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ABSTRACT
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The complex microwave surface impedance offers the opportunity to observe
the characteristic high frequency response of samples. In the case of Lag gSrooMnOs,
a colossal magnetoresistive material, in the temperature range around the phase
transition from ferromagnet to paramagnet both the magnetic and the electrical
behavior can be studied.

Qur experiment employs the Corbino geometry to measure the surface
impedance in the complete frequency range from 45 MHz to 20 GHz, which dis-
tinguishes it from resonant microwave experiments. The surface impedance of a
LagsSre.oMnOQ; single crystal has been measured as a function of frequency, tem-
perature and applied magnetic field. As typical for ferromagnets at microwave
frequencies, LaggSroaMnO; exhibits the effects of ferromagnetic resonance and
antiresonance, characteristic maxima and minima in the surface resistance at par-

ticular frequencies, depending on magnetization and external magnetic field.



Resonance and antiresonance are observed not only in the dependence of
the applied magnetic field, as it is usual for resonant techniques, but also in the
frequency dependence. From the ferromagnetic antiresonance in the absence of
an external field, the spontaneous magnetization is deduced and its temperature
dependence presented. To explain the experimental results an established model
for the dynamic susceptibility is extended to apply to the specifics of our mea-
surements, especially the case of low applied magnetic fields and non uniformity

of magnetic field and magnetization.



BROADBAND MICROWAVE SURFACE IMPEDANCE

by
Marc Scheffler

Thesis submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of

Master of Science
1998

Advisory Commitee:

Professor Steven M. Anlage, Chair
Professor Richard L. Greene
Professor Ramamoorthy Ramesh






DEDICATION

To my parents

il



ACKNOWLEDGMENTS

When I came to the University of Maryland in August 1997, I planned
to have a two semester long experience of the United States in general and of the
American university system in particular, but I did not expect to earn an academic
degree. Earlier this year I decided to head for a Master of Science degree, but
although I wanted to write a thesis, I did not expect at all the deep involvement
in current research that it turned out to be.

I was extremely fortunate to work in the high frequency group directed
by Professor Steven Anlage. He offered me a project that turned out to be not
only suitable for a Master’s thesis, but also to be real research at its best, with
unexpected results and complete shifts of the focus of interest. Furthermore he
is an advisor who keeps close contact to the members of his group, which makes
it possible for us to benefit directly from his extensive knowledge in experimental
physics.

The research described here would not have been possible without Andrew
Schwartz. There was almost no day that I did not seek and find his help, first
to keep the experimental setup running, later in planning new experiments and
understanding the data.

Furthermore I want to thank the other members of the high frequency group
with whom I shared the lab, in particular Johan Feenstra, Lucia Mercaldo, David
Steinhauer and Vladimir Talanov. I also want to thank Dave particularly for his
support in using the scanning near-field microwave microscope.

In the Center for Superconductivity Research I want to thank Professor
Greene and Professor Ramesh for being members of my thesis committee. Also I

want to thank the Center staff for help with my administrative problems.

in



Furthermore I want to thank Patrick Fournier for conducting SQUID mag-
netization measurements on our sample.

In the physics department I also want to thank those people who helped
me overcome the administrative obstacles on my way to the Master’s Degree. In
particular I want to thank Professor Richard Ellis for his support in having the
possibility of a degree in my mind and helping me fulfill the requirements.

I am also indebted to all those who made my stay in the USA possible
at all. The fact that I came to Maryland would not have been possible without
the Fulbright Commission. Similarly I thank the German National Scholarship
Foundation for their support. I also want to thank the members of the studies
abroad office at my university in Braunschweig for their innumerable help.

Finally I want to thank my family for their support. My parents did not only
support my idea to study in the USA from the beginning, but they also accepted
my decision to stay longer than originally planned, although I probably could have
helped my family better if I had gone back to Germany. I also want to thank my
grandparents for their support and my sister for her strong encouragement to head

for a master’s degree.

iv



TABLE OF CONTENTS

1 Introduction 1

1.1 Colossal Magnetoresistive Materials and their Microwave Surface

Impedance . . . . . . . .. ... 1

1.2 Microwave Surface Impedance Measurements . . . . . ... ... .. 1
1.3 Ferromagnetic Resonance and Antiresonance . . . . ., . ... ... 2
2 Corbino Experiment 3
2.1 Experimental Setup . . . . ... ... ... 3
2.1.1 General Setup of the Experiment . . . ... .. ... .... 3
2.1.2 CorbinoProbe . . ... ... L oL 5
213 MagneticField . . ... .. . L 6
2.1.4 Obtaining the Surface Impedance . . . . .. .. .. .. ... 7

22 Calibration . . . ... ... 7
2.2.1 Room Temperature Calibration . . .. ... ... . ..... 7
2.2.2 Temperature Dependent Calibration . ... .. ... .. .. 9

3 Theoretical Approach to the Dynamic Susceptibility 11
3.1 Equationsof Motion . .. ... .. ... ... .. .. .. .. .... 11
3.2 Dynamic Susceptibility . . . . ... ... oL L 13
3.3 Ferromagnetic Resonance (FMR) . . . . ... ... ... ... ... 18
3.4 Ferromagnetic Antiresonance (FMAR) . .. ... ... ... ... .. 20
3.5 SurfaceImpedance . ... ... ... ... ... ..., .... 21
3.6 Resonance Linewidth . . . ... ... ... .. ... . ... ..... 22
3.7 The Case of Zero External Field . . . ... ... ... ... ... .. 23
38 FMR and FMARforthe NonIdeal Case . . . . ... ... . . ... 24



4 The Material under Study: LaggSro2MnOs 27

41 The LSMO-Compounds . . . . ... ... ... ... ........ 27
42 TheSample . . . . . .. . 27

5 Measurements in Zero Applied Magnetic Field 32
5.1 Surface Impedance . . . . ... ... ... ... .. .. ... .. 32
5.2 Spontaneous Magnetization from FMAR . .. ... .. ... .... 35
5.21 FMAR . . . . . . e 35

5.2.2 Errors in the Determination of the Magnetization . . . . . . 37

5.3 Critical Behavior of Magnetization . . .. .. ... ... ..... 39
531 Theory . . . . . . . . e e 39

5.3.2 Measured Magnetization Curve . . .. ... .. ... .... 40

5.3.3 Comparison with Literature . . . . .. ... ... .... ., 41

6 Measurements in Finite Applied Magnetic Field 43
6.1 Parallel Applied MagneticField . . . . .. . ... ... ... .... 43
6.1.1 Field Dependence . . . . .. .. .. .. ... .. .. ..... 43

6.1.2 Temperature Dependence . . ... .. ... ... ...... 50

6.1.3 Resonance Linewidth . . . . . . .. .. ... ... ....., 54

6.2 Perpendicular Applied Field . . . . . . .. .. ... ... ...... 55
6.2.1 Temperature Dependence . .. . ... ... ... ...... 55

6.22 Linewidth . . . . ... ... ... ... ... ... ... 60

7 Evaluation of the Quantitative Surface Impedance 62
8 Conclusions and Future Work 65

Appendix: Investigations Using a Scanning Near-Field Microwave

Microscope 67

vi



References

71



= ot s W

10
11
12
13
14

16
17
18
19
20
21
22
23

LIST OF FIGURES

Schematic diagram of the general experimental setup . . . .. . .. 4
Schematic view of the Corbinoprobe . . . . . ... ... ... ... 5
Damped precession of the magnetization around the magnetic field 13
Frequency dependence of calculated permeability in a field . . . . . 18
Frequency dependence of calculated surface impedance in a field . . 22
Calculated frequency dependence of surface impedance for zero field 24
Calculated temperature dependence of surface impedance for zero

external field . . . ... L L L 25
The Corbino disk of the Lag gSrg aMnOj3 sample with the gold contacts. 28
dc resistance of the LaggSrpoMnOz sample . . . . . .. .. ... .. 29
dc resistivity of a similar LaggSrgsMnO; sample . . ., . . . . ... 29

Magnetization of the sample measured with a SQUID magnetometer 31

Frequency dependence of the surface resistance. . . . . . . ... .. 33
Frequency dependence of the surface reactance . . . . . .. .. ... 33
Temperature dependence of the surface resistance . . . . . . . ... 34
Temperature dependence of the surface reactance . . . .. .. ... 34
Gray scale plot of R, as a function of temperature and frequency . . 36
Magnetization data obtained from FMAR . . ... .. .. .. ... 37
Magnetization data with errorbars . . . . . . . ... .. L. 38
Setup to create aparallel field . . . . . . ... .. ... L. 43
Rs as function of frequency at 3114 K .. ... ... ... ... .. 44
X, as function of frequency at 3114 K . . .. . ... ... ... .. 45
Riinagrayscaleplotat 3114K . . .. ... .. ... ... .... 46

Riinagrayscaleplotat 276 6 K . . . . . . .. ... ... ..... 47

viil



24
25
26
27
28
29
30
31
32
33
34
35

FMR and FMAR frequencies at 276 6 K . . . . . ... .. .. ... 50

R, as a function of frequency in 0.19 T field . . .. ... ... ... 51
X, as a function of frequency in 0.19 Tfield . ... .. .. ... .. 51
Ryinagrayscaleplotin0.19 Tfield . .. .. .. ... ....... 52
Comparison of FMAR and SQUID data . . . . ... ... ... .. 53
FMR linewidth for the parallel fieldcase . . . ... ... ... ... 55
Mounting of the magnet for the perpendicular field . ... .. ... 56
R.inagrayscaleplotin0.25 Tfeld . . . ... ... ... ..... 57
FMR linewidth for the perpendicular field . . ... ... ... ... 61
Microscope scans of the LaggSrpeMnO; single crystal . . . . . . . . 63
Microscope scans of the Lag,CapsMnOs thin film . . . . . ... .. 69

Gray scale plots of the microscope scans of the Lag-Cag;MnOj thin

ix



1 Introduction

1.1 Colossal Magnetoresistive Materials and their Microwave

Surface Impedance

Since the discovery of colossal magnetoresistance (CMR), a drop of the dc
resistance by orders of magnitude under application of a magnetic field, in man-
ganites [1, 2] this class of materials has been the focus of much scientific research.
While applications of these remarkable materials seem to be in close reach, the
theoretical understanding of the underlying mechanisms for their behavior is still
not complete, although theortes like double-exchange are considered to be promis-
ing starting points. Therefore any experiment that may reveal new fundamental
characteristics of these compounds may help to come closer to this goal.

CMR materials show, among other features, temperature dependent electri-
cal and magnetic characteristics, connected to a transition from a ferromagnetic to
a paramagnetic state, and to a transition from a metal-like electrical conductivity
to a semiconductor-like state in the same temperature range. Since the microwave
surface impedance Z, depends on the electrical as well as on the magnetic proper-
ties of the material under study, microwave measurements are one possible access
to their magnetic behavior. This is especially true for the effects of ferromagnetic
resonance and antiresonance, two characteristic phenomena at microwave frequen-

cies.

1.2 Microwave Surface Impedance Measurements

Since the surface impedance is a physical quantity that offers experimental
access to information sought after in many different fields of solid state physics,
different approaches to measure Z; have been developed. Many measurements of

Z, employ resonant techniques, e.g. resonant cavities. Those experiments offer



a high sensitivity to measure Z,, but by the nature of the resonant setup, their
observations are limited to certain, discrete frequencies. Broadband experiments
on the other hand allow for the measurement of the frequency dependence of Z,
but their sensitivity is in general lower than those of resonant experiments. But
the CMR materials are so lossy that little is gained from resonant experiments,

hence broadband experiments are more suitable and reveal more information.

1.3 Ferromagnetic Resonance and Antiresonance

One strong feature in microwave surface impedance measurements of ferro-
magnetic materials is the ferromagnetic resonance (FMR). This effect, a peak of
the surface resistance R,, occurs if the sample is exposed to a microwave signal
of the same frequency as the eigenfrequency of the precession of its magnetization
around the magnetic field. Therefore the resonance frequency depends on the mag-
netization of the sample and the applied external magnetic field. FMR has been
studied in a wide range of magnetic materials, among them CMR compounds in
the form of thin films and single crystals, and has proven to be a powerful tool to
investigate the magnetic behavior in general.

A closely related effect is the ferromagnetic antiresonance (FMAR). This
causes a minimum in R, and again occurs at specific frequencies, magnetizations
and external fields. Both FMR and FMAR are strong features that can be easily
observed in the interesting temperature region of the magnetic phase transition
and therefore reveal information about the magnetic behavior in this regime. Fur-
thermore FMAR offers a way to determine the magnetization of the sample with

zero applied external field, a truly spontaneous magnetization.



2 Corbino Experiment

2.1 Experimental Setup
2.1.1 General Setup of the Experiment

The goal of our experiment is to measure the complex microwave surface
impedance Z, of the sample as a function of frequency as well as its dependence
on temperature and external magnetic fields. Measuring the complete frequency
dependence requires a broadband technique, as opposed to resonance setups. Res-
onance experiments usually allow for a very high precision in the determination of
the surface impedance, but by the nature of their geometry they are restricted to
the few resonant frequencies of their apparatus.

The idea of how to extract the complex surface impedance with our experi-
ment is to measure the complex reflection coefficient S;; of the sample, a quantity
directly related to Z;. Therefore a microwave signal is generated and sent to the
sample, which terminates a coaxial transmission line. The reflected wave is then
detected and Sy, is calculated as the complex ratio of the voltages of the detected
and emitted signals.

The measurements were performed with an apparatus that was originally
devised to observe vortex dynamics and fluctuation conductivity in high tempera-
ture superconductors (3, 4, b]. Since the current experiments have a different goal,
the setup and the operating procedure were changed slightly according to the new
requirements, although the general idea of the experiment has not changed.

A schematic diagram of the general experimental setup is shown in figure (1).

Its basis is a vector network analyzer (NWA). The microwave signal is generated
by an HP 83651A series synthesized sweeper and sent through the NWA test set
into a coaxial transmission line. This leads into a continuous flow eryostat and

ends in a modified microwave connector. The sample is pressed against this con-
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Figure 1: Schematic diagram of the general experimental setup

nector probe and thus reflects the microwave signal. The reflected signal passes
through the coaxial cable again and is then compared with the outgoing wave by
an HP 8510C Network Analyzer. The frequency range in which this apparatus
can operate is 45 MHz to 50 GHz. Unfortunately the maximal microwave power
supplied by the source decreases with increasing frequency. To ensure a constant
output power of -22 dBm the measurements described here never exceeded 45 GHz.

In addition to the measurements at microwave frequencies it is possible to
simultaneously determine the de resistance of the sample in a two-point geometry.
A dc current is sent through the coaxial transmission line and the voltage drop
can be measured. The absolute value of the measured resistance includes the wires
and the contact resistance in addition to the resistance of the sample, but relative
changes can easily be determined by this method.

The continuous flow cryostat is cooled by liquid nitrogen, the temperature is
stabilized by a temperature controller that uses a heater inside the cryostat. During
the measurements the temperature was held constant within a few millikelvin. The
whole experiment, that is the temperature controller, the network analyzer, the dc

current source and the dc voltmeter, is controlled and the data are collected by a



computer. For the measurement itself and the data correction described in a later

section a set of specifically developed LabView programs is used.

2.1.2 Corbino Probe

The Corbino probe itself and the way the sample is mounted in it is shown in

figure (2). The core of the experiment, the Corbino probe, is a modified commercial

copper housing

gold contacts r ]

center pin

coaxial cable

| | spring

DR

probe connector

I X \ i

sarzllple \ I_ _

copper pedestal

Figure 2: Schematic view of the Corbino probe (not to scale)

Wiltron V101F microwave connector for the 0.086-inch outer diameter coaxial
transmission line. This makes it possible to use the probe as a usual microwave
connector, which is important since the calibration standards used during the room

temperature calibration are commercial standards. But due to the modifications of
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the probe a flat disk-shaped sample can also be used to terminate the microwave
transmission line. To do so the sample is supported by a copper pedestal and
pressed against the probe connector by a spring. The copper pedestal as well as
the probe are arranged inside a copper housing. The connector probe has a hollow
center conductor that is slightly shorter than the outer conductor of the connector.
'To achieve electrical contact between the center conductor and the sample, a smal!
pin is inserted into the center conductor of the connector and spring loaded.

To decrease the contact resistance between the sample and the connector,
gold contacts are deposited on the sample. The gold pads are approximately
500 A thick and are deposited by electron beam evaporation using shadow masks.
The gold covers everything except a ring of the surface of the sample. This ring
corresponds to the dielectric spacing of the connector and forms the Corbino disk,
which is the region of the sample that actually contributes to the measurements.
The outer conductor of the connector and the center pin inserted into the inner

conductor touch the gold contacts.

2.1.3 Magnetic Field

Some of the experiments described below require the presence of a static
magnetic fleld. There are two different ways in which the fields are realized, de-
pending on the orientation of the field with respect to the sample disk. To obtain
a magnetic field perpendicular to the disk, a permanent magnet is fixed onto the
copper pedestal and the sample is positioned right on top of that magnet. The
pedestal with magnet and sample is then inserted into the copper barrel as usual.
The field strength is thus determined only by the strength of the magnet and
cannot be changed except by changing the magnet.

A magnetic field parallel to the sample disk can be created by two perma-

nent magnets. They are positioned in attractive orientation on opposite sides of



the sample, outside the cryostat. The distance between the two magnets can be
changed continuously and by this means the strength of the magnetic field can be
varied. The accessible range is between 0.19 T and 0.014 T.

2.1.4 Obtaining the Surface Impedance

The quantity measured by the network analyzer is the complex reflection
coefficient Sy1;. To exclude influences other than those caused by the sample, a
careful calibration is necessary. The calibration procedure is described in detail in
the next section. Thus the reflection coefficient of the sample is obtained. But the
reflection coefficient is directly related to the load impedance Z;, of the sample by

the formula
Zy, — Zo ., 14+8p
Zy + Zo 1—-8y

where Zg is the impedance of the transmission line, (50+i0) Q. The load impedance

811 =

Zy, and the surface impedance Z; are related by a proportionality factor:

Here a and b are the inner and outer diameters of the connector, respectively. Thus

the surface impedance of the sample can be extracted from its reflection coefficient

S

2.2 Calibration
2.2.1 Room Temperature Calibration

The primary quantity received by our experiment is the complex reflection
coefficient Sy, as measured by the vector network analyzer (NWA). This quantity is
the voltage ratio of the wave detected by the NWA divided by the wave it emitted.
But Sy; reflects all effects on the electromagnetic wave from its departure from the

NWA until it finally returns to it and also effects within the NWA. Thus not only
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the sample of interest influences Sy, but also the whole transmission line between
the NWA and the sample. Actually, the sample will give only a small contribution
to S;; compared to the other effects. To extract the influence of the sample from
this overall Sy;, a calibration is necessary which will leave the sample as the only
source of the reflection coefficient.

There are three general possible errors terms that affect S;;-measurements
and which may be described by appropriate error coefficients: directivity, source
match and reflection tracking [6]. The directivity Ep describes the leakage of a part
of the signal from the source directly to the microwave detector due to limitations
of the directional couplers inside the NWA. The source match Eg is due to partial
rereflection of the signal coming from the sample back to it (caused by impedance
mismatch inside the NWA) and reflection tracking Ey is the change (attenuation
and phase offset) of the signal in the transmission line. Because of these three error
terms, which are frequency dependent, the reflection coefficient S1;, measured by
the NWA will not be the actual reflection coefficient Sy, of the sample under study,

but instead
ERSHa
1= EsS11a

This means, that if the error coefficients are known, the actual reflection coefficient

Siim = Ep +

S11a can be reconstructed from the measured reflection coefficient S;4,, as

Siim — Ep
Er + Es(S11m — Ep)

Sl]a =

But to proceed in this way, it is necessary to know the three error coef-
ficients. They may be obtained by measuring the reflection coefficients Sy, of
three known devices with reflection coefficients S5%. Thus one has three relations
for three unknowns and the error coefficients may be extracted.

The calibration procedure is as follows. The three standard devices are a
perfect short, a perfect open, and a perfect load. The reflection coefficients of

these devices are measured as a function of frequency over the frequency range of
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interest and the error coefficients are calculated by the NWA. Then this calibration
is automatically applied by the NWA to correct for the three error terms during
subsequent measurements.

This calibration allows the reflection coefficient of the sample at the end
of the transmission line to be extracted, as if it was measured directly inside the
NWA without any error contributions. {"The plane of measurement was shifted
from the NWA to the end of the probe connector.”)

If this calibration is to be applied to the measurements, the sample has to
be placed exactly where the calibration standards were attached. Therefore our
probe is a modified standard Wiltron 1.85 mm microwave connector which allows
the standard devices to be attached in the same way as at a usual connector, but
also allows our sample to be pressed against it, creating the Corbino disk, and to

measure its reflection coefficient.

2.2.2 Temperature Dependent Calibration

The calibration described above has to be performed at room temperature
and is strictly valid only for that temperature, because the error terms are not
necessarily temperature independent. Since our actual measurements cover a tem-
perature range from 250 K to 325 K the room temperature calibration has to be
modified to apply to all our measurements.

Of the three error terms described above the directivity and the source
match are caused by imperfections inside the NWA and therefore can be assumed
to be independent of temperature changes inside the cryostat. But the reflection
tracking is caused by the whole transmission line. Since the probe connector and
part of the coaxial cable are inside the cryostat, their temperature will change
during the measurements and therefore the reflection tracking will also change.

Thus the calibration wili not be valid at temperatures other than room



temperature. To account for this a further calibration procedure is conducted. A
bulk piece of copper, in fact the copper pedestal which supports the sample during
measurements, is measured as a further calibration standard. It is measured in the
same way (at the same temperatures and frequencies) as is the sample. Then one
assumes that this copper block acts as if it was a perfect short at all temperatures
and therefore has a known reflection coefficient S§® = —1 +i0 as a standard to
obtain the one temperature dependent error term Eg. Thus the error coefficients
are determined for all frequencies and temperatures of interest and the reflection
coefficient of the sample can be deduced from the measured reflection coefficient.

The use of the copper block as a calibration standard also solves another
problem. The calibration assumes that the standards are attached exactly at the
same place as is the sample to be measured. But the room temperature standards
have connectors that mate to the probe connector, whereas the sample is a flat
piece of material. To have reproducible contact between sample and probe it is
necessary to insert a small pin into the center conductor of the probe connector,
which gives the electrical contact (see figure 2). But since this pin was not present
during the room temperature calibration, it will introduce new contributions to
the reflection tracking that will not be accounted for by the room temperature
calibration. However, the copper block as a standard is also measured with this

pin. Thus this new error will also be removed by the calibration using the copper

block.
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3 Theoretical Approach to the Dynamic Suscep-
tibility

The surface impedance Z,, as measured in our experiments, depends on the
complex permeability as well as the complex resistivity of the sample. Since here
we are investigating a system in the vicinity of, and at, its ferromagnetic phase
transition, the permeability will play an important role in our measurements of Z,.
Theoretical approaches to the dynamic susceptibility are well-established 17, 8, but
the literature covering this topic as well as the use of the results is unfortunately
not consistent with regard to sign conventions, use of SI or cgs system or the
extent to which small corrections are kept. Therefore in this chapter I present in
detail a derivation of the important results in a way that I will consistently follow
throughout this thesis. All formulae are in SI If values for magnetic fields are

given, then they are in units of T/uq.

3.1 Equations of Motion

There are different types of equations of motion that describe the interaction
of a magnetization with a magnetic field. The starting point is the precession of a
magnetization vector M in the presence of a magnetic field H around this magnetic

field, which is described by the following equation:

M - o
*a?m MxH (1)

Here v, the gyromagnetic ratio, is a constant: 176 GHz/T.
Now damping of this precessional motion is assumed. Different forms of
a damping term were proposed on phenomenological grounds, assuring that the

damping will produce a torque which aligns the magnetization with the magnetic
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field. The following form gives the so-called Landau-Lifshitz equation [7}:

dM (H- MM
= (M x H —_—
= = YMxH) - ( YL H)

Here ) is the Landau-Lifshitz damping parameter which has dimensions of fre-

(2)

quency. Using the vector identity

.

M x (M x H) = M(H- M) — HM - M) = M(H - M) — HMJ?

this equation becomes

dM . A L

— =7MxH)~ =—Mx(MxH 3

g = 7O ) = 2 (3¢ ) 3
Now introduce a dimensionless damping parameter a as o = —t}l‘f Thus the
equation of motion can be written as

dM R oy o .

—'&? ’Y(MXH)—I—NI—I(MX(MXH))
Now take the vector product of M and this equation

1\71><%mqﬁx(ﬁxﬁ)—%ﬁx(Mx(ﬁxﬁ)) (@)

Using M x (M x (M x H)) = —M x H(M-M) = —|M|®*M x H this equation can be

expressed as

—

I\ﬁx%zyﬁX(Mxﬁ)%«aﬂM|Mxﬁ.

This is equivalent to

b = - = dﬂ
¥ x (M x H) = M x -&%—M;w

gi
lI.'i

If you plug this into the above equation (3.1) of motion you get

dM .= dM P
Fake (M x H) — i (M X == ay|MI(M x H))

which is equivalent to

%:’y(l«!—a)(’\/{xH) l;’ (ﬁx%{-) (5)

12



This is the Gilbert equation of motion with the dimensionless Gilbert damping
parameter a.

As is seen clearly in this equation, the change of M with time is always
perpendicular to M. Thus the absolute value of M does not change, only its
orientation. This change is the precession described by the first term and the
damping due to the second term, which will cause the magnetization to align with
the magnetic field, spiraling around the magnetic field. This is schematically shown

in figure (3).

Figure 3: Damped precession of the magnetization around the magnetic field

3.2 Dynamic Susceptibility

To extract the dynamic susceptibility x, which is defined by M = xﬂ with
dynamic magnetization M and dynamic magnetic field E, assume the following

forms of the overall magnetic field and magnetization:

—

H(t) = zH; + hie™“t where 2 L h;
M(t) = 2Mp + et where 7 L 1

Here Mj is the static magnetization and H; is the internal magnetic field, which

has to be distinguished from the applied field Hy. Furthermore it will be assumed

13



that the static magnetic field and the static magnetization are much larger than

their dynamic counterparts:
IH| > |hy| and M| > |m).

Only first order terms in h; and 7 will be kept. With this configuration the different
terms in the equation of motion become:
My

dM
dt

= jwetm = iwe™t m,

0

1H X g = (QM(; e ffleiwt) x (EH, + Hieiwt) = Mgeiwt (ﬁ x —.i) -+ Hieiwt(ﬁ X ﬁ)
hy, my
— Moewt hlx +Hlem)t —m,
0 0
" —my
Y dM A ~ fwh T R N 7, = s dwt
M x 5 = (zMp + me™") X iwe™ i = Molwe™" (2 x 1) = Mgiwe m,
0
Thus the Gilbert equation (5) becomes
My _hiy My
iweiwt. m, — ,},(1 + a?) Moeiwt hlx + H;eiwt —m,
0 0 0
—% Moiwe™* | m, (6)
0
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Since || < |Mp|, one has Mo ~ 1 and this becomes

My _hiy My My
iw my = ’7’(1 + 02) M{) h;x + Hi — Iy — QW M, (7)
0 0 0 0

Now we must clearly distinguish the internal magnetic field with respect
to the external field and the demagnetization field. If a magnetized sample is
placed inside a magnetic field, the magnetization will orient parallel to the applied
field. But this means that the magnetic field caused by the magnetization inside
the sample, the demagnetization field, will be antiparallel to the external field.
Thus the effective magnetic field inside the sample will be the superposition of
the external and the demagnetization field. The size of the demagnetization field
is determined by the magnetization and the sample geometry. Therefore the k-
component hy of the dynamic internal magnetic field is given by

hy = hy — Nymy

where Ny is the demagnetization factor with respect to the k-axis and is only
geometry dependent, hy is the k-component of the applied dynamic magnetic field,
In the same way H; = Ho — N, My, where Hy is the applied static magnetic field.

Thus equation (7) becomes

m, ( b, + Nym, m,
w| m, | = 71+ |Mo| he-Nam, |+Ho—NoMo)| —m,
0 L0 0
—Hly
- (i My
0 )
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iw| my | = Y1+c*)Mo| hy — Nym,
0 0
m}"
+(y(1 + o®)(Ho — N;Mo) + iow) | —m, (8)
0

Now define two frequencies corresponding to the static magnetization and the static

internal magnetic field:

wa = Hl+e’)Mo (9)
wo = ¥(1+a®)(Ho — N,Mo) (10)
Then Eq. (8) reads
my —h, + Nym, my,
Wl m, | =wm| hg—Nm, + {wo +iow) | —m, (11)
0 0 0

Thus equations for the x- and y-components are found. Using
I'=oaw
they are:
iwmy = —wyhy + (WmNy + wo + iIT)my
iwmy = wyhy — (wWmNy + wo +1I")my
Now combine these two equations:
(w)?m, = —iwwnhy + (WuNy + wp + il )iwm,
= —iwwphy + (WuNy +wp +i7) {wmhy — (WnNy + wp + i0)m,)
= —iwwphy + wy(wmNy + we + 1)k,
~{wmNy + wy + D) {wuNy + wg + 10)m,
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Now set
Ldf = (Lt)MNy “+~ UJO) ({UMNX -+ we)
= 21+ 0®)?(Ho + Mp(Ny — N.))(Ho + Mo(Ny — N,)) (12)

Then one obtains

—w’m, = —wyphyiw + wm(wnNy + we + iT)hy

“(“‘*’3 + 1 {wm (Nx + Ny ) + 2wo) — a2w2)mx

e (W?— (14 o) + il (wm(Ny + N, + 2wo))my
= wyp{wmNy +wo + T )hy — iwywhy,
Now the susceptibility can be obtained. The susceptibility tensor is defined as
i = Xh (13)

Thus the components of the susceptibility tensor that relate the x- and y-components
of h; and i have been obtained:

W (wMNy + wy + EF)

Koo = w2 — {1+ o?)w? + i (2w + wu (N + Ny)) (14)
ey = — ~iwpmw (15)
* wf e (1 + aﬂ)uﬂ -+ IT(QU)O t wM(Nx + Ny))
o = wa {wmNy + wo + 1) (16)
W w2 - (1 + a?)w? + 11 2wp + wm(Ny + Ny))
X = =Xy = e (17)

wf - (}. + ag)wz <+ IP(Z&)Q + LUM(NX -+ Ny))
From the susceptibility y the permeability x4 can be obtained using the
relation p/pg = x+1. The complex quantity p can be split into real and imaginary

parts ;= g1 — igly. From now on consider only Xez. Then p is given by:

(w? — (1 + P )w) (wnm(wuNy + wo) + w? — (1 + a?)w?)
(W — (1 +a?)w?)? + (T'(2wo + wm(Nx + Ny )))?

/o =

2wy + 2wp + wp(Ny + Ny W 2wo + wn{N, + Ny )
(W2 — (T + 0?)w?)? + (T(2wo + wm{Ny + 1y)))?

(18)
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J1io = T(wm(w? — (14 o®)w?) — wm(wuNy + wp)(2wp + wm(Ny + Ny )))
Haifo= W2 = (1 + a®)w?) + (1 (w0 + wm(Ny + Ny)))2

(19)

The frequency dependences of py and py for parameters that resemble those of
our experiments are shown in figure (4) for typical values of magnetic field and
magnetization. The characteristic features of these curves will be the topic of the

next two sections.
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Figure 4: Frequency dependence of calculated permeability for an applied field par-
allel to the sample (uoHo = 0.2T, poMp = 0.15T, N, = N, = 0.125, N, = 0.75,
o =0.05 Iy=0)

3.3 Ferromagnetic Resonance (FMR)

There are two distinct features that will be the focus of the further inves-

tigation and are therefore discussed here in more detail. First there is a resonant
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peak in ps(w, H), combined with a zero-crossing from a large positive to a large
negative value in p {w,H). These features in y cause the ferromagnetic resonance
{(FMR), an effect easily observable experimentally as a peak in the surface resis-
tance Rs;. The resonant frequency can be found by examining the expression {19)
for pg, searching for a frequency where the value of 9 becomes large. First assume
that « is small. Therefore the terms containing I' will only be of importance if the
other ones also become very small. {Therefore the numerator of Eq. (19) for ys is
generally small. The denominator on the other hand contains a term without I,
Therefore the values for po will be very small unless this term in the denominator
vanishes, which is the case for the resonance.) Thus the resonance requires that

the first term in the denominator of u, vanishes:
WP~ (1402t =0 (20)

From now on neglect the o term since other term of this order in Eqs.(18) and
(19) are also neglected to find the FMR and FMAR frequencies. Thus the FMR
condition becomes:

W= w, (21)

If the condition {21) holds, the denominator will only be the small, constant, second
term and since the numerator also has a constant, but bigger term, the overall py
will become large. Therefore equation {21) gives the resonance condition, or in

terms of the magnetic fields:

wr = 73/ (Ny = No)Mp + Ho) ((Ny — N,)Mo + Ho) (22)

The demagnetization factors have been calculated for special geometries
like ellipsoids {7]. Our sample is a thin disk that may be approximated by an
ellipsoid of the same dimensions. But even the idealization of an infinitely thin,

infinitely wide flat sample, for which Eq.(22) simplifies much more, will give a first
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prediction of the qualitative behavior. In this case, if the external magnetic field is

applied parallel to the disk (¥ L disk) one has N, =1, N, = N, = 0 and therefore
wy = vy/ (Mo + Hg)Ho Ho || infinite disk (23)

If the field is applied perpendicular to the thin disk (Z L disk), the demagnetization
factors are N, = I,N, = N, = 0 and therefore the FMR. condition is:

wy = 7y {Hg — My Ho L infinite disk (24)

Thus the FMR frequency is sensitive to both the sample magnetization and

the applied magnetic field.

3.4 Ferromagnetic Antiresonance (FMAR)

The second interesting feature occurs at the second zero crossing of y,
(compare figure (4)). The first zero crossing is at the resonance, the second causes
a minimum of the surface resistance, called ferromagnetic antiresonance (FMAR).
(In the case 1y < p the surface resistance is approximately R, =~ VPRl +
-18—(‘:;—;)2), thus a zero in y; will result in a minimum in R,.) This second zero

crossing can be found from the expression (18) for u;. Again first neglect all terms

which have o? in them. Then set the nmunerator equal to zero:
(w? —w?) (wM(wMNy + wp) + (w? ~ w2)) =0 (25)

The first factor vanishes at the resonance frequency found above, the second factor

vanishes at the antiresonance. Therefore the FMAR condition is
wi = wy (wuNy + wy) + w? (26)

Expressed as a condition in terms of magnetic fields:

war = 1/ (Mo(N, ~ N,) + Hp)(Mp(N, ~ N, + 1) -+ Ho). (27)
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This term can be simplified for the two special cases discussed above. In the case

with the field parallel to the plate:
War = (M + Hg) Hy | infinite disk (28)

For the thin plate with the field perpendicular to the plate:
war = 71/ Ho(Ho — Mp) Hp L infinite disk (29)

3.5 Surface Impedance

The quantity that we extract from the experiment is the complex surface
impedance Z; = R, — iX,, which is coupled to the permeability u as: Z, = \/iwpp.
Here p is the resistivity, in general a complex, frequency dependent quantity. But
since the sample is a rather poor conductor, p can approximately be considered
real and frequency independent at microwave frequencies. Therefore assuming p
to equal the dc resistivity, it is possible to calculate the frequency dependence of
R, and X, on the basis of the relationship above and the frequency dependence of
it This is shown in figure (5) for the same parameters as above, Here the FMR
clearly shows up as a peak in R, and a sharp drop in X, , and the FMAR is visible
as a minimum in R, and a step in X, both on top of an overall frequency behavior
of Z, dominated by a /w dependence.

Thus we have seen, that the characteristic features of p will cause strong
features in Z,. These characteristics in Z, are therefore evidence that the conditions
for FMR and FMAR are fulfilled. These FMR and FMAR conditions involve
the frequency, the magnetic f