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THEORETICAL STUDY OF HIGH TEMPERATURE
SUPERCONDUCTIVITY:
THE CASE OF CUPRATE (YBA2CU30s6.93)
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Abstract

In this work, we determine the superconducting transition temperature and the
superconducting order parameter for high temperature superconductor, particularly,
for optimally doped Y Ba,CusOs.03 analytically. In order to compute these, we have
used retarded Green function method, equation of motion and Hamiltonian model.
Furthermore, we obtain appropriate result which is very close to the experimental
result. High temperature superconductor is very important phenomenon for changing
the whole world of energy transport, and distribution as well as various scientific and
technological applications.
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1. Introduction

Superconductivity is the ability of certain materials to conduct electricity with zero resistance
below the superconducting transition temperature. This property was first discovered by
Physicist Kammerling Onnes in Leiden in 1911, while cooling elemental mercury with liquid
helium about 4.2K [1]. He noticed that its resistance suddenly disappeared. Superconductivity
remained an empirical science for several decades. After quantum mechanics was introduced.
Theorists gradually began to suspect that superconductivity was quantum phenomena.

The first widely accepted theoretical understanding of superconductivity was advanced in 1957
by American physicist John Bardeen, Ledn Cooper and John Schrieffer [2].Their theory of
superconductivity became known as the BCS theory.

In 1986 Bednorz and Muller discovered superconductivity in a lanthanum based cuprate
perovskite material, transition temperature of 35K which is the high temperature superconductors
[3]. In 1995,the highest temperature superconductor (at ambient pressure) is mercury barium

calcium copper oxide (HgBa,Ca, Cuy0,),whose T, is 135K at ambient pressure [4] and reaches
164K under high pressure [5] discovered. Cuprates remained a high priority due to its high T,

until the discovery of superconductivity in iron-pnictides be led by Yoichi Kamihara [6] who

discovered that Cu@ plane is not a requirement for superconductivity.In 2008, the highest

superconducting  transition  temperature non-cuprate  superconductor is  pnictide
(Ca,_.Nd_ FedAsF) with T. = 57K [7].

High temperature superconductivity could revolutionize technologies ranging from magnetically-
levitated trains to electrical power transmission. however, the mechanism by which these cuprate
materials become superconducting and the superconducting transition temperature had remained
a mystery for the last 29 years, moreover, there are different scenarios’ for proposed mechanisms
for high temperature superconductivity, these are exciton ,bi-exciton, polarons, bi-polarons, and
magnon [8].In this paper we tried to suggest that the possible mechanism for high temperature
superconductivity magnon (spin wave fluctuation) mediated superconductivity.

The paper organized as follows:

In section2, we drive equation of motion for Heisenberg operator. In Section 3 formulation of
problem. We obtain the result and discussion in section 4. Lastly, in 5 conclusion of the result is

given.
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2. The Green function Method
In this section, we employ the basic concept of retarded Green function method as mathematical

technique which is very essential to formulate problem on high temperature superconductivity.
In this technique, we have tried to derive the equation of motion of operator. Green function
defined for two operators a and b which do not need to be hermitian.

The Retarded Green function is defined as

G.(t,t") =< a(t)b(t") »=—i0(t -t ) <[al®),b(t) > ———-——-—————— — (1)
Where <<.....>> represents the Green function, 8(t — ¢') is the Heaviside step function
a(t) and b(t”) are annihilation and creation operators respectively

2.1 Equation of motion
Now let us derive the equation of motion, The Retarded Green function is

G.(t, t") =< alt) b(t") »= —ig(t —t') < [a(t), b(t") =

Differentiating eqn(1) with respect to t

i I [ % )
oo 2L < ale),be") > —i6( — £ < (42, b(e)] >

Applying 57 = —i[a(t), H]

We obtain

w < a()b(t) »=< [a(t),b(t)] = +«< [a(D).H]B(t)» —— —————— —— (2)

This the equation of motion

3. Formulation of the problem

In this section, we have tried to solve and determine the superconducting transition temperature,

superconducting order parameter for optimal doped YBa ,Cus O 93 Using a model Hamiltonian

with Green function formalism
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The Hamiltonian for optimal doped YBa 2Cus O g3 IS given by

ﬁ = Ho +ﬁ3f ____________________ {3:]
Where
ﬁ; = zk:r fk:ra::r O + Ekshf"Jh+ks bkc: __________ (4j

Hamiltonian describes for itinerant and localized electrons

The spin-fermions interaction between two sets of electrons

Where o represents Pauli matrix and S represents spin operator

Z.‘if.a;fﬂr gl T C i

-4

This is reduced to

ZSE'H:”r =S5ic+5;0 +5.;07

4

ﬁsf =}Z[ngz+5:ﬂ'_+5k_ﬂ'+]ﬂ:5 a’klcr ______ {ﬁj

ke,

[ﬂ:rﬂk =T ﬂh“k 1]

Ly
[ 5]
o
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b |
=
’.‘:M
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The spin operator 5™, destroyed a down spin and created an up spin, while in §7,, , itis the

other way around. We also see that 5=, counts the number of up spins minus the number of

down spins

The spin-electron interaction Hamiltonian will be

1
i — + " + ' + " + '
H,= 3 E Jlagrayt — aklakl][akTak T aklakl]
Tk

+ T + + ¥ .
+ IZ[H’?{TH’?{ 1 Qg Dt + | Gyt a’kTH‘k.L] _ _{?]
ke,

75— + ; + L - o . + ' + ' + . + "
Hy = Ef E [@rr@pt Qrr@y't — GprdyT Gy ay] Q) Gy Gt + Gy G ag ]
K.k
+ o 4 - +
LTy E [ﬂkrﬂki Gy g’y + Gy @'y Qrpdy J.] _________ (8)

ke,

Employing mean field approximation .,

-

1
. E + _+ L, S P S 1 :
o= Ef [ @i = apray’s < 0, Gyt > Qplyr—< Quplyy = Q1 | — < Qyrly)
.k

+ + 4 . g + 4

F Ol = = G Gy = ] Gyt — ) Oy B Gy gy T
+ . : : .

- T S - P P - P < P

+
> ay ag]
- B . . T+
+ JZ['{ Qprly) = Q') Gt T Q') Q' = Ayt T
Kkt
+ _+ c : + ] _ e . EREN  20 200N
Qg g = Gyt Q' T <Ayt Gy = Gy Gy ] (9)

The superconducting order parameter is defined as

ﬁrr:fz = Qyrlyr =

ke,

o
A —IZ < Qperyy >

Kk,

From equation of motion, we have
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W K agay »=<[ayan] >+« [aHlay; » - ————— —— —— (10)

When we evaluate [a,+, H]
1 T+ L _+
[akT!H] = fk a1 + Eﬂ- oyt + A dy, - -——--"--"-""""—"""—"—"—"—"—"—"—-- (11]

Plugging eqn(11) into eqn(10),we obtain

1
(w—& ) K agrag; »= 1+ Eﬁ”a:r: atat » —At< a} gl » — — — - (12)
Similarly
+ _+ L o 1ﬁ+ﬁ £ Al ¥ 13
(w+é&, ) € afral; »= —5 8" ayraiy > —AN < a0 > —— — = (13)
e 1ﬁ+1.|, + At + 14
(w4, ) ®ay ag == ~3 K gl Ay 3 — Kagap »————(14)
+ o 13-_“' + 4 AT + + 15
(=5 ) < ay ag »= SAT agag > FATC g gy > — = == == (15)

Combining eqn(12),eqn(13),eqn(14)and eqn(15),we obtain

ﬂ+TT

« agag »= i " 21 ISR R (16)
(@? =§ 2= 1a+m?)

The superconducting order parameter for (TT) is given by

1
AM="dMJjxatah»————— - —— - —— —— —— (17)
72,
+1T
ﬁ*ff:lzrdw(f )] _ﬂT ——————————— (18)
.IB 7o ¥ (mz _ fk 2 _%(ﬂﬂ‘r}z)
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Applying
A(k) = X wmA(K") and  D(&) = nAD(0), For D-wave pairing 7 =§
415-;' = Ek,k’ JD(0})

(2n+1}rr
B

Replacing &2 =&, “+ 1 (ﬂ."”j2 and w,

w = tw, for Matsubara frequency of fermions

B ‘A’sf b 1
a FZL “ @nt - e

Letz = ¢

I = 1

Ez,EZL df{{2n+1]27r2—22] ________________ (19)
1 tﬂnh( J

ﬁ ((2n+1]2?12—z] 2z
okl B 2 4 By

. . tah(fz/f+(4j)

=f | ST T L T | NN F S (20)
Ay Jo

||<:2 +{% 2

1) WhenT =T, = A= 0 equation()becomes

BE
1 fhmd{ tanh( %)
o

. ;T T T T T T T T T T (21)
Integration by parts
Be
1 /Bhe B how b In(F)
E—ln( - )ta = L d{cﬂ h(BE]2 22)
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Lo (‘B‘hm)+ log (~ 23

i, o8\ 73 y —log () (23)
hw, —

e e (24)

2) At finite temperature

tanh (5;2 g2 4 {%}2)

i -[ Cag B 25)

Using Taylor expansion

A tanh(% ’FH%]E)
L o

_fhmdf tanh{%Jra_z * Bz —sinh (Bz)
i

= —(26)
¢ 8 Jy Ezzﬂoshz{%]
g oo . . -
¢ 2z2Cosh? (g_z) =
Where ¢ zeta functions
Employing this equation into eqn(26),we obtain
1 _J‘“d tﬂﬂh(%]_l_ﬂz B2 —144(3) )g
Ay g ‘T2 g|8| =? (28)

n (Eﬁcme 1‘) . (Eﬁme}') B 14A%7(3)

T T 64m ki T2

In (£)= _aa® (29)

T 64mw2kZ T?

c
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12 703D

m and {(3) = 1.2025

We use approximation e* & 1+ x, Where x= —
Employing this equation into

| T
A= 612kgT, | [1 — —] ————————————————————————— (30)
T,

This is the superconducting order parameter as a function of temperature
4. Result and Discussion

This section concerned with theoretical results of high temperature superconductivity which are
obtained using the equations derived in section 3.The main focus is on the superconductive
transition temperature, the superconducting order parameter and coupling strength. The

expression of superconducting transition temperature from egn (24) is

few L i 1
T =—2ekf = 867X10 2w_ e &

C ™m
B

. h
Now taking k”—; = 158.7K,4,, = 1.5

=T, ~ 924K

Moreover, the results of our work are best described by figures depicted below
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Figl superconducting order parameter versus temperature
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From Fig .1, we can observe that the superconducting order parameter decreases monotonically

as the temperature increases and vanishes atT. = 92.4K. Below T , it is the region of

superconducting state whereas above T, ,it is normal state.
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Fig2 Superconducting transition temperature versus coupling strength
The superconducting transition temperature increases as the coupling strength parameter

increases and becomes slowly increase as the coupling strength parameter increases further
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Fig3 Superconducting transition temperature versus coupling strength for different magnon

frequency

5. Conclusion
In this paper, we have studied the high temperature superconductivity involving cuprate with the
help of retarded Green function technique and Hamiltonian model. We have determined
analytically the superconducting transition temperature for Y Ba,Cu3Og.93 and the result is very
close to the experiment result. We also observed that the superconducting order parameter
decreases monotonically with the increasing temperature and disappear at the superconducting

transition temperature for Y Ba,Cu3Og.g3.
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