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ABSTRACT

A brief introduction is given to the response of a ferromagnetic
plate to monochromatic microwave radiation when it is subject to a
constant magnetic field oriented parallel to the plate surface. A
theory describing this response is presented which has a linear dependence
on the amplitude of the incident radiation. The theory of Lieu and
Alexandrakis for the case in which the microwave and static magnetic
fields are parallel, which has a non-linear dependence on the amplitude,
is shown to be in error.

Microwave transmission through a 40um thick Supermalloy foil
(d/8 = 22.5) with RF and static magnetic fields parallel revealed
a distorted replica of the perpendicular transmission signal, but
attenuated 600-fold in amplitude. Transmission through a 7.2um thick
foil of nickel gave a field independent signal at fields greater than
approximately 1 koe in agreement with the observations reported by
Lieu and Alexandrakis. This background signal was found to be consistent
in strength with that predicted by the theory described here. For
both foils an extra transmission signal due to ferromagnetic domain

walls was observed near zero static field.



But, soft!

What light through yonder window breaks?
Romeo and Juliet II.2.1
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Mi ritrovai per una selva oscura,
Che la diritta via era smarrita.
Inferno 1I.1

Chapter 0
Introduction

Despite the fact that magnetism has been known since classical times,
it has not been until this century that a quantitative theory has existed
for permanent magnets., This is best ascribed to the fact that the
mediating force is quantum mechanical in origina.

Condensed materials in which a magnetization arises spontaneously
are called ferromagnets. If we take as a model the notion that a ferromagnet
is made up of elementary magnets (avoiding the question of the source
of the field, momentarily), it occurs to us that a magnetic dipole presents
an aligning force to nearby dipoles and, therefore, we may explain this
macroscopic magnetization in purely classical terms.

In fact, however, we know this not to be possible. Of the various
sources of magnetic dipole moment, we know, at the atomic scale, that that
intrinsic to the electron is the strongest. The energy associated with the
alignment of neighboring electrons may be therefore compared with the energy
associated with thermal excitations to show that no macroscopic alignment
is possible above a few kelvins.

Instead we know that the familiar room-temperature magnetization

is quantum mechanical in origin and has the scale of a coulomb interaction.



Moreover, the fact that the electron has spin % (intrinsic angular
momentum .g) implies that its magnetic moment may be of no higher
order than dipole ahd that this moment be parallel to the spin. (See,
for instance, the derivation of (XIII1.86) in Messiah (1962).)

Although the origin of the aligning force is known, its magnitude
is not, since its evaluation involves an integral, the "exchange"
integral which contains contributions from every electron in a macroscopic
specimen. (See, however, some theoretical results by Hill and Edwards
(1973).) Thus, this force constant, the exchange constant, lies in
the realm of the empirical.

From the classical viewpoint, one may take the aligning field as

a solely local magnetic dipole field (the Weiss field) of large magnitude.
We can then make estimates of the strength of this field based on the
susceptibility above the Curie temperature (based on the Curie-Weiss law)
and the saturation magnetization below the Curie point (based on a
Langevin function). (See for instance,  Chapter 16, Kittel (1971).)

Unfortunately, we know from quéntum mechanics (see, for example §10.11
Ziman (1972)) that the thermal excitation of a ferromagnet involves a
large frequency spectrum of exchange coupled excitations (spin~waves).
The study of ferromagnetic resonance (FMR) was undertaken to gain
information about the response of a ferrémagnet to monochromatic
radiation. In particular, the exchange constant at low (microwave)
frequencies is of interest.

A magnet with an associated angulaf momentum executes a circular
precession when placed in a constant magnetic field. Although the effect
is more compiicated when the magnet is embedded in a metal (details

to be found in the next chapter), there exists a precessional motion



in ferromagnets having a characteristic frequency. This precessional mode
can be excited by microwaves as a resonance phenomenon, the frequency

of which depends most strongly on the saturation magnetization, the applied
external field, and the electron's gyro-magnetic ratio.

The theory I shall present in the next chapter follows that of
Ament and Rado (1955) and Rado and Weertman (1959).

Since the position of the FMR line does not depend strongly on the
exchange and the width of the line may or may not depend directly upon
exchange (depending on the relative magnitude of the several damping
mechanisms: The dependence ié weak in Ni and Supermalloy, strong in Fe),

- it is desirable to have a method for measuriﬁg exchange reliably,
independent of the other parameters of the material. Lieu and Alexandr;kis
(1975) claimed they had performed an experiment in good agreement with
their theory which had a strong dependence on exchange. In this thesis

I will show the error in their theory, I will show that the correct theory
for their experimental configuration does not depend on exchange, and

I will describe a similar experiment and compare the results I obtained
with this theory.

In an external magnetic field, the best coupling to the magnetization
of a ferromagnet is obtained if microwave radiation impinges'on the sample
polarized so that the microwave magnetic field is perpendicular to the
magnetization. Lieu and Alexandrakis claimed, however, that a ferromagnet
could be excited by microwaves polarized parallel to the magnetization.

I will show that this is false (except at very high power levels) and
that a ferromagnetic metal in this configuration responds chiefly as a metal

with the familiar (p=1) electro-magnetic fields in its interior, and not



as a ferromagnet.



Consider the lilies of the field, how they grow;
They toil not, neither do they spin.
Matthew 6.28

Chapter 1
Electromagnetic Waves and Spin Waves

Consider electromagnetic waves in vacuum. There are two degenerate
eigenmodes of propagation for electromagnetic plane waves in a given
direction. By degenerate, I mean that all waves of the same frequency
have the same wavelength. Thus, one may chodse a horizontal and vertical
basis or a left and right-hand circular basis (or indeed among a continuum
of other bases) ad 1ib.

In ferromagnetic metals there are four modes (as I will show below),
which depend on the physical properties of the medium, two dependent
chiefly on the conductivity O, and two dependent chiefly on the ferro-
magnetic exchange constant A. The degeneracy is removed.

To be more precise: I shall consider a metal to be a classical
continuum with a scalar (isotropic) local conductivity o, such that

J=O0F . Moreover, I shall assume that O is large:

SE -
“5f « 4wok (1.1)

(All formulae are in cgs units.)

I shall consider a ferromagnetic metal to have the above properties



in addition to these: It has a non-zero magnetizathmnzz which has
a fixed amplitude AAS(called the saturation magnetization), but not
necessarily a fixed direction, everywhere in the metal. I will not make
any mention of the temperature since it makes only quantitative (not
qualitative) changes in a few parameters. The theory is applicable
at any temperature low enough so that the amplitude of the magnetization
is unperturbed by the applied field.

This magnetization is mediated by a "restoring force" with a coupling
or elastic constant A called the exchange force, which tends to align
the magnetization. If we model the energy of the magnetization at

the origin

U= mo)-/M(?)F(lr*l)dT

and expand

MR =M@ + (VYN + -- -
we get U = }i;AZi!l + E; )Ei','§727c7'_1_ ---

With this in mind we take the form of the exchange torque to be

-Cex :‘:M X —--——2: V /‘1 (1-2)
MS

which has the dimensions of a torque density ggz%—zaru This form

of the torque equation is due to Herring and Kittel (1951). A is

therefore in dynes liiﬂ%— . This exchange torque strongly evokes
sec



the familiar

It is therefore tempting to speak in terms of an effective exchange

— —p —
induction. However, since B and H differ by a quantity parallel to M,
we may as easily speak in terms of an exchange field as an induction:

- 2A .

0, = % v

i

The Laplacian has the effect of giving the difference between a sort

of average value of KZ in the neighborhood a;d KZ itself. Thus, as long
as A is positive, the exchange field will tend to align the magnetization
parallel to the near-by magnetization. The magnetization in common
ferromagnets arises chiefly (but see Argyres and Kittel (1953) for

the contribution from the electron orbital motion) from the magnetic
dipole moment of the electron. This moment follows the same rules

and is always in the same state as the electron's intrinsic angular
momentum, its quantum mechanical spin. Thus, we can define a positive Y

such that

/1-27 ::-—-yL- (1.4)

-
where [ is the classical angular momentum density due to spin. Both
the angular momentum and the magnetization are at present thought to

be fundamental to the electron and despite the suggestive names, no causal



relationship has been established between spin and magnetic moment.
Nonetheless, the two terms are often used interchangeably, and, in
particular, excitations which are coupled by the exchange field are called
spin waves, to distinguish them from those coupled by the ordinary
electromagnetic field. It should be emphasized that the exchange field
is quantum mechanical in origin and is much stronger than the ordinary
magnetic coupling of near-by spins. It arises from the Pauli exclusion
of Fermions and in fact the term "exchange" comes from that context.

I shall deal with these geometries: Consider an infinite sheet
of ferromagnetic metal with 6ne surface passing through the origin.
It will be 'infinite in the x and z directio;s with finite or infinite
thickness towards +y. An rf EM excitation coming from the vacuum will have .
its magnetic field polarized along z. This excitation will be a
plane-wave directed along y. A constant magnetic field will be applied

either along x or z. z

H - . sheet
“ or\}

4
~



Since the DC field is always parallel to the slab surface, I will
omit the term "parallel" as used by most authors from this chapter
and use "parallel" and "perpendicular" to refer only to the relative
orientation of the rf and DC magnetic fields.

I will first consider the perpendicular configuration.

Since we have a restoring torque (1.2) acting on an angular momentum
(1.4) we expect precessional motion. I asserted at the outset that for
a given frequency there would be four non—deéenerate propagation vectors.

For the approximation I adduce (1.1), Maxwell's equations arel
(1.5)
Following Lieu and Alexandrakis, I will use a propagator of the form

H A —( 1), +4UI‘) (1.6)

(Please note that A\ is a wave-number in this work. Small letters

1. To see that VD—O note Vx =-Z—i' thus V} —-..ﬁ =0. For plane

waves this implies /0 =0,
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will be used for amplitudes.) This yields (for plane waves)
.L (> ‘f
- Ae, (h +4mm,)
4 >\ = — AW (A +YHrm )
- 8,‘ <

Nk, = 4ET e,

‘{—cv’
Since /_\'1> is of constant length and already ofiented along x, any change

in M,is second-order in M, and M, We can, in the limit of small

signals, take m,=0. Thus we have
A h
-4
but only )Z'A
3

_ _?74—2 (éz + Y7 mz> (1.7)

é (1.8)
X

where I have defined the skin depth

CZ

N
‘/\ EZsz’

Equation (1.8) represents an eigenmode of the medium uncoupled from

the magnetization which we will therefore designate NM (non-magnetic).
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k = V-24
WM a/‘

To find the solutions of (1.7) we need the torque equation relating
H and M, this time containing both the exchange field (1.3) and the

real field.

1 - (1.9)
Koy H+M VM

LY

Magnetic excitations in metals are chiefly damped by coupling to electron
motion (spin-orbit coupling). Since the details of the damping do not
interest us, it is convenient to introduce magnetic damping using a
phenomenological relaxation time 7 (Bloembergen damping). The introduction
of damping in this particular form is merely to keep accord with Lieu

and Alexandrakis. Using (1.4)

(1.10)

R
€
3
"

So - --rM[‘m 72»1)—?—-1-7% H,

| (1.11)
; ™ (A + 24 )z’*’z - ™ _ym H
R s | M:' z — z lla

where I have again dropped second-order terms and used BY=0. Combining

these gives

b 2 A Y o) mee-2tn) + ]
M M:'(H:t-—-——))-f- LA,
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But from (1.7)
- —— (1.12)

Thus O = )‘

2i MSH_:A_zc_A/L

l{
1‘)"7‘«/1

=
L)
gy
d
"R
~~
et
et
<

2[HEMS MU 2 M
$ + $ a :4_
_H [‘1,4‘ A AL A/

7 2
+ HZIrx H@M‘ + 2 ﬂ‘_/ﬂ: 148'/"
Al 24 1,,/“ 2 ,ﬁf‘ 52

This equation, being cubic in N contains the remaining three eigenvalues.
We can readily see that only one exists in the absence of exchange since,
as A—+0, the equation becomes linear in AZ.
Let me then examine this limiting case, and, subsequently, the limit
in which spin waves dominate, to illuminate this initially opaque equation.
I define

B = H + M,

(1.14)

-_-g/_.L - dw)
T 7 (1.15)
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The reason for my choice of phase for (1.15) is to make I' mostly
positive real, the relaxation time usually being long. In the no-exchange

limit, then,
z

ol
>\z ="'z’£7 = 2 (1.16)
e GH-T -

This is the so-called EM wave, the most interesting and experimentally
accessible wave in the metal. It has potentially two interesting points:
where the denominator goes through (near) zero and where the numerator does.
Figures 1.1 and 1.2 represent the EM solution of the full equation (1.13)
as a function of applied field. Both the real and imaginary parts are
shown. It may be seen that if I' is not large enough (i. e. if w is

not) with respect to N%, the numerator may not go through (near) zero

and the second of the resonant points will be missing. The point

at which the denominator approaches zero is called ferromagnetic resonance
(FMR) . The point at which the numerator approaches zero is ferromagnetic
anti-resonance (FMAR). Although it may seem clear that both of these
points are of interest, the importance of FMAR (indeed its existence)

was not well known until pointed out by Heinrich and Meshcheryakov

(1969, 1970). At FMAR the damping is least, the skin depth is greatest,
and there is a consequent transmission maximum. It is common to fix

the frequency of the radiation and slowly sweep the applied magnetic
field. 1In this case there is a specific field corresponding to FMR

and (if a sufficiently high frequency is chosén) another corresponding

to FMAR. It goes without saying that during transmission experiments,
FMAR is the important point. A patient inspection of Figures 1.1 and

1.2 (a solution of the full secular equation (1.13)) reveals that



)‘EM

Real

FMR
FMAR Imag

Imag

Figure 1.1 Propagation constant for the EM wave as a function
of magnetic field.
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although there is simple linear behavior in xz at FMAR, there is a dip in
the real (damping) part of A. Moreover, since A appears in an
exponential (1.6), the effect of a small decrease in the real (damping)
part of A is greatly accentuated in any signal appearing at the

back surface of the slab.

Now let me turn my attention to the spin waves. Intuitively, these
are the solutions of the torque equation (1.10) without reference to the
consequent to Maxwell's equations (1.7), i. e. where the short-range
exchange force dominates. The easiest way to do this is in (1.11)

to set the magnetic field h to zero. This gives
/ iw ( 24 % H
I G SwE— -— —— S— m

(1.17)

So

| iw)t /2A N2 A |2 =
(e = (G XM o - 3N+ HL) =0
If I define B = /_/ + 4 M (1.14)

fe -5 +AH (H+B) 5N+ )7 -

the solution of which is

2 M = - ..
o8 (CRT EV /vy Saryamrrey o RS

15
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)‘EM
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FMAR
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Enlargement

Imag

Figure 1.2 Enlargement of FMAR region of Figure 1.1. Damping
has been reduced in the lower graph.



One sees quickly that N is linear with field. One of the roots is
large and positive everywhere and therefore strongly damped and

uninteresting. The other has a zero crossing at

| fw\ -
(7;““'7—) + BH =9
or (1.19)

BA - -

in the limit of large r, the relaxation time. Thus this root also
has interesting behavior at FMR (see Figure 1.3). It should be added,

however, that typically this wave has a A that is quite large:
100
o

interface, the A for vacuum being nearly zero.

of the order of This causes it to be largely unexcited at the
All three solutions are largely unperturbed when they are combined
into the full secular equation, as may be seen from the fact that,

although the figures are actual solutions of the full equation (1.13),

they represent quite well the behavior of the limiting cases (1.16, 1.18).

The only point at which mixing of solutions begins to occur is at the
applied field corresponding to FMR, when the spin-wave comes down
toward zero and the EM wave goes through a localized maximum. However,
since our present interest is in FMAR, I will not explore the detailed

solution of equation (1.13) any further.

17
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Figure 1.3 Propagation constant for the active spin wave as a function

of magnetic field.
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Yet in thy dark streets shinith
The everlasting light.
"0 Little Town"

Bishop Phillips Brooks

Chapter 2

The Allegation of Lieu and Alexandrakis

I'd like to turn now to the precessional motionm.

Although I may

_

Figure 2.1 The precession of the
magnetization.

19
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have misled you while I was speaking of a magnetization precessing in
an external field, there is no a priori reason for the excursion of the
magnetization to be circular. The complete torque equation (1.10)

contains several terms, and the presence of boundaries in the y-direction

Figure 2.2 An elliptical precession
of the magnetization displaying
non-linearity in the presence of

a large excitation.
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with the consequent build-up of surface magnetic charge1 is an adequate
reason in general for an elliptical excursion as pictured in Figure 2.1.
In this figure and the next, we look in the direction of +y towards the
sample surface. The constant magnetic field is applied along x. Since
the magnetization is fixed in amplitude, it becomes clear that this excursion

can cause a second-order change in M, as in Figure 2.2, i. e.,

R e (RF- 2

Now without stretching your credulity too far, I believe I can state,
without yet resorting to mathematics, that this small change in M, can
be used to excite any elliptical (not circular) precessional mode.
Consider the steady state. If there is an alternating magnetic field
in the x-direction at twice the precessional frequency, it will clearly
transfer energy to a precessing dipole. Since the amount of energy
transferred ( AE= B AM,) itself depends upon AM,, the energy transfer
follows an exponential growth or decay law. Thus we see that there is
a threshold for the exciting field, below which the dipole will relax
to rest.

This coupling, where the exciting field is parallel to the static
field, is what is commonly called parallel pumping. In due course,
it was observed in an insulator (YIG) at sufficiently large rf fields

(~1 oe) by Schlomann et al. (1960). This field can be easily shown

l. I am speaking here in analogy with the electrostatic case. By
magnetic charge, I mean V.ﬁ - - Y PM
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to correspond to 1.2 x 109 erg/cmz—sec (120 watt/cmz) in free space.

We (1976) have calculated the threshold for the appearance of parallel
pumping in nickel to be ~ 85 oe corresponding to 8.7 x 1012 erg/cmz—sec.
Lieu and Alexandrakis (1975, reproduced as the Appendix) reported

an experiment and theory reminiscent of parallel pumping in metals at
much lower power levels. They present a theory which predicts an
excitation of the magnetization for low power levels in the parallel
configuration. As a function of field, the amplitude they expect is
shown in Figure 2.3. They observed a transmission qualitatively similar

to this. Their theory runs as follows.

4 6 8 10
Hag— k6

T
o 2

Figure 2.3 Lieu and Alexandrakis'
theoretical results for nickel.



They start much as I have by adducing Maxwell's equations (1.5)
and the torque equation (1.10). They also write the component of the
torque parallel to the magnetization, a second-order term. These comprise
their equations (1). They do not, however, use the longitudinal torque
equation when deriving their solution for the wave-number (2). Hence,
the solution they get is identical to (1.13). They next take the
trouble to write the magnitude of the longitudinal disturbance in terms
of the amplitudes of the three transverse ones. They next state that they
will use 10 boundary conditions. Forming equations (5) are 6 of them,
while the other 4 are equations (8). It is crucial to realize that they
solve just 10 boundary conditions. )

Let me recapitulate, but this time speaking only of one surface,
so that the number of wave amplitudes and boundary conditions is cut
in half.

They solve for the propagation vectors of wave-like disturbances
in the magnetization. Since they ignore the fields at that point,
they miss the solution which leaves the magnetization unexcited, the
one I called ANM

Since one mode is missing from the metal, it follows that, to be
soluable, the boundary wvalue problem must be changed. Let me show that
the problem as originally stated required 6 conditions: Consider
a semi-infinite sample so that we need deal only with the first surface.

Consider that the general monochromatic wave is incident upon it,

so that an amplitude is needed for each of the polarizations. These
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two amplitudes are given. We must fix the amplitudes of the 2 reflected
waves and those of the 4 waves inside the metal. We have immediately

the boundary conditions on E&y and ft, from classical electrodynamics.
For the remaining 2 conditions, we must turn to Rado and Weertman (1959).
Their general treatment allows of three limiting cases of which nky::O

is a common choice (Kittel's condition). However, the form of the
boundary conditions is not crucial to my argument at this point.

What is crucial is that there necessarily be 2 conditions, of whatever
form.

This may be argued in the following manner. Recall that the magnetization
has an associated angular momentum. The excitation of a sample involves
the application of torque by one interior elementary magnet upon the
others. The environment of the surface layer magnets is different from
those in the bulk. Thus, the torque on these is going to be different from
the others. In general, there are three components of torque, but since
AAZ==Ag acts as a constraint, only two conditions on KZ are necessary.

I have shown that 6 boundary conditions exist. I have said that Lieu
and Alexandrakis solved for only 5 wave amplitudes. To succeed at this,
they ignored one of the boundary conditions, to wit, ny::O(when deriving

their equation (5)). That their problem yields a non-zero solution

at all depends on these matching errors.
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God satd to Abraham,
K11l me your son.”
Abraham said, "You must be
Putting me on!'"
God satid, '"No!"
Abe said, "Why?"
God said, "you can do what you
Want, Abe, but the
Next time you see me coming,
You'd better run!"
"Highway 61"
Bob Dylan

Chapter 3
The Experiment

Lieu and Alexandrakis report at the same time as they presented
their theory, results of transmission experiments on iron and nickel
foils. These both have the property that they rise from zero amplitude
(in the presence of no applied magnetic field) to a fairly flat plateau
above a few kilogauss. In the experimeﬁts I performed, there also appeared
a flat plateau above a few kilogauss. However, here, the transmission
fell to this value rather than rose. Both of these observations are
in basic agreement with the predictions made above of a non-magnetic mode,
but modulated near zero field by the motion of ferromagnetic domain
boundaries.

EXPERIMENTAL DETAILS

The 24 GHz transmission system used for these experiments was

developed and debugged by J. F. Cochran and B. Heinrich to whom I
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gratefully acknowledge my debt. It is described more fully elsewhere
(Cochran et al. (1977a)). The specimens in the form of thin discs (see
Table 3.I) were clamped between identical critically coupled transmitter
and receiver cavities, so that the specimen formed one end-wall of each

cavity. (See Figure 3.1) The rf magnetic fields of the TE10 mode

EEESETE
[E '

Figure 3.1la Fields inside an ideal
resonant cavity.

Coupling Hole .
P g \\\ [7T%T‘?ITLI l‘r//'Teflon Tuning Rod
U AN |

> g -
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» !
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VAL N
. i 0l 8 T
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Figure 3.1b Cavities and sample
from the 24 GHz transmission system.
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Table 3.1 Properties of the Supermalloy and Nickel used in this work.
82 = pc?/2mw is the square of a scaling length, where p is the resistivity
in esu. The demagnetizing field in the specimen is given by HD = AanMS.




a)

b)

c)

d)

e)

Table 3.1
D d )
SPECIMEN Diameter Thickgess D Dd
cm um T
a -3 -3
Supermalloy 1.6 40 2.5x10 1.96x10
Nickel? 1.0 7.2 7.2x10"% |5.65%107
p in Iris 4TTMé w/y
SPECIMEN b uQ cm |d/ §Y area e
at 26°C mm? (koe)e (koe)
Supermalloy” 59.8 |15.9)2.0 | 7.38 | 8.14
. b
Nickel 7.8 7.9} .4 6.06 7.85

Obtained from Perfection Mica Co. under the trade name Conetic AA.

(740 Thomas Drive, Bensenville, I1l., 60106)

Goodfellow Industries Ltd., Ruxley Towers, Claygate-Esher,
Surrey, England. 997 pure, the chief impurities were Fe and Co.

Thicknesses were calculated from the weight and area of the
specimens.

Calculated for the appropriate ellipsoid of revolutionm.

Measured in our laboratory for similar material. See Cochran
et al., (1977a) and Dewar et al. (1977).
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in each cavity were parallel. The unloaded Q of each cavity was approximately
1500. Approximately 300 mw of power was incident upon the transmitter
cavity, and the receiver had a sensitivity of lO“18 watts using a
time constant of 1.25 seconds. The cavities were suspended between
the poles of a Varian V-3800 15" electromagnet. The magnet could be
rotated around a vertical axis such that the magnetic field remained
parallel with the specimen plane within 1-2°, All measurements were
carried out on unannealed foils at room temperature, approximately 26°C.
Relevent characteristics of the two specimens used for the present
experiments are listed in Table 3.I. Discs were machined from the
rolled foil by sandwiching the foil between flat pieces of stock;
in this way it was possible to produce discs without burred edges.
The nickel disc was used without further polishing; the Supermalloy
disc was electropolished to produce a shiny surface (Bloembergen (1950)).
Transmission through each specimen was limited to an area of a few mm
near its center by means of an evaporated gold layer 5-10 um thick.
It was hoped in this way to minimize the non-homogeneity of the TE10
rf driving field, and to minimize the effect of spatial inhomogeneities
in the static magnetization caused by demagnetizing fields generated
at the edges of the disc.
| Leakage of microwave radiation around the specimens was negligably
small for all experiments reported belowl. This could be checked by

sweeping the external magnetic field through ferromagnetic resonance

1. In the case of the Ni foil it was found necessary to seal the cavities
using conducting silver paint as described by Cochran et al. (1977a).




in the orientation corresponding to orthogonal rf and static fields
(the parallel-perpendicular configuration). It is the experience

of our group that for thick specimens, such as those used here, any
leakage of radiation around the specimen results in a field dependent
signal at FMR (because of the modulation of the surface impedence).

A small field-independent background signal (nle_lSrwatts) is

always present in our apparatus due to direct leakage between the
transmitter and receiver wave-guide systems (primarily leakage through
the microwave switches used to tune the cavities and to calibrate the
receiver sensitivity). This field independent background signal was
measured at the external field corresponding-to FMR with the field
oriented in the parallel-perpendicular configuration. The background
signal was subtracted from the raw transmission data, having due regard
for its phase. Transmission signals having this background subtracted

are reported below.

RESULTS

In our experimental system, transmission amplitude is measured

as a function of magnetic field for two orthogonal phases. The digitized

data for the two phases are then combined to give the transmission

amplitude and the field dependence of the phase. The results of an

experiment on the Supermalloy disc for the parallel-parallel configuration

are shown in Figure 3.2. The large amplitude variation shown in
Figure 3.2 was due to a residuum of the FMAR signal: the transmission
peak was approximately 600 times weaker than the FMAR signal observed

for the parallel-perpendicular configuration (see Figure 3.3). The

29
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Figure 3.2 Tracings of the transmission signals observed for the 40 um
thick Supermalloy disc using the parallel-parallel configuration (rf and
static magnetic fields parallel). Two orthogonal phases are shown; these
data were combined to give the transmission amplitude vs. field shown

in Figure 3.4. The maxima correspond to a residuum of the usual FMAR
signal. This residual FMAR signal corresponded to a peak power of

approximately 10_15 watts for an incident power of 1/3 watt. The bandwidth
of the system was limited by an output time constant of 1.25 seconds.
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Figure 3.3 Transmission amplitude vs. magnetic field strength for

the 40 ym thick Supermalloy disc using the usual parallel-perpendicular
FMAR configuration. The peak signal corresponded to a power transmission
ratio of -91 db. It occurred at 0.78 koe. The solid curve was
calculated using the parameters listed in Table 3.1 and a Landau-
Lifshitz damping parameter of 1.15 x 108 Hz.
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amplitude of the noise on the signals shown in Figure 3.2 corresponds
approximately to 10718 watts. Of particular interest are the transmission
spikes which occurred near zero field. These transmission spikes were
bounded by approximately *15 oe on either side of zero fieid, and were
due to the presence of domain boundaries in the specimenz. The value
15 oe for the departure field obtained from the data of Figure 3.2
agrees well with the value 4ﬂAASDx = 14.5 oe (Dx is the x-demagnetizing
factor) given by elementary magnetostatic arguments which are expected
to be valid for a soft magnetic material such as Supermalloy.

A plot of transmission émplitude as a function of applied magnetic
field for the Supermalloy disc is shown in éigure 3.3 for the usual
FMAR configuration, i. e., the rf and the static fields were orthogonal.
The peak occurred at a field fL = 0.78 koe; this is close to the value
H, = $'— 4ﬂA% = 0.76 koe predicted by theory, neglecting magnetic damping.
The maximum shown in Figure 3.3 corresponded to a transmission amplitude
ratio of 2.8 x 107° or a power ratio of -91 db. This power ratio is

the quotient of the power reaching the microwave receiver and the

power incident upon the transmitter cavity: it therefore depends

2. We can be certain that the transmission spikes near zero field
for the parallel-parallel configuration, as well as the transmission
dip shown in Figure 3.3, were due to domain walls because both
of these transmission features displayed a small but significant
hysteresis when the external field was cycled from large positive
to negative values. The peak positions were shifted approximately
5 oe. A transmission peak of similar origin has been observed
in Metglas 2826 for the parallel-parallel configuration (Cochran
et al., 1977b). Metglas 2826 (Fe40Ni4OPl4B6’ an amorphous

ferromagnet) is a trade name of the Allied Chemical Corporation,
Morristown, N. J.
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upon geometrical factors such as specimen apertures as well as upon
the cavity quality factors. The measured power ratio agreed, within
a factor of 2, with that calculated by Cochran et al. (1977a) taking
the specimen geometry into account.

The field variation of transmission amplitude for both the parallel-
parallel and parallel-perpendicular configurations are shown superposed
and normalized to the same peak amplitude in Figure 3.4. It should
be borne in mind that the peak amplitudes differ in strength by approximately
600. Apart from the zero field signals, these transmission curves
are sufficiently similar as to leave no doubt that the parallel-
parallel signal was just the usual FMAR signal excited by a small
component of the rf field orthogonal to the magnetization. This
conclusion is reinforced by the observation that when the active area
of the specimen was increased from 2 mm2 to 10 mm2 the ratio of the
parallel-perpendicular to parallel-parallel amplitude3 decreased to 25.
We do not know why the parallel-parallel transmission peak is a distorted
version of the FMAR peak ~ a similar distortion and shift toward
higher fields has also been observed for specimens of the amorphous
metal alloy Metglas 2826. It may be an effect due to surface roughness.
Small surface irregularities would be expected to give regions within

the skin~depth where the local magnetization would deviate from

3. It should be noted that the difference between these ratios is
probably due in part to the difference in shielding techniques.
In the second case, instead of the evaporated gold layer, the
sample was shielded by a free-standing copper diaphragm. Thus
there was probably some propagation of microwaves parallel to
the sample surface behind the diaphragm. However, we know
independently that there was no leakage.
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the direction of the bulk saturation magnetization. Alternatively,
it may be that the presence of a thick (0.3 mm) copper diaphragm
(See Figure 3.1) caused a small imhomogeneity in the rf magnetic
field.

Although I observed nothing in the transmission through the 40pm
Supermalloy specimen for the parallel-parallel configuration which
resembled the transmission signals reported for iron and nickel by
Lieu and Alexandrakis (1975), it could be argued a) that their observations
were specifically concerned with iron and nickel, and that b) the
ratio of specimen thickness to skin-depth for the Supermalloy specimen was
too large to reveal their effect. In order to duplicate their experiment
as closely as possible I there fore also measured transmission through
a polycrystalline nickel foil for which d/8§ = 7.9, a value close to
that used by Lieu and Alexandrakis4 (d/8§ = 6.8). The results of the
experiment are shown in Figure 3.5. Transmission for the parallel-
perpendicular configuration, the usual FMAR configuration, is shown
on the same scale as the transmission for the parallel-parallel
configuration. The peak signal at FMAR corresponded to an amplitude
ratio of 3.3 x 10_6, or a power ratio of -110 db. The field independent
plateau in the parallel-parallel configuration corresponded to an
amplitude ratio of 5.8 x 10—7. An estiﬁate of this transmission ratio

for a non-magnetic metal having the DC resistivity of nickel, and

1,

4, Lieu and Alexandrakis used § = (pcz/lmu))2 = 3,2 um; they calculated
the skin-depth using p = 19 UQem, a value approximately 2% times
larger than the DC resistivity of nickel.
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Figure 3.4 The two orthogonal transmission phases of Figure 3.2
measured for the Supermalloy disc using the parallel-parallel
configuration have been combined to give transmission amplitude

vs. magnetic field (). These data have been superposed on the
FMAR transmission signal of Figure 3.3 (+). These tramnsmission
curves have been normalized to the same peak transmission amplitude:
the FMAR signal is approximately 600 times larger in amplitude

than the parallel-parallel signal.
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Figure 3.5 Transmission amplitude vs. decreasing magnetic field for
a 7.2 ym thick polycrystalline nickel foil. (x): The usual FMAR
configuration having rf and static fields orthogonal. The peak
transmitted power was -110 db, and occurred at 1.2 koe. (+): The
parallel-parallel configuration in which the rf and static fields
were parallel. Both curves are plotted on the same scale.
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taking the cavity quality factors and active area of the specimens
into account as described by Cochran et al. (1977a), gave 5 x 10—7.
This agreement between the calculated and observed signal strength
is strong evidence that the bulk of the signal observed for the parallel-
parallel configuration was due to the ordinary skin~depth mode which
is expected to be excited in the metal when the rf and static fields
are parallel. The transmission peak near zero field was due to ferro-
magnetic domain-boundaries as evidenced by the fact that it exhibited
hysteresis. The displacement between transmission peaks due to
hysteresis was approximately 100 oe. Domain wall effects occurred over
a relatively large field interval in the nickel specimen because of
magneto-crystalline anisotropy coupled with the polycrystalline
nature of the specimen.
DISCUSSION

Apart from a field interval near zero, our observations on the
transmission through a nickel foil for the parallel-parallel configuration
are in agreement with the observations reported by Lieu and Alexandrakis,
namely a field independent signal. The amplitude of this signal
for both sets of data is consistent with the hypothesis that it is
simply due to the ordinary electromagnetic wave which we expect to be
excited in a ferromagnetic metal when the rf and static magnetic fields
are parallel. We did not obsefve this background signal in our
experiment on Supermalloy because the specimen was twice as thick
in terms of skin-depths as was the nickel speéimen (See Table 3.I1).

This was sufficient to cause the electromagnetic wave to be attenuated
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to an unobservably small level.

Near zero field we observed an enhanced transmission (See the
lower curve of Figure 3.5) which was clearly due to ferromagnetic domain
wall motion because the peak occurred at different fields depending upon
the history of the magnetic field cycle. Lieu and Alexandrakis observed
an attenuated transmission near zero field. Possibly this attenuation
near zero field is an effect due to the motion of superficial domain
walls. It can be afgued that the presence of domain walls within the
specimen may either diminish or increase transmission depending
upon their location and orientation. Those confined to the sample
surface would tend to shield its interior from microwaves. Consider,
however, domain walls which extend through the specimen. It is the
latter type of domain wall which is responsible for enhanced transmission
near zero field. Thus the different results reported by our two groups
could be due to differences in samples which favored the dominance
of one sort of domain wall over the other.

A more detailed investigation of the zero-field transmission
anomaly is currently underway in our laboratory using materials for

which the domain structure can be well-characterized.
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Can you picture yourself,

So limitless and free,

Desperately in need

Of some stranger's hand?
"The End"
The Doors

Chapter 4

Conclusion

I have pointed out the error in the theory of Lieu and Alexandrakis.
In the realm of saturated magnetization, their data can be explained
in terms of the linear theory. Where theirAAata differs qualitatively from
mine (i. e. in the region below saturation) the difference may well
be due to differences in sample preparation which influenced domain
wall motion.

The effect they observe is very probably the non-magnetic (field
independent) mode (of equation 1.8), but modulated by domain wall motion
at fields for which the sample is divided into magnetic domains.

I must add that, excepting only their experience, I know of no reason
to expect the conductivity at 24 GHz to be different (especially so
markedly) from the DC conductivity. I have fitted the data in Figure 3.3
without resort to this. Their use of a conductivity differing by a

factor of 2% (as noted in footnote 4 of the last chapter) from the DC

value seems excessive.
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NONLINEAR EFFECTS IN FERROMAGNETIC METALS*
0.L.5. Lieu and G.C. Alexandrakis

Physics Department, University of Miami
Coral Gables, Florida 33124

ABSTRACT

A nonlinear theory of ferromagnetic transmission
resonance in the case in which the static and microwave

- fields are mutually parallel and parallel to the sample

surface is outlined. Its predictions are compared to
experimental results obtained for iron and nickel. The
theory predicts strong subharmonic generation of possi-
ble practical use.

THEORY

The effects described here are strictly ferromag-
netic. Experimentally they are not observed in para-
magnetic metals.! Assume the sample is_in foil form of
thickness d and is made to form the common wall of two
identical microwave cavities. One cavity is used to
store the incident microwaves of frequency wg and the
other to collect the power transmitted through the sample.
Take the sample to 1ie on the xz-plane. The microwaves
propagate along the y-axis. Both the apg]ied static and
microwave fields are along the z-axi§.!s

The Bloch-Bloembergen and Maxwell equations for this
problem are written as:

P =Yty Hmay) - B iy - B

%%13‘: ‘(MSH}_MIHL) + ?‘.F’;AV.IM,“ N_é-
S

M, _ -

Zgi.r(mln, MyHi) + 1;§(m.v*m,—m,vm,)-ﬁ€ (1)
V:(ReeM) = 0 $ '

UxH =4ECE

TuE -2 2 (ryn i)

_ Here R = (Hy,H  HatH;), N = (M, My Mo+M;) where Hy
is the applied static field, Mg is the saturation magnet-
ization, Hx,y z and My y ; are the high frequency compo-
nents of the” fields. 6{ﬁer symbols have their standard
meanings. _ .

Assume the plane wave solutions Hx,y=h§’y e (Ay+1wt)'
My y=mx’y e‘(Ay+]wt) for the transverse components of Egs.
(17 We obtain the secular equation for the propagation
constant A by using the transverse component equations
from Eqs. (1), to be

A&+ aat +ana? o+ a, = 0 (2)
where
B Y B 1 N T4 C 9
a0 S SN A CR AT
=&P‘§IQ y Y=i-iw, g:\(_‘—l_?m_(mn depth )
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Equation (2) is cubic in A2, the-roots are #x,, #A
X, which can be expressed in terms of ap, a,, @, ana]y%
ically. They give the wave propacatlon along +y and -y.
We now write

H,=S_(ae™iivBe M) (24,2,3) (3)
and s1m11arJexpress1ons for M, ,M,,H, where Aj and Bj
are the amplitudes to be determlned by boundary con%1-
tions. Using these expressions of the transverse fields
in the 1ongltud1na1 components of (1) we solve for Hj.
The solution is

~i2wt

H 2["()!“)'*1. A]d*B B.& )*f’,L(A Bee bt 1+B A€ Jd}] (4)
where

. . 410Gy (ﬂ?ﬂﬂg) it
Az Nty biah-he i u‘a ﬂlw) ) B G iz
_Ba+izeT) (L feonrm e B i O -3
'(:::Ilf Y 97 TrgwiTe) ) €= 23 ;.N)" g’) t ')J

!' -(A+ /‘1)/(“/‘1))71) _(‘E’A:_Af“ls )) (J) =h2,3)
_Notice that the field transmitted along the z-axis

is at the applied frequency wg= 2w whereas the one

transmitted along the x-axis has the frequency w = wy/2.
We now begin to solve the boundary value prob]em

for the transmitted fields. The boundary conditions are

(a) the tangential components of H and E are continuous

across the sample surfaces at y=0 and y=d, (b) Kittel's

boundary condition for the transverse magnetization, i.e.

Mx=0 at y=o,d. We arrange the boundary conditions in

two groups. The first group which contains the boundary

conditions on Hy, E, and My, is written in matrix form as

M( )+M (6)”’\3( ’) = (2)

W) Fnam (B )st(h) =1}[(’£) (5}
AN 5M:()= (0)
where

- ikid
M ( uh Ad) NS (’)‘} 1 j4)7r= Hex )t:H&:' N k{:g:‘

Hex and Hiy are the reflected and transmitted ampli-
ées along the x-axis,
From (5) we have

(A.):'G_'(‘»"L"l‘sz)\x Ps)(z)+ 'f:f“)fiz)c"_l(_:) . )

(Al) (s‘r)MZ;L) ((275 %1)” IM‘ G_‘ ( SB)"- Pl—lhh Pl)] (; )

-S4 ) MM, e"(’:) f (6)
(B,) [(15; lh) I—%TM M G’ (‘) )\1PL'§L>\3P,)(:)
+t¥“z"51) My M:G_'(_tr) /
where
G = (3 % )MN LB 40 Py (574 00 PaJm,, P, M;n

We can write (6) as

- 20) e 2
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The second group of boundary conditions which con-
tains the ones on H;, Ex gives the following equations
rre) e dae) 1 rt §le) = Hep + Hey
PEGE + EE) FrE gd) = ek

Frg,e) + t'dyle) + ridy(e) = ~HytHea (8)
T ) + b)Y £ Tt § ) = —H e
where

%) :E/_:ﬁdy(zszslé E2A A}./\(e“f")+ pjl(AjA,e"’i‘ LA ABe it }
=g fe 0 Frn 1) rpil8i g0 )]
‘ﬂ(}):hz Stilioj00r 880 e (a6, 1A €]
M Byttt A0 s (nj0y 18 1] )
4§h)=$%k%%i y Kz Hpg is the incident microwave
amplitude, J%z and H¢, are the ref]ected and transmitted

amplitudes along the z-axis.
The Hiz and Hiyx are obtained from (8) to be

- -iKod
Ht!‘ Hr‘e K._k;%(ﬁ) (9)
Hee= Y2 €77 X (10)
where -
Zogy= T Blee) Ty + Wy B(s) ) K= f
RO+ 41y 0, Vi B £ b

AL’-’S) = ("‘Q"}tJ—Q;"‘Lﬂlﬂz )/Zﬂl

()= djer -4, Q5= G+ ¢, ; = W) - ¢;(4)
The theoretical signal is

H.= Rz-iA e‘a(g'd+¢)'2(t))}

where A is the amplification factor and ¢ is an
arbitrary phase introduced by the apparatus.

The power transmitted along the z-axis is then
proportional to |Z(+)|? while the one transmitted
along the x-axis is proportional to |X(+)]2.

DISSCUSSION

In Fig. 1(a) and 1(4d) we have plotted the
experimental transmitted amplitudes along the z-
direction for a 18um thick Fe foil and a 10 um
thick Ni sample, at room temperature. The fre-
quency of Hyt which is the same as the excitation
frequency is close to v, = 9.2 GHz. The theoret-
ical results for |Hyt] for Fe and Ni correspond-
ingly are plotted in Fig. 1(b) and 1(e). The
calculated |th£ values for Fe and Ni are shown in
Fig. 1(c) and 1{f). As was indicated above the
Hxt field has half the applied frequency.
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for Fe. (d) experimental, (e), (f) theoretical

results for Ni. Parameter values are given in
text. '
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The parameter values used for the Fe ?1ots
are: Mg = 1707 G, g = 2.05, v = 1.0 x 10710 sec,
Ty =1 x10-!'0 sec, 6 =5 umand A=2.5x 10-6
ergs/cm. For Ni we used: Mg = 485, g = 2.2,
1=1.0x10°19, Ty = 1.0 x ?0‘10, 6§ = 3.2um and
A= .9 x 10-° ergs}cm. The values we used for &
which in our theory enters for the frequency vy/2
are 50% larger than their suggested values from
static resistivity data. This is in accordance
with our past experience in metals. The A value
for Ni used here is slightly larger than the pub-
lished value3 of A = .75 x 1075 ergs/cm. The A
value for Fe is the same as the published value.?

The calculated values for the {Hzt]'s are
about one order of magnitude smaller than their
experimental values. The [Hyt|'s are about two
order of magnitude stronger than the |Hzt|'s.
This is generally consistent with the fact that
the Hxt's have a larger skin depth than the Hzt's.

In summary, what appears to be the case in
the phenomena described here is that at low
static field values most of the incident power
along the z-axis, is pumped into the Hy , compo-
nents through excitation of transverse spin waves,
reminiscent of parallel pumping in insulators.*
However at high static field values most of the
power is retained by the Hyt component after
allowing for normal attenuation in the metal.

We have observed the H,: transmission resonance
phenomenon in practicaf%y all ferromagnetic metals.
Besides &,on which all microwave propagations in
metals have a strong dependence, the calculated
Hzt's are very strongly dependent on A contrary

to other linear bulk resonance effects.5 Thus

the nonlinearity is predominantly dependant on A.
We plan to fit the experimental results with the
theory to try to establish the temperature
dependence of the exchange constant. The pre-
dicted subharmonic generation might have practical
use in special cases. Thin films will have to be
used, although even then this method could not
compete with the present harmonic generating
diodes in most cases. We are presently preparing
to detect the |Hyt| and assess its usefulness.

We wish to thank Dr. M.A. Huerta for helpful
suggestions regarding the calculations.
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