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1. Introduction  

The discovery of the zeroïresistance state (superconductivity) in mercury at 4.7 K in 1911 

was one of the most fascinating phenomena of 20
th
 century [18] which preceded the 

discovery of zeroïfriction (superfluidity of the helium) in 1937 by Pyotr Kapitsa and John F. 

Allen [15].  

In fact, the zeroïresistance state was limited to very low temperatures until the discovery of 

superconductivity in LaïBaïCuïO compound at 30 K in 1986 [184], which opened up an 

area for new class of materials called highïtemperature superconductors (HTSC). Later on, 

various compounds were synthesized with CuOïplanes as a major constituent and they were 

classified as cuprates. The superconducting temperature Tc was successfully raised up to 135 

K in mercury based cuprates (HgïBa2ïCa2ïCu3ïO8), where Tc can be further increased up to 

164 K by application of high pressure [14 - 16]. 

These highïtemperature superconductors belong to the field of so called strongly correlated 

materials, which show unusual properties: metalïtoïinsulator transitions, half metallicity, 

highïtemperature superconductivity, spin and charge density waves (SDW and CDW). 

Density function theory alone cannot explain the behaviour of these materials due to the 

effects of electronic interactions or correlations which were not taken into account during 

formulation of the band theory [17]. These unusual effects can be observed in many 

transitionïmetal oxides due to the peculiarities related to d or f orbital character of electrons. 

For example, NiO and CuO are expected to be good metals but they appear as wide band gap 

insulators due to the large onsite coulomb repulsion which dominates over the kinetic energy 

of electrons and creates an insulating gap. Thus, the behaviour of a given electron in these 

materials cannot be described independently of other electrons [13 - 15]. 

The recent discovery of highïtemperature superconductivity in iron pnictides surprised the 

scientific community and offered a new class of superconducting materials, which had a 

magnetic element (iron) as a major constituent. Even though their superconducting 

temperatures are low, they are considered an important material in order to understand the 

problem of the mechanism of highïtemperature superconductivity [22, 23, 26] 
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The word ñPnictogenò (or Pnicogen) is derived from the Greek word, ñpnigeinò, which 

means, to smother, block or restrain. The elements of the Group 15 are called Nitrogen or 

Pnictogen group. The name was given because of the inherit property of nitrogen. Each 

element of the group contains five electrons in their valance shell, and can form stable 

compounds, with double and triple bonds. The binary compounds containing this group can 

be referred as Pnictides [22, 23, 25]. 

There are three most famous phases, which are classified on the basis of their empirical 

formula, i.e. (1111), (122) and (111). The parent compound of the (1111) class is LnFeAsO 

where Ln is lanthanide element. The AFe2As2 systems form the (122)ïfamily of compound 

where A can be Ca, Sr or Ba, while LiFeAs or NaFeAs are example of (111)ïphase [23, 25, 

26]. 

In the first part of this research project, the (122)ïphase SrFe2-xCoxAs2 pnictides at the doping 

concentration x = 0 and 0.1 were investigated by infrared spectroscopy under highïpressure 

and lowïtemperatures. It will  enable us to observe closely and investigate effectively the 

electronic properties of SrFe2-xCoxAs2 pnictides under extreme conditions. Particularly, 

interesting are the effects caused by the temperature which leads to the substantial changes in 

the electrodynamics of the system. This is obviously manifested in the transition to the lowï

temperature spin density wave state which can be cleared by the evolution of infrared spectral 

weight as a function of pressure and temperatures [29, 30, 89, 93]. 

At room temperature, the undoped SrFe2As2 is paramagnetic with a tetragonal crystal 

symmetry and transforms to an antiferromagnetic spin density wave state with an 

orthorhombic symmetry below 200 K [136, 137]. The parent compound is not 

superconducting but the application of highïpressure or chemical doping suppresses the 

SDW state which leads to the emergence of a superconducting state. Both electron and hole 

doping suppress the phase transitions in a similar way and induce a superconducting state 

[89, 93]. 

The effect of these phase transitions are observed as a drastic increase in electrical 

conductivity in the transport measurements [29, 30]. In optical measurements, the spin 

density wave state appears as a strong suppression of reflectivity in the far and mid infrared 

frequency range, while the superconducting gap lies below the frequency limit of the pressure 

setup. Therefore, one of the main goal of this research project is to study the infrared 

properties of the parent SrFe2As2 and cobalt doped SrCo1.9Fe0.1As2 pnictides in the spin 
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density wave state under highïpressure (0ï6 GPa) and various temperatures from 300 K 

down to 10 K [135].  

 

Metal hexaborides: 

Metal hexaborides (MB6) have gained the interest of scientific and technical communities 

because of the simple chemical structure but it shows exotic physical properties due to strong 

correlation among the conduction electrons. MB6, where M stands for a metal, are 

synthesized with various alkaline earth (AE) and rare earth (RE) metals and their physical 

properties change when synthesized with different metals [46, 47, 55, 56].     

For example, LaB6 shows superconductivity at low temperatures while it is a simple metal at 

room temperature. In addition, it has a low work function which is considered a technological 

advantage for designing coherent electron sources [41]. On the other hand, at low 

temperature SmB6 shows an energy gap in the electronic excitation which appears as a 

substantial drop in the electrical conductivity in transport measurements [42, 55, 56].  

In rare earth hexaborides, the f orbital character of the electrons has a major importance in 

their electronic and magnetic properties. However, the discovery of ferromagnetism in the 

lightly doped SmB6 and CaB6 surprised the scientific community, where the ferromagnetism 

occurred for a very low doping concentration of La, and with high Curie temperatures. This 

can be one of the major technological applications of the semiconducting hexaborides: to 

manipulate their magnetic properties for designing the future room temperature spintronic 

devices [46 - 48]. 

Synthesis of hexaborides with Eu gives an exciting magnetic and electronics properties which 

are challenging for the scientific community in order to explain the underlying physics. For 

example, the classification of EuB6 as a semiconductor or a semimetal is problematic and has 

not yet been resolved. In addition, it shows a negative giant magnetoresistance (GMR) at 

liquid nitrogen temperatures [45, 55, 56]. 

In the second part of this research project, the infrared properties of EuB6 were investigated 

under highïpressure and lowïtemperatures. The material shows transition from the 

paramagnetic to the ferromagnetic phase via two consecutive phases at 15.2 K and 12.2 K 

which is observed as a huge shift in the plasma edge towards higher frequencies in the mid 

infrared range [52, 55, 56, 80].  
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The physical properties can be tuned by doping or application of high pressure. For instance, 

carbon doping shifts the plasma edge towards higher frequencies with increasing metallicity. 

On the contrary, calcium doping shifts the plasma edge towards lower frequencies with 

decreasing metallicity. Theoretical calculations [81, 79] predicted a large shift of plasma edge 

towards higher frequencies with application of high pressure, both in paramagnetic and 

ferromagnetic states. Therefore, the second goal of this research project is to study the 

infrared properties of EuB6 under highïpressure (0ï8 GPa) at eight sets of temperature cycles 

from 300 K down to 5 K [52, 55, 56, 80]. 

The thesis is presented in several sections: a brief review of the experimental techniques is 

given in Chapter 2. The literature survey relating to SrFe2-xCoxAs2 pnictides is presented in 

Chapter 3, along with results and discussion of SrFe2As2 and SrCo1.9Fe0.1As2. In chapter 4, a 

brief literature survey about EuB6 along with results and discussion is presented. The 

summary, conclusions and future perspectives are given in Chapter 5. In the appendix, a brief 

overview of the experimental details at ANKA synchrotron source is presented along with the 

graphs of EuB6.  
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2. Experimental techniques 

This chapter gives a brief overview of the experimental techniques which were used to obtain 

the optical data as a function of pressure and temperature. 

 

2.1. Grating and Fourier transform spectrometers  

The spectrometers are used to project and focus the light on the materialôs surface and the 

response (Reflectance or Transmittance) of the material is measured as a function of the 

constituent frequencies. Since the radiation comes out from different sources with certain 

spectral widths, they need to be separated or filtered. Dispersive elements like grating or 

prism are used to separate the light into its spectral constituents [10, 11].  

 

 

Figure 2.1. Schematic representation of grating type spectrometers. Redrawn from the 

concept of [9 - 12]. 

A typical grating type spectrometer is shown in Figure 2.1, where the radiation from the 

source is first dispersed into its spectral constituent by grating and then passed through the 

opening slit. The resulting intensity of the reflected or transmitted light is measured by a 

detector as a function of frequency.  
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The reference and sample can be interchanged for a single beam, or the beam can be split into 

two parts. The reference needs to be changed only if another type or family of material will 

be measured [7 - 10]. 

On the other hand, FTIR (Fourier Transform Infrared) spectrometer uses a Michelson 

interferometer instead of grating or prism as illustrated in Figure 2.2. The light from the 

source is divided into two beams with equal intensity (I/2) by a beam splitter. These beams 

are reflected back from a fixed and a movable mirror. They recombine and produce an 

interference pattern (bottom right of Figure 2.2) as a function of the position of the movable 

mirror. Thus, the Electric field ED (x, t) reaching the detector can be written as follows [9, 

10]: 

     % ØȟÔ     % Ë ʖÔ % Ë Ø  ςЎØ  ʖÔ   (2.1)  

where, k0 is a wave vector, x is the distance of a fixed mirror, æx is a distance move by the 

movable mirror which creates a path difference of 2æx, ɤ is an angular frequency and t is the 

time. 

By solving Eq. (2.1) for an intensity as a function of the æx and substituting k0  = 4ɜ́0 , the 

following expression can be obtained [9, 10]:  

    
 
        (2.2)  

where, I (v) = c0 0 Ὁ / 2, and it represents the intensity of an electric field at the detector as a 

function of the distance moved by the movable mirror. 

When the movable mirror moves (æx) by a quarter of wavelength (ɚ/4), it will create a path 

difference of ɚ/2 which will produce destructive interference. Another increment of æx by ɚ/4 

in will produce a phase difference of ɚ, which will cause constructive interference as shown 

in Figure 2.2. Destructive interference occurs when the path difference is an odd multiple (n) 

of the wavelength (n + ɚ/2). Constructive interference occurs when the path difference is an 

integral multiple of the wavelength (nɚ) [9, 10]. 

If the spectrum contains a broad range of frequencies which are coherent in phase, Eq. (2.2) 

can be modified as follows:  
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  ᷿          (2.3)  

Further manipulations can yield the iterative form of the equation as follows: 

  ᷿      (2.4)  

where, I´(x) is an analogue signal which shows the integral sum of all intensities for the entire 

wavelength present in the spectrum as a function of a distance (x). This makes the equation 

simple and the values of an interferogram can be computed successively by applying 

numerical methods. I(x) represents an interferogram based on the previous values of the 

interferogram, i.e. I´(x) which is plotted as a function of the optical path length and shown in 

Figure 2.3 (a) [9, 10].  

 

 

Figure 2.2. A schematic drawing oÆ ÔÈÅ &4)2 ÓÐÅÃÔÒÏÍÅÔÅÒ ÂÁÓÅÄ ÏÎ Á -ÉÃÈÅÌÓÏÎȭÓ 

interferometer. Redrawn from the concept of [9 - 12]. 
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In order to see the intensity of the corresponding wavelength in an interferogram I(x), Fourier 

transformation of the interference pattern is required to obtain the frequencyïdomain spectra 

given as follows [9, 10]:  

  ᷿      (2.5)  

The graphical representation of the Fourier transformed signal is shown in Figure 2.3 (b) 

which shows a plot of the intensities as a function of constituent frequencies [9 - 11]. 

 

Figure 2.3. (a) Interferogram for polychromatic light shows the intensity plot as a function 

optical path length (x). (b) Fourier transformed spectrum showing the intensity (I) as a 

function of frequency (ʉ) [9 - 12].  

 

Apodization: 

The resolution (æɜ = 1 / æx) of FTIR spectrometer is the reciprocal of the maximum 

achievable path difference (æx) of the movable mirror, i.e. for a scan distance of 4 cm, the 

resolution of an interferometer will be 1/4 = 0.25 cm
-1

. A maximum resolution can be 

obtained for the infinitely large scan distances. Practically, the movable mirror can only move 

to the limiting distance which results in false side lobes in the transformed spectra [9 - 12]. 

The effect of these false side lobes can be minimized by multiplying the interferogram by a 

mathematical function called Apodization, which results in a decreased resolution and the 
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spectral features get broadened. Various kinds of the apodization function are in use, for 

example, triangle, Beer Norton or boxcar etc [9 - 12].  

 

2.1.1. Advantages of FTIR spectrometer 

The FTIR spectrometer has several advantages over the dispersive spectrometers; some of 

them will be discussed below [9 - 12].  

 

Multiplex (Fellgettôs advantage):  

The technique is very fast and saves more experimental time compared to the dispersive 

spectrometers. For example, to measure a range from 800ï8000 cm
-1

 with resolution two will 

need: [(8000 ï 800) * 3600] / 2 = 60 minutes. If each step takes one second, i.e. moving 

grating (see Figure 2.1) then measuring the intensity will  need at least thirty minutes for one 

complete scan. In contrast, FTIR spectrometer will take only one second for the same 

measurement range [9 - 12]. 

 

Throughput and resolution:  

Normally, the slit size defines the resolution of the dispersive spectrometers (see Figure 2.1) 

which means narrowing the slit size will increase the resolution but the signal throughput will 

be decreased. Thus, the resolution will vary throughout the spectral range but with constant 

signalïtoïnoise ratio. On the other hand, FTIR spectrometers have higher throughput but 

with varying signalïtoïnoise ratio, while the resolution stays constant throughout the spectral 

range [9 - 12].  

 

Precision and calibration: 

In FTIR spectrometers, a laser beam is used to control the velocity and to measure an 

instantaneous position of the movable mirror. The laser beam is also used for the internal 

calibration due to its constant and stable wavelength, which gives the xïaxis points with a 

highest degree of accuracy and precision [9 - 12].  
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2.2. Low temperature and high pressure instrumentation 

 

2.2.1. The High Pressure instrumentation 

Diamond anvil cells (DAC) are widely used in laboratory scale instrumentation, especially 

for the characterization of materials. A schematic drawing of a typical DAC is shown in 

Figure 2.4. The diamonds are cut to create flat or bevelled culets (10ï15 degree) depending 

on the aimed pressure range. The two diamonds are mounted on the seats which transfer the 

pressure to the sample, enclosed in the gasket [6, 20].  

 

Figure 2.4. An illustration drawing of a typical Diamond Anvil Cell (DAC) adopted from the 

concept of reference - [ 6, 20].  

The gaskets are the circular plates of CuBe alloy which are used to seal the mating surface 

between two diamonds as shown in Figure 2.4. The gasket needs to be indented by the DAC, 

and drilled with the hole of desired diameter [6, 20].  

The hole is used as a sample compartment. The ruby is placed inside the sample 

compartment, for inïsitu pressure measurements. The sample compartment is filled with a 

pressure transmitting medium for generating highïpressures as shown in Figure 2.4. Different 

kinds of pressure transmitting media are in use depending on the measurement conditions [6, 

20]. 
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Normally, the culet of the diamonds determines the maximum achievable pressure for the 

DAC. In general, the hole diameter needs to be around 1/3 of the culet size, which would 

prevent the breaking of diamonds. But exceptions can be made by adjusting the parameters, 

i.e. the thickness of the pressed area or the holeôs diameter [6, 10, 69]. 

In low frequency measurements, such as far infrared, diamonds of larger size are required to 

avoid the diffraction limit. This ultimately increases the cost of the pressure equipment [6, 10, 

69,]. 

 

SyassenïHolzapfel pressure cell:  

The cross sectional view of a SyassenïHolzapfel clamped pistonïcylinder cell is shown in 

Figure 2.5. The cell is made of hardened steel. The force is applied through the threadïknee 

mechanism, which is coupled with a gear box. The gear box helps to synchronously turn the 

two threaded rods, which moves the lower end point (knee) of the levers towards each other. 

This results in an exertion of uniform force at the piston surface. The piston is moved inside a 

long guided cylindrical assembly in order to keep the faces of the top and bottom diamonds 

exactly parallel to each other [20].  

.  

Figure 2.5. Crossɀsectional drawing of a SyassenɀHolzapfel cell taken from -[20]. The 

whole cell is built from a single material, i.e. hardened steel. Two threadsɀknee assemblies 

are used to apply a uniform force at four sides of the piston.   
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EasyLab pressure cell:   

The schematic drawing of the easyLab pressure cell for the model ñCryoDAC Megaò is 

shown in Figure 2.6. The cell is made of CuBe alloy (nonïmagnetic) in order to perform the 

experiments on magnetic materials. The diamonds are fitted with CuBe rings and tungstenï

carbide support plates. The pistonïcylinder assembly is placed and fixed inside the outer 

shells [69]. 

The four threadedïscrews are used to apply a loading force on the piston, which generates 

pressure inside the DAC. The red headed screws need to be tightened in antiïclockwise, 

while blackïheaded screws should be tightened in a clockwise direction. The cell was used 

successfully for high pressure measurements at room temperature, while at low temperature 

pressure jumps occurred inside the DAC [69]. 

 

Figure 2.6. Snap shot (left) and an illustration drawing (right)  of the ÍÏÄÅÌȟ Ȱ#ÒÙÏ$!# 

-ÅÇÁȱ ÅÁÓÙ,ÁÂ ÃÅÌÌȢ 4ÈÅ ÐÒÅÓÓÕÒÅ generating force is applied through the four threaded 

screws (grey colour) which are mounted at the corners of the outer shell (orange colour) 

[69].  

 

2.2.2. The Low Temperature instrumentation 

The exchange gas cryostat of model, ñCryoVac KONTIïCryostat Spectro-Aò was used in the 

experiments as illustrated in Figure 2.7. Liquid helium was used to reach low temperatures (~ 

5 K) by manually controlling the helium flow rate. The sample holder is mounted at the 

bottom of the insert [70, 71].  
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The heat exchange occurred through the body of the pressure cell. Two temperature sensors A 

and B are mounted; one at the sample holder and another at the helium transfer line. The 

helium flow rate is needed to be controlled in a way that the difference in temperatures for 

sensors A and B should not exceed from 2 K. The helium valve was opened completely in 

order to achieve 5 K [70, 71].  

 

Figure 2.7. Helium exchangeɀgas cryostat of Model, Cryovac KONTIɀcryostat SpectraɀA, 

taken and modified from-[70]. The cryostat has four degrees of freedom, i.e. three axes (x, 

y, & z) and one tilt (3600) control.  

The mounted SyassenïHolzapfel cell is shown in Figure 2.7 at the cryostat insert. The 

pressure can be controlled from outside the cryostat, through the coupling rods connected to 

the DACôs dial. However, for the easyLab cell, the pressure cannot be controlled from 

outside. To change the pressure, the cryostat needs to be warmed up to room temperature. 

The cryostat and the LTHP (lowïtemperature and highïpressure) setup are required to be at 
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ambient pressure, in order to change the pressure, which makes these measurements very 

time consuming [70, 71]. 

There are four degrees of freedom to move the sample, which is mounted at the cryostat 

insert. Along the xïaxis (focus) the sample can be moved into the focal spot of the IRïbeam, 

while the yïaxis moves the DAC perpendicular to the IR beam as illustrated in Figure 2.7. 

Along the zïaxis, the sample can be moved from 10 mm below to 40 mm above the optical 

axis. The tilt allows to rotate the sample around the zïaxis [70, 71].  

 

2.2.3. Low Temperature and High pressure (LTHP) setup 

Since the working distance of the commercial spectrometers is not large enough to mount the 

pressure cell together with low temperature cryostat, an optical system (LTHP setup) was 

designed and developed with larger working distance by Dr. A. Pashkin under the 

supervision of Prof. C. A. Kuntscher [71]. 

 

Figure 2.8. A schematic drawing of the instrumental setup for the lowɀtemperature and 

highɀpressure (LTHP) measurements. The double sided arrow shows the bidirectional 

data or control cables [10, 71 - 74].  
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The block diagram of the LTHP setup along with other interface machines is shown in Figure 

2.8. The infrared beam from the spectrometer (Vertexï80) was directed inside the LTHP 

setup and focused on the sample via a Schwarzschild objective and condenser. The 

commercial software of Bruker Vertexï80 was used for data acquisition and aperture wheel 

controlling. The detectors were interfaced to the spectrometer through the available free I/O 

(input / output) ports in the electronic panel [7, 71 - 74].  

The whole optical system of the LTHP setup was mounted on 20 mm thick aluminium plates 

with strong angular supports in between. The setup was designed in a way, that it can bear the 

weight of the cryostat under high vacuum. The H2O and CO2 absorption were eliminated by 

evacuating the setup to ~ 10
-3 

bars [71]. 

 

2.2.4. Pressure Measurement 

The ŬAl2O3 doped with Cr
3+

 was used as a pressure sensor. Pure Al2O3 is colourless while 

replacing a small friction of Al
3+

 with Cr
3+

 induces a trigonal distortion (see Figure 2.10) in 

the crystal due to the larger ionic radius of Cr
3+

. This substitution changes the symmetry of 

the sixfold coordination of the oxygen and Al
3+

 ions and forms an octahedral coordination of 

Cr
3+

 with the six O
2-

 ions. These changes in the crystal arrangement influence each Cr
3+

 ion, 

resulting in absorption of light in the yellow green region as shown in Figure 2.9. The yellow 

green light is reemitted as a red luminescence from Cr
3+

 which makes the ruby appear red in 

colour [12, 64, 65]. 

 

 

Figure 2.9. Transmission spectra 

for the pure Al2O3 (sapphire) and a 

doped Al2O3 (ruby) with 0.05 % 

Cr3+. The figure is taken and 

modified from-[12]. 






















































































































































































































































