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ABSTRACT
This paper focuses on the theoretical analysis of superconductivity in iron based superconductor
Bax-1KxFe2Asy. After reviewing the current findings on this system, we suggest that phonon-
exciton combined mechanism gives a right order of superconducting transition temperature (Tc)
forBa, ,K, Fe,As,. By developing a model Hamiltonian for the system under consideration,

using double time temperature dependent Green’s function formalism and a suitable decoupling
approximation technique, we have analyzed theoretically the superconductivity of iron-based
superconductor Ba,_, K, Fe,As,. Furthermore, by using the experimental and plausible
theoretical values of the parameters in the obtained expressions, phase diagrams of
superconducting transition temperature (Tc) versus electron coupling constant (Ae) and

superconducting transition temperature (Tc) versus superconducting gap parameter (A) have
been plotted. Our findings demonstrate that, as the electron coupling constant ( Ae) increases the

superconducting transition temperature (Tc) increases and vice versa and also as the temperature
increases the superconducting order parameter decreases and vanishes at the transition
temperature (Tc) for Ba,_,K,Fe,As,. Our findings are in a broad agreement with the
experimental observations.

Keywords: Iron based Superconductors, Green’s Function formalism, Superconducting order
parameter, Ba;_yK Fe,;As,.

1. INTRODUCTION

Superconductivity is a remarkable macroscopic quantum phenomenon, which was discovered by
Onnes (1911) while investigating the electrical resistivity of mercury at low temperature. Onnes
(1911) found that, when mercury was cooled below Tc =4.2K, the resistivity abruptly dropped to
a value close to zero and the material became a superconductor. The discovery of the
phenomenon of zero electric resistivity in mercury was soon followed by the observation of the
superconducting state in other materials. The microscopic understanding of the phenomenon,
however, was not given due attention until the formulation of the superconductivity theory by
Bardeen, Cooper and Schrieffer in 1957(BCS) who provided a microscopic theoretical analysis
suitable for describing the observed superconducting state (Bardeen et al., 1957). As is well

known, the core point of the BCS theory is the formation of Cooper pairs. Superconducting

Momona Ethiopian Journal of Science (MEJS), V9(2):133-140, 2017 ©CNCS, Mekelle University, ISSN:2220-184X


http://dx.doi.org/10.4314/mejs.v9i2.1
mailto:tad4aau@gmail.com

Tadesse, D., Gebregziabher, Kand Singh, P (MEJS) Volume 9(2):133-140, 2017

materials are characterized by the presence of mainly two characteristic effects, the effect of zero
electrical resistivity and the diamagnetism or the Meissner effect, which is the complete
expulsion of magnetic field from the interior of a given superconducting material for
temperatures below the critical temperature (T¢). Furthermore, there was a great excitement after
the discovery of high temperature superconductor cuprate by Bednorz and Miller (1986).

The recent discovery of superconductivity in iron-pnictides with transition temperature, Tc =
26K (Kamihara et al., 2008) has generated enormous interest in the study of these
superconductors. This discovery has provided an excellent opportunity to understand the
behavior of unconventional or low temperature superconductors. After the discovery of iron
based superconductors by Kamihara et al. (2008) different compounds were discovered by
replacing lanthanum by magnetic rare earth elements such as Ce, Sm, Nd or Pr and the critical
temperature could be easily raised wup to 56K (Wang et al., 2008a). In iron based
superconductors (IBSC), superconductivity usually occurs by doping either electrons or holes in
the FeAs layers. The iron, Fe?* forms tetrahedron within the layers. This means that, iron-
pnictide Fermi level is formed by 3dyy, 3dy,, or 3d.x orbitals. Very intriguing property of the
IBSC is rather high flexibility concerning elemental substitution, leading to the formation of
several families of iron based superconductors. Based on their chemical composition, iron based
superconductors are categorized as 1111 family (Kamihara et al., 2008), 122 family (Rotter et
al., 2008), 111 family (Wang et al., 2008b) and 11 family (Hsu et al., 2008). These newly
discovered iron based layered pnictides have triggered challenges towards understanding of their
pairing mechanisms. Superconductivity in iron-pnictides appears by doping the parent
compounds with charge carriers. Furthermore, there is a resistivity anomaly in the parent
compounds of LaFeAsO at around 150K which disappears as superconductivity emerges in
addition to a small anomaly in the dc magnetic susceptibility. Optical conductivity and
theoretical calculations suggest that, LaFeAsO exhibits a spin density wave (SDW) instability,

that is, suppressed by doping with electrons to induce superconductivity (Kamihara et al., 2008).
2. MODEL HAMILTONIAN

In order to obtain an expression for superconducting transition temperature (Tc) and

superconducting order parameter (A) from exclusively phonon-exciton combined mechanism, we
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calculated Tc, reduced gap (2A/kg T.)and compared the values with the experimental one for
the Iron based superconductor Ba; _yK,Fe,As,.

The Hamiltonian of a system of conduction electrons interacting with phonons (phonon-exciton)
can be described by the two level systems as follows (Singh and Sinha, 1990); and (Allender et
al., 1973).

H = He + Hpp + Hey—pn + He (1)
Where, H; = ¥ €« aLGaK,G and is the Hamiltonian or energy of mobile (conduction) electrons,
a, (a4 ) are the creation (annihilation) operators for conduction electrons with the wave vector
k and spin projection in the z—axis, 6 = 1 or |. €, is the single electron kinetic energy.

ﬁph Is the standard phonon Hamiltonian, which can be written as,

1 at at 5 4

th = - ZK,K’ ph dyrd 1A’ 1d_k!1 (2)
ﬁel_ph is the electron-phonon interaction Hamiltonian and is expressed as,

o _ at at & 4

I'lel—ph - ZK,K’ el Apd_y1dy/1d_y'1 (3)
o at at 4 4

He = Y Vedpal 4,8 1 4)

and is the screened Coulomb interaction between conduction electrons.

Thus, using equations (2-4) in equation (1), we obtain,

ﬁ = ZK,O' €x ﬁ;rc,caK,c - ZK,K’(Vph + Vel - c) aiTaiKlaK’la—K’T (5)
2.1. Equation of Motion for phonon-exciton Combined Mechanism

Now, let us evaluate the following commutation relation,

[aKT'ﬁ] = [aKT' Hel] + [a'KT' ﬁph] + [aKT'ﬁel—ph] + [aKT' ﬁc] (6)
From which we obtain,

[Gxr, ﬁel] =[Gy, Zp,a €p a;,aap,a] = €xly (7
Following similar procedure as above, we get,

@t Hpp + Her—pn + He| = = Tk Vpn + Ve — Voal, aena 8
But the Greens function equation of motion is given by (Zubarev, 1960),

W K Gy, @Yy o= 8o+ [Qr, H]; @t >0 9)
Now, substituting equations (7) and (8) into the equation (9), we obtain,

W K Gy, @ >= 1+ € K 8y, 8Tt D= Tt WV + Ve = Vi) < @7 @y @_jrp, @11 > 10)

Decoupling higher order Green’s function into lower order Green’s function, we get,
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<@l @ a_n, @ta »=< Qna_n >< at,,at g » (11)

Substituting equation (11) into equation (10), we get,

(W= €0) K 8y, Yy = 1=t Vpn + Vor = Vo) < @@y >< @l atq »
Let the superconducting order parameter ( A) be given by,

A=Yk Vo + Ver—pn — V) < @1y >

Thus, the equation of motion can be expressed as,

(w—¢€) Kb, at gy »=1-a«al ,ata>» (12)

kb @

Following similar procedures as above, the expression for the correlation,<« a’ T @ > is
obtained to be,

w<«<al L@l »>=—e K at T @ D= (Vo + Ve = V) < akT, Ly >K Gy, @ m > (13)
Now, let the superconducting gap parameter (A") be given by,

A* = e Vo + Ver = Vo) < @fy,al,, >

For €, = €_,, and A = A*(for real values), we obtain,

(w+e) <al ,atg»=-4<«aqgal, » (14)
Now, substituting equation (12) into equation (14), the equation of motion becomes,

-A

«a! L @ »>= w2—(eZ+A2) (15)
Thus, the superconductivity energy order parameter (A) becomes,
-A
ZK’(’ w2— (E +A2) (16)

Where, U =V, +V, — V. and g = ﬁ kg being the Boltzmann constant.

B
Now, by changing summation into integration and introducing the density of states at the Fermi

level, N (0), we get,

A= —% f:FN(O)U;de (17)

(W2~ (e’ +42)
Now, changing m—iwmn, by using the Matsubara frequency (Zubarev, 1960), w, = (2n + 1)% :

we get,

A
(2n+1)?n2+B2E?

A= 2N(O)UB X, [, " ] de, (18)

Where, E? = €2 + A?
Using the relation,
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1 1
—t h
2x o0 2n+ 1)°m + x2

n=—oo

Now, we can write equation (18) as,

ZF%E tanh(BE /2)dE (19)

Let A = N(0)U, thus equation (19) becomes,
2= fhw@l phlt nh(

A= 2N(0)UR [, " A

) dE (20)

2kpTc

Let x= L, which implies, dE = 2kgT,.dx
2kgT,

Hence, equation (20) becomes,

~ In(1.14 7220t (1)

BTc

From which we get,
1

. _ Ll4ho,_,, o0 ) 22
¢ Kq NO)(V,, +Vy —Ve)

Assuming that, —=1land o,_,, = (@,)" (wph)"’“, equation (22) becomes,

Te =114(g)"™ (@)™ X0 (= ) (23)

1

Aon + A — 1>

where N(0)V,,, = A, is the phonon-exciton coupling constant, N(0)V,, = A, is the electron
(hole)-exciton coupling constant, N(0)V, = u * is the parameter arising from Coulomb repulsion,

wppand w,; are respectively energies of phononic and electronic excitation or cutoff frequencies

A
and r,,=—2"

in temperature units, Te1=7 hilal Toh=
14 e 14 e

If 12~ =0, that is, if we assume that there is no screened repulsion, then equation (23) becomes,

: 1
Te =1.14(w,)™ " exp(————— 24
c ()" (@)™ &0( ot ﬂeu) (24)

The theoretical values of the transition temperature (Tc) of Ba;_,K,Fe,As,, for Aph= 0.3,
oph= 300K, we= 4000K (in temperature unit) (Sinha, 2014) and for different values of el (Say,
Xet = 0.072), is obtained to be, Tc=38.4K, which is in good agreement with the experimental
value, Tc = 38K for Ba,_,K,Fe,As, (Rotter, et al., 2008).
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2.2. Temperature dependent superconducting energy gap
To obtain the temperature dependent superconducting energy gap, we use the same techniques as

above to solve the integral, given by,

20 de

1 fha)el_ph

z— 0 (Wta h(IB

After a couple of steps we obtain,

T. =Inl 14*“” Pk _ 2(L)Z(Los) + o (25)
But from the BCS model, - =In(1.14 h“’b) where, as T — T,, A— 0.
Thus, equation (25) can be simplified and obtain,
— _ A2 2
In(T/T,) = —A (nkBTC) (1.05) +
X2
Using the relation In(1—x) = —x Y +———, and rearranging, we obtain,
1
A(T) = 3.06kpTe(1 — )2 (26)

Equation (26) demonstrates how the superconducting order parameter, A(T) varies with
temperature and is analogous to the BCS model.

From the BCS theory, A(0) = 2kgT., and using the experimental value, Tc= 38K, for
Ba,_,K,Fe,As,, the superconducting order parameter at zero temperature, A(0), becomes,

A(0) = 9.42meV.

3. RESULTS AND DISCUSSION

In this section, we analyzed the results which are obtained using the model Hamiltonian
developed. We obtained the expressions for the superconducting order parameter (A) and
superconducting transition temperature (Tc).

Now, by using equation (24) and the experimental value of T¢ for the iron based superconductor
Ba,_,K,Fe,As, and plausible approximations for other parameters (such as for Apn= 0.3,
oph= 300K, we= 4000K), we plotted the transition temperature (Tc) versus electron coupling

constant (Ael) as shown in figure 1.
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Figure 1. Electron coupling constant (lef) Versus superconducting temperature (Tc)
for Ba,_,K,Fe,As, superconductor.
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Figure 2. Transition temperature (Tc) versus superconducting order parameter (A) for
Ba,_,K,Fe,As, superconductor.

As can be seen from figure 1, when the electron coupling constant (Ael)) increases the
superconducting transition temperature (Tc) increases and vice versa. Furthermore, by using
equation (26) and the experimental values, Tc=38K, for Ba,_,K,Fe,As,, we plotted the
transition temperature (Tc) versus superconducting order parameter (A) as shown in figure 2.

As can be seen from figure 2, when the temperature increases the superconducting order

parameter decreases and vanishes at the transition temperature (Tc) of Ba,_,K,Fe,As,.

4. CONCLUSION
In this investigation, by considering the phonon-exciton combined mechanism and by using the
experimental and plausible theoretical values of the parameters in the obtained expressions, we

plotted phase diagrams of superconducting transition temperature (Tc) versus electron coupling
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constant and superconducting transition temperature (Tc) versus superconducting parameter. The

obtained results are in broad agreement with previous findings (Sinha, 2014).
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