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ELECTRIC AND MAGNETO-TRANSPORT PROPERTIES
OF MAGNETIC AND SUPERCONDUCTIVE IRON PNICTIDE
AND SKUTTERUDITE COMPOUNDS

SUMMARY

Superconductivity has gained its popularity after the high 7. materials have been
explored.  Cuprates (copper-oxide systems) and Hg based 1223 systems still
have research interest allowing to examine new chemical compounds for high 7.
superconductors (HTS). Unconventional materials such as Fe-based pnictides (group
V-B elements in 122 systems) are frontier compounds in which magnetism and
superconductivity can be observed together in these materials, presenting them as an
option for high 7, superconductors.

Iron-arsenide (Fe-As) and copper-oxide (Cu-O) layers in the structure of a crystal
are responsible for the superconductivity phenomenon observed in these systems.
Fe-As system has similar properties with Cu-O like having d electrons, layered
structures and antiferromagnetic (AFM) spin ordering and they are still earning
interest. In addition to this, iron has a magnetic moment which plays a key role in
superconductivity-magnetism colleration. Up to now, two physical problem in our
study are the superconducting phase transition temperature 7, and magnetic behavior
of superconducting materials. Lattice changes, symmetry breaking in the unit cell,
applying pressure are some of reasons that shift 7. up or down. For the magnetic
behavior of superconductive samples, establishment of a new magnetic ordering is key
parameter under the 7,. Magnetic changes are said to be affect superconductivity.
The exclusion of magnetic field lines by Meissner effect is a clear evidence for
superconductive mechanism. Our study here is focused on iron pnictide compounds
on the basis of these two physical problem.

The most popular iron pnictide systems are Fe-As based ones. The material BaFe;As;
has a tetragonal structure and it goes a structural phase transition from tetragonal
I4/mmm to orthorhombic Fmmm lattice. Same behaviors are found in AFe;As;
(A:Ba, Sr, Ca, etc.) systems at low temperatures like in cuprates. This kind of
phase transition is named as spin density wave (SDW) transition and it is valid for
both cuprates and iron-pnictides. A chemical change in composition with a dopant
or applying pressure results magnetic transition in Fe-As compounds and thereby
superconductivity emerges. By doping electron or hole to a AFe;As; system like
BaFe,_PtyAs, , superconductivity can be observed. Since the change in chemical
composition may effect the 7, Lanthanum is doped to the BaFe, xPtxAs; system.
And a new serie of Ba;_yLasFeq 9Pty 1Asy polycrystalline samples are successfully
synthesized by a solid-state reaction method. The synthesis of Pt and La doped
compounds was physically remarkable since some of them are synthesized for the
first time. Data obtained from those samples are investigated in detail by Rietveld
refinement. Our target to produce "single phase" polycrystalline samples is achieved
successfully. Unit cell parameters and symmetry group of samples are determined in
agreement with the literature.
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Structural analyses of samples are made by X-Ray diffraction after the chemical
synthesis part. Results are analyzed by FullProf software. Profile matching are done
for whole samples and structural parameters are determined. Some samples are found
single phase in which we published in the articles during our study.

Resistivity measurements are performed with the liquid nitrogen followed by liquid
helium by the help of a hand made glass cryostat. It is seen that the temperature
dependence of the resistivity for the parent sample, BaFe,As, exhibits the same
behavior including a very close match to reported values given in the literature. The
structural phase transitions from tetragonal 14/mmm to orthorhombic Fmmm lattice
in BaFe,As, and BaFe; gPty Asy samples are observed. Temperature dependent
transition is compatible with the corresponding phase changes observed at XRD
measurement, which is known to be tetragonal at room temperature.

Superconductive phase transition temperature, 7; for the samples in different Pt doping
levels is investigated in the literature. It is found that Pt doping is effective on the
change of T, at lower doping rates like x =0.2. x=0 sample is the parent sample
(BaFe,As;) in which it is not superconductive but the BaFe| 9Pty j Asy sample has the
highest value in Pt doped group for phase transition temperature, 7;. In addition to the
literature, we revealed that superconductivity can be observed even in x=0.3 doping
rates in such materials.

Lanthanum doped samples are successfully synthesized in addition to the Pt doped
ones. And resistivity measurements are showed that superconductivity still can be
observed in such tetragonal [4/mmm systems. Resistivity of these samples are showed
a clear evidence for superconductivity that our results approve.

The magnetic measurements of materials are done by measuring zero field cooling
(ZFC) and field cooling (FC) curves. Critical temperature, critical current density,
coherence length (also known as Ginzburg-Landau parameter), volume magnetization
and magnetic susceptibility values are obtained from the analysis. Magnetization
behavior of samples are observed as a function of temperature and phase transition
temperatures are determined. The critical current density, which is remarkable sign
for how much charge a superconductor can carry, is estimated by models given in the
literature. Coherence length is calculated from the M-H curves (from the Meissner
effect observed in these samples). Results show that samples based on a tetragonal
structure are convenient to be a host material for the superconductive behavior. This
means the doping of rare-earth ions to those samples provide materials that have
characteristic properties like showing zero resistivity and the exclusion of magnetic
field lines. In our study, platinum and lanthanum are doped to our host material,
BaFe;Asy; and new sample sets are prepared.

It is seen that ZFC-FC curves are separated in the phase transition temperature,
T, showing superconductive behavior compatible with the resistivity measurements.
Meissner effect is observed in both platinum and lanthanum doped samples. Critical
current densities are calculated from the magnetic measurements and phase transition
temperatures are determined. The samples are in superconducting regime where their
temperatures are lower than the 7.. M versus H curves are measured in several
temperatures in this regime below the phase transition temperature. Analysis of the
results helped us to calculate coherence length { for the samples by obtaining H,
readings at different measurement temperatures. From the M-H curves of samples
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measured below the 7, lines are extrapolated to T=0 K and coherence lengths are
found in nm range.

By transforming magnetization from emu/g to volume magnetization, susceptibility
for the samples are obtained in terms of magnetization data. The termination of
ZFC and FC curves in to close values to -1 in y axis, shows that samples are
mostly diamagnetic with a high volume fraction. Samples are mostly presented
superconductivity in general. Phase transition temperatures found from ZFC-FC
curves are compatible with the resistivity data. La doped samples are showed a clear
evidence for superconductivity that both resistivity and magnetic results approve.

Thin films of BaFeyAs, sample is prepared and the amorphous structure is proved
by the XRD measurement. Resistivity of sample is measured between 4.2-300K
at liquid He. A phase transition at 7. = 6.7K is seen clearly with reproducible
experiments which is very similar to a superconductive phase transition. We observe
superconductivity for the first time in an amorphous thin film. This result is interesting
because current macroscopic theory of superconductivity is based on Cooper pairing
mechanism. The drop of resistivity down to zero obeys filamentary superconductivity
that is seen in literature in principle.

The difference in our study is that we create a disorder in material and it is amorphous.
This process is realized in a simple flash evaporation system under vacuum. This
is important because same kind of samples are produced in molecular beam epitaxy
(MBE) or similar systems that we are not able to. Some studies are reported that both
in bulk and thin film samples, showing that it is possible to apply pressure to the system
and create disorder. This method is a way in order to trigger the superconductivity in
such systems. For the first time, we observe the superconductivity in an amorphous thin
film above the liquid He temperature, at ambient conditions. Magnetic characterization
of this sample still continues and results will be presented in an appropriate publisher.

In case of any failure in preparing superconducting samples, antimony doped
compounds are prepared. BaFe;Sbi, sample is prepared first. This sample is known
as skutterudite compound in literature and it is thermoelectrically efficient. Since the
synthesis was successful, the thermoelectric and magnetic properties of Pt substituted
BaFe4 <PtSb; (x =0, 0.1, 0.2) compounds were investigated in this part of study.

Thermoelectric (TE) materials are available to capture a part of wasted energy that is
rejected to atmosphere and convert it into the useful electrical power. The efficiency
of a TE generator is strongly depending on the dimensionless figure of merit ZT,
defined as ZT = Sch/ K where S, ¢ and k are the Seebeck coefficient, electrical
conductivity, total thermal conductivity (k = k, + k7 where k, is the electronic
contribution and k;, the lattice contribution) and 7T stands for the absolute temperature.
Efficient thermoelectric materials are required to have high electrical conductivity,
high Seebeck coefficient and lower thermal conductivity. Filled skutterudites fulfill
these requirements. In the past decade years, experimental and theoretical tremendous
effort have been conducted on skutterudites compounds in order to optimize their
TE and magnetic properties for enhancing ZT' value further and characterize low
temperature behavior. The filled skutterudites with chemical formula RT4M1, where
R = alkaline earth and rare earth metal, 7 = Fe, Ru, and Os and M =P, As, and Sb have
been studied extensively due to their both high TE performance and exotic magnetic
properties. Even though, there are many reports in literature on thermoelectric and
magnetic properties of RT4M;; family skutterudite compounds. There is still lack of

XXV



understanding about correlation between magnetic and thermoelectric phenomena for
these compounds.

In this work, we aim for contribute to understanding of relation between two
phenomenon by characterization low temperature magnetic and thermoelectric
properties BaFe4_«PtxSbi, (x =0, 0.1, 0.2) compounds.

X-Ray diffraction, resistivity, magnetic measurements, Seebeck coefficient and
thermal conductivity of samples are measured. Temperature depending resistivity
shows that all samples show semi metallic behavior in the temperature range of 4.2
K to 300 K.

Increases in resistivity with Pt content is interpreted as existing of different scattering
mechanisms such as spin fluctuation and Kondo impurity in these compounds or
decreasing hole concentration. Kondo minimum are confirmed by temperature
dependence of logarithmic resistivity analysis at 2-50 K which might be due to local
deformation in crystal structure as a result of spin fluctuation mechanism. Local
minimum and maximum in Seebeck coefficient observed might be due to paramagnon
drag or spin fluctuation effect in materials. Magnetic susceptibility for the compounds
x = 0.1 and x = 0.2 show that there are two successive transition, paramagnetic to
magnetic state at 7, = 48 K and short range magnetic to long range magnetic ordering
at lower temperatures, however there is only one transition from paramagnetic to long
range ordering transition in Pt free compound.

The lattice part of thermal conductivity versus temperature plot shows that the major
part of total thermal conductivity is dominated by lattice contribution.

Local maximum & minimum in Seebeck coefficient versus temperature plot, Kondo
minimum observed in logarithmic resistivity show that there is a close relation between
magnetic and thermoelectric properties due to spin fluctuation effect in Pt substituted
BaFes_«Pt;Sbys (x =0, 0.1, 0.2) compounds.
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MAGNETIK VE SUPERILETKEN DEMIR PNIKTID
VE SKUTTERUDIT BILESIKLERININ ELEKTRIK
VE MAGNETO-TRANSPORT OZELLIKLERI

OZET

Siiperiletkenlik ¢aligmalar1 yiiksek sicaklik malzemelerin kesfinden sonra popiilarite
kazandi. Kupritler (bakir-oksit sistemler), civa tabanli 1223 6rnekleri gibi yeni
kimyasal bilesiklerin sentezi, yiiksek sicaklik siiperiletkenlik arastirmalarinda halen
ilgi cekmektedirler. Demir tabanl pniktidler (122 sistemindeki grup V-B elementleri)
olarak bilinen malzemeler, yiiksek siiperiletken faz gecis sicakligina (7;) sahiptirler ve
siiperiletkenlik ve manyetizmanin bir arada gozlendigi 6ncii malzemelerdir.

Demir-arsenik (Fe-As) ve bakir-oksit (Cu-O) tabakalari, bir kristal yapida
siiperiletkenlik fenomeninin gozlenmesinden sorumlu tabakalar olarak bilinirler.
Fe-As oOrnekleri tabakali yapida olmalari, d elektronlarina sahip olmalar1 ve anti
ferromanyetik spin diizenine (AFM) sahip olmalar1 acgisindan Cu-O Ornekleri ile
benzer 6zelliklere sahiptir. Buna ek olarak demir bir manyetik momente sahiptir ve
bu ozellik siiperiletkenlik-manyetizma iligkisinde dnemli rol oynamaktadir. Simdiye
kadar yapilan caligmalardaki iki fiziksel problem siiperiletkenlik faz gecis sicaklig
T, ve siiperiletken Orneklerin manyetik davramisidir. Faz ge¢ sicakligimin yukari
cekilmesi, yiiksek sicaklik siiperiletken Orneklerin sentezlenmesi i¢in motivasyon
saglamigtir. Manyetik Ozelliklerin siiperiletken Orneklerde gozlenmesi, faz gecis
sicakliginin ayirt edilmesi gibi baz1 fiziksel parametrelerinin belirlenmesinde 6nemli
rol oynamaktadir. Sonug olarak siiperiletken 6rneklerde yeni manyetik diizenlerin
olusturulmasi, kristal yapidaki birim hiicre degisiklikleri, simetri degisimi ve basing
uygulanmasi yoluyla siiperiletkenlik faz gecis sicaklifinin yukar1 yonde degismesi
olarak karsimiza cikmaktadir. Manyetik degisikliklerin siiperiletkenligi etkiledigi
bilinmektedir. =~ Manyetik alan cizgilerinin 6rnekten diglanmasi siiperiletkenlik
mekanizmast i¢in ¢ok acik bir kanittir. Burada bizim odaklandi§imiz iki fiziksel
problem faz gecis sicakliginin degisimi ve manyetik 6zelliklerin etkisidir.

Demir pniktid sistemleri iizerinde bir ¢cok c¢alisma bulunmaktadir. Bunlarin arasinda
en bilinen 6rneklerden olan BaFe,As; 6rnegi, tetragonal bir yapiya sahiptir ve belli
sicaklikta tetragonal I4/mmm simetriden ortorombik Fmmm simetriye yapisal faz
gecisi gostermektedir. Aymi davranig diisiik sicakliklarda, kuprit érneklerinde oldugu
gibi AFe;Asy (A:Ba, Sr, Ca, vs.) sistemlerinde de gozlenmektedir. Bu tiir faz
gecislerine spin yogunluk dalgas1 (SDW) gecisi denir ve hem Kuprit lerde hem
de demir pniktidlerde gozlenmektedir. Kimyasal bilesimde bir degisimle (elektron
ya da desik katkilanmasi ) ya da basin¢g uygulayarak demir arsenik bilesiklerinde
siiperiletkenlik gozlenebilmektedir. Bu calismada AFe;As; sistemine elektron ya
da desik katkilanarak BaFe,_PtiAs, ornekleri hazirlanlanmigtir ve siiperiletkenlik
gozlenmistir. Kimyasal bilesimideki degisim 7.’yi etkileyecegi icin BaFe,; 4PtyAs;
sistemine lantanyum katkilanmigtir. Ve BaFe, ,PtiAs, serisine ek olarak polikristal
Ba;_xLayFe; 9Pty 1 Asy Ornekleri, kat1 hal kimyasal reaksiyon metoduyla bagarili bir
sekilde sentezlenmistir. Platin ve lantanyum katkili 6rnekler ilk defa grubumuzca tek
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faz olarak sentezlenmigtir. Bu ¢rneklerden elde edilen numuneler Rietveld analizi
ile detayli olarak incelenmistir. Hedefimiz olan tek faz polikristal orneklerin sentezi
basariyla yapilabilmistir. Orneklerin yapilan analizinde, birim hiicre parametreleri ve
simetri grubu literatiir ile uyumlu olarak belirlenmistir.

Kimyasal sentez kisminin ardindan orneklerin yapisal analizi, X-1s1mm1 kirinimi ile
yapilmistir. Sonuclar FullProf yazilinu ile analiz edilmistir. Ornekler igin X-151m
profili analizi yapilmis ve birim hiicre parametreleri belirlenmistir. Tek faz elde edilen
ornekler yayina doniistiiriilmiistiir.

Diren¢ olctimleri once sivi azot ta, ardindan da sivi helyumda el yapimi bir
cam kriyostat yardimiyla yapilmistir. BaFe,As; Orne8in sicaklik bagimliliginin
literatiirde verilen degerlerle uyumlu oldugu goriilmiistiir. Tetragonal I4/mmm yapidan
ortorombik Fmmm yapiya yapisal faz gecisi hem BaFe;As,; ©Orneginde hem de
orneginde BaFe; 9Pty 1 As, goriilmiistiir.

Farkli platin katkilama diizeyleri icin siiperiletkenlik faz gecis sicakligi (7;) davranis,
literatiirde arastirllmistir.  Platin katkilamanin faz gecis sicakliginda x = 0.2 gibi
katkilama oranlarina kadar etkili oldugu goriilmiistiir. x=0 Ornegi ana materyaldir
(BaFeyAsy) ve siiperiletken degildir. Ama platin katkilh BaFe; Pty jAsy Ornegi,
platin katkili diger 6rnekler icerisinde en yiiksek faz gecis sicakligina sahip ornektir.
Bizim calismamizda bu orneklerde x=0.3 katkilama diizeyinde bile siiperiletkenlik
gozlenebilmistir.

Platin katkili Ornekler gibi lantanyum Kkatkili Ornekler de basarili bir sekilde
sentezlenmistir. Direng Ol¢iimleri 6rneklerin tetragonal [4/mmm simetriye sahip
birim hiicrede katkilama ile siiperiletkenlik gozlenebilecegini ortaya koymustur. Bu
orneklerdeki diren¢ Ol¢iim sonuclarimiz, agik bir sekilde siiperiletkenlik fenomeninin
varligim gostermektedir.

Orneklerin manyetik 6l¢iimleri, manyetik alan uygulayarak (FC) ve alansiz sogutma
(ZFC) deneyleri ile yapilmistir. Analiz sonuglarindan kritik sicaklik, kritik akim
yogunlugu, ilinti uzunlugu, (Ginzburg-Landau parametresi olarak ta bilinir), hacim
manyetizasyonu ve manyetik duygunluk degerleri elde edilmistir. Orneklerin manyetik
davramis1 sicaklifin bir fonksiyonu olarak gozlenmistir ve faz gecis sicakliklar
belirlenmistir. Kritik akim yogunlugu bir siiperiletkenin ne kadar yiik tasiyabilecegi
ile ilgili onemli bir 6zelliktir. Bu parametre literatiirde verilen modeller ile yaklasik
olarak hesaplanmistir. Meissner etkisi goriilen M-H 6l¢iimlerinden ilinti uzunlugu §
hesaplanmistir. Sonugclar, tetragonal yapiya sahip 6rneklerin katkilanan elementler icin
birim hiicrede kolaylikla yer alabilmesine olanak tanidigini, ve siiperiletkenlik 6zelligi
gosterdigini dogrulamisti. Bu sayede nadir toprak grubu elementlerin tetragonal
yapiya katkilanmasi, bu materyallerin sifir diren¢ gosterme ve manyetik alan ¢izgilerini
diglama gibi Ozelliklere sahip olabileceklerini gostermiglerdir. Bizim ¢aligmamizda,
platin ve lantanyum ana materyal olan BaFe,As, ¢rnegine katkilanmigtir ve 6rnek
setlerimiz bu gsekilde hazirlanmistir.  Direng Ol¢timleri ile uyumlu olarak faz
gecis sicakliginda ZFC-FC egrilerinin ayrildigi goriilmiistiir. Meissner Etkisi hem
platin hem lantanyum katkili 6rneklerde goriilmiistii. ~ Tiim o©rneklerde kritik
akim yogunluklar1 hesaplanmis ve manyetik Olciimlerden elde edilen faz gecis
sicakliklar1 bulunmustur. Ornekler faz gecis sicaklig1 olan 7, nin altinda siiperiletken
bolgededirler. Manyetik alanin fonksiyonu olarak miknatislanma (M-H), faz gecis
sicaklifinin altinda bu bolgeler i¢in bazi sicakliklarda dlgiilmiistiir. Analiz sonuglar
ilinti uzunluklarinin hesaplanmasinda ve kritik akim yogunlugu hesaplanmasinda
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kullanmilmistir. M-H egrilerinden elde edilen veri noktalari kullanilarak interpolasyonla
ilinti uzunluklar kabaca hesaplanmis ve nm mertebesinde bulunmustur.

Miknatislanma verisi birimi emu/g ’dan, birimsiz manyetik duygunluk verisine
doniistiiriilmiis ve manyetik duygunluk degerleri elde edilmistir. ZFC ve FC
egrilerinin y ekseninde -1’e yakin yerlerde sonlanmasi Orneklerin biiyilk oranda
diamagnetik oldugunu gostermektedir. Ornekler genel olarak siiperiletkenlik ozellik
sergilemiglerdir. ZFC-FC olctimlerinden elde edilen faz gecis sicakliklari, direng
verileri ile uyumludur. Lantanyum katkili ornekler direng 6l¢iimleri ve manyetik
sonuclarin gosterdigi gibi agikca siiperiletkenlik 6zellik gostermiglerdir.

Ince film BaFe)As; ornekleri hazirlandi ve X-ray kirmimu 6l¢iimleri ile amorf yapi
dogrulandi. 4.2-300K arasinda sivi helyumda diren¢ Ol¢iimii yapildi. Acik bir
sekilde T, = 6.7K’de siiperiletkenlik faz gecisi goriildii. Direncin aniden sifira gittigi
siiperiletkenlik faz gecisi, ilk defa grubumuz tarafindan goriilmiistiir. Bu sonug
oldukga ilgingtir ¢iinkii siiperiletkenligin makroskopik teorisi (BCS), Cooper ¢iftlenme
mekanizmasi lizerine kuruludur. Bu mekanizma kristal yapilarda goriilmektedir. Biz
burada siiperiletkenlik fenomenini ince film Orneklerde gérmekteyiz. Bu sekilde
direncte gozlenen ani diisme filamenter siiperiletkenlik olarak literatiirde prensipte
goriilmiigtiir.

Bizim bu calismadaki farkimiz ince filmlerde diizensizlik iiretmemiz ve bu ince filmi
amorf olarak elde etmemizdir. Bu islem basit bir flag buharlagtirma sisteminde vakum
altinda gerceklestirilmektedir. Bu sonu¢ yontem itibariyle onemlidir ¢iinkii benzer
ornekler sadece molekiiler 151n biiyiitme yontemi (MBE) ile elde edilebilmektedir.
Laboratuvarimizda bu tiir imkanlar bulunmadigindan bu filmleri hazirlayabilmemiz,
Olciim yapmamiza imkan tanimmigstir. Bazi caligmalar, hem ince filmlerde hem
toz Orneklerde basing altinda siiperiletkenlik gozlenebildigini gostermistir.  Biz,
caligmamizda basing olmadan normal kosullarda ince filmlerde siiperiletkenlik
gozleyebilmekteyiz. Bu sayede amorf yapida elde edilen diizensizlik siiperiletkenligi
tetiklemek icin kullanilan yontemlerden biri olabilir. Orneklerin  manyetik
karakterizasyonu halen devam etmektedir ve uygun bir dergide yayinlanacaktir.

Siiperiletken o6rnekleri hazirlamada herhangi bir basarisizliga énlem olarak antimon
katkili 6rnekler hazirland1. Ik 6nce BaFe4Sby, 6rnegi hazirlandi ve karakterize edildi.
Bu ornek literatiirde skutterudite 6rnegi olarak bilinir ve termoelektrik olarak verimli
bir malzemedir. Calismanin bu kisminda kimyasal sentezi bagarili olan 6rneklerde,
termoelektrik ve manyetik ozellikler incelenmek iizere platin katkili BaFe4_<Pt,Sby;
(x=0, 0.1, 0.2) ornekleri hazirlandi.

Termoelektrik (TE) malzemeler, genellikle cogu atmosfere yayilan 1s1 enerjisinin
bir kismimi elektrik enerjisi olarak geri kazanmada kullanisli malzemelerdir. Bir
termoelektrik iiretecin verimliligi, dogrudan ZT = S>07T/k seklinde tanimlanan
ZT degerine baghdir. Burada S Seebeck katsayisi, ¢ elektriksel iletkenlik ve x
toplam termal iletkenlik (x = k., + Kz olup, burada k,:elektronik katki ve xy:0rgii
katkis1) ve T mutlak sicaklig1 ifade etmektedir. Verimli termoelektrik malzemeler,
yiiksek elektriksel iletkenlige, yiiksek Seebeck katsayisina ve diisiik termal iletkenlige
sahiptir. Katkili skutterudit bilesikler, bu 6zellikleri kargilamaktadir. Bu bilesiklerin
termoelektrik ve magnetik 6zelliklerini iyilestirmek (6zellikle ZT degeri) ve diisiik
sicakliklarda davraniglarinmi karakterize etmek amaciyla deneysel ve teorik bir ¢ok
calisma yapilmistir. RT4Mi, formiiliine sahip katkili skutterudite bilesikler (burada
R = alkali toprak ve nadir toprak elementlerini, 7 = Fe, Ru, ve Os , M = P, As, ve

XX1X



Sb ’u temsil etmektedir), hem termoelektrik 6zellikleri i¢in hem de ilging manyetik
ozelliklerinden dolay1 ayrintili olarak ¢alisilmistir. RT4M, 6rnek ailesine ait bir ¢ok
calisma olmasina ragmen, manyetik ve termoelektrik 6zellikleri arasindaki iligkiyi
anlamaya yonelik ¢aligsmalar halen yetersizdir.

Bu calismada skutterudite bilesiklerine platin katkilanarak BaFe4_4PtiSbyr (x = 0,
0.1, 0.2) orneklerinin sentezlenmesi amaglanms, diisiik sicaklik manyetik 6zelliklerin
ve termoelektrik Ozelliklerin karakterize edilmesi iizerinde durulmugstur. X-ray
kirmmimu, direng, manyetik dlgiimler, Seebeck katsayisi ve termal iletkenlik dl¢timleri
yapilmusgtir.

Sicakliga bagl direng tiim Orneklerin 4.2 - 300 K araliginda yar1 metalik davranig
gosterdigini sergilemektedir. Platin katkisina bagli olarak diren¢deki artig, cesitli
sacilma mekanizmalarinin (spin dalgalanmalari, Kondo safsizliklar1 ya da azalan desik
konsantrasyonu ) varlig1 olarak dngoriilmiistiir. Spin dalgalanma mekanizmasinin bir
sonucu olarak kristal yapida deformasyondan kaynaklanan 2-50 K arasi logaritmik
direncte sicakliga bagh kondo minimum gozlenmistir. Seebeck katsayisindaki yerel
minimum ve maksimum, bu materyallerde spin dalgalanma efekti veya paramagnon
siiriiklenme etkisine bagli olarak gézlenmistir.

x =0.1 ve x = 0.2 ornekleri i¢in para manyetik durumdan manyetik duruma iki gegis
gozlenmistir. 7, = 48 K’de gerceklesen bu gecis, kisa erimli manyetik diizenden
uzun erimli manyetik diizene dogru gozlenmistir. Platin katkili olmayan 6rnekte para
manyetik bolgeden uzun erimli bolgeye sadece bir gecis goriilmektedir.

Termal iletkenligin sicaklifa bagh analizinde, toplam termal iletkenligin biiyiik
kisminin orgii tarafindan baskilandigr goriilmiistiir. Sicakliga baghi Seebeck
katsayisinda, direncte yerel maksimum ve minimumlar, Kondo minimumu seklinde
gozlenmigtir. Manyetik ve termoelektrik ozelliklerin platin katkili BaFes_4PtxSbi>
(x = 0, 0.1, 0.2) orneklerde spin dalgalanmasina bagli olarak gerceklestigi
diistiniilmektedir.
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1. INTRODUCTION

Superconductivity is a phenomenon observed in some materials when they lose
their electrical resistance at a critical temperature. Electrical resistance is zero
below the critical temperature and the material conducts the electricity perfectly. A
superconducting material have the ability to carry an electric charge along an infinite
wire without corresponding any resistance. Also it blocks out magnetic field lines
by providing surface currents because of the Meissner Effect. If we could control
the mechanism at room temperature, it would be possible to transport electricity from
Earth to a point in space without any losses, or to create fast computer circuits with no

resistance, or to produce fast trains which have ability to travel without no friction.

Superconductivity takes place at extremely low temperatures, which makes it difficult
to apply at ordinary temperatures. The temperature in which superconductive behavior
is observed, T, namely superconductive phase transition temperature, is generally low
on pure elements. In order to increase 7. to higher values, much works are done to
synthesize new compounds and still going on. After the invention of new materials,
physical relation between structural properties and reasons will facilitate to produce
industrial products. Benefits mostly in medicine, engineering, defense industry are
inevitable. The use of such materials yields to improve machinery and equipment
production. Magnetic levitating trains with high costs are produced according to this
technology. (MAGLEV: JR Tokai-Japan, Transrapid SMT: China (built in Germany),
TGYV: France etc.).

Since superconductor wire can carry much larger electric current than a copper wire,
it has several advantages in conduction of current: The heat occurring during the
operation of energy generating systems can be prevented. When the cause of fire is
thought to arise from a single spark (or from a shortcut arising in a basic circuit) this
is a dangerous problem for the companies having such systems in large areas around
cities by bringing economical responsibilities. The usage of such cables having zero

resistivity have significant importance because the decrease in heat by maximizing



the efficiency at the core of a colossal coil is remarkable. After the discovery
of giant magnetoresistance by Albert Fert and Peter Griinberg in 2007, scientific
research projects and groups are grown up in the improvement and design of magnetic
sensors. The progress resulted the production of commercial Superconducting
Quantum Interference Devices (SQUID) , for scientific research purposes at physics,
biology and some engineering areas which are sold by many companies all around
the world. Superconducting materials also provide us to create high magnetic fields (
~ 20T). Magnetic imaging devices in hospitals, Nuclear Magnetic Resonance (NMR)
machines and particle accelerators & spectrometers are manufactured on the basis of

this probe.

1.1 Purpose of Thesis

Cuprates (copper-oxide systems) and unconventional materials such as Fe-based 122
(Fe-As systems) pnictides (group V-B elements) have gained much popularity after
the discovery of high 7. compounds. Iron-arsenide and copper-oxide layers are
responsible from the superconductivity in the structure. Since Fe-As system has similar
properties with Cu-O like having d electrons, layered structures and antiferromagnetic
(AFM) spin ordering they are still earning interest. In addition to this, iron has a
magnetic moment which plays a key role in superconductivity-magnetism relation. Up
to now, two physical problems in our study are the superconducting phase transition
temperature 7. and magnetic behavior of superconducting materials. Lattice changes,
symmetry breaking, applying pressure are some of reasons that shift 7, up or down. For
the magnetic behavior of superconductive samples, establishment of a new magnetic
ordering is key parameter under the 7.. Magnetic changes are said to be affect
superconductivity. The exclusion of magnetic field lines by Meissner effect is a clear
evidence for superconductive mechanism. Our study is then focused on iron pnictide

compounds on the basis of these two physical problem.

The most popular iron pnictide systems are Fe-As based ones. Our starting material
BaFe;As; has a tetragonal structure and it goes a structural phase transition from
tetragonal 14/mmm to orthorhombic Fmmm lattice. Same behaviors are found in
AFe;As; (A:Ba, Sr, Ca, etc.) systems at low temperatures like in cuprates. It is named

as spin density wave (SDW) transition and valid for both cuprates and iron-pnictides. A



chemical change in composition with a dopant or applying pressure results magnetic
transition in Fe-As compounds and thereby superconductivity emerges. By doping
electron or hole to a AFe;As, system like BaFe; (Pt As, , superconductivity can be
observed. Since the change in chemical composition may effect the 7., Lanthanum is
doped to the BaFe,; Pty As, system. And a new serie Ba;_yLasFeq 9Pty 1 Asy samples

are studied.

In case of any failure in preparing Fe-As layered samples, antimony doped compounds
are prepared. BaFe,Sby, sample is prepared first. This sample is known as skutterudite

compound in literature and it is thermoelectrically efficient.

In this part of study, the understanding of relation between two phenomenon
by characterization of low temperature magnetic and thermoelectric properties

BaFes_«PtSby; (x =0, 0.1, 0.2) compounds are aimed.

1.2 Literature Review

Superconductivity is first discovered in mercury metal by cooling it with the help of
helium liquefier system. Experimental set up is invented by Heike Kamerlingh Onnes
in 1908. Onnes showed that the metal exhibited zero resistance to electric current
at 4.2 K and called as “superconducting” in 1911 [1]. The discovery became the
starting point for many further studies on several elements. Since such temperatures
are close to liquid helium temperature, materials are not preferred for feasibility.
The impact of the physics of a superconducting material can only be useful at high
temperature applications. The tendency of researchers to find a high temperature
superconductor then became compulsory. In 1960’s, Niobium-Titanium (Ni-Ti) alloy
[2] is found, that is a good candidate for superconductivity , showing a resistivity drop
at 9.2K. Niobium-Tin intermetallic material was an alternative for higher magnetic
fields. In 1986, J. G. Bednorz and K. A. Miiller showed that Ba-La-Cu-O based
ceramic materials have superconducting properties in 30K range [3]. In March 1987
, a revolutionary announcement is done by Paul C. W. Chu that a Yttrium barium
copper oxide system (often abbreviated YBCO) is a superconducting at 93 K [4]. The
contribution of this work paid much attention to temperature which is close to liquid

nitrogen boiling point. In 1995, Dai showed that Thallium doping to the Hg based



1223 system has a superconductive phase transition at 138 K [5]. The H,S compound
synthesized by Drozdov has the highest 7;. , 203 K at 155 GPa pressure [6].

Iron-based pnictide compounds have attracted great attention since the supercon-
ducting La[O;_xFx]FeAs compound was discovered in 2008. Hideo Hosono and
collaborates carried superconductivity in a new research area by iron-arsenide.
Study received much attention that the superconductivity is triggered due to some
deformations in crystal lattice. It is seen that layered iron-based compound,
LaOFeAs [7] which undergoes superconducting transition under doping with F~
ions at the O site; showed superconductivity at 26K at ambient pressure. The
Fe-based superconductor system is very similar to the high-7; cuprates, however
the superconducting pairing mechanism in the iron-based superconductors remains
elusive. LaOFeAs systems consist Fe-As layers this is because why they are named
as "layered structure". This study directs the ongoing research from ordinary CuO,
conduction units to iron-based oxypnictides, which mainly differs from the works that
done up to 2008. BaFe;As; sample is prepared by Rotter et. al. [8] in same year.
The correspondence of same resistivity value with the LaOFeAs at room temperature
in magnitude was remarkable. They then studied the K doped BaFe;As; system [9]
and showed that it is superconductive at 38 K. They proved that Bay¢Kg 4Fe;As)
sample is nearly a perfect diamagnet (~ %94). Following their study, Saha [10] (in
single crystals-7.= 23 K) and Guo et. al. (polycrystalline sample-7,= 24.2 K) [11]
are succeed to prepare Pt doped BaFe;As; sample and hence the superconductivity
is observed. Guo also said that electron-phonon coupling is meaningless in the
BaPtsFe,_«As, samples at superconducting state. Boeri et. al. [12] made density
functional theory calculations and they showed that electron-phonon coupling is too
weak in the pnictides to account for the high-7;.’s. C.W. Wu and B.Lorenz made review
of high pressure studies on Fe-pnictide superconductors [13] and discussed different
classes of doped and undoped FeAs-compounds: ROFeAs (R = rare-earth), AFe;As,
(A = Ca, Sr, Ba), and AFeAs (A = Li, Na). Their idea was to examine the if the
electronic states are modified under pressure and search how can this effect the 7 in
rare-earth doped materials. LaOFeAs structure differs from tetragonal BaFe,As, unit
cell and has P4/nmm symmetry. This unit cell consists Fe-As and LaO layers. Here

Fe-As are responsible from charge carriers and LaO layers are said to be reservoirs for



the blocking the charge. Both layers are sandwiched together and the integrity of the

mechanism is supplied by this way it is reported.

Current research in literature is focused on high 7. superconductivity (HTS). But
the reason for change in phase transition temperature, the physical problem that
arises superconductivity mechanism is examined in more detail. It is widely
believed that superconductivity is mediated by magnetic fluctuations rather than
by electron-phonon coupling as in conventional superconductors. But the relation
between superconductivity and magnetism are still under debate [14—17]. Studies are
mostly focused to show if there is a host mechanism or not as mentioned by explaining
layered structure above. Since the magnetic order and change in lattice should be
responsible for superconductive behavior, the existence of structural and magnetic

properties are examined.

In addition to superconductive samples, Sb doped sample series have common role
in energy efficient systems. Similar to zero resistivity behavior in superconductors,
Ba-Fe compounds have thermoelectric properties as well. Since an important part
of energy used in all world is rejected to atmosphere as industrial wasted heat, it
is a smart way to use thermoelectric (TE) materials to capture a part of this wasted
energy and convert it into the useful electrical power [18, 19]. The efficiency of a TE
generator is strongly depending on the dimensionless figure of merit ZT, defined as ZT
=S%6T /x where S, 0 and K are the Seebeck coefficient, electrical conductivity, total
thermal conductivity (k = K, + Kz where &, is the electronic contribution and k, the
lattice contribution) and 7 stands for the absolute temperature. Efficient thermoelectric
materials are required to have high electrical conductivity, high Seebeck coefficient
and lower thermal conductivity. Filled skutterudites fulfill these requirements [20,21].
The term "filled" here is used to emphasize the interplay between filler ions and host
structure constructed by transition metals in the lattice. The chemical formula usually
given by RT4M|, where R = alkaline earth and rare earth metal, 7 = Fe, Ru, and
Os and M = P, As, and Sb have been studied extensively due to their both high
TE performance and exotic magnetic properties [22-24]. In the past decade years,
experimental and theoretical tremendous effort have been conducted on skutterudites
compounds in order to optimize their TE and magnetic properties for enhancing ZT

value further and characterize low temperature behavior [24—32]. There is still lack of



understanding about correlation between magnetic and thermoelectric phenomena for

these compounds.

1.3 Hypothesis

The superconductivity behavior is the key parameter according to the some
physical properties observed from several measurements. These are phase transition
temperature, 7; the changes in unit cell according to the doping ion, critical current
J., coherence length § and the comparison of phase transition temperatures obtained

from both resistivity and magnetization experiments.

In this study, polycrystalline BaFe,As, sample, platinum doped samples of
BaFe;_PtyAs,, lanthanum doped BaFe, xPtiAs, samples and thin films are
synthesized. The measurements to be performed on samples are focused on the
observation of superconductivity phenomena according to resistivity and magnetic

measurements.

Up to now most of work is done on superconductor materials was about crystals.
Symmetry break due to temperature and phase change are observed. And many
theories are constructed on the behavior of a superconductor; suggesting the coupling
of electron pairs over hundreds of nanometers. Since it is the manner of two
electron system, it is bosonic and called as Cooper Pair mechanism. It is still an
interest for researchers that how can an a material having crystal structure produce
pairs. A material having long range order should behave superconductive according
to theoretical description. In contrast to ordered crystal structure, this behavior
is not understand when an amorphous material with short range order behaves

superconductive.

Objectives in this study are to examine the expectation about the transition temperature,
T, its relation with doping ions, possibility to have higher values in iron pnictide
systems. The changes in critical current J,., coherence length § are also basic questions
that we struggle to answer. For a thin film samples our targets are to prepare BaFe,As;
thin film under vacuum and investigate if the material is amorphous or crystal. If it
behaves superconductive, what are the causes: like substrate, thickness, availability

to take control on T¢ if it shifts towards higher values. Experiments will be tested on



ceramic substrate, and will be repeated on several annealing temperature at different
temperatures. To discover if there is any relation between crystal structure parameters
and thin films created from these samples like lattice constant, symmetry, volume etc.

The observations showed that:

I. Magnetism and superconductivity are closely related to each other.

II. Special attention should be paid to the pressure conditions to extract meaningful

data.

III. The intriguing temperature-pressure phase diagram needs further study to extract
possible important information concerning not just superconductivity but also the

physico-chemical formation of the Fe-pnictides that may lead to higher 7. .

If some clues are found, the origin of our research in high 7T, superconductivity will
be presented in iron-based superconductors, oxide systems (La-O), their magnetic

structure and the role with the superconductivity.

Second part of the study is constructed on the thermoelectric properties of Ba-Fe
based bulk samples. Besides having superconductive property, these materials are
energetically efficient for recovering wasted heat energy to transform electricity.
Sample family BaFe4_xPt;Sby; has a relatively high figure of merit, ZT; higher than
1 providing this property. Skutterudite samples have a filler ion (like a rare earth
element in RT4M;) and they have low thermal conductivity. In addition to high
electrical conductivity and high Seebeck coefficient; this property increases ZT value
in skutterudite compounds. In this part of study, the effects of platinum doping in to

BaFe,Sb, material will be discussed. The main physical problems are:

I. to synthesize BaFe4Sb, material by doping platinum with the same unit cell,
II. to reveal the relation between resistivity behavior and magnetic ordering,

III. to search if thermoelectric materials have magnetic property.

If they have such properties, a change in thermal conductivity or Seebeck coefficient
should be observed in magnetic behavior simultaneously. Since relation is not known

extensively in the correlation between magnetic and thermoelectric phenomena for

7



these compounds, expectations given above should help understanding the nature of

these kind of materials.



2. BASIC CONCEPTS OF SUPERCONDUCTIVITY

Some remarkable properties are evident with superconductivity.

I. When a current flows through a superconductor (SC), it behaves like it does not

encounter a resistance inside.

II. A superconductive material has a perfect diamagnetic behavior. A superconduc-
tor in thermodynamic equilibrium, produces surface currents at a few T magnetic
fields. Such surface currents create additional magnetic field and compensate the

external magnetic field.

III. The energy gap of 2A is produced in a superconductor in allowed fermi energy
level. e ’s having an energy of € will play an important role in superconductivity

process.

2.1 Critical Temperature

Metals have normal behavior above critical temperature, 7 > T,.. But atT < T¢, they
show superconductive behavior.7, normally changes between mK ( 10~7¢V) to 20K

(10eV) temperature (E=k;T) interval.

2.2 Non-Damping Current

Resistivity in a normal metal and superconductor is shown in Fig 2.1. pg is responsible
from remedial resistance and e~ scattering from impurities; BT is responsible
from the scattering of phonons. But for T < T, this mechanism is dominated
by the non-damping currents. Superconducting currents are exist together with the

non-damping current but superconductivity is destroyed if;

I. high magnetic fields are applied,

IL. the current is higher than the critical current,



(a) (b) /

p(T)=pg+BT

T<T¢

Resistivity, p
Resistivity, p

T=T,

Temperature (K) T ture (K)
emperature

Figure 2.1 : Resistivity of (a) metal, (b) superconductor.

III. critical current is on the order of 100A passing through 1mm? crossectional area

of a wire.

Critical current has a dependence on critical magnetic field occurred on the surface
of the material as well. Surface is degenerated above the critical magnetic field. If
T <<< T, then non-damping currents survive at low frequency electromagnetic field.
The limit for current between normal state and non-damping state has a frequency

dependence as follows:

2.1

S| D>

2.3 Thermoelectric Properties

Conduction of heat is usually takes place by the molecular vibration in a material
in a wide range temperature interval. In the independent electron approximation
good elecrtical conductors are also good conductors of heat because the conduction
electrons transport entropy as well as electric charge. Superconductors, contrary
to this are poor thermal conductors [33]. In this manner they exhibit no Peltier
effect. Electrons in which participate non-damping currents carry no entropy. Only
a fraction of conduction electrons are responsible from the transport of the entropy
in superconductors. The absence of Peltier effect indicates that the non-damping

currents do not contribute the heat transfer. Such poor heat conductance observed
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in superconductors is because only small amount of e~ play a part. Non-damping

currents at T < T, regime never contribute to the heat transfer.

2.4 Magnetic Properties:Perfect Diamagnetism and Critical Field

Magnetic field cannot penetrate to the superconductor volume unless it is too high.
An example for this behavior is observed in Meissner-Ochsenfeld effect. If the
temperature of a metal is decreased below T, magnetic flux is excluded from the
sample. Transition about 7; takes place in the volume of superconductor material
where surface currents produce their own magnetic fields. According to the Faraday’s
law of induction, vortex currents occur in a perfect conductor and make magnetic
field zero inside the conductor volume. If H exists in a conductor’s volume (for
non-diamagnetic materials), surface currents responsible from this field prevents
magnetic field lines to enter the conductor volume. So perfect conductivity realizes
time-independent magnetic field inside conductor. But in a superconductor B =0

inside the material [34,35]. Hence the magnetic susceptibility is then equal to:

B=0=H+47M (CGS)
2.2)

X=M/H=—1/4rn
in a superconductor which shows perfect diamagnetism. Consider a superconducting
material is placed in a magnetic field. Then a significant amount of energy is spent
for shielding currents at 7 < 7.. Shielding currents cause magnetic field to be zero
in superconductor volume. If the applied external field is big enough, sample turns
back to its metallic state. Since it is energetically favorable, magnetic field is able to
penetrate into the volume of a metallic sample. Energy of a normal state is bigger
than the superconductor state. The difference between these two regime is balanced
by the shielding currents originated from the decrease in the energy of magnetic field.

Superconductors are classified in two types according to their responses in magnetic

field: type I and type II.

2.4.1 Type-I superconductors

Magnetic field below the critical temperature 7 is increased. Lower part of the curve
in fig. 2.2(a) denotes superconductor phase where the upper part shows metallic

state. Magnetic flux do not enter the sample unless H > H,.. Above the critical field,
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field lines are allowed to diffuse the sample in which the sample is in metallic state.
Magnetization as a function of external field is shown in fig. 2.2(b). Magnetic field
is about 100 G in type I superconductors which is the limit between the metallic and
superconductive phase. Normal metals like mercury, aluminum, lead etc. are type-I

superconductors.

— M

Normal Metal

Superconducting state

Il e

c

(a) (b)

Figure 2.2 : (a) Magnetic field as a function of temperature, (b) Magnetization as a
function of applied magnetic field in type I superconductors.

2.4.2 Type-1I superconductors

Type II superconductors have two critical field, H.; and H . Magnetic field behavior
changes according to the strength of these fields. If H < H.| then magnetic field cannot
enter the sample (left part-lower limit of the fig.2.3a). If H > H.» > H,|, magnetic flux
®p is fully penetrated inside the material (right part upper limit of fig. 2.3(a)). For
H. > H > H.| (mid-regime), sample is exposed to partial diffusion of magnetic flux
which is a bit complicated in type-II superconductors. Normal and superconductive
regions now construct mixed microstructures inside the material. Magnetic field is now
exist inside in the form of vortices. This hypothesis proposed by Alexei Abrikosov in

1957 is proved by experimentally.

Vortices are demonstrated in ellipsoidal shape in fig. 2.3(b). Superconductive regions
are now created and vortices are separated with the green line. Magnetic field can
"partially penetrate”" in this mixed state but definitely zero at the middle point of
a vortice. Material behaves superconductive in red shaded region and it behaves
metallic inside (grey color region). Current loops creating this separation occur on the

green lines, which are the main reason that prevents magnetic field lines to penetrate
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Superconductive Regions
Abrikosov Vortices

7

a,

7

H He, H

(@) (b)

=
-

7

Figure 2.3 : (a) Magnetic field as a function of applied field and Abrikosov Vortices
limit (b) Superconductive regions surrounding vortices in type-II
superconductors.

inside the material. The order of magnetic field to create these vortices in type-II

superconductors is about 10° G.

2.5 Thermodynamics of Superconductivity

The exclusion of magnetic field lines as explained above results a change in energy
since the magnetic state is diamagnetic inside and paramagnetic in the outside of the
sample. So the increase in energy due to exclusion of magnetic field is compensated

by Gibbs Free Energy described below:

G=F+PV=E-TS dG=dF+PdV

(2.3)
dG=dE—-TdS—SdT
Gibbs free energy is a potential energy. If sample is tought as cylindrical,
B
G(B,T) = G,(0,T) —/ MdB B = o
0

B BdB B? 4

G(B,T)=Gs0,T)— | — =G4x(0,T)+—

0o Ho 2Ug

The term B? /21 here represents the amount of additional magnetic energy to exclude
field lines from the sample. If weak magnetization is ignored, Gibbs Free Energy for
the normal condition is Gy (B,T) ~ Gs(0,T) so,
B2
Gn(B,T)—Gs(0,T) = % (2.5)
This energy is the condensation energy of the superconducting state at the phase

transition.
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s=-(57)

oT
1 dB. B.dB
8S=8s—Sy==—2B—+=——— 2.
SN = 5 Bar T g dr (2.6)
as
C=T-—
oT
per unit volume at zero magnetic field
T d°
AC=Cs—Cy==———(B2
5OV = 5 a2 B

T d’B dB 2.7)
AC = —[B——C 1 (Z=5)2

dB./dT > 0 at the phase transition point.

I. Entropy difference is zero since dB. = 0 at the T¢.

II. AS =0 if T=0 from the first law of thermodynamics. So AC = 0 (Nernst

Theorem).

M. dB/dT < 0 for a temperature providing 0 < 7 < T.. And AS < 0, which shows

that the superconducting phase is more stable than the normal phase.

IV. ASis finite at T < T,. Transforming heat of a superconducting phase transition

inside a finite magnetic field is presented as TAS.

2.6 London-London Equation and Penetration Depth

Londons (Fritz and Heinz London) qualitatively showed that H can not penetrate inside
the superconductor volume for the first time. They revealed this relation by taking basis

of Gorter and Kazimir’s two fluid model.

When we assume that some part of e~ ’s are in superconducting current, ny(7T)/n at
T <T.. ns(T) converges to n if T <<< T.. ng(T) goes to zero if T is close to
T.. Electrons probably construct a fluid behavior n —n;. Normal metal conducts
the current with heat dissipation. Here n —n, stands for dissipative and ng stands
for non-dissipative number of ¢~ ’s in two fluid model. Superconducting current does
not encounter resistivity and conducts current even at small perturbations of magnetic

field. Normal e~ ’s are more mobile than the superconducting e~ ’s. Lets assume that an
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electrical field E is applied, superconducting e~ ’s accelerate and their average speed is

then defined by:

mdvy

= —¢E
dt ¢
. . . J
J=—-eVing, Vi=—— (2.8)
nge

dv,  nge? -
dt m

Frequency dependent conductivity in the Drude model for the electron gas having n;

was:

J(0) = o(@E®) ()= i:;j (2.9)

If we substitute eqn. (2.8) into Faraday’s Law of induction, we get:

10B 0 .. - ny B

WE=—-2 2[5 (2.10)
* c ot 8t[ * mc ]
B and current J is defined as follows for a perfect metal:
L o 4nT
TxB = 2.11)
c

Static current defined in e static magnetic field can not be seen in superconductors. The
idea of Londons’ equation is explaining the characteristic behavior of superconductors.
Eqn 2.10 figures out that the rotational of current J and additional term have no change
in time, this means it is time independent and must be zero. So,

nseZB

nc

Txf= — (2.12)

Equation 2.12 explains the current without dissipation in a superconductor and is
known as London-London equation. Meissner effect is also derived from the L.ondons’

equation. By taking the rotational of both sides in eqn. 2.12:

o o nge®B, . = nge?
VxVxj = Vx[— | = VxB[———]
mc mc
P 4mtnge? -
7= -2
me (2.13)
f 1 4mnge
i — =
2 )
2
mc 1/2
A=
[47rnsez]
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Here A is defined as London penetration depth which means that current and magnetic
field can only survive at a layer in a thickness of A. Usually penetration depth is in the

order of 10% — 103A at the temperatures far below T¢.

2.7 Microscopic Theory of Superconductivity: BCS Theory

This theory is based on the existence of an effective attraction between e ’s near
Fermi surface. As a result of their responses against ion vibration, phonons’ behavior
can be categorized as small amounts of heat. But phonons cannot response to e-
vibration where as ions can perform. Ion movements is the key parameter in this
theory that occurs in superconductors. The dependence of critical temperature 7. with
mass is related by m,-(,n_l/ Zin superconductors and such relation proves that ions have
dynamical role. Since ion movement is depend on e~ movement, an attractive potential
will be created between e~ ’s having wave vectors of k and k. Attractive potential is

then given by:

2 2

dme [0}
g*+ Ky ? — (oq%

Verr. = (2.14)

where ® show frequency, Ky is Thomas-Fermi wave vector, ¢ is the difference between
e”’s wave vectors, @z is phonon frequency with g wave vector. As a result of this
relation, e~ having same energy results an attraction on each other implementing the
basic idea of superconductor theory. Energy difference of ¢~ ’s are higher than the
hw, energy. Effective attraction is then provided by that of @), energy difference and
thereby e~ couples are formed. Cooper attributed this attraction due to two electron’s
interaction and based the idea to the existence of the Fermi sphere. Because Fermi
sphere can be exist only as a result of Pauli principle. Main aspect for the BCS theory is
that the ground state is formed by the bound e™ couples in which it is more generalized
form compared with the Cooper model. As a result, two assumptions are made for

superconductors for the microscopic theory:

1. Free e ’s are used for the conductance and the existence of the band structure is

considered.

2. Equation 2.14 basically describes an effective V potential near the Fermi surface

where the ¢ ’s are attractive.
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2.8 Critical Current and Coherence Length

Critical current of samples is calculated from the M-H measurements of samples below
the critical temperature, 7. Kim model and Bean model are available for the critical
current calculations in type II superconductors. Kim model which is predicted for
magnetization of type Il superconductors [36]. Schematics given below in Fig. 2.4 ,

shows how magnetic field encounters with sample geometry. The formula used for the

~¥
b
% E; %’
G:L __a_lE:_-*;,i
{2) (b)

Figure 2.4 : (a) Sample configuration (b) supercurrent path. [36].

calculation for orthorhombic samples is:
AM(H)
a(l-55)

Since our samples have cylindrical geometry, we calculated critical current J. by using

J.(H) =20 (2.15)

the Bean model assuming to have a cylindrical shape with radius r=2 mm [37].

AM(H)

J.(H) =30 (2.16)

C. Bean also reports several assumptions starting from the constant field, time
independent penetration of the external applied field etc. Below formula is obtained
from the field independent magnetization values upon Bean’s suggestion. The study
emphasizes that this can be an "estimation" and actual values may change according

to the current flow that passes through the material and its shape as well.

Coherence length { is also calculated for the samples as reported in the literature [38,
39].

Dy

2.17
2mH, ( )

(=

Actually H, shows H.(0) namely the upper critical field obtained at T=0 K. Since

such measurement can not be possible, H. readings are obtained from different
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measurement temperatures from the M-H curves of samples measured below the T
and extrapolated to T=0 K. ® is the magnetic flux quantum and equal to 2.0679 x
1075Gm?.
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3. EXPERIMENTAL

3.1 Bulk Samples

Polycrystalline samples of BaFe,As, and platinum doped BaFe, xPtiAs, sample
group, Ba;_xLayFe; gPty.1Asy sample group were prepared by a solid-state reaction
method. High purity ( > 99.95 %) elements bought from Sigma Aldrich were weighted
and then mixed according to the desired stoichiometry. All samples were then pressed

into pellets. The press equipment (15000 kg) is shown in Fig. 3.1 (a).

A

(b)

Figure 3.1 : (a) Press, (b) Quartz tubes, pellets and cylindrical shapers for sample
sealing.

Obtained pellets were loaded in a quartz tube and sealed under 1/3 atm of Ar gas.
Pellets ready for sintering in quartz tubes before heat treatment are shown in Fig.3.1(b).
The samples were held first at 873 K for 24 hours, then the temperature was increased
to 1273 K and held for 72 hours. The compacted pellets were sealed in every heat
process by quartz tubes under rough vacuum. After that samples were loaded into the

furnace for second heat treatment and the temperature of furnace arranged to 1273
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K for 24 for a further annealing process. The resulted samples were cut in different

diameters for resistivity and magnetism measurements.

Pt doped skutterudite compounds, BaFe4_ Pt Sb, (with x =0, 0.1, 0.2) were prepared
by a solid-state reaction method as well. High purity Ba (99.95%), Pt (99.99%), Sb
(99.95%) and Fe (99.99%) were mixed in ratio of their stoichiometry. Then samples
were ground and pressed into a pellet. The pellet was then loaded quartz tube and
sealed under the vacuum of 1/3 atm of Ar gas pressure. The quartz tubes were placed
in furnace then heated to 873 K in rate of 40 K/hour and then hold there for 40 hours
to complete the reaction. The furnace was finally turned off and cooled to room
temperature. The ingots were ground into a fine powder and loaded into a cylindrical
graphite die for spark plasma sintering under a dynamic vacuum. The powders were
first cold pressed under a pressure of 50 MPa then the pressure was reduced to 10
MPa. The samples were heated under this reduced load at a rate of 50 K/min to a final
temperature of 913 K at which point the uniaxial pressure was increased to 50 MPa,
with a subsequent isothermal/isobaric hold for 10 min. The power was shut off and the

pressure removed and the sample was allowed to cool to room temperature over the

course of 2 hours.

(b)

Figure 3.2 : Owens used for solid state reaction synthesis; (a) programmable, (b)
manual controlled.
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3.2 Thin Films

A flash evaporation system is given in Fig. 3.3(a). System is designed to make films
as a result of evaporation of powders directly to films held by the grids, shown in Fig.
3.3(b). Vacuum part consists of a rough pump, a diffusion pump and vacuum chamber
made by glass. Rough pump gauge and ion gauge are used to observe vacuum inside.

Exhaust is carried outside of the laboratory by the help of a silicon pipe.

Y

(a) (b)
Figure 3.3 : (a) Flash evaporation system, (b) Grids for films.

Rough pump is able to decrease vacuum inside the chamber down to 10~3 Torr. Water
cooled diffusion pump starts to work at this stage. When main valve is open, it
reduces vacuum down to 10~¢ Torr (~ 1077 if sealed well). Quartz plates are used as

substrates. A sample film and a mask are shown in Fig. 3.4(a). Electrically motorized

Figure 3.4 : (a) Sample mask and a film on quartz,(b) electrically motorized part.

part has holes at the bottom. These tiny containers are made to be hold for powder.

The system made from cylindrical metal stands at the top and is shown in Fig. 3.4(b).
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It consists a powder container depicted in Fig. 3.5(a), and a switch for hand control.
It is designed to release powder on to filament by minimum loss. This handmade
technic provides us to control powder amount when empty hole overlaps with powder
filled containers. Particles flowing on to incandescent filament move towards to the
gravitation (Figure 3.5(b)). Because of its high temperature, powder evaporates before
it reaches to the tungsten filament. Finally quartz substrates are coated by evaporation

and thin films are obtained.

(@ (b)

Figure 3.5 : (a) Bottom view of electric motorized part and its holes, (b) metal pipe
targeted to release powder directly on the tungsten filament.

XRD (X-Ray diffraction), resistivity, magnetic and thermoelectric properties of
obtained samples were measured. Commercial Rigaku diffractometer for XRD
measurement and Quantum Design PPMS (Physical Property Measurement System)
were used for structural and magnetic characterization respectively. Resistivity and

thermoelectric properties of samples were measured in handmade experiment set ups.

Four-probe resistivity measurements are done between 77- 300K temperature interval.
Experiment set up and data acquisition scheme is shown in Fig. 3.6. Two types of
handmade sample holders, used for measurements are shown in fig. 3.7(a) (for liquid
nitrogen) and in fig. 3.7(b) (for liquid He) respectively. Their dimensions are designed
to fit for liquid nitrogen and liquid He dewars. Every sample holder has eight wires;
two of them drives current (plus and minus) and two of them reads. A Keithley 6221
source meter was used to drive current and HP Agilent 3458 A multimeter was used
to read potential difference. Lakeshore A340 temperature controller was used for

temperature control, which has a sensor giving different resistance readings at different
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Figure 3.6 : Data acquisition scheme.

temperatures. It has current — voltage terminals as well. Last two cables are connected
to the heater. Total of eight cables work on the system. A lab view script controls
inputs like; current, data read interval, ramp (when heater is connected), PID values,
data file name and location. All data obtained during measurement were registered
realtime. Data were processed via computer. Samples were connected into holders

i

~ Pt100
Manganin Wire [ sensor

\ Terminal

- -

(a) (b)

Figure 3.7 : Sample holders used in resistivity measurements designed for (a) liquid
nitrogen, (b) liquid helium.

by the help of cold epoxy. The bottom of metal stick consists a copper made sample

holder. Since it is designed to measure four-wire method to measure resistivity, eight
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wires used in the experiment can be seen on the holder. Connection cables are fixed to
terminal which is located on heat conductive part. A platinum sensor (Pt100) is used
for temperature control for the sample holder used in fig. 3.7 (a). Platinum itself has
a resistance about 107 Q at room temperature. They are used over a wide temperature
range (from -200 to +850°C). Pt100 sensors are stable down to 55K temperature. Last
two wires are connected to the manganite wire, which has a temperature independent
resistivity (95Q). This part is used as heater. A carbon-glass sensors is used for sample
holder shown in fig. 3.7(b) in order to sense temperature during experiments in liquid

He. Fig 3.8(a) shows glass cryostat with vacuum jacket for resistivity measurements

(b)

Figure 3.8 : (a) Hand made glass cryostat with vacuum jacket for liquid He sample
holder, (b) cryostat fixed on helium dewar.

in liquid He. Such design is required to control temperature changes. Cooling is
done spontaneously and heating is done by heater. When system is under rough
vacuum (~ 1073 Torr), temperature decreases smoothly and system starts to measure.
Compact view of system when cryostat is fixed to liquid He dewar is given in Fig

3.8(b). Measurements for resistivity are done under rough vacuum using this system.

Low temperature electrical conductivity (o), Seebeck constant (S) and thermal
conductivity measurements were performed realtime by using longitudinal four-point
steady state technic [40]. The diagram is shown in fig. 3.9. A temperature controlled
cryostat was used during the experiment made in liquid helium. Samples were fixed

into the holder in rod shape with 2x3x 10 mm dimensions.
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Figure 3.9 : (a) Low temperature electrical conductivity, thermal conductivity
measurement system, (b) High temperature Seebeck and electrical
conductivity measurement system [40].

In order to minimize heat loss by radiation, two cylindrical and concentric copper rods
are used during the experiment made under 10~ Torr vacuum. Rod shape sample is
fixed by an adhesive having high thermal conductivity. The heater is connected above
the sample (strain gauge in the fig. 3.9(a)) which has a 350 Q resistance. The power
as a result of driven current through the sample and potential reading will be P=IV.
The temperature difference of material between hot and cold edges was measured by
the help of AuFe-Chromel thermocouple. Since it has low resistivity and low Seebeck
constant, thin copper wires (fig. 3.9(b)) were used to measure Seebeck potential and

resistivity. The total thermal conductivity when the temperature difference is very low
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(assuming AT < 0.05 and AT = (T, +1;.)/2) is given by,

P L
_fh = 3.1
K=Ara 3.1

Here P,,AT,L and A are the power of heater, average temperature of sample, distance
between the thermocouples and vertical cross section area of the sample respectively.
The Seebeck constant of sample was calculated as given in eq. 3.2. The difference
in potentials between cold and hot edges of sample was divided by the change in

temperature and added with the Seebeck constant of wire.

V.-V,
Ssample = CA—T + Swire (3.2)

Materials having very low Seebeck constants like Cu, Ag, Au and Pt are commonly
used in order to make contacts during the experiment. And they are mostly ignored

since they have very low Seebeck constants.
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4. STRUCTURAL CHARACTERIZATION

X-Ray powder diffraction and thickness measurements are done for bulk and thin film
samples respectively. Structural parameters are used to compare the crystal parameters
of powder samples with the literature. Thin films are measured whether they have
amorphous or crystal. Thickness is used for the resistivity measurements in order to

calculate crosssection in which current passes through.

4.1 Bragg’s Law and X-Ray Diffraction

Substances are investigated in two groups: amorphous materials and crystals. Crystals
have unit cells and they are repetitive structures throughout the material. A translation

vector 7', can repeat the coordinate of i;;, atom by the translation vectors d, d, and a3.
T: = xid) + yido + 23 (4.1)

Amorphous materials usually have short range order and arrangement of atoms are
irregular. Since crystals have an order, they are grouped by mathematical groups which

are called as basis and these set of points attached to the basis is called lattice [34].

Table 4.1 : The 14 lattice types in three dimensions [34].

System Number of lattices  Cell Parameters Angles
Triclinic 1 ay £ ay # a3 a#B#y
Monoclinic 2 ay £ ay # a3 o=y7=90°#p
Orthorhombic 4 ay # ay # a3 o=B=y=90°
Tetragonal 2 a\=ay # a3 o=B=y=90°
Cubic 3 a1=a, = a3 o=B=y=90°
Trigonal 1 a\=ay = as o=p=y=<120°#90°
Hexagonal 1 ay=a # a3 o=p=90°y=120°

Every crystal structure has its specific symmetry group. There are 230 types of

symmetry declared in International Tables of Crystallography.

The most used symmetry type in our samples is tetragonal I4/mmm (No:139) [41],
given in Fig. 4.1. Big square shows unit cell with the translation operators at the

intersection points. Starting from one of them, operators are generally used to generate
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Crystal Type Point Group

Triclinic P 1,1

Monoclinic PC 2, m, 2/m

Ortorhombic P,C,F I 222, 2mm, 2/m 2/m 2/m

Trigonal PR 3, 3,32, 3m,32/m

Hexagonal P 6, 6, 6/m, 622, 6mm, 6m2, 6/m 2/m 2/m
Tetragonal A 4, 4, 4/m, 422, 4mm, 42m, 4/m 2/m 2/m
Cubic PF I 23, 2/m3, 432, 43m, 4/m 3 2/m

Figure 4.1 : Point group and Herrmann-Mauguin notation.
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Figure 4.2 : Space group sample: Designation of tetragonal [4/mmm symmetry
group [41].
atomic coordinates. Red circles show where an atom can be placed e.g. "corner" or
"face center". Arrows guide operator how to determine the position of next atom, for
instance 1/4 means that next atom will be located at a/4 distance down or up through
the allowed rotation. Symmetry operators work according to the rules [42] , and hence

atomic positions are determined by the help of this method.
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S. RESULTS

Powder XRD patterns of samples between 10-90° 20 degrees are studied in a Rigaku
diffractometer for both bulk samples and thin films. A dektak profilometer is used
to measure the thickness of thin films. Standard four-probe transport measurements
are done in the temperature range of 4.2-300 K. The superconducting state with
magnetization measurements in the temperature range of 5-300 K, up to a field of
9 T is investigated The magnetization as a function of temperature, ZFC (Zero Field

Cooling) and FC (Field Cooling) are measured. Results are discussed.

5.1 X—Ray Powder Diffraction Measurements

5.1.1 BaFe,As; : parent material

Parent material BaFe;As; given in Fig. 5.1 is successfully synthesized by a solid state
reaction method. Powder X-ray diffraction (XRD) was used at room temperature.
FullProf program is used in order to find lattice parameters by employing profile

matching with constant scale factor.

BaFepAsy |

g o Yobs
=X —-—Ycalc
—+— Yobs-Ycalc|
F | Bragg Pos.
o
[=2
—_ -
2 g
© S o=
>|& - cs 5 <
] — ~ -
4H gd ig ; :
c L4 id = Y o
s —h
-
£ | [ | ﬂll (AN Linmmnr n i
- Aosor i A
1 } { 1 ¥
T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 90
26 (°)
Figure 5.1 : Powder XRD profile fit of BaFe;As, sample.
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Red circles show the data collected from the diffractometer. This describes

"

experimental data and named as "Y,,” in fig. 5.1. The black line following the
experimental data shows the fitting made by the program. The trace is determined by
theoretical calculation and program requires some input parameters. They are lattice
parameters (a,b and c), angles, a, 8 and ¥ and symmetry group of compound. Such
parameters are accumulated in a single file and stored in XRD databases. They are
called "cif" files. Once these numerical values are given to the FullProf in order to the
calculate real values, program can be run for several times and work to match "exact"
profile. Hence the calculation is done. Theoretical data is shown as a result of fitting
given by "Y, ... The difference between these two data are subtracted and plotted on
the screen by naming as "Y,ps. — Y,a1c.”. The symmetry group of our sample provides
us to determine where (in which 20) reflection will occur. This describes the position

of the Bragg intensity collated by the diffractometer. Green bars located below the

graph is named as "Bragg Pos.".

The results showed that the ThSi,Cr;-type crystal structure with space group [4/mmm
is obtained as reported in the literature. Sample is single phase, and lattice parameters
are a=b=3.992077 A, c=13.031074 A respectively. Main peaks corresponding to the
tetragonal structure are fitted to the experimental data. After having prepared parent

material, we then tried to dope platinum to the structure. Our target is:

I. to search if platinum has resolution in BaFeyAs, sample,

II. to find a stable stoichiometry of system.

In order to do this, platinum is doped at the ratios of x=0.1, and x=1.0 in

BaFe,_PtyAs, sample group.

5.1.2 Platinum doped samples: BaFe; gPt( 1As;

x=0.1 compound synthesized via expected stoichiometry, BaFe; 9Pty 1As;. By

applying same symmetry, X-ray diffraction pattern is fitted in Fig 5.2.

Profile matching is satisfied and lattice parameters are found as follows: a=b=3.982941
A and ¢=13.001225 A. It is seen that lattice parameters decreased when compared

with parent material BaFe;As; , resulting % 1 volume loss. platinum has contributed
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Figure 5.2 : Powder XRD profile fit of BaFe; gPty.1Asy sample.

to the structure at x=0.1 mole fraction, and resulted the same symmetry without any

impurities.

5.1.3 BaFePtAs; sample

Platinum doping level is investigated by adding %50 percent Pt, aiming to have same
crystal structure. Same synthesis is applied to obtain a clear sample. Resulting X-ray
profile was unsatisfactory. Many impurities are observed. A secondary sintering

process is applied to obtain single phase. Fig 5.3 shows the results for BaFePtAs;

BaFePtAsy
N -o-- Yobs
= —-—Ycalc
= =
3 ~ —+—Yobs-Ycalc|
A\ —|—Bragg Pos.
Z — —_
; S 5 3 * Impurity
8 _ e
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o
-
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26 (°)

Figure 5.3 : Powder XRD profile fit of BaFePtAs, sample.
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sample after secondary sintering. Our attempt to prepare 1:1 ratio in Fe/Pt system
failed. It is thought that platinum required more heat for melting. So we increased
the temperature to 1273K to melt the elements in pellet. Following a heat treatment
of 1273K, temperature of furnace decreased slowly (100K/hour) down to 973K. And
then decreased to 873K slowly (15K/hour). Profile fit results showed a low amount
of I4/mmm type crystal structure was obtained. Remaining percentage has mostly
impurity phases, in which it is difficult to recognize (denoted by *). Lattice parameters
are calculated as a=b= 3.9730731&, c= 13.040128A. When the sample is left to room
temperature for cooling, bright particles are observed. Optical microscope images are
shown in fig 5.4. Despite having a crystallite view, sample is not pure and therefore
it is clear that platinum resolution can not join to the I4/mmm structure at 1:1 Fe/Pt
ratio. Saha et al. [10] reported a study with BaFe;_ Pty As, for x=0 and x=0.1. Since
platinum has higher molecular weight (195g/mol), lower doping ratio of platinum
doping (about %5-%10) is easier to obtain. Briefly, insisting on BaFePtAs; sample,
excess amount of iron or arsenide will bring intermediate phases like Fe;As , FeAs or

Pty As impurities mixed with the main ThSi,Cr, type structure.

5.1.4 BaFe; gPt(,As, sample

Platinum resolution is investigated by raising doping level to %10 to obtain higher
stoichiometry samples. BaFe| gPtg,As, sample is prepared and XRD result is given
in Fig. 5.5. Lattice parameters are calculated as a=b= 3.977873A and c= 12.944031A.

A remarkable decrease in unit cell parameters is observed.

5.1.5 BaFe; 7Pty 3As; sample

Platinum resolution is investigated by raising doping level to %15. BaFe 7Pty 3As;
sample is prepared and XRD result is given in Fig. 5.6. Lattice parameters are
calculated as a=b= 3.978521A and c= 12.926636A. It is seen that all samples are
prepared successfully and crystal structure parameters are found consistent with the
literature. Refined parameters are reported in table 5.1. Lattice parameters, unit cell
volume, c/a ratio, x> and Rpragg values are given in same order. Tetragonal unit cell
is fitted to I4/mmm symmetry (space group no. 139) by employing constant scaling

factor.
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(b)

Figure 5.4 : Optical microscope photograph of BaFePtAs, sample, (a) 70um x
120um dimension,(b) different view of a hexagonal shape sample which
is 250 pm in size.
Lattice parameters a and c, volume of unit cell, c/a ratio and structural parameters )52
and Rp,qgg for the whole La doped series is given in table 5.1. Unit cell dimensions did

not show remarkable change in volume. A small decrease in c is observed which may
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Figure 5.5 : Powder XRD profile fit of BaFe; gPty2As, sample.
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Figure 5.6 : Powder XRD profile fit of BaFe; 7Pty 3As, sample.

be a result of changing Fe hosts with platinum. The goodness of fits x2, is acceptable

for all compounds since it is lower than 10.

Table 5.1 : Structural parameters of samples obtained from XRD analysis.

x a=bA) ¢A) VAP cha X°  RBrage
0 3.9922  13.0319 207.69 3.2644 5.56 37.03
0.1 39922 13.0100 207.35 3.2589 8.60 7.73

0.2 39779 129440 207.82 3.2540 13.39 68.14
0.3 39785 129266 207.61 3.2491 4.13 18.5l1

5.1.6 La doped samples Ba; LaxFeqoPty1As; : x=0.03

La doping is studied in Ba;_xLayFe| gPty.1Asy sample sets. For x=0, BaFe| gPty.1Asj

sample was already given in fig. 5.2. La doped first sample, x=0.03 is given in
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Fig. 5.7 is successfully prepared by solid state reaction method. Powder X-ray
diffraction (XRD) was used at room temperature. The results are consistent with the
ThSi;Cr,-type crystal structure with space group I4/mmm is obtained as reported in
the literature. FullProf program is used in order to find lattice parameters by employing

profile matching with constant scale factor. Lattice parameters are a=b=3.9874(8) A,

Bag g7Lag g3Ptg.1Fe1.9As2

—o—Yobs

—— Ycalc

3 P~ —— Yobs-Ycalc|
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1S * Impurity

Intensity (a.u)

Figure 5.7 : Powder XRD profile fit of Bag 97Lag g3Fe.9Ptg 1 As, sample.

c=13.019(6) A respectively. Main peaks corresponding to the tetragonal structure are
fitted to the experimental data. Impurity is observed in this sample. Observed and

calculated patterns are nearly matched.

5.1.7 La doped samples: x=0.05

La doped sample BaggsLaggsFei gPty.1Asy (x=0.05) is given in Fig. 5.8. Powder
X-ray diffraction (XRD) result at room temperature is presented. The results are

compared with the ThSi,Cr,-type crystal structure with space group [4/mmm.

Sample is mainly single phase and lattice parameters are determined as a=b=3.9838(7)
A, c=13.004(0) A respectively. Most of peaks corresponding to the tetragonal structure

are fitted to the experimental data.

5.1.8 La doped samples: x=0.1

La doped sample Bagglag 1Fe; 9Pty 1Asy (x=0.10) given in Fig. 5.9 is prepared.
Powder X-ray diffraction (XRD) result at room temperature is presented. The results

are compared with the ThSi,Cry-type crystal structure with space group I4/mmm.
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Figure 5.8 : Powder XRD profile fit of Bag g9sLag osFe| 9Pt 1 As, sample.
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Figure 5.9 : Powder XRD profile fit of Bag gLag {Fe 9Pty 1 Asy sample.

Sample consists impurity phases when compared with the previous one. Impurity
peaks are denoted by blue star.

Lattice parameters are determined as a=b=3.968(4) A, ¢=13.000(6) A respectively.
Most of peaks corresponding to the tetragonal structure are fitted to the experimental
data. Since the amount of Lanthanum is increased, further doping levels will make
more contribution to the structure. Expected extra phase can be superconductive
LaFeAsO unit cell, which is proposed by Hosono et al. in 2008 [7]. Since the weight

of second phase is low, it is not shown exactly in the profile.
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5.1.9 La doped samples: x=0.3

La doped sample Bag;Lag3Fe; 9Pty 1Asy (x=0.30) given in Fig. 5.10 is prepared.
Powder X-ray diffraction (XRD) result at room temperature is presented. The
results are compared with the ThSi,Cr,-type crystal structure with space group

I4/mmm. Sample consists impurity which is denoted by blue star. Lattice parameters
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Figure 5.10 : Powder XRD profile fit of Bag7Lag 3Fe; 9Pt 1 As, sample.

are determined as a:b:3.964(0)1°\, c=13.012(4) A respectively. Most of peaks
corresponding to the tetragonal structure are fitted to the experimental data. Since the
amount of Lanthanum is increased, further doping levels will make more contribution

to the structure. Expected extra phase can be superconductive LaFeAsO unit cell,

which is proposed by Hosono et al. in 2008 [7].

5.1.10 La doped samples: x=0.4

La doped sample Bagglag4Fe; 9Pty 1Asy (x=0.40) given in Fig. 5.11 is prepared.
Powder X-ray diffraction (XRD) result at room temperature is presented. A second
phase survives with space group symmetry I4/mmm. Both of them are observed at
relatively high La doping level (% 40). Sample consists impurity.

Lattice parameters are determined as a=b=3.967(9)A, ¢=13.001(4) A respectively.

This sample consists LaFeAsO phase with the space group P4/nmm. Lattice

parameters belonging second phase is determined as a=b=4.033(6)A, c=8.746(9)A.
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Figure 5.11 : Powder XRD profile fit of Bag glLag 4Fe; 9Pty 1 Asy sample.

Most of peaks corresponding to that of space groups are fitted to the experimental

data.

Table 5.2 : Structural parameters of La doped samples obtained from XRD analysis.
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X a=b(A) c(A) V(A c/a X°>  RBrage

0 3.992(2) 13.03(2) 207.69 3.2644 5.56 37.03
0.03 3.987(5) 13.019(6) 207.35 3.2589 8.60 7.73
0.05 3.983(8) 13.004(0) 207.82 3.2540 13.39 68.14
0.10 3.968(4) 13.000(6) 207.61 3.2491 4.13 18.51
0.30 3.964(0) 13.012(4) 207.61 3.2491 4.13 18.51
040 3.967(9) 13.001(4) 207.61 3.2491 4.13 18.51

Lattice parameters a and ¢, volume of unit cell, c/a ratio and structural parameters }(2

and Rp,qg¢ for the whole La doped series is given in table 5.2.

5.1.11 Thermoelectric samples: BaFe4 ,Pt;Sby,

PXRD patterns of Pt doped skutterudite samples, BaFes_«Pt;Sbj; show that all
samples crystallize in the body-centered cubic structure of skutterudite with space
group Im3. Rietveld analyses for BaFes_(Pt,Sb;, samples is shown in Fig. 5.12.
The calculated lattice parameters are found as 9.202(5), 9.199(5), 9.202(1) A forx=0,
0.1 and 0.2 respectively consistent with the literature [23]. The reason not observing

any shrinkage or expansion in lattice volume might be because Pt (135 pm) and Fe

(140 pm) have identical atomic radius.
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Figure 5.12 : PXRD pattern of BaFe4_,Pt,Sb (x=0, 0.1, 0.2) samples at room

temperature [43].

5.1.12 XRD of thin film samples: BaFe;As,, and BaFe; gPt ;As;
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Figure 5.13 : Thin film XRD patterns of (a) BaFe;As;, and (b) Pt 0.2 doped
BaFe gPtg,As,.

Thin film of parent material is successfully prepared at 8.3 x 10~® Torr vacuum in

accordance with the works in literature [44]. It is seen that BaFe,As; thin film has

39



an amorphous structure.This result is expected because our primary system was only
able to prepare samples down to 10~ Torr vacuum. Note that there is a significant
intensity difference when compered with Pt 0.2 doped sample. Platinum doped sample

has higher intensity in the peak profile (fig. 5.13).

As aresult, highly equipped systems such as MBE have opportunity to prepare atomic
level thick films in A(angstrém) level resolution. Our achievement here is to prepare

"almost thin" films in our laboratory.

Thickness is given in Fig. 5.14. A dektak profilometer is used to measure the thickness
of thin films. Obtained values for h, are employed in s/L calculation. Thickness
of BaFe;As; is found as 1.392um. Since the system is manually controlled, it
is hard to estimate the amount of coating on the quartz substrate. Temperature is
about 2000°C. A rough surface is obtained by flashing for several times. A 531nm
thin film is achieved at 7.5 x 107 Torr vacuum in BaFe; oPtg | Asy sample. By
lowering the evaporation time, it is seen that thickness can be half compared with
the previous experiments. Thickness of film starts from a positive value and terminates
at around -600 nm. The reason for the negativity comes from the measurement starting
point since the reference is taken on the thin film. 0-125um distance is thin film
and 150-200 um distance is quartz substrate. Pt 0.2 doped sample BaFe; gPty,As,
has a thickness of 248nm. Several measurements show different values in dektak
profilometer. Coatings over first layer creates roughness and burns the material.
Vacuum was 9.4 x 10~° Torr during the experiment. Pt 0.3 doped BaFe; 7Pty 3As>
thin film is produced at 8.3 x 1076 Torr. The film was flashed one time in order to have

a homogenous layer. Thickness is shown as 559 nm (Fig. 5.15).

5.2 Resistivity Measurements

5.2.1 Parent sample: BaFe;As;

The resistivity measurements were carried out using a four-probe technique on the
pressed pellets in the temperature range of 4.2-300 K. The temperature dependence of
the resistivity for the parent sample, BaFe, As; (Fig. 5.16), exhibits the same behavior
(including a very close match to reported amplitudes) as those given in the literature.

A sharp kink at T = 144 K, where a structural phase transition upon cooling is known
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Figure 5.14 : Thickness of (a) BaFe,As, thin film, and (b) BaFe 9Pty 1 Asy thin film.
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Figure 5.15 : Thickness of (a) BaFe; gPty2As; thin film, and (b) BaFe; 7Pty 3As; thin

film.

to coincide with the onset of antiferromagnetic (AFM) order. Rotter et. al. argued
that crystal symmetry of unit cell is changed from tetragonal to orthorhombic unit cell.
Crystal symmetry here transforms from I4/mmm to Fmmm [8,9,45]. This behavior is

attributed to spin density wave (SDW) transition at this temperature.

5.2.2 BaFe; oPt(1As; sample

Pt doped sample is superconducting at about 7. = 24K. Saha et. al. [10] made same
experiment on single crystal BaFe| 9Pt | As, sample and observed same behavior at
T, =21.5K. The difference in our bulk sample is that; in addition to superconductivity,
we observe SDW anomaly in this sample at T=138 K (fig. 5.17). Results are published
[46].
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Figure 5.16 : Resistivity of parent material: BaFe, As, sample [46].
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Figure 5.17 : Resistivity of platinum doped BaFe| 9Pty | As, sample.

5.2.3 BaFe; gPt(,As, sample

Resistivity of Pt 0.2 doped sample is given in Fig. 5.18. Material is superconducting
at about 7, = 21K. A remarkable change in resistivity is not seen at around
T = 140K. Y. Guo et. al. prepared the polycrystalline samples of Pt doped
BaPtsFe, xAs,. Resistivity and susceptibility measurements proved that the largest
fractions of superconductivity is observed in 0.08 < x < 0.14 interval. Our value

T, = 21K is close to the readings reported in that study [11].

All platinum doped samples are shown in fig. 5.19(a). BaPtsFe,_4As, samples with
0 < x < 0.5 are measured between room temperature and 7 = 4.2K. Results showed
superconducting transitions at different 7,.’s. Phase diagram is obtained as a function of

T,. Critical temperature decreases with increasing Pt substitution (Fig. 5.19(b)). SDW
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Figure 5.18 : Resistivity of platinum doped BaFe gPty»As, sample.

anomaly is observed only in x=0 and x=0.1 samples. Resistivity values are found in

the range of 0.2-1 mQ cm except x=0.3. Higher value of resistivity in x=0.3 should

be due to oxidation problem during measurement. Platinum resolution was reported

up

to x=0.2 by Y. Guo. Our samples showed superconducting behavior even at high

platinum doping levels.
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Figure 5.19 : (a) Resistivity of all samples, (b) Phase diagram of samples as a
function of Pt doping.
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Measurements showed that Pt triggered Fe-As layers and resulted superconductivity
at around 7. = 20K. Further measurements are focused on Ba-La exchange and
test if critical temperature 7, will shift up or down. Our aim here is to enhance
phase transition temperature by exchanging La with Ba. Starting from %3 amount,
La is doped in to Ba;_xLaxFe| gPty 1 Asy sample serie and resistivities are measured.
Results are discussed. Superconducting phase transition temperatures are observed

and reported.

5.2.4 Resistivity of La doped samples Ba; yLayFeq oPtj1As; : x=0.03
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Figure 5.20 : Resistivity of La doped Bag g7L.ag.g3Fe| 9Pty Asy sample.

Synthesis of La doped bulk samples and their XRD patterns were analyzed at
the beginning of this chapter. Here resistivity measurements between 4.2-300 K
temperature interval are discussed. It is noted that La doped samples have more
impurity peaks compared with the Pt doped serie. Single phases of powder materials
and their results are discussed. Fig. 5.20 shows that the superconducting temperature
of Bag g7Lag g3Fe; 9Ptg 1 Asy sample is 7. = 21.2K. The change in slope around 75 K

is remarkable. Non-linear behavior should be caused by magnetic origin.

5.2.5 Resistivity of La doped samples: x=0.05

Fig. 5.21 shows resistivity behavior of BaggsLag gsFe| 9Pty.1Asy sample with 7, =
16.6K. Inset shows the derivative of resistivity with respect to temperature. Anomaly
is observed at T=63 K. Please note that this sample has a clean XRD pattern without

any impurity peak.
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Figure 5.21 : Resistivity of Bag gsLag osFe.9Ptg.1 Asy sample (derivative with respect

to temperature in the inset).

5.2.6 Resistivity of La doped samples: x=0.1

Resistivity of La doped sample with x=0.1 is shown in Fig. 5.22. Sample is
superconducting at 7. = 20K. Same anomaly is found around T=60 K by taking the

derivative of the sample with respect to temperature.
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Figure 5.22 : Resistivity of Bagglag. Fej 9Pty Asy sample (derivative with respect
to temperature in the inset).

5.2.7 Resistivity of La doped samples: x=0.4

p(T) for sample with x=0.4, increases slightly with decreasing temperature (Fig. 5.23).

Sample is superconducting at 7, = 24.2K. Same anomaly still maintains at T=60 K.
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Figure 5.23 : Resistivity of Bag gLag 4Fe 9Pty Asy sample (derivative with respect
to temperature in the inset).

5.2.8 Resistivity of thermoelectric samples

The temperature dependence resistivity for three compounds is shown in Fig. 5.24(a).
It is seen that all compounds show semi metallic behavior [47,48]. The resistivity
value of reference material, BaFe,Sb;, is consistent with literature [23]. It is seen
that resistivity increases with increasing content of Pt. This might be due to different
scattering mechanism in these compounds such as Kondo impurities or spin fluctuation
scattering [22, 47,49, 50]. The spin fluctuation temperatures Ty are obtained from
the dp/dT vs T graphs of samples. We assume that Matthiessen,s rule is valid.
According to this model, the contribution of the scattering processes to the resistance
are independent ; thus for an alloy at temperature 7, the resistivity predicted by the
rule is pu(T) = po + pu(T) where pg is the residual resistivity of the alloy due
to scattering on lattice defects, impurities including spin-orbit interaction, and spin
disordering etc. , and pj,(T) is the resistivity of the pure host-metal at temperature T
. (This temperature dependent term includes all the different scattering terms for the
host-metal). The scattering of electrons by chemical disorder, lattice imperfections, as
well known, Pt impurities (assuming distributed randomly in the films) induce a large
spin-orbit interaction. Even though the contribution of all the scattering mechanisms
mentioned above is significant ( estimated to be a few 0.10 £Qm), it is not enough to
explain such a big residual resistivity. In our previous work, it was pointed out that

the sum of coherent and incoherent electron-magnon scattering mechanisms (since
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they cancel each other quantitatively when summed) might have a profound influence
on temperature-independent part of the resistivity at low temperatures [51,52]. At low
temperature we use p = pg + AT? expression to fit resistivity data given in Fig. 5.24(b).
The term A here shows the T2 dependence of resistivity at low temperature. We
assume the electron-phonon scattering mechanism is dominant at high temperatures
and thereby we use Bloch-Griineisen equation. High temperature resistivity data for
the samples is used to fit where n=5 is taken into account for the scattering of electrons
by phonons. 6p indicates the Debye Temperature for samples in equation shown below.

All fitting parameters are presented in Table 5.3.

T\" [P X
p(T>:P0+OC<9—D)/O (ex_l)(l_e_x)dx (5.1)

Table 5.3 : p—T2 and Bloch-Griineisen Fitting Parameters For BaFe4Sb»

Compounds.
X po(uQm) AuQmK-?)x10* Op(K)
0 3.03 2.96 326
0.1 4.02 2.60 298
0.2 4.09 3.28 285
3.5 5 3.0
0.04 °* X= (a) o x=0 (b)
3.0+ E 0.03 = x=0. s x=0.1 T =40K
; ::zf 4L 4 x=0. N Xzo_z/‘»/
25F %000 00 Neees -
06 08 10 12 25 "
T 2.0+ Log (T) 'g‘ Ty 36K
ol g
3 15+ =
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Figure 5.24 : (a) Temperature dependence of resistivity and observed Kondo minima,
(b) linear temperature dependence of resistivity, p-7> graph for all
compounds [43].

Typical behavior of resistivity fit is shown for x = 0.1 with continuous line. The

decrease in Op from 326 K for x = 0 to 285 K for x = 0.2 is expected since Pt atoms

have larger atomic mass (195.1 g/mol) compared with Fe (55.85 g/mol) atoms. Low

temperature dependence of the resistivity has been attributed to Kondo effect. This

behavior was observed by linear fitting of Ap(p-pimin) = -Apo log(T/Tk) for x = 0.1 and
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x = 0.2 samples, Kondo minima temperatures were then found Tx; = 10.7 K and Tk»
= 8.8 K respectively (see Fig. 5.24(a)). Kondo minimum temperature increases with
increasing content of Pt. Even this situation has not fully understood yet we believe
that Pt substitution on Fe side makes deformation on lattice due to large difference of
atomic mass between Pt and Fe atoms, this might induce to Kondo minimum. As far
as we know, there is only one study reported to show Kondo minimum for skutterudite

compounds [48].

5.2.9 Resistivity of thin film samples

Resistivity of BaFe,As, thin film at liquid He is measured between 4.2-300K. A phase
transition at 7. = 6.7K is seen clearly with reproducible experiments which is very
similar to a superconductive phase transition. This result is interesting because current
macroscopic theory of superconductivity is based on Cooper pairing mechanism. Since
our thin film sample is amorphous, the causes for the resistivity at 500 mQcm value
must be discussed in detail. In 2013, Engelmann et. al. [S3] studied that strain induced
superconductivity in epitaxial BaFe;As; thin films on Fe-buffered MgAl,O4 single
crystalline substrates can be possible. Even if the thickness of our thin film is not
comparable with this study, the drop of resistivity down to zero seen in Fig. 5.25 obeys

filamentary superconductivity that Engelmann argues in Fig. 5.25 (b) in principle.
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Figure 5.25 : (a) Resistivity of BaFe;As, Thin Film at liquid He, (b) T, vs thickness
diagram for BaFe;As; thin films [53].

The difference in our study is that we create a disorder in material and it is amorphous.
This process is realized in a simple flash evaporation system under vacuum. This

is important because same kind of samples are produced in molecular beam epitaxy
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(MBE) or similar systems that we are not able to. Some studies are reported that both
in bulk [6] and thin film samples [53], showing that it is possible to apply pressure
to the system and create disorder. This method is a way in order to trigger the
superconductivity in such systems. For the first time, we observe the superconductivity
in an amorphous thin film above the liquid He temperature, 7, = 6.7K at ambient
conditions (without applying any pressure). Magnetic characterization of this sample

still continues and results will be presented in an appropriate publisher.

5.3 Magnetic Measurements

5.3.1 Magnetic behavior of BaFe;As, sample
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Figure 5.26 : ZFC-FC measurement in bulk BaFe,;As; : upper inset shows a larger
view focused on SDW transition; lower inset shows resistivity with the
T, corresponding same temperature [46].

Magnetization measurements were carried out using a commercial physical property
measurement system (PPMS, Quantum Design Model 6500) including a vibrating
sample magnetometer (VSM) attachment. The measurement was first done for bulk
BaFe;As,. Magnetization as a function of temperature, T at H = 5 kOe for the parent
material is depicted exclusively in Fig. 5.26. Upper inset shows the data in the
expanded scale, describing a typical first order phase transition at T =144 K, associated

with a tetragonal to orthorhombic structural/AFM phase transition [46].
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5.3.2 Magnetic behavior of BaFe; 9Pty 1As; sample

Fig. 5.27 shows the ZFC versus FC magnetization curves for the BaFe| gPty 1As;.
Sample was first cooled to low temperature in the background field (zero field).
H=20 Oe was subsequently applied and the moment measured as a function of
slowly increasing temperature, yielding curves labeled ZFC (zero-field cooled).
The temperature was then slowly reduced through the superconducting transition,
T., yielding the curves labeled FC (field cooled) in the figures. Meissner effect
measurements in fields up to & 9T are given in the insets. Note that the ZFC
data decrease rapidly for temperatures below Tc and quickly saturate to negative
values. We have calculated roughly the effective magnetic susceptibility, 47 x. sz,
after demagnetization field correction (experimental samples had long cylindrical
shapes). The values for samples are approximately -1, indicating that the system is
indeed fully shielded. The measured field-cooled moment, MFC, below 7. (cooling
in field leads to flux trapping and a significantly reduced negative magnetization)
decreases significantly with Pt and La doping. The increasing difference between
the experimental ZFC and FC data with La doping can be explained by the possible
coexistence of regions of superconductivity within a strongly ferromagnetic host,

resulting in a highly suppressed diamagnetic transition in the FC situation [46].

Since 7. = 21.7K in ZFC-FC measurement, M-H curves taken at 5, 10, 15 and 20 K in
Fig. 5.28 (a). Coherence length is calculated by using these data in Fig. 5.28 (b). It is

found that ¢ is equal to 15.79 nm for this sample.
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Figure 5.27 : ZFC-FC measurement in bulk BaFe 9Pty | As, sample. Inset shows
Meissner effect observed at T=5 K.
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Figure 5.28 : (a) M-H measurements of BaFe; 9Pty | Asy sample at 5, 10, 15 and 20 K
at = 10 kOe applied field, (b) coherence length.

5.3.3 Magnetic behavior of BaFe; 7Pty 3As; sample

Fig. 5.29 shows the ZFC versus FC magnetization curves for the BaFe; 7Pty 3As;.
Sample was first cooled to low temperature in the background field (zero field).
H=20 Oe was subsequently applied and the moment measured as a function of
slowly increasing temperature, yielding curves labeled ZFC (zero-field cooled).
The temperature was then slowly reduced through the superconducting transition,
Tc, yielding the curves labeled FC (field cooled) in the figures. Meissner effect
measurements in fields up to = 0.05 T are given in the inset. Note that the ZFC
data decrease rapidly for temperatures below T, and quickly saturate to negative
values. We have calculated roughly the effective magnetic susceptibility, 47 ¥, s, after
demagnetization field correction (experimental samples had long cylindrical shapes).
The value for BaFe| 7Pty 3As, sample is approximately -0.98. T is found as 20.2 K

from the graph. M-H curve taken at 5 K is given in the inset.

Table 5.4 : Pt content and superconducting phase transition temperatures of
BaFe;_ Pty As, samples.

Pt Content, x  T.(K)(VSM) T.(K)(p) T.(K)(SDW)

0 - - 144
0.1 21.7 23.87 138
0.2 - 20.73 -
0.3 20.2 18.96 -
0.4 - 17.77 -
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Figure 5.29 : ZFC-FC measurement in bulk BaFe| 7Pty 3As, sample. Inset shows
Meissner effect observed at T=5 K.
Pt content and superconducting phase transition temperatures of BaFe; ,Pt.As)
samples are given in table 5.4. x=0 sample is the parent sample (BaFe,As;) in which it
is not superconductive. The resistivity of sample group has the highest value for phase
transition temperature, 7,.. Samples with x=0 and x=0.1 show an additional spin density
wave (SDW) transition about 140 K. This is the value where an antiferromagnetic order

sets in and it still persists in a lower amplitude for Pt doped sample [8].

5.3.4 Magnetic behavior of Baj g7Lag ¢3Fe; 9Pt 1As; sample

The ZFC versus FC magnetization curves for the Bag g7Lag g3Fe;.9Pty.1Asy sample are
given in Fig. 5.30. It was first cooled to low temperature in the background field, H=20
Oe. The temperature was then slowly reduced through the superconducting transition,
T. = 19.9K, yielding the curves labeled FC (field cooled) in the figures. Meissner
effect measurement in fields up to £ 10 T applied field is given in the inset. Effective
magnetic susceptibility, 47wy, rr, after demagnetization field correction, is found as

-0.79, indicating that the system is partially shielded.

M-H curves are taken at &= 0.1 T for the temperatures of 16.5, 17, 17.5, 18 and 18.5
K are shown in Fig. 5.31 (a). Note that Meissner effect is more visible at lower
temperatures where sample is in superconducting state. Coherence length is calculated
by using these data in Fig. 5.31 (b). It is found that { is equal to 24.48 nm for this

sample.
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Figure 5.30 : ZFC-FC measurement in bulk Bag g7Lag g3Fe; 9Ptg 1 Asy sample. Inset
shows Meissner effect observed at T=5 K.
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Figure 5.31 : (a) M-H measurements of Bag g97Lag g3Fe 9Pt 1 As, sample at 16.5, 17,
17.5, 18 and 18.5 K at 4= 0.1 T applied field, (b) coherence length.

5.3.5 Magnetic behavior of Baj 9sLag ¢sFeq 9Pty 1As; sample

ZFC versus FC magnetization curves for the Bag gsLag gsFe| 9Pty Asy are shown in
Fig. 5.32. Sample was first cooled to low temperature in the background field, H=20
Oe. The temperature was then slowly reduced through the superconducting transition,
T. =22.1K, yielding the curves labeled FC (field cooled) in the figures. Meissner effect
measurement at T=5 K in fields up to £ 10 T is given in the inset. Effective magnetic

susceptibility, 47 x. rf, after demagnetization field correction, is found as -0.78.

M-H curves are taken at + 10 T applied field for the temperatures of 5, 10, 15,20 and
25 K are shown in Fig. 5.33 (a). Coherence length is calculated by using these data in
Fig. 5.33 (b). It is found that { is equal to 5.21 nm for this sample.
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Figure 5.32 : ZFC-FC measurement in bulk Bag gsLag gsFe; 9Pty 1 Asy sample. Inset
shows Meissner effect observed at T=5 K.
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Figure 5.33 : (a) M-H measurements of Bag gsLag gsFe 9Ptg 1 Asy sample at 5, 10,
15,20,25 K at + 10 T and 20K at 5000e applied field, (b) coherence
length.

5.3.6 Magnetic behavior of Baj 9La( 1Fe; oPt( 1As; sample

ZFC versus FC magnetization curves for the Bag 9Lag 1 Fe oPto 1 As, are shown in Fig.
5.34. Sample was first cooled to low temperature in the H=20 Oe background field.
The temperature was then slowly reduced through the superconducting transition, 7, =
21.3K, yielding the curves labeled FC in the figures. Meissner effect measurement at
T=5 K in fields up to = 6 T is given in the inset. Effective magnetic susceptibility,
4 y.rr, after demagnetization field correction, is found as -0.63 which means that

sample is partially shielded against applied magnetic field.
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Figure 5.34 : ZFC-FC measurement in bulk Bag gLag 1 Fe; 9Pty 1 As, sample. Inset
shows Meissner effect observed at T=5 K.

5.3.7 Magnetic behavior of Baj ¢Lag 4Fe; oPt( 1As; sample

Fig. 5.35 shows the ZFC versus FC magnetization curves for the
BaggLag4Fe; oPtg.1Asy compound. Sample was first cooled to low temperature
in the background field, H=20 Oe. The temperature was then slowly reduced through
the superconducting transition, 7, = 23.3K, yielding the curves labeled FC in the
figures. Meissner effect measurement in fields up to = 10 T applied field is given
in the inset. Effective magnetic susceptibility, 47y, s, after demagnetization field

correction, is found as -0.70, indicating that the system is partially shielded.

M-H curves are taken at + 10 T for the temperatures of 5,10 and 15 K are shown in
Fig. 5.36 (a). Meissner effect is seen clearly at T=5 K. Coherence length is calculated
by using these data in Fig. 5.36 (b). It is found that { is equal to 5.47 nm for this

sample.

The superconductive behavior is observed for the La doped BaFe| gPty | As, samples.
ZFC versus FC magnetization curves are measured at H=20 Oe. Superconducting
temperatures , 7., are determined from the measurements and it is seen that
superconducting transition occurs in the 7. = 19 — 24K interval. Meissner effect
measurements in fields up to & 10T are a clear evidence that samples exclude
magnetic field lines. Roughly calculated the effective magnetic susceptibility, 47T ¥z,
are approximately equal to -1, indicating that the system is almost shielded where

diamagnetic behavior is seen for the samples.
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Figure 5.35 : ZFC-FC measurement in bulk Bag ¢Lag 4Fe; 9Ptg 1 As, sample. Inset
shows Meissner effect observed at T=5 K.
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Figure 5.36 : (a) M-H measurements of Bag glLag 4Fe| gPty.1Asy sample at 5, 20, and
25 K at £ 1 kOe, (b) coherence length.

Table 5.5 : La content, critical current, coherence length and superconducting phase
transition temperatures of Ba;_yLaxFe; oPty | Asy samples.

La Content, x J.(A/cm?)x10* Coherence Length {(nm) T.(K)(VSM) T.(K)(p)

0 1.10 15.79 21.7 23.9
0.03 1.78 24.48 19.9 21.2
0.05 2.64 5.21 22.1 16.6
0.1 2.15 - 21.3 20.1
0.4 2.61 5.47 23.3 24.2

La content, critical current, coherence length and superconducting phase transition
temperatures of Ba;_xLasFe; Pty Asy samples are given in table 5.5. The highest
value for the critical current, 2.64 x 10*A / cm? is observed in Bag osLag osFe1 9Pty 1As>

sample in which it has the lowest values for the coherence length { and the phase
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transition temperature, 7. obtained from the resistivity measurement. La doped

samples are showed a clear evidence for superconductivity that our results approve.

5.3.8 Magnetic behavior of Pt doped thermoelectric BaFe4 (Pt,Sb{, samples

Magnetization in the fields between H = £+ 9T and its function of temperature are
shown in Fig. 5.37 (a). It is seen that all samples obey Curie Weiss law above
the Curie temperatures, but slightly deviates from linear behavior in paramagnetic
regime. Below the T, , there exist two successive magnetic transitions in Pt substituted
compounds however, it is only one (transition from paramagnetic state to long range
magnetic ordering) in Pt free compound . In Pt substituted compounds we observe that
the first transition appears at 7, = 48 K. In addition, the second transition is observed
at T3, = 30 K. What we expect is a magnetic cluster state before the magnetic ordering
transforms from paramagnetic to an irreversible ferromagnetic state. The magnetic
moment calculation by fitting the inverse susceptibility to the Curie-Weiss equation for
all samples in 80-180 K interval is given in Fig. 5.37 (b) and the magnetic moments

per formula unit (f.u.) are shown in Table 5.6.
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Figure 5.37 : (a) Magnetization vs. temperature graphs at H = 20 Oe, (b) Reciprocal
of magnetic susceptibility versus temperature plots for BaFe4_,Pt,Sb1,
compounds at H = 70kOe field [43].

For Pt free compound, it is found to be as 3.89 up/f.u. For a wider analysis of
temperature range between 50-200K (not given in graph here) magnetic moment for
x = 0 is found to be as 6 up/f.u. [49]. In our temperature range, inverse magnetic
susceptibility in the paramagnetic regime does not have linear temperature dependence.

Such non-linear behavior in magnetic susceptibility observed at low temperature can be
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Table 5.6 : Magnetic (at low temperature), resistivity and thermoelectric parameters
(at room temperature) of BaFe4_,Pt,Sbj» compounds.

x T.K) Ty (K) ug/fu H.(Oe) ©,(K) p(uQm) k(W/mK) S(uV/K)

0 48 48 3.89 410 53 3.57 5.53 43
0.1 48 32 3.02 140 10 4.68 5.81 38
02 48 30 2.89 125 9.8 5.17 4.56 49

originated by crystal electric field (CEF) effect, valence fluctuations or spin fluctuation
origin [52]. Similar results were given to explain the behavior of the skutterudite
LaFe4Sby, presenting non-Fermi liquid (NFL) nature of itinerant d-electrons. We
believe that spin fluctuation mechanism is responsible from this non-linearity in our

samples [54,55].Results are published [43].

5.4 Thermoelectric Behavior of Pt doped BaFe4_,Pt,Sb, Samples

Low temperature thermoelectric properties were carried out by longitudinal
steady-state measurements in a cryostat [56]. Thermoelectric power (Seebeck
coefficient) versus temperature is measured for all compounds and it is shown in Fig.
5.38 (a). Seebeck coefficient sign indicate that major carrier in all compounds are
holes. Negative Seebeck coefficient observed in Pt substituted compounds at low
temperature is a trace of the presence of two type of carriers in these compounds.
The Seebeck coefficient values of Pt doped samples are relatively smaller than in
heavily doped skutterudite compounds reported in literature. This might be because
Pt substitution induces mixed conduction in structure. In other words, in mixed

conducting sample (in which electrons holes are both contribute to transport), Seebeck

(8,0, +S,0))

CETN which indicates that Seebeck
nTOp

coefficient can be expressed as Sy =
coefficient value of mixed conductors is smaller than samples have single carriers
type [57]. In our samples Pt substitution might induce mixed conduction since Pt have
two more valance electron in compare to Fe. Local maximum (or minimum) observed
in compounds might be due to paramagnon-drag effect which is attributed by thermally

non-equilibrium paramagnons dragging the charge carriers or spin fluctuation effect in

materials. [23,52]. The thermoelectric transport parameters are presented in Table 5.6.

The total thermal conductivity as a function of temperature is shown in Fig. 5.38 (b).

The total thermal conductivity was calculated by k¥ = i)—hT % where P,, AT , L and A are
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Figure 5.38 : (a)Temperature dependence of Seebeck coefficient, (b) Total thermal
conductivity for BaFe4_Pt,Sbj> compounds (Kz+Kyagnon Vs
temperature plot in the inset) [43].
power of heater, temperature difference measured by thermocouple, distance between
thermocouple and longitudinal cross section of sample based on steady state technique.
The lattice contribution was obtained by subtracting the electronic contribution from
the total thermal conductivity. The electronic contribution was calculated via the
Wiedemann-Franz law, k., = LoT, where L, 6 and T are the Lorenz number, electrical
conductivity and absolute temperature, respectively. We have used an empirical value
of 2 x 1078V2/K? for the Lorenz number. This value of Lorenz number was found
previously to be appropriate [58]. The lattice contribution of thermal conductivity
depicted in the inset of Fig. 5.38(b). It is seen that the major part of total thermal

conductivity is originated from heat carrier phonons.
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6. CONCLUSION

Fe-As based BaFe,As,, BaFe; «PtyAs, and Ba;_xLasFe; 9Pty 1As, polycrystalline
samples are successfully synthesized by a solid-state reaction method. High purity
elements are mixed in desired stoichiometry and sealed in quartz tubes to prevent
oxidation during melting. In order to avoid gas leaks in the tubes, sintering process are
separated into parts gradually for the work safety. Owens placed in the hood controlled
by continuous air flow to help air conditioning inside the laboratory. Protective glasses,
handgloves and aprons protecting against cuts are weared. Laboratory work is then

became appropriate through those precautions.

Structural analyses of samples are made by X-Ray diffraction after the chemical
synthesis part. Results are analyzed by FullProf software. Several programs are
exist in literature like Maud, Crystal Impact Match, Topaz etc.. The data acquisition
on such analyses require detailed information about the scan parameters. It is seen
that step sizes bigger than 0.1° make no sense to calculate. The reason for poor
spectral line is inadequate data point that diffractometer accumulates to "define" the
position of peaks corresponding to the Bragg angles. As a result of skipped peaks, the
characteristic behavior for the full with half maximum (FWHM) of a peak will then be
damaged or incorrect to take into account. Smaller step size is measured during scans
and this problem is solved. Profile matching are done after these simple tricks are
achieved for whole samples and structural parameters are determined. Some samples
are found single phase in which published in the articles during our study. The work
on such compounds was physically remarkable and data obtained from those samples
are investigated in detail by Rietveld refinement. Our target to produce "single phase"
polycrystalline samples are achieved successfully. Although we do not prefer some
strange phases, (generally formed at primitive unit cell) impurities are seen even they
have low percentage. Several identification issues are then grouped into two categories.
First one is impurities coming from weight part. It is clearly seen that rare earth

elements like Lanthanum and Barium are difficult to handle with. Since they have

61



high affinity to construct oxide phase, it is a smart way to work in glovebox. We did
not have such opportunity. Alternatively, La, Ba grains are weighted lastly (after the
arsenide,iron and platinum elements) as quick as possible and then cut quickly to mix
with other reactants. The second one is correct operation temperature for the owens.
Since it takes days to make a solid state synthesis, it is impossible to observe electricity
cuts. And when it is cut, owen heater stops heating and so temperature decreases
rapidly. If it operates again, one can never detect any sign for this irregularity and
believe that alloy is formed at the desired stoichiometry. But second phase should
survive event at high temperatures. Such situation is the most dangerous problem that
we experienced. Technically it should have pressure fluctuations inside the quartz tube.
Because a rapid pressure increase inside the owen breaks the tube. So this brings an
additional oxide phase as an alternative to your main phase. And economically this
is not preferable too. When the cost of elements (high purity) and tubes are take into
account, one single sample is about 30-40$ and this situation limits the number of our

experiments.

It is seen that unit cell parameters and symmetry group of samples are determined in
agreement with the literature. The structural phase transitions from tetragonal 14 /mmm
to orthorhombic Fmmm lattice in BaFe;As, and BaFe; 9Pty | Asy samples are observed
at 140 K and 138 K respectively. This clearly seen spin density wave transition (SDW)
is not seen in La doped BaFe; 9Pty | Asy samples. This should be because of number

of stackings are increased in La doped unit cell when compared to parent sample.

The idea that we focus on here is to investigate the Fe-As layer rather than the
conventional superconductors, Cu-O, like in cuprates. Tetragonal structures having
[4/mmm symmetry, are then have an ability to be a "host" material for charge carriers in
these types of superconductive alloys. BaFe 9Pty 1 As; unit cell should consist Fe-As
and Ba layers. Here Fe-As are responsible from charge carriers by platinum doping and
Ba layers are said to be reservoirs for conservation of the charge. Superconductivity
should be emerged as a result of these interpretations, it is reported in the literature.
There are several unit cells adoptable for this purposes. Some examples are LaFeAsO,
crystallizes in P4/nmm; SrPtAs, crystallizes in P63/mmc etc. In LaFeAsO sample,
unit cell consists Fe-As and LaO layers. Fe-As are responsible from charge carriers

and LaO layers are said to be reservoirs for the blocking the charge. Both layers are
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sandwiched together and the integrity of the mechanism is supplied by this way. The
doping levels of platinum and lanthanum are investigated in our study and it is seen
that samples have the same unit cell to maintain superconductive behavior. As a clear

evidence for superconductivity, resistivity measurements are done on samples.

Resistivity measurements are done in liquid nitrogen first and in liquid helium by
the help of a hand made glass cryostat. This method facilitates the measurement by
providing longer last of the liquid helium. It maintains liquid phase about ten days
which makes our measurement economical. Sticking of samples on the sample holder
at low temperatures are provided by G-varnish, and it is seen that the temperature
dependence of the resistivity for the parent sample, BaFe,As, exhibits the same
behavior including a very close match to reported values given in the literature.
These results include a sharp kink at T = 140 K, where a structural phase transition
(from tetragonal to orthorhombic upon cooling) occurs. And this temperature point
is compatible with the corresponding XRD measurement (known to be tetragonal
at room temperature). Since we don’t have opportunity to have XRD measurement
at low temperature, symmetry breaking from I4/mmm to Fmmm is not determined
but it is shown in resistivity measurement, where it coincides with the onset of
antiferromagnetic (AFM) order. This is a first order phase transition. Same SDW
anomaly is observed for the platinum doped sample at a slightly reduced temperature
(T=138 K) for the BaFe gPty | As, sample, but it is less pronounced. Superconductive
phase transition temperature, T, for the Pt doping is investigated in the literature. It is
found that Pt doping is effective on the change of T, at lower doping rates like x = 0.2.
x=0 sample is the parent sample (BaFe;As;) in which it is not superconductive but the
BaFe| 9Pty 1 As, sample has the highest value in Pt doped group for phase transition
temperature, 7;. In contrast to the literature, we showed that superconductivity can be

observed even in x=0.3 doping rates in such materials.

Lanthanum doped samples are successfully synthesized in addition to the Pt doped
ones. And resistivity measurements are showed that superconductivity still can be
observed in such tetragonal [4/mmm systems. One of the difference from LaFeAsO
materials is the symmetry group and consisting oxide layers. Resistivity of these

samples are showed a clear evidence for superconductivity that our results approve.
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The magnetic measurements of materials are done by measuring zero field cooling
(ZFC) and field cooling (FC) curves and magnetization as a function of applied field.
The critical current density, which is a remarkable sign that a superconductor can carry
how much charge is estimated by models given in the literature. Ginzburg-Landau
parameter also known as coherence length is calculated from the Meissner effects

observed in these samples.

Results show that samples based on a tetragonal structure are convenient to be a host
material for the superconductive behavior. This means the doping of rare-earth ions
to those samples provide materials that have characteristic properties like showing
zero resistivity and the exclusion of magnetic field lines. In our study, platinum
and lanthanum are doped and new sample sets are prepared. It is seen that ZFC-FC
curves are separated in the phase transition temperature, T;, showing superconductive
behavior compatible with the resistivity measurements. Meissner effect is observed in
both platinum and lanthanum doped samples. Critical current calculations showed that
the highest value, 2.64 x 10%A / cm? is observed in Bag osLag gsFe; oPto 1 Asa sample in
which it has the lowest values for the coherence length { and the phase transition
temperature, 7. obtained from the resistivity measurement. Critical current of all
samples have a J, in 10* order and change in 1.10 — 2.64 x 10*A /cm? interval. It
is noted that samples having a clear XRD result, have perfect Meissner effect without
any noise. Phase transition temperature obtained from the magnetic measurements are
generally found in 20.2-21.7 K interval for the Pt doped samples. Lanthanum doped
samples have a range of 7; in 19.9-23.3 K interval. The lower part of this temperature
indicates superconducting regime and this motivated us to have an expectation of
exclusion of magnetic field lines and observe Meisnerr effect. M versus H curves
are measured in several temperatures below the phase transition temperature. Analysis
of the results helped us to calculate coherence length { for the samples by obtaining
H, readings at different measurement temperatures. From the M-H curves of samples
measured below the 7¢, lines are extrapolated to T=0 K and coherence lengths are

found in nm range.

By transforming magnetization from emu/g to volume magnetization, susceptibility
for the samples are obtained in terms of magnetization data. The termination of

ZFC and FC curves in to close values to -1 in y axis, shows that samples are
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mostly diamagnetic with a high volume fraction. Samples are mostly presented
superconductivity in general. Phase transition temperatures found from ZFC-FC
curves are compatible with the resistivity data. La doped samples are showed a clear

evidence for superconductivity that both resistivity and magnetic results approve.

Resistivity of BaFeyAs; thin film at liquid He is measured between 4.2-300K. A
phase transition at 7. = 6.7K is seen clearly with reproducible experiments which
is very similar to a superconductive phase transition. We observe superconductivity
for the first time in an amorphous thin film. This result is interesting because current
macroscopic theory of superconductivity is based on Cooper pairing mechanism. The
drop of resistivity down to zero obeys filamentary superconductivity that is seen in

literature in principle.

The difference in our study is that we create a disorder in material and it is amorphous.
This process is realized in a simple flash evaporation system under vacuum. This
is important because same kind of samples are produced in molecular beam epitaxy
(MBE) or similar systems that we are not able to. Some studies are reported that both
in bulk and thin film samples, showing that it is possible to apply pressure to the system
and create disorder. This method is a way in order to trigger the superconductivity in
such systems. For the first time, we observe the superconductivity in an amorphous
thin film above the liquid He temperature, T. = 6.7K at ambient conditions (without
applying any pressure). Magnetic characterization of this sample still continues and

results will be presented in an appropriate publisher.

In case of any failure in preparing Fe-As layered samples, antimony doped compounds
are prepared. BaFesSbj; sample is prepared first. This sample is known as
skutterudite compound in literature and it is thermoelectrically efficient. Since the
synthesis was successful, the thermoelectric and magnetic properties of Pt substituted
BaFes_Pt,Sbyjp (x = 0, 0.1, 0.2) compounds were investigated in this part of
study. X-Ray diffraction, resistivity, magnetic measurements, Seebeck coefficient and
thermal conductivity of samples are measured. Temperature depending resistivity
shows that all samples show semi metallic behavior in the temperature range of
4.2 K to 300 K. Increases in resistivity with Pt content is interpreted as existing
of different scattering mechanisms such as spin fluctuation and Kondo impurity in

these compounds or decreasing hole concentration. Kondo minimum are confirmed by
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temperature dependence of logarithmic resistivity analysis at 2-50 K which might be
due to local deformation in crystal structure as a result of spin fluctuation mechanism.
Local minimum and maximum in Seebeck coefficient observed might be due to
paramagnon drag or spin fluctuation effect in materials. Magnetic susceptibility for
the compounds x = 0.1 and x = 0.2 show that there are two successive transition,
paramagnetic to magnetic state at 7, = 48 K and short range magnetic to long range
magnetic ordering at lower temperatures, however there is only one transition from

paramagnetic to long range ordering transition in Pt free compound.

The lattice part of thermal conductivity versus temperature plot shows that the major

part of total thermal conductivity is dominated by lattice contribution.

Local maximum & minimum in Seebeck coefficient versus temperature plot, Kondo
minimum observed in logarithmic resistivity show that there is a close relation between
magnetic and thermoelectric properties due to spin fluctuation effect in Pt substituted

BaFes_,Pt,Sbis (x =0, 0.1, 0.2) compounds.

In order to invent original samples, this topic is always open for new synthesis. The
quality of results are directly proportional to the sample synthesis method. All types
of chemical synthesis including bulk, thin film and single crystal samples of arsenic
doped iron pnictide superconductors, thermoelectric samples requiring special technics
are hard to produce. These methods require a high level of knowledge and conscious
mind. Our group produced these materials successfully and we proved that we could
produce these materials by making basic experiments. Our struggle here is to survive
by material characterization rather than the competition with famous groups who are

already proved their expertise in literature.
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