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2 Introduction to millimeter wave spectroscopy 

1.1 Millimeter wave spectroscopy 

1.1.1 Spectroscopy 

"Spectroscopy: the production and investigation of spectra" [1] 

In 1672, Sir Isaac Newton was the first "spectroscopist" to observe a "spec
trum" by passing light, using the sun as source, through a prism, separating 
the white light into colors, and calling it a spectrum. A spectrum is com
posed of electromagnetic waves (visible/invisible), ordered by their charac
teristics, the wavelength λ or frequency ƒ (energy). 
In the last century the science of spectroscopy has expanded, and the stud
ied spectrum of electromagnetic waves now includes, on the long wavelength 
side, infrared and radio waves, and on the short wavelength side, ultravio
let, x-rays, and gamma rays, see figure 1.1. This electromagnetic spectrum, 
ranging from gamma rays to radio waves, reveals the extremes of nature, 
the structure of galaxies and of atoms. 
On the short wavelength side of the electromagnetic spectrum, ultraviolet 
spectroscopy became widely spread in the 1930s and is used to study the 
electronic structure of atoms through ionization of these atoms. X-rays, 
discovered by Röntgen, have wavelengths of the same order of magnitude as 
the distance between atoms in crystals, and they are employed to determine 
crystal structures from diffraction patterns. 
On the long wavelength side of the electromagnetic spectrum, infrared spec
troscopy became widely spread in the 1940s and was used to perform struc
tural studies of matter, like for example the observation of vibrational modes 
in molecules. Extending the spectra to far infrared, also rotational transi
tions could be determined. Microwave spectroscopy, using high frequency 
radiowaves, allows detection of the magnetic excitations of unpaired elec
trons. 
All these spectroscopic techniques are widely spread and used by physicists, 
chemists, biologists, astronomers, etc.. to study properties of matter [2-5]. 

1.1.2 Mil l imeter wave excitat ions 

Millimeter waves cover a decade of the electromagnetic spectrum with wave
lengths between 1 and 10 mm (/=30-300 GHz =>• £=0.12-1.2 meV). On 
both sides of the millimeter wave regime in the electromagnetic spectrum, 
far infrared and microwave spectroscopy have already proven to be very suc
cessful methods to study material properties [5]. 
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Figure 1.1: Schematic presentation of the electromagnetic spectrum, 
where the wavelength increases from left to right. The boundaries be
tween regions in the electromagnetic spectrum are arbitrarily choosen. 

But also in the millimeter wave regime many fundamental low energy excita
tions, like electron spin resonances, cyclotron resonances, plasma resonances, 
magnetic resonances, etc. can be found. The energy range from 0.12 to 1.2 
meV corresponds with temperatures between 1.6 and 16 К (квТ) and for 
spin resonances this corresponds to magnetic fields from 2 to 20 Τ (μ^Β). 
• In far infrared spectroscopy there is a tendency to go to lower energies. 
During the last decades of this century, a strong interest has developed in 
the study of excitations of correlated electron systems [6, 7], with typical 
energies in the millimeter wave regime. Cyclotron resonance experiments on 
interacting electron systems, like in organic conductors or two-dimensional 
electron gases, quite often reveal high effective masses of these interacting 
carriers [6, 8]. This corresponds to cyclotron energies in the millimeter wave 
regime, even for magnetic fields up to 20 Τ. 
In superconducting materials, where correlation effects between electrons 
play a very important role, typical excitations may have energies in the mil
limeter wave range. For anisotropic high T c superconductors a reflectance 
edge appears when Τ is lower than Tc, caused by a phase oscillation of 
the order parameter [9]. To study this plasma frequency dependence on 
temperature and magnetic field, one therefore needs to use millimeter wave 
spectroscopy. 

• In microwave spectroscopy, in particular in electron spin resonance spec
troscopy there is a tendency to start using higher frequencies and to develop 
broad-band spectrometers [10]. At higher frequencies the sensitivity is in
creased, because smaller resonators and samples can be used. The g-value 
resolution is increased, allowing to resolve anisotropics in the ^-value better. 
A high frequency broad-band spectrometer is very useful to study high spin 
systems with large zero-field splittings and non-linear field dependencies, as 
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often observed in systems where lattice distortions or spin-orbit interactions 
play important roles [11]. 
In several systems the magnetic interaction between spins affects the be
haviour of the sample. In case of weak magnetic interactions, this effect 
can result in shifts of the electron spin resonance conditions towards higher 
energies or higher magnetic fields, or in a broadening of the electron spin 
resonance [12]. In strongly interacting systems [13] the behaviour of the 
magnetic moments may even be totally different due to the interaction, re
sulting in (anti)ferromagnetic resonances in the millimeter wave regime. 
The examples mentioned before clearly demonstrate that there is a need for 
high resolution millimeter wave spectroscopy . 

1.1.3 Mil l imeter wave technique 

Between the far infrared region (optical techniques) and the radiowave area 
(microwave techniques) are the millimeter waves, see figure 1.1. As described 
before the millimeter wave spectral region is very important for physics. 
Studies in this area are limited, and this is primarily caused by technical 
difficulties. These difficulties concern sources, guidance and detection of the 
radiation. 
• In astrophysics millimeter wave sources in interstellar space and star form
ing regions are studied [14], similar to Newtons first experiments. Here 
molecules in the gas phase can rotate freely, thereby emitting radiation with 
energies in the millimeter wave regime. In solid state physics and physical 
chemistry, this millimeter wave regime was not very much explored due to 
the absence of flexible radiation sources. 
In far infrared spectroscopy, black body radiation is used as a source in 
Fourier transform spectrometers. With decreasing energy the power in 
the tail of the black body radiation distribution also decreases. Optically 
pumped molecular gas lasers have a much higher power, but are limited to 
monochromatic radiation without tunability. 
On the other side of the millimeter wave region, in microwave spectroscopy, 
in the very high frequency range, radio tubes were improved and klystrons, 
microwave triodes and magnetrons became the common radiation sources 
[15, 16]. Extensive efforts to increase the frequency resulted in sources like 
backward wave oscillators and Gunn diodes, among others helped by the 
developments in radar technology. 
• In microwave spectroscopy single mode waveguides are used to trans
port the electromagnetic waves. Towards the millimeter wave regime, due 
to the shorter wavelength, dimensions of single mode waveguides decrease 
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and Ohmic losses in the walls become more important. In single mode 
resonators, as used in microwave spectroscopy to obtain a good magnetic 
interaction with the sample, this requires very small samples. 
In far infrared spectroscopy on the other hand, free space optics with mirrors, 
lenses, beamsplitters, polarizers, etc. is used. At the same time, the wave
length of the radiation becomes comparable to sample dimensions. There
fore, if transmission and reflection techniques are used, as often done in the 
far infrared, one needs large samples, and only a poor magnetic coupling to 
the samples is achieved. 
Last but not least, when concerning sizes, the need for experiments in high 
magnetic fields and low temperatures, also puts a strong limit on the avail
able space for an experiment, typically a few cubic centimeter. 
• To detect the radiation in far infrared spectroscopy, usually bolometers 
are used. In microwave spectroscopy one frequently prefers diodes to detect 
the radiation, but also bolometers are used. In many cases the detection of 
millimeter wave radiation is done by creating a low frequency interference 
signal between the incoming radiation and a local source, so-called hetero
dyne detection. This technique is particularly favoured in astrophysics. 
In our case we have to make a compromise between and a combination of 
optical and microwave techniques. We developed an experimental setup 
for spectroscopy on solids in the millimeter wave range, and have thereby 
pushed the microwave generation and detection techniques towards the op
tical regime. For this purpose we used frequency multiplication of tunable 
sources [17] achieving a very high energy resolution compared to far infrared 
techniques. Using microwave resonators, we also increased the sensitivity 
compared to optical techniques substantially. The advantage of the phase 
sensitivity of our technique [17] offers better data analysis techniques for the 
measurements, as will be shown in this thesis. 

1.2 Scope of this thesis 

In this thesis the method and application of millimeter wave spectroscopy 
in material research will be described as follows. 
In chapter 2, the experimental technique will be explained in more detail. We 
will describe the principle of operation and features of the Millimeter wave 
Vector Network Analyzer (MVNA), which we used as source and detector. 
Next, the millimeter wave spectroscopy setup we used at low temperatures 
and high magnetic fields will be shown. This technique provides information 
which is in an indirect way determined by material parameters. The neces-
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sary method to analyze the experimental data will be described for different 
measurement circumstances, using the cavity perturbation technique in the 
depolarization or skin depth regime [18], and direct reflection analysis. 
Several material studies will demonstrate the power of our experimental 
technique and the analysis method in different situations. Among these 
studies of different materials and physical phenomena are: helicon waves 
in doped semiconductors (InSb, section 2.5.1), electron spin resonances in 
diluted magnetic semiconductors (ZnTe, ZnSe and ZnS with Cr, section 
2.5.2), plasma resonances in high T c superconductors (I^-xSrxCuO^ sec
tion 2.5.5), cyclotron resonances in molecular conductors ((DMe-DCNQI)2-
Cu, section 2.5.4), electron spin resonances in endohedral fullerene powder 
(Erm@C2m section 2.5.3), and magnetic resonances in rare-earth orthofer-
rites (Yo.5Lo.5FeC>3, section 2.5.6). In the subsequent chapters some of these 
physical topics will be discussed in greater detail. 
In chapter 3 we will study the magnetic interactions in diluted magnetic 
semiconductors. We measured in detail the electron spin resonance spec
trum of C r 2 + impurities in II-VI semiconductors at high magnetic fields up 
to 20 Τ oriented along different crystal axes. The low-lying electronic states 
of the 3d Cr 2 + ion are influenced by a Jahn-Teller effect, and have strong 
spin orbit interactions, causing zero-field splittings and non-linear magnetic 
field dependencies. We will explain our results with a theoretical crystal field 
model, derive the best fitting parameters, and compare them with other ex
periments. 
Chapter 4 will deal with a study of a low-frequency plasma edge in the high 
T c superconductor, L^-xSrzCuO/i. This plasma resonance, which is found 
in the millimeter wave reflectivity as function of temperature or magnetic 
field, will be analyzed by means of the complex reflection coefficient. The 
experimental data are compared with a theoretical model based on Joseph-
son coupled СиОг layers. We also measured the magnetic field influence on 
this c-axis plasma frequency in two different magnetic field configurations 
(Faraday and Voigt), and compare this with predictions along the Josephson 
coupled layered superconductor model. 
The last chapter describes a cyclotron resonance and electron spin res
onance experiment in the three-dimensional organic conductor ¿2[1Д;0]-
(DMe-DCNQI)2Cu. The obtained cyclotron resonance data are analyzed 
by the cavity perturbation description in the skin depth regime, and reveal 
a high effective mass of (3.35 ± 0.2)me. The same material simultaneously 
showed electron spin resonances, demonstrating the existence of insulating 
areas with localized C u 2 + spins, whose temperature dependent g-value in-
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dicates an antiferromagnetic ordering of the C u 2 + spins with decreasing 
temperature. 
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Chapter 2 

Millimeter wave magneto-optics: 
The experimental technique 

The combination of high magnetic fields and a tunable millimeter wave 
source with phase sensitive heterodyne detection enables us to perform 
high field millimeter wave spectroscopy in the energy range of 1 to 7 
cm - 1 (0.12 to 0.84 meV), extendable to 20 cm - 1 . This range is relevant 
for many interesting fundamental low energy excitations like plasmons, 
magnons, spin density wave excitations, and electron paramagnetic res
onance at high field. To study the intrinsic material properties of small 
samples, we used the well known cavity perturbation technique. For 
larger samples we have measured the reflection directly. These measure
ments were done in combination with high magnetic fields (B < 30 T) 
and at low temperatures (T > 0.4 K). We will demonstrate with some 
examples the different ways to interpret and analyze the observed signals 
in order to obtain the intrinsic material properties. 

9 
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2.1 Introduction 

Far infrared magneto-optics and microwave spectroscopy have proven to be 
very useful methods to study material properties such as the dielectric func
tion or the magnetic susceptibility [1-7, 9]. Far infrared magneto-optics for 
example has been used extensively to study free-carrier properties in semi
conductors and semimetals, using Faraday rotation, cyclotron resonance and 
plasma resonances [7, 8]. Microwave spectroscopy, energetically lower in the 
electromagnetic domain, is used to study spin excitations, for example EPR 
and NMR, in different kinds of samples, ranging from solids to gases con
taining elements from all over the periodic table [9]. 
However we wanted to study material properties of solids in the millimeter 
wave regime. Due to the complicated nature of existing measuring tech
niques several interesting low energy excitations are not much investigated. 
Some of these excitations are found in the energy range from 1 to 7 c m - 1 , 
which bridges the gap between the conventional microwave and far infrared 
spectroscopy, see figure 2.1. In this energy range appear many low energy 
excitations, including electron spin resonance, cyclotron resonance, plasmon 
mode, AFMR, etc. The combination of suitable millimeter wave sources 
and detectors with high magnetic fields and low temperatures makes these 
excitations experimentally accessible. A few examples of some low energy 
excitations are, 

• Cyclotron resonance шс = ^ , m * = l , f=200 GHz => B=7.13 Τ 

• Electron spin resonance WL = ^ , g=2, f=200 GHz => B=7.13 Τ 

• Plasma resonance / p « 600 GHz in Lai.gSro.iCuO^ 

• Antiferromagnetic resonance /AFMR ~ 200 GHz in Yo.sLuo.sFeOs 

In this millimeter range tunable radiation sources are not readily available, 
and thermal sources as used in far infrared spectroscopy are very weak. But 
when a large amount of power is not necessary, we can use low frequency 
sources and frequency multipliers for performing spectroscopy. To detect the 
radiation, again frequency multiplying devices are used to downconvert to 
radio frequency signals. With a recently developed new type of Millimeter 
wave Vector Network Analyzer [5, 10] (MVNA) it has become possible to 
conveniently perform phase sensitive spectroscopy on solids in the frequency 
range between 30 and 210 GHz. l 

From the far infrared point of view, the wavelength is increasing towards 
sample dimensions and leads to standing wave problems and difficulties in 

1 / = 3 0 GHz => wavenumber=l c m - 1 =>· £=0.12 meV =*• λ =10 mm 
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Figure 2.1: Spectral diagram, placing millimeter wave spectroscopy 
in between the well known far infrared (ƒ > 300 GHz), and microwave 
spectroscopy (ƒ < 30 GHz). 

coupling to the sample. As a consequence of the standing waves we will 
therefore mainly measure at fixed frequencies as function of other external 
parameters. From the microwave point of view, the wavelength is getting 
shorter, decreasing single mode waveguide dimensions and increasing losses. 
Experimentally also the contingency factors, low temperatures and high 
magnetic fields limit the space of the setup. 
But we developed an experimental setup to conveniently perform spec
troscopy on solids in this frequency range (30 - 210 GHz) in combination 
with high magnetic fields (B < 30 T) and low temperatures (T > 0.4 K) [11]. 
We used a combination of quasi-optical and microwave techniques to achieve 
this. Furthermore, the vector measurements, amplitude and phase of the sig
nal, using heterodyne detection, allow us to observe directly the absorptive 
and dispersive part of a resonance, without using any bridge technique. To 
get both real and imaginary parts of a sample response from scalar measure
ments, one has to do Kramers-Kronig analysis [12], needing a measurement 
over the whole frequency spectrum. The amplitude and phase information 
also enables us to analyze the reflected signal in more detail compared to 
homodyne detection systems, which we will show later. 
To study samples smaller than the wavelength, we used the cavity pertur
bation technique [13-19], measuring the change of the characteristics of a 
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resonator upon the changing properties of the sample under investigation. 
In this way the measurement sensitivity is greatly enhanced by the storage 
of electromagnetic energy in a resonating structure at resonance. 
When the electromagnetic radiation penetrates totally through the sample, 
depolarization regime (ωρ < ω, non-conducting samples) [13, 16], we are 
able to extract from the reflected vector signal, the absorptive and disper
sive part of a resonance. For electron paramagnetic resonances this leads to 
the complex magnetic susceptibility of the studied material. 
In the case that the electromagnetic radiation is confined to a small vol
ume near the surface of the sample, skin depth regime (ωρ > ω, conducting 
samples) [13, 18], we can derive from the changing reflected vector signal 
as function of one of the experimental parameters, the surface resistance 
and reactance dependence of the material under investigation. The surface 
resistance and reactance is equivalent to the complex dielectric function or 
the complex conductivity of the material. 

If the sample is sufficiently large, typically several millimeters, then instead 
of measuring the reflected signal from a resonating structure containing a 
sample, we can also replace the resonating structure by the sample, and 
measure the direct reflectance of the millimeter wave signal from the sur
face. The complex reflection coefficient can then be related to the complex 
material properties [7, 20-22]. 

In section 2 we will first describe the principle of operation of the Millimeter 
wave Vector Network Analyzer (MVNA) and discuss its distinctive features. 
The next section will show the instrumental setup we used at low temper
atures and high magnetic fields to measure the material properties. The 
coupling of the MVNA as source and detector to the waveguide system, 
the waveguide system itself passing radiation towards the cavity or sample, 
and the resonating cavity will be described. This is followed in section 4 
by information about the way the measured complex reflected signals were 
analyzed, from the experimental data leading to the material parameters. 
This includes the cavity perturbation theory in the depolarization regime as 
well as the skin depth regime, and the interpretation of the direct reflection 
signals from a sample. Section 5 shows a few examples of material property 
studies, showing how the experimental data should be analysed in differ
ent situations. Among the different materials studied were: diluted mag
netic semiconductors (ZnTe, ZnSe and ZnS with Cr), high Tc superconduc
tors (La2_iSrxCu04), molecular conductor ((DMe-DCNQI)2-Cu), endohe-
dral fullerene (Erm@Ce2), and rare-earth orthoferrites (Yo.sLo.sFeOa). This 
chapter will be ended by a short discussion about the data analysis process. 
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Figure 2.2: Schematic diagram of the general operation principle of 
the Millimeter wave Vector Network Analyzer (MVNA). The millime
ter wave F m m is generated by a Schottky diode HG (Harmonic Gen
erator) and detected by HM (Harmonic Mixer), which both frequency 
multiply the signals from the two phase locked centimeter sources ( 1 
& 2 ). The interference signal F^ is detected by a vector receiver. 

2.2 MVNA 

The Millimeter wave Vector Network Analyzer (MVNA), which is a com
mercial product of AB Millimètre, and which design is patented by CNRS 
and AB Millimètre [10, 23], is a solid state electronics based vector ana
lyzer capable of measuring the amplitude and phase of a tunable frequency 
signal. The vector measurements are more complete compared to scalar 
measurements, and permit unambiguous determination of all parameters 
involved [5, 8]. 
The MVNA is using purely solid state electronics, this means using non
linear devices for frequency multiplication and harmonic mixing to perform 
down-conversion, which enables the heterodyne detection. Figure 2.2 shows 
a very general picture of the principle of operation of the MVNA. The 
MVNA uses two centimeter wave sources (YIG oscillators), which are tun
able oscillators between 8 and 18 GHz (Sources 1 and 2). As frequency 
multiplier (Harmonic Generator HG), a Schottky diode is used as a non
linear device. An identical Schottky diode is used as a Harmonic Mixer 
(HM) to down-convert the signal. The millimeter wave frequency Fmm is 
generated by the harmonic generator, powered by the tunable source 1 at 
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Figure 2.3: A detailed schematic representation of the MVNA. The 
upper part of this figure is equivalent to figure 2.2. On the left hand 
side the frequency stabilization loop with the microwave counter can 
be seen. The right hand side shows schematically the detection and 
down-conversion of the interference signal Nf in the vector receiver. 
The computer at the bottom controls all frequency settings and records 
the sampled receiver output signal. See text for more details. 
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frequency F\, 

Fmm = NxFu (2.1) 

with ΛΓ=1,2,3,4,...., and Fmm containing all possible harmonics of F\. The 
harmonic mixer, powered by source 2 at a frequency F2, down-converts the 
high frequency signal Fmm to a low frequency intermediate signal (MHz 
range) Fjf, which is defined by 

Fa = Fmm-NxF2 (2.2) 

= Nxf. (2.3) 

Since the two sources 1 and 2 are phase locked to one another, the signal 
at F\( contains the amplitude and phase information of the millimeter wave. 
Phase locking the two sources also results in a reduction of the phase noise 
in the intermediate frequency signal, not anymore being due to the sources 
themselves, but determind by the phase lock quality. The big advantage of 
this way to realize phase sensitive detection is that no expensive and hard 
to find directional couplers are needed to have a compensation signal. 
A very large dynamic range can be achieved since the receiver can be made 
with a very narrow bandwidth. By adjusting the frequency difference be
tween the two sources (F\ — F2) to match the frequency of the receiver, many 
harmonic orders N can be used. The frequency coverage is very broad since 
the harmonic N can be varied. The whole system is very small and flexible 
due to the solid state technology. 

Figure 2.3 gives a more detailed overview of the detection schema of the 
MVNA. The upper part of figure 2.3 shows the harmonic generator and 
mixer, coaxially connected to the two YIG oscillators. The master YIG is 
set at a frequency Fi and locked to a microwave counter to stabilize the 
frequency with a feedback loop. The achieved frequency stability can then 
be improved compared to free running YIG oscillators, to about 1 kHz pre
cision. The second YIG oscillator, the slave, is phase locked to the master 
YIG with a slight frequency offset ƒ. This frequency offset ƒ is generated 
by a digital synthesizer which is clocked by 33.3 MHz derived from the main 
reference oscillator at 50 MHz, and controlled by the computer. This fre
quency ƒ can be adjusted according to the harmonic we want to detect. 
After the harmonic mixer, the interference signal (beat) has a frequency of 
Nf, the harmonic number times the frequency offset between master and 
slave YIG. This frequency is for all ЛГ > 3 equal to 34.0105 MHz. In the first 
stage this signal is down-converted to 9.0105 MHz, by mixing with a 25 MHz 
signal from the same main 50 MHz reference oscillator as which is clocking 
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the frequency difference ƒ. This low frequency signal at 9.0105 MHz is then 
down-converted in the receiver with the use of a 10 MHz signal derived from 
the main 50 Mhz reference oscillator. The output of the receiver is then a 
10 kHz or 500 Hz signal which can be displayed on an oscilloscope or passed 
on to a lock-in. The receiver signal is sampled by the computer via a 16-bit 
AD converter, and stored on disk. Because all signals used in the down-
conversion process are correlated to the same main reference oscillator, the 
phase information is preserved over the whole process. 
In our studies, we utilize the full vector capability (phase and amplitude) 
and frequency tunability of the MVNA, enabling a precise understanding of 
instrumental effects, the coupling between the samples and the millimeter 
wave radiation and a full determination of the energy/field dependence of 
excitations. 

2.3 Experimental setup 

In this section we will describe the main parts of our experimental setup, 
the low temperature insert, the waveguide system and the cavity resonator. 
We have developed a technique which allows measurements to be performed 
at many closely spaced frequencies over a fairly extended frequency range 
[11]. This frequency tunability is important for studying excitations with 
a zero field offset in the energy versus field diagram or with strong non
linear behaviour in which case a measurement at a single frequency is not 
conclusive. 

2.3.1 Insert 

To be able to measure material properties in magnetic fields and at low tem
peratures, the sample needs to be placed in a cryostat in a magnetic field, 
and the millimeter waves must be coupled via waveguides to the MVNA 
source/detection system, see figure 2.4. The insert with cavity and/or sam
ple is placed inside a vacuum tube (typically 18 mm diameter) into a cryostat 
in a magnetic field. The magnetic fields we used are provided by a 20 Tesla 
Bitter magnet, a 25 Tesla Hybrid magnet or an 18.5 Tesla superconducting 
magnet (Oxford Instruments). To fit the insert in the vacuum tube, we 
used a 1600 mm long 13 mm diameter cylindrical waveguide. The insert 
consists of a 740 mm long brass top part, a 860 mm long stainless steel 
tube, and at the lower end of this waveguide is a 160 mm long copper cone 
from 13 mm to 3.3 mm diameter. At the end of this cone we can connect 
either a sample to measure direct reflection, or a cavity resonator, which we 
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Figure 2.4: Schematic overview of the setup used for millimeter wave 
spectroscopy. On the left hand side the MVNA is shown, coaxially con
nected to the waveguide system on the right hand side of the picture. 

will describe later. At the upper end of the insert we attach a vacuum seal, 
consisting of a polyethylene foil in between two flanges. On the lower end of 
the optical waveguide, at the outside surface, we mounted a 100Ω manganin 
heater coil around the cylindrical waveguide and at the end of the copper 
cone Allan-Bradley and R.UO2 resistors in order to control and to monitor 
the temperature of the sample. 

2.3.2 Waveguides 

The signal of continuously variable frequency between 8 and 18 GHz is 
guided from the MVNA to the Schottky diodes via low-loss semi-rigid coax
ial cables [24] allowing a large flexibility of the system design, see figure 2.4. 
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Table 2.1: Specification and technical data of the three different 
waveguide bands (U, W and D) we used for covering the frequency 
range from 30 GHz to higher frequencies. 

Band 

U-band 
W-band 
D-band 

Designation 

WR-19 
WR-10 
WR-6 

Cut-off 
frequency 
31.41 GHz 
59.05 GHz 
90.85 GHz 

Operating 
range 

30-60 GHz 
60-120 GHz 
>120 GHz 

Characteristics 

flat-band 
tunable 
tunable 

The coaxial cables are connected to the Schottky diodes by SMA connectors. 
The same coaxial cable is used between the MVNA and the EIP-575B source 
locking microwave counter [25], in the frequency stabilization loop. To cover 
the whole frequency range, we used three sets of Schottky diodes [26]. In 
table 2.1 the three bands that were used (U, W and D), are specified by 
operating frequency range and cut-off frequency. Changing between bands, 
replacing the Schottky diode set HG and HM, can easily be done at room 
temperature. The high frequency limit is set by the frequency at which the 
signal drops below the noise floor of the system. 
The millimeter wave signal generated in the harmonic multiplier is then 
guided via a tapered transition piece of starting waveguide to Q-band [27], 
and to a transition from Q-band to circular 13 mm optical waveguide. 
Smooth conical transitions are used whenever the change in waveguide di
mensions might lead to impedance mismatches, thereby minimizing un
necessary reflections. These oversized waveguides (light pipes) lead quasi-
optically the millimeter wave radiation towards an optical mylar beam split
ter (50 - 250 /xm). From there, part of the radiation can go straight through 
to the cryostat. The remaining part, reflected from the beamsplitter, is 
absorbed in a piece of cylindrical waveguide containing absorbing material. 
The signal from the insert termination, reflected from the sample or cav
ity, is reflected by the beamsplitter towards the detection Schottky diode in 
the horizontal section, or transmitted into the generator arm, giving rise to 
possible standing waves in the vertical section of the wave guidesystem. 
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2.3.3 Cavity resonator 

At the end of the insert we connect a cavity resonator to the 3.3 mm cone 
aperture. We use an oversized cylindrical copper cavity (i=20 mm, d=12.5 
mm) of which the bottom and top plates can be removed. The diameter of 
the coupling hole centered in the top plate of the cavity is about 1.4 mm. 
Because of the tunability of the millimeter wave source, which allows to tune 
the frequency in resonance with one of the many resonant cavity modes, we 
are not restricted to a particular frequency of a cavity mode [28-30]. 
Measuring electron paramagnetic resonances (magnetic dipole transition), 
the RF magnetic field must be perpendicular to the static magnetic field, 
and the sample should be placed at the maximum of the amplitude of the 
RF magnetic field. Therefore we mount our sample at the bottom of the 
cavity in a magnetic field antinode [33]. 

For measuring cyclotron resonances (electric dipole transition), we need an 
RF electric field perpendicular to the static magnetic field. At the walls 
of the cavity the RF electric field vanishes and therefore the samples are 
mounted off-axis and approximately at a distance λ/4 above the bottom of 
the cavity, to be in an electric field antinode. 

2.3.4 Direct reflection 

We can also directly connect our sample to the cone aperture at the end 
of the insert. To measure the response of the sample to the RF electric 
field perpendicular to the static magnetic field (Faraday configuration) [7], 
then we glue the sample directly to the cone end. If we, however, want 
to measure the response of the sample to the RF electric field parallel to 
the static magnetic field, (Voigt configuration) we place at the end of the 
cone a 45° mirror to change the electric field direction (instead of the static 
magnetic field direction), and the sample is then located behind the mirror, 
terminating the system. 

2.4 Data analysis 

In this section we will describe the analysis of the experimental data towards 
the material parameters. We start with a few general definitions needed 
for the analysis. Then we will discuss the instrumental effects, followed 
by a description of the cavity perturbation technique in terms of material 
parameters. This is split into two parts, one for the depolarization regime, 
uniform penetration of the electromagnetic fields, and one for the skin depth 
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regime. We will finish this section by treating the relation between material 

parameters and direct reflection measurements. 

2.4.1 Definitions 

With the setup for the millimeter wave spectroscopy as described above, we 
have studied the temperature or magnetic field dependence of the dielectric 
function or the magnetic susceptibility . Therefore we should discuss how the 
measured complex signal A(B,T) exp{iip(B,T)) is related to the material 
properties, and how it is affected by our instrumental setup. Shortly 

/ xm(B,T)t ε'(Β,Τ) 

{x'm(B,n e"(B,T) ' 

Instrumental 
Measuring 
Technique 

t Λ(Β,Τ) 

φ(Β,Τ) I (2.4) 

where the complex magnetic susceptibility is defined as xm{B, T)+ixm(B, T) 
and the complex dielectric function as ε (Β,Τ) +ie (Β, Τ). Both material 
properties, ε and xm naturally also depend on frequency ш, but since we 
measure at fixed frequencies we will omit this dependence. 
To be able to develop the above relationship when using resonant structures, 
it is convenient to use the complex frequency definition ώο [13, 16, 19], 

ώο = ωο - iuo/2Q, (2.5) 

where ωο denotes the frequency of a resonance, and Q the quality factor of 
a resonator, defined as [31] 

Q = A = JUL, (2.6) 
4 Γο 2πΓ 0 ' V ; 

with ωο = 2π/ο, and Го the width of the resonance. 
First we will analyse the effect the measuring system has on our experiments. 

2.4.2 Instrumental effects 

In this section we present the way we have solved the problem of standing 
waves in our system. 
In general a resonant cavity is the millimeter wave analog of an RLC-circuit 
[31, 32]. Such a RLC-circuit has a complex impedance Ζ{ώ) given by 

Ζ (ω) = Rc + і(шЬс - - L - ) , (2.7) 
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Figure 2.5: Equivalent circuit of a reflection cavity (c) coupled to the 
waveguide system (w) and generator (g) with a constant n. 

where the subscript с refers to the cavity, and which is only real when the 
circuit is at resonance. 
The equivalent circuit of a reflection cavity is shown in figure 2.5. In such 
a circuit the coupling to the cavity is described by a transformer. The 
impedance of the reflection cavity can be written as 

Ζ (ω) = n2(Rg + RW) + RC+ i(u)Lc - -—), (2.8) 

where the Rw is the characteristic impedance of the waveguides and R% of 
the generator. The response is real when the cavity is tuned at resonance. 
In practice, standing waves in the waveguides of a reflection system can 
hardly be avoided, and thus their effect should be taken into account when 
analyzing a resonance. In a single frequency EPR spectrometer, all compo
nents can be optimized for a certain frequency, and standing waves can be 
minimized. But when building a setup which should be used at many closely 
spaced frequencies over a fairly extended frequency range, it is impossible 
to avoid standing waves. Therefore our system must be represented by a 
coupled resonator system like in figure 2.6. The impedance of this coupled 
resonator system is written as 

Ζ{ω) = p2n2Rg + n 2 ( Ry, + i (uLy, - — - ) ) + Re + i(uLc — ) , 
\ \ ωΟνν// c(2 9ì 

where the subscript с refers to the cavity resonator and the subscript w 
to the waveguide system acting as a resonant structure. Consequently at 
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Figure 2.6: Equivalent circuit of our reflection setup consisting of a 
coupled resonator circuit. The resonant cavity (c) is coupled to the 
resonant waveguide system (w) and to the generator (g) with constants 
η respectively p. 

resonance of the cavity, the impedance of the system and the response will 
not necessarily be real, implying a complex multiplication factor. Thus the 
response of the cavity is obtained by dividing the measured signal by a com
plex normalization constant Ap¡ ехр(г<рн). 
Furthermore, at resonance of the cavity, the signal doesn't always vanish, 
because the cavity is only weakly coupled for all possible frequencies. This 
means we will have a constant background signal added to the cavity re
sponse. Therefore, we should subtract this complex leak signal A\, exp(i<¿>L) 
from our measured reflectance signal. In our system we do not correct for 
the background signal by hardware, like in conventional EPR spectrome
ters, where some attenuated and phase changed signal from the same source 
is added to the signal via a reference arm, a so-called balanced bridge cir
cuit [14, 29, 30, 32, 33]. But we correct by software, which is possible due 
to the simultaneous amplitude and phase measurement. 
Figure 2.7 gives a schematic description of the data analysis process in the 
polar plane, showing the leak vector subtraction and complex normaliza
tion. The observed signal Au(B,T) ехр(г<рм(В,Т)) consists of a resonant 
part and a non-resonant background signal Αχ, ехр(г ?ь) (complex leak vec
tor), which can be determined by finding the position of the resonance in 
the complex plane. Assuming this leak signal is constant over the whole 
measurement, (not depending on temperature Τ or magnetic field B) we 
can subtract this complex leak signal from the measured signal, implying a 
translation of the structure in the polar plane. The complex normalization 
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Figure 2.7: Schematic overview of the data transformation process 
using polar coordinates. The complex background signal subtraction 
leads to a translation in the complex plane, while the complex nor
malization implies rotation and scaling. 

factor AN ехр(гірц) obtained from the same fitting procedure then compares 
to rotating the structure in the polar plane. From the measured signal we 
can obtain a complex signal Α(Β,Τ) βχρ(ίφ(Β,Τ)) corrected for instrumen
tal effects following the general formula 

A{B,T)exp(i<p(B,T)) = 
Ам(В,Т)ехр(і(рм{В,Т)) - Α^χρ(ίφ^) 

Αχεχρ(ιφκ) 
(2.10) 

where the amplitude A(B, T) and phase φ(Β, Τ) signals correspond to the 
absorption respectively dispersion of a resonance. These translation and 
rotation actions change the way the amplitude and phase signals look, but 
they do not affect the physical shape of the resonances in the polar plane. 
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2.4.3 Cavity perturbat ion 

We assume that the power absorption spectrum of a resonant structure has 
a Lorentzian shape [13, 32] according to 

Λ 2 Μ = ,„ τ, ,, \, in, (2.11) 
(2πΓ 0) 2 + 4(ω - ω 0 ) 2 

φ{ω) = -ardan (2^~Ш0Л, (2.12) 

where ωο = 2π/ο is the center frequency and Го the full frequency width 
at half maximum of the resonance in the unperturbed situation. These 
two characteristics of the resonator will be affected by changing resonator 
conditions. The changes are defined as 

Δω = ω —ωο, (2-13) 

ΔΓ = Γ - Г о , (2.14) 

with ΔΓ the change in width, and a Δω, the change in the resonator center 
frequency. In these equations ω and Γ are the center frequency and width 
respectively of the cavity resonance as function of the external changing pa
rameter, for example the magnetic susceptibility of a sample as function of 
magnetic field. 

When the frequency is fixed to ωο, the unperturbed cavity resonance fre
quency, these two parameters change the amplitude and phase of the re
flected signal according to 

л(д.,дг) . Σ(($η\(*+!ΕΣ)Ύ*, (2.15) 
ωο \\u>o J \2Q ω0 J J 

*>(Δω,ΔΓ) - - o r c t o „ ( ( ^ ) / ( - L + ^ ) ) . ( 2 . 1 6 ) 

If the changes as function of an applied magnetic field or varying temperature 
are suitably small [13, 16], the absorption A(B,T) is directly proportional 
to the change in width ΔΓ and the dispersion φ(Β,Τ) to the change in 
frequency Δω. 

In the above equations we use ΔΓ and Δω which can be related to a change 
in complex frequency [13-15] according to 

Δωο = Δ ω _ . π Δ Γ ; 

ωο ωο ωο 
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where Δ indicates the change due to the external varying parameter. This 
equation holds if the perturbation of the cavity is very small and the other 
resonant cavity modes are far away [13]. If we use a small sample compared 
to the cavity volume and the radiation wavelength [14, 16], this results in a 
suitably small cavity perturbation. The complex frequency change cJo can 
then be related to the material parameters involved. 
This will be described in the following two sections about depolarization 
and skin depth regime. Depending on the ratio of the sample size a to the 
skin depth δ we can distinguish the two limiting cases; δ ^> a for the depo
larization regime and δ <S a in the skin depth regime. 

2.4.4 Depolarizat ion regime 

After having corrected the amplitude and phase signal, we have two signals 
corresponding to the absorption respectively dispersion. In the cavity per
turbation technique [13, 19, 32] at a fixed frequency, these signals can be 
simulated, knowing the change in frequency Δω and in width ΔΓ of the 
cavity resonance as function of the changing sample properties, according 
to equation 2.16. These changing cavity parameters will now be coupled to 
material properties. 
In the depolarization regime we assume that the electromagnetic fields pen
etrate totally throughout the material. In the case of magnetic materials 
under investigation, these are generally characterized by a complex magnetic 
susceptibility, defined as 

Xm(B,T) = xm(B,T) + ΐχ'ή(Β,Τ) = ß { B , ^ ' \ (2.18) 

with β(Β, Τ) the complex permeability. The complex permittivity is defined 
as 

ε(Β,Τ) = ε'(Β,Τ) + ιε'(Β,Τ) = ε«, + ¿ σ ( Β , Γ ) = 1 + 4πχ β (Β,Τ), 
ω ε ο (2.19) 

where σ(Β,Τ) is the complex conductivity, εοο the high frequency dielectric 
constant, and xe(B, T) the electric susceptibility. A sample in an externally 
applied field В от S far from the surface of the sample, sees an effective field 
В or E which can be written as the sum of the external applied field and the 
local depolarization field proportional to the former. For a magnetic field 

Β = β - 4 π η : · Μ , (2.20) 
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where M is the magnetization of the sample, and for the electric field 

E = £ - 4 7 r i ï - P , (2.21) 

with Ρ the polarization of the sample, and η the depolarization tensor con
taining geometrical effects. In both equations the depolarization field is 
composed of two factors; an intrinsic factor M or Ρ depending on the sam
ple susceptibility according to 

Ρ = XeE = d e 5 , (2.22) 

M = xmB = dmBì (2.23) 

with â e and am the electric and magnetic polarizabilities, and an extrinsic 
factor due to geometrical effects, generally expressed in terms of a depolar
ization tensor n. The polarizability α includes the geometrical shape of the 
sample. In the case of electric fields, in an electric field antinode (ß=0) in 
a cavity, the field inside the sample can be determined using equations 2.21 
and 2.23, with 

Ε=ΪΤΉ· ( 2 2 4 ) 

with η reduced to a depolarization factor along the external field direction 
and omitting any spatial dependence of the depolarization field. The electric 
polarizability is then given by 

de = _L ε~} (2.25) 
4π 1 + η(ε - 1) κ ' 

In the cavity perturbation approach, the complex frequency change is related 
to the sample polarizability following 

Δώ 
= -Απ-yáe, (2.26) 

ωο 

where 7 = foVs/Vc is a geometrical constant depending on the sample to 
cavity volume ratio (filling factor) and a constant 70 that depends only on 
the resonance mode of the cavity. 
Using equation 2.17 and splitting it in real and imaginary parts, we find 
that in the limit of small perturbations, the changes in the cavity resonance 
parameters ωο and Γ are 

Αω _ (ε'(Β,Τ) - 1)[1 + n(e'(B,T) - 1)] + η ( ε " ( £ , Γ ) ) 2 

ωο 7 [1 + η(ε'(Β,Τ)-1ψ + [ηε"(Β,Τψ Л'""> 

^L = „ e" (В, Г) , 2 2 8 ì 

ωο Ί[1 + η(ε'(Β,Τ) - Ιψ + [пе"(В,Т)Г { ' ' 
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as derived by Buranov and Shchegolev [16]. 

In the case of magnetic fields, when the sample is placed in a magnetic field 
antinode, a similar derivation yields 

— = - ^ 7 a m , (2.29) 

with a m the magnetic polarizability. With an analogous derivation, replac
ing ε'(Β,Τ) by μ'(Β,Γ) and ε"(Β,Τ) by μ"(Β,Τ) we find 

Δω _ (μ'(Β,Τ) - 1)[1 + η(μ'(Β,Τ) - 1)] + η(μ"(Β,Τ))* 

ω0

 Ί [1 + η(μ' (Β,Τ)- 1ψ + [ημ" (Β, Γ)]^ ' ^ ^ 

ΐΔ£ = 7 ^(Β,Γ) ( 2 3 1 ) 

ω 0

 Ί[1 + η(μ'(Β,Τ)-1ψ + [ημ"(Β,Τψ' Κ ' 

in terms of the real μ {Β, Τ) and imaginary μ (Β, Τ) part of the magnetic 
permeability. 
Thus knowing the complex dielectric function ε (Β, Τ) or the magnetic per
meability μ(Β,Τ) of the studied material in the cavity we are able to sim
ulate via Δω and ΔΓ the amplitude A(B, T) and phase φ(Β,Τ) of a cavity 
reflection measurement. But having measured the amplitude and phase, we 
want to derive the material properties from this information. Therefore, 
equation 2.26 can be inverted and combined with equation 2.25 to get 

Ail) 

ε(Β,Τ) = 1- " ° Δ ώ , (2.32) 

which directly relates the change in complex frequency ^ to the complex 
dielectric constant ε(Β,Τ). Equating real and imaginary parts, we find 

Л + пАиЛ Δω , „ ( Ζ Γ Δ Ι Λ 2 

ε (Β, Τ) = 1 - - ^ ω-^-ψ ^ Ц - , (2.33) 

ε"(Β,Τ) = -^ 5. (2.34) 

If we assume the electromagnetic fields to penetrate throughout the whole 
sample and taking the limit ¿ + ε — 1 » ε , respectively ^+Xm S> xm [13], 
the transformed amplitude signal, which is the absorption, will be directly 
proportional to the imaginary part of the dielectric constant ε (Β, Τ) resp. 



28 Millimeter wave magneto-optics: The experimental technique 

magnetic permeability μ (Β,Τ) and the transformed phase signal, the dis
persion, to the real part of the dielectric constant ε {Β, Τ) resp. magnetic 
permeability μ (Β,Τ). 

2.4.5 Skin depth regime 

In the skin depth regime, in contrast to the depolarization regime, the elec
tromagnetic field cannot penetrate totally into the sample inside the cavity 
but only into a small volume of the sample near the surface. In this case 
the so-called skin depth must be much smaller than the sample dimensions. 
In order to describe the electromagnetic response of such samples, one often 
uses the surface impedance Zs [13, 17, 18, 34, 35] defined as 

Zs = Я, + iXs = \- § i , (2.35) 

where Rs denotes the surface resistance and Xs the surface reactance [13], 
which equals the ratio between the electric and magnetic field components 
parallel to the plane of the sample surface. The surface impedance is nor
malized to the free space impedance ZQ = 377Ω, and is thus dimensionless. 
In a cavity perturbation experiment at fixed frequency [13], the corrected 
amplitude and phase signals correspond to the absorption respectively dis
persion of a measurement. They can also be calculated by formulas 2.15 and 
2.16, knowing the change in frequency Δω and in width ΔΓ of the cavity 
resonance as function of the changing sample properties. If the disturbing 
influence of the sample in the skin depth regime on the cavity resonance is 
small, these parameters Δω and ΔΓ can be related to the changing surface 
impedance of the sample [13, 35]according to 

Δώ Δω .πΔΓ , . - . . 
= ι = £AZS, (2.36) 

ωο ωο ωο 

in which ξ is a geometrical factor, the so-called resonator constant. In 
general ξ depends on the detailed size and shape of the sample under inves
tigation. Splitting the surface impedance into real and imaginary parts, the 
cavity resonance parameters [34, 35] change upon varying sample surface 
impedance following 

— = CAR*, (2.37) 
ωο 
Δω 

= (AXS, (2.38) 
ωο 
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where the change in surface resistance AR¡¡ is proportional to the extra loss 
and consequently proportional to the change in resonance width caused by 
the sample. The surface reactance AXS is proportional to the frequency 
shift of the cavity resonance. 
The surface impedance of a sample depends on its complex conductivity 
σ(Β, Γ) = σ (Β, Τ) + ισ (В, Τ), which is determined by the external param
eters (B,T) of the experiment. The relation between the surface impedance 
and sample conductivity is given by the expression 

^-VWssfe (2'39) 

where εο is the free space dielectric constant. Solving for Rs and Xs in 
terms of the real σ (Β, Τ) and imaginary part σ (Β, Τ) of the conductance, 
we obtain 

Rs(B,T) = П(В,Т)у/і + а(В,Т), (2.40) 

Xs(B,T) = Q(B,T)^l-a{B,T), (2.41) 

where the parameters ЩВ, T) and a(B, T) are defined as 

Ω(Β,Τ) = 
(εοω) 2 

4[(σ'(Β,Τ))2 + (σ"(β,Τ))2] 
(2.42) 

α(Β,Τ) = - • σ"{Β'Τ) (2.43) 

ν / ( σ ' ( β , Γ ) ) 2 + (<τ"(β,Τ))2 

From the above equations follows that for a good metallic conductor, σ (Β, Τ) 
» σ (Β, Τ), the surface resistance and reactance are equal and can be writ
ten as 

Rs{B,T) = Xs(B,T) = Ü(B,T) = ωδ(<^Τ\ (2.44) 
2co 

with со the speed of light in vacuum. The sample can then also be charac
terized by the classical skin depth δ(Β,Τ), the characteristic distance which 
the fields penetrate into the material, and which is defined according to 

δ(Β,Τ) = со J ,f ° = J 4ïf^V (2·45) 
Η ω σ ( β , Γ ) у μοωσ [Β, Τ) 
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with μο the free space magnetic permeability. 
The above relations between surface impedance and cavity characteristics, 
equations 2.37 and 2.38, are used for a conducting sample inside a cavity 
resonator. But if the sample is large enough we may well make the sample 
a part of the wall of the resonator and use it as endplate of the cavity. 
Although the derivation is different, we can use the same set of equations 
2.37 and 2.38, but now £ does not depend on the sample size and shape but 
only on the geometry of the cavity and the mode excited inside it. 
For large conducting samples this "endplate method" [17] is advantageous 

because many geometrical problems may be avoided. But to ensure the 
structure still operates as a resonator, the sample thickness must be larger 
than the skin depth of the material, a » δ. In comparison to direct reflection 
techniques the sensitivity is increased due to multi-reflections to the sample 
surface. 
Generally, knowing the complex conductivity σ(Β,Τ) of a sample, we can 
simulate the amplitude A(B, T) and phase φ(Β,Τ) of the signal using the 
complex surface impedance Zs and complex frequency shift Δώ. 

2.4.6 Direct reflection 

The former two sections describe the analysis of experiments done with a 
sample in a resonant cavity, using the cavity perturbation technique. Some
times it is more convenient to determine sample parameters from the ob
served amplitude and phase signal of a direct reflection measurement. 
Assuming an incident (i) traveling electromagnetic wave E^(f,t),H^(f,t) 
according to [7, 20] 

E{i)(f,t) = E0exp{ik-r-iut), (2.46) 

#V.«> = jl *i*?m, (2.47) 

with к the wave vector of the electromagnetic wave which amplitude is given 

by 

|*| = - | f t | . (2.48) 
со 

The index of refraction ή is defined through 

η = n + ik = , 
Доёо 

(2.49) 
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in which the material properties are presented by the complex dielectric 
constant ε and the complex magnetic permeability μ. We limit ourselves 
further to normal incidence of the electromagnetic wave (E^ perpendicular 
to the plane of incidence) from vacuum (εο,μο) to a plane surface of an 
infinite half-space of material with ε and μ. 

In this case the electromagnetic wave is partially reflected and partially 
transmitted (absorbed) into the half-space. The reflected (r) and trans
mitted (t) waves are determined by the boundary conditions depending on 
the material properties. The reflection from a surface is characterized by a 
complex reflection coefficient which is defined as 

Ε^τΗτ t) 
£ДЧ(г,<) 

and can also be written in terms of an amplitude \r\ and phase angle фт. 
The transmission coefficient can be written as 

- E^Hr t) 

' = gm Л = І*ІетРМ) = 1 + f > i 2 ' 5 1) 
Ev>(r,t) 

with amplitude \t\ and phase φι. 
Solving the boundary conditions for the continuity of the tangential compo
nents of E and Η at the surface of the material, 

Щ+Щ = Щ, and Щ+Щ = Щ, (2.52) 

and using the Maxwell equation 

VxJp-.fl—Ä, (2.S3) 

we find that the complex reflection coefficient is determined by the complex 
refraction index of the material following 

* = TT£ (2-54) 
Using equations 2.49 and 2.50 one can derive the amplitude and phase of 
the reflection coefficient to be determined by 

/ ( l - f i ) 2 + A:2 / n e c . 

И - V ¡ i + nÍ2 + fc2'
 { 2 · 5 5 ) 

фг = ardan f _ 2 _ fc2 j , (2.56) 
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with η and к the real and imaginary parts of the complex index of refraction 
respectively. 
When we consider the reflection from a surface of a non-magnetic material, 
that is μ = μο> with a complex dielectric constant ε = ε +ιε , we can write 
the complex reflection coefficient as 

_ 1-у/Щ _ 1 - (η + ik) . λ 

l + Jê/Го 1 + (п + ікУ [ ' 

and solve this equation for η and к as function of the real and imaginary 
parts of the dielectric constant. This leads to 

"= I — * — J / 
k = \ * j · 

which we can use to calculate the amplitude and phase of the reflection co
efficient according to equation 2.56. 
In the following discussion we treat the real and imaginary parts of the 
dielectric function as if they are independent of each other, but physically 
they should be correlated by the Kramers-Kronig relations [12]. When the 
dielectric constant ε equals the vacuum dielectric constant εο, the index of 
refraction is unity, and the reflection coefficient is zero. Plotting the re
flection coefficient in the complex plane, this corresponds to the origin, see 
figure 2.8. 
When the real part of the dielectric constant of a material ε is dominant 
(ε « ε , negligible dissipation), and positive (ε > 1), indicating a dielectric 
medium, [7, 21] the response of the material to the electromagnetic waves 
will be capacitive. Following formula 2.57, the reflection coefficient will be 
real and negative, giving 0 < \r\ < 1 and a constant phase of фг=-180°. 
Increasing ε leads to a reflection coefficient going along the negative real 
axis in the complex plane from (0,0) to (-1,0), see figure 2.8. In this case the 
information of the changing dielectric constant is measurable in the absolute 
value of the reflection coefficient. If dissipation is not negligible, ε ^0, the 
reflection coefficient will become complex, with a negative imaginary part. 
In other words, the phase angle will increase from -180°. 
When the real part of the dielectric constant of a material ε is dominant 
(ε -С Ι ε I, negligible dissipation), and negative (ε < 0), indicating a good 

(2.58) 

(2.59) 
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Figure 2.8: Representation of the domain of the complex reflection 
coefficient г in the complex plane. 

conductor with a low collision rate [7, 21], the response of the material to 
the electromagnetic waves will be inductive. Following formula 2.57, the 
reflection coefficient will be complex, with \f\ = 1 and a phase between 
—180° < φτ < 0°. Decreasing ε leads to a reflection coefficient going over a 
unit radius circle in the negative imaginary halfplane (see figure 2.8) from 
(1,0) over (0,-1) to (-1,0) on the real axis. In this case the information of 
the changing dielectric constant is measurable in the phase of the reflection 
coefficient. If dissipation is not negligible, e ^0, this means that the re
flection coefficient will deviate from the perfect circle, because it's absolute 
value \r\ will become less than 1. 

Generally, also when we correlate the real ε and imaginary part ε of the 
dielectric function via Kramers-Kronig, the complex reflection coefficient is 
always in the negative imaginary halfplane within a unit circle. 

2.5 Examples 

In this section we will show a few examples of millimeter wave spectroscopy 
studies which we performed for different physical phenomena in different 
materials. These examples demonstrate the data analysis techniques as 
described before, and are not intended to derive the full material physics 
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involved. For every example we will shortly introduce the studied material 
and the observed phenomenon, and describe the material properties such as 
dielectric constant ε or magnetic permeability μ. Then we will demonstrate 
the data analysis technique we used for that experiment. 

2.5.1 Hel icon waves in InSb 

The first example of an experiment with millimeter waves will show that 
often both the amplitude and the phase signal (measured simultaneously) 
are necessary in order to understand the observed phenomena. It will be 
shown that data analysis in the complex plane is essential to deconvolute 
the measured spectra. 
We observe the helicon waves in η-type InSb at room temperature. Helicon 
wave propagation means transmission of electromagnetic waves through the 
sample supported by a plasma of electrons [7, 36, 37]. This transparency 
for electromagnetic waves occurs at frequencies smaller than the plasma fre
quency (u> <S Up) for u>cu < Шр, with u>c = еВ/т^ the cyclotron frequency, 
and ωρ = ne2/me(f£o the plasma frequency of the electrons, where meff rep
resents the electron effective mass, and η the carrier concentration of the 
sample. The dielectric function for InSb can be written as [7, 36] 

ê(B) = ei | 1 - — ^— — | , (2.60) 
K ' \ ω(ω - шс{В) + ги)) ' v ' 

where ν is the collision frequency representing a damping term, and t\ the 
dielectric constant of the host lattice. 
At low frequencies (ω -С ωρ) and low magnetic fields the sample is opaque to 
the electromagnetic wave since the dielectric constant is negative, and there 
is no transmitted signal for шс <§; ω. As the magnetic field increases, and so 
the cyclotron frequency, the dielectric constant becomes positive for ω0 3> ш 
and the InSb sample becomes transparent for low frequency electromagnetic 
waves. This striking low frequency transparency in conducting materials far 
below the plasma frequency, caused by an applied magnetic field, is called 
"helicon wave" propagation. 
In a plane parallel slab the changing positive dielectric constant will lead to 
Fabry-Perot resonances in the transmission signal as function of the mag
netic field above the threshold magnetic field. Knowing the thickness d of 
the sample, the period of these Fabry-Perot oscillations is given by [7] 

A(B-1'2) = ^(μοωβηΓ1'2. (2.61) 
a 
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Helicon waves in InSb 
f = 35 GHz 

f = 81 GHz 
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Figure 2.9: Complex transmission signal, amplitude A(B) (normal
ized to 1) and phase φ(Β), of electromagnetic waves through an n-
type InSb sample as function of magnetic field. The measurements 
were performed for /=35 GHz (upper graph) and /=81 GHz (lower 
graph). The experiment was done at room temperature through K-
band waveguides inserted through a Bitter magnet. 
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Helicon waves in InSb 
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Figure 2.10: Polar presentation of the transmitted electromagnetic 
waves through InSb as function of the magnetic field for the ƒ=35 GHz 
(solid line) and /=81 GHz (dashed line) measurement. 

The oscillation period Δ(Β~1/2) then gives information about the electron 
concentration η in InSb. 
We measured helicon wave propagation in transmission in the Faraday geom
etry through a 2mm thick η-type InSb sample (n = 5.6 x 10 2 2 m - 3 ) mounted 
in a K-band waveguide system. The experiment was done at several mil
limeter wave frequencies in magnetic fields up to 17 T. The results of two 
such measurements are shown in figure 2.9. One can clearly see that the 
spectra of appearently the same phenomenon look totally different at differ
ent frequencies. The discrete jumps in the phase are steps of 2π to keep the 
phase in the range from -π to 7Г. 

Since not only the amplitude A(B) is measured, but simultaneously also the 
phase φ(Β) is recorded, see figure 2.9, we can present both measurements 
in a polar plot. In figure 2.10 both measurements behave identical and can 
be clearly recognized as a spiral in the complex plane, indicating the same 
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Helicon waves in InSb 

Re (transmission signal) 

Figure 2.11: Polar presentation of the transmitted helicon wave sig
nals for /=35 GHz (solid line) and / = 8 1 GHz (dashed line), after the 
background signals are removed. 

Table 2.2: The values of the complex background signals, 
А\,ехр(ііръ), used to subtract from the two measurements in 
figure 2.9. The result is displayed in figure 2.11. 

ƒ = 35 GHz 

ƒ = 81 GHz 

Leak signal amplitude 

0.464 

0.009 

Leak signal phase 

0.283π 

-0.5897Γ 
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Helicon waves in InSb 
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Figure 2.12: Corrected amplitude A(B) of the transmission signal 
from electromagnetic waves through an InSb sample as function of 
magnetic field for ƒ=35 GHz (solid line) and / = 8 1 GHz (dashed line). 
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Figure 2.13: Corrected phase φ(Β) of the helicon wave transmission 
signal as function of the magnetic field for /=35 GHz (solid line) and 
/=81 GHz (dashed line). In this picture the phase is unwrapped. 
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basic material characteristics. 
Knowing that at zero magnetic field the transmission signal should be zero, 
we can subtract a complex background signal А\,ехр{іір\) (complex leak 
signal) from both measurements, translating both signals to the origin in 
the complex plane. The values used for this complex translation are given 
in table 2.2. The result of this translation, can be seen in figure 2.11, where 
both signals are also normalized to their maximum. 
Figure 2.11 shows that the measurements counterclockwise spiral outwards 
from the origin. The signals are now zero for u)c <S ω, see also figure 2.12, 
and their amplitude A(B) increases when ω0 3> ω. In figure 2.11 every 
turn of the spiral around the origin (Αφ(Β) = 2π = 360°) corresponds to 
a change of one period of the electromagnetic waves in the InSb sample, 
due to a positive decreasing dielectric constant, causing the wavelength of 
the electromagnetic waves in the medium to increase monotonicly, see figure 
2.13. 

When the amplitudes A(B) and phases ψ{Β) of the corrected signals are 
plotted as function of magnetic field, see figures 2.12 and 2.13, a clear simi
larity between the two measurements becomes visible. 
The amplitude signal A(B) shows Fabry-Perot resonances due to multiple 
reflection interferences inside the InSb sample [7]. Every turn around the 
origin in figure 2.11, a phase shift of 2π, therefore contains a maximum and 
a minimum in the amplitude of the signal or the radius of the spiral. The 
experimental values for the electron density derived from the oscillation pe
riod are given in table 2.3. 

With this example we demonstrated that it is necessary to consider the si
multaneously measured amplitude and phase signals in a polar plane, and 
to deconvolute them before physically interpreting them. 

Table 2.3: Estimation of the electron density η for the InSb sample 
determined from the experimentally observed Fabry-Perot oscillation 
period АІВ-1'2). 

f 
ƒ = 35 GHz 

ƒ = 81 GHz 

A(B-1'2) (Τ" 1 / 2 ) 

5.9 χ Ю - 2 

3.6 χ КГ'2 

η (m" 3 ) 

6.4 χ 1(F 

7.4 χ IO22 
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2.5.2 Electron paramagnetic resonance in Zn^xCi^Te 

We performed electron paramagnetic resonance (EPR) measurements on 
C r 2 + impurities in II-VI semiconductors [38-40]. The Cr 2 + ions in a ZnTe 
crystal are strongly influenced by the Jahn-Teller effect, which leads to a 
pronounced anisotropy of the C r 2 + ion energy level structure [41-44], re
sulting in multi-resonance spectra. 
We will represent each resonance by a Lorentzian lineshape and describe the 
response of the magnetic ions in the medium by a magnetic susceptibility 
for a two level spin system [9, 33, 45], 

Xm{B) = г- , „ , , - • (2.62) 
1 -г(шо -ω^\Β))Τ 

Here χο is the static susceptibility, Τ is the effective linewidth parameter, 
a>o the measurement frequency, and ωι = gß^B/h is the Larmor precession 
frequency of the spin, with g the Lande g factor and μ& the Bohr magneton. 
Splitting Xm{B) in real and imaginary parts following 

X m ( 5 ) - - ( u o - u L ( 5 ) ) 2 + l/T2' ( 2 · 6 3 ) 

Χ™{Β) - + ( ω ο - ^ ( 5 ) ) 2 + 1/Τ2' ( 2 · 6 4 ) 

we can calculate the real xm{B) and imaginary xm(B) parts of the suscep
tibility which are shown in figure 2.14 as a function of magnetic field. 
In the limit of a small cavity perturbation, the real and imaginary parts of 
the magnetic susceptibility xm(B) are related to the dispersion and absorp
tion respectively. Then we can derive from the dispersion signal, or the real 
part of the magnetic susceptibility, the slope of the transition energy with 
magnetic field. When the energy of transitions between a two level spin 
system is increasing, дЕ/дВ > 0, like in formula 2.62 and for figure 2.14, a 
resonance in the complex plane will be traversed counterclockwise. If this 
transition energy however decreases with magnetic field, дЕ/дВ < 0, the 
complex part of the denominator in formula 2.62 changes sign, resulting in 
a sign change of equation 2.64 and mirrors the real part of the magnetic 
susceptibility in the i-axis. This causes resonance in the complex plane to 
be traversed clockwise. Therefore, the direction of rotation in the complex 
plane is related to the magnetic field dependence of the transition energy. 
An example of an electron paramagnetic resonance measurement on а Ъщ-Х 

CrxTe sample, where the magnetic field was oriented along one of the crystal 
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Figure 2.14: Calculated real and imaginary parts, xm(B) respec
tively xm(B), of the magnetic susceptibility xm(B) as function of the 
magnetic field. Parameters used in the calculation are χο= 10χ IO - 4, 
r=2.0xl<r 1 0 s, 0=2.0023 and ω0=2πχ70 GHz. 

axes, depicted in figure 2.15, shows the amplitude and phase of the complex 
reflected signal as a function of the applied field. The measured amplitude 
corresponds to the linearized reflected electromagnetic field amplitude and 
is normalized to 10. Several resonances can clearly be observed in both am
plitude A(B) and phase φ{Β) although their shape is not typical. Analysis 
in the complex plane then gives information about the shape and size of the 
signal. 

Plotting the complex signal of the third resonance in figure 2.15 in the polar 
plane a circle like shape is formed corresponding to a Lorentzian resonance, 
see figure 2.16(a). Fitting this third resonance with a circle in the polar 
plane we obtain complex values for the leak signal Α^βχρ(ΐφι,) and normal
ization constant Α^βχρ{ιφ^). These values are summarized in table 2.4. 
After subtracting in such a way obtained complex leak signal and dividing 
this resonance by the complex normalization constant according to formula 
2.10 the circle is translated, rotated and scaled in the polar plane towards 
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Figure 2.16: (a) Polar representation of the complex signal corre
sponding to the third resonance from the measurement in figure 2.15, 
and the circle fitted to it. (b) The same resonance as in (a), but after 
the transformation procedure (translation and normalization) 
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Figure 2.17: Transformed EPR. signals after subtraction of a com
plex leak signal and a complex normalization, following equation 2.10 
and using the values from table 2.4. 

a resonance corrected for instrumental effects, see figure 2.16(b). 
Then, if we plot the amplitude A{B) and phase φ(Β) again as a function 
of the magnetic field after the transformation procedure, we get two signals 
representing the absorption and dispersion of the electron paramagnetic res
onances, see figure 2.17. These signals as function of the magnetic field then 
give information about the parameters describing the Lorentzian shape, such 
as ^ L (or 5eff) and T. 

Table 2.4: Values of the complex background signal, Α\,εχρ(ίφΟ, 
and complex normalization factor, Α^εχρ(ιψ^), used to transform the 
EPR measurement of figure 2.15 to the result displayed in figure 2.17. 

Ah,N 

¥>L,N 

Leak signal 

Аьехр(і(рь) 
6.68 

0.49π 

Normalization factor 

ANexp(i<px) 

4.97 

0.08π 
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Table 2.5: Parameter values used to simulate the transformed 
EPR measurements, absorption and dispersion, of Zni_xCrzTe at 
/=137.875 GHz. We calculated this response as the sum of four inde
pendent Lorentzian lines, each with their own дед, Τ and weight. In 
the cavity perturbation calculation we used the parameters Q, 7, n, 
ω0 and χο, and added a small misorientation. 

Q 
7 
η 

ω0 (GHz) 
misorientation (°) 

Xo 
9eñ 

T(s) 
weight(%) 

resonance 1 resonance 2 resonance3 resonance 4 
5000 
0.001 

1 
2πχ 137.895 

10° 
l .OxlO - 4 

7.24 
2 x l 0 - 9 

25 

6.34 
2xl0~ 9 

25 

4.13 
2 x l 0 - 1 0 

40 

2.83 
2 x l 0 - 1 0 

10 

If the electromagnetic fields are assumed to penetrate throughout the whole 
semiconductor ZnTe sample, we can use the cavity perturbation description 
in the depolarization regime as described earlier. In the case of a small cav
ity perturbation the signals from figure 2.17 can be related to the real xm 

and imaginary x m parts of the magnetic susceptibility of this material. 
Using four Lorentzian lines (two level descriptions) and incorporating a small 
magnetic field misorientation for two of those levels, one can simulate the 
corrected complex measurement signals. Using equations 2.18, 2.30 and 2.31 
we can calculate Δω and ΔΓ as function of the applied magnetic field, which 
lead to the amplitude A(B) and phase φ(Β) using equations 2.15 and 2.16. 
The result of this calculation is shown in figure 2.18, which agrees very well 
with the transformed spectrum from figure 2.17. The values we used for the 
parameters to simulate the curves in figure 2.18 are shown in table 2.5. 
The overall shape of the resonances from figure 2.18 corresponds very well 
to the resonance shapes in figure 2.17. Only the measured absolute height 
of the narrow low field resonances is higher than measured, but this may be 
explained by the high magnetic field sweep rate used during the measure
ment, passing the resonances in only a few measuring points. 
This example demonstrates that for small samples in the cavity, after the 
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Figure 2.18: Simulated EPR signal, absorption (amplitude A(B)) 
and dispersion (phase φ{Β)), composed of four independent 
Lorentzian lines, adding a magnetic field misorientation at two of 
them. 

complex plane shape analysis and transformation has been done, the re
sponse can be very well described using the cavity perturbation equations 
in the depolarization regime. 

2.5.3 Electron spin resonance in E r m @ C 2 n 

The possibility to encapsulate atoms inside closed carbon cages, first pro
posed by Kroto et al. [46], gives rise to a wide range of novel molecules and 
materials [47]. Fullerene cage molecules containing metal atoms (М@Сгп) 
[48-50], the so called endohedral metallofullerenes, are characterized by a 
variety of techniques including mass spectrometry and electron spin reso
nance (ESR). The latter technique is used to obtain specific information 
about the electronic structure of the metallofullerenes. 
The metal atoms are suggested to be trivalent [49] according to other exper
iments, which means that an Er atom (5s25p64f126s2) in this case donates 
it's two 6s valence electrons as well as one 4f electron to the Свг fullerene 
cage. Two extra electrons pair in the lowest unoccupied molecular orbital 
(LUMO) of Св2 and form a closed shell C | j cage leaving a single unpaired 
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Erbium in C, 82 

Figure 2.19: Measured electron spin resonance spectrum (A(B) and 
φ(Β)) of the Er fullerene extract (Erm@C82) for f=79.91 GHz at 
T=1.2 K, where both resonances are visible. The amplitude is nor
malized to 1. 

electron in an unoccupied molecular orbital of the fullerene cage. This means 
that the electronic structure can be described by Er3+@Cg^\ 
Figure 2.19 presents a measurement from a high field ESR experiment on 
an Er fullerene extract [51] at frequency of 79.91 GHz, and temperature 
of 1.2 K, and shows the amplitude A(B) and phase φ{Β) of the raw sig
nal. This spectrum shows two clear resonances. Using the sharp resonance, 
which we can fit with a circle in the polar plane, we find complex values for 
the leak signal Αι,εχρ{ιφι^) and normalization constant Α^εχρ(ιφ^). Table 
2.6 summarizes the obtained values. 

But since we observe that the sharp high field resonance is still in the tail of 
the very broad resonance, the obtained complex leak signal from fitting the 
sharp resonance is not correct. Assuming the total field range covers both 
resonances completely (of resonance at 0 and 3 Tesla), the integrated cor
rected dispersion signal should be zero [32]. Calculating the average phase 
over the whole field range we find a value of -0.806π, which we will use for 
the phase of the leak signal φι, to be subtracted from the measured signal. 
We don't correct for the amplitude of the leak signal Αι,. 
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Erbium in С 82 

Figure 2.20: Instrumentally corrected (according to formula 2.10) 
electron spin resonance spectrum of the Er fullerene extract, show
ing absorption and dispersion for f= 79.91 GHz at T=1.2 K. 

After the transformation in the complex plane according to formula 2.10, 
we find two signals corrected for instrumental effects, representing the ab
sorption and dispersion of the spectrum, see figure 2.20. 
The sharp resonance at high magnetic fields corresponds to #=2.015±0.002, 
transitions of the unpaired electron ( S = | ) , and is fitted with a single Lo-
rentzian line (two level description) [9, 33, 45]. 

Table 2.6: The complex background signal, Α\,εχρ(ίφι,), and com
plex normalization factor, А^ехр(і(рм), used to transform the mea
surement of figure 2.19. 

>*L,N 

¥>L,N 

Leak signal 
ALexp(i(pL) 

0.966 

-0.875π 

Normalization factor 
Ахехр(і<рх) 

0.260 
-0.988π 
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Table 2.7: Parameter values used to simulate the ESR measurement 
of the Er fullerene extract showing absorption and dispersion. We 
calculated two independent absorption and dispersion curves with dif
ferent g, Τ parameters, but identical Q, 7, n, u>o and χο> and added 
these two spectra together in the end. 

Q 
7 
η 

ω 0 (GHz) 

Xo 

9 
T(s) 

"sharp" resonance "powder" resonance 

1000 
0.001 

1 

27ΓΧ79.91 

l.OxlO-4 

2.015 

l x l O - 7 

0||=4,3χ=8.8 

6xl0~ 1 2 

We propose that the second much broader resonance at lower magnetic fields, 
see figure 2.20, originates from transitions of E r 3 + 4f-electrons ( J = Y ) . This 
resonance cannot be fitted with a single Lorentzian lineshape, but is de
scribed by using an anisotropic g-value [9]. Assuming axial symmetry for 
the crystal field, because the E r 3 + atoms are encapsulated in Cg2 (slightly 
elongated spheres), the spin will be characterized by two g-values [32]. For 
the spin along the magnetic field axis we used <?ц=4, and for the spin perpen
dicular to the axis g±=8.8. Since we measured a powder, the Cg2 fullerene 
cages containing the E r 3 + atoms are randomly oriented with respect to the 
applied magnetic field. Therefore we also included a non-dimensional pow
der intensity distribution according to [9], allowing a random orientation of 
crystallites and an angle dependent transition probability. 
Using equations 2.18, 2.30 and 2.31, the two resonances are simulated inde
pendently from each other (but equal instrumental parameters) and added 
in the end to give a complete absorption and dispersion signal. Calculating 
Δω and ΔΓ as function of the applied magnetic field, leads to the amplitude 
A(B) and phase φ{Β) using equations 2.15 and 2.16. The values we used 
in this simulation are summarized in table 2.7, and the result is shown in 
figure 2.21. 

Comparing the simulated spectrum with the measured one, one can see that 
the agreement in shapes is reasonable considering the simplifying assump
tions. The difference between the simulation and the measurement, for the 



2.5 Examples 49 

Erbium in Cn, 

20 

о g 
en 

φ 
CO 

o' 
-20 = 

01 

a-
с 

-40 -S 

-60 
0.0 1.0 2.0 3.0 

B(T) 

Figure 2.21: Result of the simulation of the measured absorption 
and dispersion using a g=2.015 single Lorentzian resonance for the 
unpaired electron and a powder spectrum with axial symmetry for 
the Er 3 + atoms in the fullerene cages. 

sharp high field resonance at g «2, can be explained by the fact that the 
strong unpaired electron spin resonance coincides with the tail of the axial 
symmetric powder spectrum, and that no carefull lineshape study was done 
around g ss2. 
Concluding, this example shows that also for more complicated electron 
spin resonance lineshapes the analysis technique, using cavity perturbation 
equations, gives an appropriate description. 

2.5.4 Cyclotron resonance in ( D M e - D C N Q I ) 2 C u 

Cyclotron resonance measurements have been performed on the three di
mensional molecular conductor (DMe-DCNQI)2-Cu [11, 52, 53] to study the 
effective mass of the carriers. This system consists of conducting columns of 
(DMe-DCNQI) molecules, which are interconnected by tetrahedrally coor
dinated Cu ions. At low temperatures, these Cu ions are in a mixed valence 
state with an average valence of +4/3 [54], due to the orbital overlap with 
the (DMe-DCNQI) stacks. This results in a complicated characteristic 3D 
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Figure 2.22: Measured complex signal reflected from the cavity con
taining (DMe-DCNQI)2-Cu at /=82.07 GHz, showing the amplitude 
A(B) and the phase φ(Β) of the reflected signal. The reflected elec
tromagnetic field amplitude is normalized to 10. 

Fermi surface [53, 55]. 

The needle-like samples of (DMe-DCNQI)2-Cu were mounted in styrofoam, 
and placed near the bottom of the resonant cavity with the crystallographic 
c-axis parallel to the applied magnetic field. Thus applying the field parallel 
to the (DMe-DCNQI) stacks, and exciting alternating currents in the co
piane of the sample, one can probe a particular cyclotron orbit of the Fermi 
surface, the so-called α-orbit, with a dHvA effective mass of m* = 3.5 m e 

[53, 57]. 

Our experiments were performed at T=1.2 K, in which case the molecular 
conductor (DMe-DCNQI)2-Cu is in the metallic state. [53, 56]. We assume 
a complex conductivity given by 

σ(Β) = -σ0 

1 \1+і(ш0-шс)т 1 + ί(ω0+ω0)τ 
roo -——: г=—~ + -—, • г̂ —; .1 + (ω0 - ыс)2т2 + 1 + {ω0 + u>c)2r2 J ' 

(2.65) 
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Figure 2.23: Polar representation of the complex signal correspond
ing to the cyclotron resonance from the measurement in figure 2.22. 
For clarity we omitted the Cu2 + ESR resonance at low magnetic fields. 

with τ the relaxation time, and σο the zero field d.c. conductivity. 
Figure 2.22 shows an example of a cyclotron resonance measurement as 
function of the applied magnetic field from 0 to 20 Tesla, displaying the 
amplitude and phase of the complex reflected signal. In the measurement 
from figure 2.22, two resonances can be observed. The broad "resonance" 
at high magnetic fields can be attributed to a cyclotron resonance, an elec
tron orbit in the plane perpendicular to the c-axis, corresponding with an 
effective mass of m* « 3.4 m e (see also chapter 5). 

In figure 2.22 also a sharp resonance can be seen at lower magnetic fields. 
We attribute this to an electron spin resonance of tetrahedrally coordinated 
magnetically ordered C u 2 + ions. This means that the charges are not com
pletely delocalized, and that the sample must still contain insulating do
mains [56]. 

For present we shall concentrate on the cyclotron resonance feature in figure 
2.22. We can see that the cyclotron resonance has an unusual shape. It 
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Table 2.8: Parameter values used to simulate the cyclotron resonance 
measurement in figure 2.24 (absorption and dispersion) in the skin 
depth regime for (DMe-DCNQI)2-Cu at /=82.07 GHz. For the cavity 
perturbation calculation we used the parameters Q, 7, η and ωο, while 
the complex conductivity of the sample σ{Β) is characterized by m*, 
σο and r (see also chapter 5). 

Parameter 

Q 
7 
η 

ω0 (GHz) 

m* (me) 
σ0 (ίϊ-ιτη-1) 

r(s) 

Value 

1000 

0.003 
1 

2πχ 82.07 
3.4 

1000 
5 x l 0 - u 

is not a Lorentzian lineshape [32], which is more common for resonances 
observed in for example semiconductors [4, 38, 45], as we have seen before 
in figures 2.15, 2.17 and 2.18. 
Figure 2.23 shows the observed cyclotron resonance from figure 2.22 in the 
complex plane, where we omitted the Cu 2 + ESR resonance for clarity. From 
figure 2.23 it becomes clear that the shape of the cyclotron resonance is 
far from a Lorentzian lineshape, which would give a circle in the complex 
plane. The reason for this is that we have a highly conducting sample, with 
a plasma frequency much higher than the radiation frequency, in a resonant 
cavity. Then the cavity response is determined by the sample surface, which 
will result in a non-Lorentzian absorption shape [58, 59]. 
In this case we should use the cavity perturbation description in the skin 
depth regime [13, 53], because the estimated skin depth of about Ιμπι [53] 
is much smaller than the sample dimensions. Splitting the complex conduc
tivity σ{Β) from equation 2.65 into real σ (В) and imaginary σ (В) parts, 
substituting these in equations 2.42 and 2.43, we can derive the complex 
surface impedance ZS(B) consisting of surface resistance Rs{B) and surface 
reactance XS(B). Knowing the changes in surface resistance and reactance 
as function of the applied magnetic field B, we can calculate via equations 
2.38 and 2.16, the amplitude A(B) and phase <p{B) of the reflected signal. 
The values we used for the parameters to calculate the response of the sam-
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Figure 2.24: Polar presentation of the calculated complex response 
of the (DMe-DCNQI)2-Cu sample in the cavity. In the calculation we 
used the complex conductivity from equation 2.65 in the skin depth 
regime. The simulated curve has approximately the same shape as 
the measurement in figure 2.23, corresponding with the cyclotron res
onance of the α-orbit with m* = 3.4 me. 

pie in the skin depth regime, displayed in figure 2.24, are shown in table 2.8. 
Figure 2.24 shows the calculated response of the sample in the complex 
plane. The simulation of a cyclotron resonance in a conducting (DMe-
DCNQI)2-Cu sample results in a non-Lorentzian lineshape, similar to the 
shape of the measurement from figure 2.23. Because of the shape simi
larity, we can now translate, rotate and scale the experimentally observed 
cyclotron resonance to the calculated response. After subtraction of a back
ground signal and normalization, according to the values for Α\,βχρ{ΐφι), 
and Ауехр(іірн) given in table 2.9, the observed and simulated curves co
incide in the complex plane. 

After the correction for instrumental effects in the complex plane, we can 
determine the cyclotron resonance parameters. The corrected experimental 
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Figure 2.25: Corrected reflection signal from figure 2.22 after sub
traction of a complex leak signal and a complex normalization, follow
ing equation 2.10 and using the values from table 2.9. 
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Figure 2.26: Simulated CR signal, absorption (amplitude A(B)) and 
dispersion (phase φ(Β)), calculated for an electron with an effective 
mass of m* =3.4 in a conducting material via the cavity perturbation 
equations in the skin depth regime. 
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Table 2.9: The values of the complex background signal, А\,ехр(і<рі,), 
and complex normalization factor, Α^εχρ(ίφ^), used to transform the 
measurement of figure 2.22 to the result displayed in figure 2.25. 

¿L,N 

¥>L,N 

Leak signal 
Α^εχρ(ιφι,) 

6.78 
-0.54π 

Normalization factor 
ANexp(i<px) 

3.25 
-0.58π 

signal, absorption A{B) and dispersion ψ{Β) as function of magnetic field, 
is shown in figure 2.25. Converting the simulated complex cyclotron reso
nance response from figure 2.24 to amplitude A(B) and phase φ{Β) signals, 
we can plot these in figure 2.26. 
Comparing figures 2.25 and 2.26, we obtain a satisfactory agreement of the 
overall behaviour of the amplitude and phase signal between measurement 
and simulation of the reflected signal. The electron spin resonance signal at 
low magnetic field was not taken into account in the calculation, which may 
cause some differences. 
Summarizing, it has been shown that also this uncommon cyclotron reso
nance lineshape can be analyzed in the complex plane, and that the cavity 
perturbation technique can be used to give an adequate description of the 
observed signals. 

2.5.5 P l a s m a resonance in L a 2 _ i S r I C u 0 4 

We investigated the millimeter wave reflectivity in the external magnetic 
field of the high temperature superconductor La2_iSrxCu04 [2, 60-62] with 
ж=0.10. The direct reflection experiments were performed in the Faraday 
configuration [7], the RF electric field perpendicular to the static magnetic 
field, and in the Voigt configuration, the RF electric field parallel to the static 
magnetic field. In both cases we studied the c-axis optical conductivity. 
The c-axis response of this material is marked by a sudden appearance of 
a low-frequency plasma edge in the reflectance spectra when entering the 
superconducting state [2, 61, 62]. With direct reflection experiments in 
either the Faraday or Voigt configuration we studied this plasma edge by 
measuring the reflected signal from the sample as function of magnetic field 
or temperature. For every frequency the effect of the plasma frequency, 
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Figure 2.27: Measured vector signal reflected from the 
Lai.9Sro.iCu04 sample surface as function of temperature at 
/=60 GHz and B=0 T, showing the amplitude A(T) (normalized 
to 1) and the phase ψ{Τ) of the reflected signal in the Faraday 
configuration 

which is depending on temperature and magnetic field, shifting through the 
frequency of the applied radiation is clearly visible. 
The observed plasma edge can be described by a Josephson coupled СиОг 
layer model [63, 64]. This leads to a c-axis dielectric function of [61-63] 

ej(B,T)=e0ec 1 - üflg.JT 
ωί 

+ ге0£с 

(2.66) 

where η{Β,Τ) represents the quasiparticle damping term, ωρ(Β,Τ) is the 
plasma frequency, ωο the frequency of the radiation, and £c the dielectric 
constant of the lattice. The plasma frequency w^(B,T) is proportional to 
the critical current density jc(B,T), which depends on the temperature Τ 
and magnetic field В [64, 65]. For simplicity we assumed the quasiparticle 
damping term, y(B,T) to be independent of magnetic field and tempera
ture. The way the plasma frequency c¡Jp{B, Τ) depends on the magnetic field 
or temperature is not essential for the shape of the plasma edge in the com-
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Figure 2.28: Measured vector signal reflected from the 
Lai.9Sr0.iCuO4 sample surface as function of magnetic field at 
/=150 GHz and T=16 K, showing the amplitude A(B) (normalized 
to 1) and the phase ψ{Β) of the reflected signal in the Voigt 
configuration. 

plex plane. We used a phenomenological two-fluid model description [60, 64] 
for this dependency. The value of the zero-field, zero-temperature plasma 
frequency ωρ (B=0 T,T=0 K) and the critical temperature Tc therefore do 
not influence the lineshape in the complex plane. 

Figure 2.27 shows an example of a direct reflection experiment which we 
performed as function of temperature (no external magnetic field). With 
decreasing temperature the reflected signal increases in amplitude, because 
the radiation frequency goes below the increasing plasma frequency. This 
was observed before with far infrared spectroscopy [61, 62]. But in this case 
we also measure the effect of the plasma edge on the phase of the reflected 
signal. 

Instead of varying the temperature to change the plasma frequency, also 
the magnetic field can be swept. Figure 2.28 displays a measurement in 
the Voigt configuration, where the reflected complex signal was measured at 
a temperature below Tc as function of the external applied magnetic field. 
When the magnetic field increases the plasma frequency decreases and shifts 
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Table 2.10: The parameter values which we used to calculate the 
theoretical predictions for the plasma resonance shapes in figures 2.29 
and 2.30 according to the dielectric function in equation 2.66 from the 
Josephson model. 

Parameter 

ω0 (GHz) 
7 (GHz) 

ωρ (B=0 T,T=0 K) (GHz) 

Гс(К) 

£c 

Temperature sweep 
figure 2.27, 2.29 

60 
630 
600 
28 
30 

Magnetic field sweep 
figure 2.28, 2.30 

150 

1575 
600 

28 
30 

below the applied radiation frequency causing the reflected signal to change 
in amplitude and phase. 
Both measurements, as function of temperature, figure 2.27, and as function 
of magnetic field, figure 2.28, show the plasma edge. The plasma edge does 
not have a Lorentzian lineshape [32], which is more common for magnetoab-
sorption resonances [7, 66]. Therefore we should analyze the shape of the 
plasma edge in the two measurements in the complex plane. 
To calculate the complex direct reflection of the sample, we substitute the 
real and imaginary parts of equation 2.66 in equations 2.58 and 2.59. The 
amplitude and phase of the complex reflection coefficient follow from sub
stitution of the results from equations 2.58 and 2.59 in equation 2.56. The 
parameter values we used in this calculation are summarized in table 2.10. 
Figure 2.29 shows the calculated complex reflection coefficient in the com
plex plane together with the measured plasma edge. The experimentally 
observed complex reflection signal from the Lai.gSro.iCuO^ sample surface 
as function of temperature is corrected for instrumental effects according to 
equation 2.10. The translation, rotation and scaling in the complex plane, 
to obtain a reasonable agreement with theory, does not alter the shape of 
the plasma edge in the complex plane. Clearly the high temperature part 
of the calculated response, close to Tc, does not match the experimentally 
observed plasma edge. This is most probably due to the assumption of a 
temperature independent damping term -γ(Β,Τ). Closer to Tc the amount 
of quasiparticles increases, also increasing the quasiparticle damping term 
j(B, T). This results in a larger radius of curvature of the calculated plasma 
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Figure 2.29: Presentation in the complex plane of the calculated re
flection coefficient and experimentally measured reflection signal from 
the La! 9S1O 1CUO4 sample for /=60 GHz and B=0 Τ in the Faraday 
configuration (figure 2.27). For the simulation we used the complex 
reflection coefficient derivation from equation 2.56 together with the 
dielectric function in equation 2.66 using the parameters from table 
2.10. The measured reflection signal was translated, rotated and scaled 
in the complex plane to match the theoretical prediction. 

response, probably giving a better agreement. The origin of the small circu
lar resonance below Tc in figure 2.29, which has a more Lorentzian lineshape, 
is not yet understood and also not included in the theoretical simulation. 
The next step in the analysis process will be fitting the plasma edge as func
tion of temperature, as shown in chapter 4. 

Also the measurement of the complex reflected signal as function of magnetic 
field, for Lai.gSro 1CUO4 in the Voigt configuration, see figure 2.28, is ana
lyzed in the complex plane. Figure 2.30 shows the measured plasma edge in 
the complex plane including a theoretical curve, calculated as described be
fore. The agreement between the simulated and measured resonance shape 
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La, 9Sr0 ,ΟιιΟ^ Plasma edge 
f=150 GHz, magnetic field sweep 
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Figure 2.30: The simulated complex reflection coefficient and experi
mentally measured reflection signal from the Lai 9Sr0 1CUO4 sample in 
the complex plane for /=150 GHz and T—16 К in the Voigt configura
tion (figure 2 28) For the theoretical curve the parameter values from 
table 2 10 were used to calculate the complex reflection coefficient via 
equation 2 56 assuming the dielectric function in equation 2 66 The 
measured reflection signal was translated, rotated and scaled in the 
complex plane to match the theoretical prediction 

is quite good, after a complex background subtraction and normalization, 
and despite the simplifying theoretical assumptions. 
These two direct reflection measurements, as function of temperature and 
magnetic field, demonstrate the necessity of the shape analysis in the com
plex plane. The initially different looking signals are both described by a 
Josephson plasma edge (plasma oscillations in Josephson junctions between 
the superconducting СиОг layers), confirming their identical origin. 
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Figure 2.31: Measured complex direct reflection signal from 
Yo.5Lu0.5Fe03 for В || α-axis at /=170.18 GHz and T=4.2 K, showing 
the amplitude A(B) and the phase φ(Β) of the reflected signal. The 
magnetic field was increased from 10 to 15 T. 

2.5.6 Antiferromagnetic resonances in Yo.5Luo.5Fe03 

Spin excitations have been studied in Yo.sLuo.sFeOs in magnetic fields up 
to 20 Τ at frequencies between 0 and 600 GHz, using far infrared laser 
and millimeter wave techniques [67]. A magnetostriction study in strong 
magnetic fields [68] and AFMR investigations at B=0 [69] demonstrated 
that Yo.5Luo.5Fe03 is a good model system for the investigation of various 
magnetic interactions, phase transitions and spin excitations in the antifer
romagnetic Fe d-subsystem [9]. 
We used the MVNA for the measurement of the reflected electromagnetic ra
diation (amplitude and phase) as function of the magnetic field (B || o-axis) 
at fixed frequencies in the range 120 — 190 GHz at T=4.2 K. Several strong 
resonances have been observed in the measured reflection spectra near В = 
13 — 14 Τ, and could be identified as (anti)ferromagnetic resonances in the 
Fe-subsystem [67]. 
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Figure 2.32: Presentation in the complex plane of the experimen
tally measured reflection signal from the Yo.sLuo.sFeCb sample for 
/=170.18 GHz and T=4.2 К and В || α-axis from figure 2.31 (solid 
line). The dashed circles represent the Lorentzian lineshapes fitted to 
the two magnetic resonances. 

Figure 2.31 shows such a magnetic resonance, with the amplitude normal
ized to 1. At first sight, and also when only the amplitude signal is measured 
or considered, one observes a single absorption line. But since we also mea
sured the phase of the reflected signal, this vector measurement enables us 
to analyze the signal in more detail compared to scalar measurements. 
When the same measurement of figure 2.31 is plotted in the complex plane, 
see figure 2.32, one can see that the shape of this resonance is more compli
cated. Assuming that the measured magnetic resonances have a Lorentzian 
lineshape [32], corresponding with a circle in the complex plane, it can be 
seen that the measured resonance in figure 2.32 consists of two very close 
lying resonances, two parts of different circles in the polar plane. Even be
fore the first resonance as function of magnetic field is completed, the second 
resonance already takes over. This means that the inter-resonance distance 
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1 
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Y0 5Lu0 5FeO3, В II a-axis 

f=184.79GHzandT=4.2K 

Figure 2.33: Measured complex direct reflection signal from 
Yo.5Luo.5FeC>3 at /=184.79 GHz and T=4.2 K, after the transfor
mation procedure. The figure shows the amplitude A(B), absorption, 
and the phase ψ(Β), dispersion, of the reflected signal as function of 
the increasing magnetic field from 10 to 15 T. The dashed line indi
cates the mirror axis. 

Table 2.11: Values of the complex background signal, Α^εχρ{ιψι), 
and complex normalization factor, Α^εχρ(ιφ^), used to transform the 
two magnetic resonances displayed in figure 2.33. 

¿L,N 

¥>L,N 

Leak signal 
ALexp(i<pL) 

10.0 
0.597Γ 

Normalization factor 

Αχεχρ(ιφχ) 

3.31 

-0.22π 
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Figure 2.34: The dependence of the resonance frequencies versus 
magnetic field В || α-axis in Yo.sLuo.sFeCb. The points correspond 
to experimental results (v are AFMR modes and D impurity reso
nances obtained by the far infrared laser [67]. о are AFMR modes 
measured by the Millimeter Vector Network Analyzer and · from ref
erence [69]). The solid and dashed lines are theoretical calculations 
for В along the α-axis and for a 1.15° deflection of the В to the c-axis, 
respectively. 

is even smaller than the width of the resonances. The fact that the circles 
are slightly shifted with respect to each other, may be caused by a small in
strumental drift in the background signal, or complex multiplication factor. 
At somewhat higher frequencies, the two close lying resonances from figure 
2.31 are split further apart. Figure 2.33 shows the two resonances separated 
from each other, after background subtraction and complex normalization 
according to the values given in table 2.11. These values are found by fitting 
a circle (Lorentzain) to one of the two measured resonances in the complex 
plane. 

From the dispersion signal, or phase signal <p{B), we can derive the slope 
of the resonance frequency (transition energy) with magnetic field [32, 45]. 
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When the resonance frequency is increasing with magnetic field, οω/дВ > 0, 
the resonance in the complex plane will be traversed counterclockwise. If 
the resonance frequency decreases with magnetic field, θω/дВ < 0, a reso
nance in the complex plane is traversed clockwise. In this way, the direction 
of rotation in the complex plane is related to the magnetic field dependence 
of the resonance frequency (transition energy). 
From figures 2.32 and 2.33 we can conclude that the two resonances, which 
split towards higher frequencies, have opposite resonance frequency versus 
magnetic field dependences. The first resonance corresponds to дш/дВ < 0, 
while the second one gives ди/дВ > 0. Figure 2.34 shows the magnetic field 
dependence of the resonance frequencies as has been observed experimen
tally and as it is theoretically calculated. Both confirm the opposite sign of 
the magnetic field dependence. 
These measurements demonstrated the advantage of the phase information 
and the complex plane analysis, which provide a more accurate resonance 
determination than scalar measurements. 

2.6 Discussion 

The previous section showed with some examples, how we can describe the 
measured signals by assumed dielectric functions (conductivities) or mag
netic susceptibilities for different circumstances. Our ultimate goal is to 
derive the material properties directly from the measurements. We will now 
discuss how this can be done. 
The analysis process is split up in two separate steps. 

Step 1: 

First we should correct our measurement signals in the complex plane for 
instrumental effects. Therefore, we must find the position of the measured 
shape in the complex plane, and need two reference points. Or, in other 
words, we need to find the complex leak signal Ay, ехр(г<£>ь) and normaliza
tion constant А^ ехр(г</?м). 
• If we have a clear off-resonance point in the measurement (B=0, U>L=0), 

the leak signal can directly be determined. To find A$¡ and φχ is more 
difficult. We can, for example, normalize the amplitude to 1 and shift the 
phase to 0 at the on-resonance point, like we did for Lorentzian resonances. 
But this implies already that we assumed a specific lineshape, a circle in the 
complex plane, corresponding to a Lorentzian resonance. 

• In many cases it is not possible to find or define an off-resonance point, 
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let alone a normalization factor. Then we need to proceed another way, and 
first determine the lineshape in the complex plane. Considering the circum
stances of the measurement (cavity, direct reflection), we have to choose a 
data analysis description, as we have shown before. If we then make a para
metric representation of the material property under investigation, we can 
translate this description to a parametrization of the lineshape in the com
plex plane. A Lorentzian resonance in material parameters, for example, 
leads to a circle in the complex plane, using the cavity perturbation ap
proximation in the depolarization regime. We can then fit the parametrized 
shape in the complex plane to the experimental data, determining the com
plex leak signal and normalization factor. The choice of normalization factor 
immediatly implies that no absolute values can be determined this way. 
The absolute value problem can be solved by using a so-called marker, a ma
terial with a known response, in absolute value and lineshape. Measuring 
the marker simultaneously with the sample under investigation, and if there 
is no interference between the marker and sample features in the signal, we 
can use the marker response to determine the leak signal and normalization 
factor. 

=> As a result of this we can correct the experimental data for instrumental 
effects, obtaining A(B,T) (absorption) and φ(Β,Τ) (dispersion). 

Step 2: 

The amplitude and phase signals from step 1 can now be related to material 
parameters such as the dielectric function or magnetic susceptibility. 
• If we choose the direct reflection description, the amplitude and the phase 
signal can directly be compared to the direct reflection coefficient, \f\ re
spectively φτ. For example, using the inverse of equations 2.55 and 2.56, in 
combination with equations 2.58 and 2.59, we can directly characterize the 
full complex dielectric function of the sample. 

• If we measured the reflected signal from a cavity containing the sample, 
we can calculate Δω and ΔΓ, using the inverse of formulas 2.15 and 2.16, if 
we know the cavity characteristics Q and ω^. 

Depending on the sample (depolarization or skin depth regime), and using 
the cavity perturbation approximation, we can then relate Δω and ΔΓ di
rectly to the material parameters, as given by equations 2.33 and 2.34. But 
since the constants 7 and η are very difficult to determine for an arbitrary 
shaped sample in an oversized cavity, the absolute values of the material 
properties can hardly be derived. 

But if a used marker and the sample also coincide spatially, their depolar
ization (n) and geometrical factors (7 or ξ) will be equal, and the sample 
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response can be related (in absolute value) to the known marker properties. 
=>· With several experimental assumptions, it is possible to derive the di
electric function or magnetic susceptibility dependence on an external pa
rameter. 

2.7 Summary 

This chapter described the experimental technique which we used to per
form millimeter wave spectroscopy in the frequency range from 30 to 210 
GHz. We started with an explanation of the principle of operation of the 
Millimeter wave Vector Network Analyzer (MVNA), and described the ex
perimental hardware necessary to do millimeter wave spectroscopy at low 
temperatures and high magnetic fields. 
This was followed by a complete description of the data analysis procedure 
which we followed, correlating the experimentally measured amplitude and 
phase signals with the complex material parameters, dielectric constant or 
magnetic susceptibility. This analysis is based on the cavity perturbation 
technique in the depolarization or skin depth regime, depending on the sam
ple conductivity, or on the derivation of the complex reflection coefficient. 
The described data analysis procedures are demonstrated by several spectra 
of different materials. 
The experiment concerning helicon waves in InSb showed how two com
pletely differently looking measurements can be understood in the complex 
plane. After a correction for instrumental effects the two measurements re
veal identical behaviour. 
The EPR measurements of Zni-xCr^Te illustrated the complex data trans
formation, and also showed that the data can be simulated using relevant 
lineshapes and applying the cavity perturbation equations in the depolar
ization regime. 
Electron spin resonances in Erm@C2n demonstrated that in the case of un
common lineshapes the same complex data analysis process can be used to 
obtain agreement between experimentally observed and simulated spectra 
in the depolarization regime. 
In the case of the conducting (DMe-DCNQI)2Cu samples, the observed cy
clotron resonance gives a "strange" shape in the complex plane. Using the 
cavity perturbation description in the skin depth regime, we generated the 
complex sample response and could explain the experimental observations. 
In direct reflection experiments we observed a plasma resonance in the 
Lai.gSro.iCu04 superconductor. The spectrum in the complex plane was 
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also not circular like, but it was simulated sufficiently well by calculating 
the complex reflection coefficient for this material. 
Finally, ant ¡ferromagnetic resonances in Yo.sLuo.sFeCb showed how addi
tional information can be obtained from the vector measurements in con
trast to scalar measurements. 
The last section of this chapter discussed the two step analysis process from 
experimental data directly to material parameters, addressing the difficulties 
that are encountered. 
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Chapter 3 

High magnetic field EPR of 
Cr-based diluted magnetic 

semiconductors 

We have studied magnetic interactions in chromium based diluted mag
netic semiconductors (DMS) by measuring in detail an electron param
agnetic resonance (EPR) spectrum of C r 2 + over the frequency range be
tween 30 and 210 GHz at high magnetic fields up to 20 Τ oriented along 
different crystal axes. New interest in II-VI semiconducting crystals, 
in particular Zn compounds, is related to opto-electronic applications. 
At low temperatures crystals of chromium alloyed zinc chalcogenides 
ZÏÏ\-XCTX(SÎ Se, Te) demonstrate complex properties which are neither 
of Brillouin nor of Van Vleck type. The behaviour of these Cr2+ im
purities in semimagnetic materials results from the interaction of the 
ground state with the low-lying electronic states of the 3d Cr2+ ion and 
due to the Jahn-Teller induced distortion of the Cr2+ position in the 
host lattice. We measured optical transitions between these states and 
we could determine the magnetic field dependence and the anisotropy 
of the electronic levels. We explain our results with the crystal field 
model proposed by Vallin et al. [1], including a cubic crystal field and 
Jahn-Teller distortion, and we evaluate the dependence of the model 
parameters on the semiconductor host lattice. 

73 
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3.1 Introduction 

Diluted magnetic semiconductors (DMS) or semi-magnetic semiconductors 
(SMSC) are classical semiconductors (such as CdTe, ZnSe or InAs), where a 
controlled fraction of the non-magnetic cations is randomly substituted by 
magnetic ions of transition metals or rare earth metals [2-4]. The combi
nation of the physics of semiconductors and magnetism in these materials 
has attracted a lot of research, because of the enhanced magnetic field sen
sitivity due to the interaction between the delocalized band electrons and 
localized electrons of the magnetic ions [5, 6]. The magnetic properties of 
these materials are directly related to the localized magnetic moments on 
the substituted ions, and thus depend on the energy level scheme of the 
magnetic ion in the non-magnetic host lattice. These properties of DMS 
were extensively studied for Mn [2] or Fe [7] substitutes, mostly in II-VI 
host materials. 
Substitutional Mn for example shows typical Brillouin paramagnetism, since 
the magnetic moment of the Mn2+ ion in the ground state, a degenerate mul
tiplet, results solely from the spin (d5; L=0, S=5/2) [8, 9]. The Fe2+ ion has 
a non-vanishing orbital momentum (d6; L=2, S=2) [9, 10], and therefore 
a magnetic moment in the singlet ground state can only be induced by a 
magnetic field, which leads to the so called Van Vleck-type paramagnetism. 
In this study we concentrate on the synthesized new class of Cr-based 
DMS. The Cr2+ ion also has a non-vanishing orbital momentum (dA; L=2, 
S=2) [1, 9]. However the multiplet ground state consists of close lying states 
within an energy range of 10 cm - 1 , which is different from all other known 
DMS. These Cr-based DMS represent an intermediate case between the Bril
louin and Van Vleck-type of paramagnetism, since the excited states of the 
Cr2+ ion are energetically close enough to contribute to the magnetic proper
ties. Moreover, the Cr2+ ion is strongly influenced by the static Jahn-Teller 
effect, which is negligible for the other mentioned substituents and which 
leads to a pronounced anisotropy of the Cr2+ ion energy level structure. 
Also the magnetic properties are strongly anisotropic, as demonstrated by 
magnetization and specific heat measurements [11, 12]. 
Electron paramagnetic resonance studies to map this energy level scheme 
in high magnetic fields (0-20 T) were very difficult due to the lack of ap
propriate measuring techniques with tunable high frequencies sources (30-
210 GHz). With a recently developed new type of millimeter wave vector 
network analyzer [13] (MVNA) in combination with a resonant cavity tech
nique [14, 15], it has become possible to conveniently perform spectroscopy 
on solids in the energy range between 1 and 7 cm - 1 , bridging the gap be-
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tween the conventional EPR and far infrared spectroscopy. The heterodyne 
detection of the MVNA also facilitates the simultaneous measurement of 
the amplitude and phase of the complex signal, which are directly related 
to the absorption and dispersion of the electron paramagnetic resonances, 
see also [16]. 

In this chapter we will start by discussing the experimental circumstances 
of the measurements in section 2. Section 3 will show the obtained experi
mental results for Zni-jCrcTe, Zni_ xCr xSe and Zni-xCrjS. The theoretical 
description of the data, a crystal field model, will be presented in section 
4. In section 5 we will discuss the experimental results for Ζηι-χΟΓχΤβ, 
Zni-xCrxSe and Zni_ xCriS in magnetic fields up to 20 Τ in the context 
of the model, and the last section will contain a summary with the main 
conclusions. 

3.2 Experimental setup 

3.2.1 Samples 

The experiments were performed on samples obtained from bulk crystals 
of Zni-zCrxTe, Znj-jCrxSe and Zni-xCrzS grown by the modified high 
pressure Bridgman technique [17], using high purity ZnTe, ZnSe or ZnS 
and pure metallic chromium. Instead of metallic chromium a high purity 
CrSe was used for some of the Zni-jCr^Se samples. The chromium con
centration of the obtained single phase mono-crystals was rather low, for 
Z n ^ C r r S e and Z n ^ C ^ S χ < 0.007 and χ < 0.001 for Z n ^ C ^ T e . The 
chromium concentration was determined using atomic absorption, electron 
microprobe and wet chemical analysis. Also low temperature magnetiza
tion measurements provided an accurate relative concentration value [11]. 
Standard X-ray backscattering analysis provided the information about the 
crystalline structure of the samples and was used to orient the samples. The 
largest mono-crystalline pieces, cut from the Zni-xCrjS ingots and used 
in our experiments, were a few millimeter in size. The samples originated 
from two different ingots with chromium compositions of χ = 0.006 and 
χ = 0.004. The X-ray investigations showed that this material was neither 
pure cubic (zinc blende structure) nor pure hexagonal (wurzite structure) 
but polytypical (mixed). The crystalline structure of the Zni_ I Cr I Se crys
tals appeared to be zinc blende, but with very small grains misoriented 
relative to each other by about 2-3 degrees. The Zni_ xCr xSe samples we 
measured come from different ingots with chromium concentrations in the 
range 0.001 < χ < 0.004. The two different Zni-jCr^Te samples which we 
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Figure 3.1: Schematic overview of the setup used for millimeter wave 
spectroscopy. On the left hand side the sources (S), SI and S2, to
gether with the receiver (R) form the MVNA. The microwaves are 
coaxially transmitted to the Schottky diodes (HG and HM) connected 
to the oversized waveguide system (OW). The cavity (C) containing 
the sample is placed at the end of the waveguides in the center of the 
magnet (M). 
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studied have a pure cubic crystalline structure and contain chromium in a 
concentration less than 0.001. 

3.2.2 Measuring technique 

Electron paramagnetic resonances of the Cr2+ ions in our samples were mea
sured using a Millimeter wave Vector Network Analyzer (MVNA) [13] which 
is attached to an oversized resonant cavity. The MVNA is an instrument 
generating and measuring the amplitude and the phase of a millimeter wave 
signal between 30 and 210 GHz using a solid state based vector analyzer 
with heterodyne detection. The continuously variable YIG frequency be
tween 8 and 18 GHz is guided to frequency multiplying Schottky diodes via 
coaxial cables allowing a large flexibility of the system, see figure 3.1. 
The millimeter wave radiation coming from the harmonic generator (HG) 
is quasi-optically guided with oversized cylindrical waveguide (OW) (light 
pipe) to the magnetic field center, where the waveguide is coupled to an 
oversized resonant cavity (C). With a mylar beamsplitter (B) part of the 
reflected radiation is coupled to the harmonic mixer (HM) in the horizontal 
part of the waveguide. With an oversized cylindrical copper cavity (¿=20 
mm, d=12.5 mm) and with the advantage of a continuously tunable radia
tion source, we can study the resonances at one of the many resonant cavity 
modes over a wide range of frequencies and stabilize this frequency with an 
external frequency counter. 
This tunability is important for studying EPR with zero field split levels 
or with a strong non-linear magnetic field dependence of line positions. In 
these cases, like for the Cr2+ ion in our samples, a measurement at a single 
frequency is not conclusive. The vector detection of the MVNA is partic
ularly useful in more accurately determining the resonance lineshape and 
more successful in discriminating between two closely lying resonances than 
scalar detection. We used direct detection of the millimeter wave signal, in 
contrast to most EPR spectrometers, which use magnetic field modulation 
to enhance the sensitivity. 
The observed "vector" signal consists of a resonant part, and a non-resonant 
background (complex "leak signal") which is not influenced by the sample. 
Fitting an observed resonance with a circle in polar coordinates (with r the 
amplitude and ψ the phase of the signal), assuming a Lorentzian lineshape, 
we find the value of this complex "leak signal", which can be subsequently 
subtracted from the measured signal, implying a translation of the circular 
resonance in the polar plane. If the cavity is tuned to resonance and the 
waveguide system is not in resonance at the same frequency, the measured 
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response will be the signal from the sample times a complex multiplication 
factor. A complex normalization factor obtained from the earlier mentioned 
fitting procedure compares to rotating and scaling the circle in the polar 
plane. After correcting the amplitude and phase signal, assuming the leak 
signal and complex scaling factor are constant over the whole measurement, 
we obtain two signals corresponding to the absorption respectively disper
sion of the sample. 

If the cavity perturbation due to the sample as function of the applied mag
netic field is sufficiently small [18-20], and we assume the electromagnetic 
fields to penetrate throughout the whole sample, the so called "depolariza
tion" regime [19], the absorption will be directly proportional to the imag
inary part of the magnetic susceptibility χ ^ and the dispersion to the real 
part of the magnetic susceptibility x'm. 

The complex signal also provides information about the sign of the en
ergy versus magnetic field slope, it allows to distinguish between transitions 
whose energy increases or decreases with magnetic field. This is a conse
quence of the opposite sign of phase change rate in both cases. Therefore the 
vector signal follows the resonance in the polar plane clockwise or counter
clockwise with increasing magnetic field depending on the sign of the energy 
slope. 

3.2.3 Exper imental condit ions 

In all our measurements the sample was mounted on the bottom of the res
onant cavity placed in the center of the static magnetic field. Resonances 
in the reflected millimeter wave signal were measured at constant frequency 
(energy) as function of magnetic field. The magnetic field was supplied by 
either a superconducting coil (B< 18.5T) or a Bitter magnet (B< 20T). 
The samples were oriented such that the magnetic field was applied along 
either the (100), (110) or (111) crystallographic axis of the sample [21], see 
figure 3.2. All presented measurements were done at T«1.2 K, in which case 
only the lowest energy level of C r 2 + is populated {квТ « 1 c m - 1 ) . Only a 
few experiments were performed at higher temperatures up to 20 K. 
The behaviour of the C r 2 + ion energy level pattern in a magnetic field 
strongly depends on the angle between the field direction and the Jahn-
Teller distortion axis. In a cubic crystal there are generally three equivalent 
(100) directions, [100], [010] and [001], leading to three types of tetragonally 
distorted Cr centers, named А, В and С in figure 3.2. In the absence of 
a magnetic field the three types of centers are indistinguishable, which is 
also the case for the magnetic field along the (111) crystal axis, since the 
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Figure 3.2: The three different types of Cr centers depending on the 
direction of the magnetic field with respect to the Jahn-Teller distor
tion axis. Thick lines represent the Jahn-Teller distortion axis and 
dashed lines indicate the magnetic field direction. 

angle between the Jahn-Teller distortion axes and field direction is 54.7° for 
all three centers. For all the other magnetic field directions the three types 
of centers are not any longer equivalent. In particular for В || (100) the A 
center is distorted parallel to the field direction, the "0°" configuration, and 
centers В and С are distorted perpendicular to the field, representing the 
"90°" configuration. For the magnetic field В || (110), two centers are in the 
"45°" configuration (A and B), and one center is distorted perpendicular to 
the field (C). 
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Figure 3.3: Measured complex EPR signal (amplitude and phase) at 
/=137.875 GHz, T=1.2 К and for В || (110) [22]. 

3.3 Results 

3.3.1 Ζηχ-χΟΓχΤβ 

An example of a Ζηι^χ0τχΎβ electron paramagnetic resonance measure
ment, where the magnetic field was oriented along the (110) direction, is 
depicted in figure 3.3, which shows the amplitude and phase of the complex 
reflected signal as a function of the applied field. Several resonances can 
clearly be observed in both amplitude г and phase φ although their shape 
is not typical absorption/dispersion like. We analyze the complex signal of 
these resonances by plotting them in the polar plane. In figure 3.4 we show 
the analysis of the resonances from figure 3.3, plotting the third resonance 
which forms a circle like shape. 

Fitting this resonance with a circle in the polar plane we obtain complex 
values for the "leak signal" and normalization factor. After subtracting the 
obtained "leak signal" and normalizing this signal, the circle is translated, 
rotated and scaled in the polar plane towards a proper resonance, see fig
ure 3.4(b). These translation and rotation procedures in the complex plane 
don't affect the shape, width and position of the resonance lines. However 
no absolute numbers can be given for the amplitude of the resonance due to 
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Figure 3.5: Transformed EPR signals of figure 3.3 after subtraction 
of a "leak signal" and a complex normalization. 

the scaling operation. 
If we plot the amplitude and phase again as a function of the magnetic 
field after the transformation procedure has been done, we get two signals 
representing the absorption and dispersion of the electron paramagnetic res
onances, see figure 3.5. The same transformation procedure was followed for 
all the other measurements presented in this paper. 
Figure 3.6 shows several absorption and corresponding dispersion spectra 
taken at different increasing (bottom to top) frequencies for the field along 
the (110) direction. The experimental traces show the presence of three 
different types of inequivalent C r 2 + centers. The first as well as the third 
resonance in every measurement is a single resonance originating from a 
"90°" configuration center (can also be seen in figure 3.4(a) where one can 
see one circle), whereas the second and fourth resonance are always split in 
two resonances. Two types of C r 2 + centers distorted at an angle of 45° and 
a small misorientation of the sample (below 5°) with respect to the magnetic 
field, leads to this splitting. 

EPR measurements at several different frequencies for the field along the 
(100) direction are displayed in figure 3.7. In this case resonances can be 
observed from two "90°" configuration and one "0°" configuration C r 2 + cen
ter and one can also see that the background signal is not constant. The 
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subtracted "leak" signal was determined at low magnetic field, whereas with 
increasing magnetic field the zero field tuned cavity is drifting out of reso
nance. Since we measure at fixed frequency this causes the absorption signal 
to increase and also changes the dispersion signal. This cavity drift may be 
caused by the use of a somewhat large sample, together with the changing 
magnetic susceptibility of the sample with increasing magnetic field, so that 
we are not any longer in the small perturbation regime. 

3.3.2 Z n i - j C r x S e 

Figure 3.8 shows EPR spectra of a Cr2+ ion in ZnSe for several different 
frequencies with the magnetic field along the (100) direction. The resonances 
can clearly be followed as function of frequency (energy) in both absorption 
and dispersion. At high frequencies some new resonances appear at low 
magnetic fields. These low field transitions have opposite energy versus 
magnetic field slopes, which can be deduced from the dispersion curves, 
where they are each others mirror images, resulting in opposite circulation 
in the polar plane. Moreover we can derive from this that the two resonances 
in the 167 GHz measurement correspond to identical transitions between 
the same levels. Absorption traces alone cannot give indications for this. 
The very small resonances which are observed at low magnetic fields and 
frequencies below 160 GHz, originate from transitions between excited levels, 
which can give an explanation for their small relative intensities. 

3.3.3 Z n j - j C ^ S 

The measurements on Zni-xCrrS were performed with the magnetic field 
parallel to the (110) direction. Figure 3.9 displays the transformed mea
surements, where several resonances can be traced. The data on Zni-jCrjS 
are taken with free running (not stabilized) YIG oscillators, in contrast to 
the other externally frequency locked measurements. This results in some 
noise added to the shown Zn i - jC^S measurements compared to the previ
ous ones on Zni-xCr^Se and Zni-^CrjTe. 
At every frequency we observe next to a strong resonance a small satellite 
resonance at slightly lower magnetic fields. Other experiments and orien
tations of the crystal, see [23], show that all observed lines appear in such 
pairs, except those which intensity is too weak. A slight misorientation can 
split a resonance into two resonances if it is originating from two distinct 
Cr2+ centers. This is not the case in our Zni-zCrxS measurements, because 
the resonance at high magnetic fields originates from a single center in the 
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ferent frequencies are displayed after the transformation procedure, 
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tom panel). The EPR measurements were performed on Zni_ xCr xSe 
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"90o" configuration. Comparing different orientations of the magnetic field 
with respect to the Jahn-Teller distortion axis also excludes the possibil
ity of misoriented grains in the samples. The most probable reason for the 
satellite resonances is the polytypism of the Zni-xCrxS crystals, which gives 
different types of centers due to different hexagonal stresses, also confirmed 
by infrared measurements on polytypical Zni_ x Cr x S [1]. 

3.4 Theoretical description 

3.4.1 T h e energy levels of a C r 2 + ion 

A neutral chromium atom has twenty-four electrons in the I s 2 2s2 2p6 3s2 3p6 

3d5 4s1 configuration. When incorporated into a crystal lattice of a II-VI 
compound it will occupy a cation site, and two of its outer shell electrons 
will delocalize and contribute to the valence and conduction bands. The 
Cr 2 + ion remains as a deep impurity in the semiconductor. 
To describe the state of the 3d shell, we shall follow the model description 
of a Cr 2 + ion in a tetrahedral crystal field, proposed by Vallin et al. [1]. The 
ground term is bD, with a total orbital momentum L = 2 and total spin 
5 = 2, thus it has a 25-fold degeneracy. In a crystal field of cubic (tetrahe
dral T<f) symmetry it splits into a fifteen fold degenerate orbital triplet bT^ 
and a ten fold degenerate orbital doublet bE, see figure 3.10. The splitting 
between the ground 5Тг term and bE term is of the order of 5000 c m - 1 . 
For the C r 2 + ion the ground term is the orbital triplet 5Тг, in contrast to 
the situation for the F e 2 + ion , where the order of the bTi and 5E levels is 
reversed [24-27]. The F e 2 + ion ground state, the spin-orbit split 5E term, 
is rather insensitive to the Jahn-Teller effect [1] (EjT(

5T-2) » EjT{
5E)) in 

contrast to the 5Тг state and therefore the magnetic properties of Fe 2 + ions, 
which result from this 5E orbital doublet, can be described neglecting the 
Jahn-Teller effect. [10, 28]. For the Cr 2 + ion however, the orbitally degener
ated 5Тг ground term undergoes a static, tetragonal Jahn-Teller distortion 
which lowers the local symmetry and lifts the degeneracy of the ground level. 
This distortion is equivalent to a stress along one of the [100] crystal axes and 
leads to a further splitting of the ground term 5Тг into a five fold degenerate 
5i?2 orbital singlet and the 5E orbital doublet (located about 1000 c m - 1 

higher). The spin-orbit coupling results in subsequent level splittings. The 
5.£?2 term breaks up into a semi-doublet (two very closely lying states Γι and 
Γ2), a doublet Γ5 and a singlet Γ4. The schematic diagram of the obtained 
energy levels for a C r 2 + ion in ZnSe, ZnS or ZnTe is displayed in figure 3.10. 
It is equivalent to the schemes used in [1] and [26]. 
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Figure 3.10: Splitting of the bD state of a C r 2 + ion in the absence of 
a magnetic field. The energy level scheme is calculated with a crystal 
field in D2d symmetry, a tetragonal Jahn-Teller distortion and second 
order spin-orbit interaction (following Vallin et. al. [1]). 

For ZnSc and ZnS the semi-doublet is the ground state followed by the dou

blet and the singlet. For ZnTe the order is reversed; the singlet is the ground 

state, while the semi-doublet is the highest in the series, see also figure 3.10. 

This inversion is caused by a strong covalency effect in ZnTe [29]. Because 

the spin-orbit interaction is rather weak compared to the Jahn-Teller dis

tortion, the five lowest energy levels originating from the bB2 term, which 

are well separated from the higher energy levels, are split only by about 

10 c m - 1 . These five levels are mainly responsible for the magnetic and 

far-infrared properties, even at temperatures much higher than room tem

perature. 

For a quantitative description of the electronic structure of the C r 2 + ion we 

use the following spin Hamiltonian [11]: 

П = ПС{ + HIT + ns 
(3.1) 



90 High magnetic field EPR of Cr-based P M S 

with each successive term on the right-hand side representing a progressively 
weaker interaction. In (3.1) the tetrahedral (cubic) crystal field term is 
described by 

ftcf = S4(0$ + 502), (3.2) 

according to [9], where the parameter B^ is defined by the crystal field 
splitting Δ following 

Δ = -120ÄJ· (3.3) 

For further analysis, after selecting the spin orbit and Jahn-Teller param
eters, Δ was slightly adjusted to obtain an energy difference between the 
lowest level of the ЪВ\ quintet and the ground state exactly matching the 
observed near infrared transition [1], denoted as the zero phonon line. HJT 
represents the tetragonal static Jahn-Teller distortion 

7{α τ = β4

0(5Ο° + θ2), (3.4) 

where the parameter B\ is related to the Jahn-Teller energy EÌ^TÌ) of the 
5T2 term by 

£ J T ( 5 T 2 ) = - 3 5 5 ° , (3.5) 

assuming that the Jahn-Teller splitting between the 5i?2 and 5E levels is 
3 Ì ? J T ( 5 ? 2 ) · We also neglected the En(5E) term, since the energy splitting 
of the 5E term, as reported by Vallin et al. [1], is rather small and does not 
influence the energy levels of the bBi quintet. 
The spin-orbit coupling term is given by 

ftso = ÀL · S, (3.6) 

where, instead of using one free ion spin-orbit coupling parameter [26], we 
used three different parameters. This reflects the fact that the strength 
of the spin-orbit coupling may depend on admixture between the Cr 3d 
wavefunctions and the ligand wavefunctions which is different for the bE 
and 5T2 states. Therefore three different parameters λττ> λχΕ> and ЛЕЕ are 
defined: 

ftM^sohAr) = ATTWTIL · S|VT>, 

ftMHsoh/b) = ATE<VT|L · S|^E), (3.7) 
(Vbl̂ solVb) = A E E (^E |L · S ^ E ) , 
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Table 3.1: Energy levels from figure 3.10 with their corresponding 
orbital wavefunctions \m\). These wavefunctions are used to diagonal-
ize Het and "HJT- The resulting energy eigenvalues are expressed in 
terms of the parameters B\ and B\ [9]. 

Crystal 
field 

bE 

bT2 

\Ψτ) 

Jahn-
Teller 

5Bl 
bE 
bE 

5B2 

l"»l> 

|o> 
(\2) + \-2))/V2 

l - i ) 
(|2) - | - 2))A/2 

E 

72 B4 + 42 Bl 
72 BA + 42 B\ 

-48 B4 - 63 ВЦ 
-48 ß 4 - 63 B\ 
-48 B4 + 42 B$ 

where VE a n d т are the wavefunctions of bE and bT2 subspaces respec
tively [30]. The set of values for λ which we used for matching to the low 
energy levels of the bB2 term is not unique. For ZnS and ZnSe it is also 
possible to obtain a good description of the energy levels with one spin-
orbit coupling parameter, if the Jahn-Teller energy is adopted from Vallin 
et al. [1]. For a Jahn-Teller energy of about EJT{

5T2) = 300 c m - 1 [31, 32] 
three different A's must be used to obtain a good match between experimen
tal data and the description. However ЛЕЕ has a weak influence on the bB2 

levels, and therefore we can use a free ion value. The spin-spin interaction is 
neglected, because it is two orders of magnitude smaller than the spin-orbit 
interaction. 
The wavefunctions \ф) are chosen as products of an orbital wavefunction 
|mi), and a spin wavefunction |m s ); \ψ) = |mi)|m s) [1, 11, 24]. For diag-
onalizing Цс{ and "WJT we used a set of five orbital wavefunctions \m\) as 
summarized in table 3.1. These orbital wavefunctions have energy eigenval
ues as listed in the same table, expressed in terms of the crystal field and 
Jahn-Teller parameters B4 and B\, and can be compared with figure 3.10. 
Together with the spin wavefunctions |m s) they form the basis, which was 
used to calculate the matrix elements of the spin-orbit coupling term Н^ 
and the Zeeman term Ή-в described in the next section. 
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3.4.2 E P R transit ions in a magnet ic field 

A magnetic field lifts the degeneracy of the remaining doublets and changes 
the interaction between the levels. The effect of an external magnetic field 
is described by the Zeeman term 

?¿B = MB(L + 2 S ) B , (3.8) 

where μβ is the Bohr magneton and В the magnetic field vector. The en
ergy levels as a function of the magnetic field are calculated by numerical 
diagonalization of the total 25 χ 25 spin Hamiltonian matrix. This matrix is 
parameterized by, B4, Β®, λττ> λτΕ) and ΛΕΕΙ as described in the previous 
section [30]. The parameters were evaluated fitting the calculated energies 
to the experimental data. 
At millimeter wave energies there are several allowed optical transitions 
between the various spin-orbit-split levels within the 5£?2 state. For po
larization of the millimeter wave magnetic field perpendicular to the static 
magnetic field, which was used in our experiment, electron paramagnetic 
resonance is observed, for magnetic dipole transitions, Ams = ±1 [1, 29]. 
Neglecting any ligand admixture affecting the Cr 2 + orbital momentum (mi) 
and spin (m s) quantum numbers, and assuming a constant equally dis
tributed C r 2 + center population [11], one can also calculate relative transi
tion intensities according to 

/rel = | < V ' f | 5 I , 5 y | V i > | 2 , (3.9) 

where V>f and фі are the wavefunctions of the final and initial Cr 2 + states 
respectively. 
When a magnetic field is applied along the (100) direction, parallel to a Jahn-
Teller distortion axis, the five lowest lying energy levels, the semi-doublet 
(Γι, Γ2) (m s = ±2), the doublet Г5 (m3 = ±1) and the singlet Г4 (m s = 0), 
start interacting with their corresponding m s energy levels from the bB\ 
state, but not with each other [29], in which case the spin quantum number 
m s is conserved. For the "0°" configuration center this means that there 
are allowed transitions between the (Гі, Г2) and Г5 and between the Г5 and 
Г4 levels, see also figure 3.11. This also affects the effective g value, which 
depends on the spin-orbit mixing of the ЪВ\ wave functions into the bBi 
ground state. The linear dependence can be seen in the calculated energy 
levels in figure 3.11 for the "0°" configuration. 

When there is a nonzero angle between the magnetic field direction and the 
Jahn-Teller distortion axis, the (Гі, Г2), Г5 and Г4 levels start interacting 
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Figure 3.11: Calculated energy levels of Zni-хСгхТе as function of 
the magnetic field B, which is parallel to the Jahn-Teller distortion 
axis ("0°" configuration). The thick solid line represents the changing 
ground state of the Cr2 + ion, while the other lines are excited states. 
The dashed vertical lines indicate allowed transitions from the ground-
state. All energy levels are labeled by their corresponding quantum 
number m s. 

with each other and with other higher lying energy levels. In this case the 
spin quantum number m s of the energy levels is not conserved anymore, and 
as a result, the magnetic field dependence shows a very non-linear behaviour, 
see figures 3.12 and 3.13. For these configurations ( "45°", "54.7°" and 
"90°" ) the wavefunctions of the corresponding energy levels are composed 
of different |m s) contributions as function of the magnetic field, in which 
case different transitions are allowed. An estimation of the expected relative 
intensities of the resonances can be calculated by formula 3.9. 

3.5 Discussion 

In this section we will analyze the magnetic field positions of the resonances 
we observed, and compare them with the described theoretical predictions. 

E о 

ш о 
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Figure 3.12: Transition energies of Zn^xCr^Te derived from EPR 
positions for several different energies (frequencies) as function of the 
magnetic field В parallel to the (100) direction. The dashed and solid 
lines are the calculated energies of transitions from the ground state, 
see also figure 3.11, while the dotted lines represent transitions between 
excited states. The solid lines correspond to transition energies for 
the magnetic field parallel to the Jahn-Teller distortion axis, the "0°" 
configuration, and the dashed lines to the "90°" configuration. 

The positions of the absorption lines are determined and plotted in an energy 

versus magnetic field diagram for different magnetic field orientations. In all 

these diagrams the lines (solid and dashed) represent the energy levels which 

are the results of the crystal field calculations for the C r 2 + center in different 

configurations. The dotted lines give the energy differences between higher 

lying energy levels. All the used energy scales are relative to the ground 

level energy. Finally we will summarize the parameters used to match our 

model description of the low energy levels with the observed experimental 

data, and compare these to other used descriptions [1, 26]. 
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3.5.1 Zni_ x Cr z Te 

In figure 3.12 all the positions of the observed absorption lines at T « 1.2 К 
are plotted in an energy versus magnetic field diagram and are compared 
with the model calculation. The parameters used in the model calculation 
are: B4= -41.18 c m - 1 , B$= -9.14 c m - 1 , λ τ τ = -51.0 cm" 1 , λ Τ Ε = +30.0 
c m - 1 and Λ Ε Ε = +57.0 c m - 1 . 

The ground state at zero magnetic field is the m s = 0 level (Γ4, see also fig
ures 3.10 and 3.11). The m s = ± 1 levels (Γ5) are 2.3 c m - 1 higher in energy. 
Note that in the case of Zni-jCrxTe the order of the five low lying energy 
levels is reversed as compared to Zni-^C^Se and Zni-xCrxS. As function 
of the magnetic field the ground state for the configuration in which the 
magnetic field is parallel to the Jahn-Teller distortion axis, see figure 3.11, 
changes at # = 2 . 5 Τ from the singlet state m s = 0 to a m s = — 1 level, and 
at B=7.S Τ from the m s = — 1 to the m s = —2 state. These changes of the 
ground state result in a step like change of the ground level spin, and give rise 
to steps in the magnetic field dependence of the magnetization. [11]. At low 
magnetic fields and for the "0°" configuration we clearly see the Δτπ8 = ±1 
transitions, while Δτη9 = ±2 transitions are not observed. At intermediate 
magnetic fields, 2.5 Τ < В < 7.8 Τ, the transitions between the ground level 
(m s = — 1) and the first and second excited states (m s = 0 and ms = —2) 
are observable, although weaker. At high magnetic fields no transitions are 
observed between the ground state (m s = —2) and the second excited state 
(m s = 0), which is in agreement with theory and can be seen in figure 3.12 
(the energy level around 8 Τ between 4.5 c m - 1 and 6 c m - 1 ) . The transition 
to the first excited state is observed but only very weak, in contrast to the 
calculated relative intensity which should be the same as for the low field 
first excited state transition. This can give an indication for a redistribu
tion of the C r 2 + center population in magnetic fields, as was also suggested 
from magnetization measurements [11], and results in less "0°" centers at 
high magnetic fields. Transitions from the ground state to the excited states 
from the Γ5 doublet (m s = ±1) for the two "90°" configuration centers are 
clearly observed. A few observed absorption lines may correspond to transi
tions between excited states, which are calculated and shown in figure 3.12 
as the dotted lines corresponding to transitions between the split levels of 
the Γ5 doublet for two different configurations. The increasing number of 
these lines with increasing temperature [30], confirms that these transitions 
originate from excited states. 

Figure 3.13 shows the observed resonance line position in a magnetic field 
along the (110) direction. The transitions from the ground state singlet to 
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Figure 3.13: Сг2+ transition energy versus magnetic field for В \\ 
(110) axis giving rise to two orientationally different Cr centers ("45°" 
and "90°" configuration). Data taken on two different samples are 
represented by о and D, whereas the lines are results of the crystal 
field calculation of the energy levels. 

the Г5 doublet are clearly seen for the two different configurations. As dis
cussed before the double resonances originate from a slight misorientation 
of the crystal, which can also be seen in figure 3.13 by double points on one 
level for the same frequency. We note that experimentally a single frequency 
EPR measurement cannot be decisive for the exact energy level structure 
due to the non linear magnetic field dependency of the energy levels and the 
large zero field splitting of 2.3 c m - 1 (69 GHz). 

3.5.2 Zn!_ x Cr x Se 

The resonance positions from figure 3.8 were determined and are shown in 
figure 3.14 as energy versus magnetic field together with the energy levels 
from the model calculations. The used calculation parameters are: B^= 
-41.33 c m - 1 , B\= -9.71 c m - 1 , λ χ τ = +33.5 c m - 1 , λ Τ Ε = +65.0 c m - 1 and 
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Figure 3.14: Energy versus magnetic field diagram displaying the 
transition energy derived from the EPR measurements on Zni-xCrxSe 
with the magnetic field В || (100). For the two different configurations, 
"0°" and "90°", the calculated energy levels are shown as solid respec
tively dashed lines. The dotted lines represent transitions between 
excited states. 

^ E E = +57.0 c m - 1 . Note that now the (Γι, Γ2) semi-doublet (m s = ±2) is 
the ground state, and the first excited state is the Γ4 doublet (m s = ±1). In 
figure 3.14 one can notice that for the "0°" configuration we do not observe 
any resonance corresponding with the transition between the ground state 
and the first excited state, which is in agreement with Ams = ±4 forbidden 
transitions and no interaction between the five low lying states induced by 
the magnetic field. For the "90°" configuration centers on the contrary we 
can observe these transitions since there is considerable interaction between 
the different ms states, not conserving the m s quantum number. 
At higher energies several more resonances are observed, see figures 3.8 and 
3.14. These resonances, observed at 167 GHz for example, are transitions 
between the first excited state (one of the (Γι, Γ2) levels) and the lowest 
state from the Γ4 doublet. The dispersion curves of these identical tran
sitions are opposite to each other, reflecting the slope of the energy versus 
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Cr2+inZnSe,B//<111 

Figure 3.15: Magnetic field dependence of the calculated energy lev
els of Zni-zCr^Se (solid lines) for the field along the (111) direction. 
The dotted lines correspond to transitions between higher lying energy 
levels. The open circles represent the EPR data points from several 
different frequency measurements. 

magnetic field dependence as can be seen in figure 3.14. When the frequency 
is slightly increased to 179 GHz, one can see that the former two resonances 
moved further apart, and that the one at higher field lost intensity due to a 
lower population of the initial excited state in higher fields (larger splitting 
between the ground state and the first excited level). In between those two 
resonances two new ones appear, being transitions from the ground state to 
the same state. The other points correspond to weaker resonances and are 
transitions between the higher lying excited states of the Γ4 doublet, as can 
be seen in figure 3.14. 

For the magnetic field along the (111) direction, see figure 3.15, where all the 
C r 2 + centers are in the "54.7°" configuration, the interaction between the 
levels of the ъВч state is weaker than in the "90°" configuration and there
fore transitions from the ground state to the first excited state are hardly 
observed. The resonances which are observed, are between excited states, 
and some energy differences between excited states are plotted in figure 3.14 
as dotted lines. 
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Β (Τ) 

Figure 3.16: The experimentally observed absorption line positions 
for Zni-jCr^S in the energy versus magnetic field diagram for the 
magnetic field parallel to the (110) axis. Dashed and solid lines are the 
calculated energy levels, dotted lines are transition energies between 
excited states and the squares are the EPR data points. (Open circles 
are FIR laser measurements from [33]). 

3.5.3 Zn^-jCr^S 

The absorption lines from the EPR experiments on Zni-xCrxS with the 
magnetic field along the (110) direction are displayed in figure 3.16. The 
energy level configuration is approximately the same as for Ztix-xCTxSe, 
except the parameters for the calculation are now: .64= —43.47 c m - 1 , B%= 
-8.75 c m - 1 , λ τ τ = +9.1 c m - 1 , A T E = +50.0 c m - 1 and λ Ε Ε= +57.0 c m - 1 . 
Again the resonances from transitions between ground and excited state are 
much clearer in the "90°" configuration than in the "45°" configuration due 
to a stronger interaction between the low energy levels if the Jahn-Teller 
distortion axis is perpendicular to the applied magnetic field. The doubling 
of the high field resonances can be ascribed to different hexagonal stresses 
as explained earlier. 
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3.5.4 Comparison 

The parameter values we obtained from fitting the energy levels of the 5 # 2 
quintet to the experimentally observed resonances for the different host ma
terials we studied, are summarized in table 3.2. 

We observe that an equally good fit to the five lowest energy levels can 
be obtained with a different set of spin-orbit and Jahn-Teller parameters. 
However for the assumed Jahn-Teller energies, three different λ parame
ters are necessary, following Vallin et al. [29]. When the Jahn-Teller energy 
increases, the Cr 2 + displacement in the host lattice will be larger, and to 
obtain the same energy level scheme the spin-orbit interaction parameters 
must increase as well to account for the smaller overlap between the C r 2 + 

3d wavefunctions and the ligand wavefunctions. 

Compared to Vallin et al. [1, 29], we used larger crystal field parameters 
and smaller Jahn-Teller distortion energies, which are closer to the experi
mental values found in Refs. [32] and [31]. Similar to Vallin et al. [29] we 
used different spin-orbit parameters to account for the different admixture 
of bTi and 5E states with the ligand fields. Since the Jahn-Teller energies 
of Vallin et al. are larger, their spin-orbit parameters are also larger for ZnS 
and ZnTe in order to obtain an equal zero field splitting value D. For ZnSe 
Vallin et al. need a negative spin orbit coupling parameter λττ> which is 
not consistent with the Jahn-Teller energies and the energy level scheme for 
C r 2 + in ZnS with respect to ZnSe. 
Comparing our data with earlier results of Colignon et al. [26], we also used 
slightly higher crystal field parameters, but we neglected the spin-spin in
teraction term in the Hamiltonian and diversified the spin-orbit parameter, 
where Colignon only used the free ion spin-orbit parameter value. They 
also find a large difference in the Jahn-Teller energy values, while we used 
approximately the same values for all three host lattices. 

3.6 Conclusion 

To conclude, our high magnetic field EPR technique is a very effective tool 
to study the complex behaviour of C r 2 + energy levels in ZnTe, ZnSe and 
ZnS host lattices. With the tunable frequency and simultaneous absorption 
and dispersion measurements, we can follow the magnetic field dependence 
of the lowest lying energy levels over a broad range of frequencies and mag
netic fields. These electronic states, which are directly responsible for the 
macroscopic magnetization can be well described by a crystal field model 
incorporating a Jahn-Teller distortion. We provided a detailed analysis of 
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Table 3.2: Parameters B4, Bj, λχτ, ATE, and ЛЕЕ, used in our en
ergy level calculations, together with the corresponding crystal field 
energy Δ, the Jahn-Teller energy Ел, and the zero field splitting 
parameter D. All energies are in cm - 1 . 

Crystal 
ZnCrS 
ZnCrSe 
ZnCrTe 

B4 

-43.47 
-41.33 
-41.18 

Δ 

5216 
4960 
4942 

BÌ 
-8.75 
-9.71 
-9.14 

Eìi 
306.3 
340.0 
320.0 

λχτ 
+9.1 

+33.5 
-51.0 

λτΕ 
+50.0 
+65.0 
+30.0 

AEE 

+57.0 
+57.0 
+57.0 

D 

-1.84 
-2.48 
+2.29 

the symmetry and magnetic field dependence of low-lying Cr 2 + levels and 
we discussed various theoretical models used for their description. We de
termined the spin Hamiltonian parameters for all compounds we studied. 
The parameter set which we found is not unique, but differs from Vallin 
et al. in the smaller values of Jahn-Teller energy and spin-orbit coupling 
parameters. Compared to Colignon et al. we used a more realistic model 
with three different values for spin-orbit parameters, and obtained a more 
uniform value for the Jahn-Teller energy for the three host lattices. The 
increase of the spin-orbit parameter with anion atomic mass corresponds to 
the increasing overlap with the ligand wavefunctions and the increasing ion 
radius of the ligand ions. 
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Chapter 4 

The c-axis Josephson plasma 
edge in 

La2_xSra:Cu04 

We studied the millimeter wave response of the highly anisotropic high 
T c superconductor La2-iSr zCu04. The c-axis optical conductivity of 
this cuprate high T c superconductor is marked by a low-frequency 
plasma edge in the reflectance spectra, if the material is in the super
conducting state. We investigated the magnetic field influence on this 
c-axis plasma edge in La2-iSr xCu04 single crystals with the magnetic 
field up to 25 Tesla oriented parallel (Faraday configuration) or perpen
dicular (Voigt configuration) to the superconducting СиОг layers. This 
Josephson plasma edge is observed in the millimeter wave reflectivity 
as function of temperature. We find that the temperature and doping 
dependence of the plasma frequency is in reasonable agreement with 
predictions from a BCS model for a Josephson coupled layered super
conductor. For the underdoped La2_iSrxCu04 samples, the magnetic 
field in either orientation has a clear decoupling effect, resulting in an 
appreciable re-normalization of the plasma edge. For the optimum and 
overdoped La2_ ISr ICu04 samples the plasma edge is found to be inde
pendent of the magnetic field. 
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4.1 Introduction 

In 1911 the Dutch physicist Kamelingh Onnes in Leiden discovered that the 
resistivity of mercury suddenly dropped to zero when the sample is cooled 
below liquid helium temperature. In the following years many other metallic 
elements were found to exhibit superconductivity at very low temperatures. 
But it took till 1987 before a superconductor was discovered with a critical 
temperature above that of liquid nitrogen. This high temperature super
conductor is a ceramic highly anisotropic cuprate oxide. The first high tem
perature superconductor of this kind, discovered by Bednorz and Müller [1], 
(La2_iBaxCu04, Tc=30 K), was followed by the discovery of many more 
similar materials with high critical temperatures, one of which is the super
conductor La2-iSrxCu04 we studied. 
The common structural building block of all the members of this new class 
of high Tc superconducting cuprate oxide compounds are the СиОг planes. 
Figure 4.1 shows the structure of La2-xSrxCuC>4, where the СиОг planes 
horizontally intersect the octahedrons. These СиОг layers are alternated 
by so called block layers which supply the carriers to the conducting СиОг 
planes. One immediately notices that this layered structure is highly an
isotropic. At room temperature the conductivity of these metallic oxides 
along the a- or 6-axis direction compares to that of a disordered metallic al
loy. The conductivity perpendicular to the planes is an order of magnitude 
smaller. At low temperatures in the superconducting state the СиОг layers 
are strongly superconducting, while the superconductivity along the c-axis 
is maintained by the Josephson coupling between the СиОг layers through 
the block layers. This interplane coupling defines many of the anisotropic 
properties of the cuprate high temperature superconductors. The c-axis 
plasma edge is one of these properties and is a sensitive probe for the in
trinsic coupling strength between the layers. 
We studied the La2- ISr ICu04 superconductor for several different doping 
concentrations x. The phase diagram of La2-iSr xCu04 is schematically 
shown in figure 4.2. The number of holes in the СиОг planes is directly pro
portional to the strontium content. The optimal doping for La2_xSrxCu04 
is achieved for i=0.15 when the highest T c is reached, T c = 38 K. We mea
sured two different compositions of La2- xSr xCu04, with nominal strontium 
contents of i=0.10 and i=0.12, respectively (both underdoped). This dop
ing concentration does not only affect T c , see figure 4.2, but also the plasma 
frequency, indicating a change in the interplane coupling. This doping de
pendence can be described in a simple BCS scheme. In the following we 
will concentrate on the low frequency reflectance edge which appears below 
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Figure 4.1: The crystallographic structure of (LaSr)2Cu04, where 
horizontal СиОг planes are alternated by (LaSr) layers (from [2]). 

the critical temperature in the c-axis far-infrared spectra [3]. The oscillat
ing electric field couples to the Josephson current along the c-axis, which 
characterizes the electromagnetic response of the sample. 
In the second section we will describe the plasma edge phenomenon, and de
rive the dielectric function using the layered model in which adjacent layers 
are coupled by the Josephson effect. Section 3 will describe the experi
mental conditions and in the next section the experimental results will be 
shown which were obtained for Lai.9oSro.ioCu04 and Lai.ggSro.i2Cu04 with 
the magnetic field applied in two different configurations. Section 5 then 
discusses the results, comparing them with theoretical predictions from the 
model presented in section 2. Finally the main conclusions of this study will 
be summarized at the end of this chapter. 
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Figure 4.2: Schematic phase diagram of cuprate high Tc supercon
ductors, also applicable to La2_zSrICu04, showing the critical tem
perature Tc versus the number of holes in the CuC>2 plane, or equiva-
lently the doping concentration χ (from [2]). 

4.2 The Josephson plasma edge 

4.2.1 Far-infrared observation of the p lasma edge 

In figure 4.3 the polarized c-axis reflectance below 80 c m - 1 at several temper
atures between 10 К and 36 К is shown as measured by Gerrits et al. [4, 5]. 
These zero magnetic field measurements were done with a Bruker IFS 113v 
Fourier Transform spectrometer coupled to a variable temperature optical 
cryostat. These data confirm equivalent results of Tamasaku et al. [6]. 
Above T c the spectrum resembles that of an insulator whereas below T c a 
weakly damped plasma edge appears. The inset clearly shows the character
istic feature of a plasmon edge related to the zero-crossing of the real part 
of the dielectric function. The real part of the conductivity σι (ω) decreases 
substantially at low frequencies when cooling below T c . This is consistent 
with the opening of a gap. However, the conductivity does not vanish com
pletely, which explains why the damping of the plasmon is low but not zero. 
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Figure 4.3: Reflectance of Lai.85S1O.15CUO4 at various temperatures 
between 36 К and 10 К from Gerrits et al. [4, 5]. The inset shows 
the real part of the dielectric function ει (ω) deduced from a Kramers-
Kronig analysis. 

4.2.2 Theoretical description 

The fundamental origin of this plasma edge can be traced back to the 
Kramers-Kronig relation which couples the real and imaginary parts of the 
complex conductivity (or dielectric function). If the real part is known for all 
frequencies, then causality defines the imaginary part. The dissipationless 
dc supercurrent which can flow in the c-direction, causes a delta function 
in σ (ω) at zero frequency, which transforms into a Ι/ω term in σ (ω) or 
equivalently (with ε(ω) = εο + ίσ(ω)/ω) to a —l/ω2 term in ε (ω). Since the 
real part of the dielectric function will be positive at high frequencies there 
must be a zero crossing at lower frequency. If the conductivity in the normal 
state is sufficiently low and T c sufficiently high, this zero crossing occurs at 
a frequency below the energy gap leading to a virtually undamped plasma 
edge. This also shows that the presence of a plasma edge is not restricted 
to pure Josephson coupled structures. In the classical bulk superconductors 
the same argument applies, but because the metallic conductivity is usually 
much larger a zero crossing would occur at frequencies far above the gap, and 
the plasma edge becomes overdamped. This explains why the observation of 
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this phenomenon is unique for the very anisotropic high T c superconductors 
that combine a large gap with a very low conductivity in the c-direction. 
The c-axis plasmon in high T c cuprates can be described by a model, as
suming that the layered structure can be treated as a stack of Josephson 
coupled superconducting СиОг layers at a periodic distance d [3-5]. Then 
this plasmon appears naturally as an oscillation of the order parameter phase 
difference between adjacent СиОг layers. The macroscopic wavefunction of 
layer η can be written as: Фп = Aoe1*". The superconducting layers are 
separated by weakly metallic or dielectric layers through which the Joseph-
son coupling is established. The supercurrent density j s and the potential 
difference V between adjacent layers are then connected by the Josephson 
relations: 

js(n,n + 1) = jcsin(xn - χ η + ι ) = jcsin{ip), (4.1) 

v - è& <"> 
where φ is the order parameter phase difference between two layers. We 
will assume that these dc relations remain valid at finite frequencies ω much 
smaller than the gap frequency. 
The total ac current density j(t) induced by an electromagnetic field can 
now be written as j(t) = j3(t) + j q p ( i ) + jp{t), where js(t) is the Josephson 
supercurrent, jqp(t) is the dissipative single particle current due to excited 
quasiparticles, and jp(t) is the dielectric polarization current due to bound 
carriers. Using the Josephson equations and linearizing the Josephson rela
tion for low current density 

Íe(*)=Jc«n(v(í))«jcV(<). (4-3) 

we can write 

Jit) = Í.(<)+Íqp(í)+J'p(<), (4-4) 

= JMt) + V(t)^ + e-!f*^, (4.5) 

- ,· ,n(t\ -и h σ < 1 ρ dtpW л. e o X c h d2(pW (A. fi\ 

- W{t) + 2e-d—dr + -T2e-dë-' ( 4"6 ) 

where the quasiparticle conductivity aqp is a function of both temperature 
and frequency, and \ c is the c-axis dielectric susceptibility of the super
conductor. For solutions of the same harmonic time dependence j(t) = 
Іое_ІШ',<р(*) = ¥?oe_UJt we obtain 

At) = ¿ c v W U - ^ J ^ - i w L j ^ ) , (4.7) 

V(í) = -iivjcLMt), (4.8) 
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where we introduced Lj = h/2ejc, the nonlinear Josephson inductance. Us
ing j(t) = ôj(u)V{t)/d and С = eo(Xc + l)/d = £oec/d, the interplane 
capacitance, it is straightforward to deduce the complex Josephson conduc
tivity σ}(ω), 

< Μ ω ) = £o£c 7 + t 
(ω1 νερχΛ 
\ω Cd ) 

(4.9) 

where we have introduced the plasma frequency ωρ = 1/^/Ljü, and the 
damping7 = a4P/Cd. According to εj(ω) = εο+ίά](ω)/ω the corresponding 
dielectric response is defined as 

ê](u>)=e0ec (1 1 + — , (4.10) 

which has a zero crossing in the real part of the dielectric function at the 
plasma frequency ωρ. The actual value of the plasma frequency is depending 
on the dc critical current density jc[T). This critical current density can 
be determined from the Ambegaokar-Baratoff relation for Josephson tunnel 
junctions [9] 

¡^.ит^іту (4.11) 

where the characteristic normal state resistance Rn is estimated by the nor
mal state resistivity times the layer separation, Rn = pnd. Δ(Τ) is the BCS 
weak coupling gap which is determined by Δ(0) = 1.76&вТс. 

4.2.3 T h e influence of a magnet ic field 

Applying an external magnetic field suppresses superconductivity by break
ing up superconducting pairs (the pair breaking effect), which will result 
in, for instance, a reduced superconducting order parameter Δ, a reduced 
critical current density j c and a lower critical temperature Tc. 
However, when the applied magnetic field is sufficiently small, it will be 
completely expelled from the interior of the superconductor. For В > Bc\ 
the high temperature superconductors are in the so-called vortex state. This 
means that part of the magnetic field penetrates the superconductor in the 
form of Abrikosov vortices, cylindrical normal cores each carrying one flux 
quantum Φο· In a single isolated vortex the superconducting order pa
rameter Δ decreases towards the center of the vortex on the scale of the 
coherence length, and vanishes at the center. This reduction of the order 
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parameter costs energy and therefore it is energetically favourable for an 
Abrikosov vortex to stay at positions where the order parameter is already 
reduced, for example due to impurities. This effect is called vortex pinning. 
In a Josephson coupled structure the order parameter is already zero in 
the whole isolating plane in between the superconducting layers, and ideal 
Josephson vortices are not pinned to the underlying lattice. 
Applying a magnetic field will also influence the Josephson plasma frequency. 
Since this plasma frequency ω ρ (5) is determined by the interlayer Josephson 
coupling according to ωρ = 1/y/LjC and Lj = h/2ejc, ω^ is directly propor
tional to the Josephson interlayer critical current density jc{B) according 
to 

u,l(B)=jc(B)^L, (4.12) 

where Φο = h/2e denotes one quantum of flux. Thus magnetic fields applied 
either parallel or perpendicular to the СиОг layers may strongly reduce the 
critical current density and as a result reduce the plasma frequency. 
We consider first a d.c. magnetic field parallel to the СиОг layers (B J. c-
axis, Faraday configuration), when vortices are introduced in between the 
superconducting layers. Since these vortices are found to be rather effec
tively pinned in La2-iSr xCu04 [4, 10], they are not ideal Josephson vortices 
but their character is more Abrikosov like. The characteristic magnetic field 
for this configuration is Ho = Φο/ád2 with d the interlayer spacing and 
δ = λε/λα6 the anisotropy parameter [11]. For Lai.9Sro.iCu04 the char
acteristic field can be estimated to be Ho « 200 Τ (with d = 6.6Â and 
δ яз 24) [12]. In weak magnetic fields, В <C Ho, and low frequencies (0.3 
- 1500 GHz), where the wavelength of the radiation is large compared to 
the intervortex distances, the plasma frequency depends on the dc magnetic 
field according to 

ωρ{Β) = ωρ(0) 
71 U fHo\ π В 

8ЯО' 
(4.13) 

as predicted by Bulaevskii, Maley and Tachiki [11]. 
When the magnetic field is oriented perpendicular to the СиОг planes 
(B || c-axis, Voigt configuration), vortices are penetrating through the su
perconducting layers in the form of the so-called pancake vortices. In such a 
perpendicular field the pancake vortices strive to arrange themselves along 
straight lines on a regular lattice. The introduction of these vortices reduces 
the Josephson coupling between the layers, leading to a monotonie suppres
sion of the superconducting order parameter, and thus of j c , which decreases 
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ωρ with increasing magnetic field B. The characteristic magnetic field for 
this field orientation is HQ = Фо/а2<і2 [13], which can be estimated to be 
about #o ~ 8.2 Τ for Lai.gSro.iCu04. In the limit of weak magnetic fields, 
В <g. HQ, where the vortices in the superconducting planes are independent, 
the critical current density j c as function of the magnetic field is given by 

jc(B)=jc(0)exp(^y (4.14) 

where the factor a depends on the vortex pinning center density [13-15]. 
The plasma frequency as function of the magnetic field ω ρ (β) is then to
tally determined by the effective interlayer critical current density jc{B) via 
equation 4.12. Since jc{B) is not known a priori, the plasma frequency de
rived from reflectivity measurements in magnetic fields allows to determine 
this effective interlayer critical current. Note that this way of determining 
jc(B) may be more accurate than that from electrical transport measure
ments [11]. 

4.3 Experimental conditions 

4.3.1 Samples 

To study the c-axis or out-of-plane properties of these superconductors, 
high quality single crystals with characteristic dimensions of several mil
limeters are needed. The samples we used are high quality single crystals 
of La2-iSrxCu04 grown by the traveling solvent floating zone method [16] 
at the University of Tokyo. We studied two different underdoped composi
tions, with nominal strontium contents of £=0.10 and i=0.12. The growth 
of these samples, the determination of the Sr content, and their charac
terization is described elsewhere [6, 17]. The main properties of the used 
samples are displayed in table 4.1. For each composition we measured an 
ас-oriented sample with a typical size of mechanically polished (100) surface 
of approximately 5 mm. 

4.3.2 Measuring technique 

In contrast to the far infrared measurements displayed in figure 4.3, where 
the reflectance is measured as function of frequency (energy) with a Fourier 
transform spectrometer, we measured the temperature and magnetic field 
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Figure 4.4: Schematic overview of the setup used for millimeter wave 
direct reflection measurements. The radiation is generated and de
tected by Schottky diode multipliers, fed by tunable YIG oscillators 
(8-18 GHz) or Gunn diode oscillators (95 GHz). The sample is placed 
at the end of our waveguide system as endplate in the magnetic field 
center. 

Table 4.1: Characteristic properties, the Sr composition x, the criti
cal temperature Tc and the normal resistance pn, of the L^-jSrxCuC^ 
samples used in this investigation. 

Sr content χ 

0.10 

0.12 

Tc(K) 
28 
32 

Pn (Ω cm) 
0.30 

0.18 
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dependent reflectivity at fixed frequencies. We measured the c-axis millime
ter wave response of La2-iSrTCu04 in the energy range between 2 and 20 
c m - 1 (60 - 600 GHz), using the Millimeter wave Vector Network Analyzer 
(MVNA) [18] in combination with two Gunn diode extensions. 
At low frequencies the Schottky diodes multiply the continuously tunable 
YIG frequency (8 - 18 GHz). At high frequencies two Gunn diode oscillators 
at 95 GHz, locked to the MVNA system, can also be used as local oscilla
tors and are frequency multiplied. The generated millimeter wave radiation 
from the harmonic generator is quasi-optically guided with light pipes to 
the magnetic field center, see figure 4.4. The vertical waveguide section is 
terminated by the sample as endplate, enabling us to measure the sample 
response in direct reflection. Making advantage of multireflections in the 
system and the tunability of the radiation sources, we can increase the sen
sitivity by tuning the frequency in resonance with one of the many resonant 
modes in the system [19] and stabilize this frequency with an external fre
quency counter. 

The heterodyne phase-sensitive detection, allows to determine the complex 
dielectric constant of the material. The observed vector signal (with A the 
amplitude and ψ the phase of the signal) consists of a part interacting with 
the sample, and a background signal (complex "leak signal") which is not 
influenced by the sample. This complex "leak signal" can be subtracted 
from the measured signal, implying a translation of the signal in the com
plex plane. Because there are multireflections in our waveguide system, the 
signal needs to be normalized by a complex factor, scaling and rotating 
the signal in the complex plane. After having corrected the amplitude and 
phase signal with this information, assuming the leak signal and complex 
normalization factor are constant over the whole measurement, we find two 
signals corresponding to absorption respectively dispersion of the sample, 
also shown in chapter 2. 

The applied magnetic fields were generated either with a 18.5 Tesla super
conducting magnet or with a 25 Tesla hybrid magnet. Our measurements 
in Faraday configuration were done with the d.c. magnetic field В parallel 
to the C11O2 layers and with the a.c. electric field E perpendicular to the 
layers, see figure 4.5(a). If we apply a d.c. magnetic field В parallel to the 
a.c. electric field E along the c-axis, the magnetic field is perpendicular to 
the CuC>2 layers and we can measure in the Voigt configuration, see figure 
4.5(b). 
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Faraday Configuration Voigt Configuration 

Figure 4.5: Schematic diagram of the measurement configuration for 
(a) the Faraday configuration and (b) the Voigt configuration. In (a) 
the d.c. magnetic field В is parallel to the СиОг layers (afr-planes) and 
the o.e. electric field E perpendicular to the layers (c-axis). In (b) the 
a.c. electric field E is again along the c-axis, but here the magnetic 
field is perpendicular to the CuOa layers. 

4.3.3 D a t a analysis 

The reflectivity of a large conducting sample in a direct reflection experi
ment can be described in two different ways. 
Because our experimental setup has multireflections in the waveguide sys
tem and therefore acts as a resonant structure, we can use the cavity per
turbation technique in the skin depth regime. Using the so-called "endplate 
method" [19], it is possible to use the Josephson c-axis dielectric response 
function £j(u>) to calculate the surface impedance Ζ5{ώ). Splitting the sur
face impedance in real and imaginary parts, the surface resistance R^ and 
surface reactance Xs [20], these can be linked to the magnetic field and 
temperature dependent changes (Δ/,ΔΓ) of the resonant structure. The 
frequency shift Δ ƒ and the change in the width of the resonance ΔΓ can 
then be converted to the measured amplitude A and phase <p, knowing the 
parameters of the resonator. 
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The method we used on the other hand, consists of normalizing our measured 
signal by a complex constant, this way taking care of the resonant character 
of the waveguide system. Then it is more straightforward and transparent to 
use the direct reflection description to analyse the data, since the measured 
vector signal is proportional to the reflected electric field vector E^T'(f, t). 
The temperature and magnetic field dependent Josephson c-axis dielectric 
constant at fixed frequency is parametrized as 

ej(B,T) = e0ec 1 -
^ ( Д , Г ) 

ωζ (4.15) 

where j(B,T) represents the quasiparticle damping term, ωρ(Β,Τ) is the 
plasma frequency, u>o the frequency of the millimeter wave radiation, and ec 

the dielectric constant of the lattice. 
Using this expression we can calculate the direct reflection coefficient r, 
defined as the ratio of the reflected (r) and incoming (i) electric field on 
a surface, by substituting the Josephson c-axis dielectric constant êj(B,T) 
from equation 4.15 in 

gW(r,f) _ l-y/ê3(B,T)/e0 

tfO)(r,í) l + y/êi(B,T)/Eo ' 

This complex reflection coefficient can then be plotted in the complex plane, 
and fitted to amplitude A(B,T) and phase φ(Β,Τ) signals. 
For the calculation of the response we described the temperature dependence 
of the plasma frequency, according to 

ωρ{Β,Τ)=ωρ(Β,0) 
Δ(0) V Δ(0) Τ , 

(4.17) 

with ωρ(Β,0) the zero-temperature plasma frequency, which is proportional 
to \/Tc/pn. The way the plasma frequency ωρ(Β,Τ) depends on the mag
netic field or temperature is not essential for the shape of the plasma res
onance in the complex plane. The value of the critical temperature Tc in 
equation 4.17, and how the gap depends on temperature, Δ(Τ), do not in
fluence the lineshape in the complex plane. 
We assumed the quasiparticle damping term 7 ( 5 , T) to have a temperature 
dependence according to 

7 ( Д , Г ) = 7 ( В , Г > Г е ) 1 + ' . (4.18) 
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where Ί ( Β , Τ > Tc) represents the quasiparticle damping term for tempera
tures above Tc, and a a scaling factor. This temperature dependence reflects 
a proportionality to the number of quasiparticles. 

By fitting the shape of the plasma edge in the complex plane, we check the 
causality relations between real and imaginary parts of the response and 
find the instrumental correction parameters. At the same time we can de
termine the zero-temperature plasma frequency ωρ(Β,0) and check for the 
reasonability of the assumed quasiparticle damping function Ί(Β,Τ). 

Although the reflectivity of our sample in the magnetic field may not be 
perfectly c-axis polarized, it is known that in the spectral range of interest 
the optical response is dominated by c-axis dielectric function and the a-
axis featureless response does not contribute to the spectrum except for a 
constant background. 

4.4 Results 

4.4.1 Plasma edge as function of temperature 

Observations of the Josephson plasma edge in Lai.9oSro.ioCu04 in direct 
reflection experiments, are shown in figure 4.8, measured in the Faraday 
configuration as function of temperature. With decreasing temperature the 
reflected signal increases in amplitude, because the radiation frequency goes 
below the increasing plasma frequency, where the reflection is close to unity. 
To check that the measured signal corresponds to a Josephson plasma edge, 
we will compare the shape of the observed edge with the calculated reflection 
coefficient in the complex plane, using the corresponding dielectric response 
from formula 4.15. Therefore we will consider the measured complex signal 
reflected from a Lai.9oSro.ioCu04 sample surface in the Faraday configura
tion at /=60 GHz and B—0 T, showing the amplitude A(T) and the phase 
φ{Τ) of the reflected electric field in figure 4.8. We calculated the complex 
direct reflection response of the sample on the millimeter wave radiation, 
substituting equation 4.15 in equation 4.16. In the simulation of the com
plex reflection coefficient we used the parameter values ωρ(Β,0)= 600 GHz, 
-y{B,T > T c )= 700 GHz, a=0.91, T c = 28 K, e c = 30, and ω 0 = 60 GHz. 
The result of this simulation and the experimental vector signal are dis
played in figure 4.6 in the complex plane. The measured complex reflection 
signal from the Lai.9oSro.ioCu04 sample surface as function of temperature 
is translated, rotated and scaled in the complex plane to obtain a reasonable 
agreement with theory. These transformations of the experimental signal in 
the complex plane do not alter the shape of the plasma resonance nor change 
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Figure 4.6: Presentation in the complex plane of the calculated re
flection coefficient and experimentally measured reflection signal from 
the Lai.9oSr0.ioCu04 sample for /=60 GHz and B=Q Τ in the Fara
day configuration (see figure 4.8). For the simulation we calculated the 
complex reflection coefficient from T=0 to Tc, using equation 4.16 to
gether with the dielectric function in equation 4.15 and the parameters 
described in the text. The measured reflection signal was translated, 
rotated and scaled in the complex plane to match the theoretical pre
diction. 

the physical information in it. 

At low temperatures, in the superconducting state, the real part of the di
electric constant ε3(Τ) is negative (see also figure 4.3) and in absolute sense 
much larger than the imaginary part, |е л (Т) | S> ε3{Τ). Then the complex 
reflection coefficient r is starting on a unit circle (\r\ = 1) at an angle of 
nearly -180°, point A (T=0). When |ej(T)| decreases as function of temper
ature, the reflection coefficient rotates counterclockwise and bends inwards 
due to increasing dissipation until it reaches Tc, point В (T = Tc). At higher 
temperatures, close and above Tc, the calculated response does not match 
the experimentally observed plasma resonance very well. The reason for the 
mismatch of the data and simulation above Tc is simply due to the fact that 
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Figure 4.7: Measured and simulated complex response (amplitude 
A(T) and phase ψ{Τ)) from the Lai 9oSro 10CUO4 sample as function 
of temperature for ƒ=60 GHz and B=0 T. The two results, theory and 
experiment, are identical to the curves in figure 4.6. The simulation 
of the complex reflection coefficient is done, using the Josephson c-
axis dielectric constant êj(B,T), parametrized by ωρ(Β,0)= 600 GHz, 
7(B)= 630 GHz, Tc= 28 K, ec= 30, and ω0= 60 GHz. 

our model description does not describe the normal state dielectric response 
of the superconductor. The temperature variation may also cause a small 
drift in the observed signal due to instrumental effects, length changes of the 
insert affecting resonant modes in the system. Considering the reasonable 
agreement between theory and experiment in the complex plane, the initial 
assumption for the temperature dependence of the quasiparticle damping 
term is not very bad. We also tried a constant damping term, linear and 
exponential temperature dependencies of the damping, which all gave worse 
fits to the experimental data. 

The origin of the small circular resonance below Tc in figure 4.6, which has 
a different lineshape, is not yet understood and also not included in the 
theoretical simulation. 
When converting the simulated and transformed experimental response back 
to the temperature domain, getting the amplitude and phase as function of 
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temperature, see figure 4.7, we find a satisfying agreement below Tc. Just 
below Tc we can see that the damping is still slightly too large, which means 
that the slope of the temperature dependent damping term is not large 
enough. But also the other resonance is contributing to the signal there. 
Naturally above Tc the simulation fails to describe the response since our 
model does not include the normal state response. 
To interpret the measured phenomenon as function of temperature as a 
Josephson plasma edge, is confirmed by demonstrating that below Tc the 
shape of the experimentally measured complex signals reasonably agree with 
the theoretical predictions according to the Josephson model, both in the 
complex plane and as function of temperature. 

4.4.2 Lai.9oSro.ioCu04 in Faraday configuration 

To study the magnetic field dependence of the plasma frequency in the Fara
day configuration, we applied magnetic fields parallel to the superconducting 
СиОг layers (see figure 4.5). 
Figure 4.8 shows for several frequencies, 60, 124 and 380 GHz, the influ
ence of an externally applied magnetic field up to 20 Τ on the plasma edge 
as function of temperature for Lai.goSro.ioCu04. The left column shows 
the amplitude A{T), and the right the phase φ(Τ) of the complex reflec
tion signal. A background signal for Τ >TC has been subtracted (complex 
translation) and both amplitude and phase have been normalized to their 
maximum (scaling and rotating in the complex plane). This means point В 
at the origin and point A on the unit circle. 
For every frequency the effect of the plasma edge shifting to lower tem
perature is clearly visible. In this underdoped compound (x = 0.10), the 
plasma edge shows a very weak field dependence in temperature, indicating 
a small reduction of the plasma frequency ωρ(.Β,0), in agreement with the 
small pairbreaking effects where Tc is essentially independent of the applied 
magnetic field. This magnetic field shift of the plasma edge can be seen in 
both the amplitude and the phase of the reflected signal. When the radi
ation frequency is increased, getting closer to the zero-temperature plasma 
frequency, the plasma edge is detected at lower temperatures, and the mag
netic field influence is increased, as can be seen for ƒ=380 GHz in figure 4.8. 
Secondly in a magnetic field the slope of the plasma edge decreases, indicat
ing additional damping of the plasmon caused by dissipation. This plasmon 
damping can be explained by the coupling of the introduced interlayer vor
tices to the electromagnetic radiation [4, 5]. The damping can then be due to 
both dissipation in the vortex cores and vortex motion around their pinning 
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Figure 4.8: (Left page) Measured complex signal reflected from the 
Lai.9oSro.ioCu04 sample surface as function of temperature for (a) 
/=60 GHz, (b) /=124 GHz, and (c) /=380 GHz. The magnetic field 
is increased from 0 to 5, 10, 15, and 20 Tesla, going from the right 
curve to the left curve in every picture. The left row shows the am
plitude A(T), which is corrected for a background signal A(T > Tc) 
and normalized to one. The right row displays the phase φ{Τ) (also 
normalized to one) of the reflected electric field in the Faraday config
uration for all signals. 

centers. Since the damping is also prominent at the resonance, where the 
vortex system is decoupled from the electromagnetic response, the quasipar-
ticles contribute substantially. 
The small feature we observe in the /=60 GHz measurement, disappears 
very rapidly with increasing frequency or magnetic field. In the amplitude 
signal of the /=124 GHz measurement only a very small effect can be seen 
at the same position. The origin of this resonance is not clear. Compared 
to the plasma resonance its shape is different, more circular in the complex 
plane, reflecting a more Lorentzian like character and indicating a different 
origin than the Josephson plasma resonance. Also the much larger magnetic 
field influence confirms the different origin of the feature. This resonance 
was only observed in the long wavelength limit where the electromagnetic 
radiation at the end of coupling cone in our quasi-optical setup can possibly 
couple both electrically or magnetically to the sample. This can lead to 
the observation of magnetic resonances. In undoped samples, or insulating 
parts of CuC*2 planes, the Cu 2 + ions {dP state) are spin active and couple 
antiferromagnetically as function of temperature, see figure 4.2. Maybe this 
results in a magnetic resonance as function of temperature. 

4.4.3 Lai.9oSr0.ioCu04 in Voigt configuration 

Instead of applying a magnetic field parallel to the СиОг layers, we can 
also apply it perpendicular to these layers (Voigt configuration, see figure 
4.5). In this case the introduced pancake vortices influence the properties 
of the superconducting СиОг layers. Figure 4.9 shows the reflectance of 
Lai.goSro.ioCuC*4 as function of temperature in magnetic fields up to 16 Τ 
oriented parallel to the c-axis. We again subtracted the background signal 
for Τ >TC and normalized to one. 

For both the /=81 GHz and /=150 GHz measurement, we observe a plasma 
edge suppression by the applied magnetic field. In the Lai.9oSro.ioCuÜ4 sam-
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Figure 4.9: Measurements of the plasma edge in Lai 9oSr0 10C11O4 
in the Voigt configuration as function of temperature for (a) /=81 
GHz, and (b) /=150 GHz. In both cases the magnetic field for the 
consecutive curves (from right to left) is 0, 2, 4, 8, 12, and 16 Tesla. 
The complex reflection signal is corrected for a background at Τ > Tc 

and amplitude (left) and phase (right) are both normalized to one. 
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pie, the plasma edge is clearly shifting and broadening when the magnetic 
field is increased. The monotonie suppression of the plasma edge by the 
applied magnetic field is due to the decreased coupling between the СиОг 
layers, because the presence of normal vortex cores in the superconducting 
СиОг planes reduce the average critical current. This reduction of critical 
current jc{B) is directly related to a decrease of the plasma frequency ωρ(Β) 
according to formula 4.12. The quasi-linear shift can also be understood, 
assuming the number of normal vortex cores to increase, reducing the ef
fective area for Josephson coupling in a linear fashion. Also the damping 
is strongly enhanced because the introduction of these vortices creates a lot 
of quasiparticles, which give rise to an increased dissipation, reducing the 
slope of the plasma edge. 

In the measurement at /=81 GHz and B=0 T, the Lorentzian resonance 
feature again appears, but much stronger this time. It is equally quickly 
suppressed by the increasing frequency or magnetic field, since at /=150 
GHz it disappeared and at a few Tesla it broadens very much. 

4.4.4 Lai.8 8Sr0.i2CuC>4 

The experiment we performed on the Lai.9oSro.ioCu04 sample, we repeated 
on a Lai.88Sro.i2CuO*4 sample with a higher doping concentration. In this 
underdoped sample (z=0.12) the critical temperature should be higher than 
for i=0.10, according to the phase diagram in figure 4.2. 
Figure 4.10 shows the direct reflection results, amplitude A(T) (left) and 
phase <p{T) (right), for both the Faraday and Voigt configuration in mag
netic fields up to 15 T. In both cases we subtracted the background signal 
above Tc and normalized to one. 
In the Faraday configuration for ƒ = 127 GHz (a), in both amplitude and 
phase the plasma edge slightly shifts when the magnetic field is increased 
from 0 to 15 Tesla, indicating a small decoupling effect of the СиОг layers. 
Also some additional plasmon damping is appearing as function of the ap
plied field. Compared to the other data from Lai.9oSro.ioCu04, the slope 
of the plasma edge at zero field is already smaller, which indicates a larger 
damping term, and means a substantial amount of quasiparticles causing 
the damping. The additional damping in magnetic fields is then caused by 
dissipation in the vortex cores. 
For ƒ= 92 GHz (b) in the Voigt configuration, creating vortices through 
the СиОг layers, the plasma edge is much more sensitive to magnetic field. 
Increasing the field rapidly suppresses the plasma edge and damps it due to 
introducing pancake vortices, creating dissipating quasiparticles. The sup-
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Figure 4.10: Complex reflection signal from the Lai eeSro 12C11O4 
sample as function of temperature for (a) /=127 GHz in the Fara
day configuration, and (b) /=92 GHz in the Voigt configuration. For 
(a) the magnetic field successively is 0, 5, 10, and 15 Tesla (from the 
right curve to the left curve), and for (b) 0, 2.5, 5, 7.5, 10, 12.5, and 15 
Tesla. The left column shows the amplitude A(T), the rigth column 
the phase <p{T), both corrected for a background signal (for Τ > Tc) 
and normalized to one. 
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pression of the plasma edge with magnetic field is much stronger than for 
the x=0.10 sample, which means that for Lai.goSro.ioCu04 the interlayer 
coupling is weaker, indicating a larger anisotropy. 

The small resonance we observed for low frequencies and magnetic fields 
in the Lai.9oSro.ioCu04 samples close to Tc, we did not find in the higher 
doped sample. 

4.5 Discussion 

The measurements of the plasma edge in the Faraday configuration, on the 
Lai.9oSro.ioCu04 sample as function of temperature in different magnetic 
fields, allow to determine the plasma frequency dependence on tempera
ture and magnetic field. Figure 4.11 displays the plasma frequency (ω = 
ωρ(Β, Τ)) in a temperature versus magnetic field graph for Lai.9oSro.ioCu04, 
showing equi-frequency lines. The left diagram in figure 4.11 shows the ex
perimentally determined temperatures at which the plasma frequency equals 
the radiation frequency at externally applied magnetic fields. It shows that 
the plasma frequency is approximately linearly suppressed by the magnetic 
field at frequencies much smaller than the zero-field zero-temperature plasma 
frequency, u>p(0,0), in agreement with earlier predictions [11, 21]. Getting 
closer to this frequency, the suppression increases with magnetic field. 
At low magnetic fields compared to the characteristic magnetic field for this 
configuration HQ ~ 200 T, we can use formula 4.13, from the model of Bu-
laevskii, Maley and Tachiki [11], to describe the magnetic field influence. 
Using equation 4.17 to describe the temperature dependence of the plasma 
frequency, we calculated equi-frequency lines, see the right picture in figure 
4.11. A good qualitative agreement is found between the observed and pre
dicted magnetic field influence on the plasma frequency. To get a reasonable 
quantitative agreement between the results we used a charateristic field HQ 
of 390 Tesla, and a different prefactor in front of the natural logarithm in 
formula 4.13 ( | instead of | ) . 

This means that for the magnetic field parallel to the layers, the plasma 
frequency is suppressed by vortices in between the superconducting planes, 
creating a dephasing affecting the Josephson coupling between the СиОг 
planes. Since also the damping of the plasma edge increases with magnetic 
field, these vortices also create quasiparticles which are responsible for the 
dissipation. 

Figure 4.12 shows the plasma frequency in a temperature versus magnetic 
field diagram, for the measurements in the Voigt configuration. Clearly 
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Figure 4.11: The plasma frequency dependence on magnetic field 
and temperature for Lai 9oSro 10CUO4 in the Faraday configuration. 
The data points in the left picture are the experimentally determined 
plasma frequencies from the reflected signal as function of tempera
ture at fixed frequencies and fields, see figure 4.8. The picture on the 
right side shows calculated equi-frequenry lines (0, 60, 120, 180, 240, 
and 300 GHz) using the models described in the text. 

the plasma edge in the Voigt configuration shifts to lower temperatures for 

increasing magnetic field at a rate much faster than in the Faraday con

figuration. This indicates that the coupling between the layers is indeed 

strongly reduced due to the presence of normal vortex cores in the supercon

ducting CuC>2 planes. A nearly linear monotonie suppression of the plasma 

frequency with magnetic field indicates that the magnetic field creates a 

linearly increasing amount of vortices through the C11O2 layers, decreasing 

the effective superconducting area for the Josephson coupling between the 

layers. 

When we want to use the exponential expression for the magnetic field 

dependence of the critical current (formula 4.14) to calculate the plasma 

frequency as function of magnetic field, we can only do this in the limit 



4.5 Discussion 129 

30 

25 

£ 20 
_> 

V 

» 15 η 
Φ 

g-10 
ш 

I 

• 5 
• 

• 

-
• 

• 

• 

• α 
• 
о 

. 

8 
• 

О 

• 

• 

f= β1 GHz 
f= 117 GHz 
f= 150 GHz 

1 — 

9 
• 

• 

D 

* 

• 

-

• 

-

• 

• 

• 

Π " 

30 

25 

20 

15 

10 

0 5 10 15 

Magnetic Field (Tesla) 

Figure 4.12: The plasma frequency of Lai.9oSro.ioCu04 in the Voigt 
configuration as function of temperature and magnetic field. The fig
ure shows the experimentally determined plasma frequencies from the 
measurements in figure 4.9. 

of weak magnetic fields, В <íC Ho with a characteristic magnetic field for 
this orientation of Ho « 8.2 T. In this limit the vortices are assumed to 
be independent, and the exponential dependence can be linearized for small 
fields, resulting in a linear suppression of the Josephson plasma frequency 
with magnetic field, in agreement with our observations. The linearity to 
higher fields than expected, indicates a probably much higher Ho. 
Since our measurements show a linear temperature dependence of the plasma 
frequency on magnetic field, we also have no indication of crossing the so-
called irreversebility line [2, 15]. This line in the magnetic field versus tem
perature phase diagram of high temperature superconductors separates the 
range of vortex disorder due to low pinning forces, and the vortex lattice 
state. 
Figure 4.13 shows the plasma frequency dependence on temperature and 
magnetic field in both the Faraday and the Voigt configuration for the 
Lai 8eSro.i2Cu04 sample. One notices directly that the temperature at 
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Figure 4.13: The plasma frequency of Lai 88S1O.12CUO4 as function 
of magnetic fields and temperature for several applied radiation fre
quencies. The left figure displays the dependencies in the Faraday 
configuration, and on the right the Voigt configuration. 

which the plasma frequency is observed at zero magnetic field, is lower than 
for the Lai.9oSro.ioCu04 sample. This suggests a lower plasma frequency 
indicating a smaller effective interlayer critical current and thus a weaker 
Josephson interlayer coupling and a more anisotropic superconductor. A 
Lower plasma frequency may be the result of a lower critical temperature 
than for Lai.9oSro.ioCu04, also considering the lower normal state resistivity 
for x=0.12. This means that the phase diagram in figure 4.2 is not correct. 
Upon increasing the doping concentration from the lower limit of the super
conducting phase (x «0.09), the critical temperature then does not increase 
monotonically towards the maximum for x=0.15. 

The qualitative behaviour of the magnetic field dependence of the plasma 
edge is equal in both underdoped samples, x=0.10 and x=0.12. But the mag
netic field influence on the plasma frequency, in both the Faraday and Voigt 
configurations, seem to be stronger in case of the Lai.88Sro.i2(Du04 sample. 
The increased sensitivity also reflects a weaker Josephson coupling between 
the layers, and suggests smaller characteristic fields for the Lai.g8Sro.i2Cu04, 
indicating more anisotropy than for x=0.10. 
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4.6 Summary 

The direct reflection data for underdoped single crystals of La2_ISrICu04 
show a consistent picture of a Josephson coupled anisotropic superconduc
tor. We demonstrated by the analysis of the data in the complex plane that 
the edge observed in the reflection data can be treated as a c-axis Josephson 
plasma resonance. The description of the experimental data by substituting 
the c-axis dielectric constant in the complex reflection coefficient, gives a 
reasonable agreement with the data below the critical temperature. 
In the underdoped regime we find a good qualitative agreement between the 
experimentally found magnetic field influence on the plasma frequency and 
the predicted dephasing effect of the vortices in between the superconduct
ing layers. For the magnetic field perpendicular to the layers, the interplane 
coupling strength is much more sensitive and decreases linearly with mag
netic field. Comparison of the magnetic field dependence and slope of the 
plasma edge for x=0.10 and x=0.12, reveals a more anisotropic behaviour of 
the higher doped compound. This indicates a lower Tc for Lai.8eSro.i2Cu04 
than for Lai.9oSro.ioCu04, and suggests a local minimum in the supercon
ducting phase diagram from figure 4.2 around £=0.12. 
Finally, we experimentally found a second resonance close to Tc with a dif
ferent origin than the plasma resonance. The origin of this unexpected 
additional resonance is not yet understood, and needs more investigation. 
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Chapter 5 

Magneto-electrodynamics of a 
three-dimensional organic conductor: 

Cyclotron resonance and 
electron spin resonance in 

(DMe-DCNQI)2Cu 

We have used the amplitude and phase sensitive millimeter-wave tech
nique, in combination with a resonant cavity configuration, to observe 
cyclotron resonance and electron spin resonance in the three-dimensional 
organic conductor d2[l,l;0]-(DMe-DCNQI)2Cu. The cyclotron reso
nance data obtained this way are analyzed and serve as an extremely 
clear illustration of the electrodynamic response of an organic conductor 
in high magnetic fields. A cyclotron resonance mass of (3.35 ± 0.2)me 

is obtained, in agreement with the effective mass deduced from de Haas 
- van Alphen measurements. This result suggests that Coulomb corre
lations between the three-dimensional charge carriers in this material 
are not important and that the large effective mass is simply a result of 
the hybridisation between a narrow Cu 3d band and the ρπ band due 
to the DMe-DCNQI molecules. The electron spin resonance, observed 
even at low temperatures in the metallic state, demonstrates the exis
tence of insulating areas with localized C u 2 + spins. The temperature 
dependent g-value corresponding with the C u 2 + spin, gives an indica
tion for an antiferromagnetic ordering of the C u 2 + spins with decreasing 
temperature. 

133 
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5.1 Introduction 

Over the past decade, organic conductors have attracted considerable in
terest, partially due to their unique physical properties and also because 
of the versatility of these systems for the study of band formation [1-5]. 
Until recently, much of the activity has centered on the low dimensional 
charge transfer salts based on the organic donor molecules TMTSF [1, 2, 4] 
(tetramethyltetraselena-fulvalene) and BEDT-TTF [1, 3, 4] [bis(ethylenedi-
thio) tetrathia-fulvalene]. Although there have been many developments in 
the synthesis of these materials, their electronic structures remain low di
mensional. In this work, we look at one of the first molecular conductors to 
show truly three-dimensional (3D) behaviour. 
Recently, an organic conductor containing Cu ions (DMe-DCNQI^Cu (DMe-
DCNQI = 2,5-dimethyl-N,N'-dicyanoquinone-diimine) has been synthesized 
[6]. The planar DCNQI molecules are stacked in one-dimensional (ID) 
columns along the tetragonal c-axis and are inter-connected by tetrahedrally 
coordinated Cu ions [7, 8]. A ID Fermi surface is formed by the overlap
ping ρπ-orbitals of the stacked DCNQI molecules. The Cu ions, meanwhile, 
which form a seven fold diamond-like lattice, are found to be in a mixed 
valence state [9] between Cu + and Cu 2 + , indicating that the Cu 3d level 
lies close to the Fermi energy. Consequently, a 3D energy band is expected 
in addition to the ID ρπ energy band [7, 9]. Recent de Haas-van Alphen 
(dHvA) studies by Uji et. al. [10, 11] have confirmed the existence of a 3D 
Fermi surface, in agreement with bandstructure calculations [7, 12, 13], as 
depicted in figure 5.1. 
Various studies of deuterated and undeuterated alloys reveal a complex 
low temperature phase diagram, [9-11, 14-18] as shown in figure 5.2. In 
particular, the partially deuterated d2[l,l;0]-(DMe-DCNQI)2Cu compound 
shows re-entrant metal-insulator-metal (M-I-M) phases [16]. The insulating 
phase is believed to arise from a static ordering of the charges on the Cu 
ions (.. .Cu+Cu+Cu 2 + . . .), in agreement with the detection of localized C u 2 + 

states by electron spin resonance (ESR) experiments [9, 17, 18]. While at 
room temperature no ESR signal is observed, below the M-I transition this 
ESR signal appears with a g-value of 2.388 [17], characteristic for a C u 2 + 

ion in tetrahedral coordination. The temperature dependence of the inten
sity suggested a magnetic transition around 10 К [9, 17], originating from 
an antiferromagnetic interaction between the Cu 2 + ions in the aò-planes. 
These studies also claim to observe no temperature dependence of the ESR 
linewidth and g-value. 
Close to the insulating phase a steep enhancement of the electronic spe-
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Figure 5.1: The calculated 3D Fermi surface of (DMe-DCNQI)2Cu 
[7, 12, 13]. The labels α,β,η,δ\ etc. indicate different closed orbit 
trajectories about the Fermi surface. 

cific heat coefficient (7) has been interpreted by some groups as evidence 
that Coulomb interactions drive the M-I and I-M transitions [15]. However, 
other groups fail to observe this enhancement of 7 [19] and, so, the issue as 
to whether Coulomb interactions are significant is still controversial. 
At low temperatures, dHvA measurements in the metallic phase for both 
deuterated and undeuterated (DMe-DCNQI^Cu single crystals yield rather 
large effective mass values (m* > 3me) [10, 11]. These results could be 
interpreted as a further indication that Coulomb interactions lead to an en
hancement of 7, which is directly proportional to the effective mass. How
ever, bandstructure calculations do indeed predict such large effective masses 
due to the hybridisation between a narrow Cu 3d band and the ρπ band due 
to the DMe-DCNQI molecules [7, 12, 13]. This means that the picture is 
consistent with the mixed valence character of the Cu ions in the metallic 
phase. Furthermore, similar effective masses are found for both deuterated 
and undeuterated samples [10, 11], which means that 7 shows no enhance
ment on approaching the M-I phase boundary. 

The present study [20] is motivated by several factors. Firstly, any renor-
malisation of the quasiparticle effective mass, due to Coulomb interactions, 
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Figure 5.2: Schematic drawing of the experimentally determined 
temperature-pressure (deuteration) phase diagram for (DMe-
DCNQI)2Cu [9-11, 14-17]. Arrows indicate the positions of the 
deuterated salts (¿2 and d\) with respect to the undeuterated (h) 
salt. 

is expected to be energy and wavevector dependent [21]; therefore, different 
measurements should yield different effective mass values. In the language of 
strongly interacting fermions [21], thermodynamic measurements yield the 
quasiparticle effective mass, m*, which includes contributions from band-
structure, electron-phonon and electron-electron interactions. In contrast, 
cyclotron resonance (CR), which couples to the center of mass motion of an 
electronic system [22, 23], probes the dynamical mass m\ and is insensitive 
to Coulomb interaction effects [21-23]. Therefore, a comparison between 
thermodynamic (dHvA) and CR masses would be a natural way to settle 
the argument over the role of Coulomb correlations in the title compound. 
Such a comparison is particularly important in view of the fact that tight 
binding bandstructure calculations (as in [7, 12, 13]) only predict the ra-
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tíos of effective masses corresponding to different Fermi surface sections, i.e. 
they do not produce absolute values [24]. 
Secondly, there have recently been a number of reports of CR in some of 
the quasi two-dimensional (2D) BEDT-TTF salts [23, 25-27]. In each case, 
there is a difference between the effective masses deduced from CR and 
those determined from thermodynamic and/or magnetotransport measure
ments [23, 25-27], suggesting that Coulomb correlations may play an impor
tant role in the quasi 2D organic conductors. In view of this, it is interesting 
to compare these findings with measurements on a 3D organic conductor. 
Finally, existing optical data on the organics have been difficult to interpret 
due to the rather weak features attributed to CR. Matters are further com
plicated by the highly anisotropic conduction in these metals, particularly 
for the quasi-2D salts. An understanding of CR data in these materials 
relies heavily on a good knowledge of certain factors such as the conductiv
ities and relaxation times, together with any anisotropy in these quantities. 
We will show that the data obtained by our experimental technique can be 
successfully modeled, giving rise to an accurate determination of the CR 
mass. 

5.2 Experimental considerations 

The Millimeter-wave Vector Network Analyzer (MVNA) [28] was configured 
to monitor the reflected phase and amplitude of the millimeter wave radia
tion coupled to a resonant cavity containing the samples. The measurements 
reported here were performed in the 70 to 130 GHz range (λ ~ 2 - 4 mm). 
Partially deuterated <Í2[l,l;0]-(DMe-DCNQI)2Cu samples were chosen for 
this study because of their re-entrant M-I-M behaviour [9-11, 14-16]. 
The use of resonant cavities offers many advantages in this frequency regime, 
particularly in the case of small metallic crystals, where the radiation wave
length is comparable to the sample dimensions [29, 30]. Under these condi
tions, the sample acts as a perturbation of the electromagnetic field distri
bution within the cavity [29, 30]. Due to the resonant nature, the resonance 
condition is very sensitive to small changes in the sample conductivity or 
magnetic susceptibility. Another advantage of this technique is that, by 
carefully positioning the sample within the cavity, one can excite a.c. cur
rents in any desired direction within the sample [29]. Furthermore, it is 
possible to selectively couple to either the electric or magnetic dipole fields 
within the cavity [29]. 
The cavity perturbation technique has been used by several other groups 
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to study organic conductors [29, 31-33], however, there are relatively few 
reports combining this technique with high magnetic fields. Polisskii et. 
al. [27] have observed CR in the quasi two-dimensional a-(BEDT-TTF)2-
NH4Hg(NCS)4 salt. A rectangular cavity is employed and the transmitted 
amplitude is monitored for a few frequencies between 50 and 105 GHz. In 
this study, we utilize the full vector capability (phase and amplitude) of 
the MVNA, enabling a precise understanding of the coupling between our 
conducting samples and the microwave fields in the cavity. Furthermore, we 
have developed a technique which allows measurements to be performed at 
many closely spaced frequencies over a fairly extended frequency range. 
A detailed description of our experimental set-up, using an oversized cylin
drical copper cavity, is reported in chapter 2. Three small needle-like аг[1,1;0] 
— (DMe-DCNQI)2Cu samples (length ~ 3 mm, width ~ 200 μιη) were in
serted into Styrofoam so that their c-axes (needle axis) coincided. The 
measurements were then performed with the d.c. magnetic field applied par
allel to these needles. By exciting transverse electric modes, we assume that 
there is an electric field antinode at a distance λ/4 above the bottom of 
the cavity, and a magnetic field antinode at the bottom of the cavity. This 
electric field acts in a plane perpendicular to the axis of the cavity. With 
this in mind, the Styrofoam sample holder was placed close to the bottom 
of the cavity in such a way as to excite currents in the samples in a plane 
perpendicular to the applied d.c. magnetic field, in the afr-plane. Since the 
sample dimension is of the same order as the radiation wavelength, part of 
the sample experiences at the same time an RF magnetic field perpendicular 
to the d.c. magnetic field, exciting possible magnetic dipole transitions. 
The millimeter wave radiation is coupled to, and from, the cavity via a 1.4 
mm (~ λ/4 - λ/2) aperture centered on the top of the cavity. The sam
ples and the cavity were maintained at 1.2 К and placed at the maximum 
magnetic field position within a 20 Tesla resistive magnet. Once cooled, the 
frequency sweeping capability of the MVNA could be used to identify reso
nant modes of the loaded cavity. All measurements were then performed at 
a fixed quartz-locked frequency, while sweeping the magnetic field. 

5.3 Analysis 

In analyzing our data, we shall consider the surface impedance Zs of the 
sample, defined by the expression, 

4(B)-JWB)+«WB)-,/J^J, (5.1) 
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where Rs{B) is the surface resistance and XS{B) the surface reactance [29]. 
The complex conductivity is represented by â(B) = σ (Β) +ίσ (Β), ω/2π 
is the frequency and εο the free space dielectric constant. This is a common 
approach for good conductors in the skin depth regime, where the skin 
depth is much smaller than the sample dimensions and, therefore, the a.c. 
electromagnetic fields are not uniform within the sample. Solving for Rg (B) 
and XS[B) in terms of σ (В) and σ (5), we obtain 

Rs(B) = Sl(B)y/l + a(B) , Xs(B) = ii(B)y/l-a(B), (5.2) 

where Ω(£?) and a(B) are defined as 

Ω(5) = 
(εοωΫ 

4[(σ'(Β))2 + (σ"(Β))2] 
a(B) = 

-σ (В) 

^/(а'(Я)) 2 + (а"(Я)) 2 ' (5.3) 

То demonstrate that a good single crystal of (DMe-DCNQI^Cu is in the 
skin depth regime when microwave radiation is coupled to the sample in 
this geometry, we estimate the skin depth (δ(Β)=(π/σ (Β)μο)~1/2) to be 
about 1 μτη, assuming a value of σ (В) of 3 χ ΙΟ4 Ω - 1 c m - 1 in the ab-plane 
and at 1 К [20]. This is small even when compared to the smallest sample 
dimension. 
With the d.c. magnetic field applied parallel to the c-axis, only a single dHvA 
oscillation is observed [10, 11], corresponding to a single closed orbit in k-
space, the so called α-orbit depicted in figure 5.1. By exciting a.c. currents 
in the aò-plane, it should, in principle, be possible to observe CR due to the 
α-orbit. The complex conductivity will then be given by 

»(B) = \ — 
V 2 m l 

1 + ί{ω — ω0)τ 1 + ί(ω + и>с)т ' 

1 + {ω-ω(:)
2τ2 1 + (ω + ω ς ) 2 τ 2 . 

(5.4) 

where ω0(= eB/m*a) is the cyclotron frequency, ω the millimeter wave radi
ation frequency and τ the relaxation time, m* is the CR mass due to the 
α-orbit, η is the carrier density and В is the applied d.c. magnetic field. 
Both resonant (left hand term in square brackets) and non-resonant (right 
hand term in square brackets) contributions to the a.c. conductivity are 
considered in the above expression. This is due to the fact that the radia
tion everywhere in the cavity may be separated into left and right circularly 
polarized components. No special considerations are made about the exact 
shape of the Fermi surface, so equation 5.4 is derived for a free electron gas 
(Drude conductivity). 
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Changes in the sample conductivity σ(Β) and, therefore, its surface impe
dance {ARS and AXS), result in the following changes in the cavity resonance 
parameters [29] 

— = ^AAs, (5.5) 
ω0 
Αω 
— = ξΑΧ5. (5.6) 
ω 0 

In the above expressions, ΔΓ is the change in the width of the resonance, 
Δω is the change in the resonance frequency u>o and ξ is a geometrical 
factor [29]. Therefore, on application of a d.c. magnetic field, we can relate 
changes in these quantities (ΔΓ,Δω) to changes in the surface impedance of 
the sample. 
In our experiment we assume the cavity perturbation as function of the 
d.c. magnetic field changing the sample conductivity is sufficiently small to 
be able to use a direct proportionality between amplitude and absorption 
respectively phase and dispersion. This means that changes in the resonance 
frequency, u>o, will result in changes in the phase of the radiation reflected 
from the cavity, while changes in the width of the resonance (ΔΓ) will lead 
to changes in amplitude [28, 29]. More precisely, 

oc ΔΓ oc ARs, (5.7) 
AA{B) 

Αφ{Β) oc Δω oc AXS (5.8) 

where ψ{Β) and Α(Β) are the reflected phase and amplitude respectively. 
Here we see the virtue of the vector capability of the MVNA, which al
lows us to extract both components of the surface impedance with a single 
measurement. 

5.4 Cyclotron resonance results 

In the measurement from figure 5.3, two resonances can be observed. The 
broad resonance at high magnetic field can be attributed to CR, while at 
lower magnetic field also a sharp ESR signal can be seen. But we will first 
concentrate on the CR results we observed. 

Figure 5.4 shows some typical results for several frequencies between 83.87 
GHz and 125.24 GHz. In each case the temperature is 1.2 К and the d.c. 
magnetic field applied parallel to the c-axis of the samples. Also included in 
figure 5.4 are fits to the data according to the above analysis. In order to 
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Figure 5.3: Measured complex signal reflected from the cavity con
taining (DMe-DCNQI)2-Cu at /=78.59 GHz, showing the amplitude 
A{B) and the phase ψ{Β) of this signal as function of the d.c. magnetic 
field parallel to the c-axis. 

achieve good fits, a complex term as background signal was subtracted from 
the raw data, followed by a complex normalization. The latter is a result of 
standing waves in the waveguides. The reason for the apparent increase in 
noise as the frequency is increased is due to two factors. Firstly the dynamic 
range of the MVNA decreases with increasing frequency, and secondly the 
cavity becomes overcoupled at higher frequencies resulting in a reduction in 
the cavity Q-factor. For these reasons, no scale is assigned to the vertical 
axes in figure 5.4 since the noisier curves have had to be expanded by up to 
a factor of 20 for the sake of clarity. Furthermore, the geometrical factor, 
ξ, appearing in equation 5.6 cannot be determined in this experiment, i.e. 
figure 5.4 displays qualitative changes in Rs and Xs. 

From the fits to the data shown in figure 5.4, an average CR mass value 
of m* = (3.37±0.2)me is obtained and, in every case, a scattering rate of 
τ - 1 = 2 χ 101 0 s _ 1 gave the best results. Agreement between experiment 
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Figure 5.4: (a) Change in the surface resistance AR^ oc 1/AA, and 
(b) the surface reactance AXS oc Αφ, as a function of the applied d.c. 
magnetic field for several different frequencies in the range from 83 to 
125 GHz. The magnetic field is applied along the c-axis of the sample, 
and the temperature is 1.2 К in each case. The smooth curves through 
the data have been fitted according to the analysis described in the 
previous section. The data have offsets for the sake of clarity. 
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Figure 5.5: A plot of the resonance field positions against frequency. 
The straight line fit may be used to make an accurate determination 
of the CR effective mass m*. 

and analysis is remarkably good over the entire field and frequency range. 
Similar results were obtained at many other frequencies in the range 70 to 
130 GHz. By plotting the magnetic field value above which the amplitude 
begins to increase sharply (see figure 5.4), as a function of frequency, we also 
obtain an estimate of the CR mass. This plot, together with a linear fit, is 
shown in figure 5.5. Using this method, we obtain a value for the CR mass 
of m* = (3.34±0.2)me, which is fully consistent with the earlier estimate. 
What is more, to within experimental errors, these values of the CR mass 
agree with the effective mass deduced from dHvA studies, [10] i.e. m* = 
(3.3-3.4)me. 

5.5 Electron spin resonance results 

At the same time the CR data were measured, see figure 5.3, we also ob
served a sharp ESR signal. These experiments were repeated on a single 
needle-like d2[l,l;0]-(DMe-DCNQI)2Cu sample, also resulting in simultane
ous CR and ESR observations. Plotting all positions of the observed ESR 
lines, together with the CR field positions, in a frequency (energy) versus 
magnetic field diagram for T=1.2 K, we obtain figure 5.6. 
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Figure 5.6: Frequency (energy) versus magnetic field diagram dis
playing the ESR (0) a.nd CR (·) transition energies derived from the 
measurements on (DMe-DCNQI^Cu at T=1.2 K, with the magnetic 
field В || c-axis. The two straight lines are least square fits to the 
experimental points. 

Although the sample is supposed to be metallic according to the phase di
agram in figure 5.2 and the observed CR, we do find an ESR signal with 
a «/-value of 2.32±0.01 at T=1.2 K, which cannot be associated with free 
electrons. This g-value however can be attributed to the spin located on 
tetrahedrally coordinated C u 2 + ions in the sample [9, 17]. This implies that 
the sample must still contain insulating domains where the charges are fixed 
on the Cu ions. We therefore need to assume that the (DMe-DCNQI^Cu 
crystals contain two types of coexisting domains which are either insulating 
(ESR active) or conducting (ESR silent). 
For a single (DMe-DCNQI)2Cu sample, we also measured the temperature 
dependence of the ESR signal. From these measurements at different fre
quencies the g-value and zero-field offset can be deduced as function of tem
perature, shown in figures 5.7 (a) and (b). For the deuterated ¿2[1)1;0]-
(DMe-DCNQI)2Cu sample, no ESR signal is observed at room tempera
ture. Below about 60 K, upon entering the insulating phase, this ESR 
signal appears and does not vanish going to lower temperatures crossing 
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Figure 5.7: (a) The g-value of the C u 2 + ESR line as function of tem
perature from 60 К down to 1.2 K. · are our experimentally obtained 
g-values for deuterated (DMe-DCNQI)2-Cu, and D are data on un-
deuterated (DMe-DCNQI)2-Cu by T. Mori et al. [9, 17]. (b) y repre
sent the zero-field offset of the C u 2 + ESR line as function of temper
ature. 

the re-entrant I-M transition temperature. These measurements result in a 

g-value which decreases with temperature, see figure 5.7 (a). At the same 

time the g-value drops, a zero-field offset develops for temperatures below 

10 K, reaching about 11 GHz at 1.2 K, see figure 5.7 (b). We assume that 

both phenomena are caused by the onset of an antiferromagnetic ordering 

of the C u 2 + ions in the insulating domains. 

In figure 5.7 (a) we also plotted earlier results obtained by T. Mori et al. 

[9, 17]. They reported ESR data on undeuterated (DMe-DCNQI) 2 Cu sam

ples (h), which should retain metallic conductivity down to low tempera

tures, see figure 5.2. Nevertheless they measured C u 2 + ESR, presumably in 

existing insulating domains, and found a g-value of about 2.39 at tempera

tures between 70 and 5.5 K. The difference in g-value between the undeuter

ated (h) and deuterated (¿2) samples in these insulating domains, g «2.39 

respectively g «2.46, is possibly due to a change in the hybridisation, mixing 

of the molecular orbitale with the Cu 3d orbitale upon deuteration, affecting 

the effective crystal field potential. 



146 Magneto-electrodynamics of a 3D organic conductor 

5.6 Discussion 

The fact that exactly the same values for m* are obtained from dHvA and 
CR measurements [35] seems to rule out strong Coulomb correlations be
tween carriers on the 3D Fermi surface in cÍ2[l,l;0]-(DMe-DCNQI)2Cu. This 
result, coupled with the dHvA results, which indicate that m* is the same 
for deuterated and undeuterated salts [10, 11], suggests that Coulomb cor
relations between the 3D carriers play no significant role in the entire (DMe-
DCNQI)2Cu family. Therefore, we conclude that the large m* is simply a 
result of the hybridisation between a narrow Cu 3d band and the ρπ band 
due to the DMe-DCNQI molecules. One then has to ask why correlations 
apparently play an important role in some of the quasi-2D organic con
ductors [23, 25-27]. One possibility is that the reduced dimensionality of 
the quasi-2D systems leads to an enhancement of the Coulomb interactions. 
However, the BEDT-TTF and (DMe-DCNQI)2Cu systems differ in many 
other respects [5] (not just dimensionality), so there may be other explana
tions. 

Since CR and dHvA measurements probe only the 3D Fermi surface, one 
cannot rule out the possibility that Coulomb correlations between carriers 
on the ID Fermi surface are significant. One way to verify this would be 
to look for signatures in the surface impedance for quasi-ID CR. This pos
sibility was first suggested by Gor'kov and Lebed' and has been discussed 
elsewhere [36, 37]. 
The form of the amplitude and phase variation in figure 5.4 is not typical 
for CR. It is more usual to observe a Lorentzian resonance lineshape as seen 
in for example doped semiconductors. The reason for this is because, in the 
present case we are dealing with a highly conducting sample in a resonant 
cavity and, under these conditions, the boundary conditions between the 
sample surface and the surrounding vacuum lead to the surface impedance, 
which determines the cavity response (see equations 5.1 to 5.8). This type 
of result has been observed previously in experiments on semimetallic Bis
muth involving a resonant microwave bridge technique [39, 40]. In a semi
conductor, however, the electromagnetic radiation will penetrate the entire 
sample (depolarization regime) and therefore, its bulk dielectric response 
(ê = 6 +ie ) dictates the CR lineshape. In this case e and e are directly 
related to σ and σ respectively, thereby accounting for a Lorentzian line-
shape (see equation 5.4). 

Figure 5.8 shows the predicted magnetic field dependence of the phase ψ{Β) 
and amplitude A(B), in the skin depth regime for several different values of 
ωτ. It is interesting to note the entirely different field dependence of R*¡ in 
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Figure 5.8: Predicted magnetic field dependence [normalized to the 
cyclotron resonance field (шш/е)] of the surface resistance (R^) and 
surface reactance (Xs) for different values of ωτ. 

the case of ωτ > 1 and ωτ < 1. In the limit ω τ < 1 , the well known "Hagen 

Rubens" limit is reached when σ ^> σ (good metal) and Rs =s Xs (see 

equations 5.2, 5.3). In this limit the transport properties of the sample are 

probed, which can be seen, to a certain extent, in figure 5.8 where the sur

face resistance Rs and reactance Xs begin to resemble the magnetoresistance 

of a typical metal. By extending our measurements to lower frequencies, it 

should be possible to observe this crossover. For the d a t a shown in figure 

5.4, ωτ Ä; 10, it would therefore be necessary to go below 10 GHz in order 

to check this. Alternatively, measurements on less pure samples (shorter r ) 

could access this regime. 

The observation of an ESR signal in the deuterated (DMe-DCNQI^Cu sam

ples suggests the coexistence of insulating domains and conducting areas 

at low temperatures [18]. The reduction of the C u 2 + ESR (/-value and 

the appearance of the zero-field splitting at low temperatures indicate a 

magnetic interaction of the C u 2 + spins. This is in agreement with ear-
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lier results [9, 17, 41] proposing the onset of an antiferromagnetic interac
tion between the nearest neighbour Cu 2 + ions in the аб-planes via DCNQI 
molecules. T. Mori et al. claim to observe no temperature dependence of 
the C u 2 + (/-value, but a broadening and disappearance of the Cu 2 + ESR 
signal below 5.5 К for undeuterated samples, measured at a frequency of 
9 GHz. The disappearance of this ESR signal below 5.5 К however, can be 
explained by the opening of a zero-field splitting. Our results show that in 
this low temperature range a zero-field splitting opens that is larger than 
their measuring frequency, leading to a more convincing explanation of the 
results. Also our measurements clearly display a temperature dependent g-
value, decreasing at the onset of the antiferromagnetic ordering, indicating 
changing crystal field parameters due to the C u 2 + spin-spin interaction. 

5.7 Summary 

We have observed CR in the 3D organic conductor d2[l,l;0]-(DMe-DCNQI)2-
Cu. We obtain a CR mass which is in agreement with the effective mass 
obtained from dHvA measurements. This rules out the possibility that cor
relations between the 3D carriers play an important role in these materials. 
Therefore, we suggest that the large effective mass is simply a result of the 
hybridisation between a narrow Cu 3d band and the ρπ band due to the 
DMe-DCNQI molecules. 
In this work, we have studied the simplest geometry for the (DMe-DCNQI)2-
Cu system. We have been able to neglect the quasi-lD character associated 
with this material along its c-axis [7, 12]. Clearly, much work remains to 
be done in understanding the magnetoelectrodynamics of these, and other, 
highly anisotropic organic conductors. We also note that, in many of the 
organic conductors that are currently of interest, sample quality is such that 
typical scattering rates are comparable to the frequencies used in this study 
(ωτ ss 1). Therefore, this general experimental area offers great potential 
in understanding the electrodynamics of these materials in high magnetic 
fields. 
This study also demonstrates the coexistence of conducting (CR active) and 
insulating (ESR active) areas in the cÍ2[l,l;0]-(DMe-DCNQI)2Cu samples. 
The observed g-value and zero-field splitting of the Cu2+ ESR signal give 
additional evidence of an antiferromagnetic interaction of the Cu2+ spins 
with each other at low temperatures. 
We conclude by emphasizing the power of the vector measurement technique 
in combination with a resonant cavity configuration. The data obtained in 
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this way can be analyzed and serve as an extremely clear illustration of the 
complex electrodynamic response of an organic conductor in high magnetic 
fields. 
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Summary 

This thesis describes a millimeter wave spectroscopy method and the ap
plication of this method to several material studies in high magnetic fields. 
The physical environment, the relevance and importance, and the technical 
difficulties are discussed in the first introductory chapter. The realization 
of the millimeter wave spectroscopy setup, the experimental considerations 
and the necessary data analysis methods are described in chapter 2. The 
three other chapters (3,4 and 5) contain experiments with the spectroscopy 
method developed: Studies of material physics, including electron param
agnetic resonance, plasma edge spectroscopy, and cyclotron resonance. 
In chapter 2 the development is described of an experimental setup to con
veniently perform spectroscopy on solids in the frequency range between 30 
and 210 GHz in combination with high magnetic fields (B < 30 T) and low 
temperatures (T > 0.4 K). It demonstrates how we found appropriate so
lutions for the sources, detectors, and the guiding system. As a source and 
detector a Millimeter wave Vector Network Analyzer (MVNA) is used, which 
gives access to the spectral range between 1 and 7 cm - 1 (30—210 GHz). This 
tunable millimeter wave source and receiver is capable of measuring the am
plitude and phase of a signal. For the inserts and guiding system we have 
adopted a quasi-optical approach. For measuring small samples a (over
sized) resonant cavity technique is used, while in the case of large samples 
the direct reflection is measured. This spectroscopy setup bridges the gap 
between the conventional EPR and far infrared spectroscopy. 
The data analysis techniques to relate measured amplitude and phase sig
nals to the full complex dielectric material properties splits into two parts. 
First a correction for instrumental effects in the complex plane, depending 
on the setup. Secondly, the physical sample properties will not only deter
mine which spectroscopy technique has to be employed, but also the data 
analysis method; either the cavity perturbation theory or the complex re
flection coefficient. In both cases the measured vector signals are related 
to the complex dielectric constant or the complex magnetic susceptibility of 
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the material under study. 
The experiments described in the second half of chapter 2, act to demon
strate these data analysis procedures. The helicon wave experiment, where 
transmission of electromagnetic waves through an InSb sample is observed, 
shows the necessity of analyzing the measured complex signals in the com
plex plane, and being able to correct them for instrumental imperfections. 
The electron paramagnetic resonance experiment on Cr2+ centers in a semi
conductor lattice illustrates the cavity perturbation analysis technique. This 
shows how one can relate the complex magnetic susceptibility of the mate
rial to the observed vector signals. It also applies to the case of a more 
complex system. The signals from the cavity resonator containing a pow
der of fullerene molecules encapsulating Er3 + ions, can be described by the 
same formalism using a more complicated lineshape. The cyclotron reso
nance observations on a conducting organic sample, (DMe-DCNQI)2—Cu, 
in a resonant cavity, show that the analysis is also applicable to this situ
ation. The metallic properties of the sample cause the resonance to have 
an unusual shape, but the lineshape can be well understood with the cav
ity perturbation description. A large La2_iSrICu04 sample is studied by 
the direct reflection technique and this experiment demonstrates the agree
ment between the instrumentally corrected signals and the simulated direct 
reflection coefficient in the complex plane. The magnetic resonance experi
ments on Yo.sLuo.5Fe03 show the usefulness of the vectorial measurements, 
supplying additional information about the observed resonances. All these 
experiments demonstrate the power of the experimental technique, although 
the whole analysis process still leaves room for improvements and discussion 
as described. 
In chapter 3 high field electron paramagnetic resonance (EPR) experiments 
are discussed, performed on diluted magnetic semiconductors (DMS) with 
chromium. The samples are based on II-VI host materials (ZnTe, ZnSe and 
ZnS). The magnetic behavior of these DMS is quite different from all other 
known DMS (Mn, Fe, Co), resulting from a "semi degenerate" ground level 
of the Cr2+ impurities. Furthermore the Cr2+ ion undergoes a static Jahn-
Teller distortion along one of the three crystal axes, and this results in a 
strong anisotropy of the energy level structure. 
With tunable frequency EPR measurements on differently oriented crystals, 
the magnetic field dependence of the lowest lying energy levels is followed 
in detail over a broad range of frequencies and magnetic fields. The mea
surements show resonances corresponding to optical transitions from the 
ground state to the low energy excited levels of the Cr2+ ion, and reveal the 
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existence of three different types of C r 2 + centers. The anisotropic energy 
level structure can be well described by a crystal field model incorporating 
a Jahn-Teller distortion. A detailed analysis of the experimentally observed 
energy levels, allows to determine the spin Hamiltonian parameters for the 
different compounds. The fitted parameter set is not unique, but is dis
cussed in comparison with values determined by others. 
Chapter 4 shows direct reflection measurements in the millimeter wave 
regime as function of the applied magnetic field (up to 23 Tesla), oriented ei
ther parallel or perpendicular to the superconducting layers in La2_iSrTCu04 
(:r=0.10 and rr=0.12). The c-axis optical conductivity of these cuprate high 
Tc superconductors is marked by a sudden appearance of a low-frequency 
plasma edge in the reflectance spectra, for an orientation of the electric field 
E perpendicular to the СиОг layers (i.e. along the c-axis). 
The direct reflection data for these underdoped La2-iSrxCu04 single crys
tals show a picture consistent with a Josephson coupled anisotropic super
conductor. The analysis of the data in the complex plane demonstrates that 
the edge observed in the reflection data as function of magnetic field can 
be treated as a c-axis Josephson plasma edge. In the underdoped regime 
a good qualitative agreement is found between the experimental magnetic 
field dependence of the plasma frequency and the theoretically predicted 
dephasing influence of the vortices. For the magnetic field perpendicular to 
the layers, the interplane coupling strength is found to be much more sensi
tive to the field than for the field parallel to the layers. The data also reveal 
a more anisotropic behaviour for the higher doped compound, indicating a 
lower Tc for Lai.88Sro.i2CuC*4 than for Lai.goSro.ioCu04, suggesting a local 
minimum in the superconducting phase diagram. We observed a second 
resonance close to Tc with a lineshape different from the plasma edge, and 
this resonance is not yet understood. 

In chapter 5 the magneto-electrodynamics of a conducting organic material, 
(DMe-DCNQI)2-Cu, is showed. This molecular compound d2[l,l;0]-(DMe-
DCNQI)2—Си consists of columns of conducting (DMe-DCNQI) molecules 
which are interconnected by Си ions. The resonant cavity configuration and 
the phase-sensitivity of the instrumental setup allow to investigate the elec
tromagnetic response of the sample. 

In the metallic state at low temperatures a cyclotron resonance in the three-
dimensional organic conductor is observed for magnetic fields parallel to the 
conducting stacks and for several different frequencies. The cyclotron res
onance mass, m* = (3.37±0.2)me, is found to be in agreement with the 
effective mass obtained from dHvA measurements. This result is in con-
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tradiction with suggestions that correlations between the three-dimensional 
carriers in this material play an important role. Therefore the large effective 
mass is a result of the hybridisation between a narrow Cu 3d band and the 
ρπ band of the organic molecules. 

Besides that, this study also demonstrates the coexistence of conducting 
(CR active) and insulating (ESR active) areas in the (DMe-DCNQI)2-Cu 
samples. The observed g-value (g=2.32) and zero-field splitting (11 GHz) 
of the C u 2 + ESR signal give additional evidence of an antiferromagnetic 
interaction of the Cu 2 + spins with each other at low temperatures. 



Samenvatting 

Dit proefschrift beschrijft een millimetergolf spectroscopie methode en de 
toepassing van deze methode in verschillende materiaal onderzoeken in hoge 
magneetvelden. De fysische omgeving, de relevantie en het belang, en de 
technische problemen zijn besproken in het eerste inleidende hoofdstuk. De 
realisatie van de millimetergolf spectroscopie opstelling, de experimentele 
overwegingen en de noodzakelijke data-analysemethoden staan beschreven 
in hoofdstuk 2. De volgende drie hoofdstukken (3,4 en 5) bevatten ex
perimenten met de ontwikkelde spectroscopie methode: Fysisch materia
lenonderzoek, waaronder elektron paramagnetische resonantie, plasmakant 
spectroscopie, en cyclotron resonantie. 
In hoofdstuk 2 wordt de ontwikkeling van een experimentele opstelling be
schreven om gemakkelijk spectroscopie te doen aan vaste stoffen in het fre
quentie bereik tussen 30 en 210 GHz in combinatie met hoge magneetvelden 
(B < 30 T) en lage temperaturen (Γ > 0.4 K). Het laat zien hoe we geschikte 
oplossingen gevonden hebben voor de bronnen, detectoren en het geleidings 
systeem. Als bron en detector is een Millimetergolf Vector Netwerk Analy
sator (MVNA) gebruikt, die toegang geeft tot het spectrale gebied tussen 1 
en 7 c m - 1 (30—210 GHz). Deze verstembare millimetergolfbron en ontvan
ger kan de amplitude en de fase van een signaal meten. Voor de insert en 
het geleidings-systeem hebben we een quasi-optische benadering gebruikt. 
Om kleine samples te meten is een (te grote) resonante trilholte-techniek 
gebruikt, terwijl in geval van grote samples de directe reflectie is gemeten. 
Deze spectroscopie opstelling overbrugt het gat tussen conventionele EPR 
en ver-infrarood spectroscopie. 

De data-analysetechnieken om de gemeten amplitude- en fasesignalen te 
relateren aan de totale complexe dielektrische materiaal parameters, zijn 
gesplitst in twee delen. Eerst een correctie voor instrumentele effecten in 
het complexe vlak, afhankelijk van de gebruikte opstelling. Ten tweede 
bepalen de fysische eigenschappen van het sample niet alleen welke spectro
scopie techniek gebruikt moet worden, maar ook de data-analysemethode; 
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de trilholte-verstoringstheorie of de complexe reflectie-coëfficiënt. In beide 
gevallen zijn de gemeten vectorsignalen gerelateerd aan de complexe dielek
trische constante of de complexe magnetische susceptibiliteit van het mate
riaal dat bestudeerd wordt. 
De experimenten, beschreven in de tweede helft van hoofdstuk 2, zijn ter 
demonstratie van deze data-analyseprocedures. Het helicongolf-experiment, 
waar de transmissie van elektromagnetische golven door een InSb sample is 
geobserveerd, laat de noodzakelijkheid zien van het analyseren van de ge
meten complexe signalen in het complexe vlak, en de mogelijkheid om ze te 
corrigeren voor instrumentele imperfecties. Het elektron paramagnetische 
resonantie-experiment met Cr2+ centra in een halfgeleiderrooster illustreert 
de trilholte-verstorings-analysetechniek. Dit laat zien hoe men de complexe 
magnetische susceptibiliteit van het materiaal kan relateren aan de gemeten 
vectorsignalen. Dit is ook toepasbaar in het geval van een complexer sys
teem. De signalen van de resonante trilholte, die een poeder van fullereenmo-
leculen welke Er3 + ionen omsluiten, bevat, kunnen worden beschreven door 
hetzelfde formalisme, gebruikmakend van een gecompliceerdere lijnvorm. De 
cyclotron resonantie-observaties aan een geleidend organisch sample, (DMe-
DCNQI)2—Cu, in een resonante trilholte, laten zien, dat de analyse ook 
toepasbaar is in deze situatie. De metallische eigenschappen van het sample 
zorgen ervoor dat de resonantie een ongewone vorm heeft, maar de lijn-
vorm kan goed worden begrepen met de trilholte-verstoringsbeschrijving. 
Een groot L^-xSrxCuC^ sample is bestudeerd met de directe reflectietech
niek, en dit experiment laat de overeenkomst zien tussen de instrumenteel 
gecorrigeerde signalen en de gesimuleerde directe reflectie-coëfficiënt in het 
complexe vlak. De magnetische resonantie-experimenten met Yo.sLuo.sFeOa 
tonen het nut van de vectoriële metingen aan, die extra informatie geven 
over de gemeten resonanties. Al deze experimenten demonstreren de kracht 
van de experimentele techniek, alhoewel het gehele analyseproces nog steeds 
ruimte voor verbetering en discussie heeft, zoals beschreven. 
In hoofdstuk 3 worden hoog magneetveld elektron paramagnetische resonan
tie-experimenten bediscussieerd, gedaan met verdund magnetische halfgelei
ders (DMS) met chroom. De samples zijn gebaseerd op II-IV basismaterialen 
(ZnTe, ZnSe en ZnS). Het magnetisch gedrag van deze DMS is behoorlijk 
verschillend van alle andere bekende DMS (Mn, Fe, Co), wat het resultaat is 
van een "gedeeltelijk ontaarde" grondtoestand van de Cr2+ onzuiverheden. 
Daarnaast ondergaat het Cr2+ ion een statische Jahn-Teller verstoring langs 
één van de drie kristalassen, en dit resulteert in een sterke anisotropie van 
het energieniveau-schema. 
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Met verstembare frequentie EPR-metingen aan verschillend georiënteerde 
kristallen is de magneetveld afhankelijkheid van de laagst liggende energie-
niveau's gedetailleerd gevolgd over een breed frequentie- en magneetveldbe-
reik. De metingen laten resonaties zien die overeenkomen met optische over
gangen van de grondtoestand naar de laag-energetisch geëxciteerde niveau's 
van het Cr2+ ion, en tonen het bestaan van drie verschillende types van 
Cr2+ centra aan. Het anisotrope energieniveau-schema kan goed beschreven 
worden met een kristalveldmodel, inclusief een Jahn-Teller verstoring. Een 
gedetailleerde analyse van de experimenteel geobserveerde energieniveau's, 
maakt het mogelijk de spin Hamiltoniaan parameters te bepalen voor de 
verschillende materialen. De gefitte parameterset is niet uniek, maar is be
discussieerd in vergelijking met waarden bepaald door anderen. 
Hoofdstuk 4 laat directe reflectiemetingen in het millimetergolfgebied zien 
als functie van het aangelegde magneetveld (tot 23 Tesla), georiënteerd 
parallel aan of loodrecht op de supergeleidende lagen in Ьаг-хЭггСиСч 
(i=0.10 en x=0.12). De c-as optische geleiding van deze koperoxide hoge Tc 

supergeleiders wordt gekenmerkt door de plotselinge verschijning van een 
laag-frequente plasmakant in de reflectiespectra als het elektrisch veld E 
loodrecht op de СиОг lagen staat (d.w.z. langs de c-as). 
De directe reflectiedata van deze laag-gedoteerde L^-iSrjCuC^ één kris
tallen laten een plaatje zien dat consistent is met een Josephson gekoppelde 
anisotrope supergeleider. De analyse van de data in het complexe vlak 
tonen aan, dat de kant, gezien in de reflectiedata als functie van het mag
neetveld, beschouwd kan worden als een c-as Josephson plasmakant. In het 
laag-gedoteerde regime wordt een goede kwalitatieve overeenkomst gevonden 
tussen de experimentele magneetveld-afhankelijkheid van de plasmafrequen
tie en de theoretisch voorspelde defaserings invloed van de vortexen. Voor 
het magneetveld loodrecht op de lagen, is de intervlak-koppelingssterkte veel 
gevoeliger gevonden voor het veld, dan voor het veld parallel aan de lagen. 
De data laten ook een anisotroper gedrag zien voor de hoger gedoteerde 
samenstelling, wat een lagere Tc aangeeft voor Lai.88Sro.i2Cu04 dan voor 
Lai.9oSro.ioCu04, wat weer suggereert dat het supergeleidende fasediagram 
een lokaal minimum bevat. We hebben een tweede resonantie vlakbij Tc 

gemeten met een lijnvorm verschillend van de plasmakant, welke nog niet 
begrepen is. 

In hoofdstuk 5 wordt de magneto-elektrodynamica van een geleidend or
ganisch materiaal, (DMe-DCNQI)2—Cu, bestudeerd. Dit moleculair ma
teriaal d2[l,l;0]-(DMe-DCNQI)2—Cu bestaat uit kolommen van geleidende 
(DMe-DCNQI) moleculen die verbonden zijn door Cu-ionen. De resonante 
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trilholte-configuratie en de fase-gevoeligheid van de instrumentele opstelling 
maken het mogelijk de elektromagnetische respons van het sample te onder
zoeken. 
In de metallische toestand bij lage temperaturen is een cyclotron resonantie 
waargenomen in de drie-dimensionale organische geleider voor magneetvel
den, parallel aan de geleidende kolommen en voor een aantal verschillende 
frequenties. De cyclotron resonantie effectieve-massa is bepaald op m* = 
(3.37±0.2)me, en in overeenkomst met de effectieve-massa verkregen door 
dHvA metingen. Dit resultaat is in tegenspraak met de suggesties dat corre
laties tussen de drie-dimensionale ladingsdragers een belangrijke rol spelen 
in dit materiaal. Daarom is de grote effectieve-massa het resultaat van de 
hybridisatie tussen een smalle Cu 3d band en de ρπ band van de organische 
moleculen. 
Daarnaast toont deze studie ook de coëxistentie van geleidende (CR actief) 
en isolerende (ESR actief) gebieden in de (DMe-DCNQI)2—Cu samples aan. 
De gemeten g-waarde (<7=2.32) en nul-veld splitsing (11 GHz) van het Cu2+ 

ESR signaal geven extra bewijs voor de antiferromagnetische interactie van 
de Cu2+ spins met elkaar bij lage temperaturen. 



Résumé 

Cette thèse de doctorat présente une méthode de spectroscopie en ondes 
millimétriques, et l'application de cette méthode à des études de propriétés 
de matériaux dans des champs magnétiques élevés. Le premier chapitre 
d'introduction offre une discussion des aspects physiques, de la nature de 
la pertinence et de l'importance de la méthode, et des difficultés d'origine 
technique de spectroscopie dans ce domaine. Dans le deuxième chapitre 
nous proposons la réalisation d'un système pour la spectroscopie en ondes 
millimétriques, nous considérons les aspects expérimentaux, et les méthodes 
d'analyse des signaux. Les chapitres suivants (3, 4 et 5) décrivent quelques 
expériences diverses utilisant la méthode expérimentale de spectroscopie 
mise en place dans ce travail: des études de propriétés de matériaux, y inclus 
la résonance paramagnétique électronique, la spectroscopie d' une arrête de 
fréquence plasma, et la résonance cyclotron. 
Le chapitre 2 donne les détails du développement du système qui nous a 
permis de faire la spectroscopie de crystaux et d'échantillons solides dans 
le domaine de fréquence de 30 à 210 GHz et sous l'application de champs 
magnétiques élevés (B < 30 T) et de températures réduites (T > 0.4 K). 
C'est une démonstration des solutions que nous avons obtenues pour le choix 
de générateurs et détecteurs, et pour le système de transport des ondes mil
limétriques. Le "Millimeter wave Vector Network Analyzer" (MVNA) nous 
sert comme générateur et détecteur, et nous permet la spectroscopie dans 
tout le domaine de fréquence de 1 à 7 cm - 1 , c'est à dire de 30 à 210 GHz. Le 
détecteur adjoint au générateur syntonisable d'ondes millimétriques est ca
pable de mesurer simultanément la phase et l'amplitude du signal réfléchi, et 
nous avons adopté une technique quasi-optique pour le système de guidage 
des ondes millimétriques. Pour les études d'échantillons minces nous util
isons une cavité (surdimensionnée), tandis que pour l'étude d'échantillons 
suffisament grands c'est la la réflexion directe qui est utilisée. Avec cette 
technique de spectroscopie nous avons relié les domaines de la spectroscopie 
d'infrarouge lointain et de la résonance paramagnétique électronique con-
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ventionelle. 
La méthode d'analyse qui permet de relier les amplitudes et phases des 
signaux mesurés avec les paramètres de réponse diélectrique complexe est 
composée de deux parts différentes. D'abord il faut faire une correction 
dans le plan complexe pour les effets instrumentaux, qui est déterminée 
par le système utilisé pour les mesures. En outre, les propriétés physiques 
des échantillons non seulement déterminent quelle technique de spectro
scopie sera la meilleure, mais aussi la méthode d'analyse la plus propre: 
ou la théorie de perturbation de la cavité, ou le coefficient de réflexion 
complexe. Quand-même, dans les deux cas, les signaux vectoriels mesurés 
sont proportionnels au coefficient diélectrique complexe ou à la susceptibilité 
magnétique complexe du matériau. 
Les expériences décrites dans la suite du chapitre 2 peuvent démontrer 
l'application des méthodes d'analyse. L'expérience de résonance helicon, 
dans laquelle nous avons observé la transmission simple des ondes électro
magnétiques à travers l'échantillon de InSb, a prouvé la nécessité d'analyser 
les signaux mesurés dans le plan complexe, et d'être capable de corriger 
l'imperfection instrumentale. L'expérience de la résonance paramagnétique 
électronique de centres Cr2+ dans un réseau crystallin de semiconducteur est 
un bon example de la technique de perturbation de la cavité. Et l'élaboration 
de l'expérience montre comment on peut relier la susceptibilité magnétique 
complexe du matériau aux signaux vectoriels mesurés. Cette méthode aussi 
peut être appliquée à l'étude d'un système plus compliqué: la réponse d'une 
cavité avec de la poudre de molécules de fullerene contenant dans leur centres 
des ions de Er3+ peut être traitée avec le même formalisme, mais incluant 
des courbes de résonance un peu plus compliquées. L'observation avec une 
cavité en résonance de la résonance cyclotron de petits crystaux d'un con
ducteur métallique d'origine organique, (DMe-DCNQI)2-Cu, montre que la 
méthode d'analyse peut être appliquée de même dans ce cas-ci. La bonne 
conductivité métallique des échantillons a pour conséquence que la courbe 
de résonance est un peu différente, mais la courbe peut être comprise dans 
le cadre de la méthode de perturbation de la cavité. Nous avons étudié un 
échantillon assez grand de La2- ISr ICu04 avec la méthode de réflexion di
recte, et cette expérience montre la bonne correspondance entre la simulation 
de la réflexion dans le plan complexe et les signaux mesurés et corrigés pour 
les effets instrumentaux. Finalement, les expériences de résonance param
agnétique sur Yo.5Luo.5Fe03 ont montré l'efficacité de la nature vectorielle 
du détecteur, qui nous a permis d'arriver à des conclusions additionnelles 
sur les résonances observées. En somme, toutes ces expériences prouvent la 
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puissance extraordinaire de la technique expérimentale, quoique le procédé 
d'analyse soit toujours amendable et soumis à discussion. 
Le chapitre 3 présente des expériences de résonance paramagnétique élec
tronique (EPR) dans des champs magnétiques élevés sur des semiconduc
teurs magnétiques dilués (DMS) avec du chrome. Les échantillons semicon
ducteurs ont une composition de base II-VI (ZnTe, ZnSe et ZnS), et les 
propriétés magnétiques de ces matériaux DMS avec du chrome sont bien 
différentes de tous les autres matériaux DMS connus (avec Mn, Fe ou Co), 
à cause de la nature sémi-dégénérée du niveau d'énergie le plus bas des ions 
d'impureté de Cr2+ . En outre, l'ion d'impureté de Cr2+ est soumis à une 
distorsion de réseau statique Jahn-Teller dans la direction de l'un des axes 
principaux du crystal, et en conséquence on trouve une anisotropie con
sidérable des niveaux d'énergie. 
En utilisant la technique EPR de fréquence syntonisable sur des crystaux 
sous des orientations différentes, la dépendance en champ magnétique des 
niveaux d'énergie ultérieurs peut être étudiée sur un grande domaine de 
fréquences et de champs magnétiques appliqués. Dans les mesures on trouve 
des résonances venant de transitions optiques entre le niveau le plus bas et 
quelques niveaux excités des ions Cr2 + . Nous avons montré que les niveaux 
d'énergie anisotropes sont bien reproduits quand une distorsion Jahn Teller 
est incluse dans le modèle de champ crystallin. L'analyse détaillée des 
niveaux excités mesurés nous a permis de dériver les paramètres d'équation 
Hamilton du spin pour les matériaux différents considérés. La collection de 
paramètres obtenue n'est pas unique, et nous avons discuté notre choix en 
donnant une comparaison avec d'autres valeurs publiées. 
Le chapitre 4 présente des mesures de réflexion directe d'ondes millimétriques 
dans des champs magnétiques appliqués jusqu'à 23 teslas, avec une orienta
tion parallèle (0°), ou perpendiculaire (90°) aux couches supraconductrices 
de La2-iSr!Cu04 (x = 0.10 et χ = 0.12). Dans ces matériaux supracon
ducteurs à température élevée basés sur le cuivre, la conductivité optique 
au long de l'axe с est caractérisée par Г apparition soudaine d'une arrête 
de plasma à fréquence basse dans le spectre de réflexion, quand le champ 
électrique est orienté à 90 degrés des couches СиОг (c'est à dire parallèle à 
c). 
Les mesures de la réflexion directe des crystaux La2- i ;SrICu04 sous-dopés 
sont en accord avec un modèle de supraconducteur anisotrope de couplage 
Josephson. L'analyse des mesures dans le plan complexe montre que l'arrête 
de réflexion (et sa dépendance en champ magnétique appliqué) peut être 
considérée comme arrête plasma Josephson sur l'axe с Dans le domaine de 
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sous-dopage nous avons obtenu un accord qualitatif bon entre la dépendance 
du champ magnétique observée et la prédiction de la théorie de l'action 
déphasant des vortices. Avec le champ magnétique orienté à 90 degrés des 
couches supraconductrices, on a trouvé que le couplage entre les couches 
est beaucoup plus fortement influencé par un champ magnétique appliqué, 
qu'avec une orientation parallèle. Les données expérimentales ont aussi 
montré que le matériel avec dopage plus élevé (x = 0.12) a une anisotropie 
plus forte. Par conséquence la température critique Tc de Lai.88Sro.i2CuO*4 
est réduite en comparaison avec Lai.goSro.ioCuO,}, ce qui suggère qu'il y a 
un minimum local dans le diagramme de phase du supraconducteur. Une 
résonance additionnelle, qui est observée près de la température critique, est 
caractérisée par une courbe de résonance assez différente de la résonance de 
plasma et échappe toujours a l'explication. 
Le chapitre 5 contient l'étude de la dynamique magnéto-électrique d'un 
composé conducteur d'origine organique. Ce matériau "charge-transfer", 
partiellement deuteré, d2[l,l;0]-(DMe-DCNQI)2Cu contient des colonnes de 
molécules de (DMe-DCNQI) conducteurs, reliés par des ions de cuivre. Une 
configuration avec une cavité en résonance et la sensibilité de phase du 
système générateur/détecteur MVNA nous ont permis d'étudier la réponse 
magnéto-électrique des échantillons crystalline. 
A basse température, dans l'état conducteur métallique du conducteur or
ganique 3-dimensionel (3D), nous avons observé des résonances cyclotron 
à un grand nombre de fréquences quand le champ magnétique est ori
enté en parallèle aux colonnes conducteurs. La masse cyclotron obtenue, 
m* = (3.37 ± 0.2)me, est en bon accord avec la valeur trouvée par les 
oscillations de Haas van Alphen. Notre résultat met en doute les sugges
tions que des corrélations entre les charges 3D dans ce matériau seraient de 
grande importance. Il apparaît plutôt que la masse effective élevée est le 
résultat de l'hybridisation entre les niveaux 3d de cuivre de bande étroite 
et la bande de niveaux ρπ des molécules organiques. Aussi, notre étude de 
(DMe-DCNQI)2Cu montre que des volumes de phase conductrice (active en 
résonance cyclotron) et des volumes de phase isolante (active en résonance 
paramagnétique électronique) peuvent coexister dans nos échantillons par
tiellement deuterés. La valeur g = 2.32 et le seuil de champ nul de 11 GHz, 
que nous avons trouvés pour la résonance paramagnétique électronique de 
Cu2+, soutiennent l'hypothèse d'une interaction antiferromagnétique entre 
les spins de Cu2+ à basses températures. 
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Millimeter wave spectroscopy 
in high magnet ic fields 

This thesis describes the development 
of a new method for millimeter wave 
spectroscopy, and its application. The 
physical environment , t he relevance 
and importance, and the technical diffi
culties of the method are discussed, fol
lowed by the implementat ion of the new 
mil l imeter wave spectroscopy setup. 
Different experimental conditions are 
identified, and the necessary methods 
for data analysis in these regimes are 
described and demonstrated by means 
of spectroscopical studies of a number of 
mater ials . 

Th ree of these s tudies of mate r ia l 
physics are t reated in more detail; A 
high magnetic field EPR experiment of 
Cr-based diluted magnetic semiconduc
tors, the c-axis Josephson plasma edge 
in the high tempera ture superconductor 
La2 xSrxCu04 , and the magneto-electro
dynamics of a three-dimensional organ
ic conductor (DMe-DCNQI)2Cu. 


