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Abstract

Super conductivity is one of the most important physic phenomenons that
has a wide variety of gpplications in technology. It was successfully described
by BCS theory. But recently some materials that act as a superconductor at
higher temperatures, changes critical temperature due to the effect of pressure
or isotope mass. This cannot be explained by BCS moded. Some researchers
suggest hoping mechanism for explaining high temperature super conductor’s

behavior. But unfortunately the models proposed are complex and incomplete.

The am of this work is to use the generdized statistica physicd mode
proposed by some researchers was used to explain the conditions that lead to
hopping when kinetic energy exceeds coulomb potential, which agrees with
that proposed by Hubbard model. The hopping aso proved to take place below
critical temperature, while it does not exist above this critical temperature. The
hopping is aso destroyed when magnetic field exceeds certain critical value.
The flux is dso quantized with in the frame work of this models. The results
obtained by this mode agree with observations and previous models. Thus one
can conclude that generaized statisticad mode can successfully describe some
superconducting phenomena.
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Chapter One
| ntr oduction

1.1 The History of Superconductivity:

Superconductivity was discovered in 1911 in the Leiden laboratory of
Kimberling .it noticed that the resistivity of Hg metal vanished abruptly at
about 4K. Although phenomenologica models with predictive power were
developed in the0. 30’s and 40’s, the microscopic mechanism underlying
superconductivity was not discovered until 1957 by Bardeen Cooper and
Schrieffer (BCS). Superconductors have been studied intensively for their
fundamental interest and for the promise of technologica applications
which would be possible if a materiad which super conducts a room
temperature were discovered. Until 1986, critica temperatures (T, ’s) at
which resistance disk appears were always less than about23K. In 1986,
Bednorz and Mueller published a paper, subsequently recognized with the
1987 Nobd Prize, for the discovery of a new class of materids which
currently include members with T. of about 135K [1, 2, and 3]. Super
conductivity (SC)is a phenomenon of exactly zero electrical resistance and
expulsion of magnetic flux fidds occurring in  certan materids
when cooled below characteristic critica temperature.

Like ferromagnetism and atomic ~ spectral  lines, superconductivity is
aquantum mechanical phenomenon. It is characterized by the Meissonier
effect, the complete gection of magnetic field lines from the interior of the
superconductor as it transitions into the superconducting state. The
occurrence of the Meissonier effect indicates that superconductivity cannot

be understood simply as the idedlization of perfect conductivity in classical
physics [4, 5].


https://en.wikipedia.org/wiki/Electrical_resistance_and_conductance
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wiktionary.org/wiki/cooling
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Ferromagnetism
https://en.wikipedia.org/wiki/Atomic_spectral_line
https://en.wikipedia.org/wiki/Quantum_mechanics
https://en.wikipedia.org/wiki/Meissner_effect
https://en.wikipedia.org/wiki/Meissner_effect
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Perfect_conductor
https://en.wikipedia.org/wiki/Classical_physics
https://en.wikipedia.org/wiki/Classical_physics

The dectricd resistance of a metallic conductor decreases gradualy as
temperature is lowered. In ordinary conductors, such as copper or silver,
this decrease is limited by impurities and other defects. Even near absolute
zero, a red sample of a normal conductor shows some resistance. In a
superconductor, the resistance drops abruptly to zero when the materid is
cooled below its criticd temperature. An dectric current flowing through a
loop of superconducting wire can persist indefinitely with no power source
[6, 7].

IN1986,itwas discovered that some cup rate proves ceramic materials have a
critica temperature above 90K (—183°C) [5].Such a high transition
temperature is theoreticaly impossible for a conventiona superconductor,
leading the materids to be termed high-temperature superconductors.
Liquid nitrogen boils a 77K, and superconductor a higher temperatures
than this facilitates many experiments and applications that are less
practical at lower temperatures [11, 12].

1.2 Research Problem :

The intensive research in scaed to appearance of many SC
phenomena that cannot be explained theoretically. The research problem is
related to the fact that (SC) modd used to describe their phenomenology
arein complete and complex [13, 14, 15].

1.3 Literature Review:

The SC phenomenology which can not be explained by ordinary
theory opens windows for new theoretica models [16, 17, 18, 19 and 20].
Some of them try to explain conduction mechanism, while others try to
explain pressure effect, isotope effect and phase diagram [21, 22, 23 and
24]. Unfortunately these models are complex and in complete.


https://en.wikipedia.org/wiki/Electrical_conductor
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Absolute_zero
https://en.wikipedia.org/wiki/Absolute_zero
https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Superconducting_wire
https://en.wikipedia.org/wiki/Ceramic
https://en.wikipedia.org/wiki/Conventional_superconductor
https://en.wikipedia.org/wiki/High-temperature_superconductors
https://en.wikipedia.org/wiki/Liquid_nitrogen

1.4 Aim of the work:

The useful applications of SC in technology needs completes SC
theory that can lead to discovery of new materials.

One needs to use new statistical model and Schrodinger equation to explain
some SC phenomena.

1.5 Thesis Layout:

The thesis consists of four chapters. Chapters one and two are the
introduction and theoretica back ground in (SC) chapters three and four are

devoted for literature review and contribution respectively.



Chapter Two
Super conductivity

2.1 Introduction:

This chapter describes basic properties of a superconductor beside
phenomenology of superconductors, theoretical background, including
London equation beside to flux quantization and Hubbard modd [20, 21].
2.2 Superconductor Material Properties:

Superconductivity is characterized by Zero resistance, Meissonier
effect, magnetic flux quantization, Josephson effects, and energy gap.

We shall briefly describe these properties [17, 20, and 21].
2.2.1 Zero Resistance:

The phenomenon of superconductivity was discovered in 1911 by
Kimberling ones [1], who measured extremely smal eectric resistance in
mercury below. A certain criticd temperature T, (= 4.2k) [see Fig (2.1)].
This zero resistance property can be confirmed by a never-decaying super
current ring [17].
2.2.2Magnetic Properties:

Substances that become superconducting at finite temperatures will be
cdled superconductor in the present text if a superconductor belowT, is
placedunder a weak magnetic fied it repels the magnetic flux (field) B
completely [20,21].
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This is called the Meassonier effect ,and it was discovered by Meissonier
and Chosen field in 1933 [2].

fig:2.2 A superconductor expels amagnetic
The Meissonier effect can be demonstrated dramatically by a floating
magnet as shown in Fig: 2.3. A small bar magnet above T, simply rests on
Super conductor dish. If temperature T, is lowered below the magnet will
float as indicated. The gravitationa force exerted on the magnet is baanced
by the magnetic pressure (part of eectromagnetic stress tensor) due to the
in homogeneous magnetic field (B-field) surrounding the magnet which is
represented by the magnetic flux lines. The later more refined experiments
reved that the (B-field) experiments reved that the (B-field) penetrates into

the superconductor within avery thin surface layer.

fig:2.3 A floating magnet

When the externd field is applied parald to the boundary, the (B-fied)
fals off exponentialy

B(x) = B(0)ex 2.2.1)

5



Ais cdled a penetration depth, and it is on the order of 500 in most
superconductors order of 500 a lowest temperatures it is smal value on
macroscopic scale alows us to speak of the superconductor as being
perfectly diamagnetic penetration depth £ plays a very important role in the
description of the magnetic properties [30, 31, and 23].

® A

B(x) = B(0)€
&

superconductor
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WacLum

Fig:2.4 Penetration of the magnetic field in to
superconductor slab
2.3 Energy Gap:

If a continuous band of the excitation energy is separated by a finite
gap g, from the discrete ground-state energy level as shown in Fig. 2.5 this
gap can be detected by photo-absorption [9]. Quantum tunneling [10]. Heat
Capacity [11] and other experiments. The energy gap atT. turns out to be
temperature-dependent. The energy gap as determined from the tunneling
experiments [12] is shown in Fig. 2.6. The energy gap is zero at and reaches

amaximum value &, as temperature gpproaches toward.
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Fig:2.5 Excitation-energy spectrum with a gap

In true thermodynamic equilibrium, there can be no currents, super or
norma. Thus we must ded with a non-equilibrium condition when

discussing the basic properties of superconductors, such as zero resistance,



flux quantization, and Josephson effects. All of these arise from the super
currents that dominate the transport and meagnetic phenomena. When
superconductors used to form a circuit with a battery and a steady state is
established, dl currents passing the superconductor are super currents.
Normal currents due to the motion of eectrons and other charged particles

do not show up because no voltage difference can be developed in a
homogeneous superconductor
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Fig:2.6: The energy gap g (T) versus temperature

2.4 Type | and Il Superconductors:

A type | superconductor is the one that in which the (B-field) remains

zero inside the superconductor until suddenly the superconductivity is
destroyed.

The fiddd where this happens is cdled the criticd field, H[6].
The way magnetization M changes with H in a type | superconductor, as

shown, the magnetization obeys.
M= —p,H (2.4.1)

Where
B=pyH-M=(y,+x)H=0
For al fields less than H inside the superconductor, and then becomes zero



(or very close to zero) for fields above H: many superconductors, however,
behave differently.
In a type II superconductor there are two different critica fields,
denoted H, , the lower Critica field and H, the upper critica field.

For smal values of applied field H again Messonier effect leads to
M = —p,H and there is no magnetic flux density inside the sample,
B = 0.However in a type II superconductor once the field exceeds H,,
magnetic flux does start to enter the superconductor and hence B # 0, and
M is closer to zero than the full V Meissonier effect value of —p,H. Upon
increasing the field H further the magnetic flux density gradualy increases,
until findly at Hg, the superconductivity is destroyed and M = 0. As a
function of the temperature the critica fields vary, and they al approach
zero a the critica temperature T,.. The typical phase diagrams of type I and

typell superconductors as afunction of H and T, are shown in Fig. (2.7).

--------
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Fig.2.7:The H-Tphase diagram of bulk typel(a) and type ll(b)

In type Il superconductors the phase below Hc;is normaly denoted the

Meissen state, while the phase between H.; and H, is the vortex or
Abrikosov state.

The physical explanation of the thermodynamic phase
between H.,and H, was given by Abrikosov. He showed that the magnetic
fild can enter the superconductor in the form of vortices, each vortex
consists of aregion of circulating super current around a smal centra core
which has essentialy become norma meta. The magnetic field is able to



pass through the sample inside the vortex cores, and the circulating currents
serve to screen out the magnetic field from the rest of the superconductor
outside the vortex.

It turns out that each vortex carries afixed unit of magnetic flux

_h
"~ 2e

where h is Blank constant is the electron charge. And hence, if there are a

@y

total of N, vortices in a sample of total area, A then the average magnetic
flux density,B is
Ny h
B = XV'Z\ (2.4.2)
It is instructive to compare this result for the number of vortices per unit
area,
Ny _ 2eB

=T (2.4.3)

With the similar expression derived earlier for the density of vortices in
rotating super fluid 4He. There is in fact a direct mathematica anaogy
between the effect of a uniform rotation at angular frequency in a neutra
super fluid, and the effect of a magnetic field, B in a superconductor [6, 7].
2.5 Cooper Pairs:.

We consider a metd aT~0. All states inside the Fermi sphere are
filled with electrons while al states outside are empty
In 1956 Cooper studied [18]. what would happen if two electrons were
added to the filled Fermi sphere with equa but opposite moment p; = p,
Whose magnitude was slightly larger than the Fermi momentum
pfAssuming that a week attractive force existed he was able to show that
the electrons form a bound system with an energy less than twice the Fermi
energy,
Epair < 2Er.



The mathematics of Cooper pair formation will be outlined in [18]. What
could be the reason for such an attractive force First of all one has to redlize
that the Coulomb repulsion between the two dectrons has a very short
range as it is shielded by the positive lons and the other eectrons in the
metal. So the attractive force must not be strong if the electrons are severd
lattice constants apart. Already in 1950, Froehlich and, independently,
Bardeen had suggested that a dynamica lattice polarization may create a
weak atractive potentia. Before going into detalls Let us look at a familiar
example of atraction caused by the deformation of a medium: a metd ball
is placed on an eastic membrane and deforms the membrane such that a
potential well is created. A second Ball will fed this potentia well and will
be attracted by it. So effectively, the deformation of the eastic Membrane
causes an attractive force between the two balls which would otherwise not
notice each other. This visudization of a Cooper-pair is well known in the
superconductivity community but it has the disadvantage that it is a static
picture.

Suppose you are cross-country skiing in very deep snow. You will find this
quite cumber some; there is a lot of resistance. Now you discover a track
made by you another skier, a Lope, and you will immediately redlize that it
is much more comfortable to ski dong this track than in any other direction.
The Lope picture can be adopted for our eectrons. The first Electron flies
through the lattice and attracts the positive ions. Because of ther inertia
they cannot follow immediately, the shortest response time corresponds to
the highest possible lattice vibration frequency [19]. This is called the
Debye frequency wp. The maximum lattice deformation lags behind the

electron by adistance

2T
d=vi(— ~100—1000nm
Wp

10



Obviously, the lattice deformation attracts the second electron because there
is an accumulation of positive charge [8, 9, and 10].

The atraction is strongest when the second eectron moves right along the
track of the First one and when it is a distance d behind it, see Fig. 21. This
explains why a Cooper par is a much extended object, the two eectrons
may be severd 100 to 1000 lattice constants apart. For a simple cubic
lattice, the lattice constant is the distance between adjacent atoms.

In the example of the cross-country skiers or the eectrons in the crysta
|lattice, intuition suggests. That the second partner should preferably have
the same momentum, p, = p, athough opposite moment p, = —p, ae not
so bad ether. Quantum theory makes a unique choice only eectrons of
opposite

Moment form a bound system, a Cooper pair. The quantum theoretical
reason is the Pauli principle but there exists probably no intuitive argument
why dectrons obey the Pauli exclusion principle and thus extreme
individualists while other particles like the photons in a laser or the atoms in
super fluid helium do just the opposite and behave as extreme Conformists.
One may get used to quantum theory but certain mysteries and strange
fedings will remain. The binding energy of a Cooper pair turns out to be
small,107%,1073, so low temperatures are needed to preserve the binding in
spite of the thermal motion. According to Heisenberg’s Uncertainty
Principle a weak binding is equivaent to a large extension of the composite
system, in this case the above -mentionedd = 100 — 1000 nm. As a
consequence, the Cooper pairs in a superconductor overlap each other. In
the space occupied by a Cooper pairr there is about a million other Cooper
pars. The situation is totaly different from other composite systems like
atomic nuclel or atoms which are tightly bound objects and well-separated

from another. The strong overlap is an important prerequisite of the BCS

11



theory because the Cooper pairs must change ther partners frequently. In
order to provide a continuous binding [12].
2.6 London Equations:

The London brother proposed a simple theory to explain the Meissonier
effect ,the London equations provided an early simple model for describing
experimental result. In 1935 theory of London brothers provides the first
and second London equations, which relate the eectric and magnetic fields

EandB, respectively,in side superconductor to the current density J [1, 4].

d
E = poAf ] (2.6.1)

B = —p,A2V X] (2.6.2)
Where y, is the permeability of vacuum, the constant of proportionality in
these expressions is the London penetration depth4;, where n the density

of superconducting electron is, m is the electron mass.

2.6.1 Derivation of first London equation:
A potentid difference applied dong a conducting wire produces an electric

field E, and hence the force F on any eectron is given by:

F=eE=m— 2.6.3
e mdt ( )

Where v stands for its velocity, eectron undergo successive periods of
accderation interrupted by collision and during the average time relaxation
time (scattering on defect s) t between collisions. The velocity is given by
which called the drift velocity. The negative sign means that the electrons
move in adirection opposite to that of the electric fied [35, 36, 38 and 39].
When the dectron is assumed to move in aresistive medium, which have
Frictional force proportiona to the velocity, the eectron equation of motion

IS given by.

12



eE
V= ——T1 (2.6.4)
m

This cdled the drift velocity. The negative sign means that the electrons
move in a direction opposite to that of the dectric field. When the electron
Is assumed to move in a resistive medium, which have, frictiona force
proportiond to the velocity, the electron equation of motion is
given by:

dv Vv

mazeE—m¥ (2.6.5)

Where the frictiona forceis given by:

F=maV=V,+atr=0+at=art

po Y
T

For steady state in norma metal, no acceleration exists. i.e.

dv

Fri 0
Therefore

eE
V= ET (2.6.6)

Hence the current density is given by:

ne’t

] = nev = E =oE (2.6.7)

m
Where n the density of electrons, is electrical conductivity.

In the two fluid models one has the temperature dependent expression for
the super ns and normaln  electrons densities respectively,

n,(T) + n,(T) =n
The totd eectron density n is independent of temperature and a T = 0 one
have n,(0) = 0(0) andn(0) =n, and the simple theory predicts the

following temperature dependences:
4

n(T) = n(TE) (2.6.8)

13



Where T, is the critical temperature?
For superconductor below T.the resistive force is zero, in this case equation
(2.6.8) becomes

dv = ek (2.6.9)
dt m
Taking the derivative of ] in equation (2.6.10) with respect to time:
dv
E= ma = eE (2.6.10)
2
J_pedv_ne g (2.6.11)

dt nea T m
= =4 is phenomenological parameter equation (2.6.11) can

nge?

The term

thus be rewritten as:

_d o4
E=—(A)=a— (2.6.12)

This equation is known as the first London equation.
2.6.2 Second London equation:

This equation is concerned with time-dependent fields, and is
important For Meissonier effect. The eectric current density is given quite
generdly by:

] = nqv (2.6.13)
Where n is concentration of carriers of chargeq In the presence of a
magneticfield described by the vector potentiad A, the velocity v is related to

the total momentum P by:

q 1 q
= — =—|\p—— 2.6.14
p mv+CA Y m(p CA) ( )

Where m is the mass, c the speed of light in vacuum Thus equation (2.6.13)

can be written as

J=—p——A (2.6.15)

14



In the superconducting state, the tota momentum p is zero, athough it not
equato zero in norma state .i.e.p = 0, and equation (2.6.15) reduces to:

ng?
j=——A (2.6.16)
mc

For electrons, g = e,n = n, then:

j= 1€ p (2.6.17)
mc
The vector potentid is related to the magnetic field by
B=VxA (2.6.18)

Equation (2.6.17) can be rewritten with the aid of (2.6.3) to be
A
4mA?

] = (2.6.19)

This equation is known as the second London equation.
Equation (2.6.17) can be expressed in another way by taking the curl of
both sides and using equation (2.6.18) to obtain

Vx]=——— (VXA)=———B (2.6.20)
4mAZ 4mA?
B = —cAV X]
Where
L_.m _AmAf
nge? e?

A phenomenologicd parameter is a phenomenologica parameter.
Equation (2.6.20) is another form of the second equation of London
[1, 2, and 5].
2.7 Josephson Effect:-

If one takes two SC separated by an oxide Layer quantum tunneling
takes place. Consider two metals separated by an insulator, as in the Finger
below

15



A C B
Fig:2.7: Two metals A and B separated a thin layer of

insulator C

The insulator normally acts as a barrier to the flow of conduction electrons
from one meta to the other. If the barrier is sufficiently thin (less than 10 or
20 A), there is a significant probability that an electron, which impinges on
the barrier, will pass from one metal to the other this is cadled tunneling.
The concept that particles can tunnel through potentia barriers is as old as
guantum mechanics [1, 2, 3, 4].

When both metals are norma conductors, the current-voltage relation of
sandwich or tunnedling junction is home at low voltages, with the current
directly proportiona to the applied voltage. Discovered that if one of the
metals becomes superconducting the current-voltage characteristic changes

from the straight line to curve [5,6,7].

A

current »\/oltage

Fig:2.9: Linear current-voltage relation for junction of
normal metals

16



Ve Voltage
Fig:2.10: Currentivoltage relation with one metal normal and
the other metal superconducting

In the superconductors there is an energy gap centered at the Fermi leve a
absolute zero no current can flow until the voltage is
E, A

Where

The energy gap E, corresponds to the bresk-up of electrons in the
superconducting state, with the formation of two electrons and a hole in the
normal state.
The current starts wheneV = A. At temperatures different from zero there is
a smal current flow even a low voltage, because of dectrons in the
superconductor that are thermally excited across the energy gap.
Under suitable conditions, remarkable effect can be observed associated
with the tunneling of superconducting electron pairs from a superconductor
through a layer of an insulator in to another superconductor. The effects of
pair tunneling are quite unlike single particle tunneling and include.
2.7.1 DC Josephson Effect:

Let Y, be probability amplitude of electron pairs on one side of a

junction, and let {r,be the amplitude the other side. For the simplicity, let

17



both superconductors be identical. For the present, we suppose that they are
both at zero potential.

The time dependent Schrodinger equation ih% = Hy applied to the tow

amplitudes gives:

oY, _ 0, _
ih—t=hTy, i Z=hTY, (2.7.1)

Here AT represents the effect of the dectron-pair coupling or transfer
interaction across the insulator; thus the dimensions of arate or frequency.
It is a measure of the leakage of ys,in to region 2, and s, into the region 1.
If the insulator is very thick, T is zero and there is no pair tunneling.

Let

: 1
P, = nt/?el®r | , = nzel®2 (2.7.2)
Where n, is the electron density in the region 1,6, the phase anglen,
Is the eectron density in the region 2, 6, is the phase angle.

Then:
ot 21 at+lIJl ot
With the use of equation (2.7.1) in the form

oy
ih—— = —hT
1 ot U,

= —Ty, (2.7.3)

Similarly
0y _1 1z 0,00 08
ot =2 e Yk
Multiplying equation (2.7.3) by

= —Ty, (2.7.4)

o
n ’e% With6§ = 6, — 6,
One obtains:

1.
— +in,— = —iT(nyn,)ze’ (2.7.5)

Multiplying equation (2.7.4) by

18



n, /e With 8 = 6, — 6,
One obtains:
on, 06,

1
2t +in, e —iT(nyn,)ze"® (2.7.6)

New equating the real and the imaginary parts of equation (2.7.5) and
equation (2.7.6) similarly one gets:

9] 1 d 1
o 2T(n,n,)2sind ke —2T(n;n,)2sind (2.7.7)
ot ot
1
_ (M s 22 _ (—) 2.7.8
ot (nl) con ot n, ( )

Ifn; = n, as for identica superconductors land 2, if follows from equation
(2.7.8)

From equation (2.7.7) it is Clear that:
96, = — ony (2.7.10)
ot ot

The current flow from 1to 2 is proportiona to aaitz, the same thing from 2

tol is proportional to —% . Therefrom one can concludes from equation

(2.7.7) that the current ] of the superconductor pairs across the junction

depends on the phase difference 6§ as

dn, On 1
] = a_tl — a_tz = T(n1n2)2 sind
] =J,sind =J,sin(6, — 06,) (2.7.11)

Where], is proportiond to the transfer interaction T. The current ], is the
maximum zero-voltage current that can be passed though the junction.

With no applied voltage a DC current will flow across the junction, [figer i(
3.7)] with a vaue between J, and —], according to the value of the phase
differenced, — 6,. Thisis the DC Josephson Effect.
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fig:2.11 :Curreht—voltage characteristic of a Josephson
junction
DC Currents flow under zero gpplied voltage up to acritica currenti,; thisis
the DC Josephson Effect. At voltage above V, the junction has a finite Va,

this ACJosephsonEffect.

2.7.2 AC Josephson Effect:

Let voltage V be gpplied across the junction. This can be done because
the junction is an insulator. An electron pair experiences a potentia energy
differenceqv on passing across the junction where -eV and a pair on the

other side at eV.the equations of motion that replaces (2.7.1) is:

Lo, Loy,
ih Tl ATy, -eVir, ih T ATy -eVy, (2.7.12)
Proceeding as above to find in place of (3.7.5) the equation:
1dn, _ 06 ien,V 1,
Ez_alt+ in, atl = hl — iT(nyn,)ze (2.7.13)
Taking the red parts on sides one gets:
on, 1
CF i 2T(n;n,)2 sind (2.7.14)

Theimaginary contribution also gives:
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1

08,

eV <n2
ot h

T —>2C0n8 (2.7.15)
N4

Which differs from equation (2.7.8) by the term <.

Similarly as equation (2.7.13) the equation (2.7.6) for n, takes the form:
1on, . 06, .eVn,
590t +1In, ot = -1 "

Hence equation real and imaginary parts one gets:

1.
—iT(n;n,)ze®® (2.7.16)

dn, 1
YT —2T(n,n,)2sind (2.7.17)

1

% __ ¥ _ (2)5 cond (2.7.18)
Jt h n,
From (2.7.15) and (2.7.18) with n; = n,one nave:
(6, —6 06 2eV
(Za—t1)= = (2.7.19)
By integration of (2.7.19) that with a DC voltage across the junction the
relative phase of the probity amplitudes vary as.

2eV
5(t) = 5(0) — %t (2.7.20)
) 2eV
] =], sin [8(0) — Tt] (2.7.21)
The current oscillates with frequency:
eV

Which says that a photon of energy iw = 2eV is emitted or absorbed when

an dectron pair crosses the barrier. By measuring the voltage and the

frequency. It is possible to obtain avery precise value of % [1,2,7,9].

2.7.3 Macroscopic Long-Ran Quantum Interference:
A DCmagnetic field applied through a superconducting circuit

containing two junctions causes the maximum super current to show
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interference effects as a function of magnetic filed intensity. This effect can
be utilized in sensitive magnetometers.
2.8 Flux Quantization:

When a type II superconductor is immersed in an intermediate
magnetic field to transfer it in to a mixed state, the bulk of the materid is
superconducting, but it is thread by thin filaments of norma materid. The
vortex Lines are oriented parald to the externa magnetic field and they
serve as paths For the magnetic flux lines of the externd fied. A current
circulates around the perimeter of each vortex line. These current shields
The bulk of the superconductor from the magnetic field in the filaments, the
flow of this current has the character of a vortex and that is why that the
filaments were cdling as vortex lines.

Incressing the magnetic field would not cause an increase of the flux
Associated with each vortex lines, instead. It will cause an increase in the
number of vortex lines threading the superconductor. The stronger the
externd field the more densely will pack the vortex lines. The ends of the
vortex lines a surface of a superconducting (type —II) materid in the
mixed state have been made visible by dusting the surface with powdered
iron.

The vortex lines are packet in the form of hegps having regular pattern on
the Surface. Knowing the magnetic field intensity and the number of vortex
lines per square cm, it was found that the mount of flux associated with
each vortex line has a fixed value related to Planks constanth, and the
electric charge of the electrone.

The quantum of flux

g = - = 2.07 x 107 Tm?
°7 2e '

In generd the flux
¢ =nQ,
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Where

n=1273..
This result confirms the significance of electron pairs in the composition of
the Superconducting state. Flux quantization is a beautiful example of a
long range quantum effect, in the instance of a ring the coherence of the
superconducting state extends over thering [9,10,11,12].
The electromagnetic field is an example of aboson fied. The eectric fied
Intensity E(r) acts quadlitatively as field amplitude. The energy density
may be
Written as, in asemi classica approximation,

E*(r)E(r)
41
Where n(r) is the number of photons of frequency w per unit volume.

~ n(r)hw (2.8.1)

Assume that the totd number of photon in the volume is large in

comparison with unity. Then
1 1 .
E(r) » (4mhw)zn(r)ze®® (2.8.2)

E*(r) ~ (4mthw)2n(r)ze 0@ (283)
Where ¢ (r) the phase of the field.
Now introduce similar particle probability amplitudes into the description
of particle bosons, where a particle is an eectron pair (the analogy with
photon is not exact, but it is helpful).
The ground state of superconductor is made up of weakly-bound electron
pairs, cdled cooper pairs. An dectron pair will act as a boson, athough a
single eectron is fermions. The arguments that follow apply specificaly to
boson gas with a very large number of bosons in the same orbital. we can
then treat the boson probability amplitude as a classica quantity, just as the
electromagnetic field is used for photons. The arguments do not apply to a

23



meta in the normal state because an electron in norma state acts as single

unpaired fermions.

First how that a charged boson gas obeys the London equation in theorem
e? 1

B=-—

4] MoAT

Let s (r)be the particle probability amplitude. Suppose that the

Vx]=— B (2.8.4)

Concentration
n = (r)P(r) = constant
At absolute zero n is one-haf of the concentration of €ectrons in the

conduction band, for n refers to parrs. Then

1. 1
Y(r) = n2e®® (r) = nze 100 (2.8.5)
The phase @ (r)is important for what follows: make the good approximation
thatyr(r)is classica amplitude rather than a quantum field operator. The

velocity of aparticle is:

V=%(p—%A)=% (2.8.6)

The particle flux is given by

nv = (NY@)v=y*(r)(—ihv - %A%)
. . q 1\2 eiGr
= () (—iAY — 2 )

g (—ihnl\zieie(r) vo(r) — ﬂAeie(r)nuz)
m C

1\2 ,—i6(r)
L8 Cintwjeie®nre _ 9 pgem 1
m C
n q
=—(hVE—-A
—( A

So that the dectric density in the ring (which is a multiply -connected

region) is:

= nav =y y@av=ng (o -24) - (287)

m

24



Taking the curl of both sides one obtains:

Vxlz%(thVG(r)—%xA)

From equation (2.8.4)B = V x A, with use of the fact that the curl of the
gradient of a scalar is identicaly zero, i.e.V x VO = 0The above equation

[2.6.2]. is one form of the London equation
2

n
Vx] =1 (2.8.8)
mc

The quantization of the magnetic flux through a ring is a dramatic
consequence of the equation of the dectric current density ] above. Let us
take a close path Cthrough the interior of the superconducting materia, well
away from the surface. The Meissonier effect tells us that B and ] are zero
in the interior. Now from equation (2. 7.11)

] =0if AVO, = qA (2.8.9)
However, we have
yﬁve x dL=6, — 6, (2.7.10)
Hence:
chjé VO x dL =j€ A.dL (2.8.11)
C C

For the change of phase ongoing once around the ring, the boson
probability amplitude is measurable in the classica approximation, so that
must be singing and
0, — 0, = 27S (2.8.12)
Where S is an integer . Also have been the stocks theorem and the fact
curl A = B:

% A.dl = 3€ (curlAd)d.o = jLB.do = (2.7.13)
C c
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2.9 Hubbard Model and Conduction:

Motivated by the successes of production and annihilation in
quantizing field, encourages some physics to utilize the same framework to
try to solve some long standing problems of condensed matter physic. This
trial is not surprising as far as the system of fieds consist of alarge number
of mediators carrying the field force, which is similar to condensed matter
which consists of huge number of particles. The physics based on the notion
of production operators utilized in solid state physics is caled Hubbard
model [16, 17].

2.9.1 Non- Interacting Electrons:

The Hamiltonian of anon-interacting fermions on a lattice of L sites

labeled by i,j takes the form [17].
H, = th 3 (2.9.1)
ij
Locdlized at site j and described by the winner wave functiond;. These
Operators satisfy the anti-commutation relations
{cf, ¢} =8y (29.2)
The t;; are coefficient defined to be

ti = (@i [A*V2/2m+ V]| ;)
= f(Pi(X)

Where V,, stands for the crysta field interactionfor practical considerations

+V,| @ (2.9.3)

2m

tis non zero, only when i,j are nearest neighbors, in which case it is
usudly denoted byt. ThusHoin (3.1) can be reduced to the form
H, = —tZ[c;’cj + cj+]
ij
Assuming the periodic boundary conditions, one can writ
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1 y
ck+= — E elkcH (2.9.4)
T )
L k

Hy, = z €k Cpf Cx (2.9.5)

k
Where

g = —2tcoska (2.9.6)
With L allowed k values in the first Brillion zone. The term here stands for
the distance between two sites.
If the number of electrons N is equa to the number of sitesL, i.eN = L,
In this situation each dlowed k state can be occupied by two and spins.
Hence the ground state of H, is constructed by filling the lower haf of the
band which is denoted by continuous line. Since haf of the band is filled,
the situation,N = L, is cdled haf filling. This state is known as a Fermi sea
state, usualy denoted by|FS), where

IFS) = 1ck1Ci, 10)
With|0)standing for the vacuum state in which the lattice is empty, ke is the
maximum occupied k state known as Fermi wave vector.
Thefact that k states are occupied by two dectrons comes from the fact that
the number of dlowed vaues of kisL. But since the occupied states are
these for which g, < Ospecialy the k axis],only half of the k states between
are empty. Thus the occupied k states are %[10, 11]. But as far as the
number of electrons are

N=L=2x(L/2) =2x
Number of k states. Hence each k state is occupied by two electrons of
spins up and down. The Fermi sea state is the Eigen state of the
Hamiltonian, thus
H,o|FS) = E,|FS) (2.9.7)

The totd energy E, is given by The Fermi sea state is the Eigen state of the
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Hamiltonian, thus

Hy|FS) = E,|FS) (2.9.8)
ULl
2 dk
E, = Z Ex Ny = j_E 2 X (—2tcoska) x o (2.9.9)
2

Ikl <>
The integrd here is multiplied by 2 since each k state is occupied by two
electrons, divide k by 2m since the system is confined the first Brillion
zone. If his system is excited an dectron from one of the state is |k| < m/2
Jump to higher state k+ q such tha |k + q| > m/2, leaving a hole in the
state k. if the electron spinis up?T this new state a denoted by |{s,,) where

Holwn) = Ho (o, r0arlFs) = e (@) (2.9.10)
The energy of state s, is given by

&b (@) = Epq — & (29.11)
In this half-filled band one has a metal as far as the filled vaence band and
the empty conduction band overlap. The ground state of non-interacting
electrons can be obtained by occupying the lowest states by maximum
number of electrons as possible [17].
This is done by allowing each k state to be occupied by two eectrons with
T and | Spins But since the number of allowed state sink space earedL, and
since

L = N = number of electrons

Hence only L/2 states are occupied, where

L
2 electron X<E> states =L =N

Thus half-filled

Such occupation to minimize energy in the k — space can be performed by
four possible ways in the red space, where four possible occupation of a
single site.

The above situation represents the case when the eectron interaction is
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neglected. When the eectron-electron interaction is considered, one has to
add to Hamiltonian the term

V=" Vipa G Gy CaCy (2.9.12)

Where the index a = {o,1} described the site i and spinc.the two

particle interactions is described by the term.

Vi = [ W5 OGO (%= X D OOUGOdxd™ (29.13)

In metals the coulomb potential is screened and takes the form

kot

V(r) =

- Ko, = Krp (29.14)

When all indices correspond to the same site j, Pauli Principle forces
u=a=T7T,B=v={
2.10 Exact Digitalization:

The digitaization process ams to find the space which constitutes the
Eigen vectors of the Hamiltonian. This comes from the fact that the
Hamiltonian matrix is diagona in the Hamiltonian Eigen vectors space. In
this case the Eigen vector is the energy Eigen vaue while the
corresponding coefficient is the energy of the state. This toy model consists
of two sites labeled 0, 1. In this case the Hubbard mode written explicitly
(in unit whicht = 1) as:

H = H, + Hy

= —(Cg1Cy1+ C{1Cor + CgyCru + C11Cot) + (Norgy +nyyngy)

(2.10.1)
The first term stands for the kinetic hopping process while the second one
represents the field contribution [27, 28].
2.10.1 Strong Correlations and Spin Physics
As one dready sees in previous section, the ground state of the two

sites Hubbard model is a singlet with energy
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The ground state wave function
|Eg) = 4[y) + (U +yU? + 16[Y5)
Since the first excited state is a E, = 0 the splitting between these two state
for large U > tis

e 42
vuz + /4t =~ —
4 U

u
] =E,—E =2 - (2.10.2)

4t2
U

Therefore the singlet state is slightly below( )the triplet state. This

indicates that in large U limit, the low-energy physics of Hubbard modd is
given by spin fluctuations which are anti ferromagnetic (AF) (singlet has
lower energy). This observation in atwo site Hubbard modd is indeed very
generd and it can be shown using a unitary Trans formation that the
Hubbard model at large U limit can be mapped into the so cdled t —]
model, where there are AF spin fluctuations along with hopping restricted to

subspace with no double occupancy [17, 18].
2.11 Hubbard Model for Superconductivity and Mott

Insulator:

One of the most widely used models to describe HTSC is the
Hubbard model. The eectric conduction in this modd is performed by
hopping of valence eectrons from site to site. Moreover, this mode is used
in most applications of condensed matter and many body systems. The
Hubbard mode is particularly applied to strongly correlated systems,
including eectronic correlated. An electronic system is said to be correlated
when the dectrons within it are not free. In the free dectron model the
conduction electrons move fregy within the metal forming a free eectron
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Fermi gas, which obeys Pauli Exclusion Principle [20, 21, and 24].

The electron state can be described by using the winner Eigen functions
(Basis) @, (r — R;) which describe dectron localized a r on the atom at
the position. In the standard Hubbard moded each atom has only one
electron non-degenerate orbital state. The actua atom, however, can have
more than one orbit and more than two electrons in the corresponding state.
This assumption stems. From the fact that the electrons in other states do
not play significant role a low temperature, hence the Hamiltonian of the
system takes the form [16].From the fact that the electrons in other states do
not play significant role at low temperature, stands for the eectron number
operator. To simplify trestment one can use U to describe coulomb
repulsion, and t to represent kinetic hopping. Hence the quantity U/t
determines whether coulomb repulsion or hopping dominates. However, it
IS not possible to determine the relative importance of the two in relation to
the Pauli Exclusion Principal, which depends on the probability of finding
two eectrons on the same site. This quantity can somewhat accounted for
by the electron density per spin

1 +
ﬁz Cik Clk (2111)

Each atom has space for at most two electrons, n can bein the range from O
to 1. Hubbard modd is affected by three factors, one-site repulsions
hopping and Pauli Exclusion Principle. When each atom has one electron,
one has a perfect haf-filled band. To put an extra eectron on that system
this needs to overcome coulomb repulsion. When U is big the band will
split into two sub bands with a gap in the middle. For half filled band,
l.en = 0.5 the Fermi energy will cross the energy gap. Thus the lower band
is filled and stands for the vaence band while the upper band is empty and
behaves as a conduction band. Therefore the electron to become free needs

very large energy to cross the energy gap Egto be free where
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EgaAEaU — o
In this case, the materid becomes an insulator caled Mott insulator. If n is
not perfectly equa to 0.5 the Fermi energy will cross either the upper or the

lower Hubbard band. This can be understood in terms of Fermi Dirac
statistics where.

1
[ePEFr +1]

n=

1
eG(E—Ef) =-_1

n
1—n
E—EF=1n( =
n
Er =E +1In (1 _n) (2.11.2)

For zero filling n =0
Efr+E+1n0=E+ Lne ™
Er=E—0—> o (2.11.3)
Since the zero energy is a the interface of upper and lower band.
Thus Ep becomes far below the interface. ThereforeEy crosses the lower
band. Hence there is no gap between conduction and valence band, as far
as Ep Separates conduction and valence band. As a result the materid is
converted in to metal.
Er =E+Lnoo=E+Ine” =E+o00 > o0

For completefilling n = 1
Hence E crosses the upper band. Again the material becomes a conductor
as far as E; , does not cross an energy gap. Thus eectrons can essily
become Conduction dectron.
2.12 Coherence Length:

The coherence length is a measure of the distance with in which the gab
parameter cannot change drasticaly in a spatidly in a spatialy-varying
magnetic field. The London equation is a loca equation: it relates the
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current density at a point so to the vector potentia. However, the coherence
length is a measure of the range over which average A to obtain].Any
spatiad variation in the state of an dectronic system requires extra kinetic
energy. It is reasonable to restrict the spatial variation of J(r) in such away
that the extra energy is less than the stabilization energy of the
superconducting state. A suggestive argument (based on the uncertainty
principle) for the coherence length at absolute zero follows. The eectron
motion can be described by the plane wave yi(x) = e** considering that
the dectron have two states one characterized byk, and the other is
characterized by k+ q. Then the wave function of the eectron in the
superposition of two states is as follows:

d(x) = 2‘%(ei(k+q)x + e'kx) (2.12.1)
The probability density as associated with single plane wave is uniform in
space where:
Prp = e xelkx =1 (2.12.2)
Where the probability ¢*¢ is modulated by the wave vector g. probability
|p|?of two states
=@

— l(ei(k+q)x + eikx)(ei(k+q)x + eikX)
2

1 » "
= 5(2 +e719% 4 ekX) = 1 + cosgx (2.12.3)
The kinetic energy of the wave y(x)a asingle state k is:
PZ
H=— 2124
o TV ( )
For free dectrons:
hd "
v=0 p=-— Hy= EY, P(x) = elkx (2.12.5)
hz
E=—Kk? (2.12.6)

" 2m
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The kinetic energy of the wave function ¢ is:

(E)=-quH@dX (2.12.7)

For

V=0H=———
2m2mdx?

h% d2
<”=f¢(7;&ﬁwk

_1R?
" 22m

Then:

[&+qV+kﬂj¢wﬂx

1 A? 5 5
1 A2

Where neglected g on the assumption that q << k comparing (2.11.6) and
(2.11.8). The increase of energy requires for modulation is %. If this

increase exceeds the energy gap E,, superconductivity will destroyed. The
critica vaue q, of the modulation wave vector is defined by
A% q
2m
Define an intrinsic coherence length A, related to the critical modulation by

ke = E, (2.12.9)

_2m
T do
Sincefik = P = mV; then from (2.11.9) one obtains:
_ 2mhA?
0 _'2n1Eg F
Th

= Ve (2.12.10)
g

Aq

nk
Where v = =—F

the eectron velocity at the Fermi surface on the BCS
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theory, asimilar result can be obtained i.e.

2hvg
0 =

2.12.11
T (2.12.11)

The intrinsic coherence length 2, is characteristic of a pure superconductor.
In impure materials and in allays the coherence length A. is shorter then A,
this maybe understood quditatively: impure materid, the eectron Eigen
functions dready have wiggles in them. Construct a given localized
variation of current density with less energy from wave functions with
wiggles then from smooth wave functions.
2.13 High-Temperature Superconductors:

High temperature superconductors (HTC) are materids that behave
as superconductors at unusually [29] high temperatures. The first high —T.
superconductor was discovered in 1986 by IBM researchers Georg Bednorz
andK. Alex Muller [30,31,32]. Who were awarded the 1987 Nobd Prize in
Physics "for their important bresk-through in the discovery of
superconductivity in ceramic materids’ [33]. Whereas "ordinary” or
metallic superconductors usualy have transition temperatures (temperatures
below which they are superconductive) below 30 K (—243.2 °C), and must
be cooled using liquid helium in order to achieve superconductivity, HTS
have been observed with transition temperatures as high as
138K (—135°C), and can be cooled to superconductivity using liquid
nitrogen [2]. Until 2008, only certain compounds of copper and oxygen (so-
cdled "cuprite's") were believed to have HTS properties, and the term high-
temperature superconductor was used interchangesbly with cuprate
superconductor for compounds such as bismuth strontium cacium copper
oxide (BSCCO) and yttrium barium copper oxide(YBCO). Severd iron-
based compounds ae now known to be superconducting a high

temperatures [5, 6, and 7].
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In 2015, hydrogen sulfide(H,S) under extremely high pressure (around 150

gaga scdes) was found to undergo superconducting transition near

203 K (=70 °C), the highest temperature superconductor known to date
[8, 9, 10]. For an explanation about T, (the critica temperature for
superconductivity), see Superconducting phase transition and the second

bullet item of BCS theory Successes of the BCS theory
2.13.1 Crystal Structures of High-Temperature Copper Oxides:

Copper HTC are one of the matrices having interesting proportion. The
structure of high-T.copper oxide or cuprate superconductors are often
closdy related to perovskite structure, and the structure of these compounds
has been described as a distorted, oxygen deficient multi-layered perovskite
structure. One of the properties of the crystad structure of oxide
superconductors is an dternating multi-layer of CuO, planes with
superconductivity taking place between these layers. The more layers
of Cu0,, the higher T, . This structure causes a large anisotropy in norma
conducting and superconducting properties, since eectrical currents are
caried by holes induced in the oxygen sites of the CuO, sheets. The
electrica conduction is highly an isotropic, with a much higher conductivity
pardlel to the CuO, plane than in the perpendicular direction. Generally,
critical temperatures depend on the chemical compositions, caption
substitutions and oxygen content. They can be classified as super stripes;
l.e., paticular redizations of super lattices a aomic limit made of
superconducting atomic layers, wires, dots separated by spacer layers that
give multiband and multiage superconductivity [15, 16, and 18].
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2.13.2 Y Ba CuOSuperconductors:-

Y BCO unit cell

The first superconductor found with T, > 77 K (liquid nitrogen boiling
point) is yttrium barium copper oxide(ABa,Cu;0,_,); the proportions of
the three different metas in the YBa, Cu; 0, superconductor are in the mole
ratio of 1to 2 to 3 for yttrium to barium to copper, respectively. Thus, this
particular superconductor is often referred to as the 123 superconductor.
The unit cel of YBa,Cu;0, consists of three pseudo cubic eementary
perovskite unit cells. Each perovskite unit cell contains a' Y or Ba atom at

the center: Ba in the bottom unit cell, Y in the middle one, and Bain the top

unit cell. Thus, Y and Ba are stacked in the sequence [Ba- Y- Ba] along the
c-axis. All corner sites of the unit cell are occupied by Cu, which has two
different coordination’s,Cu(1) and Cu(2), with respect to oxygen. There
ae four possible  crystalographic sites for oxygen:
0(1),0(2),0(3)and 0(4) [23,24,25]. The coordination polyhedral of Y
and Ba with respect to oxygen is different. The tripling of the perovskite
unit cell leads to nine oxygen atoms, whereas YBa,Cu;0, has seven
oxygen aoms and, therefore, is refered to as an oxygen-deficient
perovskite structure. The structure has a stackin  of different
layers (CuO) (Ba0)(Cu0,)(Y)(Cu0,)(Ba0)(Cu0). One of the key features
of the unit cdl of Y YBa,Cu;0,_, (YBCO) is the presence of two layers

of CuO,. The role of the Y plane is to serve as a space between two CuO,
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planes. InYBCO, the Cu-0 chains are known to play an important role for
superconductivity. T.is maximal near 92 K when x = 0.15 and the structure
are orthorhombic. Superconductivity dissppears a X = 0.6, where the
structura transformation of YBCO occurs from orthorhombic to tetragonal
[21].

2.13.3 Bi-, T; - and Hg-Based High-T, Superconductors
The crystal structure of Bi-, T,- and Hg-based high-T
superconductors are very similar [25]. LikeYBCO, the perovskite-type

feature and the presence of CuO, layers aso exist in these superconductors.

However, unlike YBCO,Cu-O chans ae not present in these
superconductors. The YBCO superconductor has an orthorhombic structure,

whereas the other high-T.T. superconductors have a tetragonal structure.

The Bi-Sr-Ca-Cu-0 system has three superconducting phases forming a
homologous series as Bi, Sr,Can — 1Cun0, + 2n + x (n = 1,2and3). These
three phases areBi —2201,Bi — 2212 and Bi— 2223, having transition

temperatures of 20,85 and110 K, respectively, where the numbering system
represent number of atoms for Bi, Sr, Ca and Cu respectively [26] . The two
phases have a tetragona structure which consists of two sheared
crystallographic unit cdls. The unit cdl of these phases has double Bi- 0
planes which are stacked in a way that the Bi atom of one plane sits below
the oxygen atom of the next consecutive plane. The Ca atom forms a layer
within the interior of the CuO, layers in bothBi — 2212 and Bi — 2223;
there is no Ca layer in the Bi — 2201 phase. The three phases differ with
each other in the number of CuO, planes; Bi —2201,Bi — 2212 and Bi —
2223 phases have one, two and three Cu0, planes, respectively. The ¢ axis
lattice constants of these phases' increases with the number of CuO, planes

(see table below). The coordination of the Cu atom is different in the three
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phases. The Cu aom forms an octahedral coordination with respect to
oxygen aoms in the 2201 phase, whereas in 2212, the Cu aom is
surrounded by five oxygen atoms in apyramidal arrangement. In the 2223
structure, Cu has two coordination's with respect to oxygen: one Cu atom is
bonded with four oxygen atoms in square planar configuration and another
Cu atom is coordinated with five oxygen atoms in a pyramida arrangement

[27].

2.13.2 Magnetic Properties

All known high-T, superconductors are Type — II superconductors. In
contrast to Type — I superconductors, which expd al magnetic fields due
to the Messonier effect, Type — Il superconductors alow magnetic fields
to penetrate ther interior in quantized units of flux, creating "holes" or
"tubes" of norma metalic regions in the superconducting bulk called
vortices. Consequently, high-T. superconductors can sustain much higher
magnetic fields.

Ongoing research

Superconductor timeline

YEaCudr

Critical temperature T, [K]

|||||||||

Year
Superconductor timeline

The question of how superconductivity arises in high-temperature
superconductors is one of the mgor unsolved problems of theoreticd
condensed matter physics. The mechanism that causes the electrons in these
crystas to form pairs is not known [5]. Despite intensive research and many
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promising leads, an explanation has so far eluded scientists. One reason for
this is that the materials in question are generdly very complex, multi-
layered crystals improving the quality and variety of samples aso gives rise
to considerable research, both with the aim of improved characterization of
the physica properties of existing compounds, and synthesizing new
materials, often with the hope of increasing T.. Technologica research
focuses on making HTS materids in sufficient quantities to make their use
economically viable and optimizing their properties in relation to
applications [40, 41, 42].

2.13.3 Possible M echanism

There have been two representative theories for high-temperature or
unconventiona superconductivity. Firstly, weak coupling theory suggests
superconductivity emerges from anti ferromagnetic spin fluctuations in a
doped system [43,44,45,46]. According to this theory, the pairing wave’s
function of the cuprate HTS should have a dx? —y? symmetry. Thus,
determining whether the pairing wave function has d — wave symmetry is
essentid to test the spin fluctuation mechanism. That is, if the HTS order
parameter (pairing wave function) does not have d-wave symmetry, and
then a pairing mechanism related to spin fluctuations can be ruled out.
(Similar arguments can be made for iron-based superconductors but the
different materiad properties dlow a different pairing symmetry.) Secondly,
there was the interlayer coupling model, according to which a layered
structure consisting of BCS — type (s-wave symmetry) superconductors can
enhance the superconductivity by itsef [58]. By introducing an additional
tunneling interaction between each layer, this moded successfully explained
the anisotropic symmetry of the order parameter as well as the emergence

of the HTS. Thus, in order to solve this unsettled problem, there have been
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numerous experiments such as photoemission spectroscopy, specific heat
measurements, etc. Up to date the results were ambiguous; some reports
supported the d symmetry for the HTS whereas others supported the s
symmetry. This muddy situation possibly originated from the indirect
nature of the experimenta evidence, as well as experimenta issues such as

sample quality, impurity scattering, twinning, €tc. [26, 27].

Fig (2.12) Junction experiment supporting the d symmetry:
The Maeissonier effect or a magnet levitating above a superconductor
(cooled by liquid nitrogen)

An experiment based on flux quantization of a three-grain ring of
YBa, Cu;0, (YBCO) was proposed to test the symmetry of the order
parameter in the HTS. The symmetry of the order parameter could best be
probed at the junction interface as the Cooper pair’s tunnel across a
Josephson junction or weak link [69]. It was expected that a haf-integer
flux, that is, a spontaneous magnetization could only occur for a junction of
d symmetry superconductors. But, even if the junction experiment is the
strongest method to determine the symmetry of the HTS order parameter,
the results have been ambiguous. ].R.Kirtleyand C.C. TsueiThought that
the ambiguous results came from the defects inside theHTS, so that they
designed an experiment where both clean limit (no defects) and dirty limit
(maxima defects) were considered simultaneously [70]. In the experiment,

the spontaneous magnetization was clearly observed inYBCO, which
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supported the d symmetry of the order parameter inYBCO. But, since YBCO
is orthorhombic, it might inherently have an admixture of s symmetry. So,
by tuning their technique further, they found that there was an admixture of
s symmetry in YBCO within about 3%([71]. Also, they found that there was
puredx? —y? order parameter symmetry in the tetragond TIl,Ba,CuO,
[72].

2.14 Qualitative Explanation of the Spin-Fluctuation

M echanism:

Main article: Resonating valence bond theory despite al these years,
the mechanism of high-T.superconductivity is still highly controversid,
mostly due to the lack of exact theoretical computations on such strongly
interacting electron systems. However, most rigorous theoretica
cadculations, including phenomenological and diagrammatic approaches,
converge on magnetic fluctuations as the pairing mechanism for these

systems. The qudlitative explanation is as follows:

In a superconductor, the flow of dectrons cannot be resolved into
individual eectrons, but instead consists of many pairs of bound eectrons,
cdled Cooper pars. In conventiona superconductors, these pars are
formed when an dectron moving through the materid distorts the
surrounding crysta lattice, which in turn attracts another electron and forms
a bound pair. This is sometimes called the "water bed" effect. Each Cooper
pair requires a certain minimum energy to be displaced, and if the thermal
fluctuations in the crysta lattice are smaller than this energy the pair can
flow without dissipating energy. This ability of the dectrons to flow
without resistance leads to superconductivity. In a high-T,. superconductor,
the mechanism is extremely similar to a conventiona superconductor,

except, in this case, phonons virtudly play no role and their roleis replaced
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by spin-density waves. Just as al known conventiona superconductors are
strong phonon systems, dl known high — T. superconductors are strong
spin-density wave systems, within close vicinity of a magnetic transition to,
for example, an antiferromagnetic. When an electron moves in a high — T,
superconductor, its spin creates a spin-density wave around it. This spin-
density wave in turn causes a nearby eectron to fal into the spin depression
created by the first eectron (water-bed effect again). Hence, agan, a
Cooper pair is formed. When the system temperature is lowered, more spin
density waves and Cooper pars ae created, eventudly leading to
superconductivity. Note that in high — T, systems, as these systems are
magnetic systems due to the Coulomb interaction, there is a strong
Coulomb repulsion between dectrons. This Coulomb repulsion prevents
pairing of the Cooper pairs on the same lattice site. The parring of the
electrons occurs a near-neighbor lattice sites as a result. This is the so-
cdled d —wave pairing, where the pairing state has a node (zero) a the
origin [50,51,52]
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Chapter Three

Liter ature Review

3.1 Introduction:

Many attempts were made to cure setback of scThis chapter is
concerned with some of these attempts [54, 55, 56, 57, 58, 60, 61]. The
attempts exhibited have mainly concerned eectricd and magnetic
properties
3.2 Effect of Magnetic Field on Super conduction Complex
Resistance according to Quantum Mechanics

In the work of Dirar [57].Plasma equation was used to describe
electron motion easily. This is since eectrons are charged .For pressure

exerted by the gas plasma equation becomes:

dv
mna =—VP+F (3.2.1)
But for pressure exerted by the medium on the electron gas, the equation
become:
dv
mn&=VP+F= VP —VV (3.2.2)

In one dimensions, the equation becomes:
dvdx d(nKT) dnv

mn&a: dx dx
Vdv_ d (KT |
mn ™ dx n nv

Thus in integration both sides by assuming n to be constat, or in-

dependent ofk, yields:

n
Emv2 =nKT —nV+c
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1 C
EmV2+V—KT=H=c0nstant=E

This constant of motion stands for energy, thus:

2

E=2 4V_KT (3.2.3)
2m
Multiplying by W yields:
_P _
By = o— + Vi — KTy (3.2.4)

According to the wave nature of particles:

L|J — Aeiﬁ(pX —ET)

0y
in E = EllJ
—h2V2y = p?yY (3.2.5)
0y —h?
ih===—— V2 + Vi — KTy (3.2.6)
Thetime in dependent equation becomes:

_R2
Evzw + V§ — KTy = Ey (3.2.7)

Consider the case when these dectrons wave subjected to constant crysta
fiddV,.This assumption is quite naturd as far as particles are distributed

homogenously. Thus equation (3.2.7) becomes:

_H2

VAU + Vo —kr = Ey (3.2.8)

One can suggest the solution to be
P = Ae'Kx (3.2.9)
A direct substitution yield:
hz
(EKZ +V, — KT>¢ = Ey

Therefore:

JV2m(E+ KT -V,
K= -

(3.2.10)
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This wave number is related to the momentum according to the relation:

p=mv =hK=,2m(E+KT -V, (3.2.11)
This relation can be used to find the quantum resistance R of a certain

material. According to classica laws:
R=- (3.2.12)

For harmonic oscillator: T =V
For electron accelerated by potentid .The work done is related to the
potential V and kinetic energy k according to the relation:

1
W=V =Emvz (3.2.13)
But since the current is gives by.
[ = nevA (3.2.14)
mv? mv p
R = = = 3.2.15
2nevA 2neA 2neA ( )
From (3.2.12) and (3.2.13):
JV2m(E + KT + V)
R= 3.2.16
2neA ( )
Splitting R to real part R, and imaginary part R;
R = R, +jR; (3.2.17)
According to equation (3.2.16) R Becomes pure imaginary, when:
E+KT—-V,<0
KT <V, —E
Vo — E
T < % (3.2.18)

Thus the critical temperature is given by:
VO - E
K

TC:

Thus equation (3.2.16) becomes:
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. J2mk(T — Tg)

3.1.19
2enA ( )
Which r enquires
Vo >EForT<T,
Thus R becomes
iy/2mk(T — Tc)
= 3.2.20
2enA ( )
R =jR; (3.2.21)
Using Equation (3.2.16) yields
R,=0 (3.2.22)

Thus the superconductivity resistance vanishes for al T less than the criticd
vaue.
When an externd magnetic field of flux density Bis applied, the totd
medium field is given by.
B, =B—B; (3.2.23)
Where B; is the interna flux density. The corresponding potentia applied
on eectrons or charges is given by V,, , thus the tota potentia in equation
(3.2.7) becomes.
V=V, +V, (3.2.24)
V, =m (ﬂ) B,, = C;!B,,
2m
When the net magnetic potential opposes the crystd fied
V=V,-V, =V, —C;'B, (3.2.25)

In this case one can rewrite the expression of R in equation (3.2.16) to be

R = \/ZmK(E+ KT —=Vo+Vy, \/ka(T— Tc + T)
2enA 2enA
R= \/ka(T+ T, — T.)
2enA

(3.2.26)

Consider now the case when
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Tm =Tc (3.2.27)
According to equation (3.2.23), (3.2.25) and (3.2.27) this critica vaue is
given by
B, = ¢, (2mKT.) + B;, (3.2.28)
In this case the term under the square root is positive aways. This means
that, it
R = Rg +jR; (3.2.29)
R;=0 R;#0 (3.2.30)
This means that the superconductivity is destroyed when applying an
externa magnetic field having strength to satisfy equation (3.2.1).
In this work resistance is considered as sum of real superconducting part
and imaginary part as equation (3.2.17) shows. The effect of subjecting
superconducting to magnetic field is studied where the magnetic field inside
superconducting is considered as consisting of externa and internal field
(see equation (3.2.23)). Equation (29) shows that when an externd
magnetic fiedld exceeds a certain criticad value given by (28), the
superconducting state is destroyed since R # 0as equation (30) indicates.

3.3 Quantum Effect of magnetic field in destroying
superconductivity:

In the work of Azakaria [54]. Another direct approach can aso be
found by considering the pressure exerted by therma particle. In this case
(3.3.1) the Hamiltonian becomes:

. P
H=—+KT-V (3.3.1)
2m
For spin repulsive force:
V == _VO
Thus:
P

H=-—+KT-V, (3.3.2)
2m



Thus the average energy which is equa to the classical energy is given by:

= (L) + KT -V, (3.3.3)
2m
Resistance for harmonic oscillator where,
. 1 1 1 1
X =%X,e™t, v=iwt, T=-m|v|)=-mw?x?V ==-Kx? = - mw?x?
2 2 2 2
H
=T, H=T+V=2V,eVE=V=E
Where V,is the potentia, thus
v - H
€ 2e
Using the quantum definition of [10]:
R=
I
R=R, +R_ (3.3.4)
Where one split Rot positive and negative one.
When:
EO + KT - VO < 0 (3.3.5)
EO + KT - VO
= R, =0 3.3.6
B 2el T ( )
From equation (3.3.5) and (3.3.6) the superconductivity resistance Rg
Vanishes i.€:
R, =Rg=0 (3.3.7)
When:
V, —E
T <=2 - 0 (3.3.8)

Thus the critical temperature is given by:

V, —E
Te = — - 0 (3.3.9)

Again for T.to be positiveV, > E,
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Thus for:
T < T (3.3.10)
Rec=R, =0 (3.3.11)
In the case when externd magnetic fied of flux density B,, and potentia
V,, resulting from both external and internal to magnetic field are given by:
BB — B, (3.3.12)
V,=V-V, (3.3.13)
Where B; and V, stands for the interna magnetic density and potential
respectively .when the magnetic field attract electron. The Hamiltonian and

the average energy in equation (3.3.1), (3.3.2) and (3.3.3) are given.

. P?
H =%+ KT+Vm—V0
(H) =E, +KT+V, -V, (3.3.14)

Thus according to equation (3.3.4) the quantum resistance is given by:

KT+E, -V, +V,
R = OZeLO M - R, +R_ (33.15)

In view of equation (3.3.9) and by denoting V,,,to be

eh 1
Vi = KT, = m, <Xn> Bm=Cm™B, (3.3.16)

Equation (3.3.15) reads
k(T+T,—T
R = ( m C
2eL

(33.17)

When
T, > Tc (3.3.18)
Thus the critical V,, and Bare given by (3.3.18), (3.3.12) to be
B = By + Bie = ¢ Vine + Bie = ¢ KT + B;.(3.3.19)
In this case R is positive always. No matter what the value of T is therefore

k(T+T, —Tc)

R=R,+R_=
* 2el,

(3.3.20)

Thus,
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R, # o Always, when condition (3.3.18) is satisfied.

This work is concerned with applying external magnetic field. the external
magnetic fied incorporates itsdf in the resistance relation (3.3.15) via the
medium potential terms as shown by equation (3.3.12) and (3.3.13).The
guantum resistance consist of positive superconducting part beside negative
pat according to equation (3.3.15).The criticad magnetic flux density is
given by equation (3.3.19).The superconducting resistance does not vanish
and the superconducting state is destroyed. When the magnetic flux density
exceeds this critica value.

3.4 New Derivation of smple Josephson Effect relation using

new quantum mechanical equation:
In the paper of Rashida, etal [55], the Newtonian energy E is a sum of
kinetic and potentia energyv, i.e

1 p?
E=—mve+V=—+YV (3.4.1)
2 2m

Where m, v,p are the mass, velocity momentum respectively .According to
atheorem of Bloch [7].in such superconductors momentum Pis zero.

mv? gA
="+t

2 C
Hence equation (3.4.1)
E=V (3.4.2)
This is related to the fact that in Josephson Effect the tunneling potentid is
considered to be larger than kinetic term squaring both sides’ yields:
E2 =V? (3.4.3)
Multiplying both sides byys, one gets:
E2y = V2 (3.4.4)
The wave function of afree particle s given by:

i
U = AehPxE0) (3.4.5)
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Differentiating both sides with respect x and t

2

—h? — = E? 3.4.6
T Y (3.4.6)
Similarly
Substitute (3.4.6) in (3.4.4) to get
0%\
—h?—-=V? 3.4.7
32 L (3.4.7)

3.4.1 Josephson Effect Equation:

In Josephson Effect eectron have smal kinetic energy compared to
the potentia. Thus Schrédinger Equation (3.4.7) in which kinetic term is
neglected is suitable for describing the Josephson Effect. To derive
Josephson Effect equation, consider the solution.

Y = Dsin(at + @) (3.4.8)
The tunneling potentia is constant inside a superconductor, thus
V=V, (3.4.9)
From (3.4.9), one can differentiate with respect to time twice to get
%—l‘lcjzaDcos(oct+(p )
aZLlJ 2 : 2
Sz = ¢ Dsin(at+ @) = —a*{ (3.4.10)

Substituting (3.4.10) in (3.4.11) in (3.4.8) to obtain:
+hRZa? Y = V, 2P
Vv,
T w

(XZ

a=+— (34.11)

By Substituting (3.4.11) in (3.4.8) and choosing a negative single, that is in
dedling with the change in potentia energy one gets

eV,
¢ = Dsin <h—20t + (p) (34.12)
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on Oy dlyl
J=eq =% = 2ely] dt

= 2eDsin(at + ¢) (—%VO) cos(at+ ¢) (3.4.13)

e’DV, .
-2 sinO cos O
h
e

By using mathematica identity
sin20 = 2sinB cos O

One can rewrite Equation (3.4.13) to be

e’DV, . 2eV,t _ 2eV,t
] = sm<2cp— >=Asm(2(p— o )(3.4.13)

h h
2¢p = 6(0)
The current density is given by
2eV
J =1Josin(2(0) - =) (34.14)

This is the Josephson Effect equation:
The new energy equation based on Newtonian, mechanics is used to derive
anew quantum Equation (3.4.8).This new quantum equation is based on
Newtonian energy with no kinetic term. This derivation resembles simple
derivation of Schrodinger equation except the fact that the kinetic term is
neglected this equation is used to drive simple Josephson current density
equation. This equation (3.4.16) is the same as the old one, but derived
using simple arguments.
3.5 Complex Quantum Resistance Model:

In the work of Asma Altambori [56].Plasma equation describes the
electron motion. This is since the electrons be behaves as ionized particles.

For pressure exerted by the gas plasma equation becomes:

N vpiF (3.5.1)
mn—-=—Vp 5.
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But for pressure exerted by the medium on the electron gas, the equation

become:

dv_V v
mndt— p A\

In one dimension, the equation becomes:

dvdx d(nKT) dnv
H&E T dx  dx
vdv_ d(nKT) dnv
dx  dx  dx

Where V is the potentid for one particle

di/2v? d
dx dx

mn

— [nKT — nV]

mn

(3.5.2)

Thus in integrating both sides by assuming to be constant, or in —dependent

of K, yidds:

n
Emv2 =nKT —nV+c

1 C
EmV2+V—KT=H=constant=E

This constant of motion stands for energy, thus:
2

E=2 4v—KT
2m

Multiplying by, yields:

2
E¢=2anq;+v¢—KT¢

According to the wave nature of particles:

i(px—Et)
L|J = Ae h

oy
in E llJ

—h2V2y = p2y

7oV _ _hzv2 + Vi — KT
o= om v vtV v
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Thetime in dependent equation becomes:

2

M e 4 Vg — KT = B 3.5.7
o VWV - KT = EY (3.5.7)

Consider the case when these electrons wave subjected to constant crystal
fidd v,.this assumption is quite naturad as far as particles are distributed

homogenously. Thus equation (3.5.7) becomes:

2

mvznp +V, — KTy = Ey (3.5.8)
One can suggest the solution to be;
P = Ae*x (3.5.9)

A direct substitution yields

hz
(—K2+VO—KT )¢=E¢

2m

Therefore:

V2m(E+ KT -V,
K=
h
This wave number K is related to the momentum according to the relation:

(3.5.10)

p =mv =hK =,/2m(E+ KT — V) (3.5.11)
This relation can be used to find the quantum resistance R of a certain

meaterial. According to classica laws:

\Y
R=— (3.5.12)

For dectrons accelerated by the potentia. The wave done is related to the
potentid and Kinetic energy K according to the relation

1
w= V=Emv2 (3.5.13)
But since the current I is gives by.
[ = nevA (3.5.14)
mv? mv p

R= 2nevA  2neA  2neA (55.15)
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From (3.5.12) and (3.5.13):

o J2m(E+ KT — V)

o (3.5.16)
Splitting R to red part Rsand imaginary part R;R;
R = R, +R; (3.5.17)
According to equation (3.5.16) R becomes pure imaginary, when
E=KT-V,<0
KT <V, —E
7< =B (3.5.18)
K
Thus the critical temperature is given by:
%zng
This requires:
V, > E
In this case (see equation (3.5.17)).
R =]R;
Rg=0 (3.5.19)

Thus the superconductivity resistance Rg Becomes zero beyond a certain
critical temperature given by equation (3.5.17).which require binding
energy to dominate.
3.5.1 Energy gap and photon absor ption:
Such that the magnetic flux density inside the medium is given by:

B,, = Bo.(N, — Ng) (3.5.20)
Where B, is the magnetic flux density of one eectron, If photon beams was
absorbed this will change B,,by the transition of eectrons from ground
state to the excited state. If the number of incident photons is N,the new
interna flux density is given by:

Bm = Be(Ny, — Ng +2N,) (3.5.21)
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This change the potentid of eectrons to be V,,and split the energy levels to
be

v, = (eh)B (35.22)
m — My, 2m m e
Thus the energy gap is given by:
eh
E; = ﬂBm (3.5.23)

Here one assumes that any electron is affected by the magnetic field of this
pinning gas. When dectrons are affected by interna magnetic field there
distance in equation (3.5.16) and by the definition of T.in equation (3.5.19)

IS given by:
R= sz(Ezzte\T “V) R 4R (3524)
Where
KT, =V, (3.5.25)
The superconductivity is destroyed when,
Tn =T, (3.5.26)
Thus
V,, = KT, (3.5.27)

Since V,,is proportiona to B,, according to equation (3.5.23) the energy
gap corresponds to the minimum voltage that destroys superconductivity.
Thus,

Eg = CVing (3.5.28)
But according to equation (3.5.28) the minimum magnetic energy that can
destroy superconductivity is,

Ving = KT (3.5.29)
Thus equation (3.5.29) indicates that the energy gap takes the form

Eg = CpKT, (3.5.30)
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It is very interesting to note that this expiration forE conformsto the well
known ordinary relation .In this model the photon plays a double role.
When it is incident and absorbed by the superconductivity it increases the
internal field by causing more electron with spin down to be in an excited
state. This increase in the internd fieldB,,causes splitting of energy levels
by the amount

AE = gmgugH,, (3.5.31)
Cooper pairs are bound together by attractive force. The minimum energy
which destroy the pairs and superconducting is caled energy gap. It is clear
that energy gap in equation (3.5.29) is related o energy splitting; in addition
to the fact that the increase of magnetic field and magnetic potentia above
energy gap destroySC.This means that according to cooper version energy
gap represents binding energy. It is very important to note that the relation
(3.5.31) for energy gap which relates it to the critica temperature agrees
with the ordinary one.
The effect of externa magnetic field on superconducting can be explained
by Hubbard modd by assuming that the external field increase Fermi
energy. This increase can be explained on the basis of the relation between
Fermi energy and free carriers concentration it is known that magnetic
energy increases electrons energy. This can enable more electrons to be free
by entering conduction band (CB) from the valence band (VB).According
to hopping and Mott mode, the Fermi level .By increasing externd, field
Fermi level can be assumed in the lower continuous band. Thus no gap
exists between (CB) and (VB) which are separated by Fermi level. Upon
increasing externaB, the free eectrons and holes increases thus Egpmove up
word till it becomes inside energy gap between the lower band and upper
banding this case the lower band which becomes (VB) and the upper band

which becomes (CB).Thus an energy gap is produced between (VB) and
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(CB) ,which prevent electrons from hopping easily. Thus the materia
becomes an insulator.

3.6 Using thetight binding approximation in deriving the

guantum critical temperature superconductivity equation
3.6.1 Plasma equation:
In the work of R.Abd Elha [ 58 ]. For fluid of particle of massm,

number densityn, velocityv, forceF, and pressure p the equation of motion
IS given by:

ov
mn [E + v. VV] =F—-Vp (3.6.1)
If Fis afigd forcethen

F =nVV
Where V is the potentid of one particle in one dimension

av ov dv dp
mn E-I‘V& =—nVV—Vp=—n&—&
_ov av
dV—adt‘l‘a—XdX

dv_av ovdx 0v ov

E—Eﬁ'a—xa:E'l'V& (362)
Thus according to Equation (3.6.1) in one dimension
dv dv dp 363
TR (3.63)

3.6.2 Schrodinger Temperature Dependent Equation:
Anew expression of energy can be found from the plasma equation to
do this one can use (3.6.3) to get

dvdx ~ dV dp
MMaxdr ~ Mdx dx
Multiplying both sides by dx and integrating yields

mnjvdvz—njdv—jdp

59



Considering the pressure to be p = ynKT in generd, thus

v2
mn7 = —nV —P = —nV — ynKT

Hence

2

\
m7 + V + yKT = const

This constant conserved quantity looks like the ordinary energy beside the
ordinary therma energy termyKT .

p2

E=— KT 6.4

™ +V+y (3.6.4)

To find Schrodinger equation for it, consider the ordinary wave function
Y=A e%(px—Et)

Differentiating both sides by t and x yields

o i EY _han EY
_— = —_ - —_—
ot n ST
Y p?
7 =¥ VY =piY (3.6.5)

Multiplying both sides of equation (3.6.3) by ¥ yields
p2
E¥Y = —W + V¥ + yKTY
2m
Substituting Equation (3.6.4), one gets
0¥ h?

ih— = ——V?W + V¥ 4+ yKTWY
: ot 2m Y

This eguation represents Schrodinger equation when therma motion is

considered .The solution for time free potential can be

i .
Y = e_thtiu N a_l]J — _lEl.IJ
ot h
hz
Eu = — —V?u+ Vu+ yKTu (3.6.6)

2m
For constant potentia, the solution can be

_ ikx 7 —
u=e,v=y,
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Inserting this solution in equation (3.6.6) yields

h?K?
Eu = u+ Vyu + yKTu
2m

h2K?

E =

+ V, + YKT
om oTY

22
If one set the kinetic term to be E, = hzfl

One can thus write the energy in the form
E=E,+V,+yKT (3.6.7)
This quantum energy expiration involves a therma term beside kinetic and
potential term.
3.6.3 Quantum Resistance:
The resistance,per unit length (L =1) per unit aea (A= 1) can be
found from the ordinary definition of ,Z. The resistance z is defined to be

the ratio of the potentia, u, to the current per unit areg, i.e.

u u u u mu (3.6.8)
7 =-—"—=——=—=—=— .0.
I JA ] nev nep

With n and standing for the free hole or eectron density and charge
respectively, while p represent the momentum of eectron of mass m, where
p = mv.
Where the wave function takes the form
P = Aelkx (3.6.9)

This selection of ¥ comes from the fact that the resistance property comes
from the motion of the free charge. The potentid u is related to the
Hamiltonian H through the relation

H=-eu

Thus for freely moving charge one gets:
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In view of equation (3.6.9) and according to the correspondence principle V
take the form

H PHYd PH2Wdx hHZK2 [ _ h2ZK?2
W2 x_ J¥pTWdx ftptpdx= (3.6.10)
e e 2me "~ 2me 2me
While p becomes
p={(p)= f‘T’f) Ydx = hkflT’ Wdr = hk (3.6.11)

Thus inserting equation (3.6.10), (10) in (3.6.7) one obtains

B mh?k? _ hk _(h)(Zn) 1
"~ 2me2hkn  2e2n  \2m/\ A /2e2n

h  hf hf hf\/_h\/_

= = = 3.6.12
z 22e2n  2fAe?n 2e2nv 2eZn 2e2n ( )
1
v=AM=— (3.6.13)
Ve
1
eu = mv? =k (3.6.14)

The expression for z can aso be found by inserting Equation (3.6.14) in to
get

u mv? mv p h

nev 2ne?v  2ne? 2ne? 2Ane?

hf hf hf\/_ hw,/pe(1 + x) (3.6.15)

27&er 2e2 nv 2e?n 2e2n

It is important to note that his quantum resistance expression resembles the

one found by T Sui [3] where one uses De Broglie hypothec wesis [4],
i.ep = h/A
3.6.4 Calculation OF Electric Susceptibility:

Consider holes in a conductor having resistive forceF,., magnetic force F,
and pressure force F, beside the electric force F,the equation motion then
becomes [3]:

F=F,+Fpy+Fe,
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Where
v iwt
F, =—-Vp,F, =— . ,Fn=Bev ,F, = eE = eEje

P,x,m,v, T, B, e and E stands for the pressure, displacement ,mass, velocity,
relaxation time, magnetic flux density ,electron charge and eectric field

intensity respectively. Thus the equation of motion takes form.

mv
mX = —T+Bev+eE—Vp (3.6.16)

The solution of this equation can be suggested to be:

X = Xge
v = v et
E=E, " (3.6.17)

Inserting (3.6.17) in (3.6.16) yields

5 mv, Bev, KkTVn
—Mmw-x = (— + — + e)E (3.6.18)
Eo;t  E E,
_mv, , Bevy, KkTVn
X=( E,c T E, K, te)E
mw?
p = g, XE = +eNx (3.6.19)
Thus inserting Equation (3.6.18) in (3.6.19) yidlds
_mv,  Bevy KTVn
( E,t T E, K, te)E
o XE = eN 5
mw
eN mv,
x = g (" —Bevo —KTVn—eE)  (36.20)

The éectric flux density assumes the following relation
D =¢E =¢,E + xgE = ¢,(1 + Y)E =P+ ¢,E
The dectric permittivity is given by
e=¢g,(1+x%) (3.6.21)
The electric permittivity is thus given according to equation (20) to be.
e=¢g 1+
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[1 ;N (mv" Bev, + KTVn — eE )] (3.6.22)
= & — Dbev n—e .0.
0 mw?Ey\ T 0 0

Theresistance Z can be found by inserting (3.6.22) in (3.6.15) to get:

hw eN mv,
7 = e HEq 1+ m(ktvn + —T — Bev, — EEO) (3623)

Z

Aw mw?eyE + eN (ktVn + % — Bev, — eEO)
" 2nez M0

mw?&yE,

Thus the critical temperature is given by

_ (Bet—m)v, N (e — mw?gy)E,
¢~ 1KVn EnKVn
If the internd field B result from N, atoms each having average flux

density uB then[5].

(3.6.24)

B=pgN, (3.6.25)
Therefore T, can take the form
_ (ugNoer—m)vy N (e —mw?gy)E,
TKVn eNKVn
3.6.5 Tight binding critical temperature and energy gap:

T

(3.6.26)

In tight binding model [5] the energy of dectrons in the crystd is given

by
€ =¢,+a, +2ycoska (3.6.27)
Where ¢, is the energy in the absence of crysta field, while the other terms
describe the effect of the crystd field. The energy g, can split into two

terms the kinetic part which can describe the therma motion in the form
f;"KT beside the potentia term —V, for attractive force or bounded particle.

Thus one can write

h2K2
80 -

fo
—KT -V, 3.6.28
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E= +yKT+V
2m
fo
80 =_KT_VO _ao
2
h2K?
%o = 2m

f, Degrees of freedom.
The terms describing the effect of the crysta force are
o, = <®m|ﬁcry|®m>
Y = (@;|Hery|Pm) (3.6.29)
a=ay+ oy
In view of Equation (3.6.27) and (3.6.28)

fo
£ =EKT—V0 + a + 2ycoska (3.6.30)

Here H,, stands for the crystal force Hamiltonian part, while @,,and @;are
the states of particles located at the site m and j respectively.

The superconductor is characterized by the existence of energy gap can be
under stood here in two ways .if the electrons or holes are not free. This
requires E to negative. Thus equation (3.6.28) and (3.6.27) needs

f
s=E°KT—V0+a+2ycoska<0 (3.6.31)

Or the max vaue of £ where coska = —1 isless than zero, i.e.

f
€y = EOKT —V, + a+2yC0Ska < 0 (3.6.32)

fo
EKT <V, —a+2y
For constant attractive crystal force
Hery = —Very
o= (Q)mlHCry|®m> = —(Om [Very D) = _VCrySmm
¥ = (B =Very |Pm) = —Very (8]0m) = —Very Sm=0 (3:6.33)
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fo

Thus the critical temperature is given by

fo

KT =V, —«a (3.6.34)
Substituted equation (3.6.34) beside equation (3.6.33) in equation (3.6.31)

one gets
€= f—°1<T - f—OkT (3.6.35)
2 2 ¢
The energy gapAs equa to the difference between zero energy in

conduction band and the negative energy in the valence band. Thus

fo fo

A=0—¢g=—KT. ——KT
0—c¢ > Kle =5

Since this relation holds for T < T, one can neglect T sinceit is small to get

f

A= EOKTC

Equation (3.6.31) can aso be utilized to get the forbidden energy states

which characterizes superconductors, where

fo

)

KT+V, —a
2y
The energy is forbidden when coska > 1

s—%oKT+VO—oc
>1
2y

coska =

f
E—EOKT+VO—0(22Y

f
EOKT+a—s—V0S—2y

f
EOKT£8+V0—2y—a

Thus the critical temperature
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f
EOKTC —e+V,—2y—« (3.6.36)

The forbidden energy is thus related to the critical temperature through the
relation

f
£ = %KTC —V, 4+ 2y+« (3.6.37)
If the particle has a 4-degree of freedom, 3-transltional and one vibration.
e=2kT.—V, +2y+ a (3.638)

In view of equation (3.6.33) and (3.6.29), since Plank constand is very
small and for very smadl crystd field and for bound force € = 2KT,, since
the energy gap Ais the difference between bound vaence energy E. Thus
mum free conduction electron energy zero. Thus

A= E — 0 = 2KT, (3.6.39)
Which shows linear relaion betweenAand T., thus it resembles the

empirica relation. Where the energy gap is found to be A~1.75KT,[6].

3.7 Summary and Critique

Many Attempts were made to be the defects of HTSC [41, 42, 43, 44,
45, 46, 47, and 48]. These attempts are either complex or incomplete. In the
models discussed temperature dependent Schrodinger equation was used
successfully. But none of them tries to speak about hopping mechanism and

flux quantization.

67



Chapter Four

Hopping M echanisms and Flux Quantization

4.1 Introduction:

Superconductor (SC) is one of the most important phenomena in
modern physic it is based on Barden, cooper and Schrieffer theory (BCS).
But a high temperature above 135.this theory suffers it cannot explain how
the resistivity abruptly drops to zero below critical temperature T,

Beside the explanation of the so cdled pseudo gap, and isotope and
pressure effects. In addition to the phase transition from insulating to super
conductivity state[1, 2].

This modé is proposed to cure some of these draw backs.

This new modd can explain why the resistance drops to zero below T,
abruptly, beside the expression for isotope and pressure effect. It also gives
an expression which is mathematically simple and is in conformity with
experimental result is such as the phase change from insulator to
superconductor the from work of this modd [5].

4.2 Generalized Statistical model Laws Super Conductor:

The generdlized statistical model was proposed by some authors to
solve so of the length standing problems in materid science [91].
According to this version the number of particles having loca energy E and

moving in amedium having average energy E is given by.

_E
n=nyek (4.2.1)

This expression can be used to try to describe the hopping mechanism [6].

68



To do this considers eectrons hopping in superconductor having uniform
coulomb attractive field. In this attractive the potentia is negative. Thus the
energy is given by.

E=-V. (4.2.2)
Assume now the loca energy is equa to kinetic energy T beside potential
energy which result again from attractive Coulomb force. Therefore.

E=T4+V=T-V, (4.2.3)
Inserting equation (4.2.2) in equation (4.2.1) yields.

n = nyeve (4.2.4)
It is well known that hopping process takes place when the kinetic energy

exceeds coulomb potentid, i.e.

T > Ve (4.2.5)

Thus according to equation (4.2.3) and (4.2.4)
E >0 (4.2.6)

E
n = nyeVe > large (4.2.7)

This means that hopping take place as far as n which reflects hopping
probability is large.
In superconductivity, when coulomb attraction dominate, it follows that
[See equation (4.2.3)]

V. > T (4.2.8)
Hence

E=T-V. =—|E]|
|E| » oo (4.2.9)

A direct substitution of (4.2.9) in (4.2.4) yields

Bl
n=nge Vec =nge =0 (4.2.10)
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This means that when coulomb attraction dominates, no hopping takes
place when the coulomb potential dominates. This conforms to what is
written in the literature [7].
The SC hopping mechanism can aso be studied by considering a large
coulomb repulsive potentid resulting from the repulsion between the
electron which needs to hope and the electron which exists in the atom to
which the electron needs to hope,
In this case the loca repulsive energy becomes

E=V (4.2.11)
The average uniform energy can be assumed to result from therma energy

and average attractive positive ionic field. In this case the average energy

become
E=KT -V, (4.2.12)
Substituting (4.2.11) and (4.2.12) in equation (4.2.1) yields
n= noe"o—LKT (4.2.13)
Hopping takes place when the probability is large. This requires
V, > KT
KT <V, (4.2.14)
Thus the critical temperature T, is given by
V, = KT. (4.2.15)
Thus hopping is large when
T<T, (4.2.16)

Which is ordinary SC condition since coulomb repulsion V is large.
Thus

\"
eK(Tc-D - oo (4.2.17)
Hence according to equation (4.2.13)
ng— 0 (4.2.18)

To make n finite
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But when

T>T, (4.2.19)
KT > KT,
KT >V, (4.2.20)
Thus from (4.2.13)
C=V,—KT <0
C=—|C| (4.2.21)
Thus eguation (4.2.13) reads
n= noe% (4.2.22)
For very large repulsive force
Vo oo
-V
elcl 50
Thus from (4.2.18) and (4.2.22) equation (4.2.13) gives
n -0 (4.2.23)
Thus no hopping takes place when
T>T. (4.2.24)

Thus SC is destroyed
Another attractive gpproach  can be suggested by assuming the electron
moving in uniform repulsive dectron fiedd, and subjected to coulomb
repulsive potentia. Inthe case

E=V E=V, (4.2.25)

n=ngye Yo (4.26)

In this case hopping can take place when no locd field exist or when it is
very small. Inthis case

V=0 (4.2.27)

This can forms with the fact that the eectric loca field E vanishes inside SC

n=nye ?= n, (4.2.28)



The dectrons are driven here by the uniform field.
But when very large externa magnetic field is applied, such that the local
field becomes extremdly large, i.e.
V=V, - o (4.2.29)
In this case equation (4.2.22) gives
n=nye *®-o0 (4.2.30)
Thus no hopping takes place and the conductivity is destroyed due to the

existence of externa magnetic field.
4.3 Super conductivity on the basic of generalized statistical

Model:

The generdized statisticad modd, which was proposed by some
authors, generdized the statistical distribution laws by using plasma
equation [92].

According to the modd, Maxwell distribution law can be generdized to be

written in the form.

—E
n=nyek (4.3.1)

With nstanding for the number of particles E represent the average field
over the whole sample, While Estands for the local field. It is well known
that the SC is characterized by infinite conductivity. In this work one can

assume the conductivity to be in the form

net
c=— (4.3.2)
m

Tis the relaxation time. The infinite conductivity can result from infinite
relaxation time ore very large number of charges. Let us choose the latter
possibility. It is well known at inside SC the electric field vanishes

E=0 (4.3.3)

Thus
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o=l=1l,0 (4.3.4)

E 0
If one assumes that the only uniform field is the electric one, it follows that
E = V(electric) = 0 (4.3.5)
One can assume aso the existence of locd coulomb attractive force. This
means that
E=-V, (4.3.6)
Inserting (4.3.5) and (4.3.6) in (4.3.1) yields
n= noe% =nye” - © (4.3.7)
Thus according to equation (4.3.2) and (4.3.7)
0= (4.3.8)

This means that the conductivity is infinite

Consider now an externa magnetic field of potential V,,, enters theSC. Thus
according to equation (4.3.5)

E=V, (4.3.9)
Thus inserting (4.3.6) and (4.3.9) in equation (4.3.1)
Ve
n =nyeVm # © (4.3.10)

l.e, nisfinite. Thus (4.3.8) according to equation (4.3.2)

net
6 =— % oo (43.11)
m

Hence the conductivity is finite and the SCconverted to ordinary conductor.
The effect of magnetic fied in destroying super conductivity can aso be
found by considering Loca repulsive dectric coulomb field of potentia
V.Thus

E=V (4.3.12)
Consider know the average uniform field is result from coulomb attraction
between hopping electron and the host atom in which the electron exists
before hopping. Assume aso that this eectron a requires uniform thermal

energy this means that the uniform energy is given by
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E=KT-V,
Substitute (4.3.13) and (4.3.12) in (4.3.1) to get

\
n = n,eVo KT

The hopping process take place, when

n — large
This requires
V - large
And
V, > KT
KT < V,
If one write
V, = KT,
Thus hopping take place when
KT < KT,
T<T,

(43.13)

(43.14)

(43.15)

(43.16)

(43.17)

(43.18)

(43.19)

Which agree with SCdefinition but if a uniform magnetic field of potential

V,,is applied such that the uniform energy becomes [see equation (4.3.13),

(4.3.19)]

E = KT — KT, + V,

Thus equation (4.3.14) reads
\Y

n = n,eKTc—KT-Vp

When
V,, = KT,
KT, = KT,
Thus
c=K(T.-T,-T)<0
When

c=—|c|
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T, > T (43.24)

For dl vaues of T i.e.

V,, > KT, (4.3.25)
The minimum magnetic potential which destroyed SC is
Ve = KT, (4.3.26)

This conforms to the expression of the energy gap
Substituting (4.3.23) in (4.3.21)

—v
n =nyeldl -0 (4.3.27)

When

Vo oo
When coulomb potential is large the flux quantization can be obtained by
considering the loca energy to be consisting of imaginary term representing
energy loss in hopping process the energy loss may result from coulomb
repulsion or magnetic interaction which decreases electron tota energy.

In this case the loca energy E can be written as [5]

E =E, +iE, (4.3.28)
Therefore from (4.3.1) and (4.3.28)
_(Eq +iEp) E; ) E,
n=n,e E =nyeE [cosf + isinf (4.3.29)
Sincenis red it follows that the imaginary part vanishes,
E,
=2 — 0
Sin E
This requires
= = = 4.3.
2= (n+5)m (43.30)

Where E,may be assumed to represent energy loss due to the interaction of
externd field B with diamagnetic momentum.
Where

n=iA (4.3.31)
Thus the magnetic energy losses is given by
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E, = w.B =iAB = (fe)® (4.3.32)
Assuming electrons as harmonic oscillator are can write

E = hf (4.3.33)
Thus inserting (4.3.33),(4.3.32) in (4.3.30) yields
(fe)o 1
e T (n * 2)
Thus the flux is given by
1
2T (Il + z) h
0= (4.3.34)

e
This means that the flux is quantized

4.4 Discussion:

The conductivity of SC in equation (4.3.2) is found to be infinite when
the uniform electric field vanishes and the loca field is attractive coulomb
fidd as shown by equation (4.35) and (4.3.6) beside the GSM
expression(4.3.1) for n.

The GSM can explain the SC mechanism by hopping process. In the first
agpproach a verge uniform energy can be assumed to be an atractive
coulomb potentia [see equation (4.2.2)], while the loca field energy, as
proposed by Hubbard model is the kinetic and potentia energy. The
Probability n is large, and hopping takes place as shown by equations
(4.2.7) when the kinetic energy is Large.

These agree with that proposed by Hubbard modd. But when the kinetic
energy is less than the potentid no hopping takes place, since the
probability vanishes [as equation (4.2.10)].

When therma energy is considered as contributing to the uniform energy
[see equation (4.2.12)].

For repulsive Coulomb force shown by relation (4.2.11)

Hopping is possible ifT exceeds a criticd vaue T.shown by equation
(4.2.15). This strikingly agrees with observation. It is aso very interesting
to note that when T is greater thanT, , the probability n vanishes [see
equation (4.2.23)] and no hopping take place. Hopping can aso exist when
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no local field exist as shown by equation (4.2.28) which conforms with the
fact the inside SC
The dectric fidd vanishes. When very strong magnetic field is applied SC
Is destroyed as shown by equation (4.2.29) and (4.2.30).
This agree with the fact that very strong external magnetic field should of
course exceeds critical values above which SC is destroyed.
By assuming the uniform energy to result from thermd beside coulomb
attraction, and considering the loca energy to be repulsive coulomb energy
[see equation (4.3.12) m (4.3.13), (4.3.14)]
The presence of externa magnetic field destroyed sc as shown is equation
[(4.3.20), (4.3.26)].
This agrees with observation it is very interesting to note that the critical
magnetic energy vaue shown in equation (4.3.26) is typica to the energy
gap E, above which the sc is destroyed. Using the expression for number of
particles inGSM, the flux is shown to be quantized with an ordinary
expression.
4.5 Conclusion:

It can aso successfully is describe some magnetic properties of
superconductors.
The generdized statistical physicd model can successfully describeSC
hopping conduction mechanism proposed by Hubbard.
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