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Two band model for Fe-As based oxygen containing superconductors is developed using the Green’s function 

technique and equation of motion method. Self-consistent equations for superconducting order parameters ( , )p d∆ ∆ , 

specific heat (Ces) and density of states are derived. The theory is applied to explain the experimental results in oxygen 

containing Fe-As superconductors Sm0.95La0.05O0.85F0.85Fe0.15FeAs and SmO1−xFxFeAs. The comparison to experimental data 

is given where these are available. The agreement between theory and experiments is quite encouraging. 
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1 Introduction  

 The recent discovery of high temperature 

superconductivity in Fe-As based compounds has 

generated great interest in exploring new high −Tc 

superconductors and studying the novel 

superconducting mechanism in these systems
1-15

. Up 

to now, the critical temperature for iron arsenide 

superconductors has been raised to 57.3 K for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs which is the highest 

for non-cuprate superconductors
13

. Three types of iron 

arsenide superconductor have been reported so far:  

(i) ‘1111’ type RFeAsO (R = rare earth metal) (ii) 

‘122’ type AeFe2As2 (Ae = alkaline earth metal) and 

(iii) ‘111’ type AFeAs (A = Li, Na). Presently "1111" 

family based rare-earth oxypnictides RFeAsO  

(R = La, Sm, Gd, etc.) are in focus of research 

interest. The Tc’s of the iron based superconductors 

are too high to be explained by the conventional BCS 

theory, and have a number of additional features in 

common with the high −Tc� cuprates
16

. They contain 

iron-arsenic (or selenium) layers of atoms, the iron 

atoms have magnetic moments, the superconductivity 

is established by Cooper pairs, and the magnetism is 

known to play a substantial role in the 

superconducting state. Like the cuprates, the Fe-As 

based superconductors are highly two dimensional, 

their parent material
1
 shows anti-ferromagnetic  

long-range order below 150 K and superconductivity 

occurs upon doping of either electron
1
 or holes

14
 into 

Fe-As layers. However, several other properties differ 

substantially and promise new interesting 

physics
11,17,18

. The undoped ‘parent’ material in both 

cases exhibits magnetic order, but the iron-based 

systems are metals while the cuprates are insulators, 

which mean that there are fundamental differences in 

the electronics of these materials. For the cuprates, the 

Cu and O atoms are in same thin layers, and this 

renders the superconducting properties highly 

anisotropic, being very good within the layer and poor 

along the direction between the layers. In case of  

Fe-As superconductors, the layers are thick-the As 

atoms are positioned well off from the plane of iron 

atoms, and this makes the superconducting properties 

of these systems much closer to isotropic. The 

different nature of the anisotropy originate forms a 

fundamental difference in the pairing for cuprates, the 

Cooper pairs prefer to be in the CuO planes and are 

highly anisotropic, while for the Fe-As based 

superconductors they are almost isotropic. At present 

the key issues of interest are the effect of various 

types of doping, paring mechanism, symmetry of the 

order parameter, quasi-particle energy spectrum and 

the superconducting energy gap(s). 

 All these quaternary rare-earth transition metal 

arsenide oxides LnOFeAs (Ln=La, Sm, Nd, Pr and 

Gd) from a tetragonal ZrCuSiAs type layered 

structure9
 with the space group P4/mmm. The parent 

compounds were non-superconducting and show 

anomaly
13

 at about 150 K. The lattice constants of 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs� at room temperature 
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are: a = 0.3927 (Ref.9) nm, and c = 0.8441(2) nm  

(Ref. 3). Superconductivity emerges at x=0.10=0.20. 

Sample SmO1−xFxFeAs has the maximum 

superconducting transition temperature has the 

Tc(onset)=54 K. Among the family of LnO1−xFxFeAs 

(Ln=La, Sm, Nd, Pr and Gd), specific heat was only 

studied for LaO1−xFxFe compounds so far
19,64

. 

 Band structure calculations reveal that the total 

density of states at the Fermi level N(o) is formed 

mainly by Fe 3d-states
20-22

. Sadovskii 
18

has shown 

that the Tc values for different iron-based 

superconductors correlate with N(0),thus giving 

support to the BCS-like coupling in these compounds. 

Majority of theories for the pairing symmetry in iron-

based superconductors is based on weak-coupling 

BCS-like approaches
23-38

. It is believed that the Fe-As 

layers are responsible for the superconductivity and 

Ln-O layers provide electron carriers through fluorine 

doping, or very recently by simply introducing 

oxygen vacancies
39

. 

 The theoretically calculated Fermi surface for 

'1111' system
40-42

 consists of quasi-two-dimensional 

(2D) hole sheets centered at the P point and two 

electrons sheets at the M point of the first Brillouin 

zone. Within the so called minimal two-band model, 

these four bands considered as two effective 2D 

bands
43

. Correspondingly, several of the available 

theoretical and experimental data clearly reveal that 

these materials are multi-band superconductors with 

s-type symmetry of the order parameter
17,18

. Knight 

shift measurements in '1111' – class of Fe-As based 

compounds
43

 have proven unambiguously the spin-

singlet type pairing in these materials. Preliminary 

data by angle resolved photo-emission spectroscopy 

(ARPES) on crystals Ba0.6K0.4Fe2As2 have shown two 

groups of superconducting gaps (∆1≈12 meV,  

∆2≈6 meV) all with s-wave symmetry
11

. Several data 

were reported in favour of S
±
 (Ref. 44) or S

++
  

(Ref. 24), making the experimental situation about 

these compounds quite uncertain. The perception that 

the pairing mechanism may be triggered by anti-

ferromagnetic fluctuations, similarly as in the 

cuprates, has motivated a considerable theoretical 

effort to understand the properties of multi-orbital 

Hubbard models and the dominant pairing mechanism 

upon doping
17,45.46

. 

 The main anomaly of Fe As compounds is their 

multiple band nature. Electronic structure in a narrow 

enough energy interval around the Fermi level is 

formed almost only from the d-states of the iron. This 

indicates that the lattice plays non-negligible role for 

superconductivity. 

 The theoretical study for a two band 

superconductor with very specific predications as to 

how the two gaps evolve with temperature, has been 

presented. Study of density of states and specific heat 

is also presented in the present paper.  

 

2 Model Hamiltonian 

 The model Hamiltonian has the form
47

 : 

 

0 0
p d

pdH H H H= + +    …(1) 

where  

( )0
p

p p p p p
p

pp ppp p p p
p p

H C C C C

C C C C

+ +
↑ ↑ − ↓ − ↓

+ + +
− ↓ ↑ ↑ − ↓

= ∈ +

+ ∆ + ∆

�

� �
  …(2) 

 

( )0
d

d d d d d
d

dd ddd d d d
d d

H C C C C

C C C C

+ +
↑ ↑ − ↓ − ↓

+ + +
− ↓ ↑ ↑ − ↑

= ∈ +

+ ∆ + ∆

�

� �
  …(3) 

 

and  
 

pd pd p p d d
d

pd d d p p
p

pd d d p p
p

pd p p d d
d

H V C C C C

V C C C C

V C C C C

V C C C C

+ +
↑ − ↓ − ↓ ↑

+ +
− ↓ ↑ ↑ − ↓

+ +
↑ − ↓ − ↓ ↑

+ +
− ↓ ↑ ↑ − ↓

=

+

+

+

�

�

�

�

 …(4) 

 

where p and d are momentum labels in the p and d 

bands respectively with energies ∈p and ∈d, µ is the 

common chemical potential. Each band has its proper 

pairing interaction Vpp and Vdd, while the pair 

interchange between the two bands is assured by Vpd 

term. 

 We have assumed Vpd = Vdp, and we define the 

following quantities: 

 
0 0

p p d dµ µ∈ =∈ − ∈ =∈ −  

 

pp pp p p
V C C

+ + +
↑ − ↓∆ =

 
 

dd dd d d
V C C

+ + +
↑ − ↓∆ =  
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Further ,we define: 
 

1 pd p p
V C C

+ + +
↑ − ↓∆ =

 
 

2 pd d d
V C C

+ + +
↑ − ↓∆ =  …(5) 

 

Now pdH  in Eq. (1) reads as : 

 

1 2

2 1

pd d d p p
d p

p p d d
p d

H C C C C

C C C C

+ + +
− ↓ ↑ − ↓ ↑

+ + +
− ↓ ↑ ↑ − ↓

= ∆ + ∆

+ ∆ + ∆

� �

� �
 

 

Final Hamiltonian can be written as: 
 

( )

( )

1 2

2 1

p p p p p
p

pp ppp p p p
p p

d d d d d
d

dd ddd d d d
d d

d d p p
d p

p p d d
p d

H C C C C

C C C C

C C C C

C C C C

C C C C

C C C C

+ +
↑ ↑ − ↓ − ↓

+ + +
− ↓ ↑ ↑ − ↓

+ +
↑ ↑ − ↓ − ↓

+ + +
− ↓ ↑ ↑ − ↓

+ + +
− ↓ ↑ − ↓ ↑

+ + +
− ↓ ↑ ↑ − ↓

= ∈ +

+ ∆ + ∆

+ ∈ +

+ ∆ + ∆

+∆ + ∆

+ ∆ + ∆

�

� �

�

� �

� �

� �

  …(6) 

 

 We study the Hamiltonian given in Eq. (6) with the 

Green’s function technique and equation of motion 

method. 

 
2.1 Green’s Functions 

 In order to study the physical properties, we define 

the following normal and anomalous Green’s 

functions
48-58

: 
 

(a) ( ), ' ( ) ( ')p p p
G p T C Cττ τ τ τ+

↑ ↑− = −  

(b) ( ), ' ( ) ( ')d d d
G d T C Cττ τ τ τ+

↑ ↑− = −  

(c) ( ), ' ( ) ( ')p p p
f p T C Cττ τ τ τ− ↓ ↑− =  

(d) ( ), ' ( ) ( ')d d d
f d T C Cττ τ τ τ− ↓ ↑− =  

(e) ( ), ' ( ) ( ')p p p
f p T C Cττ τ τ τ+ + +

↑ − ↓− =  

(f) ( ), ' ( ) ( ')d d d
f d T C Cττ τ τ τ+ + +

↑ − ↓− =  

 …(7) 

 Following Green’s functions technique and 

assuming, one obtains: 

 

( )2pp p∆ + ∆ = ∆  and  pp pp
+∆ ≅ ∆  

( )1dd d∆ + ∆ = ∆  and  dd dd
+∆ ≅ ∆

 

( ) , 1 ,p pp p p p
C C C Cω + + +

↑ ↑ ↑ − ↓−∈ �� �� = − ∆ �� ��  

 …(8) 

( ) , 1 ,d dd d d d
C C C Cω + + +

↑ ↓ ↑ − ↓−∈ �� �� = − ∆ �� ��
 

 …(9) 

( ) , ,p pp p p p
C C C Cω +

− ↓ ↑ ↑ ↑−∈ �� �� = − ∆ �� ��  

 … (10) 

( ) , ,d dd d d d
C C C Cω +

− ↓ ↑ ↑ ↑−∈ �� �� = − ∆ �� ��
 

 …(11) 

( ) , ,p pp p p p
C C C Cω + + +

↑ − ↓ ↑ ↑+∈ �� �� = − ∆ �� ��
 

 …(12) 

( ) , ,d dd d d d
C C C Cω + + +

↑ − ↓ ↑ ↑+ ∈ �� �� = − ∆ �� ��
 

 …(13) 

( ) , 1 ,p pp p p p
C C C Cω +

↑ ↑ − ↓ ↑+∈ �� �� = − ∆ �� ��
 

 …(14) 

( ) , 1 ,d dd d d d
C C C Cω +

↑ ↑ − ↓ ↑+∈ �� �� = − ∆ �� ��
 

 …(15) 

 

 Finally, one obtains the Green’s functions by 

solving coupled Eqs (8) to (15) as: 

 

(a) Green’s functions for p-band: 
 

( )
( )2 2

,
p

p p

p

C C
E

ω

ω
+

↑ ↑

+ ∈
<< >> =

−
 … (16) 

 

( )2 2
,

p

p p

p

C C
Eω

+ +
↑ − ↓

∆
<< >>= −

−
  … (17) 

 

(b) Green’s functions for d-band: 

 

( )
( )2 2

,
d

d d

d

C C
E

ω

ω
+

↑ ↑

+ ∈
<< >> =

−
 …(18) 



INDIAN J PURE & APPL PHYS, VOL 52, JUNE 2014 

 

 

414 

( )2 2
, d

d d

d

C C
Eω

+ +
↑ − ↓

∆
<< >> = −

−
 … (19) 

 
2.2 Correlation Functions  

 Using the following relation
52-56

: 

 

0

( ') ; ( ')

( ') ; ( ')
( ') ( ) lim

2 1

exp( ( '))

i

i

A t B t

A t B ti
B t A t

e

i t t d

ω

ω
βωπ

ω ω

+∞
+ ∈

− ∈

∈→

−∞

�
�
��
�

�� ��

−�� ��
� � =

+

× − −

 

 …(20) 
 

and employing the following identity: 

 

( )
0

1 1
lim 2 K

K K

i E
i E i E

π δ ω
ω ω∈→

� �
− = −	 


+ ∈ − − ∈ −� �
 

 

we obtain the correlation functions for the Green’s 

functions given by Eqs (16)  and (17) as: 

 

[ ]

2

1
1 2

1 2

( )

( ) ( )
( )

p p

P

C C f

f f

α

α
α α

α α

+
↑ ↑< >=

 �−∈
+ −� �−� �

  …(21) 

 

( )
( ) ( )1 2

1 2

p

p p
C C f fα α

α α
+ +

↑ − ↓

∆
< >=  − �� �−

 
 … (22) 

 

where  

 

( )
2

2 2 2
1 2 2

2 2 2 2
2

p pp pp pp

p p ppp

α + += + ∈ +∆ + ∆ + ∆ ∆ + ∆ ∆

= + ∈ + ∆ + ∆ = + ∈ + ∆  

 

( )
2

2 2 2
2 2 2

2 2 2 2
2

p pp pp pp

p p ppp

α + += − ∈ +∆ + ∆ + ∆ ∆ + ∆ ∆

= − ∈ + ∆ + ∆ − ∈ + ∆
  

 …(23) 

 

and 1 2( ) & ( )f fα α  are Fermi functions. 

 Similarly, correlation functions for Green’s 

functions given in Eqs (18) and (19) for d band are 

obtained. 

 One can define the two superconducting order 

parameters related to the correlation functions 

corresponding to Green’s functions 

,
p p

C C
+ +

↑ − ↓<< >>  and ,
d d

C C+ +
↑ − ↓<< >>  for 

p and d bands, respectively.  

 
3 Physical Properties of Superconductors 

 
3.1 Superconducting Order Parameters 

 Gap parameter ∆  is the superconducting order 

parameter, which can be determined self-consistently 

from the gap equation. 

 

2p pp pp p pd dV f V f∆ = ∆ + ∆ ≡ +  …(24) 

 

1d dd pd p dd dV f V f∆ = ∆ + ∆ ≡ +  …(25) 

 
In a matrix form, the order parameter for the 

superconducting state is given
47

 by : 

 

( )i i j j j
j

V G∆ = ∆ ∆�  …(26) 

 

where ijV  is the pairing interaction constant and 

function G’s are defined as : 

 

0

( ) (0) tanh
2

p
p p

p p
p B

d E
G N

E k T

ω ∈
∆ = �

�

 … (27) 

 

0

( ) (0) tanh
2

d

d d
d d

d B

d E
G N

E k T

ω ∈
∆ = �

�

 … (28) 

 
where (0)pN  and (0)dN  are density of states for p 

and d bands, respectively at the Fermi level. 

 We obtain two superconducting gaps corresponding 

to p and d bands in this interband model.  

 One can write the equations for superconducting 

gaps for p and d bands as follows: 

 

( ) ( )p pd d d pp p pV G V G∆ = ∆ ∆ + ∆ ∆  …(29) 
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( ) ( )d d p p p dd d dV G V G∆ = ∆ ∆ + ∆ ∆  …(30) 

 

where Vpp and Vdd are pairing interaction for p and d 

bands, respectively, while the pair interchange 

between the two bands is assured by the Vpd term.  

The quantity Vpd has been supposed to be operative 

and constant in the energy interval for higher  

band and lower band, keeping in mind the 

 integration ranges, the gap order parameter satisfies 

the system. 

 If the interband interactions are missing i.e. Vpp= 

Vdd =0, the transition is solely induced by the 

interband interaction
47

 is : 

 

1
1.14 expB c c

pd p d

k T
V N N

ω
 �
� �= −
� �
� �

�  …(31) 

 

 One can easily show that by taking Vpp= Vdd =0, the 

result remains almost unaffected and interband 

interaction can induce the superconducting transition 

temperature Tc. Kristoffel et al
59

. have shown  

that interband pairing is very efficient in enhancing 

Tc. This is a characteristic feature of interband 

models.  

 One can write the simultaneous equation as: 

 

( )
( )

( )
( )

1
11

pd ppd d

pp dpp p

V GV G

V GV G

∆∆
× =

 �  �− ∆− ∆ � �� �

 …(32) 

 

( ) ( )( ) ( )p d pd pp p p d dV V G G∆ = ∆ + ∆ = + ∆ ∆ + ∆ ∆  

 …(33) 

 
 For the study of superconducting order parameter 

for Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) and 

SmO1−xFxFeAs (Tc=50 K) systems with two band 

model, one finds following different situations: (i) 

The superconducting order parameters in the presence 

of p-band only and (ii) The superconducting order 

parameters in the presence of d-band only. 

 
(a) SC order parameter for p and d bands  

 Using Eq. (41) with changes in variables as 
2110p x J

−∆ = × , p p yω∈ = � , p pd dyω∈ = � , and 

taking 0µ =  in the absence of doping, after 

simplification, we obtain: 

2 2 2 2

2 2 2 2

1

2 2

0

58 58
0.5797 0.5797

1

2 2

0

108 108
0.4444 0.4444

(0)
0.5797

1 1

1 1

1 (0)
0.4444

1 1

1 1

pd d

y x y x
T T

pp p

y x y x
T T

dy
V N

y x

e e

dy
V N

y x

e e

−
+ +

−
+ +

�
��
�

�
��
�

+

� �
	 
× −	 

	 


+ +� �
 �
� �

−� �
+� �

� �
� �� �
� �	 
× −� �	 

	 
� �+ +� �� �

 

×
2 2 2 2

2 2 2 2

1

2 2

0

108 108
0.4444 0.4444

1

2 2

1

58 58
0.5797 0.5797

(0)
0.4444

1 1

1 1
1

1 (0)
0.5797

1 1

1 1

pd p

y x y x
T T

pd d

y x y x
T T

dy
V N

y x

e e

dy
V N

y x

e e

−
+ +

−
+ +

�
��
�

�
��
�

+

� �
	 
× −	 

	 


+ +� � =
 �
� �

−� �
+� �

� �
� �� �
� �	 
× −� �	 

	 
� �+ +� �� �

 

 …(34) 
 

 Solving Eq. (34) numerically using values of 

various parameters from Table 1, the variation of 

superconducting order parameter ( )∆  with 

temperature for p and d-bands has been studied. The 

values obtained from Eq. (34) are presented in Table 2 

and the variation of superconducting order parameter 

with temperature for Sm0.95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K) is shown in Fig. 1 and for system 

SmO1−xFxFeAs (Tc=50 K) values are recorded in 

Table 3 and variation is shown in Fig. 2 for both p and 

d bands. 
 

(b) SC order parameter in the presence of both p 

and d bands 

 We have numerically depicted ( )p d∆ = ∆ + ∆  with 

temperature for Sm0.95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K)  in Table 2 and for system SmO1−xFxFeAs 

(Tc=50 K) in Table 3 and variation is shown in Fig. 3. 
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Fig. 1 — Superconducting Order parameter for p and d bands 

( & )p d∆ ∆  for the system Sm0.95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K) 

 

(c) 
,

,

( )

(0)

p d

p d

T∆

∆
 with 

c

T

T
: Variation of ( ) / (0)p pT∆ ∆  

and ( ) / (0)d dT∆ ∆ with / cT T  is shown in Fig. 4 and 

corresponding values are given in Table 4. 

(d) 
2 p

ckT

∆
 and 

2 d

ckT

∆
 with T: Variation of 2 /p ckT∆  

and 2 /d ckT∆ with temperature (T) is shown in Fig. 5 

and corresponding values are given in Table 5. 

 
3.2 Electronic Specific Heat (Ces)  

 The electronic specific heat per atom of a 

superconductor is determined from the following 

relation
52-57,60

,  

 

(a) For p band 
 

1
2 ( )p

es p p p
p

C C C
T N

µ +
↑ ↑

∂
= ∈ − � �

∂
�   …(35) 

 

where ∈p is the energy of p band and µ is the common 

chemical potential. 

 Substituting 
p p

C C
+

↑ ↑� �  from Eq. (21) and changing 

the summation over p into an integration by using the 

relation (0) p
p

N d= ∈� �  

 

we obtain: 

Table 1 — Values of various parameters for Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) and SmO1−xFxFeAs (Tc=50 K) (64) 

 

S. No. Parameter Value Reference 

 

  1.6×10−21
J  

1 Phonon energy ( )pω�  for p band 1.6×10−21
J [61] 

2 Phonon energy ( )pω�  for d  band 1.5×10−21 J
 

[61] 

3 Density of states at the Fermi surface N (0) ≅ 4.95×1019 J/atom [57] 

4 Pairing interaction for p  band (Vpp) 0..273×10−19 J/atom  [62] 

5 Pairing interaction for d  band (Vdd) 0.280×10−19 J/atom [62] 

6 The pair interchange between two bands (Vpd) 1.75 eV [63] 

7 Density of states for d  band Np(0)  0.223 eV−1 [63] 

8. Density of states for p  band Nd(0) 0.035 eV−1 [63] 

9 Number of atoms per unit volume  ~ 4×1022 [57,62] 

10 Crystal Structure (1111 type) ZrCuSiAs, type layered structure unit cell  

a=b=0.3927 nm  and  c=0.8441 nm 
 

[13] 

 

Table 2 — Superconducting order parameter ( & )p d∆ ∆  (p and d bands) for Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

 

S.No. Temperature (K) 2110p x J
−∆ = ×  

 

2110d x J
−∆ = ×  

 

p d∆ = ∆ + ∆  

1 10 1.51 1.47 2.98 

2 20 1.50 1.44 2.94 

3 30 1.47 1.38 2.85 

4 40 1.36 1.18 2.54 

5 50 0.98 0.80 1.78 

6 57.3 0.00 0.00 0.00 
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Fig. 2 — Superconducting Order parameter for p and d bands 

( & )p d∆ ∆ for the system SmO1−xFxFeAs (Tc=50 K) 

 

{ }
2 2

2
0 2

exp( )2 (0)

exp( ) 1

p
pp

es p

N
C d

N T

ω β α βα

βα

 ∈
�= ∈
� +�

�
�

 

   
( )

2 2 2

1

2 2 22
p pp pp pp

p p

T

β α

+ +

−∈ ∈
+

∈ +∆ + ∆ + ∆ ∆ + ∆ ∆
 

   
{ } { }

1 1 2 2

2 2
1 2

exp( ) exp( )

exp( ) 1 exp( ) 1

α βα α βα

βα βα

�� �
�	 
× −

	 
�+ +� ��
 

 …(36) 

Where α1 and α2 are given by Eq. (23). 

 Using Eq. (36) and putting α1, α2 and β=1/kT, after 

simplification, we obtain: 

 
2 2

2 2

3
0

(0)
sec

22

pp
p pes

p p
B

C N
d h

T k TNKT

ω � �∈ +∆	 
= ∈ ∈
	 
	 

� �

�
�

 … (37) 

Using 2110p x J
−∆ = × , p p yω∈ = � , p pd dyω∈ = � , 

and values of parameters from Table 1 with taking 

0µ =   in  the   absence  of   doping,   we   obtain   the  

 
 

Fig. 3 — Superconducting Order parameter ( & )p d∆ ∆  for p and 

d bands for the systems Sm0.95La0.05O0.85F0.85Fe0.15FeAs  

(Tc=57.3 K) and SmO1−xFxFeAs (Tc=50 K) 
 

 
 

Fig. 4 — / cT T  versus 
,

,

( )

(0)

p d

p d

T∆

∆
 for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 
 

expression for numerical study of specific heat for  

p-band as:  

2 2144
2 2

3
0

36.23 2.5618.362 10
sech

p
es y xC

y dy
T TT

− � �+× 	 
=
	 

� �

�  

 … (38) 

Table 3 — Superconducting order parameter ( & )p d∆ ∆  (p and d bands) for SmO1−xFxFeAs (Tc=50 K) 

 

S.No. Temperature (K) 2110p x J
−∆ = ×  

2110d x J
−∆ = ×  p d∆ = ∆ + ∆  

1 10 1.76 1.74 3.50 

2 20 1.72 1.70 3.42 

3 30 1.58 1.54 3.12 

4 40 1.27 1.15 2.42 

5 50 0.00 0.00 0.00 
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(b) For d band  

Similarly, one obtains the expression for electronic 

specific heat 
d
esC for d band as: 

 

{ }
2 2

2
0 2

exp( )2 (0)

exp( ) 1

d
d d
es d

N
C d

N T

ω β α βα

βα

 ∈
�= ∈
� +�

�
�

 

   
( )

1 1 1

1

2 2 22
d dd dd dd

d d

T

β α
+ +

−∈ ∈
+

∈ +∆ + ∆ + ∆ ∆ + ∆ ∆
 

   ×
{ } { }

1 1 2 2

2 2
1 2

exp( ) exp( )

exp( ) 1 exp( ) 1

α βα α βα

βα βα

�� �
�	 
−

	 
�+ +� ��
 

 …(39) 

 In the absence of doping (µ=0), we can study 

specific heat divided by T for d band numerically 

from the following expression:  

2 2144
2 2

3
0

36.23 2.2515.131 10
sech

d
es y xC

y dy
T TT

− � �+× 	 
=
	 

� �

�  

 …(40) 
 

where α1 and α2 are similar to p band except the 

subscript p in Eq. (23) is replaced by d. 

 The values of electronic specific heat ( / )p
esC T  

versus T for Sm0.95La0.05O0.85F0.85Fe0.15FeAs  

(Tc=57.3 K) and SmO1−xFxFeAs (Tc=50 K) systems 

for p band and d band are given in Tables 6 and 7 and 

variations are shown in Figs 6 and 7, respectively. A 

comparison with experimental results for 

SmO1−xFxFeAs (x=0.15) superconductor is shown in 

Fig. 7. The agreement between theory and 

experiments is quite satisfactory.  

 
3.3 Density of States N (ωωωω) 

 The density of states is an important function. This 

helps in the interpretation of several experimental 

data, e.g. many processes that could occur in crystal 

but are forbidden because they do not conserve 

energy. Some of them nevertheless take place, 

provided to correct the energy imbalance by phonon-

assisted   processes,   which    are    proportional
54

    to  

Table 4 — 
,

,

( )

(0)

p d

p d

T∆

∆
 versus / CT T  for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 
 

,

,

( )

(0)

p d

p d

T∆

∆
 

Theoretical 

,

,

( )

(0)

p d

p d

T∆

∆
 

Experimental [65] 

S. No. Temperature 

/ CT T  

For p band For d band 
 

 

1 0.17 0.99 0.99 1.00 

2 0.34 0.98 0.96 0.98 

3 0.52 0.96 0.92 0.90 

4 0.69 0.89 0.79 0.80 

5 0.87 0.64 0.53 0.59 

6 1.00 0.00 0.00 0.00 

 

 
 

Fig. 5 — 

c

p

kT

∆2
 and 

c

d

kT

∆2
 versus T for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

Table 5 — 
2 p

CkT

∆
 and 

2 d

CkT

∆
 versus  T  for p and d bands for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

 

S. No. Temperature 

(K) 
2 p

CkT

∆ 2110x
−= ×  

2 d

CkT

∆ 2110x
−= ×  

1 10 21.88 21.30 

2 20 10.86 10.43 

3 30 7.10 6.66 

4 40 4.92 4.27 

5 50 2.84 2.31 

6 57.3 0.00 0.00 
 

 

Table 6 — Electronic specific heat with temperature ( & )p d
es esC C  

p and d bands) for Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

 

49/ 10p
esC T

−×

2/J m k−  

49/ 10d
esC T

−×

2/J m k−  

S. No. Temperature 

(K) 

(For p band) (For d band) 
 

1 10 0.0043 0.0055 

2 20 0.3385 0.3810 

3 30 0.9533 1.0280 

4 40 1.3550 1.5080 

5 50 1.7060 1.6980 

6 57.3 1.9232 1.6755 
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Fig.6 — Electronic Specific heat ( / and / )p d
es esC T C T  with 

temperature (p and d bands) for Sm0.95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K). 

 

N(ω)/N(0). For ω>0, the density of states per atom
55,56

 

N(ω) is defined as: 

0
( ) lim [ ( , )

2

( , )]

p
p

i
N G p i

N

G p i

ω ω
π

ω

↑↑∈→

↑↑

= + ∈

− − ∈

�
  …(41) 

where ( )pN ω  is the density of state function for  

p-band. For d-band, we have: 

0
( ) lim [ ( , )

2

( , )]

d
d

i
N G d i

N

G d i

ω ω
π

ω

↑↑∈→

↑↑

= + ∈

− − ∈

�
 …(42) 

 

 Now substituting the Green function in Eq. (41) 

and using the delta function property, we obtain:  

 

0

1 1
lim ( )

2 ( ) ( )
p

p p

i
E

N i E i E
δ ω

π ω ω∈→

 �
− = −� �

+ ∈ − − ∈ −� �� �
 

 

We obtain, 

 
 

Fig.7 — Electronic Specific heat ( / and / )p d
es esC T C T  with 

temperature  (p and d bands) for SmO1−xFxFeAs (Tc=50 K) 

 

1
( ) 1 ( ) 1 ( )

2

p p
p p p

p p p

N E E
E E

ω δ ω δ ω
 �� � � �∈ ∈

= + − + − +� �	 
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 … (43) 

 

 Changing the summation into integration with the 

help of following relation: 

 

(0)
p

p

p p
p

N d

ω

ω

+

−

= ∈� �
�

�

 

 

where )0(pN  is the density of states at absolute zero 

temperature, and further simplification of Eq. (43), 

yields  

2 2

( )
2 for 0

(0)

0 otherwise

p

p p

N

N

ω ω
ω

ω

�
�

= >�
− ∆��

=

 …(44) 

Table 7 — Electronic specific heat with temperature &
p d
es esC C

T T

� �
	 

	 

� �

 (p and d bands) for SmO1−xFxFeAs (Tc=50 K) 

49/ 10p
esC T

−×  

2/J m k−  

49/ 10d
esC T

−×  

2/J m k−  

49/ 10esC T
−×  

2/J m k−  

S. No. Temperature 

(K) 

Theoretical Theoretical Experimental [64] 

 

1 10 0.00086 0.00095 0.000 

2 20 0.172 0.170 0.124 

3 30 0.773 0.755 0.472 

4 40 1.518 1.563 0.680 

5 50 2.524 2.228 0.762 
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 Density of states function for the p band is given by 

Eq. (45). Now using the following values 
2110y Jω −= × , 21

1 10p x J
−∆ = × , 21

2 10d x J
−∆ = × , 

and taking 0µ =  in the absence of doping, one 

obtains the expression for numerical study as : 
 

21

21 2 21 2
1

( ) 10

2 (0) ( 10 ) ( 10 )

p

p

N y

N y x

ω −

− −

� � ×
=	 
	 
 × − ×� �

 … (45) 

 

 Similarly, for d band, one can obtain the expression 

by replacing subscript p in Eq. (44) by d. 

 One obtains the expression for numerical study for  

d band, as: 

21

21 2 21 2
2

( ) 10

2 (0) ( 10 ) ( 10 )

d

d

N y

N y x

ω −

− −

� � ×
=	 


� � × − ×
 …(46) 

 

 The expressions given in Eqs (45) and (46) of 

density of states function for p and d band are similar, 

hence we have evaluated the values with different 

values of x for p and d bands. 

 The values of density of states from Eqs (45) and 

(46) for Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

and SmO1−xFxFeAs (Tc=50 K) are given in Tables 8 

and 9 and their respective behaviour are shown in 

Figs 8 and 9, respectively. 

 

4 Results and Conclusions  

 In conclusion, we have described a two band model 

for the Fe-pnictides which we believe contains the 

essential physics of these materials. Following 

Table 8 — Density of states with temperature  for 

Sm0.95La0.05O0.85F0.85Fe0.15FeAs (Tc=57.3 K) 

 

( )

2 (0)

N

N

ω
 

S No 2110y Jω −= ×  

211.51 10p J
−∆ = ×

 

211.47 10d J
−∆ = ×

 
  at T 10 K

 
at T 10 K 

 

1 2 1.5250 1.4748 

2 3 1.1573 1.1472 

3 4 1.0799 1.0752 

4 5 1.0490 1.0462 

5 6 1.0333 1.0314 

6 7 1.0241 1.0228 

7 8 1.0183 1.0173 

8 9 1.0144 1.0136 

9 10 1.0116 1.0110 

10 11 1.0096 1.0091 

11 12 1.0080 1.0076 

12 13 1.0068 1.0065 
 

 

Table 9 — Density of states with temperature  for SmO1−xFxFeAs 

(Tc=50 K) 

 

( )

2 (0)

N

N

ω
 

S No 2110y Jω −= ×  

211.76 10p J
−∆ = ×  

211.74 10d J
−∆ = ×  

  at T 10 K
 

at T 10 K 
 

1 2 2.1054 2.0282 

2 3 1.2348 1.2276 

3 4 1.1136 1.1106 

4 5 1.0684 1.0667 

5 6 1.046 1.0449 

6 7 1.0332 1.0324 

7 8 1.0251 1.0245 

8 9 1.0197 1.0192 

9 10 1.0159 1.0155 

10 11 1.0131 1.0128 

11 12 1.0109 1.0107 

12 13 1.0093 1.0091 
 

 
 

Fig. 8 — Density of states for Sm0.95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K) 

 

 
 

Fig. 9 — Density of states for SmO1−xFxFeAs (Tc=50 K) 
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Green’s functions technique and equation of motion 

method, we have obtained the expressions for 

superconducting order parameter ( )∆ , density of 

states, specific heat, for both p and d  bands. Making 

use of values of various parameters given in Table 1 

for the systems Sm0..95La0.05O0.85F0.85Fe0.15FeAs 

(Tc=57.3 K) (Ref. 8) and SmO1−xFxFeAs (Tc=50 K) 

(Ref. 64), we have solved numerically the expressions 

given in Eq. (46) and wherever possible, compared 

our results with the available experimental data. We 

found:  

 
(i) The superconducting transition temperature (Tc) 

for Sm0..95La0.05O0.85F0.85Fe0.15FeAs is 57.3 K 

(Ref. 8) and for SmO1−xFxFeAs is 50 K (Ref. 64) 

agrees well with experimental data.  

(ii) The variation of p d∆ = ∆ + ∆  with temperature 

T for the system Sm0..95La0.05O0.85F0.85Fe0.15FeAs 

is found to be in good agreement with 

experimental data. 

(iii) The calculated values of 
,

,

( )

(0)

p d

p d

T∆

∆
 versus / cT T , 

2 p

ckT

∆
 and 

2 d

ckT

∆
 versus temperature T for p and 

d bands exhibit good agreement with 

experimental data for Sm0..95La0.05O0.85F0.85Fe0.15 

FeAs (Ref. 8) 

(iv) The behaviour of /esC T  versus T obtained from 

our model is in reasonable agreement with the 

experimental data for the system
64

 

SmO1−xFxFeAs. 

(v) Density of states study clearly supports the 

BCS-like coupling in these systems. Our  results 

for density of states are intended to provide a 

basis for experimental  comparisons.  

 The investigations reported here aim to establish 

several of the properties of two band model. Only a 

detailed comparison with experiments will clarify 

whether this simple model is or not a good 

approximation to describe the Fe-pnictides 

superconductors  

 
References 

1 Kamihara Y, Watanabe T, Hirano M & Hosono H, J Am 

Chem Soc, 130 (2008) 3296. 

2 Chen G F, Li Z & Wu D, Phys Rev Lett, 100 (2008) 247002. 

3 Zhu X Y, Yang H & Fang L, Superconduc Sci Technol, 21 

(2008) 105001.  

4 Chen X H, Wu T & Wu G, Nature, 453 (2008) 761. 

5 Ren Z A, Wei W L & Jie Y, Chin Phys Lett, 25 (2008) 2215. 

6 Johrendt D & Pottgen R, Angew Chem Int Ed, 47 (2008) 

4782. 

7 Tegel M, Bichler D & Johrendt D, Solid State Sci, 10 (2008) 

193. 

8 Zheng W, Hai'ou Li & Weili H, J Supercond Nov Magn, 21 

(2008) 213. 

9 Quebe P, Terbuchte T J & Jeitschko W, J Alloys Comd, 302 

(2000) 70. 

10 K Ishida, Y Nakai & H Hosono, J Phys Soc Japan, 78 (2009) 

062001. 

11 Kamihara Y, Hyperfine Interact, 208 (2012) 123. 

12  Kakani S L & Kakani S, Superconductivity (New Age 

International, New Delhi) IInd Edn, (2012) 630. 

13 Chubukov A V, Annu Rev Condens Matter Phys, 3 (2012) 

57. 

14 Tanabe K & Hosono H, Japan J Appl Phys, 51 (2012) 

010005. 

15  Dai P, Hu J & Dagotto E, Nature, 8 (2012) 709. 

16 Shangina T E, Ponomarev Y G & Kuzmichev S A, JETP 

Letters, 92 (2011) 94. 

17 Johnston D C, Adv Phys, 59 (2011) 803. 

18 Sadovskii M V, Phys Usp, 51 (2008) 1201. 

19 McGuire M A, Christianson A D & Sefat A S, arxiv, 

0804.0796 (In Press). 

20 Nekrasov I A, Pchelkina Z V & Sadovskii M V, Pis'ma Zh 

Eksp Teor Fiz JETP Lett, 87 (2008) 560. 

21 Nekrasov I A, Pchelkina Z V & Sadovskii M V, Pis'ma Zh 

Eksp Teor Fiz, 87 (2008) 647. 

22 Miyake T, Nakamura N, Arita R & Imada M, J Phys Soc 

Japan, 79 (2010) 044705. 

23 F Wang, Zhai H, Ran Y & Lee D H, Phys Rev Lett, 102 

(2009) 047005. 

24 Mazin I I, Johannes M D & Boeri L, Phys Rev B, 78 (2008) 

085104. 

25 Chubukov A V, D Efremov V & Eremin I, Phys Rev B, 78 

(2008) 134512. 

26 Maier T A & Scalapino D J, Phys Rev B, 78 (2008) 020514. 

27 Thomale R, Platt C & Hu J, Phys Rev B, 80 (2009) 180505. 

28 Wu J & Phillips P, Phys Rev B, 79 (2009) 092502. 

29 M Daghofer, Moreo A & Riera J A, Phys Rev Lett, 101 

(2008) 237004. 

30 Mishra V, Boyd G & GraseS r, Phys Rev B, 79 (2009) 

094512. 

31  Lee P A & Wen X G, Phys Rev B, 78 (2008) 144517. 

32 Cvetkovic V & Tesanovic Z, Euro Phys Lett, 85 (2009) 

37002. 

33  Ishibashi S, Terakura K & Hosono H, J Phys Soc Japan, 77 

(2008) 053709. 

34 Kuroki K, Onari S & Arita R, Phys Rev Lett, 101 (2008) 

087004. 

35 Wang F, Zhai H & Lee D H, Euro Phys Lett, 85 (2009) 

37005. 

36 Kang J & Tesanovic Z, Phys Rev B, 83 (2011) 020505. 

37 Maiti S & Chubuko A V, Phys Rev B, 83 (2011) 220508. 

38 Fang C, Y Le Wu & R Thomale, Phys Rev, (2011) 011009. 

39 Ren Zhi-An, Che G C & Dong X li, arxiv, 0804.2582, (In 

press). 

40 Singh D J & Du M H, Phys Rev Lett, 100 (2008) 237003. 

41 Singh D J, Physica C, 469 (2009) 418. 

42 Nekrasov I A, Pohelkina Z V & Sadovskii M V, Pis'ma Zh 

Eksp Teor Fiz, 88 (2008) 155 [ JETP Lett, 88 (2008) 144]. 

43 Li J & Wang Y P, Chin Phys Lett, 25 (2008) 2232. 



INDIAN J PURE & APPL PHYS, VOL 52, JUNE 2014 

 

 

422 

44 Chen C T, C Tsuei C & Ketchen M B, Nature Phys, 6 (2010) 

260. 

45 Luo Q, Martins G & Yao D X, Phys Rev B, 82 (2010) 

104508. 

46  Yu R, Trinh K T & Moreo A, Phys Rev B, 79 (2009) 

104510.  

47  Chakraverty B K, Phy Rev B, 48 (1993) 4047. 

48  Hota R Lal, Ajay & Joshi R L, Phys Rev B, 57 (1998) 6126. 

49  Pratap A, Ajay & Tripathi A S, J Supercond, 9 (1997) 595. 

50  Khandka S & Singh P, Phys Status Solidi B, 244 (2006) 699. 

51 Das S & Das N C, Phys Rev B, 46 (1992) 6451. 

52 Kakani S L & Upadhyaya U N, J Low Temp Phys, 52 (1983) 

221. 

53 Kakani S L & Upadhyaya U N, Phys Status Solidi B, 125 

(1984) 861. 

54 Kakani S L & Upadhyaya U N, Phys Status Solidi B, 135 

(1986) 235. 

55 Kakani S L & Upadhyaya U N, Phys Status Solidi A, 99 

(1987) 15. 

56 Kakani S L & Upadhyaya U N, J Low Temp Phys, 70 (1988) 5. 

57 Fetter A L & Walecka J D, Quantum Theory of Many 

Particle Physics (McGraw-Hill, New York), Ist Edn (1971) 

449. 

58 Kakani S L & Paliwal R K, Phys Status Solidi B, 155 (1989) 241. 

59 Kristoffel N, Konsin P & Ord T, Riv Del Nuovo Cimento, 17 

(1994) 9; Kristoffe N & Rubin N, Int J Mod Phys B, 26 

(2012) 1259144. 

60 Kakani S L & Kakani S, Superconductivity (Anshan Ltd, 

UK) Ist Edn, (2009) 469. 

61 Kakani S & Kakani S L, J Supercond Nov Magn, 

doi:10:1007/s 10948-009-0465-X. 

62 Kashyap A, Tiwari S C & Surana A, J Supercond Nov Magn, 

21 (2008) 129. 

63 Nuwal A, Paliwal R K, Kakani S L & Kalra M L, Physica C, 

471 (2011) 318. 

64 Ding L, He C & Dong J, Phys Rev B, 77 (2008) 180510. 

65 Bussmann-Holder A, Simon A, Keller H & Bishop A R, 

J Supercond Nov Magn, 24 (2011) 1099. 

66 Bardeen J, Cooper L N & Schrieffer J R, Phys Rev, 108 

(1957) 11759.  

 

 

 

 


