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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.
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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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zero-crossings of p
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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 field, and the magnetization as variables. In our
experiment the frequency can be chosen freely in a broad frequency range. An
external magnetic field can be applied and for the case that the field is parallel
to the sample disk the field can also be changed continuously in some range. The

magnetization of the sample is a function of the applied field and the temperature,
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Figure 5: Frequency dependence of calculated surface impedance for an applied
field parallel to the sample (poHy = 0.2T, oMy = 0.15T, N, = N, = 0.125,
Ny = 0.75, o = 0.05, pac = 3-107°0m, I'p = 0). The FMR is slightly below
7 GHz, the FMAR around 9 GHz.

parameters that can be controlled during the experiment. A main part of the
experimental results will therefore be the behavior of FMR and FMAR, depending

on frequency, temperature and external magnetic field.

3.6 Resonance Linewidth

The FMR causes a peak in R;, the position of which is given by the FMR
condition. The width of this peak, the ferromagnetic resonance linewidth T is
given by I' = aw. This frequency dependence would cause a linewidth of zero
in the limit of zero frequency. But in real systems, the resonance linewidth will
never vanish exactly since in a finite sample the internal magnetic field will not

be completely uniform. To take this into account [9], a phenomenological zero
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frequency linewidth I'p can be introduced as a constant into the model by now

defining the resonance linewidth as I' = aw + ['g.

3.7 The Case of Zero External Field

A substantial part of the measurements presented here were performed with-
out applying an external field. In this case the theory described above cannot a
priori be expected to work, since the starting point was the precession of the mag-
netization around the magnetic field. But the theory only assumes that a magnetic
field is present, without any restriction to the origin of the field. However, in the
presence of a magnetization there will always be internal magnetic fields, e.g. orig-
inating from an inhomogeneous domain structure, and therefore the model might
also apply for this case.

In fact the predictions of the model for the case of the thin plate with the
magnetic field parallel to the plate, in the limit of the field strength going to zero,
seem to agree well with the experimental results. The frequency dependence of Z,
calculated with parameters close to those of our experiment in zero field, is shown
in figure (6). Here the antiresonance is still clearly visible as a minimum in R, and
an increase in X,. Assuming a temperature dependence of the magnetization and
the resistivity [10], it is also possible to calculate the temperature dependence of
Z. for a fixed frequency. This is shown in figure (7) for a frequency of 8 GHz. The
antiresonance is visible as a minimum in R, also in the temperature dependence
and as an increase in X,. The condition for the antiresonance in this case, w = YMg
thus gives the same features in the temperature dependence that were already seen

in the frequency dependence of Z..
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Figure 6: Calculated frequency dependence of surface impedance for zero exter-
nal field (uoHy = 0, oMy = 05T, N, = N, = 0.125, N, = 0.75, & = 0.05,
Pac =3-107°Qm, Ty = 2 - 2.5 GHz)

3.8 FMR and FMAR for the Non Ideal Case

Since the calculations described above do not accurately reflect our actual
measurements in several respects, modifications will be introduced to help describe
the characteristics that are found in the experiments. The model assumes that the
magnetization and the magnetic field are uniform throughout the sample in such a
way that the static magnetic field and the static magnetization are parallel, as are
their dynamic counterparts. In reality this will be true only if the applied external
field is strong enough to magnetize the sample uniformly. For our experiments
this will only be the case for measurements with a considerable applied field very
close to or above T¢. The majority of the data presented here does not fit in this
category.

In our experiment we have two main differences compared to the geometry

24



12 ———————————
1.0}
08}
0.6
04|
0.2} ,‘
00l i
_0‘2:. .
04} - :
~O.6- e XS ]

R, X, (Q)

08F ]
250 260 270 280 290 300
T (K)

Figure 7: Calculated temperature dependence of surface impedance for zero ex-
ternal field (uoHo = 0, uoM = 0.5T, N, = N, = 0.125, N, = 0.75, a = 0.05,
Ty = 0,f = 8GHz)

of the model. First our magnetization may not be uniform. For small external
fields our sample will be divided into magnetic domains with different orientations.
Second our dynamic applied magnetic field is not uniform, since we use the Corbino
geometry and therefore at different parts of the Corbino disk the high frequency
field will have different directions, whereas the magnitude will be the same. The
latter difference will exclude that even for the highest applied static fields the
model can strictly be expected to hold.

Nevertheless the model might work locally. For small regions of the sample
the high frequency field is uniform as might be the magnetization and the static
magnetic field. Therefore it is essential to consider the model for such a case.

One necessary modification is the use of the demagnetization factors. The
demagnetization in z-direction, parallel to the static field, was only used to express

the internal magnetic field H; as H; = Hg— N,Mjp. Here Mg is the net magnetization
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of the sample. But as mentioned, we want to consider a local response instead
of an overall one. Therefore one should keep the internal field H; and consider
the changes of this internal field separately. The demagnetization factors in x-
and y-direction were introduced because the dynamic magnetic fields might be
affected by dynamic demagnetization fields. This might be the case, but since
we consider local effects now, the global shape of the sample will not affect this
dynamic demagnetization. Thus it makes sense to replace the terms N;Mg and
NxMp by N, My and N, Mg, where the primed demagnetization factors and the
magnetization are the appropriate local quantities. With these changes the FMR
and FMAR conditions become:

wr = 74/ (N, Mo + H;) (N[ M, + H,) (30)

War = ¥4/ (N, Mo + Hi) (N}, + 1)Mq + H;) (31)

These formulae are more general than those given earlier since for the uniform case
the local quantities equal the global ones and thus the local equations become the
global ones.

The global demagnetization factors are determined by the sample geometry.
To estimate the global demagnetization factors of our sample, it might be approx-
imated by an oblate ellipsoid with the same ratios of height, width, and length.
The demagnetization factors for ellipsoids have been calculated [7] and give for
our case the demagnetization factors 3/4, 1/8, 1/8 whereas for the infinitely thin
sample they would be 1, 0, 0.
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4 The Material under Study: LaggSrg2MnOj3

4.1 The LSMO-Compounds

The different compounds of the type La; ,Sr,MnO; form premiere exam-
ples of the materials that exhibit colossal magnetoresistance (CMR). The magnetic
and electronic phases differ depending on the level of doping [11]. For a doping
level x higher than approximately (.17, the material is a ferromagnetic metal at
low temperatures, whereas for 0.08 < x < 0.17 it is a ferromagnetic insulator. The
Curie temperature T¢ changes from below 150 K for x=0.1 to higher than 350 K
for x between 0.3 and 0.4. At temperatures around T¢ the resistivity increases
steeply. But compounds with x < 0.26 show the opposite behavior above T¢.
There the resistivity decreases with increasing temperature, a semiconductor-like
or insulator-like characteristic.

The compound of cur experiments, LaggSrysMnOj;, has a T¢ of around
300 K, which is close to the highest temperature accessible with our current ex-
perimental setup. The sample of the present study is a single-crystal grown by
the floating-zone technique [12]. A very similar sample was studied previously by
different groups [13]. The resistivity for low temperatures is metallic, increasing
very steeply around 300 K. Around 320 K the resistivity is maximal and for higher
temperatures the resistivity decreases in a semiconducting fashion. The magne-

tization has been studied by different techniques and T¢was determined to be

around 302 K.

4.2 The Sample

The data described in this thesis were all taken from the same sample. It is
disk shaped with a diameter of 3.9 mm and a thickness of 0.82 mm. A photograph

showing the Corbino disk of the sample with the two gold contacts, corresponding
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to inner and outer conductor of the probe, is reproduced in figure 8. The dc

1 mm Corbino disk gold contacts

Figure 8: The Corbino disk of the Lag gSrppMnO; sample with the gold contacts.

resistance measurements that were conducted during the microwave experiments
are reproduced in figure (9) for the case of zero and finite external magnetic field,
for comparison figure (10) shows the resistivity data from [13].

Since the dc resistance is measured in a two-point geometry, the resistance of
the transmission line and the contacts contribute to the absolute values. But these
contributions will be almost temperature independent. Therefore the temperature
dependence of the dc resistance can be attributed to the sample.

The sharp increase of the resistivity around 300 K is the dominant feature
in the temperature dependence and will contribute an overall shape to the tem-
perature dependence of microwave surface impedance. As seen in figure 9 the dc
resistance differs between zero and finite applied field, the sample shows magne-
toresistance.

Patrick Fournier conducted susceptibility measurements using a SQUID

magnetometer on our particular sample. The magnetization was obtained for the
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Figure 9: dc resistance of the LaggSrqsMnO; sample and the coaxial cable probe
measured in two point geometry in zero applied field and in 0.19 T magnetic field

parallel to the sample disk.
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Figure 10: dc resistivity of a similar LaggSrg2MnOj single crystal sample [13].
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case of the applied field perpendicular to the disk as well as for the parallel field.
In both cases two different field strengths, 1 mT and 0.2 T, were measured. The
results are shown in figure (11).

The magnetization indicates a phase transition from a ferromagnetic to a
paramagnetic state with a Curie temperature around 307 K. Thus the magnetic
phase transition takes place in the same temperature range as the strong dc resis-
tance changes, a well-known feature of CMR materials. In conclusion the sample

seems to be a typical representative of a CMR compound.
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are given.
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5 Measurements in Zero Applied Magnetic Field

5.1 Surface Impedance

The first measurements performed were without applying a magnetic field.
The frequency dependence of the surface resistance and the surface reactance are
plotted in figures {12) and (13).

The overall frequency dependence of R, and X, show the characteristic V&
behavior. In R, furthermore, dips can be found for those temperatures which are
below 305 K. These are the FMAR minima and therefore they have to vanish as .
soon as the sample leaves the ferromagnetic state and thus loses its spontaneous
magnetization. The existence of FMAR at temperatures of 300 K and the clear
absence (visible in the plain /o curve at low frequencies) for 310 K gives some
first boundaries in the estimation of Tc. For each of these spectra the temperature
is different and so is the magnetization below T¢. Therefore the FMAR condition
is fulfilled for each of these temperatures at a different frequency, which causes the
shift of the minima from one temperature to the next.

In X, the FMAR is seen as a sharp step at a particular frequency. This
frequency is again different for the different temperatures and the frequencies corre-
spond to those found in R.. The step has disappeared completely at temperatures
higher than 305 K. Since X, has a steep increase for low frequencies anyway, this
disappearance of the FMAR feature in X, is less pronounced than in R..

In this plot of X, versus frequency the curve for 281.8 K does not lie between
the two of the next higher and lower temperatures, but below the two. This is
due to imperfections in the temperature dependent calibration correction, an issue
that will be addressed in chapter 7.

The temperature dependence of the surface resistance and the surface re-

actance are shown in figure (14) and figure (15), respectively. The temperature
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Figure 13: Frequency dependence of the surface reactance of the LaggSrgoMnQO3

sample in zero applied magnetic field for four different temperatures
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dependence of R, and X, shows a general increase with increasing temperature.
This effect is due to the increase of the resistivity as seen in the dc resistance
measurements in figure (9). On top of this general increase R; shows the minima
which are caused by FMAR. Since in the temperature dependence curves the fre-
quencies are different, FMAR occurs at different temperatures. In X, we again see
an overall increase combined with the characteristic steps due to FMAR.

For temperatures well above T¢ no magnetization is present and therefore
Zs is not influenced by magnetic behavior anymore. As the /w behavior was seen
in the frequency spectra, in the temperature dependence the curves for the different
frequencies show the same behavior, i.e. their temperature dependence is the same
for all frequencies. The temperature where they start to line up like this therefore

also has to be close to T¢.

5.2 Spontaneous Magnetization from FMAR

5.2.1 FMAR

As seen in the results of the model for the dynamic susceptibility and in
the zero field data, the effect of FMAR shows up as a minimum in the surface
resistance R, and a sharp increase in the surface reactance X (w). The condition
for the FMAR to occur in the case of no applied field is w/y = My. (Again I want
to stress that this formula is the limit for H approaching zero for an infinitely thin
disk sample with H parallel to the disk. A justification that this procedure is valid
will be given in the later chapter about the field dependent measurements with
the field parallel to the sample.)

Thus the magnetization of the sample and the frequency of the FMAR are
directly related. For a single temperature, corresponding to a specific spontaneous
magnetization, the FMAR condition will be fulfilled at a particular frequency,

for a single frequency FMAR will occur for a specific temperature. Therefore the
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spontaneous magnetization of the sample can be found by determining the position
of the antiresonance. To get a first impression of how the position of the FMAR
depends on temperature, the complete temperature and frequency dependence of

R, is shown as a gray scale plot in figure (18). Here the FMAR shows up as
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Figure 16: Gray scale plot of R, as a function of temperature and frequency. The
FMAR is the dark curve.

the minimum in R, that can be seen from a frequency of around 12 GHz at low
temperatures until it vanishes at zero frequency around 306 K.

To pinpoint the position of the FMAR the minima in R and the steps in X,
were identified in the frequency spectra as well as in the temperature dependent

data. Thus there are four different ways to determine the position of the antires-
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onance. The frequency of the antiresonance is proportional to the magnetization.
Therefore the magnetization can be determined by finding the FMAR. This was

done and the results are shown in figure (17). Thus the magnetization curve of the
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Figure 17: Magnetization data obtained from FMAR from four different depen-

dences.

sample is found without applying any external field, in opposition to the standard

magnetometer measurements.

5.2.2 Errors in the Determination of the Magnetization

During the measurement of the frequency dependence of Z,, the tempera-
ture is held constant and measured very accurately, whereas the error in the deter-
mined frequency for the FMAR from the frequency dependences is dominated by
the width of the features in R, and X,. Thus in this case the extracted magneti-
zation will have an error (i.e. an error bar -with respect to the magnetization). In
the temperature dependence the frequency is set exactly by the network analyzer

whereas the temperature is determined as accurately as the features in R, and X,

37



are wide. Thus these magnetization values have an error in temperature. A plot of
some of the obtained magnetization values together with their error bars is found

in figure (18).
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Figure 18: Some of the magnetization data obtained from FMAR with their error
bars. The solid line is a fit oc (305.7 — T(K))%47

The error in the temperature dependent data becomes larger for higher
frequencies, because the magnetization curve flattens out at lower temperatures
and therefore the temperature range in which FMAR affects R, and X, for the
particular frequency broadens.

The error bars in the data from the frequency dependence increase for
temperatures closer to Tg: Here Ry and X, show the strong overall frequency
dependence /w, which covers the FMAR features.

For temperatures close to T¢ a new feature occurs in R, which makes it hard
to pinpoint the FMAR minimum. Clearly above T¢ the behavior of Lag SrgoMnQOs
is like that of a metal without any magnetic effects. Therefore the frequency

dependence of R, is proportional to 1/w, which means that for low frequencies R,
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will also be low. Below T¢ on the other hand the R, data takes on a frequency-
independent value of &~ 4Q {compare figure (12)). Thus around T¢ for the low
frequencies, R, has to decrease from the value below T¢ to that dictated by /.
Thus a step in Ry occurs in the same temperature range as the FMAR. Thus
these two features add and the actual minimum in R, may not be the temperature
where the FMAR condition is fulfilled. In X, on the other hand there is no such
strong enhancement below T¢ and therefore the step in X, remains visible up to
temperatures very close to T¢. Thus all the magnetization values very close to T

were obtained from the temperature dependence of X, .

5.3 Critical Behavior of Magnetization

5.3.1 Theory

The material under study undergoes a transition from a ferromagnetic state
to a paramagnetic state around 305 K. Such a transition is described by the theory
of eritical behavior [14]. This theory predicts that for the case of zero external field
and for temperatures close to the transition temperature, the Curie temperature
T¢, the spontaneous magnetization My depends on temperature in the form of a
power law:

My x (Tc - T)ﬁ for T < Te (32)

Here 3 is the critical exponent. This critical exponent depends on the micro-
scopic mechanism that causes the ferromagnetism, as well as on the dimensionality
of the system, but in our case only three-dimensional systems are relevant. Two
important theoretical models of magnetism are the mean-field and the Heisenberg
models. Mean-field theory assumes that the local environment of the spins in
the material are uniform, equivalent to an Hamiltonian assuming interaction of
infinitely long range. The mean field prediction of the critical exponent 3 is 0.5.

The 3D Heisenberg model on the other hand assumes only nearest neighbor inter-
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action and predicts J = 0.365 [16]. Therefore the critical exponent is an indicator
of the underlying mechanism of magnetism and may give evidence whether the
microscopic interaction is short- or long-range.

An absolute determination of § requires very careful measurements. Typ-
ically critical behavior is examined by studying the field-dependence of the mag-
netization, extracting from this the Curie temperature T¢ and extrapolating the

zero-field magnetization Mg and then using fitting or other specialized techniques

to obtain 3 [16].

5.3.2 Measured Magnetization Curve

Our experiment allows one to extract the zero-field magnetization directly,
without any extrapolation from finite field data. Therefore it might be well suited
to extract the critical exponent from our magnetization data.

The direct way to deduce a value of 3 is to fit our data to the form given
by equation (32). In general this is a fit with three fitting parameters: 3, T¢ and
a coeflicient for the magnitude of the magnetization. Such fits were performed,
but they show a strong dependence on the temperature range over which the fit
was applied. Since critical behavior describes the system strictly only for tem-
peratures close to T¢, fit ranges for temperatures close to T¢ only should give
more accurate results. But then the number of points included in the fit becomes
smaller and also the error bars for those values close to T are typically large. This
complicates the fitting procedure. In my opinion, the most reasonable compromise
with respect to the fit range is from 295 K up. Those fits result in 5 = 0.47 and
T¢ = 305.7 K. The errors for these quantities are given by the range of fits in this
temperature range which result in similarly good fits and reveal 4 = 0.47 + 0.04
and T¢ = (305.7 £ .5) K. The value for T¢ does not agree with the estimate of

307 K from the SQUID measurement shown in section 4.2. The reason for this
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might be that one of the thermometers is not accurately calibrated. The value for
3 agrees within the error with the mean field theory prediction. Because of the big
error, however, this cannot be considered a rigorous proof that mean field theory
is the appropriate way to describe the thermodynamics of the magnetism in this
material.

Other techniques to extract the critical exponent, like the Kouvel-Fisher
method [16]; do not help to obtain J more accurately either, since our data is not

very smooth and therefore taking the derivative of Mp(T) is problematic.

5.3.3 Comparison with Literature

Since the microscopic mechanism of magnetism in CMR materials is still
not completely understood, an exact determination of § would be quite helpful.
Studies of different CMR compounds conducted by several groups can be found
in the literature [13, 15, 16] and give values of 3 spanning the whole range from
B == 0.3 to 3 == 0.5, For our particular system LaggSrg sMnQj; two values of 3 were
published. One of them {13] was obtained from a single crystal produced in the
same way as our present sample. There, several experimental techniques, among
them FMAR and FMR, were used to measure values for the magnetization and
then the data were fit. The results are 3 = 0.34+0.05 and T¢ = (304%3) K. Thus
the T determined for these two samples resemble one another, whereas there are
large differences in the value for 5. The data that were used in the fit in [13]
cover the temperature range 270 K - 300 K, a rather wide range, but leaves out a
temperature range of the order of 5 K below T, which is in fact the only range
where the critical behavior should hold. If we fit our data of this temperature
range (270 K - 300 K} only, we obtain 8 = 0.23 and T¢ = 302K, which are clearly
off from the more reasonably determined values given above, but deviating from

these in the same direction as those given in [13]. This might be an indication that
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the fit presented there gives a misleading value.

An in-depth investigation of the critical behavior of LaggSrgoMnQ; from
field-dependent magnetization measurements of polycrystalline samples is described
in [16]. The results there are = 0.50 £ .02 and T¢ = 315K. Whereas the value
for B agrees within error with our result, the values for T¢ are different. This
difference in T might be explained by a small difference in stoichiometry, as the

Tc changes rapidly with composition [11].
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6 Measurements in Finite Applied Magnetic Field

6.1 Parallel Applied Magnetic Field

The parallel external field was realized by positioning permanent magnets
on two sides of the probe, such that the field between the magnets penetrates the
sample in a parallel direction. This setup is shown schematically in figure (19).

The field strength of the magnetic field can be adjusted by changing the distance

vector network

analyzer
cryostat
probe
movable magnet stages sample
<4—p
copper
U~ housing

magnets

Figure 19: Schematic top view of the setup to create a magnetic field parallel to

the sample (not to scale).

between the magnets. Now again the temperature dependence of Z, for the whole
frequency range was measured as well as the dependence on the strength of the

magnetic field.

6.1.1 Field Dependence

For finite fields the FMR occurs as a new, strong feature. For the resonance

frequencies a maximum in R, can be seen. The FMAR remains a clear minimum in
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Rs. In X, the resonance gives a sharp decrease, whereas the antiresonance causes

a sharp increase. This can be seen for the data shown in figures (20) and (21).

14 prpeem Tt
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R, (@)

e ()19 T

2 i i % 1 i i 4 1 4 i " 1 . I3 2 i i 1

0 2 4 6 8 10 12 14 16 18 20
f(GHz)
Figure 20: R, as function of frequency for three different external parallel magnetic
fields at 311.4 K

The data in figures (20) and (21) were obtained at a temperature of 311.4 K,
well above T¢. Therefore, at least in the case of the high external field, the data
should be described by the general model of dynamic susceptibility. The easiest
way to check this is to consider the field dependence. The applied external magnetic
field of our experiment can be varied in strength by changing the distance between
the magnets. Thus the field dependence of Z, can be measured at a constant
temperature. Again for 311.4 K, R, versus frequency and applied magnetic field is
shown in gray scale in figure (22).

Here, as already in the plots of the spectra, the overall \/w behavior is
visible, which is expected since we are above T¢. The resonance is a sharp feature

and its frequency seems to increase linearly with applied field. The model predicts

for this case w, = 7\/ (N! Mg + H;)(N My + H;). Here H; will be the applied field
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Figure 21: X, as function of frequency for three different external parallel magnetic
fields at 3114 K

plus the demagnetization field. At this high temperature the magnetization is

given by Mp = xH;, where x is now the static susceptibility. Therefore one has

we = H;/(Npx + DNy + 1) (33)

In this geometry the demagnetization factor in the direction of the static
field is N, = 1/8. As mentioned earlier, the dynamic demagnetization factors are
not a priori determined. Since the skin depth for our material is of the order
of 10 pm at 10 GHz, the effective Corbino disk will be very thin compared to
its diameter. Therefore I assume that the dynamic demagnetization in the plane
vanishes, whereas the demagnetization factor parallel to the disk is set to one.

Then the resonance condition becomes

7
we = (1 — §X) 1+ xHy (34)
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Figure 22: R, in a gray scale plot as a function of external magnetic field and
frequency at 311.4 K. The FMR is the light feature and the FMAR is the dark
feature just above the FMR.

Thus the resonance frequency increases linearly with the applied field. The same

is true for the antiresonance:

war = ¥(1 - -;-x)(l + x)Ho (35)

For temperatures well below T¢ the situation is quite different. For 276.6 K
the field and frequency dependence of R, is shown in gray scale in figure (23). The
resonance does not seem to be directly proportional to H any more. For an applied

field higher than 0.055 T the resonance frequency seems to increase linearly with
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Figure 23: R, in a gray scale plot as a function of external magnetic field and
frequency at 276.6 K. The dark feature across the top is the FMAR, the light

feature is the FMR.

the field, but below 0.055 T the resonance weakens considerably. Examination of
the single spectra shows that below 0.055 T a maximum in R, still exists, but it
is very weak and field independent around 2.5 GHz. The antiresonance is well
separated from the resonance. Above 0.055 T the FMAR frequency also increases
linearly with field and below 0.055 T it is constant at 12.85 GHz. Thus a remarkable
feature is that FMR and FMAR seem to be field independent below 0.055 T. I
denote this particular field as H_ and the according magnetization as M...

The field independence of w, and w, below H_ can be explained by con-
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sidering the static demagnetization field. At H_ the demagnetization is saturated,
corresponding to a uniform magnetization. This means that the applied and de-
magnetization fields are equal. With the static demagnetization factor N, = 1/8
this gives H. = (1/8) M. Since H. = 0.055T/po this reveals M. = 0.44 T/ pq,
corresponding to a frequency of 12.3 GHz. Below 0.055 T the applied magnetic
field always induces a static demagnetization field that inside the sample exactly
cancels the external field. Therefore for the low fields there are no differences in
FMR and FMAR compared to the zero field measurement.
The antiresonance according to Eq.(31), again assuming N, =land N =0
is predicted to be at
wWar = Y{H; + Mp) (36)

If there was indeed no magnetic field inside the sample, H; = 0, the antiresonance
should occur at 12.3 GHz. The experiment on the other hand gives 12.8 GHz
as the FMAR frequency. According to Eq.(36) this means that in fact there is a
magnetic field present, corresponding to 0.5 GHz or 0.017 T. This field is caused
by anisotropy in the magnetization and other imperfections of the sample and
will not be uniform. This generic internal field H' will have different directions
and different strengths for different places in the sample, but the average will be
around 0.017 T. The presence of this internal field is essential for the model. If
there was exactly zero field inside the sample, there would be no precession of the
magnetization and thus the model would not apply.

Since there is a magnetic field, there should be a resonance. From Eq. (30)

with the same assumptions as above one gets

we = ¥4/ H;(H; + Mo). (37)

With H; = H = 0.017T/up this gives w, = 2.5 GHz, exactly where the weak

maximum in R, for the low fields can be found.
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Above H. the internal magnetic field gets additional components from the
external field, which starts penetrating. Since the direction of H' will be not
uniform within the sample, for H; > H' the FMAR frequency will increase linearly
with the external field and the average internal field will be H; = Hy — N,M,,
where N, = 1/8 is the static demagnetization factor. Thus for Hy > H. the
FMAR condition becomes

e = 7(§Mo + Ho) (38)

and the slope of the FMAR frequency f,, should be /(27) = 28 GHz/T. A fit of
the experimental values of f,, vs. Hy for H > H._ gives a slope of 20 GHz/T.

The condition (37) for FMR might also be applied in the same way for H >
H... But since not the external, but the effective internal field enters as a factor, the
external field will dominate the resonance frequency only when Hy is considerably
higher than H... However, if w; is calculated with H; = Hy — (1/8)My, the result
agrees with the experimental data for the higher fields that were measured. This
is shown in figure (24).

For external fields only slightly above H.. the effective internal field gradu-
ally increases as the part of the external field that penetrates the sample increases,
such that a gradual transition from the constant FMR frequency for low fields to
the curve described by Eq. (37), as seen in the data, can be expected.

With our discussion of the data at 276.6 K and 311.4 K, two temperatures
have been examined that are well below and well above T, For temperatures
around T¢ a gradual transition from the case with a low field, field independent
region to those with clear linear field dependences of FMR and FMAR frequencies
takes place.
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Figure 24: FMR and FMAR frequencies as a function of external field for 276.6 K.
The solid line is a calculation of the FMR frequency based on the external magnetic

field that penetrates the sample, neglecting the intrinsic internal field.

6.1.2 Temperature Dependence

Now that the field dependence of the FMR and FMAR frequencies seems
to be understood, they may also be investigated as a function of temperature at a
fixed field. The spectra of Rs and X, in the highest accessible parallel field of 0.19
T for different temperatures are shown in figures (25) and (26).

As seen in the previous section, FMR and FMAR are sharp features for
this applied field. To demonstrate the temperature dependence of the FMR and
FMAR frequencies another gray scale plot is presented in figure {27).

Here the antiresonance is the dark band as was already seen in the similar
plot for zero applied field. As described in the previous section about the field
dependence, at 276.6 K (the lowest temperatures measured in these experiments),
an applied field of 0.055 T saturates the demagnetization. Therefore in an applied
field of 0.19 T as in this case the FMR and FMAR frequencies will be determined
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Figure 25: R, as a function of frequency for the LaggSrg.MnQ; single crystal in
an external field of 0.19 T
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Figure 26: X, as a function of frequency for the LapgSrg2MnO; single crystal in
an external field of 0.19 T

51



f (GHz)

280 285 290 295 300 305 310 315 320 325
T (K)

2 4 6 8 10 12 14 16
Rg ()

Figure 27: R, in a gray scale plot as a function of temperature and frequency for

an applied external magnetic field of 0.19 T parallel to the sample

by the external field for all temperatures above 276.6 K. As seen before, in this
regime the conditions for FMR and FMAR become:

wy = 7/ Hi(H; + M) = ’T‘/(He ~ %MU)(H{, + 'g'Mo) (39)

7
war = Y(H; + Mo) = v(Ho + ‘B'Mo) (40)

Since the external field Hy is held constant, it is easy to determine the magnetiza-
tion from the position of the antiresonance. The resulting magnetization curve is
shown in figure (28), together with the data from the SQUID measurement with

an applied parallel magnetic field H=0.2 T /0. Here the two magnetization curves,
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Figure 28: The magnetization for an applied field of 0.19 T parallel to the disk
obtained from FMAR compared to the magnetization measured with a SQUID at
an applied parallel field of 0.2 T.

obtained from completely independent measurements, do not only agree qualita-
tively with each other, but also quantitatively. The only difference is an apparent
shift of one of the curves about 1 K in temperature with respect to the other. This
may be due to insufficient calibration of one of the thermometers. This would be
consistent with the estimation of T¢ from the SQUID measurement, which was
also slightly higher than the value deduced from the FMAR data. Thus the reso-
nance and antiresonance frequencies can be described well using a modified version
of the model described in chapter 3.

One of the results is that in the case of a small applied field parallel to
the disk (Hy < H..) the antiresonance can be found at wy, = ¥(H' + My), which
also holds for the zero field case. In chapter 5 on the other hand w, = YMgy was
assumed. Now this turns out to be not quite correct, since the internal fields were

neglected. One reason for this procedure is that there is no direct way to determine
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H'. In the case above, H' can be estimated because the frequency dependence of
the resonance can be followed from the sharp peak at high fields to the weak
maximum for the zero field case. If only zero field data is available, it is hard
to reliably determine the resonance frequency. Furthermore H' can be assumed
to be related to the spontaneous magnetization. If the determined and the real
spontaneous magnetization only differ by a factor (1.04 in the above case) the

temperature dependence will not be affected.

6.1.3 Resconance Linewidth

From the field dependence measurements the resonance linewidth can be
extracted. Unfortunately the step width between the different fields that were
measured are around 0.005 T/p, whereas the observed FMR line width is of
the order of 0.03 T/uy. Thus the field resolution is not adequate to determine
precise values of the linewidth, but general observations are possible. But since
we also obtain the frequency dependence, we can also determine the line width in
frequencies. Whereas the determination of the line width from the field dependence
is a standard for most of the FMR investigations, most of the experiments cannot
observe the linewidth in the frequency dependence, since they are bound to specific
resonant frequencies.

In the region where the resonance is well defined the linewidth from the fieid
dependence is frequency independent. Furthermore the linewidths in frequency and
those in field are proportional, the proportionality factor is 7. The temperature
dependence of the linewidth is shown in figure (20). The linewidth is generally of
the order of 0.03 T/po and decreases slightly with increasing temperature. For a
similar Lag gStg2MnOj3 single crystal an increase of the linewidth (from 0.01 T/ug
to 0.0175 T/ug) around T¢ was reported [13] and attributed to a spread in T

within the sample [17]. Unfortunately our resolution is insufficient to conclusively
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Figure 29: FMR linewidth in the field dependence as well as in the frequency

dependence for the parallel field case.

state whether there is an increase in the linewidth around T, if there is one, it is
by less than 0.005 T/uq.

It should be noted that the linewidth is of the order of the estimate 0.017
T/po for the generic internal field. Since this internal field will influence the reso-

nance frequency, the linewidth should at least be as big as this nonuniform internal

field.

6.2 Perpendicular Applied Field

6.2.1 Temperature Dependence

Measurements with a magnetic field perpendicular to the disk were per-
formed by placing a permanent magnet into the copper barrel between the sample
and the supporting copper pedestal. This is schematically shown in figure (30).

The magnet, which has a diameter only slightly smaller than the inner diameter
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Figure 30: Schematic view of the mounting of the magnet to create a magnetic

field perpendicular to the sample (not to scale).

of the copper housing that surrounds the probe, is fixed on top of the copper
pedestal that is used to press the sample against the probe connector. The sample
is then placed directly on the magnet. The diameter of the sample of 3.9 mm is
much smaller than the diameter of the magnet of about 10 mm. Since the sample
is about 0.8 mm thick, the field inside the sample can be assumed to be almost
uniform, but the magnetic field on top of the sample will be somewhat smaller
than directly on top of the magnet. Two different magnets were used, their field
strengths at the surface are 0.25 T and 0.38 T respectively.

For these two fields Z; was again measured as a function of frequency and
temperature. The results for the 0.25 T magnet are shown in a gray scale plot
in figure (31). Again the resonance is seen as a sharp feature for temperatures

above 302 K. But in opposition to the parallel field case, the resonance frequency
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Figure 31: R, in a gray scale plot as a function of temperature and frequency for

an applied perpendicular field of 0.25 T

increases with temperature in this range. Below 302 K the resonance seems to
split into two maxima, one almost constant in frequency around 1 GHz, the other
one increasing in frequency for decreasing temperature. The antiresonance can be
found throughout the whole observed temperature range, but broadens consider-
ably around 302 K. Unfortunately a conclusive interpretation of all of the effects
remains still to be found. However, some parts can be interpreted in the picture
conveyed in the previous section.

First the static demagnetization factor should be considered. Since now

the disk is perpendicular to the applied field, the demagnetization factor is 3/4
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in the direction of the field. This means that a much bigger fraction of the mag-
netization contributes to the demagnetization field and therefore the applied field
will be effectively screened from the inside at a considerably lower magnetization
than in the parallel case. The theoretical FMR and FMAR frequencies for the
perpendicular field case (assuming that the dynamic demagnetization factors are
N} = N{ = 0) are:

War = ¥ [H; (41)

wy = v/ (Mo + H)H; (42)

Thus the resonance seems to be easily predictable. For high temperatures
the magnetization will be small and therefore the applied field will magnetize
the sample uniformly. There H; = Hy — 3/4 My should hold. For the highest
temperatures the magnetization will be very small compared to the applied field
and then H; = Hy. In this case the FMR and FMAR frequencies both are vHy. At
316 K the FMR frequency is 5.1 GHz, the FMAR frequency is 6.4 GHz. Thus the
effective applied magnetic field will be about 0.22 T/ .

At some temperature the magnetization will be big enough to cause a de-
magnetization field that compensates the applied field inside the sample. Below
this temperature the internal field should be only the intrinsic H' and should there-
fore not change too much with temperature. This temperature dependence seems
to be exactly what can be found for the FMR in the experiment for temperatures
higher than 302: With increasing temperature the magnetization decreases, there-
fore the demagnetization field becomes smaller and thus the internal field becomes
larger (since the external field is held constant). Below 302 K the lower of the two
maxima also seems to fit the prediction: its frequency is almost temperature inde-
pendent, corresponding to the intrinsic H'. Thus this resonance can be explained

if the model is applied in the same fashion as before.
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If the antiresonance is considered, the interpretation is less straightforward.
For the lowest temperatures the FMAR frequency occurs at exactly the same fre-
quencies as in the zero field case. For those temperatures the magnetization in zero
field is considerably larger than the now applied field. Therefore the local magneti-
zation in zero and finite field will not differ too much for these temperatures. The
position of the antiresonance thus suggests that the FMAR frequency is given by
war = Y(H' + Mp). But this is the relation for the parallel applied field. This may
be explained by the following: For these temperatures the demagnetization field is
strong enough to effectively compensate for the applied field and the internal field
is only H'. But as mentioned earlier, the direction of H' is not uniform. Therefore
it should not matter whether the external field is parallel or perpendicular, since it
does not affect the internal field anyway. Thus the position of the FMAR should
be the same for both cases. The fact that the system seems to act as if H was
parallel to the disk may be a hint that the spontaneous magnetization prefers to be
in the plane of the sample. If this was true, also a resonance caused by H' should
be found at the same frequency as in the zero field case, around 2 GHz. But the
perpendicular field data does not show a maximum at this particular frequency.
For temperatures above 308 K the antiresonance frequency is almost temperature
independent, the variation with temperature is much less than that of the reso-
nance in this region. This is more consistent with the antiresonance condition for
the perpendicular case, w,, = fy\/m, than the one for the parallel case,
Thus the antiresonance seems to follow the condition for the perpendicular field
for high temperatures, where the magnetization is expected to be uniform and
parallel to the applied field, but for lower temperatures it changes to the case of no
internal field except for H' and the FMAR frequency is determined by the relation

for the parallel case.
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The second maximum below 302 K seems to be at the frequency determined
by w = (Mg — Hp), but there is no theoretical support for this. The temperature
302 K is the temperature at which the demagnetization field cancels the external
fleld. But neither the external field nor the magnetization are know exactly. Fur-
thermore the magnetic field inside the sample varies with the distance from the
magnet. Therefore the demagnetization field cannot be considered uniform either,
complicating an estimate of the temperature at which the demagnetization field
should cancel the applied field.

The data obtained with the 0.38 T magnet look similar, and seem to follow
the same behavior as described for the 0.25 T magnet. But since the applied field
is stronger, the temperature at which the two different maxima start to evolve, is

much lower, around 290 K.

6.2.2 Linewidth

As in the case of the parallel field, the FMR linewidth can be extracted
from the frequency spectra of Z,. The temperature dependence of the linewidth
converted to magnetic fields is shown in figure (32).

Again an overall decrease of the linewidth with temperature is observed.
Additionally in the 0.25 T case a sharp maximum in the linewidth occurs around
300 K. The reason for this is that at this temperature the two different maxima in
R., which are present at lower temperatures, meet. Therefore the two cannot be
separated and the linewidth indicated is a combined linewidth of the two. At some
temperature the two can be separated and therefore the FMR linewidth becomes
much smaller again. Thus this maximum in the linewidth has no connection to a
spread in T as discussed in the case of the parallel applied field, but is caused by
the second maximum.

‘The same occurs for the 0.38 T case, but in the measured temperature range
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Figure 32: FMR linewidth obtained from the frequency dependence for the per-

pendicular field of two different magnets.

the two different branches are not seen yet, because T.. is lower than in the case

of the lower field.
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7 Evaluation of the Quantitative Surface
Impedance

The main purpose of our Corbino experiment is to measure the surface
impedance Z, quantitatively. Our setup and the calibration procedure described
in chapter 2 should make this goal realizable. However, in our measurements
the obtained absolute values for Z;, show some discrepancies when compared to
the expected behavior and also some effects that are not completely reproducible.
These problems will be discussed in this section, but it should be mentioned that
these problems will not affect the results about FMR and FMAR stated above,
since they are strong features in our measurements and do not rely on quantitative
values of the Z;, but only on the relative change as a function of the parameters
frequency, temperature and magnetic field.

The theoretical prediction for the surface impedance is given by Z, = +/iwup.
This implies, that in the limit w — 0, Z; should also go to zero (since u and p do
not diverge for w — 0). This is not what we see in our measurements. Whereas X,
often approaches zero for w going to zero, R, usually seems to approach a constant
non-zero value, typically around 4 2. Whereas X, does not show this considerable
offset, the frequency dependence does not always correspond to the expected \/w
behavior either. It seems as if the frequency spectra of X, were tilted. This tilt
strongly depends on the temperature dependent data correction. In one case where
background measurements were performed before and after sample measurements,
therefore separated by several days, the corrected Z, data showed differences be-
tween the two corrections. Whereas the R, data were shifted by approximately
0.3 Q, the X,(w)-data was tilted considerably.

Another supporting argument for the classification of the R, offset and the

X, tilt as an experimental artefact is, that after a subtraction of the tilt and the
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offset the spectra obtained for the LaggSrgsMnOj sample at high temperatures,
clearly above T¢, fit well to the \/w expectations.

A tilt in X, may be explained by changes in the transmission line. If the
physical properties of the coaxial cable change, e.g. the speed and thus the wave-
length of the electromagnetic waves in the transmission line due to changes of the
dielectric constant or the total length of the line due to thermal expansion, the
phase offset caused by the line will change, where the change is proporticnal to
the frequency. If there are differences between the calibration, the background
measurement and the sample measurement, our data correction procedure will
attribute this to the surface impedance. Changes of the room temperature may
be a reason for changes in the transmission line and thus for the observed tilt in
Xs. Rg on the other hand will be less affected by small physical changes of the
transmission line, since the attenuation should not change significantly within the
temperature range of the measurements.

Another possible origin of the offset might be a misalignment of the probe
connector and the Corbino disk. The alignment cannot be checked in situ. The
sample is fixed and aligned to the center of the copper pedestal before it is inserted
into the copper housing. If all these elements are concentric, then the alignment
works out, but there is no way to check the alignment. Experiments performed with
a scanning near-field microwave microscope on Lag7CagszMnOs thin films suggest
that an inaccurate alignment may also effect the measured surface impedance,
but only a weak effect was seen for the LaggSro»MnOs single crystal. (These
experiments are described in the appendix.)

One drawback originating from the offset and the tilt is, that it is not
possible to calculate pu(w) from the data directly. As mentioned above, surface
impedance and permeability are related by Z, = /iwgp. That means, if Z, is

known, as is p, which in our case we assume to be real and the dc value, then p(w)
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can be calculated. However, since our data for Z; does not vanish for w — 0, the
above formula will result in diverging values for g in this limit, which are obviously
unphysical. This problem can only partially be solved by subtracting an offset and
a tilt. These problems prevent an access to p, which would be the primary quantity
to consider not only for the intrinsic resonance effects, but also for investigation of

critical behavior.



8 Conclusions and Future Work

The Corbino apparatus has proven to be a powerful instrument to investi-
gate the complex microwave surface impedance of a LaggSrp2MnOj single crystal
in general and to observe ferromagnetic resonance and antiresonance in particu-
lar. The complete temperature dependence of these phenomena has been obtained
and also the influence of external fields was determined. In opposition to the
more common reschance experiments, the complete frequency dependence was ob-
tained. This simplified the interpretation of the data, since the continuous change
of the FMR and FMAR frequencies with respect to temperature and applied field
could be followed. Especially the cases of low magnetic field and magnetizations,
corresponding to low frequencies, can be studied much more intensively with our
broadband experiment than with resonant techniques. Here the observation the of
zero field antiresonance was used to examine the spontaneous magnetization.

Up to now only one single crystal sample has been measured extensively.
Another sample should be measured to confirm the general results. If the sample
thickness can be chosen to be different than the present one, the static demagne-
tization factors will be different. That gives the chance to check the conditions of
the FMR and FMAR frequencies that depend on the demagnetization factors.

In our current setup it is not possible to continuously change the magnetic
field perpendicular to the disk and unfortunately an implementation of a variable
perpendicular field requires a new design of the experiment. This is even more
unfortunate since the data obtained in perpendicular field are certainly not com-
pletely understood yet, the observed temperature dependence of the FMAR in this
case seems to be without any relation to the model of the dynamic susceptibility
that could explain the FMR and FMAR frequencies for the other measurements
in a satisfying manner.

A different limitation of the current setup is the highest obtainable tem-
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perature of about 325 K. This range could be extended with a reasonable effort
and this would allow the observation of other compounds with a higher T¢ such
as Lap7Srg3MnQOs.

Another possible subject are thin films of CMR compounds, preliminary
measurements of Lag 7Cap3MnO3 and Lag 7Srp3MnQj thin films have already been
performed. But in these cases the substrate of the films dominates the measured
surface impedance and therefore the data has to be subject of a much more com-
plicated procedure to disentangle the effects of the thin film and the substrate.

Another flaw in the current experiment is the fact that the measured surface
resistance seems to have an offset, it does not vanish for low frequencies. In spite
of an intensive search the origin of this offset is still unknown. If this problem
could be solved, an extraction of the frequency dependent permeability would be

possible and therefore a possibly better approach to observe critical behavior.
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Appendix: Investigations Using a Scanning Near-
Field Microwave Microscope

One possible reason for our problems in obtaining the surface impedance
quantitatively in the Corbino experiment, that were discussed in chapter 7, is a
misalignment of the probe and the gold contacts of the sample. Since the alignment
cannot be checked or changed in situ, a different approach to examine the effects
of misalignment was tried.

The Lag gSrg2MnO3 sample was examined using a scanning near-field micro-
wave microscope [18]. The microscope probe, an open-ended piece of 0.086-inch
diameter coaxial cable, is generally of the same form as the Corbino probe, but its
diameter is smaller and it does not operate in contact with the sample, but of the
order of 50 to 100 um above it. Nevertheless, moving the sample with respect to
the microscope probe may show the same effect as changing the alignment of the
Corbino experiment.

The microscope probe is part of a resonant circuit. As the sample is moved
under the probe, the frequency shift of the resonant circuit and the 2f signal, which
reflects the quality factor of the resonator, are measured. The frequency shift and
the 2f signal, measured across the diameter of the LaggSrgoMnO; single crystal,
are shown in figure (33).

In both, frequency shift and 2f signal, the sample with its diameter of
3.8 mm is visible. The frequency shift is smaller above the sample than away
from it. This is consistent with the idea that the sample modifies the open-ended
probe towards a shorted end. But besides this overall effect the frequency shift
does not show unambiguous features. The shape of the curve above the sample
with a minimum in its center may be due to topography, the sample is probably

slightly higher in the center than at its edges. The 2f signal does not reveal more
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Figure 33: Position dependence of (a) frequency shift and (b) 2f signal for the

LaggSrg2MnOj3 single crystal

information either. Generally the QQ above the sample is lower than away from the
sample, but the two sharp minima in the 2f signal may be an edge effect.

A Liag 1Cag3sMnO; thin film sample was also examined with the microscope.
This sample has the same Corbino disk size, but since its overall size is much
bigger (roughly a square with the sides 6.5 mm long) , the outer gold contact is
also larger. Therefore the Corbino disk itself can now be observed without edge
effects of the sample. Also this sample does not have the problem of a curved
surface. Furthermore the sheet resistance of the thin film is much larger than that
of the single crystal and therefore the contrast between sample and gold contacts
is bigger. Frequency shift and 2f signal along a diameter of the Corbino disk are
shown in figure (34). Figure (35) shows gray scale plots of these two quantities as
a function of position over the whole Corbino disk. (The actual shape of the gold
contacts can be found in figure (8).)

Here the scan range is smaller than for the LagsSrooMnQ; single crys-
tal, only the region around the Corbino disk was examined. Therefore the re-
gion outside the disk is the gold contact, which acts more like a short than the

Lag7CagsMnQ; disk. Thus the frequency shift increases above the disk, since it
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shortens the resonator less effectively than the gold contact.,

Here the frequency shift as well as the 2f signal show features inside the
Corbino disk and these are symmetric around the center of the disk. The features
in the center of the disk have a size of the order of the spatial resolution of this
probe, 500 um. Therefore it is hard to exactly determine their origin, but the
general cylindrical symmetry will have an effect as well as the center gold contact.

These measurements show that at least for the thin film there is a difference
whether the probe is directly above the center of the sample or slightly next to the
center. However, for several reasons it is hard to draw conclusions that will also
apply to our actual Corbino experiment. Firstly, the single crystal did not show
those effects, but the single crystal is also harder to measure with the microscope
than the thin film. Secondly, the probe of the microscope is held above the sample,
whereas in the Corbino geometry we require direct electrical contact. Finally, the
diameter of the microscope probe is not exactly the diameter of the Corbino sample.

Thus the thin film data suggests that the alignment of the Corbino probe
with respect to the sample disk has influence on the actually measured surface

impedance, but the effect in case of the single crystal is hard to estimate.
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