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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, Ba1−xKxFe2As2. 

 

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 LaO1−xFxFe2As2 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, AFe2As2 

(A=Ba, Ca, Sr, Eu) which have ThCr2Si2 crystal structure with a tetragonal I4/mmm space group 

structure (Lumsden and Christianson, 2010). Currently, the high-temperature superconductivity in 

the 122-family of iron-based superconductors such as BaFe2As2 , CaFe2As2  and SrFe2As2  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. BaFe2As2  becomes superconducting by hole doping upon 

replacement of Ba2+ by K+ (Rotter et al., 2008), by electron doping upon replacement of Fe2+ by 

Co3+ or Ni4+ (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 Ba1−xKxFe2As2 for x=0.4 (x being the 

carrier concentration) at a superconducting transition temperature of TC = 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 Sm0.95La0.005O0.85F0.15FeAs  and SmO1−xFxFeAs  with two different 

superconducting order parameters in each band which vanish at the same TC 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 

Ba0.6K0.4Fe2As2  have shown that, the experimental values for the zero temperature 

superconducting order parameter in the electron Fermi surface is, ∆e= 12 meV and the hole Fermi 

surface has a value of ∆h= 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 (µSR) 

and M¨ussbauer spectroscopy observations made on LaFeAsO1−xFx  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 

Ba1−xKxFe2As2 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, q (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), 

Ĥ = Ĥe + Ĥh + Ĥeh + ĤSDW                                                                 (1) 

Where, Ĥe is the mean field Hamiltonian in the electron intra-band interaction and is expressed as, 

Ĥe = ∑ ϵe(k)âk,σ
†

k,σ â−k,σ − ∆e ∑ (âk↑
† â−k↓

† + â−k↓âk↑)k                        (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. 

ϵe(k) is the single particle energy measured with respect to the Fermi energy in the electron Fermi 

surface. 
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 âk↑
† (â−k↓) are the creation (annihilation) operators in the electron intra-band interaction having 

the wave number k(-k) and spin ↑ (↓), respectively. ∆e is the superconducting order parameter due 

to the intra-band interaction within the electron band and is a real quantity such that ∆e= ∆e
∗
 and 

is given by, 

∆e= ∑ Vek ≪ âk↑
† , â−k↓

† ≫= ∑ Vek ≪ â−k↓, âk↑ ≫                                         (3) 

Where, Ve being the interaction potential in the electron intra-band interaction.  

 Ĥh  is the mean field system Hamiltonian in the hole intra-band interaction and is expressed as, 

Ĥh = ∑ ϵh(k)ĉk,σ
†

k,σ ĉ−k,σ − ∆h ∑ (ĉk↑
† ĉ−k↓

† + ĉ−k↓ĉk↑)k                                (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. ϵh(k) is 

the single particle energy measured with respect to the Fermi energy in the hole Fermi surface.  

 ĉk↑
† (ĉ−k↓) are the creation (annihilation) operators in the hole intra-band interaction having the 

wave number k(-k) and spin ↑ (↓), respectively. ∆h is the superconducting order parameter due to 

the intra-band interaction within the hole band and is a real quantity such that ∆h= ∆h
∗
 and is 

given by, 

∆h= ∑ Vhk ≪ ĉk↑
† , ĉ−k↓

† ≫= ∑ Vh(k)k ≪ ĉ−k↓, ĉk↑ ≫                             (5) 

Where, Vh is the interaction potential in the hole intra-band interaction.  

Besides, Ĥeh  in equation (1) is the mean field system Hamiltonian due to the inter-band interaction 

between the two bands and is expressed as, 

Ĥeh = −∆eh ∑ (ak↑
† â−k↓

† + ĉ−k↓ĉk↑)k − ∆eh ∑ (ck↑
† ĉ−k↓

† + â−k↓âk↑)k        (6) 

Where, the first and second terms are the terms involving superconductivity due to the inter-band 

interaction between the two bands. ∆eh is the superconducting order parameter due to inter-band 

interaction between the bands and is given by, 

∆eh= ∑ Vehk ≪ âk↑
† , â−k↓

† ≫= ∑ Vehk ≪ ĉk↑
† , ĉ−k↓

† ≫= ∑ Vehk ≪ â−k↓, âk↑ ≫= ∑ Vehk ≪ ĉ−k↓, ĉk↑ ≫   (7) 

Where,  Veh is the inter-band interaction potential between the two bands.  

ĤSDW in equation (1) is the mean field Hamiltonian which describes the magnetic interactions 

which drive the antiferromagnetic SDW state and is expressed as, 

ĤSDW = −ΔSDW ∑ (â(k+q)↑
† ĉk↑ + ĉ(k+q)↑

† âk↑)k                                                    (8) 
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Where,  â(k+q)↑
† ( ĉ(k+q)↑

† ) is the operator which creates fermions with momentum (k+q) in the 

electron (hole) band interaction. Here, ΔSDW  represents the antiferromagnetic SDW order 

parameter which governs the presence of magnetic ordering and is a real quantity such that ∆SDW=

∆SWD
∗
 and is given by, 

∆SDW= ∑ VSDWk ≪ ĉ(k+q)↑
† , âk↑ ≫= ∑ VSDWk ≪ â(k+q)↑

† , ĉk↑ ≫                                     (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,  

Ĥ = ∑ ϵe(k)âk,σ
†

k,σ â−k,σ + ∑ ϵh(k)ĉk,σ
†

k,σ ĉ−k,σ − ∆e ∑ (âk↑
† â−k↓

† + â−k↓âk↑)k − ∆h ∑ (ĉk↑
† ĉ−k↓

† +k

ĉ−k↓ĉk↑) − ∆eh ∑ (ak↑
† â−k↓

† + ĉ−k↓ĉk↑)k − ∆eh ∑ (ck↑
† ĉ−k↓

† + â−k↓âk↑)k −

ΔSDW ∑ (â(k+q)↑
† ĉk↑ + ĉ(k+q)↑

† âk↑)k                                                                            (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 ≪ âk↑
† , â−k↓

† ≫ in the electron 

intra-band interaction is expressed as, 

𝜔 ≪ âk↑
† , â−k↓

† ≫=≪ [âk↑
† , Ĥ], â−k↓

† ≫ 

𝜔 ≪ âk↑
† , â−k↓

† ≫=≪ [âk↑
† , Ĥe] + [âk↑

† , Ĥh] + [âk↑
† , Ĥeh] + [âk↑

† , ĤSDW], â−k↓
† ≫           (11) 

Now, evaluating the commutation relation [âk↑
† , Ĥe] in equation (11), we obtain, 

[âk↑
† , Ĥe] = ∑ ϵe(k)

k,σ

[âk↑
† , âk,σ

† â−k,σ] − ∆e ∑[âk↑
† , âk↑

† â−k↓
† ]

k

− ∆e ∑[âk↑
† , â−k↓âk↑]

k

 

Applying the commutation properties of the operators we have, 

[âk↑
† , Ĥe] = ∑ ϵe(k)

k,σ

([âk↑
† , âk,σ

† ]â−k,σ − âk,σ
† [âk↑

† , â−k,σ]) 

−∆e ∑([âk↑
† , âk↑

† ]â−k↓
† − âk↑

† [âk↑
† , â−k↓

† ])

k

− ∆e ∑([âk↑
† , â−k↓]âk↑ − â−k↓[âk↑

† , âk↑])

k

 

from which we obtain, 

[âk↑
† , Ĥe] = −ϵe(k)âk↑

† + ∆eâ−k↓.                                                                            (12) 

Similarly, the commutation relation for [âk↑
† , Ĥh] in equation (11) becomes, 
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[âk↑
† , Ĥh] = [âk↑

† , ∑ ϵh(k)ĉk,σ
†

k,σ ĉ−k,σ − ∆h ∑ (ĉk↑
† ĉ−k↓

† + ĉ−k↓ĉk↑)k ], 

which leads to, 

[âk↑
† , Ĥh] = 0.                                                                                                          (13) 

Furthermore, the commutation relation for [âk↑
† , Ĥeh] in equation (11) yields, 

[âk↑
† , Ĥeh] = [âk↑

† , −∆eh ∑ (ak↑
† â−k↓

† + ĉ−k↓ĉk↑)k − ∆eh ∑ (ck↑
† ĉ−k↓

† + â−k↓âk↑)k ]. 

Thus, we get, 

[âk↑
† , Ĥeh] = ∆ehâ−k↓.                                                                                     (14) 

Also, the commutation relation for  [âk↑
† , ĤSDW] in equation (11) becomes, 

[âk↑
† , ĤSDW] = [âk↑

† , −ΔSDW ∑(â(k+q)↑
† ĉk↑ + ĉ(k+q)↑

† âk↑)

k

] 

[âk↑
† , ĤSDW] = [âk↑

† , −ΔSDW ∑ â(k+q)↑
† ĉk↑

k

] + [âk↑
† , −ΔSDW ∑ ĉ(k+q)↑

† âk↑

k

] 

which yields,  

[âk↑
† , ĤSDW] = −ΔSDW ∑ ([âk↑

† , â(k+q)↑
† ]ĉk↑ − â(k+q)↑

† [âk↑
† , ĉk↑])

k

− ΔSDW ∑ ([âk↑
† , ĉ(k+q)↑

† ]âk↑ − ĉ(k+q)↑
† [âk↑

† , âk↑])

k

 

From which we get,   

[âk↑
† , ĤSDW] = ΔSDWâk↑

†
                                                                                             (15) 

Now, substituting equations (12-15) into equation (11), the equation of motion for ≪ âk↑
† , â−k↓

† ≫  

becomes, 

≪ âk↑
† , â−k↓

† ≫=
Δe+Δeh

ω+ϵe(k)−ΔSDW
≪ â−k↓, â−k↓

† ≫                                                         (16) 

Furthermore, applying the double time temperature dependent Green’s function formalism, the 

equation of motion for the superconducting correlation relation ≪ â−k↓, â−k↓
† ≫ in the electron 

intra-band interaction can be expressed as, 

𝜔 ≪ â−k↓, â−k↓
† ≫= 1+≪ [â−k↓, Ĥe] + [â−k↓, Ĥh] + [â−k↓, Ĥeh] + [â−k↓, ĤSDW], â−k↓

† ≫       (17) 

Now, evaluating the commutation relation [â−k↓, Ĥe] in equation (17), we obtain, 

[â−k↓, Ĥe] = [â−k↓, ∑ ϵe(k)âk,σ
†

k,σ

â−k,σ − Δe ∑(âk↑
† â−k↓

† + â−k↓âk↑)

k

] 
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which gives, 

[â−k↓, Ĥe] = ϵe(k)â−k↓ + Δeâk↑
†

.                                                                         (18) 

The commutation relation for [â−k↓, Ĥh] in equation (17) yields, 

[â−k↓, Ĥh] = [â−k↓, ∑ ϵh(k)ĉk,σ
†

k,σ ĉ−k,σ − Δh ∑ (ĉk↑
† ĉ−k↓

† + ĉ−k↓ĉk↑)k ]. 

Hence we get, 

[â−k↓, Ĥh] = 0                                                                                                      (19)    

Similarly, the commutation relation for [â−k↓, Ĥeh] in equation (17) becomes, 

[â−k↓, Ĥeh] = [â−k↓, −Δeh ∑(ak↑
† â−k↓

† + ĉ−k↓ĉk↑)

k

− Δeh ∑(ck↑
† ĉ−k↓

† + â−k↓âk↑)

k

] 

From which we get, 

[â−k↓, Ĥeh] = Δehâk↑
†

.                                                                                           (20) 

Furthermore, the commutation relation for [â−k↓, ĤSDW] in equation (17) becomes, 

[â−k↓, ĤSDW] = [â−k↓, −ΔSDW ∑(â(k+q)↑
† ĉk↑ + ĉ(k+q)↑

† âk↑)

k

] 

which leads to, 

[â−k↓, ĤSDW] = −ΔSDWâ−k↓                                                                               (21)  

Now, substituting equations (18-21) into equation (17), the equation of motion for ≪ â−k↓, â−k↓
† ≫  

becomes, 

≪ â−k↓, â−k↓
† ≫=

1

ω−ϵe(k)+ΔSDW
+

Δe+Δeh

ω−ϵe(k)+ΔSDW
≪ âk↑

† , â−k↓
† ≫                        (22) 

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

correlation function ≪ â(k+q)↑
† , ĉ−k↓

† ≫   is written as, 

𝜔 ≪ â(k+q)↑
† , ĉ−k↓

† ≫= 〈[â(k+q)↑
† , ĉ−k↓

† ]〉 +≪ [â(k+q)↑
† , Ĥ], ĉ−k↓

† ≫ 

𝜔 ≪ â(k+q)↑
† , ĉ−k↓

† ≫=≪ [â(k+q)↑
† , Ĥe] + [â(k+q)↑

† , Ĥh] + [â(k+q)↑
† , Ĥeh] +

[â(k+q)↑
† , ĤSDW], ĉ−k↓

† ≫                                                                                       (23) 

Now, evaluating the commutation relations in equation (23), we obtain, 

[â(k+q)↑
† , Ĥe] = −ϵe(k)â(k+q)↑

† + Δeâ−(k+q)↓                                                       (24) 

[â(k+q)↑
† , Ĥh] = 0                                                                                                   (25) 
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[â(k+q)↑
† , Ĥeh] = Δehâ−(k+q)↓                                                                                (26) 

[â(k+q)↑
† , ĤSDW] = ΔSDWâ(k+q)↑

†
.                                                                           (27) 

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

â(k+q)↑
† , ĉ−k↓

† ≫ is expressed as, 

≪ â(k+q)↑
† , ĉ−k↓

† ≫=
Δe+Δeh

ω+ϵe(k)−ΔSDW
≪ â−(k+q)↓, ĉ−k↓

† ≫.                                        (28) 

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

correlation relation ≪ â−(k+q)↓, ĉ−k↓
† ≫  is expressed as, 

𝜔 ≪ â−(k+q)↓, ĉ−k↓
† ≫= 〈[â−(k+q)↓, ĉ−k↓

† ]〉+≪ [â−(k+q)↓, Ĥ], ĉ−k↓
† ≫ 

𝜔 ≪ â−(k+q)↓, ĉ−k↓
† ≫= 1+≪ [â−(k+q)↓, Ĥe] + [â−(k+q)↓, Ĥh] + [â−(k+q)↓, Ĥeh] +

[â−(k+q)↓, ĤSDW], ĉ−k↓
† ≫          (29) 

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

[â−(k+q)↓, Ĥe] = ϵe(k)â−(k+q)↓ + Δeâ(k+q)↑
†

                                                               (30) 

[â−(k+q)↓, Ĥh] = 0                                                                                                        (31) 

[â−(k+q)↓, Ĥeh] = Δehâ(k+q)↑
†

                                                                                       (32)  

[â−(k+q)↓, ĤSDW] = −ΔSDWâ−(k+q)↓                                                                           (33)  

Substituting equations (30-33) into equation (29), the equation of motion for  ≪ â(k+q)↑, ĉ−k↓
† ≫  

becomes, 

≪ â−(k+q)↓, ĉ−k↓
† ≫=

1

ω−ϵe(k)+ΔSDW
+

Δe+Δeh

ω−ϵe(k)+ΔSDW
≪ â(k+q)↑

† , ĉ−k↓
† ≫                    (34) 

 

2.2. Dependence of superconducting transition temperature (𝐓𝐂) on antiferromagnetic SDW 

order parameter (∆𝐒𝐃𝐖) in the electron intra-band interaction  

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

temperature (TC)  on antiferromagnetic SDW order parameter (∆SDW)  by considering the effect 

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

get, 

≪ âk↑
† , â−k↓

† ≫=
Δe+Δeh

ω2−ϵe
2(k)+2ϵe(k)ΔSDW−ΔSDW

2 −(Δe+Δeh)2                                               (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 (∆eh= 0), the expression for ≪

âk↑
† , â−k↓

† ≫ becomes, 

≪ âk↑
† , â−k↓

† ≫= −
1

2
(

Δe+ΔSDW

ω2−ϵe
2(k)−(Δe+ΔSDW)2 +

Δe−ΔSDW

ω2−ϵe
2(k)−(Δe−ΔSDW)2).                         (36) 

The superconducting order parameter in the electron intra-band interaction is related to the 

Green’s function as, 

Δe =
Ve

2β
∑ ≪ âk↑

† , â−k↓
† ≫k                                                                                             (37) 

where β =
1

kBT
  and 𝑘𝐵 is the Boltzmann constant.  

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

ΔSC
e = −

Ve

4β
∑ (

Δe+ΔSDW

ωn
2 −ϵe

2(k)−(Δe+ΔSDW)2 +
Δe−ΔSDW

ωn
2 −ϵe

2(k)−(Δe−ΔSDW)2)k,n .                                  (38) 

Applying Matsubara’s frequency and changing 𝜔 ⟶ 𝔦𝜔𝑛, equation (38) becomes, 

ΔSC
e =

Veβ

4
∑ (

Δe+ΔSDW

((2n+1)π)2+β2(ϵe
2(k)+(Δe+ΔSDW)2)

+
Δe−ΔSDW

((2n+1)π)2+β2(ϵe
2(k)+(Δe−ΔSDW)2)

)k,n    (39) 

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

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

ΔSC
e =

Veβ

4
∫ Ne(0) ∑ (

Δe + ΔSDW

((2n + 1)π)2 + β2(ϵe
2(k) + (Δe + ΔSDW)2)

) dϵe(k)

n

ℏωD

−ℏωD

 

+
Veβ

4
∫ Ne(0) ∑ (

Δe − ΔSDW

((2n + 1)π)2 + β2(ϵe
2(k) + (Δe − ΔSDW)2)

) dϵe(k)

n

ℏωD

−ℏωD

 

From which we get, 

2

Ne(0)Ve
= ∫ (1 +

ΔSDW

Δe
)

tanh (
β

2
√ϵe

2(k) + (Δe + ΔSDW)2)

√ϵe
2(k) + (Δe + ΔSDW)2

ℏω𝐷

0

dϵe(k) 

+ ∫ (1 −
ΔSDW

Δe
)

tanh (
β

2
√ϵe

2(k)+(Δe−ΔSDW)2)

√ϵe
2(k)+(Δe−ΔSDW)2

ℏω𝐷

0
dϵe(k)dϵe(k)                                    (40) 

Where,  Ne(0) is the density of states at the Fermi level of the electron intra-band interaction. 

We know that, as T ⟶ TC , Δe ⟶ 0, hence equation (40), becomes, 

2

Ne(0)Ve
= I1 + I2                                                                                                        (41) 

where I1 and I2 are  the integrals defined by, 
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I1 = ∫
tanh (

β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏω𝐷

0
dϵe(k) + ∫

ΔSDW

Δe

tanh (
β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏω𝐷

0
dϵe(k)      (42) 

and 

I2 = ∫
tanh (

β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏωF

0
dϵe(k) − ∫

ΔSDW

Δe

tanh (
β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏωF

0
dϵe(k)        (43) 

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

equation (42) gives, 

∫
tanh (

β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏω𝐷

0
dϵe(k) = ln (1.14

ℏωD

kBTC
) −

7ΔSDW
2 β2ζ(3)

8π2                              (44) 

Where, ζ is  the Zeta function and  ζ(3) = 1.202. 

 

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

∫ lim
ΔSC

e →0

ΔSDW

Δe

tanh (
β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2
dϵe(k)

ℏω𝐷

0
= −

βΔSDW

4
ln (

ℏωD+ΔSDW

ℏωD−ΔSDW
) −               (45) 

∫
βΔSDW

2 tanh2 (
β

2
√ϵe

2(k) + ΔSDW
2 )

2√ϵe
2(k) + ΔSDW

2

ℏωD

0

dϵe(k) 

Similarly, the integral in equation (43) gives, 

∫
tanh (

β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2

ℏωD

0
dϵe(k) = ln (1.14

ℏω𝐷

kBTC
) −

7ΔSDW
2 β2ζ(3)

8π2                             (46) 

and 

∫ lim
Δe→0

ΔSDW

Δe

tanh (
β

2
√ϵe

2(k)+ΔSDW
2 )

√ϵe
2(k)+ΔSDW

2
dϵe(k)

ℏω𝐷

0
= −

βΔSDW

4
ln (

ℏωD+ΔSDW

ℏωD−ΔSDW
) +

∫
βΔSDW

2 tanh2(
β

2
√ϵe

2(k)+ΔSDW
2 )

2√ϵe
2(k)+ΔSDW

2

ℏω𝐷

0
dϵe(k)                                                                      (47) 

 

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

1

Ne(0)Ve
= ln (1.14

ℏω𝐷

kBTC
) −

7ΔSDW
2 β2ζ(3)

8π2
−

βΔSDW

4
ln (

ℏωD+ΔSDW

ℏωD−ΔSDW
).                             (48) 
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For small ΔSDW we can ignore the ΔSDW
2  term. Thus, equation (48) reduces to, 

1

Ne(0)Ve
= ln (1.14

ℏωD

kBTC
) −

ΔSDW

4kBTC
ln (

ℏωD+ΔSDW

ℏωD−ΔSDW
).                                                     (49) 

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

band interaction becomes, 

TC = 1.14
ℏω𝐷

kB
exp (−

1

Ne(0)Ve
− αΔSDW)                                                                (50) 

Where, α =
1

4kBTC
ln (

ℏωD+ΔSDW(0)

ℏω𝐷−ΔSDW(0)
) , Ne(0) = 0.1671 (meV)−1 , Ve = 3.4 meV  and the Debye 

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

 

2.3. Dependence of superconducting transition temperature (𝐓𝐂) on antiferromagnetic SDW 

order parameter (∆𝐒𝐃𝐖) in the hole intra-band interaction  

Applying the same procedure as for the electron intra-band interaction above, the expression for 

the dependence of TC on ΔSDW at zero temperature in the hole intra-band interaction is given by, 

TC = 1.14
ℏω𝐷

kB
exp (−

1

Nh(0)Vh
− αΔSDW)                                                                  (51) 

where Nh(0) = 0.225 (meV)−1,  Vh = 1.8 meV  (Kuzmicheva et al., 2017).  

 

2.4. Dependence of superconducting transition temperature (𝐓𝐂) on antiferromagnetic SDW 

order parameter (∆𝐒𝐃𝐖) 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, 

Δeh =
Veh

4β
∑ (≪ âk↑

† , â−k↓
† ≫ +≪ ĉk↑

† , ĉ−k↓
† ≫)k .                                                        (52) 

Applying the same procedure as above, the expression for the dependence of TC on ΔSDW at zero 

temperature in the inter-band interaction is given by, 

TC = 1.14
ℏω𝐷

kB
exp (−

1

Veh√Ne(0)Nh(0)
− αΔSDW)                                                       (53) 

Here, we calculated, Veh = 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 (𝐓𝐒𝐃𝐖)  on 

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

the expression for ≪ â−(k+q)↓, ĉ−k↓
† ≫ becomes, 

≪ â−(k+q)↓, ĉ−k↓
† ≫= −

1

2
(

∆SC+ΔSDW

ω2−ϵ2(k)−(∆SC+ΔSDW)2 +
∆SDW−ΔSC

ω2−ϵ2(k)−(∆SDW−ΔSC)2)                         (54) 

The antiferromagnetic SDW order parameter is related to the Green’s function as, 

ΔSDW =
VSDW

2β
∑ ≪ â−(k+q)↓, ĉ−k↓

† ≫k                                                                                   (55) 

where VSDW is the effective Coulomb interaction term.   

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

ΔSDW = −
VSDW

4β
∑ (

ΔSC+ΔSDW

ω2−ϵ2(k)−(ΔSC+ΔSDW)2 +
ΔSDW−ΔSC

ω2−ϵ2(k)−(ΔSDW−ΔSC)2)k .                                (56) 

Applying Matsubara’s frequency and changing 𝜔 ⟶ 𝔦𝜔𝑛, equation (56) becomes, 

ΔSDW =
VSDWβ

4
∑ (

ΔSC+ΔSDW

((2n+1)π)2+β2(ϵ2(k)+(ΔSC+ΔSDW)2)
) +k,n

VSDWβ

4
∑ (

ΔSDW−ΔSC

((2n+1)π)2+β2(ϵ2(k)+(ΔSDW−ΔSC)2)
)k,n  (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, 

ΔSDW =
VSDWβN(0)

4
∫ ∑ (

ΔSC + ΔSDW

((2n + 1)π)2 + β2(ϵ2(k) + (ΔSC + ΔSDW)2)
) dϵ(k)

n

ℏωD

0

 

+
VSDWβN(0)

4
∫ ∑ (

ΔSDW−ΔSC

((2n+1)π)2+β2(ϵ2(k)+(ΔSDW−ΔSC)2)
) dϵ(k)n

ℏωD

0
                                       (58) 

Applying the same procedure as above, we get, 

1

λSDW
= ln (1.14

ℏωD

kBTSDW
) −

7ΔSDW
2 β2ζ(3)

8π2 +
βΔSDW

4
ln (

ℏωD+ΔSDW

ℏω𝐷−ΔSDW
)                                     (59) 

Where, for small ΔSDW, the ΔSDW
2  term can be ignored.  

Thus, equation (59) becomes,  

1

λSDW
= ln (1.14

ℏωD

kBTSDW
) +

ΔSDW

4kBTC
ln (

ℏωD+ΔSDW

ℏωD−ΔSDW
)                                                           (60) 

Rearranging equation (60), the expression for the dependence of TSDW on ΔSDW is given by, 

TSDW = 1.14
ℏω𝐷

kB
exp (−

1

λSDW
+ γΔSDW)                                                                      (61) 

Where, γ =
1

4kBTSDW
ln (

ℏω𝐷+ΔSDW(0)

ℏωD−ΔSDW(0)
) 

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, ΔSC = 0 and ΔSDW ≠ 0. 

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

1

λSDW
= ∫

tanh (
β

2
√ϵ2(k)+ΔSDW

2 )

√ϵ2(k)+ΔSDW
2

ℏω𝐷

0
dϵk .                                                                         (62) 

After a couple of steps we get, 

1

λSDW
= ln (1.14

ℏω𝐷

kBT
) − ΔSDW

2 (
1

πkBTSDW
)

2
(0.1065)                                               (63) 

ΔSDW → 0 as T → TSDW in pure antiferromagnetic SDW region.  

Thus, equation (63) becomes, 

1

λSDW
= ln (1.14

ℏωD

kBTSDW
).                                                                                       (64) 

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

ln (1.14
ℏωD

kBTSDW
) = ln (1.14

ℏωD

kBT
) − ΔSDW

2 (
1

πkBTSDW
)

2

(0.1065) 

Thus, the expression for the temperature dependence of ∆SDW becomes, 

ΔSDW(T) = 3.06kBTSDW (1 −
T

TSDW
)

1/2

                                                        (65) 

Where, TSDW = 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 

Ba1−xKxFe2As2. 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 ( TC ) and antiferromagnetic SDW 

transition temperature ( TSDW ) on antiferromagnetic SDW order parameter ( ΔSDW ) for 

superconductor Ba1−xKxFe2As2. Using equations (50), (51) and (53) and by considering some 

plausible approximations, the phase diagrams of TC versus ΔSDW in the electron and hole intra-

band interactions and the inter-band interaction are plotted respectively for Ba1−xKxFe2As2, as 

shown in figure 1. 
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Figure 1. Superconducting transition temperature (𝑇𝐶) versus antiferromagnetic SDW order parameter (𝛥𝑆𝐷𝑊) in the 

electron intra-band interaction (dashed line), hole intra-band interaction (solid line) and inter-band 

interaction (solid-square) for superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2. 

 

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 

Ba1−xKxFe2As2. 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 

Ba1−xKxFe2As2. 

Furthermore, using equation (61), the phase diagram of antiferromagnetic SDW transition 

temperature ( TSDW ) versus antiferromagnetic SDW order parameter ( ΔSDW ) is plotted for 

Ba1−xKxFe2As2 , as shown in figure 2. As can be seen from the figure, TSDW  increases with 

increasing ΔSDW in each intra and inter-band interactions for Ba1−xKxFe2As2.  

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 (𝑇𝑆𝐷𝑊) versus antiferromagnetic SDW order parameter 

(𝛥𝑆𝐷𝑊) for superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2. 

 

 

 

 

 

 

 

 

 

Figure 3. Coexistence of superconductivity and antiferromagnetic SDW in the electron intra-band interaction for 

superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Coexistence of superconductivity and antiferromagnetic SDW in the hole intra-band interaction for 

superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2. 
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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 of superconductivity and antiferromagnetic SDW in the inter-band interaction for 

superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2. 

 

Moreover, using equation (65), the phase diagram for the dependence of the 

antiferromagnetic SDW order parameter (ΔSDW) on temperature in the pure antiferromagnetic 

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

the temperature increases and vanishes at TSDW. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Antiferromagnetic SDW order parameter (𝛥𝑆𝐷𝑊) versus temperature in the pure antiferromagnetic SDW 

region for superconductor 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2.  
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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 Ba1−xKxFe2As2. 

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 (ΔSDW) 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 Ba1−xKxFe2As2. Furthermore, we obtained 

an expression for the dependence of antiferromagnetic SDW transition temperature (TSDW) on 

antiferromagnetic SDW order parameter (ΔSDW) 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 Ba1−xKxFe2As2. 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 Ba1−xKxFe2As2  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 Ba1−xKxFe2As2 . We also investigated the dependence of 

antiferromagnetic SDW order parameter (ΔSDW) on temperature in the pure antiferromagnetic 

SDW region for the iron-based superconductor Ba1−xKxFe2As2. The SDW order parameter is 

suppressed when temperature increases and vanishes at TSDW for Ba1−xKxFe2As2 as shown in 

figure 6. The possible coexistence of superconductivity and antiferromagnetic SDW in 

Ba1−xKxFe2As2 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). 

 

 

 



Tsadik Kidanemariam, Gebregziabher Kahsay and Alem Mebrahtu (MEJS)        Volume 18(1):62-83, 2026 

 

80 
 

5. ACKNOWLEDGEMENTS 

The authors would like to express their sincere gratitude to the Departments of Physics of Adigrat 

University, Bahir Dar University, and Mekelle University, Ethiopia, for providing the 

computational facilities and academic supports which were essential for this research work. 

 

6. CONFLICT OF INTEREST 

The authors declare that there are no conflicts of interests. 

 

7. REFERENCE 

Alireza, P. L., Ko, Y. T. C., Gillett, J., Petrone, C. M., Cole, J. M., Lonzarich, G. G & Sebastian, 

S. E. 2008. Superconductivity up to 29 K in SrFe2As2 and BaFe2As2 at high pressures. 

Journal of Physics: Condensed Matter, 21: 012208. 

Basov, D. N & Chubukov, A. V. 2011. Manifesto for a higher TC. Nature Physics, 7: 272-276. 

Bersier, C., Floris, A., Cudazzo, P., Profeta, G., Sanna, A., Bernardini, F., Monni, M., Pittalis, S., 

Sharma, S., Glawe, H., Continenza, A., Massidda, S & Gross, E. K. U. 2009. Multiband 

superconductivity in Pb, H under pressure and CaBeSi from ab initio calculations. Journal 

of Physics: Condensed Matter, 21: 164209. 

Chen, H., Ren, Y., Qiu, Y., Bao, W., Liu, R. H., Wu, G., Wu, T., Xie, Y. L., Wang, X. F., Huang, 

Q & Chen, X. H. 2009. Coexistence of the spin-density-wave and superconductivity in the 

(BaK)Fe2As2. EPL, 85: 17006. 

Daghofer, M., Moreo, A., Riera, J. A., Arrigoni, E., Scalapino, D. J & Dagotto, E. 2008. Model 

for the Magnetic Order and Pairing Channels in Fe Pnictide Superconductors. Phys. Rev. 

Lett., 101: 237004. 

De la Cruz C., Huang, Q., Lynn, J. W., Li, J., Ratcliff, I. I., Zarestky,J. L., Mook, H. A., Chen, G. 

F., Luo, J. L., Wang, N. L & Dai, P. 2008. Magnetic order close to superconductivity in 

the iron-based layered LaFeAsO1−xFx systems. Nature, 453: 899-902. 

De Menezes, O. L. T. 1986. Importance of hybrid pairs in superconductors. Sol. Sta. Commun., 

57: 825-828. 

Desta, T., Kahsay G & Singh, P. J. 2016. Coexistence of Superconductivity and Spin Density 

Wave (SDW) in Ferropnictide Ba1−xKxFe2As2. Supercond Nov Magn, 29: 1433-1438. 



Tsadik Kidanemariam, Gebregziabher Kahsay and Alem Mebrahtu (MEJS)        Volume 18(1):62-83, 2026 

 

81 
 

Ding, H., Richard, P., Nakayama, K., Sugawara, K., Arakane, T., Sekiba, Y., Takayama, A., 

Souma, S., Sato, T., Takahashi, T., Wang, Z., Dai, X., Fang, Z., Chen, G. F., Luo J. L & 

Wang, N. L. 2008. Observation of Fermi-surfacedependent nodeless superconducting gaps 

in Ba0.6K0.4Fe2As2. EPL, 83: 47001. 

Drew, A. J., Niedermayer, C., Baker, P. J., Pratt, F. L., Blundell, S. J., Lancaster, T., Liu, R. H., 

Wu, G., Chen, X. H., Watanabe, I., Malik, V. K., Dubroka, A., R¨ossle, M., Kim, K. W., 

Baines, C & Bernhard, C. 2009. Coexistence of static magnetism and superconductivity in 

SmFeAsO1−xFx as revealed by muon spin rotation. Nature Materials, 8: 310-314. 

Fernandes, R. M., Pratt, D. K., Tian, W., Zarestky, J., Kreyssig, A., Nandi, S., Kim, M. G., Thaler, 

A., Ni, N., Canfield, P. C., McQueeney, R. J., Schmalian, J & Goldman, A. I. 2010. 

Unconventional pairing in the iron arsenide superconductors. Phys. Rev. B, 81: 140-501. 

Ge, Q. Q., Ye, Z. R., Xu, M., Zhang, Y., Jiang, J., Xie, B. P., Song, Y., Zhang, C. L., Dai, P & 

Feng, D. L. 2013. Anisotropic but nodeless superconducting gap in the presence of spin-

density wave in iron-pnictide superconductor NaFe1−xCoxAs. Phys. Rev. X, 3: 011020. 

Hosono, H., Tanabe, K., Muromachi, E. T., Kageyama, H., Yamanaka, S., Kumakura, H., Nohara, 

M., Hiramatsu, H & Fujitsu, S. 2015. Exploration of new superconductors and functional 

materials, and fabrication of superconducting tapes and wires of iron pnictides. Science 

and Technology of Advanced Materials, 16: 033503. 

Kamihara, Y., Watanabe, T., Hirano, M & Hosono, H. 2008. Iron-based layered superconductor 

La(O1−xFx)FeAs  (x = 0.05-0.12) with TC = 26K. J. Am. Chem. Soc. 130: 3296-3297. 

Kasahara, S., Shibauchi, T., Hashimoto, K., Ikada, K., Tonegawa, S., Okazaki, R., Shishido, H., 

Ikeda, H., Takeya, H., Hirata, K., Terashima, T & Matsuda, Y. 2010. Evolution from 

nonFermi-to Fermi-liquid transport via isovalent doping in BaFe2(As1−xPx)2 

superconductors. Phys. Rev. B, 81: 184519. 

Kuzmicheva, T. E., Muratov, A. V., Kuzmichev, S. A., Sadakov, A. V., Aleshchenko, Y. A., 

Vlasenko, V. A., Martovitsky, V. P., Pervakov, K. S., Eltsev, Y. F & Pudalov, V. M. 2017. 

On the Structure of Superconducting Order Parameter in High-Temperature Fe-Based 

Superconductors. Physics-Uspekhi, 60: 419-429. 

Li, L. J., Luo, Y. K., Wang, Q. B., Chen, H., Ren, Z., Tao, Q., Li, Y. K., Lin, X., He, M., Zhu, Z. 

W., Cao, G. H & Xu, Z. A. 2009. Superconductivity induced by Ni doping in BaFe2As2 

single crystals. New Journal of Physics, 11: 025008. 



Tsadik Kidanemariam, Gebregziabher Kahsay and Alem Mebrahtu (MEJS)        Volume 18(1):62-83, 2026 

 

82 
 

Luetkens, H., Klauss, H. H., Kraken, M., Litterst, F. J., Dellmann, T., Klingeler, R., Hess, C., 

Khasanov, R., Amato, A., Baines, C., Kosmala, M., Schumann, O. J., Braden, M., 

HamannBorrero, J., Leps, N., Kondrat, A., Behr, G., Werner, J & B¨uchner, B. 2009. The 

electronic phase diagram of the LaO1−xFxFeAs superconductor. Nature Materials, 8: 305-

309. 

Lumsden, M. D & Christianson, A. D. 2010. Magnetism in Fe-based superconductors. Journal of 

Physics: Condensed Matter, 22: 203203. 

Mazin, I. I., Singh, D. J., Johannes, M. D & Du, M. H. 2008. Unconventional superconductivity 

with a sign reversal in the order parameter of LaFeAsO1−xFx . Phys. Rev. Lett., 101: 

057003. 

Mohapatra, R & Rout, G. C. 2014. Spin Density Wave Interaction in Two Band Model for the 

Iron-Based Superconductors. International Journal of Scientific & Engineering Research, 

5: ISSN 2229-5518. 

Nuwal, A., Kakani, S & Kakani, S. L. 2014. Generalized multiple gap model for the 

superconductivity in Fe-As based superconductors. SOP Transactions on Theoretical 

Physics, 1: 7-25. 

Paglione, J & Greene, R. L. 2010. High-temperature superconductivity in iron-based materials. 

Nature Physics, 6: 645-658. 

Rotter, M., Tegel, M & Johrendt D. 2008. Superconductivity at 38 K in the iron arsenide 

Ba1−xKx)Fe2As2. Physical Review Letters, 101: 107006. 

Sefat, A. S., Jin, R., McGuire, M. A., Sales, B. C., Singh, D. J & Mandrus D. 2008. 

Superconductivity at 22 K in Co-Doped BaFe2As2 Crystals. Phys. Rev. Lett., 101: 117004. 

Si, Q & Abrahams, E. 2008. Strong Correlations and Magnetic Frustration in the High TC Iron 

Pnictides. Phys. Rev. Lett., 101: 076401. 

Stanev, V., Kang, J & Tesanovic, Z. 2008. Spin fluctuation dynamics and multiband 

superconductivity in iron pnictides. Phys. Rev. B, 78: 184509.  

Suhl, H., Matthias, B. T & Walker, L. R. 1959. Bardeen-Cooper-Schrieffer, Theory of 

Superconductivity in the Case of Overlapping Bands. Phys. Rev. Lett., 3, 552-554. 

Wang, C., Li, L., Chi, S., Zhu, Z., Ren, Z., Li, Y., Wang, Y., Lin, X., Luo, Y., Jiang, S & Xu,X. 

2008. Thorium-dopinginduced superconductivity up to 56 K in Gd1−xThxFeAsO. EPL 83: 

67006. 



Tsadik Kidanemariam, Gebregziabher Kahsay and Alem Mebrahtu (MEJS)        Volume 18(1):62-83, 2026 

 

83 
 

Wang, F & Lee, D. H. 2011. The electron-pairing mechanism of iron-based superconductors. 

Science, 332: 200-204. 

Wiesenmayer, E., Luetkens, H., Pascua, G., Khasanov, R., Amato, A., Potts, H., Banusch, B., 

Klauss, H. H & Johrendt, G. 2011. Microscopic coexistence of superconductivity and 

magnetism in Ba1−xKxFe2As2. Phys. Rev. Lett., 107: 237001. 

Yi, M., Zhang, Y., Liu, Z. K., Ding, X., Chu, J. H., Kemper, A. F., Plonka, N., Moritz, B., 

Hashimoto, M., Mo, S. K., Hussain, Z., Devereaux, T. P., Fisher, I. R., Wen, H. H., Shen 

Z. X & Lu, D. H. 2014. Dynamic competition between spin-density wave order and 

superconductivity in underdoped Ba1−xKxFe2As2. Nature Communications, 5: 3711. 

Zhang, C., Wang, M., Luo, H., Wang, M., Liu, M., Zhao, J., Abernathy, D. L., Maier, T. A., Marty, 

K., Lumsden M. D & Chi, S. 2011. Neutron scattering studies of spin excitations in hole-

doped Ba0.67K0.33Fe2As2 superconductor. Scientific Reports, 1: 115.  

Zhang, Y., Wei, J., Ou, H. W., Zhao, J. F., Zhou, B., Chen, F., Xu, M., He, C., Wu, G., Chen, H., 

Arita, M., Shimada, K., Namatame, H., Taniguchi, M., Chen, X. H & Feng, D. L. 2009. 

Correlation effects of exchange splitting and coexistence of spin-density-wave and 

superconductivity in single crystalline Sr1−xKxFe2As2. Phys. Rev. Lett, 102: 127003. 

Zubarev, D. N. 1960. Double-time Green functions in statistical physics. Sov. Phys. Usp., 3: 320-

345. 

 


