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Chapter:l Introduction

1. Introduction

The discovery ofthe zeroi resistancestate(superconductivityjn mercury at4.7 K in 1911
was one of the most fascinating phenomena of"26entury [18] which precededthe
discovery ofzerd friction (superfluidityof the helium in 1937by Pyotr Kaptsa and John F.
Allen [15].

In fact, he zerd resistance stateaslimited to very lowtemperaturg until the discovery of
superconductivty in Lai Bai Cui O compoundat 30K in 1986[184], which op@&ed up an
area for new class of materials called higmperature superconductors (HTSCater on,
variouscompoundsvere synthesizewith CuO planesasa major constituent and they were
classified as uprates. The superconducting temperaifiureassuccasfully raisedup to135

K in mercury base cuprates (HjBaxi Cal Cusi Og), where T, can be further increased up to
164K by application of higlpressurg14- 16].

These highi temperature supercondaocs belong to the field of so callestrongly correlated
materials, which show unusual propertiesetal toi insulator transitiog half metallicity,

highi temperature superconductivity, spin and charge density waves (SDW and CDW).
Density function theory ahe cannot explain thdehaviourof these materials due to the
effects of electronic interactions or correlations which were not taken into account during
formulation of the band theorylf]. These unusual effects can be obsdnin many
transitiori metal oxides due to the peculiarities related tw f orbital character of electrons

For example, NiGandCuO are expected to be good metalt they appear as wide bagap
insulators due to the large onsite coulomb repulsionwtiaminates over the kinetic energy

of electrons and creates an insulating gap. Thusbéhaviourof a given electron in these

materials cannot be describ@dependeny of other electronfl3- 15].

The recent discovery of highemperature superconductivity in ir@mictidessurprisel the
scientific community and offered new classof superconducting materialsvhich hal a
magnetic element (iron) as a majoonstituent Even thoughtheir supercoducting
temperatures are low, theye consideredan important material in order to understand the

problem of thenechanisnof highi temperature superconductivit®2, 23, 26|
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The word APnictogeno (or Pnicogen) i's der i\
means, to smother, block or restrain. The elements of the Group 15 are called Nitrogen or
Pnictogen group. The name was given becafsthe 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 compgoemataining this group can

be referred as Pnictide®Z, 23, 25].

There are three most famous phases, which are classified on the basis of their empirical
formula, i.e. (1111), (122) and (111). Tharentcompoundof the (1111) class ik,FeAsO
wherelL, is lanthanide elemeniThe AFeAs, systems form thé122) family of compound
whereA can be Ca, Sr or Bavhile LiFeAs or NaFeAs arexample of (11I)phas€ 23, 25,

26].

In the first part othis researclproject, the (122)phase SrksCoAs; pnictides athe doping
concentration x = 0 and.1 wereinvestigated by infrared spectroscoyryder highipressure
and low temperatureslt will enable us to observe closely and investigate effectively the
electronic properties of SrEgCoAS, pnictides under extreme condit@nParticularly
interesting are the effects causedivgtemperature wish leads to the substantial changes in
the electrodynamics of the systentis is obviously manifested in the transition to theilow
temperature spin density wave state which can beetlésithe evolution oinfrared spectral

weightas a function of presire and temperaturg29, 30, 89, 93].

At room temperature, the undoped SA® is paramagnetionvith a tetragonal crystal
symmetry and transforms toan antiferromagneticspin density wave statevith an
orthorhombic symmetry below 20K [136 137. The parent compound is not
superconducting but the apmtion of higfipressure or chemical doping suppresses the
SDW statewhich leads to the emergenceas$uperconducting stat&oth electronandhole
doping suppress the phase transitions in a similar amalyinduce auperconducting state
[89, 93].

The effect of these phase transitioasee observed as a drastincreasein electrical
conductivity in the transport measuremenf29, 30]. In optical measuremes)tthe spin
density wave taite appears aa strongsuppression ofeflectivity in the far andmid infrared
frequencyrange while the superconducting gées belowthe frequency limit of the pressure
setup. Therefore,one of the main goal of this research project is to stieyinfrared
properties of the parent SePes, and cobaltdoped SrCodFe)1AS, pnictides in thespin
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density wavestateunder higlipressure (06 GPa)and various temperatures from 300 K
down to 10 K[135].

Metal hexaborides:

Metal hexaboridegMBg) havegained the interest of scientific and technical communities
because ofhesimple chemicastructurebut it shows exotic physical properties due to strong
correlation among the conduction electroridBs, where M standsfor a metal are
synthesized with various alkalirearth AE) and rareearth RE) metals and theiphysical

propertieschangenvhen synthesized with different metad[47, 55, 56.

For example, LaBshows superconductivity at lot@mperatures while it is a simple metal at
roomtemperature. In addition, it hasow work functionwhich isconsidered technological
advantage for designing coherent electrsources 41]. On the other handat low
temperatureSmBs shows an energy gap itme electronic excitation which appears aa
substantial drop itheelectrical conductivityn transport measuremen#2, 55, 56).

In rareearth hexaborideghe f orbital character ofthe electrons has major importance in
thar electronic and magnetic propertieddowever,the discovery of ferromagnetism the
lightly doped SmB and CaB surprise@ the scientific communitywhere tle ferromagnetism
occurred fora very low doping concentration of Landwith high Curie temperature3his
can be one of the major technological applicationshef semiconductindpexaboridesto
manipulate thie magnetic properties for designirige future roomtemperature spintronic
devices §6 - 48].

Synthesis of hexaborides with Eu gives an exciting magnetic and electronics properties which
are challenging for the scientific community in orderetglainthe underlying physics. For
example, the classification of EglBs a semiconductor or a sengital isproblematicandhas

not yet been resolvedln addition, it showsa negative giant magnetoresistance (GMR)

liquid nitrogen temperaturgd5b, 55, 56].

In the seond part of this research project, the infrared properties of eBe investigated
under highipressure and loWwemperatures.The material shows transition fromthe
paramagnetic tohe ferromagnetic phase via two consecutive phases at 15.2 K and 12.2 K
which is observed as a huge shift in the plasma &algards higher frequencies in the mid
infrared rangg¢52, 55, 56, 80].
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The physicalproperties can be tuned dgping or applicatiomf high pressure. Foinstance,
carbondopingshiftsthe plasmaedge toward higher frequenciewith increagng metalliaty.

On the contrary, calcium doping shifts the plasmaedge toward lower frequencies with
decreasing metallity. Theoretical calculationg1, 79 predicted a large shift of plasma edge
towards higher frequencies with application of higtessure, both in paramagnetic and
ferromagnetic statesTherefore,the second goal ofhis research project is to studlye
infraredproperties oEuBs under highipressure (08 GPa)at eight sets of temperature cycles
from 300 K down to 5 K§2, 55, 56, 80].

The thesis igpresented irseveral sectionsa brief review ofthe experimental technias is
given in Chapter2. The literaturesurvey relating to SrbeCoAs; pnictidesis presented in
Chapter 3 along with results and discussiohSrFeAs; andSrCao dFe) 1AS,. In chapter4, a
brief literature survey about EuB along with resuk and disassion is presented. The
summary, conclusions and future perspectivegiaenin Chapters. In the appendix, a brief
overview of the experimentdetails at ANKA synchrotron source is presented along with the

graphs of EuB
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2. Experimental techniques

This chaptergives abrief overview ofthe experimental techniquesich were used to obtain

the optical data as a function of pressuretantperature

2.1. Grating andFouriertransform spectrometers

The spectrometsrare usedto project and focus thkght on the materiab surface andhe
response (Reflectance or Transmittance) of the material is measured as a function of the
constituent fequencies. Since the radiaticomes out from different sourcewith certain
spectral widths, they need to be separatefiltered. Dispersive elements like grating or

prism are used to separate the light into its spectral constitdénfsl].

Reflected

\
\
\ A opening

Reference
f\

Source

Figure 2.1. Schemats representation of grating type spectrometers. Redrawn from t

concept of §-12].

A typical grating type spectrometer is shownFigure 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 fiction 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’[- 10].

On the other handFTIR (Fourier Transform Infrared) spectrometer uses a Michelson
interferometerinstead of gratingr prism as illustrated inFigure 2.2. The light from the
sourceis divided into two beams with equal intensit{2] by a beam splitter. These beams
are reflected back from a fixed amdmovable mirror. They recombine and produce an
interference pattern (bottom right Bigure 2.2) as a function of the position die movable
mirror. Thus the Electric fieldEp (X, t) reaching the detector can be written as follo®ys [
10]:

~ A .

% @dAD - % E SO BE G YT 5O 2.1)

where,ky is a wave vectorx is the distance ofa fixed mirror, a&xs a distance move bthe
movable mirror which creates a path differenceafx2, is an angular frequency and the

time.

By solving Eq.(2.1) for anintensity as a function dhe ax and substitutindo = 4 3o, the

following expressiortan beobtained 9, 10]:
— (2.2)

where, | (v) =6 0O /2, and itrepresentghe intensity ofanelectric fieldatthe detector as a

function ofthedistance mowe by the maable mirror.

Whenthe movable mirror move( # by a quarter of wavelengtk4), it will createa path
difference ofal2 which will producedestructive interferencénother increment adex by a4
in will produce a phase difference @&fwhichwill causeconstructive interference as shown
in Figure2.2. Destructive interference ocaanvhenthe pathdifferenceis an odd multiple rf)
of the wavelength if + &/2). Constructive interference ocamhen the pathifferenceis an

integral multiple othewavelength it »{9, 10].

If the speatum containsa broad range of frequeies which are coherent in pha&sy. (2.2)

can be modiéd as follows
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_ (2.3)

>v

Further manipulations can yield the iterative farfithe equatioras follows:

T (2.4)
where,l’(x) is ananalogie signal whichshows the integral sum of all intensities for the entire
wavelength present in the spectrum as a functiomd$tance X). This make the equatia
simple and the values ofn interferogram an be omputed successively by applying
numerical methodsl(x) represerd an interferogram badeon the previous values dhe
interferogrami.e. " (x) which isplottedas a function othe optical pathlengthandshown in
Figure2.3 (a) [9, 10].

Fixed Mirror
s _F,(x,t) = Ej (kox — wt)

Detector /Ez(x:t) =Eq[ko(x &AX) - wt) ]
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Figure 2.2. A schematic drawing ¢ OEA &4)2 OPAAOOI | AD/

interferometer. Redrawn from the concept | 12].
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In order to see the intensity the corresponding wavelength aninterferogrami(x), Fourier

transformatiorof the interference patteris requiredto obtain thefrequencydomainspecta

given as followg9, 10]:

- (2.5)

>v

The graphical representation of the Fourier transéarsignal is shown irFigure 2.3 (b)

which shows a plot of the intensities as a function of constituent frequé¢@eig 4.

(a) (b)

1 Interferogram I(x) 171  Fourier Tranform I(v)
Centre Burst
— ] o ]
% =
c : 5 /‘/’\
3 0 - |
. — 0
_e —
s L
2 N 2 / \
-1_ I | | | ; 0 ! I ] _l)
0.4 0.5 0.6 2000 4000 6000 8000
Displacement (x) (cm) Frequency I(v) (cm™)

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

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

function of frequencys) [9 - 12].

Apodization:

The resolution(ee3= 1 / )aek FTIR spectrometer ishe reciprocal ofthe maximum
achi evabl e p g ofithedovablé mirrce,ire.doe a Scase distance of 4 cm, the
resolution ofan interferometer will bel/4 = 025 cmi*. A maximum resolutioncan be
obtained fottheinfinitely large scan distanceBractically,the movable mirror caanly move
to the limiting distancevhich resuls in false sidéobes in the transformed spectéa 12].

The effect of these false side lolmm beminimized by multiplying the interferograimy a
mathematical dnction called Apodizatignwhich resuk in a decreased resolution and the
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spectral features get broaden&thrious kinds ofthe apodization function are in uséor

example, triangle, Beer Norton or boxcar [&e 12].

2.1.1. Advantages of FTIR spectrometer

The FTIR spectrometer hagveraladvantages over th#ispersivespectrometerssome of
themwill be discussedbelow [9 - 12].

Multiplex (Fellgett6 advantage):

The technique is very fast and savaore experimental time compadréo the dispersive
spectrometers. For example, to measure a range fron8800 cm with resolutiontwo will

need [(B000T 800 * 3600] / 2= 60 minuteslf each step takes one second, i.e. moving
grating (sedrigure2.1) thenmeasuring the intensityill need at least thirty minutes fone
complete scan. Inamtrast, FTIR spectrometer will take only one second for the same

measurement rang@ - 12].

Throughput and resolution:

Normally, the slit size defirsthe resolubn of the dispersive spectrometers (degure2.1)

which means narrowing the slit size will increase the resolution but the signal throughput will
be decreas# Thus, the resolution will vary throughout the spakttange but with constant
signal toi noise ratio On the other hand, FTIR spectrometergehaigher throughput but

with varying signaditoi noise ratiowhile the resolution stagconstant throughouhe spectral
range[9 - 12].

Precision and calibration:

In FTIR spectrometers, a laser beam is used to control the velocityoaméasurean
instantaneous positioaf the movable mirror.The laser beam is also usédr the internal
calibration due to its constant and stable wavelength, which theed axis points witha

highest degree of accuracy and precigbnl2).
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2.2. Low tenperature 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 characteriation of materials.A schematic drawing o typical DAC is shown in
Figure2.4. The diamonds are cut to create flatbewelledculets (1015 degree) depending
on theaimedpressure range. The twoadionds are mounted on the sealfsch transfer the

pressure to theampleenclosd in thegaske{6, 20].

Incident Ray AReflected
I Beam

Support
plate

Indented or
pressed area

CuBe /I

Gasket . v
Ruby 2: ; Z 2 ; : ;

Opening
Aperture

Figure 2.4. An illustration drawing ofa typical Diamond Anvil Cell (DAG@dopted 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 showrFigure2.4. The gasket needs to be indented by the DAC,
and drilled with the hole of desired diamet@rg0].

The hole is used as a sample compartment. The ruby is placed inside the sample
compartment, for insitu pressure measurements. The sample compartment is filled with a
pressurdransmitting medium for generating higiressures as shown kiigure2.4. Different

kinds of pressur&ansmitting medi are in use depending on the measurement condipns [
20].

10



Chapter2 Experimental techniques

Normally, the culet of the diamonds determines the maximum achievable pressure for the
DAC. In general, the hole diameter needs to lmeiraa 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 the61068lessed area or th

In low frequency measurements, such as far infratieaponds of larger size are required to
avoid the diffraction limit. This ultimately increases the cost of the pressure equinent [
69,].

SyassenHolzapfel pressure cell:

The cross sectional view of a Syadddalzapfel clamped pistérylinder cell is shown in

Figure 2.5. The cell is made of hardenet#al. The force is applied through the thiidatkte
mechanism, which is coupled with a géax. The geabox 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 exeon 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 othez(].

Piston

Figure 2.5. Crosgsectional drawing of a SyassepHolzapfel celltaken from -[20]. The
whole cell is builtfrom a singlematerial, i.e. fardened steelTwo threadgknee assemigs

are used to applya uniform force atfour sides othe piston.

11
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EasyLab pressure cell:

The schematic drawing of the easylLab pressu
shown inFigure 2.6. The cell is made of CuBe alloy (rianagnetic) in ader to perfornthe

experiments on magnetic materials. The diamonds are fitted with CuBe rings and tungsten
carbide support plates. The pistoglinder assembly is placed and fixed inside the outer
shells[69].

The four threadddscrews are used to apply a loading force on the piston, which generates
pressure inside the DAC. The rbééaded screws need to be tightened ini eloitkwise,

while black headed screws should be tightened rlockwise direction. The cell was used
succesfully for high pressure measurements at room temperature, while at low temperature

pressure jumps occurred inside the Dg9)].

Top shell

. R .
transmitted transmitted
Thread Screws

Piston— | ‘
W

Diamond >

Cylinder ‘%‘
\ '

/ Rincident NRs'd

Top shell Bottom shell

Figure 2.6. Snap shot (left) andan illustration drawing (right) of thei T AAT h ¢
-ACAd AAOU, AA Adnbratisg folcE B applieditiDadgh@h& four threade
screws (greycolour) which are mounted at the corners of the outer shell (orangaour)
[69].

2.2.2. The Low Temperature instrumentation

The exchange gas cryostdtmodel,i Cr y o V a ci CrifoSidN Spectrdd 0 was used i n
experiments as illustrated kigure2.7. Liquid helium was used tceachlow temperaturg (~

5 K) by manualy controlling thehelium flow rate. The sample holder is mounted at the

bottom oftheinsert[70, 71].

12
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The heat exchange occurred through the body of the presdlurBwo temperature sensoks

and B are mounted; one at the sample holder and another at the helium transféhdine.
helium flow rate is needed to be controlled in a way that the difference in temperatures for
sensorsA and B should not exceed from 2 Khe helium valve was opened completely in
order to achieve 5 K7, 71].

LHe inlet

Connection — 11 L

to pressure

o T e
. 1/

| A
(360°) z
VA
X(Focus) = =R !
x |7 L Y
B ~7 > I DAC holder
rd Y .
N -
Sensor A
Rods for
pressure Radiation
change shield
DAC window

Figure 2.7. Helium exchangegas cryostatof Mode| Cryovac KONTZtryosta SpectraA,
taken and modifiedfrom-[70]. The cryostat has four degreeof freedom, i.e. three axes (

y, & z) and one tilt (36€) control.

The mounted Syass@Holzapfel cell is shown irFigure 2.7 at the cryostat insert. The
pressure can be controlled from outside the cryostat, through the coupling rods connected to

t he DACO6s dial. However, for the easylLab c
outside. To chage the pressure, the cryostat needs to be warmed up toteogmerature.

The cryostat and the LTHP (Iéwemperature and higpressure) setup are required to be at

13
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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 thei axis (focus) the sample can be moved into the focal spot dRitlbeam,

while theyi axis moves the DAC perpendicular to tiebeam as illustrated iRigure 2.7.

Along theZ axis the sample can be moved from 10 mm below to 40 mm above the optical

axis. The tilt allows to rotate thample around th& axis[70, 71].

2.2.3. Low Temperature and High pressure (LTHB)up

Since the working distance of the commercial spectromisterd large enougto mountthe
pressure cell togethevith low temperature cryostagn optical systenfLTHP setup)was
designed and developewith larger working distancéoy Dr. A. Pashkin under the
supervision oProf.C. A. Kuntschef71].

Source

Multiplexing
Bruker \

Vertex - 80

Data /control

cable @ @
a Data
processing /
Globar & NIR- controlling
VIS Sources
[ ]
||
Pressure
LTHP Setup C:b meassurement
setup

Figure 2.8. A schematic drawing of thexstrumental setup for thelowztemperature and
highzpressure (LTHP) measurement3he doublesided arrow shows the bidirectional
data or control cableq§10, 71 - 74].

14
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The block diagram of the LTHP setup alomigh other interface machinesseown inFigure

2.8. The infrared beam from thgpectraneter {ertexi 80) was directed inside the LTHP
setup and focused on the sample via a Schwarzschild objective and condenser. The
commercial software of Bruker Vertie80 was used for data acquisition and aperture wheel
controlling. The detectors were interéal to the spectrometer through the available free 1/0
(input / output) ports in the electronic panglT1- 74).

The whole optical system tiie LTHP setup was mouetl 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. Th®Hand CQ absorption were eliminated by

evacuating the setup to ~"4Bars [1].

2.2.4. Pressure Measurement

T h e ,® Adped with Ct* wasused as a pressure sengare ALO; is colourlesswhile
replacinga small friction of AP* with CP** inducesa trigonal distortion(seeFigure 2.10) in
the crystal due tohe largerionic radius of C¥". This substitutionchanges the symmetry of

13+ ionsand forns an octahedral coordinamn of

the sixfold coordination othe oxygenandA
Cr** with the six O7 ions. These changes tie crystal arrangement influence each'Gon,
resuting in absorption of light intheyellow green egion & shown irFigure 2.9. The yellow
green lightis reemitted as red luminescence from &rwhich makes the rubgppearedin

colour[12, 64, 65].

Figure 2.9. Transmission spectre
for the pure AbGs (sapphire) and a
doped AIC: (ruby) with 0.05 %
Cr*. The fgure is taken and
modified fom-[12].
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