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ABSTRACT

INVESTIGATION OF SOME PHYSICAL PROPERTIES

OF Ce-DOPED Bi-2212

ZALAOGLU, Yusuf
M.S., Department of Physics
Supervisor: Assoc. Prof. Dr. Cabir TERZIOGLU
Co-Supervisor: Prof. Dr. Ahmet VARILCI

June 2011, 73 Pages

In this study, the structural and superconducting properties of compounds
prepared by doping Cerium to Bi-2212 system in the form of Bi,Sr,Ca;Cu,Ce,Oy
(x=0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05, 0.1) were investigated. All samples were
prepared using the standard solid-state reaction method. In order to make comparison
with the pure sample (x=0), all samples were prepared under the same conditions.
While the structural characterization of all samples were carried out with X-Ray
Diffraction(XRD) and Scanning Electron Microscopy(SEM) measurements,
electrical and superconducting properties of the samples were performed via
resistivity measurements. Based on the results of resistivity measurements of the

samples done in the case of magnetic field, as it was observed that the critical onset

ii



temperature(Tc‘mset) increased with increase in Cerium addition until 0.05 above
which the onset point of the sample rapidly started to decrease. However, the critical

offset temperature(T. ™

) was found to decrease with increasing Cerium
concentration and applied magnetic field. Besides, it was noticed that all samples
showed metallic behaviour above T, ™® temperature. Moreover, the resistivity
(at room temperature) was also observed to increase with the increase in the addition
of the Cerium atoms. As for XRD measurements, all lattice parameters and phases
corresponding to peaks on X-ray diffraction graphs were determined by means of
literature. Furthermore, volume fractions of Bi-2223 and Bi-2212 phases were
calculated for all samples. It was clearly found that the fraction of Bi—2212 phase
was greater than the fraction of Bi—2223 phase. However, the volume fraction of
Bi-2223 phase increased up to an optimum concentration value(x=0.05). As it is well

onset

known the critical onset temperature(T, ) of a sample increases with the increase
in the Bi-2223 volume fraction. This situation was also observed at resistivity
measurements. Therefore, we can clearly say that XRD measurements are found to
be in good agreement with resistivity measurements. Moreover, surface morphology
and grain connectivity of the samples were obtained to degrade with increase in the

Cerium addition from SEM investigations. To sum up, Cerium addition was found to

supress the superconducting properties.

KEYWORDS: High-temperature superconductors, Bi—2223, Bi-2212,

Cerium, Critical Onset Temperature.
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OZET

Ce-KATKILI Bi-2212°NiN BAZI FiZiKSEL OZELLIKLERININ

INCELENMESI

ZALAOGLU, Yusuf
Yiiksek Lisans, Fizik Boliimi
Tez Damismani: Dog. Dr. Cabir TERZIOGLU
Ortak Tez Danismani: Prof. Dr. Ahmet VARILCI

Haziran 2011, 73 Sayfa

Bu calismada, Bi-2212 sistemine Bi,SryCa;CuyCe Oy (x=0, 0.001, 0.003,
0.005, 0.01, 0.03, 0.05, 0.1) formunda Seryum katkilanarak hazirlanan bilesiklerin
yapisal ve siiperiletkenlik oOzellikleri incelendi. Tiim Ornekler katihal tepkime
yontemi kullamilarak hazirlandi. Saf numune ile karsilastirma yapabilmek icin tim
ornekler ayni kosullarda hazirlandi. Tiim 6rneklerin yapisal karakterizasyonu X-Isin1
Kirmmmi(XRD) ve  Taramali  Elektron = Mikroskobu(SEM)  yardimiyla
gerceklestirilirken elektrik ve siiperiletkenlik ozellikleri 6zdireng Olclimleriyle
belirlendi. Manyetik alan altinda yapilan o6zdireng Ol¢limlerinin sonuglarina
dayanilarak, siiperiletkenlik baslangic sicakliginin hizla azalmaya basladigi 0.05’in

tizerindeki degerlere kadar Seryum katkisinin artmasiyla baslangi¢ sicakliginin arttigi



gozlendi. Bununla birlikte siiperiletkenlik  bitis  sicakliginda  Seryum
konsantrasyonunun ve uygulanan manyetik alanin artmasiyla azalma belirlendi.

onset

Ayrica tim numunelerin T, sicakliginin iizerinde metalik 6zelligi gosterdigi
saptandi. Dahast 6zdirencin(oda sicakliginda) Seryum atomlarinin katkilamasinin
artmastyla arttig1 gézlendi. XRD o6l¢limlerine gelince, X-1s1n1 kirtnimi grafiklerindeki
piklere karsilik gelen tiim Orgii parametreleri ve fazlar literatiir yardimiyla belirlendi.
Ustelik Bi—2223 ve Bi—2212 fazlarimin hacim oranlart tiim numuneler icin
hesaplandi. Bi—2212 faz oraninin Bi-2223 faz oranindan daha biiyiik oldugu agikca
bulundu. Halbuki Bi—2223 hacim oran1 ideal konsantrasyon degerine(x=0.05) kadar
artti. Bilindigi gibi siiperiletkenlik baslangic sicakligi Bi—2223 hacim oraninin
artmasiyla artar. Bu durum ozdireng olgiimlerinde de gozlendi. Bu yiizden XRD
Olctimlerinin 6zdireng Ol¢iimleriyle uyum igerisinde oldugu acik¢a sOylenebilir.
Dahast SEM o6lctimlerinden Seryum katkilamasmin artmasiyla numunelerin yiizey

biciminin ve tanecik baglantisinin azaldigi belirlendi. Sonug¢ olarak, Seryum

katkilamasinin siiperiletkenlik 6zellikleri kotiilestirdigi bulundu.

ANAHTAR KELIMELER: Yiiksek-Sicaklik Siiperiletkenleri, Bi—2223,

Bi-2212, Seryum, Kritik Baglangi¢ Sicakligi.
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CHAPTER 1

INTRODUCTION

As the potential difference is occured between two ends of a metal, the
conduction electrons found in the metal begin to move at a particular direction.
During the movement of conduction electrons at a particular direction, the
conduction electrons lose a portion of their energies by interacting lattice atoms. The
less collision between lattice electrons and the conduction electrons are, the less
energy they lose, and the more quickly they move. That is, the speed gained by
conduction electrons is larger. Moreover, the conduction electrons moving faster
form a larger current, and thus the resistivity of metallic structure is less.
Additionally, if there is lattice imperfection stemming from structure in the metallic
structure, the resistance faced by conduction electrons is larger. Therefore, if the
metallic structure is cooled down below a certain critical temperature, the resistance
faced by conduction electrons disappears and the conduction electrons move easily
without interacting with lattice in the metallic structure. Besides, the resistance of
metallic structure drops to zero under this critical temperature. For this reason, the
material indicating zero resistivity under the temperature known as critical
temperature, T, is called superconductor. The first studies related with
superconductivity had been started with the liquefaction of helium, whose boiling
point is 4.2 K, by Kammerling Onnes in Leiden University in 1908 [1]. After three
years, in 1911, Onnes and his friends investigated platinum firstly, and they

discovered that the resistivity of platinum was related with the materials purity.



Onnes and his friends measured the resistance of mercury known as the most pure
material. While they expected that the resistance of mercury went to zero at 0 K, they
observed that the resistance of mercury went down sharply to very small values,
which was not measurable, about 4.2 K. This new event so-called perfect
conductivity is named as superconductivity by Onnes and his friends [2]. Onnes
mostly examined the electrical and magnetic properties of superconductors at these
studies conducted after this time. Approximately one year later, Onnes discovered
that as the sufficient magnetic field was applied, the superconductivity disappeared.
The liquefaction of helium and these experiments done at low temperatures brought
Nobel Physics Prize to Onnes in 1913. Then, in Berlin in 1933, Walter Meissner and
Robert Ochsenfeld investigated the magnetic features of superconductors; they
discovered the diamagnetic feature of superconductors which is another one of the
determining factor [3]. That is, Meissner and Ochsenfeld observed that if the
magnetic field is applied to the superconductor material expels this magnetic field.
Similarly, the magnetic field was applied to the superconductor material after this
material was cooled down under critical temperature, they noticed that the magnetic
flux does not enter the superconductor material. Furthermore, they point out that the
superconductor material lose superconductivity feature at magnetic fields being
larger than critical magnetic field. In 1935, the equations explaining the
thermodynamic properties of superconductivity like Meissner Effect and the
penetration depth of flux into a superconductor were derived by Fritz and Heinz
London brothers. These equations are also known as London equations in literature.
This was the first semi-classical approximation to superconductivity [4,5]. Until
1940’s, the superconductivity researches focusing on the pure materials tended to

metal oxides later. In 1950’s, these studies tended to metallic and non-metallic alloys



intensively. London theory did not take into account the effect of quantum. In 1950,
the first quantum mechanical approach was performed by Landau and Guinzburg [6].
The theory put forward by Guinzburg and Landau maintained the existence of an
order parameter between the normal state and superconducting state. This theory had
been formulated terms equivalent of an order parameter to microscopic wave
functions so as to explain superconductivity. That is, Ginzburg and Landau clarified
the superconductivity by using a partial differential equation similar to Schrodinger
equation. In 1957, J. Bardeen, L. Cooper and J.R. Schrieffer were able to reveal the
microscopic theory known as BCS theory [7]. The main theme of this theory is to
form a related situation known as Cooper Pairs between two electrons. Moreover, in
1957, Alexei Abrikosov discovered a new type of superconductor category named as
second type superconductors in Moscow [8]. This type of superconductors is
unstable because of the fact that they have negative surface energy in a magnetic
field. Therefore, at superconducting state magnetic field was leaking to sample up to
a certain magnetic field. This value exceeds, although the sample is still
superconductor, the magnetic field partially penetrates into the superconducting
material, and this statement forms mixed state in the sample. Superconductors,
including the first and second type, are separated into two different categories with
the discovery of mixed state by Abrikosov. In 1962, B.D. Josephson put forward that
an electric current between two superconducting materials occurred even if this two
superconducting were separated into a thin non-superconducting material or
insulating material. This is another important theoretical development in
superconductivity. This tunneling event is known as Josephson Effect today [9]. The
date of high temperature superconductivity started the discovery of La;(Ba,CuQO4

whose critical transition temperature was measured as 30 K by Georg Bednorz and



Klaus Alex Miiller in 1986 [10]. In 1987, Mitchell and his friends discovered Bi-Sr-
Cu-O superconductors, whose critical temperature is between 7-20 K [11]. In the
same year, superconductivity compound, YBa;Cu3O7;4 (for x=0.1), having the
critical temperature at 92 K was found by K. Wu Ashburn and Paul Chu [12]. Due to
the fact that the critical temperature of this compound was higher than boiling
temperature of liquid nitrogen, 77 K, the researches done on the oxide
superconductors had a great acceleration later. In 1988, Maeda and his friends added
Ca to Bi-Sr-Cu-O system and the critical temperature of this system was measured as
110 K [13]. Also, in 1988, Hazen and his friends discovered the critical temperature
of Tl-Ba-Ca-Cu-O system as 120 K [14]. As can be seen, all of the new
superconductor materials having high critical temperature are copper oxides. In
1993, Schilling and his research group discovered HgBa>Ca,;Cu3O1+x. In Hg-Ba-Ca-
Cu-O system, the highest critical temperature value,133 K, was obtained until now
[15,16]. Finally, in 2001, MgB, metal alloy superconductor, which was exciting the
research groups all over the world, was discovered. Akimitsu and his friends
announced at a meeting that MgB, metal alloy was superconductor at 39 K [17]. The
critical temperature of this system was found to be as 39 K. This system grabbed
both theorists and the groups working experimental due to the fact that this system

fitted with BCS theory.



CHAPTER 2
PROPERTIES OF SUPERCONDUCTIVITY

2.1 CRITICAL TEMPERATURE

The temperature losing the resistance of a conductor is called as the transition
temperature of conductor or critical temperature. As shown in Figure 2.1, the metal
resistance goes to zero after the transition temperature. There are two steps for the
metal-superconductor transition statement of a material. These are the pieces grains
being the characteristic property of granular structure and the interactions that result
from bounding between pieces. As the material is exposed to the cooling process,
these are pieces making the transition to superconductivity firstly, and the transition
temperature coming from pieces are seen at the first step. The transition temperature
to superconductivity has a temperature range like AT.. This temperature range is the

T ™ The temperature beginning the

temperature difference between T " and
transition with the help of the superconductor pieces and beginning to lose the
resistance of material is called as the first transition temperature(Tconset). The
temperature, completed the superconductor transition all of the material and lost the

resistance completely, is named as zero resistance transition temperature(T. or

Tcoffset) ]
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Figure 2.1: Variation of resistivity of a superconductor sample with temperature

Moreover, the superconducting properties for a sample can be determined
with the aid of the width of the AT range. In this respect, AT, difference defines the
quality of sample. While the narrow interval shows that the sample is pure, quality,
homogenous and single-crystal structure, the large interval points out that the sample
is not pure. Although this interval is very narrow at the first type superconductors,
this value is larger at the second type superconductors. Furthermore, the transition
temperature is not usually very sensitive to against impurities at small amounts, the

magnetic impurities decrease the transition temperature.

2.2 CRITICAL MAGNETIC FIELD

The another fundamental property determining the superconductor transitions
as far as the critical temperature at least is the critical magnetic field. The magnetic
field value applied to material at the start of the transition from superconducting state
to normal state is called as critical magnetic field. As the external magnetic field is
applied to superconductor material, the material maintains the superconductivity

until a certain magnetic field value. Sufficiently strong magnetic field can destroy the

6



superconductivity and the normal resistance may occur. For a superconductor, the

change of critic magnetic field as a function of temperature is shown in Figure 2.2.

He
Noimal State

Superconducting State

Te T

Figure 2.2: Variation of critical magnetic field H, with temperature

The dependence of critical magnetic field on temperature is given by the

Equation 2.1 [1]

H.(T)=H. (0)x|1- (/1. )] @.1)
Here, Hc(0) is the maximum magnetic field required for the elimination of the
superconductivity in material. If the applied magnetic field exceeds H.(0) value, the
material can not be superconductor at any temperature. The critical magnetic field
value at temperature(T=0°C) has a maximum value and at T=T, temperature this
value goes to zero. This statement is the expected result because at T=T. temperature

the sample is also normal state [18].



2.3 ZERO RESISTANCE PROPERTY

The most fundamental property utilized to identify the superconducting state
is zero resistance property. The superconducting event and zero-resistance property
firstly observed by German physicist H.K Onnes by doing studies about the electrical
conductivity of metals at low temperatures in 1911. It was observed that the
resistivity of mercury went to a limit value at 4.2 K at the studies done by Onnes.
The resistivity was observed by Onnes is infinitesimal; that is, i.e. usually zero, under
T.. Onnes is right about the transition to a new state of materials under critical
temperature and he explained this statement as superconducting event. Above the
critical temperature (T>T.), the material is the normal state; however, the material
performs a transition to superconducting state under critical temperature (T<T.) [18].
This transition looks like another known phase transitions such as vapor-liquid
transition at vaporization point or ferromagnetic transition at Curie point. The

resistivity is zero below the critical temperature. This is shown in Figure 2.3.

Figure 2.3: Variation of temperature dependence of resistivity of superconductor

The resistivity of a metal varies according to the free-electron model as

shown in Equation 2.2.



p=— (22)

Here, n is the electron density, m is mass, e is the electron charge, T is the
collision time, and the decrease of resistivity (p) points out the decrease of
temperature. If the collision time has too large value at low temperatures, the
resistivity (p) gets lost completely, and then this statement is called as
superconductivity. The most common technique to measure the resistivity of a
superconductor is to investigate the current passing through a loop-shaped metal ring
as a function of time. If metal is normal state, current loses in metal quickly. If metal
ring has zero resistance; that is, superconductor, current continues to flow at the first
current value in ring without any decreasing at current value. The result of studies
done by a lot of researchers indicated that the maximum value of the resistivity of
superconducting lead ring is 10-25 ohm.m. Moreover, the superconductivity
transitions of pure and impure samples are different from each other. As shown in
Figure 2.4, if the sample not only consists of metallic elements but also is pure and

perfect in terms of structure, the superconductivity transition is usually sharp [19].



Resistance

Impure

Te Temperature ()

Figure 2.4: The graphics of temperature dependence of the resistivity at a

temperature close to transition to superconductivity for pure and impure Sn metal

2.4 MEISSNER EFFECT

Until 1933, it was considered that the superconductivity was a special view of
the perfect conductivity. The basic requirements to be a superconductor material are
that it shows the properties of zero-resistivity and perfect diamagnet. In 1930’s,
experiments done to understand the magnetic properties of superconductors revealed
different results. In 1933, Meissner and Ochsenfeld discovered that when a

superconductor material is placed in a weak magnetic field, the magnetic field is

expelled out from the material as being l—i; =0 at every point of material. If a perfect
conductor is cooled down below the critical temperature as there is a magnetic field,
the magnetic field remains in the conductor even if the magnetic field is put out. The
equilibrium thermodynamics is not applied in the perfect conductor because the final
version of material in the magnetic field depends on whether the magnetic field is

applied firstly or not. Due to the fact that the final version of material depends on the

10



order of making operation, the field is applied after cooled below T, it is required
that the field is expelled from superconductor. On the other hand, the field is applied
firstly, then the material is cooled below T, and the field is not expelled out from the

superconductor. Thus, if the field is applied before the material cooling below T, or

after the material cooling below T., the same state; that is, E =0, is reached within
the material. This effect is shown in Figure 2.5 for a spherical material. While the
temperature is larger than T, the field penetrates the material as shown in Figure
2.5(a). Nevertheless, while the temperature is decreased below the critical
temperature, the field lines are removed from superconductor as seen in Figure

2.5(b).

T>Te TeTp

(a) (b)

Figure 2.5: Meissner Effect a) Normal State b) Superconducting State [18].

In this respect, a superconductor is a material which is not only an excellent
conductor but also an excellent diamagnetic substance. The effect being expelled out
of magnetic field from superconductor is known as Meissner Effect. Being B=0 in a
superconductor is a fundamental fact as much as the resistance of the material has
zero resistance. If the applied field is increased like B>B,, the superconducting state
gets spoiled, and the field penetrates the sample.

Magnetic induction in a material is given as in Equation 2.3 below

11



B:ﬂ()'(H+M):ﬂ()‘(1+Z)‘H (2.3)

- -
Here, H is the magnitude of magnetic field, M is the magnetization in

N
surroundings and } is the magnetic susceptibility. When B is equal to zero in a

superconductor at superconductivity statement, we can get this Equation 2.4 by

means of the equation above.

2.4)

The means of Equation 2.4 is that the magnetization in sample is equal and
opposite direction to the outer magnetic field. So, sample is diamagnetic and its
susceptibility y =—1 [18]. The change of magnetization in a superconductor with

outer magnetic field is shown in Figure 2.6.

M

H.

L J
a

M=-H

Figure 2.6: Variation of magnetization with magnetic field in a superconductor

12



2.5 PENETRATION DEPTH

As it is known, the excellent diamagnet of a superconductor occurs with the
reset of passing flux. This event materializes with the help of the super-current
flowing from the surface of superconductor. The thickness of super-currents flowing
in the sample is called as the magnetic field penetration depth. In fact, these currents
do not only occur on the surface of only a very thin layer of matter. In contrast, these
currents are distributed over a thin layer with a thickness of 10-100 nm by

penetrating from surface to material. If it is thought that the applied magnetic field is

parallel to the surface of the sample, the magnetic field, B, at thin layers varies with

depth as equation 2.5 [14] given below

B(x)=Bye ™ (2.5)

Here, By the value of the applied magnetic field on the surface, x the distance
from the surface towards the inside of the sample, A the penetration depth. As can be
seen from this formula, as it has gone towards the inside surface of the
superconducting, the field by decreasing as exponential. This statement can be shown

in Figure 2.7 as below
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Figure 2.7: Schematic decay of applied magnetic field in the interior of a

superconductor [20].

Thus, the magnetic field is zero in the sample in accordance with Meissner
Effect. Moreover, the value of A is typically between 10—100 nm. The penetration
depth value is not fixed, which depends on temperature and type of material. The

penetration depth varies with the temperature as Equation 2.6 shown below

12

Ar)= A~/ )| 2.6)

Here, A is the penetration depth at 0 K [21]. Although the penetration depth
at low temperatures is almost independent of temperature, it can be seen that this

value is infinite at the temperature which is closer to T.. In conclusion, the sample

turns back to the normal state.
2.6 COHERENCE LENGTH
Another important parameter related with superconductivity is known as

coherence length. The coherence length was firstly suggested by Pippard in 1953
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[22]. Coherence length is thought as the smallest dimension on which the
superconductivity is occurred or destroyed. In addition, according to BCS theory, the
coherence length is directly related with the length in which the electrons of cooper

pair stay together. If the coherence length in a pure superconductor is &,, the

temperature dependence of coherence length can be given as Equation 2.7 [23].

E=¢,/0-1/T,)" 2.7)

Coherence length is related with the metal whether pure or not. While the
impurities and defects in metal increase the coherence length by decreasing the free
path of electrons, they decrease the coherence length. That is, A and & are inversely
proportional to each other. The bigger the coherence length of material is, the better
the superconductor is. The coherence length especially has an important place in
determining the second type of superconductors. While the increasing of the
proportion in A/§ put forward the second type superconductivity. Detailed analysis
shows that the coherence length and penetration depth are related with the mean free
path of normal metal electrons. The mean free path in metal can be shortened by
adding impurities to metal. When the impurities are added to metal, the penetration
depth increases, and then the coherence length decreases. The change of metal from

first type to second type is provided by adding another metal to the metal.

2.7 GINZBURG-LANDAU PARAMETER

The first superconductivity theory put forward by Ginzburg and Landau

described the phase transition at zero magnetic field. Ginzburg and Landau get
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theoretically temperature dependent penetration depth A and coherence length §. ¥
known as Ginzburg-Landau parameter is the ratio of these two lengths. This

expression can be written as k=A/§. The value of x has an important role in
determining the superconductivity type of metal. If k value is smaller than 1/ V2,
first type superconductors are obtained. However, superconductors having k value

above 1/ 2 are second type superconductors [19].

2.8 FORBIDDEN ENERGY GAP

One of the characteristic properties of the superconducting state is the energy
gap. If we separated the superconducting state and normal state as basic state and
excited state, these two states are separated with the energy range of 10* in
magnitude. There is no state at this energy gap and the states on these ranges are not
superconductor. The width of the energy gap is equal to the binding energy of
Cooper pairs. The presence of energy gap can be proven by tunneling, photon
absorption and the decrease of superconducting heat capacity. Moreover, as the
material passes from normal state to superconductor the structure passes from non-
uniform structure to uniform structure. A being described as the half of the energy
gap is usually called as energy gap parameter or order parameter. The energy gap at
superconductors is totally different from the energy gap at insulators. While the
electron-lattice interaction dominates the energy gap being at insulators, the electron-
electron interaction dominates in superconductors. The energy gap is approximately
1 eV in insulators, 0.1 eV in semiconductor and 102 eV in superconductors. If the

temperature of superconductors is gone up towards T, the number of free electrons
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increases. For this reason, the magnitude of energy gap continuously decreases, and

all of the electrons are free at T=T.. In this state, the energy gap, E,, is equal to zero.

2.9 FIRST AND SECOND TYPE SUPERCONDUCTORS

The superconductor materials are classified into two groups as first and
second type superconductors according to the behaviors in the applied magnetic
field. While the pure samples of all elements except Nb and the materials fitting BCS
model shows that the first type superconductivity properties, alloys and transition
metals indicate the behavior of the second type superconductor properties. There is
no difference in the superconductivity mechanisms of first and second type metallic
superconductors. Both of them have similar properties in superconductivity-normal
transition at zero magnetic field. There are surface currents at first type
superconductors, and so these superconductors behave like a perfect diamagnet.
However, when the applied magnetic field from outer exceeds the critical magnetic
field value, the sample returns the normal state, and the superconductivity
disappears. In this case, the external magnetic field penetrates the sample completely
and the resistance of the sample will be different from zero. Here, transition of
material to normal state is formed that increasing magnetic field energy, occurs at the
end of the increasing outer magnetic field, equalize the energy difference between
normal and superconducting states [24]. Normal-superconducting transitions are
sharp in the first type superconductors. Second type superconductors have a stronger
structure mechanically compared with the first type superconductors. Second type
superconductors that have two critical magnetic field values called as low H¢; and

high H, expel the critical field value up to H.;. The magnetic field between H; and
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H., enters into the sample partially. The material is defined as mixed state at the
magnetic field values between H.; and H.,. Nevertheless, the material still preserves
the superconductivity property at this state. If the magnetic field value is bigger than
Hco, the magnetic flux penetrates to the material. Thus, the material loses the
superconducting property, and the material returns the normal state. This situation is

shown in Figure 2.8.

o
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Figure 2.8: Temperature dependence of critical magnetic field a) for first type

superconductors b) for second type superconductors

Another important difference between first and second type superconductors
is that k¥ known as Ginzburg-Landau parameter is different for both type of

superconductors. The coherence length is larger than penetration depth for the first
type superconductors, and K is smaller than 1/ V2 for first type superconductors. The
situation for the second type superconductors is opposite form, which x value is

bigger than 1/ ND) [19]. Besides, second type superconductors used in magnet

construction due to the fact that second type superconductors have high critical
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magnetic field value, and also they have an important role in technological

applications.

2.10 FLUX QUANTIZATION

The flux quantization was suggested by Fritz London in 1950. Until 1950s,
the quantization was only thought to be microscopic. Conversely, while London
thought that the superconductivity is a basically quantum event, he suggested that the
quantization is macroscopic. London came up with the idea that the quantization
occurs in macroscopic dimension by setting the electron system at a superconductor,
which has an advanced level correlation because the movement of electron pairs in
superconductor material depends on the movements of others. For example, we
consider that a superconductor persistent current circulates in a metal ring. The
behavior of this current looks like the movement of electron in the orbital of atom.
According to quantum theory, the quantity describing the state of such an electron
takes the quantized values. While we encountered these microscopic quantization
events that we could not observe directly in atom, we observed the quantization of
electric current in a macroscopic quantity. Hence, it is shown that the current in a
superconducting ring can not take continuous values, that is, it is discontinuous.
Magnetic flux has also quantized values like electric current. As a result, the

magnetic flux passing from superconductor ring, that is ¢ = BA , had been quantized.

What is more, including ¢y is basic flux quantum and n is integer, the magnetic flux

passing from ring is given as

¢ =ng, (2.8)
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0o is found as hc/2e and London called fluksoid to ¢y. During the researches done by
London, he had got a value above twice the magnitude of the value of ¢. This is so

because the superconductivity theory was being appeared by then.

2.11 BCS THEORY

The first true approaches to superconductivity were suggested by three
American scientists John Bardeen, Leon Cooper and John Schriffer. They came up
with a detailed theory known as BCS theory. The suggestions of BCS theory are in
agreement with the experimental results perfectly. The main theme of this theory is
that two electrons between which there is a kind of an attractive interaction form the
connected pairs known as Cooper pairs. BCS theory intends to explain the net
gravitational interaction between electrons where are in the narrow energy range
close to the Fermi surface energy and the superconductivity near absolute zero. This
theory indicates that not only the corner stone of superconductivity is electron pairs
but also there is a second order phase transition. That is, the charge carriers in a
superconductor are Cooper pairs, not the individual electrons like a normal
conductor. BCS theory explains a number of observed events like zero resistance and
Meissner Effect. To explain this statement, an instant was shown from the movement

of electron between positive lattice ions Figure 2.9 below.
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Figure 2.9: Schematic diagram of attractive interaction sourced from lattice

deterioration

If we analyze this situation as shown in Figure 2.9, due to the movement of the
first electron towards right side, + charged ions moves towards electron—lattice
interaction. This leads to increasing the positive charge concentration at small
amount. Moreover, another electron passing from that region, that is the second
electron of Cooper pair, is received through the positive charged region, which is
infected. The reason generating Cooper pairs is the electron-lattice-electron
interaction between two electrons. Here, crystal lattice serves as mediator so as to
occur an attractive force. Because of the fact that the quantized lattice vibration is
called phonon, some scientists named this event as phonon mediation mechanism.

A Cooper pair consists of two electrons having equal but opposite momentum
and spin. Two electrons, which are in connected state, are paired like a single system,

and the movements of them are common. Cooper points out that these electrons are
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close to Fermi surface. Thereby, if there is any current in a superconductor, Cooper
pair occurs a system whose total momentum and spin are zero. Cooper pairs behave
like bosons owing to the fact that their spins are zero, and all of them can be present
in the same quantum state. The fundamental statement is established all of the
electrons to form connected pairs at BCS theory.

BCS theory has been successful in explaining marked superconducting
properties like zero resistance and flux exterior. Although BCS theory is successfully
applied to a large portion of the low temperature superconducting materials, it is not
available for high-temperature superconducting materials. If we look at the results of
BCS theory, we can get
1) An attractive interaction between electrons can give up to ground state separated
from excited state, and this energy gap is nearly 107 eV in magnitude [24].

2) The coherence length and the penetration depth brings about the natural
consequence of BCS theory.

3) In fact, theory explains the behavior of superconductivity with the presence of
energy range between ground state and excited state of macromolecules as shown in

Figure 2.10.

Er T i E;

(a) Superconductor (b) Normal Metal

Figure 2.10: a) Energy gap at the Fermi level in the superconducting state b)

Conduction band in the normal state [21].
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As it is seen in Figure 2.10b, there is no energy range in normal conductor.
Fermi energy in normal conductor represents the largest kinetic energy, which free
electrons have at T=0 K. The energy range of a superconductor represents the energy
which is necessary to break one of the Cooper pair. The energy range of a
superconductor is an order of 10°. This value is very small compared with the
semiconductor energy range, 1 eV, and the metal Fermi energy, 5 eV.

According to theory, the relation between energy range and transition
temperature is in the form of E,=3.53 k,T,, and this is the dimensionless. This result
is compatible with the experimental data in classical superconductors [21].

Hence, the higher energy range superconductors have, the higher higher critical
temperature they have [25,26].
4) The magnetic flux through a superconducting ring is quantized, and the effective

charge is 2e [24].

2.12 THE TRANSPORTATION OF CURRENTS IN

SUPERCONDUCTORS

While the current in metals is moved by conduction electrons, in
superconductors the current is carried by Cooper pairs. As the currents are moved in
metals, the conduction electrons encounter with resistance. In superconductors, the
resistance is zero. Two electrons of Cooper pair scatter with each other.
Nevertheless, the momentum of electrons change at this scattering, the total
momentum of pair remains constant. Owing to the fact that total momentum of pair

does not change, the resistance does not occur, and thus also current does not change
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so that no loss in current occurs. In order to change the current, the total momentum
has to change. Moreover, the energy has to be given to the system to change the total
momentum. This energy is required for the decomposition of electrons in Cooper
pair. There is a current density which gives this energy to Cooper pair. This current
density is called as critical current density. Cooper pairs separate the particles above
the critical current density, and these particles behave like a normal electron. If these
particles can carry the current, they can form the resistance. Cooper pairs responsible
for superconductivity occur at the temperatures under the critical temperature, or
they lead to the resistance via decomposition at the temperature above the critical

temperature.
2.13 CRITICAL CURRENT

Critical current is described as the magnitude of current at the moment, when
current meets with the resistance. Critical current is one of the important
characteristic properties of superconductors and it is shown as I.. Firstly, it can be
seen that the total magnetic field value reaches the critical magnetic field, H, at any
part of the surface resistance. The magnitude of critical current depends on the
sample geometry and the structural properties of sample. If the magnitude of current
exceeds the critical value, the resistance appears. In order to analyze this state, we
consider a superconductor wire in cylindrical structure having r radius and passing

through I current. According to Ampere’s Law(Equation 2.9)

- -

[Bdl=p,1 2.9)
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If B magnetic field surrounding the superconductor wire occurs, we can get

Equation 2.10

-

B2 =p,-1 2.10)

If B value reaches the critical H. value, the current in wire reaches the critical
value. Because critical current can not be bigger than current forming the critical
magnetic field. Figure 2.11 shows the phase diagram of critical current density
variation of magnetic field and temperature. Critical current statement, wire loses

superconducting property, and critical current is given Equation 2.11 below

I. :27erc/ﬂ0 2.11)

Critical Cwarent

Critical Magnetic
Field

Cntical Temperature

Figure 2.11: Critical surface phase diagram

It points out that the phase diagram showing the change of critical current

density with magnetic field and temperature. The superconductor loses the zero
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resistance when the critical field value exceeds H. value. On this condition, critical

current density and critical current are expressed as Equation 2.12

I, =2mB. [u, and J, =2B_[u,r (2.12)

Moreover, when the current density in a superconductor exceeds the value
called as critical current density(J.), the superconducting state loses. This statement

is called as Silsbee Effect [27].

2.14 TUNNELING AND JOSEPHSON EFFECT

If two superconductor materials are separated from each other with very thin
insulating layers shown in Figure 2.12, the current can pass through the insulating
layer even if a very small potential difference occurs [28]. In 1961, in addition to the
single particle tunneling, Brian Josephson came up with the idea of tunneling of
Cooper pair [9]. Josephson predicted that the pairs form DC current via tunneling
without encountering any resistance. Furthermore, this current forms without
applying any potential difference. Besides, Josephson showed that as potential
difference is applied to the joint, an ac current can appear as a second incident. When
the superconductor sample is separated with a thin insulator, Cooper pairs do not
pass from the first Fermi surface of superconductor to the second Fermi surface of
superconductor. While a very small voltage is applied to one of superconducting
parts, the electron concentration at this part increases, and then electrons will tend to
pass through another superconducting part. However, there is a limit value for

applied voltage and if this limit value exceeds, the tunneling effect disappears. This
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transition is only possible with tunneling. That is, the electrons pass through with
quantum mechanical tunneling. This state is known as Josephson Effect in
superconductivity. During tunneling, energy has to be conserved; that is, all energy
of system has to be same before and after tunneling. In addition, the distance
between two superconductor materials for tunneling has not to be very large, and this
distance has to be order of coherence length for superconductor. Moreover,
experimental results show that the probability of tunneling is the same for Cooper
pairs and single particles. Whereas tunneling gives DC current at zero potential
difference, it gives AC current as the potential difference is applied. Therefore,

tunneling effect is called as DC and AC Josephson Effect [29].

’—D Insulating Layer

Superconductor Superconductor

Figure 2.12: Two superconductor materials seperated with an insulator

2.14.1 DC Josephson Effect

The structure consisting of two superconductors separated with a thin oxide
layer in 1-2 nm thickness is known as Josephson joint. Then, we consider a joint like
this. All of the electron pairs in a superconductor have the same phases. As an
external voltage is applied to two identical superconductors and the temperature is

above absolute zero, the tunneling probability to both directions is equal to each
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other. Therefore, a net current is not observed. Whereas, if two different
superconductors form a joint, the current passes through joint, or not a potential
difference is not applied. On this condition, the tunneling effect occurs in pairs by
electrons. In this way, the current passing through without any potential difference is
called as Josephson current. Also, this current is determined with the aid of the phase
difference of wave function of electrons, which is in superconducting layers forming

the joint. This phase difference can be expressed as shown Equation 2.13

P=0-9,. (2.13)
This is so, because the phase difference of Cooper pairs in both sides enables

a current to occur. We can explain this situation as follows: The pairs can be

represented with a wave function in superconductors as Equation 2.14 given below

Yoy (2.14)

Here, W defines the phase, which is the same for each pair. It was observed
that as the phase of one of the superconductors at joint is ¥'; and the phase of another
is W, an excessive current passing from the joint at zero potential difference as

shown in the Equation 2.15 below

I, =1,sin(¥,-¥,)=1,sind. (2.15)
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Here, I, shows the maximum current passing through joint at zero potential
difference. I, value depends on the area of contact surface of superconductors, and

this value decreases with the thickness of oxide layer exponentially [9,21].

2.14.2 AC Josephson Effect

When a potential difference is applied to joint consisting of different
superconductors, it emits an electromagnetic waves, which can be determined
experimentally like any ac circuit. If V potential difference is applied to joint, the
electron pairs will pass through insulating layer, and they will gain 2 eV worthy of
energy. Moreover, due to the fact that it does not spend energy in current transition,
the energy gained by electron pair will radiate as light quantum at frequency of
2 eV/h. This radiation can be observed experimentally. As the AC voltage is
enforced to one of superconductive parts, sinusoidal current flows through joint. This

ac current produces an ac current which is given equation

I=1,sin(6-2aft). (2.16)

Here, 9 is the phase at t=0, and it is constant, f is the frequency of Josephson

current given with 2eV/h [9,21].

2.15 HIGH-TEMPERATURE SUPERCONDUCTIVITY

All superconductors discovered before and after 1986 without including Cu-O

plane are named as conventional or low-temperature superconductors. High-
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temperature superconductivity expression is used for superconductors which have a
layered structure including Cu-O plane regardless of T, value. Until now, five
fundamental hig temperature oxide superconductors such as La-Ba-Cu-O, Y-Ba-Cu-
0, Bi-Sr-Ca-Cu-0O, Tl-Ba-Ca-Cu-O and Hg-Ba-Ca-Cu-O are discovered and studied
[30]. However then, the highest known critical temperature for Hg layered
superconductor system is increased up to 166 K. Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O and TI-
Ba-Ca-Cu-O oxide superconducting systems are suitable for practical applications
due to the fact that they cen be superconductors at liquid nitrogen temperature [31].
As can be seen from high-temperature superconducting systems, almost all of the
materials having high T, include Cu-O layer. It is seen that there is a directly relation
between the number of Cu-O layers and the critical temperature. The addition of Cu-
O layers increases T. value until the structure repeats itself periodically.
Accordingly, it is expected that being added of extra Cu-O layer to this complex
oxides brings out the critical temperature to higher values. It is certainly known that
the maximum value of super currents is high at Cu-O planes and is very small at
perpendicular to these planes. Moreover, the current density is much lower in bulk
ceramics due to factors such as boundary effects. There are grains, in which the
current flows very well, and impurities, acting like a dielectric at the grain interface
in these materials. For this reason, the current has to pass through not only grains but
also borders separated by the grains. Hereby, the current between grains only passes
through via Josephson Effect known as weak band behavior. Due to the fact that the
coherence length is very smaller than penetration depth at high temperature
superconductors, almost all of these materials are second type superconductors.
Despite the lower critical magnetic field value of high-temperature superconductors,

B.i, is low, the upper critical magnetic field value, B¢, is high. That’s why, the
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fixing of magnetic vortexes weakens, and this situation leads to decreasing the
critical current I.. The magnitude of energy- barrier is smaller than conventional
superconductors at new oxide superconductors. Furthermore, it is determined that
small coherence length causes small energy barrier. In contrast to almost all of the
low-temperature superconductors, it is seen that there is high spatial anisotropy at
high-temperature superconductors. Bi layered superconductors are more anisotropic
than La and Y layered compounds. Anisotropy stems from layered crystal structure
assumed to be essential for high-temperature superconductivity. Scientists doped
various rare-earth element ions to high-temperature superconductors. It was found
that although some of this changes increase T., some of them decrease T.. An
important difference between high-temperature superconductors and low temperature
superconductors is that the high temperature superconductors are not homogenous.
The properties such as free pore, high density, strong connection between grains and
homogenous structure which can be shaped are important. It is well-known that these
new copper oxide superconductors have two distinct features like zero resistance and
diamagnetism. In addition to these, it is pointed out that these materials have some
properties written in below:

1) These materials are second type superconductors, whose upper critical magnetic
field is larger than 100 T.

2) These materials are extremely anisotropic; that is, they have properties depending
on the direction.

3) These materials are granular or ceramics structures. They have unsuitable
mechanical properties like being inelastic and fragile owing to the fact that they are

1n ceramics structure.
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4) Placing other atoms instead of the atoms at copper-oxide layers disturbs the
superconductivity.

5) The properties such as band gap, high-temperature resistivity, critical current
density, critical magnetic field are different.

6) The critical current density is very small for bulk and multi-crystalline structure

materials.

2.16 HIGH-TEMPERATURE SUPERCONDUCTORS

Scientists have tried to find materials showing superconductivity at higher
temperatures for years. Until now, it is known that the material having the highest
critical temperature is Nb;Ge [32] thin films, whose T, is nearly 23.3 K [33,34]. As
for various theoretical expectations, the critical temperature of superconductors for
which the electron-lattice interaction is important is nearly 30 K. At the beginning of
1986, two scientists, J. George Berndnorz and Karl Alex Muller, made an important
discovery about superconductivity in Zurich IBM Research Laboratory. These
scientists found that the ceramics in which lantan, barium and copper were at mixed
state points out the superconducting property at near 30 K [10]. After this, the studies
done in other laboratories, it was found that the superconductor phase is
Lay.«BayCuOy for x=0.2. Due to the fact that such high critical temperature is not
expected for especially metal oxides, news related with high-temperature
superconductivity. After a short period of time, the researchers raised the critical
temperature value to 36 K by placing strontium instead of barium [35]. Scientists
inspired from this development made an effort in order to discover the materials

having high T.. The studies conducted on the superconductor behavior of metal
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oxide have gained acceleration recently. It can be considered that the beginning of
the studies done in high-temperature superconductivity was in 1986. At the
beginning of 1987, the research groups in University of Alabama and Houston
notified that they observed the superconductivity at a mixed phase consisting of
yttrium, copper and oxygen at a temperature close to 92 K [12]. Moreover, the
superconductor phase was determined as YBayCuzO7.5 by confirming from other
groups around the world. By looking the ratios of barium yttrium and copper, this
compound is named as 1:2:3 or Y-Ba-Cu-O [36-39]. The transition temperature of
this compound is over the boiling point of liquid nitrogen, 77 K. In this regard, this
discovery was a milestone for high-temperature superconductivity. Recently, many
complex metal oxides in ceramics structure were investigated, and the values over
100 K were observed for critical temperature. Mitchell et al. found the
superconductivity in Bi-Sr-Cu-O system [11]. In 1988, Maeda and his group
observed superconductivity at 105 K by adding calcium to this system as
Bi-Sr-Ca-Cu-O [13]. Moreover, Tokano and his group found this superconductor at
110 K, by adding lead to the system [40]. Addition of lead to system increases the
ratio of the phase having high critical temperature. In 1992, Quidwai and research
group found that the transition to superconductivity is at 130-140 K by adding
antimony to the system [41]. In 1993, Schilling and his research group observed
superconductivity in mercury barium calcium copper oxide HgBa;,CaCu3Oi.x
compound at 133 K; similarly, Chu and his group noticed superconductivity in high
pressure with Hg based compounds at 150 K [42,43]. After 1933, the highest critical
temperature was got at 133 K in 1995 at normal pressure by using
Hg-Tl-Ba-Ca-Cu-O compound. Almost all of high Tc superconductor materials are

copper-oxide compound. The superconducting compounds investigated particularly
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until now can be classified from types of crystal structures called as perovskit. The
first class is cubic perovskit like BaPb; (Bi,O3. As known, this material is one of the
first high T, materials, whose transition temperature is 10 K. The second class known
as KNiF, structure is a layered perovskits having tetragonal structure. An example
for this class is La; gsSr 15CuO4 having the transition temperature is nearly 38 K. The
last class is multi-layered perovskits having orthorhombic structure such as
YBa;Cu3;07(T.=92 K). The crystal structure of these materials is described as CuO,
plane and perovskit structure having missing oxygen. This material has a strong
anisotropy; that is, it has a direction susceptibility at superconducting properties.
Efficient super-currents flows throughout CuQ, planes connected to each other with
Josephson pairing. The carrier density of high-temperature superconductors is
approximately two times of low-temperature superconductors. Coherence length is
smaller than low-temperature superconductors and it varies according to the direction
of the plane. That is, it has to change nearly 3 A perpendicular to CuO; plane, nearly
10 A through this plane. We can say that not only the maximum super-currents are
high at Cu-O planes but also the maximum super-currents are much small at

perpendicular to these planes.

2.16.1 The Crystal Structure of La-Ba-Cu-O(LBCO) Compounds

LBCO is the first high-temperature superconductor. The general formula of
this superconductor system is La, ,Ba,CuQO,.,. The highest transition temperature of
this La layered compound was obtained as near 35 K. Besides, when strontium and
calcium are placed instead of barium at this system, it is observed that these elements

show the properties of barium at superconductor compounds.
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2.16.2 The Crystal Structure of Y-Ba-Cu-O(YBCO) Compounds

YBCO is the first superconducting material showing the transition
temperature over liquid nitrogen temperature and cooled with liquid nitrogen. The
general formula of the most studied stable compounds belonging to this
superconductor system is YBa,CusO7.,,. These superconductor compounds are very
sensitive to oxygen stoichiometry, and correspondingly these superconducting
compounds have different physical structure and properties. While for n=0 the
transition temperature of YBa,CuzO; compound is 72 K, for n=1 the transition

temperature of YBa,Cu3Og compound is nearly 60 K.

2.16.3 The Crystal Structure of Bi-Sr-Ca-Cu-O(BSCCQO) Compounds

The first superconducting material consisting of Bi was obtained with the
discovery of Bi-Sr-Cu-O by Mitchell and his friends in 1987 [11]. After this
discovery, Maeda and his friends increased the transition temperature from nearly 20
K to 110 K by adding Ca to this system. The general formula of this system which
does not contain any rare element is given by Bi,Sr2Cay.1CuyOonia [44]. Here, n is the
number of copper oxide layers. If n value increases, critical temperature(T,) value
increases directly [45]. These system has three different compounds as appropriate to
chemical formula such as n=1,2,3. These compounds are Bi,Sr,CuQOg,
Bi,Sr,CaCu,0s, Bi,Sr,CayCusOyg, and they are named as (2201), (2212), (2223)
phases with respect to the proportion cations as following Bi: Sr: Ca: Cu: O. As

shown from compounds, n denotes the number of Cu-O planes. At these systems, it
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is known that the superconducting transition temperature goes up with the increasing
of Cu-O layers. The superconducting transition temperature of these compounds, T,
depends on the number of two-dimensional CuO, planes. Except for the number of
CuO; and Ca planes, all superconducting compounds are structurally identical to
each other. One of the general structural characteristic of BSCCO systems is that it is
difficult to get these compounds as a single phase. Another feature is that the result
stoichiometry can be considerably different from onset stoichiometry. Mixed phase
property which makes even a single grain BSCCO system distorted and complex
structure. This distortion and mixed phase properties affect all of the features of these
systems such as critical temperature, critical current density, critical magnetic field,
and the like. It is well-known that the superconducting Bi-layered compounds are
quietly sensitive to onset composition, preparation procedures, sintering time and
sintering temperature. As they can be all of the high-temperature superconducting
systems, these compounds indicate a high anisotropy owing to the fact that lattice
parameter c is relatively greater in accordance with lattice parameters a and b at the

crystal structure of BSCCO systems.

2.16.3.1 The Crystal Structure of Bi,Sr,CuQs Compound

The superconducting system which does not contain Ca was firstly found as
Bi;Sr,CuOg compound. Bi,SryCuOg compound was formed with respect to n=1 at the
general series of BiySr,Ca, Cu,Osn44, and also this compound was called as
semiconductor phase or (2201) phase. Figure 2.13 indicates the crystal structure of
Bi,;Sr,CuOg compound. There is one CuQO,, two SrO and two Bi,0, planes at the unit

cell of crystal forming (2201) compound. CuQ; plane takes place between two SrO
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planes and two Bi,O, layers. The formation order of these layers is in the form of
Bi,0,-SrO-Cu0,-SrO-Bi,0;. One Cu atom composes square layered octahedral
structure with six neighbor oxygen atoms. It is suggested that (2201) phase generates
body-centered tetragonal structure, which has the unit cell dimensions such as
a=b=5.4 A and c=24.4 A, or this phase generates deteriorated orthorhombic
symmetry, which has the unit cell dimensions such as a=b=3.9 A and c=24.4 A

[46,47].

Figure 2.13: Crystal structure of Bi,Sr,CuQOg compounds [48].

37



2.16.3.2 The Crystal Structure of Bi,Sr,CaCu,Os Compound

Bi,Sr,CaCu,0g is a compound, forming with respect to n=2 at the general
series of BiySryCa,.1CuyOnpiq and called as low-temperature phase. Maeda and his
friends were found the critical temperature of (2212) phase as 85 K by adding Ca to
this triple that forms (2201) phase [13]. Figure 2.14 indicates the crystal structure of
Bi,;Sr,CaCu;0g3 compound. At the unit cell of crystal forming this compound, in
addition to planes forming (2201) compound a CaCuQ, layer takes part in, which
settles among SrO planes. The formation order of these layers is in the form of
Bi,0,-SrO-Cu0,-Ca-CuO,-SrO-Bi,0,. Each of Cu atoms at this compound generates
square layered pyramid form together with five neighbor oxygen atoms. There are 15
atoms at the unit cell of crystal. The lattice parameter of this compound, whose
critical temperature varies among 75-85 K [44], are given as a=b=5.14 A and
¢=30.9 A. It is suggested that the crystal symmetry is orthorhombic or tetragonal

[46].
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Figure 2.14: Crystal structure of Bi,Sr,CaCu,Og compounds [48].

2.16.3.3 The Crystal Structure of Bi,Sr,Ca;Cu3;0;9 Compound

This compound forms in accordance with n=3 at the general series of
Bi,Sr,Ca,,.CupOnneg, and it is also called as high-temperature phase(2223). The
critical temperature was observed 110 K by adding lead to the system [40]. Figure
2.15 indicates the crystal structure of Bi,Sr,Ca,Cu3;Ojp compound. There is a
CaCuQO; addition to planes being (2212) phase crystal structure at this compound
having the highest critical temperature value. Each of these CuO, planes is separated
from another with a Ca plane, which does not contain oxygen. As for the formation

of these layers, it is in the form of Bi,0,-SrO-Ca-Cu0O,-Ca-Cu0,-SrO-Bi,0,. (2223)
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compound has the planes including two different Cu atoms. Cu atoms being in center
were coordinated in two dimensional square lattice form by combining with four
neighbor oxygen atoms. There are totally 19 atoms at the unit cell of the crystal [49-

51].

Figure 2.15: Crystal structure of Bi;Sr,Ca,Cu30;9 compounds [48].

2.16.4 The Crystal Structure of Tl-Ba-Ca-Cu-O(TBCCO) Compounds

After discovery of BSCCO superconductor systems, Sheng and Hermann
found Tl-Ba—Ca—Cu-O system whose transition temperature is above 100 K [52].
Afterwards, Hazen and his friends formulated this system in the form of Tl,Ba,Ca,-
1CuyOnn44, and also the highest transition temperature of this system was observed

for n=3 at 120 K. The transition temperature for other n values is 80 K for n=1(2021

40



phase) and 110 K for n=2(2122 phase). Despite Tl-Ba-Ca-Cu-O and Bi-Sr-Ca-Cu-O
systems have the same crystal structure, they have different superconducting
properties. Furthermore, thallium is not preferred so much because of the fact that

thallium is a poisonous element.

2.16.5 The Crystal Structure of Hg-Ba-Ca-Cu-O(HBCCO) Compounds

The first superconducting material including mercury was discovered by J. N.
Putilin and his friends in 1993 [53]. The transition temperature of this
superconducting system containing only one copper-oxide plane was obtained as 94
K. After A. Schilling and his friends observed that the transition temperature of this
system was 130 K by adding Ca to the system, Gao and his research group increased
the transition temperature to 133 K. Nowadays, the critical temperature can be
increased to 166 K by means of the pressure applications. Schilling and his friends
determined the lattice parameters of this structure as a=b=2.7 A and c=16.1 A, and

also they found that the structure of this system is tetragonal.
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CHAPTER 3
EXPERIMENTAL METHOD

3.1 SAMPLE PREPARATION

The solid state reaction method is the most common sample preparation
technique for ceramic superconductors [S4]. Bi,Sr,Ca;Cu,CesO, samples were
prepared by the solid state reaction method. Molecular weights, symbol and purity of

starting materials were given in Table 3.1.

Powder Name Symbol Purity(%) Wrg()li:c(lgl}xol)
Bismuth Oxide Bi,03 99.9 465.96
oontium SICO; 99.9 147.63
Calcium Carbonate CaCOs 99.9 100.09
Copper Oxide CuO 99.9 79.55
Cerium(IV) Oxide CeO, 99.9 172.20

Table 3.1: Symbol, purity and molecular weight of the compounds

42



Powders forming the composition were weighed in a precision
microbalance(Figure 3.1). Then were mixed in a grinding machine for 48 hours
except CeO,. As a result of this, powder composition placed into a programmable
tube furnace PROTHERM-MODEL PTF 12/75/200(Figure 3.2) for calcination
process. The mixed powders were calcined in air at 830 °C for 48 hours. The heating
and cooling rates of temperature for calcination process were applied 3 °C/min.

Moreover, the steps of calcination process were shown in Figure 3.3.

Figure 3.1: XR 205SM-DR Precisa balance
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Figure 3.2: PROTHERM (Model PTF 12/75/200) programmable tube furnace

‘Temperature (°C)

48 Hourg
530 =g

3°C / min 3°C /min

Time (Hours)

Figure 3.3: Calcination process of the samples

After calcination process, CeO, powders were weighed carefully in a
precision microbalance. During regrind process, addition material, CeO,, was added
to mixture for eight different molar concentration of Ce such as 0, 0.001, 0.003,
0.005, 0.01, 0.03,0.05, 0.1. Also, for each different molar concentration, the mass of
each composition was arranged as 4 g. totally. Then, each of composition was

seperately mixed in agate mortar approximately half-hour by adding acetone. The
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regrind materials were reground and pressed into rectangular bars of 10x4x2 mm® at
300 MPa with a hydraulic press(Figure 3.4). Afterwards, pellets were placed into a
programmable tube furnace PROTHERM-MODEL PTF 12/75/200(Figure 3.2) for
sintering process. The mixed powders were sintered in air at 830 °C for 48 hours.
The heating and cooling rates of temperature for sintering process were applied 5

°C/min. Also, the steps of sintering process were given in Figure 3.5.

Figure 3.4: TSEK TUMAS press machine

45



Temperature (“C)

48 Hours
830

¥

5°C / min S°C muin

Time (Hours)

Figure 3.5: Sintering process of the samples

3.2 EXPERIMENTAL MEASUREMENTS

3.2.1 X-Ray Diffraction(XRD) Analysis

X-Ray Diffraction Analysis is an important method which is used not only to
be investigated the crystal structures of samples but also to be determined the crystal
phases. X-ray powder diffraction patterns were obtained by means of computer
controlled Rigaku D/Max-IIIC diffractometer (CuKy = 1.5405 A) in the range

26=3° - 60° (at 40 kV and 3 mA) with a scan speed of 3°/min.
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Figure 3.6: Rigaku X-Ray diffractometer

3.2.2 Scanning Electron Microscopy(SEM) Analysis

Scanning Electron Microscopy(SEM) analysis is an important technique
which is used to be investigated the microstructure of materials by scanning the
surfaces. Scanning Electron Microscopy system is completely digital system so that
it works with computer control. The surface morphology and microstructure of the
materials were analyzed by Scanning Electron Microscopy(SEM), JEOL 6390-LV
(Fig. 3.7). The magnifications to get information about the grains clearly were

adjusted to be 8000.
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Figure 3.7: JEOL JSM-6390LV scanning electron microscope

3.2.3 Electrical Resistivity Analysis

In this part of the measurements, resistivity measurements of samples were
obtained with four probe method. This method involves setting four, equally-spaced
point contacts down on the surface of a sample. The probe array of this method on a
sample can be shown in the Figure 3.8 below. If we mention about the probes, two
outer probes are used for current source. Conversely, two inner probes are used for
measuring the resulting voltage drop across the surface of the sample. We measured
temperature (30-150 K) and DC magnetic field (0 T,0.3 T,0.7 T,1 T,3T,5T,7T)

dependent of resistivity with 1 mA DC current in a cryostat.(Figure 3.9)
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Figure 3.8: Schematic diagram of four probe method

Figure 3.9: Cryostat system
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

In this chapter, resistivity measurements, X-Ray Diffractometer(XRD) and
Scanning Electron Microscopy(SEM) analysis of Bi,Sr,Ca;Cu,yCe Oy (x=0, 0.001,
0.003, 0.005, 0.01, 0.03, 0.05, 0.1) samples were investigated, and the results of all

measurements were discussed.

4.2 RESISTIVITY MEASUREMENTS

Resistivity measurements belonging to Bi,Sr,Ca;CuyCexOy samples prepared
with the help of solid state reaction method were performed under various DC
magnetic field values (0 T,0.3 T,0.7 T, 1 T,3 T, 5 T and 7T) with 1 mA DC current
in a cryostat. The resistivity-temperature graphs for these samples were shown in

Figure 4.1- 4.8 below.
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Figure 4.1: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.0
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Figure 4.2: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.001
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Figure 4.3: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.003
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Figure 4.4: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.005
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Figure 4.5: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample
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Figure 4.6: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.03
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Figure 4.7: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.05
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Figure 4.8: Resistivity versus temperature graph of Bi»Sr,Ca;Cu,Ce, Oy sample

for x=0.1
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As shown in figures, there is an increase of the critical onset temperature until

0.05 above. For x=0.1, the critical onset temperature decreases rapidly. The

onset T onset

maximum T, was observed to be 95 K in x=0.05 whereas T."" was noted to be
as 89 K and 92 K in x=0 and x=0.1, respectively. However, the critical offset
temperature decreases with increasing not only Ce concentration but also the

Tcoffset

magnitude of applied magnetic field. The of the pure (undoped) sample

without applied magnetic field was noted to be 80 K, whereas for the (0.1 Ce-doped)

sample, the T Ooffset

was found to drop to 16 K with 7 T applied magnetic field. In
addition, the width increases with increasing magnetic field for the same sample.
Based on these results, this situation can be explained with the changes of hole
concentration due to Ce addition. Ca®* or Sr**ions in our system was said to replace
Ce** jons. This is so because the ionic size of Ce** ion is in a good agreement with
the ionic size of Ca™ or Sr** ions. Moreover, Ce** ions replacing with Ca** or Sr**
enables more electrons. That’s why, this state attain the optimum hole concentration,
and so the critical onset temperature increases with Ce concentration until above
0.05. Above this value, it is found that high concentration of Ce addition is too much
for this structure. Hence, the structure worsened greatly, and the critical onset
temperature decreases quickly. Furthermore, it is pointed out that all samples show
metallic behaviour at high temperatures. Also, the resistivity at room temperature
goes up with increasing in Ce addition, varying from (0.0030Q.cm) for x = 0.1 to
(0.0005 €2.cm) for pure sample x = 0. It is thought that this can be sourced from the

shrink of the grains, and so the contact points of grains increases. This leads to the

increase in resistivity.
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4.3 X-RAY DIFFRACTION(XRD) MEASUREMENTS

X-ray diffraction patterns for Bi,Sr,Ca;Cu,CesO, samples were given in

Figure 4.9—4.16 below.
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Figure 4.9: XRD patterns from the surface of Bi,Sr,Ca;Cu,CesOy sample for x=0.0
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Figure 4.10: XRD patterns from the surface of Bi,Sr,Ca;Cu,Ce,O, sample for

x=0.001
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Figure 4.11: XRD patterns from the surface of Bi;Sr,Ca;Cu,CesO, sample for

x=0.003
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Figure 4.12: XRD patterns from the surface of Bi,Sr,Ca;Cu,Ce,O, sample for

x=0.005
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Figure 4.13: XRD patterns from the surface of Bi,Sr,Ca;Cu,CesO, sample for

x=0.01
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Figure 4.14: XRD patterns from the surface of Bi,Sr,Ca;Cu,Ce, Oy sample for

x=0.03
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Figure 4.15: XRD patterns from the surface of Bi,Sr,Ca;Cu,CesO, sample for

x=0.05
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Figure 4.16: XRD patterns from the surface of Bi,Sr,Ca;Cu,Ce,O, sample for

x=0.1
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(hkl) Miller indices and phases were shown on these graphs. (hkl) Miller indices

were calculated by using the Equation

1
2:h2 e (2.17)
PRI

Here, h,k,I are Miller indices and a,b,c are lattices parameters determined before for
Bi-2212 and Bi-2223 phases. Besides, volume fractions of the Bi—2223 and Bi-2212
phases were calculated from the peak intensities of the same particular peaks by

using the following Equations 2.18 and 2.19 [55,56];

z IH(hkl)
f(2223) = (2.18)
2 IH(hkl) +2 IL(hkl)
21
f(2212) = L0k (2.19)

Z IH(hkl) + Z IL(hkl)

(hkl)H and (hkl)L are the intensities of the (hkl) diffraction lines for Bi—2223 and Bi—
2212 phases, respectively. Volume fractions and lattices parameters of the samples

are listed in Table 4.2.
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Volume
Lattice Lattice
o . Fractions (%)

Samples Parameter a (A) Parameter ¢ (A)
2212 2223
x=0.0 5.40 31.51 94.97 5.03
x=0.001 5.41 31.41 94.58 5.42
x=0.003 5.43 31.02 94.39 5.61
x=0.005 5.44 30.81 94.33 5.67
x=0.01 5.46 30.54 93.07 6.93
x=0.03 5.47 30.31 91.45 8.55
x=0.05 5.48 30.16 91.22 8.78
x=0.1 5.49 30.09 92.18 7.82

Table 4.1: Lattice parameters a,c and volume fractions of Bi>Sr,Ca;Cu,Ce,Oy

samples for x=0.0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05, 0.1.

From volume fraction results, it was found that Bi-2212 and Bi-2223 phases
were observed in diffraction patterns of all samples for which, Bi—2212 phase is
found to be dominant from Bi-2223 phase. Furthermore, it was pointed out that
whereas the volume fraction of Bi-2212 phase decreases that of Bi—2223 phase
increases until above x=0.05 which the volume fraction of Bi—2223 phase starts to
decrease. Also, we know that if volume fraction of Bi-2223 phase increases, T.*
increases. Above x=0.05, T.°™" value decreases because of the fact that volume
fraction of Bi—2223 phase decreases. This result is consistent with the resistivity-
temperature graphs. Based on lattice parameters results, it is clearly found that
although lattice parameter a continuously increases with increasing Ce addition,
parameter ¢ decreases. This phenomenon can be explained that the Ce™ ions might
be replaced by either Ca® or Sr** ions. Namely; this replacement leads to form

excess oxygen. This excess oxygen can be captured by BiO planes because of
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oxygen deficiency, and so the positive charges decreases in plane. In addition, the
bonding between planes becomes getting stronger. Therefore, this leads to decrease
in the bond length of BiO planes and the length of lattice parameter ¢ in structure.
Conversely, we can say that there was a continuously increase in lattice parameter a
with increasing in Ce addition. It is thought that this can be sourced from the increase
in excess electrons and decrease in the effective valance of Cu. As a result, this
situation brings about decreasing in the bond length of CuO planes and the length of

lattice parameter a in structure, respectively.

4.4 SCANNING ELECTRON MICROSCOPY(SEM)

MEASUREMENTS

The surface morphology of Bi,Sr,Ca;Cu,Ce,Oy, samples were investigated by
Scanning Electron Microscopy(SEM). SEM micrographs for all samples were shown

in Figure 4.17-4.24.
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Figure 4.17: SEM micrographs of Bi,Sr,Ca;Cu;Ce,Oy sample for x=0.0
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Figure 4.18: SEM micrographs of Bi;Sr,CayCu;Ce,Oy sample for x=0.001
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Figure 4.19: SEM micrographs of Bi,Sr,Ca;Cu;Ce,O, sample for x=0.003
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Figure 4.20: SEM micrographs of Bi,Sr,Ca;Cu;Ce,O, sample for x=0.005
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Figure 4.22: SEM micrographs of Bi,Sr,Ca;Cu;Ce,O, sample for x=0.03
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Figure 4.24: SEM micrographs of Bi;Sr,Ca>Cu;Ce,Oy sample for x=0.1
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The micrographs in figures show that both the grains size and the grain
connectivity were observed to decrease with increasing Ce addition. In addition,
grain sizes were obtained to be in the range of between 408 and 540 nm for x=0.1
and x=0.0 samples by using image process. Besides, the broad grain size distribution
can easily be seen from SEM micrographs of pure sample. Also, pure sample
represents the uniform grain distribution and best crystallinity. However, it is
obviously found that the sample doped with x=0.1 was noted to have the worst
appearance among all samples. Based on these results of SEM investigations, surface
morphology and grain connectivity of the samples were obtained to degrade with
increase in the Ce addition. So, these results are in a good agreement with the

resistivity measurements.
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CHAPTER 5

CONCLUSION

In this study, we have investigated the effect of addition of Cerium in
Bi,Sr,Ca CuyCe, Oy superconductor with x=0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05
and 0.1 by means of resistivity measurements, XRD patterns, surface morphology.
Based on the resistivity results, the critical onset temperature (T.°®) was found to
increase with increase in Ce addition up to 0.05 above which the onset point of the
sample rapidly started to decrease. The highest T.**' value was obtained at 95 K for
x=0.05. It is clearly observed that volume fractions were in a good agreement with
resistivity measurements. The reason of this result can be interpreted that the critical
onset temperature (T.**®") of sample increases with the increase the volume fraction
of Bi—2223 phase. In addition, it is found that the highest Bi—2223 volume fraction
was obtained for x=0.05. Moreover, surface morphology, grain connectivity and
phase ratio of the samples were obtained to degrade with increase in the Ce addition
from SEM investigations. Based on these results, Ce addition was found to supress

the superconducting properties.
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