fig. 5.1), the diaphragms were mechanically polished to a
thickness of approximately 80 um thickness and annealed at
1000°C for one hour. These smooth, flat diaphragms were then
covered with a 2 um to 3 um thick layer of evaporated gold.
The goid surface prevented spurious magnetic field dependent
absorption of microwaves by the nickel diaphragm for fields
corresponding to FMR.

Two major problems involving sample preparation for the
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Fig. 5.1: Sample and diaphragm. The nickel sample (a)
soldered with indium onto the diaphragm (b). The sample 1s

centred over a 2 mm diameter hole in the diaphragm.
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transmission experiments were encountered. First, the only
directions of high symmetry in the plane of the'sample were
the [100] and [110] directions. These are the "hard" and
”ihtermediate” direction;Jof the magnetization with respect
to the magnetocrystalline anisotropy. At low temperatures
the anisotropy was so large that the samples wrinkled in an
applied magnetic field. This problem could have been
overcome by cutting the crystals with the [110] direction
normal to the plane of the sample discs. For such an orienta-
tion the [111] or "easy' direction of magnetization, as well
as the [100] and [110] directions, would have been in the
plane of the samples. The samples would not have wrinkled
if the magnetic field were applied along the [111] direction.
The second major problem involved the annealing of the
samples as a matter of course to remove any strain which may
have been produced in handling. The annealing process was
carried out in a vacuum of le_6 torr. This was an
insufficiently good vacuum to prevent contamination of the
samples. An annealed nickel sirgle crystal sample disc was
found to have a residual résistivity ratio of less than 15,
This problem was eliminated by the simple eﬁPedlent of
omitting the annealing step in the sample preparation, procedure

and by taking great care in handling the samples.
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5.2 Transmission Experiments

The beryllium—copper.microwave cévifies empioyed in
these nickel single crystal experiments were constructed in
such a manner that the sample plus diaphragm coﬁstituted the
common end-wall of the transmitter and recéiver.tavities (see
Chapter 3). The applied magnetic field could be rotated to
arry direction in the plane of the sample. Once thg sample
was mounted in the microwave cavity system the direction of
the radio frequency magnetic field was fixed with respeet to
the crystalline axes of the sample.

Extensive transmission experiments were carried out on
a total of four nickel single crystal samples bet@een 4K and
300K. The microwave cavity assembly was enclosed in a stain-
less steel dewar described by Lyall (1970). The température
of the cavities and sample was monitored by‘g coppef constantan
thermocouple which was calibrated at the boi}ing points of
nitrogen and helium. The temperature of the sample w35'usuall§
stable to about + 1K during the time interval required for
a transmission measurement. The}stability was poorér in
the temperature range 5K to 25K because the heat capacity
of the cavities was small at fhese temperatures<and.a?proxi-
mately 150 &W of microwave power was infident upon the
cavities. For example, the sample temperature increased SK

during the course of a transmission measurement near 20K.
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5.3 Results: 77K to 300K

a) Sample Characterization

The bgst of the unannealed samples, Ni8u, was used to
deduce the temperature dependent value of the magnetic
damping at iow temperatures? Extensive room temperature (305K)
transmission measurements were made on this sample to determine
its physical parameters.‘ The calculation which was compared
to the experimental data reqﬁired the specification of two
anisotropy constants, the g-factor, the magnetization, the
magnetic damping, the resistivity, and;the thickness of the
sample. Not all of these parameters could be determined
directly from the dafa.

The magnetic field at which the peak transmission
occurred depended on the two anisotropy constants, the g-factor,
and the magnetization. Only two peak positions were readily
available from experiment: the peak transmission field
obtained with the magnetization parallel to the [100] axis
and with the magnetization parallel to the [110] axis. One
anisotropy constant, Kl’ was taken from the data éf Okamoto
(1966) and the magnetization was taken from the data of
Aldred (1975). The second anisotropy constaﬂt, KZ’ and the
g-factor were obtained by comparing the calculated peak
transmission fields with the experimental data. The valug

4

of K, which best described the data was (4.5 # 2.0) x 10

2
ergs/cmz. The g-factor founF for Ni8u was 2.2 + .1, close

to the value 2.187 + .005'deduced from transmission data on
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polycrystalline samples. The parameters used in the
calculation are listed in Table 5.1. Of course other choices
for Kl and magnetization would lead to different values for
K, and the g-factor’. This, as well as the fact that the
nickel diaphragm introduced a demagnetizing field of
approximately 135 gauss which was uniform to about 25 to 30
gauss over the area of the sample, accounts for the liberal
errors associated with K2 and the g-factor found for Ni8u.

The lineshape of the calculated transmission vs. applied
magnetic field was dependent on the magnetic damping, the
resistivity, and the sample thickness used in the calculation.
The resiétivity was taken from the data of White and Woods
(1959) and the Landau-Lifshitz damping parameter was taken to
be 2.45 x 108 sec—l as found from previous experiments on
polycrystalline nickel samples. The precise lineshape was
not critically dependent on the value of the damping parameter
employed in the calculation. This is because the sample was
"so thin that a small chahge in the damping would alter the
amount of power absorbed within the sample only slightly.
Changing the thickness (or resistivity) used in the calculation
has a more direct influence on the calculated power absorbed
within the sample. The sensitivity of the lineshape to

thickness is illustrated in Fig. 5.2. IQE agreement between

SAlternatively, one could have used Aldred's value for the
magnetization and taken g=2.187 as found in Chapter 4. Then the
positions of the peak transmission al ng the [%00] and [110]
directions' require that K; =-4,5 x 10 ergs/cm and Kp =

6.6 x 104 ergs/cmZ at 305°K
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Table 5.1

S

Parameters used in transmission calculations for comparison

with Ni8u room temperature (305K) measurements.

) T
L
/ .
£ R.f. frequency  « 24.032 GHz.
g g-factor 2.199
M, magnetization - 485 gauss \
- ) 4 2
kl lst anisotropy constant -5.56 x 10 ergs/cm
. 3 4 2
KZ 2nd anisotropy constant 4.5 x 10" ergs/cm
o resistivity 7.41 x 10°% g-cm
d thickness 8.0 x }0'4 cm
. - 8 -1
A damping 2.45 x 10 sec
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Fig. 5.2: Transmission amplitude vs. applied magnetic
field for Ni8y. The data (+) were taken at 305K
wi;h the magnetic field along the [100] direction. The
ciiculated transmission (solid lines) is nbrmalized to the
experimental peak amplitude. The three curves are for
thicknesses 7.7um (broadest curve), 8.0um, and 8.3um

(narrowest curve). Other parameters are f = 24,032 GHz,

4 2
1 ergs/cm”,
Y | 2 8 -1 C s
KZ = 4.5 x 10 ergs/cm , A = 2.45 x 10 sec ~, resistivity =

6

7.41 x 10 -cm, D__ = 1.04, and D__ = -0.02.
2 XX

g = 2.199, M_= 485G, K, = -5.56 x 10
« ©
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the experimental data and the calculation for a sample
of 8.0y thickness is quite good. (The calculation cannot
be expected to agree with the data for an applied field of
0.3kG o£ less because the magnetocrystalline anisotropy
1s of this order of magnitude. For small magnetic fields
the magnetization is not parallel to the applied field
as the calculation assumes.)

From the transmission data the central portion of Ni8u
exposed to microwaves was determined to be 8.0 + .3u.
The thickness determined from the weight, area, and density
of Ni8u was 6.5 # 1lu. This latter value umderestimated
the thickness of the central portion of the sample because
the sample 1s shabed like a convex lens. Hence, these two
valuyes for the thickness are consistent.
(b) Damping parameter

Extraction of the magnetic damping parameter from

the transmission data was complicated by the wrinkling
of the sample. (See Section 5.1.) The damping could
not be found by fitting the transmission lineshapes
because the effect of the wrinkling of the specimen was
to broaden the transmission peak.” This imitated the
effect of an increased damping. After the sample wrinkled
the calculation could not be made to fit even the room
temperature experimental data. However, the peak amplitude
of the transmitted signal at room temperature was changed

little by this wrinkling of the sample. The peak
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transmitted amplitude found with the magnetization

along the [100], or hard, axis decreased about 5% after
wrinkling and the peak amplitude with the magnetization
along the [110], or intermediate, axis jncreased about 5}.
Comparison of the peak transmitted amplitude at room
temperature with the peak amplitudes at lower temberatures
enabled the damping to be extracted from the data with
an accuracy of + 0.3 x 1085ec'l for temperatures near
room temperature and with an accuracy of + 0.5 x 108sec-l
at 120K. The primary uncertainties involved in obtaining
the damping in this manner were:

8 -1 .
sec in room

temperature damping of 2.45 x 1085ec_1.

a) uncertainty of # 0.1 x 10

b) uncertainty of + .3um in sample thickness of 8.0um.

c) uncertainty of

"+

3K in temperature measurement.
d) uncertainty in the temperature dependence of the
cavity Q-factor resulted in an uncertainty in the
transmitted amplitude of < 5%.
e) uncertainty in the effect of wrinkling of the
sample resulted in an uncertainty in the trans-
mitted amplitude < 10%.
f) system reproducibility introduced an uncertainty
in the transmitted amplitude < 5%.
These uncertainties were not severe since the
transmission amplitude is a strong function of the damping.

The transmission aﬁplitude varies approximately as
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exp [-kd] = exp[-ll/2

J. Thus any small change in the
damping results in a large change in the transmission.
For example, at 125K a change of the démping from

x = 2.4 x 10%sec™ to x = 5.0 x 10%sec™! results in a
change of over an order of magnitu%e in the transmission
amplitude calculated for an 8.0um éample.

The Landau-Lifshitz damping parameter obtained from
the analysis of the peak transmissionjamplitude is
displayed in Fig. 5.3. At 115K the signal transmitted
through Ni8 was less than the noise level of the detection
system. The noise power level was 168 db below the incident
power level®.

Data for two different directions of the magnetization
and for two cooling cycles on Ni8u are included. The
solid line indicates the damping deduced from ferromagnetic

resonance experiments carried out by Bhagat and Hirst

(1966).

“The system time constant was 3.5 sec.
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Fig. 53: Landau-Lifshitz damping parameterﬁvs.
temperature for Ni8u. The damping parameter was
extracted from transmission measurements made with the
applied wmagnetic field along the [100] diréction (@) and
along the [110] direction (0). A typical error bar is
shown at the upper right. The solid line is interpolated

from the FMR data of Bhagat and Hirst (1966).
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5.4 Discussion of Results: 77K to 300K

Figure 5.3 provides a convenient point of departure
to discuss the results of the'previous section in comparison
with the results obtained by Bhagat and Hirst (1966). The
calculation used by Bhagat and Hirst to extract the
damping from their data was complicated by the fact thag
the conductivity of nickel is in the anomalous régime at
FMR for temperatures which coincide with the increase of
the damping parameter. At FMR the radiation which enters
the sample is absorbed in a shorter distance.than is
normally associated with an electromagnetic wave in a
material of the same conductivity. This is a direct result

of the large permeability at FMR decreasing the effective

skin depth. This decay length of the radiation is comparable

to the mean free path of the conduction electrons. For
example, the scaling length is §a 3 x 10 °cm at 120K and
it 1s effectively shortened a factor of 3 to 5 at FMR by the
large permeability. The electron mean free path is?

~ 10 °cm at 120K. In this regime Ohm's 1aw is not valid.
To describe the electric field-current rélation one has to
calculate the current density by consideriﬁg the electric

field each electron passing through an element of area has

experienced since its last collision. See, for example,

This mean free pdth, RIZOK’ was calculated from the relation

. -6
Y120 * <°1zox/°z73x Ly73x> When 2,55y = 2.66 x 10 “cm

(Mott and Jones 1936).

s’
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Pippard (1965). In the experiment described here the decay
length of the electromagnetic radiation passing through the
saﬁple is enhanced at FMAR. (See Chapter 2.) Thus the
characteristic length associated with the radiation is 1long
compared witn an electron mean free path at the temperature
of the onset of the increased damping in nickel, and for
temperatures somewhat belo% as well. For instance, at 120K
the characteristic length of the electromagnetic radiation

at FMAR ~10 *cm for a damping of 5 x 10%sec™! and the
electron mean free path is approximately 10-5cm. The results
of the previous sectipn show unambiguously thaﬁ&the low
temperature magnetic damping does indeed increase dramatical-
ly over the room temperature value.

It is apparent from Fig. 5.3 that the magnetic damping
found here increased more rapidlyrwith decreasing temperature
than did the damping found by Bhagat and Hirst. This fact
is predicted by a calculation of magnetic damping made by
Korenman and Pragne (1972) using a mechanism originally
suggested bf Kambersky (1970). Kambersky's idea was that
the space and time variation of the magnetization, through
the spin-orbit interaction, produced a periodic modulation
of the fermi surface. Scattering allowed the electrons to
follow the modulation of the fermi surface and to damp the
spin wave. Nickel's band structure is such that there are
certain parts of the fermi surface which are strongly spin-
orbit dependent (Gold 1973). Korenman and Pragne extended

this idea to the case in which the scattering time was long

— . - . - e e :
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enough that an electron moving at the fermi velocity travelled
iVa distance comparable to a wavelength of the magnetic
disturbance between collisions, i.e. they extended the theory
to the anomalous damping limit.
According to Korenman and Pragne, )
tan_l(kva)

‘FVf -

A= (5.1)

Here k is the propagation constant of the wave inside the ferro-
magnetic metal, Ve is the fermi velocity, and 1t is the (N
scattering time fo; the electrons. At high temperatures the CD
scattering time is short and kvfr << 1 for the usual range of

k's encountered in FMR or FMAR experiments. Then
A= T (5.2)

The scattering time, and hence the damping, can be expected to
vary with temperature in the same manner as the conductivity.
Therefore, this theory cannot account for the large, temperature
independent damping present in nickel. Korenman and Pragne
proposed that this theory did account for the additional low
temperature damping observed by Bhagat and Hirst.

Applying equation (5.1) to the case at hand, we can expand
the.inverse tangent in a power series énd examine the
theoretical damping appropriate to the experiment described in

this thesis and compare it with the theoretical damping for the

FMR experiment of Bhagat and Hirst. The theoretical damping is ¢’
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of the form

K2y 23
f T

R e : (5.3)
where we are restricted to the case in which kva < 1.

There are differences between this experiment and the '
experiment of Bhagat and Hirst which enter into equation~(5;3).
First, this experiment was carried out at 24CGHz whereas Bhagat
and Hirst's experiment was done at 9GHz. Second, this
experiment produced results appropriate to FMAR; Bhagat and
Hirst's experiment was appropriate to FMR. Combining these
facts, the characteristic k at the onset of the increased ] ,'
damping for this experiment was =1/15 of the k associated
with Bhagat and Hirst's experiment. Thérefore{ Korenman and
Pragne's theory predicfs that as the temperature is decreased,
the damping in this experimént‘will begin/to increase at a
higher temperature,’i.e. smaller t, than in the experiment of
Bhagat and Hirst. This is indeed the'case. Thus, this

experiment canfirms the reésults of Bhagat and Hirst and adds

additional support to the theory of Korenman and Pragne.

-
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5.5 Results: 4K to 77K

a) Sample characterization

The thinnest sample available, Ni3u, was used to
investigate the characteristics of the radiation transmitted
‘through nickel at and below liquid nitrogen temperature.
Inspection of Ni3u under a microscope revealed -that this sample
was noticeably thicker on one edge. 'I} was also smaller than
most samples, being an ellipse of approximately 5mm by 3mm.
The sample was soldered onto a gold plated nickel diaphragm
with the thick edge not exposed to microwaves but the non-
uniformityef this sample's thickness was apparent in the
room temperature transmission experiment. Fig. 5.4 1llustrates
the improvement in the fit of the calculated transmission to
the data obtained by combining two thicknesses in the calcula-
tion over-thezfit obtained by using one thickness. Fig. 5.5
shows the transmission for thicknesses of 2.8um and 4.2um
separately as well as.their sum. Clearl}, the transmission at
high fields, near the position of FMR, is due almost entirely
to the thinner areas of the sample while the thick areas only
contribute to the transmission near the péék. This accounts
for the differencés between the calculated transmission for a-
single thickness of samfle\énd the experimental data shown in
Fig. 5.4. The calculated transmission curve is too broad near
the peak and too low af high fields. Of course, a weighted

—

average of several/}hicknesses would produce a better fit to

the data than thessimple calculation using only two thicknesses
7

as shown ii/ﬁ}é. 5.4.

p
C0)
I
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Fig. 5.4: Transmission amplitude vs. applied magnetic field

for Ni3u. The data (+) were taken at 298K with the magnetic
field along the [100] directiqn. The transmission curve |
indicated with an arrow was calculgted using a thickness of
3.5um. The other curve not so marked is the sum of. two
equally.weigﬁted calculated transmi'ssions, one for 4.2um
thickness and one for 2.8um thickness. The'calculations were
made with R.F. frequency = 24.032 GHz, g = 2.20, 4wMo -

6.128 KG, resistivity = 7.2 x 10°% a-cm, K; = 5.56 x 10%ergs/

cnz, and A = 2.4 x 10%sec™ !,
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Fig. 5.,5: Calculated transmission amplitude vs. épplied
magnetic field for 4.2.m 7fA) and 2.8um (B). Curve C is
the sum of curves A and B. Other parameters used in the

calculation are the same as for Fig. 5.4.
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Unfortunately, this non-uniformity of the thickness of
Ni3y precluded any estimation of the damping parameter from
the peak amplitude of the transmitted signal. As the tempera-
ture was lowered the thinner areas of the sample would be
expected to transmit an increased fraction of the total signal,
i.e. the thickness of the sample would apparently decrease with
temperature. Also, since the sam%le was very thin, the cal-
culated amplitude was not as sensitive to the damping as it
Qas for Ni8u. This non-uniformity of the thickness as well as
the wrinkling of the sample meant that only qualitative
statements could be maderabout the low temperature transmission
of microwaves through nickel.

b) The new transmission peak .

Thé experimental transmission data for Ni3u at various
temperatures is shown in Fig. 5.6. Thf data were taken
with the external field parallel to the [100] crystal axis.

A large peak in the transmitted signal is readily apparent
in the measurements made at 4K. This peak occurred at an
applied field of 9kG which coincided with FMR in the sample.
This new peak was unexpected ,in that the microwave radiation
inside the sample is most heavily attenuated at FMR.

Accompanying this peak was a large field independent signal®.

® The zero level for these measurements was determined by clos-
ing attenuator DBE 410 in the incident microwave line (see Fig.
3.1) and noting #he receiver reading. This method of determin-
ing the zero level does not allow for the low level of direct
microwave leakage between the transmitter and receiver lines.
However, this extraneous signal is less than 5% of the peak
transmission at 4K.
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<
Fig. 5.6: Measured transmission amplitude vs. applied
magnetic field for Ni3y at various temperatures.
The ‘same (arbitrary) scale has been used to display each set
of data. The peak transmission at 4K corresponded to a

transmitted power 106 db below the incident power 1level.
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Fig. 5.6 (Part 2)
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Note that there 1s no evidence for a peak at the expected
position of FMAR ( = 4kG).

With increasing temperature the peak at FMR disappeared
and the familiar FMAR transmission peak appeared. The field
independent signal decreased with increasing temperature.

(The apparent field dependence of the transmitted signal
between 0 and 8kG for the measurement at = 22K was an artifact
caused by the rapidly changing temperature of the sample as the
measurement was made.) At T7"K the FMAR transmission was a
double peak. The high field peak was the usual FMAR peak;

the low field peak occurred because the applied field was
small enough to allow the magnetization to rotate away from
the direction of the applied field, under the influence of
magnetocrystalline anisotropy and the FMAR condition was
satisfied a second time. This phenomena was also noted by
Bhagat and Hirst (1966) who reported double FMR absorption

maxima 1in nickel at low temperatures.

e e e e o e e
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5.6 Discussion of Results: 4K to 77K

The‘detailed explanathn’%ﬁ?this new.transmission peak
is not known at present. This peak cannotf be explained simply
by putting a non-local conductivity into the theory developed
in Chapter 2. The mean free path of the electrons, for
temperatures less than 40K, is much longer than a wavelength
of the microwave radiation at FMR within the nickel. The
strong temperature dependence of this new peak between 4K and
30K cannot be due simply to the non-local conductivity because
the conductivity at 24GHz changes little over the temperature
range. One possibility is that a sound wave is involved in
transmitting energy through the sample.

In order to elucidate the nature of this FMR transmission
peak 1t will be necessary to undertake experiments to study
the temperature, thickness, and orientation dependence of this

peak. Such a programme is beyond the scope of this thesis.
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CHAPTER 6

CONCLUSION

The ferromagnetic antiresonant transmission experiments
described in this thesis were undertaken for two principal
reasons: to determine the magnitude of the temperature
independent magnetic damping in nickel as well as the
temperature range over which this damping was indeed constant,
and to verify the anomalous magnetic damping observed at low
temperatures by Bhagat and Hirst (1966).

An analysis of the transmission data employing the
Landau-Lifshitz equation of motion for the magnetization .
indicated that the Landau-Lifshitz damping parameter had thé
value A = 2.45 + .1 x logsec_1 between room temperature and
637K (364°C). The g-factor was determined to have the
temperature independent value g = 2.187 + .005 over the same
temperature range. It is noteworthy that this temperature
range extends beyond the Curie temperature (627K) and that
the Landau-Lifshitz equation of motion, together with Maxwell's
equations, was adequate to describe the microwave ‘transmission
data. This is contrary to the findings of Bhagat and
Rothstein (1971) who stated that the usual phenomenological
calculations did not describe their ferromagnetic resonance
absorption measurements made at temperatures near the Curie
temperature.

The temperature independence of the magnetic damping and

9\ /(

»
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g-factor supports the theory of magnetism reéently advanced

in a series of papers by Korenman énd Prange et al. (1977)!.
Consider first the magnetic damping. According to a theory

of L. Berger (to be published) the temperature independent
magnetic damping in nickel arises sfrom its complicated band
structure. In the earlier band theory of magnetism the static
magnetization was proportional to the population difference
between the spin-up and spin-down subbands. At the Curie
témperature the magnetization disappeared because the
populations of the spin-up and spin-down subbands were
equalized. The fermi surfaces for the spin-up and spin-déwn
subbands }n nicfel afe quite different (Gold 1973). Thus the
earlier band theory of magnetism demanded that the fermi
surface of nickel change substantially as the Curie temperature
was approached. Provided Berger's proposal that the‘tempera-
ture independent damping in nickel is intimately related to
the fermi surface is valid, it can be argued that the observed
damping requires that the fermi surface not change near the
Curie temperature. This is at variance with the earlier band
theory of magnetism. However, an idea central to Prange's
band theory of magnetism is that the spin-up and spin-down
subbands remain split at the Curie temperature. The observed

temperature independence of the magnetic damping supports this

idea.

'T am indebted to A.S. Arrott for pointing out this fact.
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The temperature independence of the g-factor also

supports the Prange theory. 1In a calculagion‘pf nickel's g-
factor, for example in the calculations of Ariinghaus and Reck
(1975) or of Singh et al. (1976), the fina}-resulf is sensitive
to how accurately the band structure is parameterized. Thus,
if the fermi surface for the spin-up and spi;—down subbands
were changing with temperature,‘one'would expect the g-factor
to change as well. The fact that the g-factor observed in
these experiments was tempervature indepegdénr supports Prange's:
contention that the spin-up and spin-dewn subbands remain split
at the Curie temperature. -

L
The low temperature transmission resukts confirmed the

.
large increase 1in the magnetic damping observed by Bhagat and
Hirst. The increase in the damping obse;ved in this experi-
ment set in at a higher temﬁerature than in the experiment
of Bhagat and Hirst. This is in agreement with the theory
which Korenman and Prange'(1972) advanced to explain Bhagat

®nd Hirst's results.

In the temperature range 4K < T < 40K a new peak was
observed at ferromagnetic resonance in the microwave trans-
mission through nickel. The origin of thisipeak is not clear.
The usual FMAR transmission'peak was not observed below 25K*
but a relatively large, field independent, transmission signal
was present. y

The FMAR transmission technique proved its value with the

experiments described in this thesis. The results were less



= 128 = . (%

dependent on sample preparation than for FMR absorption_
measurements and sample to sample reproducibility was better
‘than for FMR measurements. For example, the g-facﬂer and
‘damping parameter found using polycrystalline_samplgs were
consistent with the results obtaingh from the single crystal
Samples. The damping parameter was comparable to that found
by Rodbell (1965) on highly perfect single crystal samples.
The polycrystalline foils of nickel had no special surface
preparation; their surfaces were shiny but not mirror-like.
Thig‘supports the view that transmission measurements, in
contrast to‘Jﬁflection (FMR) measurements, are relatively
insensitive to surface properties. It is remarkable that the
magnetic damping in these polycrystalline foils was found |
to be as small as that measured in high quality single

crystals.
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The direction of the magnetization' in a magnetized body

dépends on the applied magnetic field, magnetocrystalline‘
anisotropy, stress, -and the shape of the.body._ Conventionally, -
demagnetization fa;tors have been used to describe the effect °
of these various sources on ﬁo (Maédonald 1951). The effective

- fields constructed from these demagnetization factors are

important in the microwave transmission problem not only
. | ‘. . . . . . > [
because they play a role in determining the direction of Mo’

but also because they exert restoring torques once the magne-

tization has been disturbed from equilibrium. N

Consider the shape demagnetization field ) oo
: }

H. = -4m D M. ) - (2.11)

For a’bddy whose surface is described by a second order poly-

»

nomial, e.g. an ellipsoid, M and ﬁD are uniform inside the
'

body (see, for example, Chikazumi 1959). This D has the form.

-

Dyx 0 0 .
- [0 Dby 0 )
0 0 Dy,

: ~Ann _ \
when expressed in the (XYZ) co-ordinate system of Fig. 2.3.

For an ellipsoid V.M is zero everywhere except at the o0

10nly the case in which an applied field large enough to
eliminate domain structure is of interest here. .
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surface and, since V-B = 0, one can visualize -V-M as the
"'charge'" which gives rise to the field ﬁD described by

Vel = -471 7+M o . (AI.1)
(The samples used in these experiments were usually'thin'cir-
cular gi;cs whose demagnetization factors could be closely
approximated by those for an quipsoid.)

The equilibrium direction of the magnetization, for the ’
simple case in which only shape demagnetization fields were

present, was determined by the requirement that there be no

net torque on the magnetization,

-

ie. M x (B, + Hp) =0 (AI.2)

.

Next, comsider magnetocrystalliﬁé Anisotropy.'ﬂw effective
fields were obtained from.angular derivatives o}‘the.magnetOF
crystalline‘energy, This énergy; which originates ffom the‘
spin-orbit interaction, cannot be accurately derived from first

, /
principles but can be expressed é@xgjseries of polynomials 1in
direction co§ines consistent with the crystal symmetrf. The
magnitude @f the lowest order terms can be obtained from |
experiment. For cubic symmetry the first three terms in&thé'

energy are

. _ 2.2 2 2 2 29 2. 22
Ec.a. = Ko * Kp(pgog + azay * azap) + Ky(ajezes)  (AL.3)
where Ko’Kl and Kz are constants and
a; = sin¢cosy : (AI.4a)
v @7 = sin¢siny . . (AI.é4b) .-

az = COS$ (AI.4c)

»
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and ¢,y are the angular co-ordinates of the magnetization with
respect to the crystal axes. The angular derivatives of EC.A.
represents a torque I which can be used to determine an
effective demagnetization field (or demagnetization factor)

through the relation
L =Mx (-4-D %) (AI.5)

The concept of using demagnetization factors to determine the

direction of MO becomes cumbersome once anisotropy is included?.

-t

Comparison of Equation (AI.2) with (AI.5) reveals the

artificial nature of demagnetization factors which describe

L 4
anisotropy. Shape demagnetization factors are useful simply

-
-

because they can be measured o; calculated for special .
geometries; torques resulting from magnetocrystalline aniso-
tropy are directly available from the energy expression (AI.3).
The demagnetization fields also enter explicitly into the
equation of motion for the magnetization, Equation (2.16).
Although there is no net torque on the equilibrium magnetiza-

tion, restoring.torques appear once the magnetization has been

disturbed from equilibrium. The restoring torques due to the

A

applied magnetic field and the shape demagnafization field

are exhibited in the/}erms of Equation (2.’%) containing HoZ'

?A11 mgasurements rkported in this thesis were made with
M, il Hy by suitably choosing the direction of Hy, and the
crystal orientation.
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and DZ'Z'a‘ The restoring torque due to anisotropy is intro-
duced through d in Equation (2.16). In view of the statements

above this is not the most transparent manner to describe

the anisotropy effects, but it is the conventional way -

/,

(Macdonald 1951). The magnetocrystalline restoring torque is
A_I:=—8—EA¢+8—-I:A11; " (AI.6)
30 3V y

where 4¢ and Ay can be expressed in terms of mx./Mo'and mY'/Mo'

Expressing this torque as

N (ﬁo x (-4 d m) (AI.7)

allows one to determine the elements of d which appear 1in

~ ~ ~

Equation (2.16). For a general orientation of the (X'Y'Z')
co-ordinate system with respect to the crystal axes, the
expressions for the elements of d are lengthy. Since the
experiments were carried out with the magnetization along a few

specific crystal directions, the much simpler expressions for

d along these high symmetry directions are given in Table (A.1).

3 ~ A ~

Note that DZ'Z' is expressed in the (X'Y'Z') co-ordinate
system of Fig. 2.3 whgfgas D, in the form introduced above,
is expressed in the (XYZ) co-ordinate system. The de-
magnetization tensors are related by a similarity transforma-

. _ . 2 .
tion and DZ'Z"- Dxx51n B + Dzzcos 9.
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Next, consider the effects of magnetostriction. The
partieular case of interest here is that of a uniform stress
in the plane of a polycrystalline sample. The resultant

magnetoelastic energy may be expressed as (Lee 1955)

E = - % AS o} cos%e A | (AI.8)

Here o is the stress, As the magnetostrictive constant, and

8 the angle between the magnefization and the normal to the
sample's plane. This energy can be treated:in just the same
manner as the magnetocrystalline energy to determine the
equilibrium direction of the magnetization and the R.F.
demagnetization factors associated with magnetostriction. The
elements of d which enter into Equation (2.16) are exhibited

in Table (A.2).

o
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Table A.1
Orientation dX'X' dX'Y' (=dY'X') d-lev
0o 2Kq 2Ky
M <100> — 0 —
{ ° 4™ 4™
IFor | config. ©
4 4 4 4
. -4 K. - K -z Ky- K
My ll<111> 3 1 § - 0 > 1 g :
. 4TrMo 4mM
| or | config.
. K, + 7K, 0 ;EEEY
SLg || <110> ——z;&—j—— 4™
Z || <100> ©
\ ||2config,
N 'ZKl Kl + %’
M. || <110> 0 Ry
P 4nM02 4mM
hpp || <100>
| config.
1
- 2K K, +
S 1 1 2
M_ || <110> — 0
A5 41M 41M
Z || <110> © ©
[|2config.
1
R K, + % K - 2K
M, |l <110> —l———27—3 0 —L
-+ 4TTMO 4TTMO
Rep Il <110
| config.

AN
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Table A.2 »
_e—— dx'xl dXIYl (=leXl) dY!Yl
SASO ,
0° 7 0 0
41M
o)
-SASO -SASO
90° 0
-7 A
4TTMO 4TTM0
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Appendix II

The procedure outlined in Equations (2.16) to Equation
(2.18) of Chapter 2 result in the following expressioﬂs for

the permeability:

. 2
o -1 ) 2Ak
DX'X' = l + 47TA [MO((HOZ' 4TTDZ,Z'MO) T
A
+ 4TTdY,Y,MO + Y‘Mo (4TTdX,Y'MO))
W o, 1A A
fy (7 Ay My v g ((Hoge = 4mDg 07 M)
2
Ak
-2 —ng + 4”dY,Y,M )]
’ = 4o I (2 D gndy, o M+ X ((H.,, - 4wD,, M)
X'y R GO G x'y'Mo T (o ARAREY
IVE
Mg + 4ndy,Y,Mo))
2
A Ak
fy ((Hoze - 4mDgagaMg) - 25+ dmdyy g
1
+ 2 (4nd M ))]
T (g T
u ava M (12 4 gma,, M+ A (H _,-47D, M)
Y'x o vrxtMo Ty oz 217 M
2
Ak
-2 Mo + 4“dX'X'MO))
A Ak?
+ 37 ((Hyz-4mDg0 5 M) - 2 M, dmdy iy My

A
- 7“; (4"devao))]-
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vayl

AVA

lez;

1w

nDZ,Z,Mo

ZIZIMO)

- - 137 -
-1 VG
+ 41A [MO((HOZ' - 4WDZ,Z,MO) - 2 BT
-~ - % e
A
+ 4vdx,x,MO - ?ﬂ; (4ndx,Y,Mo))
w iw A
+ 7 ( 17 + 4ﬂdY'X'MO + ;ﬁ; ((HOZ' 4
2
Ak
-2 A e amdy M)
1
= Hyrzr T Mzixr T oMzeye =0
A
+ 4ﬂdY'X'MO + ;ﬁ; ((HOZ, 4ﬂDZ,Z,MO)
2
Ak :
- 2 _ﬁ; + 4ﬂdx,x,Mo)]
iw A .
X [ fr" 4ﬂdx,Y,Mo + ?ﬁg ((HOZ' 47D
2
Ak~
-2 _ﬁ; + 4ﬂdY'Y'MO)]
AK®

¢ HHoge - 4mDzigMg) - 2 oy drdy .y M,

e

\ .
+ ?ﬂ; (4ﬂdX'Y'MO)]

x[(H ;v - 47D;,, M) - 2

A
- 7“; (4"dylvao)]-

)
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L

In these expressions the’static demagnetization factor DZ'Z'
"refers to the shape of the material only. The effect of
magnetocrystalline anisqtropy and magnetostriction are contained
in d. ) |

Of course, Maxwell's equations must bevcombinedeith
the above expressions to obtain the propogation constants

which describe the waves inside the magnetic material;
s " .

Ll W
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Appendix III

Exchange does not play an essential role in thé
inferpretation of the data presented in this thesis. However,
it is worthwhile to note how exchange alters the calculations
df Chapter 2.

From the equation of motion; Equation (2.16), one can
observe that

)
£:065  £,0) g 211 812\ /h
x'> = ( X') (AIII.1)
£,,(k5) £y, (k5 Ay

where fij(kz)'is a first order polynemial in x? and 85 j is

independent of k. The solution of Maxwell's equations in the
h.:

slab geometry of Fig. 2.3 requires that h and m be related by:

-4 . '
h 0 0 m
X k2651 X-
-4
hy | = 0 —— 0 My (AIII.2)
Y ' ik“6%+ 1
h, 0 | 0 -4nf\ ™z
A

BEquation (AIII.2) must be transformed into the same co-
ordinate system as Equation (AIII.1) via rotation about the
Y-axis. The outcome of this similarity transformation is

of the form o

<
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. up; (k%) 0 u, 4 (k%)
' m
X'\ ik25%e1 ikZs2e1 \ [ X'
h - o AT 0 my '
1
Y ikZsZ 1 :
Usl(kz) Uss(kz) m, '
hz T 2T ° - Tz
Z ik“6%+1 ik“6%+1
(AIII.3)
where the Uij (kz) are a linear éombination of the fij (kz).
Since My, = 0 (Equation (2.16c)), the terms in Equation (AIII.3)

involving My can be dropped and the expression ﬁgx hZ' can be
treated separately. Comparison of Equations (AIII.1) and

(AIII.3) then shows that g

2 2 Ull(kz)
£10(k7)  £1,(k7) (811 812 — 77T 0
< _ i67k"+1
2. 2 ) 47 J=0
£20 (k%) £, (k) 871. 822 0 —y—
| | i6°k%+1
(AIII.4)

~

One immediately sees that the seculaf equation associéted with
Equation (AIII.4) is quartic in kz. Thus there are four
different propagation constants, -or four eigenmodes, for the
system. For comparison, the no-exchange case results in.

fij indgpéndent of k2 and the secular\equation is quadratic in
kz, i.e. there are only two eigenmodes of the system. The »

two additional modes, or waves, introduced by exchange are

spin-wave-like excitation of the system. (SEe,'for example,

Y
- =3

e,

Gurevich (1960) .)
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In the calculations presented in Chapter 2 there were
just enough boundary ponditions to specify all reflected
and transmitted waves in terms of the incident wave. ‘The
introduction of two extra modes réquires that more boundary
conditions be specified. The R.F. magnetization mayabe an
lanti—node at the surface of the magnetic material (Ament -
and Rado 1955),
i.e. a—?’z‘ = a—’:YZ = 0 (AIII.5)
surface " lsurface '
where X,Y,Z refer to the co-ordinate system introduced in
Fig. 2.3. Alternatively, the R.F. magnetization may be
pinned in some pafticular direction, i.e. there is a
node of the R.F. magnetization at the surface of the slab.
The nmost reasonable choices for the direction oflihe pinned
magnétization is either perpendiculaf\{g the‘SUrfage 6? parallel 1
to-thémagngtization. Then the boundary\tondition on the
magnetization i's
m =0 | - | (AIII.6)
surface o K NN

More genérélif, the sufface boundary condition éan be deri%eﬂ
from the torque exqrte& on’the magneiization by a surface
iﬂisotropy.' Depehding on the strength of the anisotropyz
boundary conditions interm;hiate between (AIII.S)‘énd EA111;61
can be described. (See; fo; example, Rado and Wéertnan (1959)

andICochran et al. (1977a).) In any évent, one can use
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>
.-

p - - A - -l- l‘ 3 N
a boundary condition on thé magnetization which allows. ‘the

determination of all the reflected and transmitted waves.in

a magnetic sample in terms of the incident wave.

y > -
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" Appendix 1y

The final thinning of the nicﬁél single'érystal shnplés
was done u51ng a specially bu11t electropollshlng apparatus.
This electropollsher was very similar to the ac1d polishing
wneel described by Young andvWilson.(1961) but modified for
electropolishing. o

Thevheartvof‘the eléctrnpolisher‘is‘illustrated in
Fi§.~AIV.1. 'In opération, a disc shaped sample was mounted
- on the end of a rntating shaft with the plane of the disc
.normal- to the axis of rotation of the shaft. This shaft
rotated at 35 rpm. The samnle was normallf'held 1/4 to 1/2
mm from the face of a 20 cm diameter stainless steel polishing
- wheel. The wheel was covered by a fiberglass clothvheld
in place by a rubber O—ring. This polishing wheel was
partially submerged in electrolyte (390 ml HéSO4 and 290 ml
HZO); Tegart (1959)) and rotated at 15 rpm. Thus fresh
electrolyte impregnating fne fibergiass clqth was constantly
dtawn up info the regionvbetween the sample (anode) and o
polishing wheel (cathode). The polishing was carried out
at a rate of 0.lum/sec (current density of 0.4 A/cm ). The
shaft to Wthh the sample was attached was mounted on a bed
which slid on two steel rods so that the sample could be
brought up to the face of the polishing wheel. Every 60 to
90 seconds the sample was slid'back from the face of the
polishing wheel approximately 10 cm and washed wifh a stream

of distilled\water.
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The bed which carried the sample could also be rotatpd
abouf the vértical and horizontgl-axes; This facilitated
- alignment of the axis of the shaft caf{?ing the sample so
’that}it was perpendicular to the piéne»of the polishing wheel.
The bed could also be translated horizontally to position’ the
.sample ht-different distances from the axis of the polishing
“wheel. =

»

Two different schemes were used to mount the nickel
samples to the eﬁd of the rotating shaft. In the first
polishing cycles the sample was attached to a glass slide
with beeswax. A #40 gauge coﬁper wire lead was silver
painted to the back edge of the sample'through a hole in the
glass slide’, Fig. AIV.i. The glass élide was in turn
attached to a lucite cylindér with nail polish and the wire
connected to a slip ring‘oh thé lucite cylinder. The
cylinder wés then attached to the rqtating shaft (Fig. AIV.2).

A typical sample disc, ZOOLQ thick and 1.2 cm in diameter,
was mounted and dismounted several times in the éourse of
removing 80';6'100uﬁ from each side. Once the sample waéi
less‘fhan 20um thick, as determined'from area anq weight
measurements,'a second mount}ng shceme was used. . The nickel
samp}e was attached with silver péint to a, flat, polishgd
and annealed poixcryétalline nickel diaphragm. This
diaphrégm was then mounted on the glass slide in tﬁg manner
indicated abové. The wire lead-was(attached*to the nickel

diaphragm, not to the fragile sample. The portion of the

nickel diaphragm exposed to electrolyte was masked off with
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beeswax so that only the sample was wetted by the electro-
lyte. Care had to be taken to insure that no silver paint
near the edge of the sample came in contact with the electro-
lvte as this caused a blackK deposit to form on the sample.
A These sample mounting procedures had the virtue that
little handling of the ni;kel sample itself Qas involved.
The sample was mounted on the glass slide by placing it over
the appropriate spot on the (heated) glass slide previously
coated with beeswax. Once the slide cooled and the beeswax
hardaned, the sample was securely mounted. The sample was‘
dism%unted by placing the sample(plus glass slide in tri-
chloioethylene for three or more hours. This dissolved the
bees%a} and the sample floated off the slide. Mounting and
dismounting the sample from the nickel diaphragm, though,
diff;rent in detail, was ;qually simple.

The electropolisher, used in the manner described above,

was capable of producing flat single crystal samples with a

thickness uniform to = lum over a diameter of S5mm. .

o~




- 146 -

p°
{
\

: 4

\

N [

)

Fig. AIV.1: Side and end schematic views of electropblishing

apparatus. The sample (a) on the end of a rotating shaft is
almost in contact with the polishing wheel (b). The polishing

wheel rotates through an acid bath (c¢) contained in a lucite

bog (d).
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L4

944'73\_ ]

Fig. AIV.2: Sample mbunting detail. The sample (a) is
attached to a glass slide (b) with beeswax (c). The glass

'slide is attached to a lucite cylinder (d) with a thin layer .

of nailpolish (e). A wire (f), attached to the back of the

sample with silver paint, is atta#ched to a commutator (g).

~

The lucite cylinder fits over the end of a steel shaft (h)

and is held in place by the set screw (i).

L4
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