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ABSTRACT

The current research work focuses on the theoretical investigation of the coexistence of superconductivity
and antiferromagnetic spin density wave (SDW) in a two-band model for the iron-based superconductor.
In this study, we considered the electron and hole intra-band interactions, the inter-band and magnetic
interactions between the two bands. By employing a system Hamiltonian in a two-band model for the given
superconductor and by using the double time temperature dependent Green’s function formalism at the
Bardeen-Cooper Schrieffer (BCS) mean field approximation (MFA) level, we obtained mathematical
expressions for the dependence of superconducting transition temperature () on antiferromagnetic SDW
order parameter () in the electron and hole intra-band interactions and the inter-band interaction for the
superconductor. Similarly, we have obtained an expression for the dependence of antiferromagnetic SDW
transition temperature () on antiferromagnetic SDW order parameter () for. By using experimental values
and considering some plausible approximations of the parameters in the obtained expressions, phase
diagrams of versus in the electron and hole intra-band interactions and the inter-band interaction are plotted
for the superconductor. Similarly, a phase diagram of versus is plotted for the same superconductor. By
merging the two-phase diagrams, we have demonstrated the possible coexistence of superconductivity and
antiferromagnetic SDW in the electron and hole intra-band interactions and the inter-band interaction.
Furthermore, we have investigated the dependence of on temperature in the pure antiferromagnetic SDW
region, and the phase diagram is plotted for the variation of with temperature for the superconductor. Our
findings are in agreement with previous experimental findings.

Keywords: Superconductivity, Antiferromagnetic spin density wave, Two-band model, Coexistence,
Green’s function, Ba; _yK Fe,As,.

1 INTRODUCTION

The discovery of high-temperature superconductivity in the iron-based superconductors has been
one of the major phenomena in the field of superconductivity since the discovery of cuprate
superconductors in the late eighties and has stimulated enormous interests in the field of condensed

matter physics (Kamihara et al., 2008). This recent discovery of the iron-based superconductors
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had opened a new frontier for both experimental and theoretical researches and rekindled a global
interest in the field. It was an unexpected to find superconductivity in the iron-based
superconducting materials because of the presence of large concentration of Fe with a large
magnetic spin moment which makes their parent compounds strongly magnetic. Historically, the
presence of iron had been believed to be one of the most harmful elements for the emergence of
superconductivity. However, the situation was totally changed since the discovery of iron-based
superconductor LaO; _yFyFe,As, by the Hosono’s group in 2008 (Kamihara et al., 2008). The
presence of Fe in the iron-based superconductors indicates the role of magnetism in the progress
of high-temperature superconductivity. The discovery of high-temperature superconductivity in
these materials had ended the hegemony of cuprates as the only high-temperature superconductors
and, this has sparked wider research activities on the iron-based superconductors at ambient
pressure (Wang et al., 2008; Nuwal et al., 2014).

The first discovered and one of the mostly studied class of iron-based high-temperature
superconductors is the 1111-family superconductors which crystallizes in the ZrCuSiAs-type
structure with a tetragonal P4/nmm space group (Hosono et al., 2015). Superconductivity was also
obtained in the 122- family of the iron-based high-temperature superconductors such as, AFe,As,
(A=Ba, Ca, Sr, Eu) which have ThCr,Si, crystal structure with a tetragonal 14/mmm space group
structure (Lumsden and Christianson, 2010). Currently, the high-temperature superconductivity in
the 122-family of iron-based superconductors such as BaFe,As,, CaFe,As, and SrFe,As, are
becoming preferable to deal with. The 122-family iron-based parent compounds become
superconducting by the introduction of additional hole or electron dopants and by the application
of chemical or physical pressure. BaFe,As, becomes superconducting by hole doping upon
replacement of Ba?* by K* (Rotter et al., 2008), by electron doping upon replacement of Fe?* by
Co3* or Ni** (Sefat et al, 2008; Li et al., 2009), by inducing pressure upon replacement of arsenic
(As) by the isovalent but smaller atom phosphorus (P) (Kasahara et al., 2010) and by application
of physical pressure (Alireza et al., 2008). Great efforts had been made to raise the transition
temperature in the 122-family of the iron-based superconductors and an optimal superconductivity
was detected in the hole-doped iron-based superconductor Ba; _ K Fe,As, for x=0.4 (x being the
carrier concentration) at a superconducting transition temperature of T = 38 K (Rotter et al.,
2008).
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Multi-band superconductivity is a novel quantum phenomenon in many different
superconducting materials in which different superconducting gaps open in different Fermi
surfaces or contains different carriers which participate in the formation of the superconducting
condensate in the material. The study of multi-band superconductivity which consist of hole and
electron pockets in their Fermi surface is relevant for a variety of systems in condensed matter
physics. Theoretical and experimental investigations have emphasized the importance of multi-
band superconductivity as a possible explanation for the appearance of materials with high Tc and
the multi-band effects can strongly enhance superconductivity (Suhl et al., 1959; Bersier et al.,
2009; Stanev et al., 2008; Mazin et al., 2008). The multi-band superconductivity in the iron-based
superconductors arises due to the appearance of multiple Fermi-surface pockets with different
values of superconducting energy gap amplitudes on different sheets of the Fermi surfaces and
several intra-band and inter-band interaction terms are also present. The importance of inter-band
interaction term in multi-band models has been emphasized by De Menezes et al. (1986). A
minimal two-band model superconductivity was investigated in the iron-based high-temperature
superconductors (Si and Abrahams, 2008; Daghofer et al., 2008).

The main features of the minimal two-band superconductors is the presence of intra-band
and inter-band interaction terms and two different superconducting energy gaps which vanish at
the same superconducting transition temperature. The presence of inter-band interaction potential
enhances the pairing strength in the system and also leads the electron and hole intra-band
superconducting order parameters to vanish at the same superconducting transition temperature. It
was reported that, a two-band model superconductivity was found in the high-temperature iron-
based superconductors SmggsLaggos00gsF15FeAs and SmO,_,F,FeAs with two different
superconducting order parameters in each band which vanish at the same T of 50 K and 57.3 K
respectively as detected by resistivity and susceptibility measurements (Nuwal et al., 2014). The
data obtained by angle resolved photoemission spectroscopy (ARPES) on the hole doped crystal
Ba, ¢Ky4Fe,As, have shown that, the experimental values for the zero temperature
superconducting order parameter in the electron Fermi surface is, Ac= 12 meV and the hole Fermi
surface has a value of A,= 6 meV (Ding et al., 2008).

Most of the iron-based high-temperature superconductors exhibit a superconducting phase
emerging from an antiferromagnetically ordered spin density wave state (Wang and Lee, 2011;
Basov et al., 2011; De la Cruz et al., 2008). The iron-based superconducting materials undergo a
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magnetic transition at TSDW leading to the formation of a SDW in the system. Since the AFM
and superconducting phases lie adjacent to each other, the boundary of the two phases may provide
useful information on the nature of the superconductivity properties. Muon spin relaxation (USR)
and M"ussbauer spectroscopy observations made on LaFeAsO;_Fy suggest that,
superconductivity and magnetic ordering are mutually exclusive and a first-order abrupt transition
from SDW to superconducting state is observed without coexistence between the two phases
(Luetkens et al., 2009). The coexistence of superconductivity and magnetism in the iron-based
superconductors has been the focus of numerous experimental and theoretical studies. As
demonstrated by muon spin relaxation, neutron scattering and ARPES studies, there is a unique
superconducting regime in the phase diagram of iron-based superconductors, where
antiferromagnetically ordered SDW and superconductivity coexist in a certain interval of
temperature and doping concentration (x) (Drew et al., 2009; Fernandes et al., 2010; Chen et al.,
2009; Ge et al., 2013; Zhang et al., 2009). The resistivity measurements show that the coexistence
of SDW and superconductivity was observed in the hole doped iron-based superconductor
Ba;_yKyFe,As, for the interval 0.2 < x < 0.4 (Chen et al., 2009).

2. FORMULATION OF A SYSTEM HAMILTONIAN IN TWO-BAND MODEL
To investigate the coexistence of superconductivity and antiferromagnetic spin density wave, we
considered a minimal two-band model in the presence of the electron and hole intra-band
interactions and the inter-band interaction between the two bands with similar spin density wave
instabilities in both bands nested by the nesting vector, g (Mohapatra and Rout, 2014).

The decoupled mean field system Hamiltonian of the superconducting state by including
the effect of the magnetic interaction in a two-band model for our system can be described as
(Fernandes et al.,2010),

H=H, + Hy + Hep, + Hypw (1)
Where, H, is the mean field Hamiltonian in the electron intra-band interaction and is expressed as,
He = ko €e(0)af o810 — Be Tk (AT 1 +810811) 2)
Where, the first and second terms are the energy of conduction electrons and the term involving
superconductivity due to the intra-band interaction in the electron Fermi surface respectively.
€. (k) is the single particle energy measured with respect to the Fermi energy in the electron Fermi

surface.
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’éL(a_kl) are the creation (annihilation) operators in the electron intra-band interaction having
the wave number k(-k) and spin T (1), respectively. A, is the superconducting order parameter due
to the intra-band interaction within the electron band and is a real quantity such that A,.= A." and
is given by,

Ae= Yy Ve < a6, aT, | =T\ V. € A_y;, a1q » (3)
Where, V, being the interaction potential in the electron intra-band interaction.
H,, is the mean field system Hamiltonian in the hole intra-band interaction and is expressed as,

Hp = Zioen (KT 5 8o — An Zi(&he0, + Epalir) 4
Where, the first and second terms are the energy of conduction electrons and the term involving
superconductivity due to the intra-band interaction in the hole Fermi surface respectively. €, (k) is
the single particle energy measured with respect to the Fermi energy in the hole Fermi surface.
ACL(G_M) are the creation (annihilation) operators in the hole intra-band interaction having the
wave number k(-k) and spin T (), respectively. A, is the superconducting order parameter due to
the intra-band interaction within the hole band and is a real quantity such that A,= A" and is
given by,

Ap=Yu Vi < &, €1 =T Vi (k) K €y, B » (5)
Where, V;, is the interaction potential in the hole intra-band interaction.
Besides, Hep, in equation (1) is the mean field system Hamiltonian due to the inter-band interaction
between the two bands and is expressed as,
Hen = —Aen Zi(alyal ) + Eilia) — Aen (el +810dir)  (6)

Where, the first and second terms are the terms involving superconductivity due to the inter-band
interaction between the two bands. Ay, is the superconducting order parameter due to inter-band
interaction between the bands and is given by,
Aen= Y Ven < afp, a0, »= N Vo « &l e0,, = T Ve € ALy, 810 »= Do Ve K Epp, Cg > (7)
Where, Vy, is the inter-band interaction potential between the two bands.
Hspw in equation (1) is the mean field Hamiltonian which describes the magnetic interactions

which drive the antiferromagnetic SDW state and is expressed as,

Hspw = —Aspw Zk(a-{k+q)TekT + eng,q)TﬁkT) (8)
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Where, ’ézrk +q)T(ACErk +q)T) is the operator which creates fermions with momentum (k+q) in the
electron (hole) band interaction. Here, Agpy represents the antiferromagnetic SDW order
parameter which governs the presence of magnetic ordering and is a real quantity such that Agpyw=
Aswp™ and is given by,
Aspw= 2k Vspw < eg-k+q)1" axr »= Xk Vspw K ﬁ—{k+q)T’ekT > 9)
Now, substituting equations (2), (4), (6) and (8) into equation (1), the expression for the mean field
system Hamiltonian in the two-band model becomes,
H = Yo €e (8] 5 8 1o + Do en (KT 5 Cio — Ae T (A4a1 ), + 8 1 811) — Ap Zu(@fyely +

Cialir) — Aen Ti(alal ) + i) — Aen Ti( el + A1) —

Aspw Zk( A+l T C(k+q)TakT) (10)
2.1. Equations of motion
Applying the double time temperature dependent Green’s function formalism (Zubarev, 1960), the
equation of motion for the superconducting correlation function « af,,a’, | > in the electron
intra-band interaction is expressed as,

w <« af,al, | »=«[al, f]a",, »

Lo »=« [aly, He] + [al;, Hy] + [a, Hen] + [aly, Aspw], 8%y, » (11)
Now, evaluating the commutation relation [akT, He] in equation (11), we obtain,

(a5, el = ) o9 [l 1 03 o] — B ) [aly, k4T 10| = e ) [a]5, 2 1]
k k

k,o

A

w « af,,atf

Applying the commutation properties of the operators we have,

[akT, H ] = 2 €e(k) ([aka dg, o]a ko — l,c[ﬁlwﬁ—k.o])

ko
—A Z( Ak akT]a Kkl akT[ —le
— A Z([aiw a—kl]akT —a_p [ﬁL, ﬁkT])
K

from which we obtain,
[a];, He] = —ec(0a]; + Acd_y. (12)

Similarly, the commutation relation for [akT, Hh] in equation (11) becomes,
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[al;, Hu] = [al, Zoen (O8] 4 €xo — A Zi(&f1eT 1, + Ciaia)],

which leads to,

3k Hn] = 0. (13)
Furthermore, the commutation relation for [QL, ﬁeh] in equation (11) yields,

(8%, Hen] = [af —Aen Tu(afsaT 1y + Crair) — Aen Ta(chyety, + A1)
Thus, we get,

(a5, Hen] = Aend_. (14)

Also, the commutation relation for [QL, HSDW] in equation (11) becomes,

[a];, Hspw] =

A1 At A At oA
Ak _ASDWZ(a(k+q)TCkT + C(k+q)TakT)]
K

+

At 0 _ |4t At A N At a4
[akT, HSDW] = [akp _ASDWZ 4 (k+q)1Ckt dyp —Aspw z C(k+q)TakT]
Kk k

which yields,

At _ A+ At e _ st [at s
|8k Hspw] = —ASDWZ Ak a(k+q)T]CkT - a(k+q)T[akT'CkT])

_ At ~t A
ASDWZ: akT'C(k+q)T i — C(k+q)T[akT'akT])

From which we get,
[als, Hspw] = Aspwil (15)
Now, substituting equations (12-15) into equation (11), the equation of motion for « akr» ar L »

becomes,

Ae+Aeh

A at
(,o+ee(k)—ASDW << a_kl, a_kl >> (16)

«af,at, | »=
Furthermore, applying the double time temperature dependent Green’s function formalism, the
equation of motion for the superconducting correlation relation <« a_y, ﬁiki > in the electron
intra-band interaction can be expressed as,

& a_y,al, »>=1+<« [a_y, He] + [a_i, An] + [A_ky, Hen| + [A10 Hspw], 2T, > (17
W KAk, Ay, a_x1, He| + 8-k, Hp| + |a_ki, Hen| + |8-ks, Hspw |, a1y, (17)
Now, evaluating the commutation relation [ﬁ_kl, Fle] in equation (17), we obtain,

[ﬁ—kljﬁe] = [ﬁ_kl,z ee(k)akc —A Z( kTa Kkl +a klakT)]
k,o
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which gives,

[ He] = e (1031 + Al (18)
The commutation relation for [a_y,, Hy| in equation (17) yields,

[8-k0, An] = (8- Do en (O 5 o — An Ta(@eh 1y + i)

Hence we get,

[a_k, Hy] =0 (19)

Similarly, the commutation relation for [a_y, Hep| in equation (17) becomes,

[a_k, Hen] = [a—kl: —Aen Z(a%atkl +CjCi) — Aen Z(ClJET@ikl + a—klakT)]
K K
From which we get,

[a_k1, Hen| = Aendly. (20)

Furthermore, the commutation relation for [é_kl, FISDW] in equation (17) becomes,

[a_i1, Hspw] = [ﬁ—ku _ASDWZ(ﬁ-(I-qu)TekT + ezrk+q)rﬁkT)]
K

which leads to,
|a_ku, Hspw]| = —Aspwa_iy (21)
Now, substituting equations (18-21) into equation (17), the equation of motion for «< a_y;, aikl >

becomes,

1 Ae +Aeh
w—€e(K)+Aspw  w—€e(K)+Aspw

KAy, at, »= «af,at, > (22)

Also applying the same technique as above, the equation of motion for the antiferromagnetic SDW

correlation function << &l , o7, €%, > is written as,

4t ot s (5t at 4t il
W L Apgeyqyp Clpy >= ([a(k+q)T, C—kl]> +< [a(k+q)T, H],c_kl >

~

At T — e [at 7 At T At q

_ﬁJ(rkJrq)T; ﬁsnw]:eikl > (23)
Now, evaluating the commutation relations in equation (23), we obtain,

afcrqn le] = —€e(0af g1 +Aed-gurayt (24)
- .
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[5Zrk+q)p ﬁeh] = Aend_(k+q)L (26)
al H = Agpwal (27)
(k+q)t” Hspw SDWA (k4 q)1-

Now, substituting equations (24-27) into equation (23), the equation of motion for «

Alierqn E1py > is expressed as,

Ae+Aeh

——etteh 3 of
w+e€e(K)—Aspw < a—(k+q)l; C—kl >. (28)

NI At —
Following the same procedure as above, the equation of motion for the antiferromagnetic SDW

correlation relation « a—(k+q)l'eikl > is expressed as,

© €A (erqyb T = ([A-gerqu i D+ [a-gerq AL ey »

=~

® K A_qerqu iy »= 14< [A_ gy He] + [A-gerqys An] + [A-gerqyu Hen] +

8- e v Aspw], €5 > (29)

Now, evaluating the commutation relations in equation (29) we obtain,

[A_rqpv He| = €e(K)A_qesqy + Aelfiyqyr (30)
[a_k+qyr Hn] = 0 (31)
[8-qcrqres Hen] = Aendiciqy (32)
[a_ qerqyr Hspw]| = —Aspw— e (33)

Substituting equations (30-33) into equation (29), the equation of motion for <« ag.qyn, ﬂkl >

becomes,

1 Ae+Aeh
w—€e(K)+Aspw = w—€e(K)+Aspw

A At _ At ~i

2.2. Dependence of superconducting transition temperature (T¢) on antiferromagnetic SDW
order parameter (Agpw) in the electron intra-band interaction

In this subsection, we obtained the expression for the dependence of superconducting transition

temperature (T¢) on antiferromagnetic SDW order parameter (Aspw) by considering the effect

of the electron intra-band interaction only. Now, substituting equation (22) into equation (16), we

get|

AT at _ Ae+Aeh
KA Akl 2= 2 200+ 260 (0 Bspw—Alymy— (B +Aen)’ (35)
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Now, by decoupling equation (35) using the partial fraction decomposition method and

ignoring the inter-band superconducting order parameter term (A= 0), the expression for «

At ~f
dpp, al,, > becomes,

At at __1 Ae+Aspw Ae—Aspw
€Ak do 2= 75 (wZ—eé<k)—<Ae+Asnw)2 mLeé(k)—(Ae—Asnw)Z)' (36)
The superconducting order parameter in the electron intra-band interaction is related to the

Green’s function as,
_Vv at at
where 8 = ﬁ and kg is the Boltzmann constant.
B

Substituting equation (36) into equation (37), we get,

\4 ( Ae+Aspw Ae—Aspw )
e e e
= —— + . 38
sC 48 Zk'n wi-e3(K)—(Ae+Aspw)?  0i—€3(K)—(Ae—Aspw)? (38)

Applying Matsubara’s frequency and changing w — iw,,, equation (38) becomes,

e VeBZ Ae+Aspw Ae—Aspw ) (39)
s¢ ™ kn (<2n+1)n>2+62(ee(k)+(Ae+ASDw)2) ((2n+1)m)2+p2(e2(k)+(Ae—Aspw)?)

Changing summation into integration and introducing the density of state at the Fermi level of the

electron intra-band interaction, N.(0), we get,

e = A Ae + Aspw
YR Z (v D07 500 T 7 Bpw) 0

hop Ag — Agpwy
+T Ne(0) Z ( ((2n + D)2 + BE(2(K) + (Ag — ASDW)Z)) dee(k)

From which we get,

) fmb (1 Asnw> tanh (£/€20) + @, + Aspw)? ) e
0

No(O)Ve A JEM + (B + Aspw)?

tanh (g\/eg X)+(Ae —ASDW)2>

[y (1 - =) de, (K)dee (k) (40)

\/etza(k)‘l'(Ae_ASDW)z
Where, N, (0) is the density of states at the Fermi level of the electron intra-band interaction.

We know that, as T — T, A. — 0, hence equation (40), becomes,

2
Ne(0)Ve

where I; and I, are the integrals defined by,
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hop tanh (g ,e%(k)+A§DW> de. (1 J‘h“’D Asow tanh <g ,ee(k)+A§DW>
€e +

11 = f
0
ee(k)+ASDW eg(k)+ASDW

de.(k) (42)

and

i LI oy SR,
€e -

(k)+ASDW (k)+ASDW

I, = [,

dee (k) (43)

Now, applying the Laplaces Transform and employing a couple of steps, the first integral in

equation (42) gives,

B2 2
J‘h"’D tanh (5 ee(k)+ASDW>
0 [€200+A2p

Where, Cis the Zeta function and ¢(3) = 1.202.

2
de, (k) = In (1.14 h‘”") — TAsowBG) (44)
C

812

Applying L Hospital’s rule and using a couple of steps, the second integral in equation (42) yields,

fh‘”D - Aspw tanh (E /ee(k)+ASDW>
0 A§5c-0 Ae [2(K)+A2p
jh(L)D BASDwtanhZ ( \/ 62 (k) + ASDW)
0

deo (k) = — B2 (h“’D”SDW) - (45)

hwp—Aspw

de. (k)
24/€2(k) + Aépw
Similarly, the integral in equation (43) gives,
fh(.l) tanh (— /Ge(k)‘l'ASDW) de (k) _ ln (1 14 hw})) _ 7A§DW62<(3) (46)
e
0 [2a0+82, g
and
B |
fhcop lim Aspw tanh (E Eg(k)-l-AéDW) de (k) = — BAspw In (flﬂ)D+ASDw) +
0 Aes0 Ae € - 4 hwp—Aspw

ee(k)+ASDW

fh(‘)D BA%DWtanh2<g /eg(k)+A§DW>
0 2 [€200+A2p

Now, substituting equations (44-47) into equation (41), we get,

1 hop) _ 7A%pwB?3(3) _ BAspw 1 - (hwp+Aspw
Ne(0)Ve =In (114 kBTC) 82 4 In (th—Asnw). (48)

de.(k) (47)
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For small Agpw We can ignore the AZp,, term. Thus, equation (48) reduces to,

1 hop)  Aspw hwp+Aspw
Ne(0)Ve =In (114 kBTC) 4kgT¢ In (th_ASDW). (49)

Rearranging equation (49), the expression for the dependence of T on Agpyy in the electron intra-

band interaction becomes,

_ fl(.l)D _ _
TC = 114K exp ( No(0)Ve O(ASDW) (50)

Where, a = ——1In (h“’D”SDW“’)), N.(0) = 0.1671 (meV)~, V, = 3.4 meV and the Debye

4kgTc howp—Aspw(0)

energy, hwp = 20 meV meV (Kuzmicheva et al., 2017).

2.3. Dependence of superconducting transition temperature (T¢) on antiferromagnetic SDW
order parameter (Agpw) in the hole intra-band interaction
Applying the same procedure as for the electron intra-band interaction above, the expression for

the dependence of T on Agpyy at zero temperature in the hole intra-band interaction is given by,
_ hwp __r
Te = 11452 exp ( NG abspw) (51)

where N, (0) = 0.225 (meV)™1, V;, = 1.8 meV (Kuzmicheva et al., 2017).

2.4. Dependence of superconducting transition temperature (T¢) on antiferromagnetic SDW
order parameter (Aspw) in the inter-band interaction
The superconducting order parameter due to the inter-band interaction between electron and hole

bands can be related to the Green’s function as,

Ben = 2T« aly, a0y >+l el »). (52)

Applying the same procedure as above, the expression for the dependence of T. on Agpyy at zero

temperature in the inter-band interaction is given by,

To = 114222 exp (— e ocASDW) (53)

Here, we calculated, V., = 1.4331 meV and is the inter-band interaction potential between the
electron and the hole bands.

2.5. Dependence of antiferromagnetic SDW transition temperature (Tgpw) ON

antiferromagnetic SDW order parameter (Agpw)
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Using equation (28) into equation (34) and considering similar SDW instabilities in both bands,

the expression for « a—(k+q)l'eikl > becomes,

a ~t __1 ( Asc+Aspw Aspw—Asc )
C A=t S 2= T\ GE 00— Gscrasow)? | 97— (00— (Bspw—as0? (54)
The antiferromagnetic SDW order parameter is related to the Green’s function as,

% A .
Aspw = Z%W Yk K A_eaqyir Egey > (55)

where Vgpw 1S the effective Coulomb interaction term.

Now, substituting equation (54) into equation (55), we obtain,

A _ _VSDWZ ( Asc+Aspw Aspw—Asc ) (56)
Sbw 4B “K\o2-e2()—(Asc+Aspw)? | w?—e2(K)—(Aspw—As0)?/’

Applying Matsubara’s frequency and changing w — iw,,, equation (56) becomes,

_ VspwB Asc+Aspw
Aspw = =, Zkn (((2n+1)n)2+62(e2<k)+<Asc+ASDw)2)) +
VspwB Aspw—Asc
4 Zk'n (((2n+1)ﬁ)2+82(Ez(k)+(ASDw—Asc)2)) (57)

Changing summation into integration and introducing the density of state at the Fermi level of the

electron intra-band interaction, N(0), we get,

V. N(0) [hwp Ace + A
Aspw = %()j Z ( 5S¢ _SDW )de(k)
0 n

(2n+ 1)m)? + B2(e?(k) + (Asc + Aspw)?)

VspwBN(0) rhwp Aspw—Asc
+ 4 fO 2n (((2n+1)ﬂ)2+62(€2 (k)+(ASDW—Asc)2)) de(k) (58)
Applying the same procedure as above, we get,

1 hop '\ 7A%pwB23(3) , BAspw hwp+Aspw
Aspw - ln (114 kBTSDW) 812 + 4 ln (th—ASDW) (59)

Where, for small Agpyw, the A%y term can be ignored.

Thus, equation (59) becomes,

—— = In (1.14 D) 4 2SO | (20D 2 2sDw) (60)

SsDwW kgTspw 4kpTc hwp—Aspw

Rearranging equation (60), the expression for the dependence of Tspyw 0N Agpw IS given by,

L4 YASDW) (61)

_ hwp _
Topw = 11452 exp ( —

Where, y = hUJD"'ASDW(O))

4kgTspw (flwn—ASDw(O)
2.6. Dependence of antiferromagnetic SDW order parameter on temperature in the pure

antiferromagnetic SDW region
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For pure antiferromagnetic SDW region, the superconducting state does not appear and describes
magnetic state only. In this case, Agc = 0 and Agpw # 0.

Thus, the expression for the antiferromagnetic SDW coupling parameter becomes,

1 fh(DD tanh <§ €2 (k)+A§DW)

= dey . (62)
Aspw 0 le2(K)+AZpw
After a couple of steps we get,
1 hop) _ 2 Ly
—=I (114 kBT) AZp (ﬂkBTSDW) (0.1065) (63)

Aspw — 0as T — Tspyw in pure antiferromagnetic SDW region.

Thus, equation (63) becomes,

_ fl(.t)D
——=1n (1.14 BTSDW)_ 64)

Substituting equation (64) into equation (63), we get,
2

1 (1 1410 )—1 (114h‘°D) A2 ( 1 ) (0.1065)
ot kg Tspw I kgT SPW kg Tspw '

Thus, the expression for the temperature dependence of ASDW becomes,

T )1/2

Tspw

Agpw (T) = 3.06kgTspw (1 - (65)

Where, Tspw = 140 K (Yi et al., 2014) and is antiferromagnetic SDW transition temperature.

3. RESULTS AND DISCUSSION

In this section, we present the results we obtained in the previous sections and the analysis we
made for the theoretical investigation of the coexistence of superconductivity and
antiferromagnetic spin density waves (SDW) in two-band model for the iron-based superconductor
Ba,_K.Fe,As,. By employing a system Hamiltonian for the two-band model and by using the
double time temperature dependent Green’s function formalism, we obtained the expressions for
the dependence of superconducting transition temperature (T¢) and antiferromagnetic SDW
transition temperature ( Tspyw ) on antiferromagnetic SDW order parameter ( Agpw ) for
superconductor Ba,_,K,Fe,As,. Using equations (50), (51) and (53) and by considering some
plausible approximations, the phase diagrams of T versus Agpw in the electron and hole intra-
band interactions and the inter-band interaction are plotted respectively for Ba;_,K Fe,As,, as

shown in figure 1.
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Figure 1. Superconducting transition temperature (T,) versus antiferromagnetic SDW order parameter (4gp,,) in the
electron intra-band interaction (dashed line), hole intra-band interaction (solid line) and inter-band
interaction (solid-square) for superconductor Ba,_, K, Fe,As,.

As can be seen from the figure, the superconducting transition temperature is suppressed
as the value of the antiferromagnetic SDW order parameter increases in each band for
Ba,_K,Fe,As,. The presence of the magnetic ordering is found to suppress the superconducting
transition temperature due to the strong spin scattering that flips the spins of the charge carriers
and destroys the singlet correlations which is responsible for the Cooper pairing interactions in
Ba;_yK Fe,;As,.

Furthermore, using equation (61), the phase diagram of antiferromagnetic SDW transition
temperature (Tspy ) Vversus antiferromagnetic SDW order parameter (Agpw ) is plotted for
Ba,_K.Fe,As,, as shown in figure 2. As can be seen from the figure, Tspw increases with
increasing Agpyw in each intra and inter-band interactions for Ba; _ K Fe,As,.

As can be seen from figures 1 and 2, the effect of magnetic order parameter suppresses the
superconductivity and promotes the magnetic nature in the system. Now, by merging figures 1 (in
the electron intra-band interaction) and 2, we demonstrated a region where both superconductivity
and antiferromagnetic SDW coexist in the electron intra-band interaction as shown in figure 3.

Similarly, by merging figures 1 (in the hole intra-band interaction) and 2, we demonstrated
a region where both superconductivity and antiferromagnetic SDW coexist in the hole intra-band

interaction as shown in figure 4.
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Figure 2. Antiferromagnetic SDW transition temperature (Tspy,) versus antiferromagnetic SDW order parameter
(4spw) for superconductor Ba, _, K, Fe,As,.
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Figure 3. Coexistence of superconductivity and antiferromagnetic SDW in the electron intra-band interaction for
superconductor Ba, _, K, Fe,As,.
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Figure 4. Coexistence of superconductivity and antiferromagnetic SDW in the hole intra-band interaction for
superconductor Ba, _,K,Fe,As,.
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Furthermore, by merging figures 1 (in the inter-band interaction) and 2, we depicted a

region in which both superconductivity and antiferromagnetic SDW coexist in the inter-band

interaction as shown in figure 5.

Figure 5. Coexistence
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Moreover, using equation (65), the phase diagram for the dependence of the

antiferromagnetic SDW order parameter (Agpy) On temperature in the pure antiferromagnetic

SDW region is plotted as shown in figure 6. As can be seen from the figure, Aspw decreases as

the temperature increases and vanishes at Tgpyy.
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Figure 6. Antiferromagnetic SDW order parameter (4spy,) versus temperature in the pure antiferromagnetic SDW
region for superconductor Ba,_, K, Fe,As,.
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4. CONCLUSIONS

In this research work, we have demonstrated the possible coexistence of superconductivity and
antiferromagnetic spin density wave (SDW) in the electron and hole intra-band interactions and
the inter-band interaction in two-band model for the iron-based superconductor Ba; _yK,Fe,As,.
By formulating a model Hamiltonian in the two-band model for the given system and by using the
double time temperature dependent Green’s function formalism, we obtained mathematical
expressions for the dependence of superconducting transition temperature ( Tc ) on
antiferromagnetic SDW order parameter (Aspw) in the electron and hole intra-band interactions
and the inter-band interaction and phase diagrams are plotted as shown in figure 1. As can be seen
from the figure, the superconducting transition temperature is suppressed as the magnitude of the
antiferromagnetic SDW order parameter increases for Ba, _yKFe,As,. Furthermore, we obtained
an expression for the dependence of antiferromagnetic SDW transition temperature (Tspw) On
antiferromagnetic SDW order parameter (Aspw) and a phase diagram is plotted as shown in figure
2. As can be seen from the figure, the antiferromagnetic SDW transition temperature increases
with increasing antiferromagnetic SDW order parameter for Ba; _ K Fe,As,. Finally, by merging
figures 1 and 2, we demonstrated the possible coexistence of superconductivity and
antiferromagnetic SDW in the electron and hole intra-band interactions and the inter-band
interaction for Ba,_,K,Fe,As, as shown in figures 3, 4 and 5 respectively. This coexistence
implies that there is a weak exchange coupling between the itinerant superconducting electrons
and the localized ordered spins in Ba;_ K Fe,As,. We also investigated the dependence of
antiferromagnetic SDW order parameter (Agpy) On temperature in the pure antiferromagnetic
SDW region for the iron-based superconductor Ba,_K,Fe,As,. The SDW order parameter is
suppressed when temperature increases and vanishes at Tgpy for Ba;_ K, Fe,As, as shown in
figure 6. The possible coexistence of superconductivity and antiferromagnetic SDW in
Ba,_,K Fe,As, opens some interests in the field of condensed matter physics for further studies
on spintronics. The results we obtained in this research study are in agreement with the previous
experimental findings of Desta et al. (2016); Chen et al. (2009); Paglione et al. (2010); Zhang et
al. (2011); Wiesenmayer et al. (2011).
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