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1. Introduction

The year 2006 [1] witnessed a major breakthrough in the field of superconduc-
tivity with the discovery of a new class of iron based superconductors called IPs.
Further increase in 7 in the same class of SCs was witnessed in the year 2008
[2]. Researchers all over the world were amused at the discovery made by Hideo

Hosono [3] and coworkers in the course of exploration of magnetic semicon-
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ductors. These transition metal based superconductors having general formula
LnOFeAs (Ln = La, Ce, Sm, Gd, Nd, Pr) are layered structures with alternate
LnO & FeAs layers, superconductivity believed to be present because of the FeAs
layers. The structure orientation of Fe atoms shows it to be surrounded by four
arsenic atoms resulting in a distorted tetrahedral geometry. The iron atoms are
seen to make a square lattice and arsenic atoms are placed at the centre of each
square being displaced above & below the Fe planes. IPs are second in class after
the cuprates [4] to have high 7 of around 55 Kas shown by experimental studies
of Ren and Chen [5] [6] and theoretical study by Mebrahtu [7]. Interest in this
newly class of discovered materials was generated not only because of its high 75,
but also because iron, being the most magnetic material [8] that could have been
destructive for superconductivity, showed high values of 7.. Within a span of ten
years, the quantum of research in this field is high because of the extraordinary
properties exhibited by these compounds. It has been shown that in the normal
state, these compounds are semi-metals [9] (upon doping [10] or application of
pressure [11] [12] [13] [14] is seen to increase 7. in IPs). Several experimenta-
tion in this field is trying to study minutely various properties associated with
them. Angle resolved photoemission experiments [15] have demonstrated that
IPs are MB [16] [17] in nature. Iron has five bands at the Fermi surface and all
the five d-bands of iron are relevant in studying the superconducting properties
of these compounds as opposed to the single band of cuprates [18] [19] and BCS
[20] superconductors or the two band MgB, [21] [22] [23]. Previous theories
have found that MB nature [24] of IPs makes them a significant class in the vast
area of superconductivity and that MB structure serves as an important ingre-
dient for high 7 [25] for this class of compounds. The four unpaired d electrons
of iron are seen to hybridise [26] with the three unpaired p electrons of arsenic,
resulting in bands found at the Fermi surface due to overlapping orbitals [27]
[28]. Raghu et al has discussed that a minimal two band model [29] is needed
for the superconducting IPs. Several others have also studied two bandsuper-
conductivity [30] [31] [32] [33]. Three band superconductivities [34] have also
been studied using different theories like Eliashberg theory [35], Ginzburg Lan-
dau theory [36], etc.

Over the years, the MB property of IPs is exploited in understanding these
materials in a better way. Earlier, also it has been found that interband interac-
tions lead to higher 7.in cuprate SCs [37]. Since IPs are also MB SCs with nest-
ing present at the Fermi surface, therefore it is desirable to investigate the role of
interband and intraband interactions on various superconducting properties.
Several properties of IPs are investigated to understand the mechanism of this
special class of high temperature superconductors (HTS). The electronic specific
heat of IPs is studied using electron-Cooper pair interaction by Mukubwa [38].
Mohamed et al have explained pressure effect for HTS using pressure depen-
dent Schrodinger equation and string theory [39]. With this motivation in mind,
T.and C, of SmOFeAs compound [40] [41] [42] [43] is investigated using a MB

DOI: 10.4236/jamp.2022.107153

2233 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2022.107153

S. Masih et al.

model, employing Green’s function technique and the results are compared with

experimental values.

2. Mathematical Technique and Formulation

In the present theoretical work, the two thermodynamical properties which is A
and C,, of SmOFeAs are investigated as a function of the number of bands. The

model Hamiltonian uses itinerant nature of electrons. It is described as:

H= zEmkU mka mko vam mk T ~m— kiCm—k‘Lka'T

mko

(1)
an ZkaT m- k~L n— k'~Lan'T

m

In Equation (1), the first term represents energy of itinerant electrons. The
second term denotes the intraband interaction term. V., is the intraband inte-
raction potential. The third term is the interband interaction term. It represents
tunnelling between the bands. V.., is the interband interaction potential. m, n is
band index, kis wave vector and ois spin index for fermions.

Considering the two Green’s functions

6 1. =({CurCi)) 2
6, =({cleCar)) (@)

Here rand sare the band index and ¢ denotes wave vector.

Using the first Green function (2a), the equation of motion is expressed as:

(a)_Equ)G o= 5 “Veh G =2 V7 Gy =2 VA G (3)
rsaq 2m rs-qg  n nsgg  n rs-qq

Using the second Green function (2b), the second equation of motion is writ-

ten as:

<w+ Er_qi )GM = _VrrArrGTT Vrm Z AmmGTT +Vrm Z yTTGl 1 (4)

rs—qq rsqq m:tr rsqq mi ms—qq

where the OPs are defined as:
Arr = ;(Cr—k'i ! Crk'T>

Ann = ;<Cn ki‘an'T>

T —;< r—qb Cne k'l>

is number factor representing number of charge per unit volume.

2.1. One Band Model (OBM)

Using the two equations of Motion (3) and (4) and substituting r=s=1, cal-
culations are done for OBM using E, . =E_ , and G =G ,, and

11qq
G, =G ,;

11-qq
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A is defined as:
A,y = ZV11< utr G k¢> (5)

The correlation function (CF) < we Cf v ¢> is related to G, as:

G (i
<Cﬂ<Tvak¢> -7 (wﬂg; dChl) (6)

i
-n

where, 7 =-1 for fermions, kis Boltzmann constant and T'is absolute temper-
ature in kelvin.
The expression of A is obtained as:
2 2
VﬁA11 tanh Equ + (V11A11) )

An = 2 2 2kT
2,/E; T+(V11A11)

Converting summation into integration with cut off energy +ha, from the

Fermi level and substituting T ->T. as A—0:

haop
1=N, I tanh Bt dE, (8)
) 2Equ 2KT,
T.can be expressed as:
haop E2. +A?
1= Ny, j ot

dE, 9)
qt
2\/ Equ +A121 2kT

Here A, =V,,A;,
For OBM, C,is defined as:

01 +
Cels = a_-l-ﬁz 2Equ <ClkT ! ClkT> (10)

<C1+|<T'C1m> is related to G as:
. -1%2G,(w+IiE)-G, (w—IiE
<C1kTvC1kT>=T 1( 3; 1( ) (11)
s eﬁ 7y

C.s for OBM comes out as:

E2, +(ViuAy )’
cl = E’,sech’ Nt ) 12
® 2NkTZZ ot 2kT (12)
Converting summation into integration,
2
1 Efr +(Vidy)
ClL=—-— 2 sech® + 4 =07 13
® NKT? { Bt 2kT (13)

2.2. Two Band Model (TBM)

Using the two equations of Motion (3) and (4) and substituting the four condi-
tions: r=1,s=1;r=1,s=2; r=2, s=2 and r= 2, s =1, calculations are done
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for TBM using G, =G ,,, G,=G [;, G,=G ,, G, =G |, G =G ,,,

Gy=G 1, E=E o and E ZE, , e 8
Slm112arfy for TBM, the following results are obtained:
VoA +V.A \/ + V Ay +V,A
<C1+kT'C1+k¢> 11511 T V1289 tanh gt l;k-lrl 12 22) (14)
2\/Em T (Vi +VipAy, )
The second CF is obtained as:
2
VoA VoA JEZ (Vo V0
<C;kT'C2+ kl> 21511 T VR tanh 297 ;k_lrl 22 22) (15)
2B + (Vs +V0,, )
CZ comes out as:
1 E12T +A12
2 > E? sech?| +——— (16)

® " 2NKT2AA, & Tt 2kT

Converting summation into integration,

hap JEZA + A2
c2= ;J' E7 sech? L (17)

®NKT2AA, 3 2kT

C,, for the second band corresponding to Gs is defined as:

Cezsz - 6T N ZZEZqT< 2kT? 2kT> (18)
<Cz+kT,C2kT> is related to Gs as:
_Tl_[Gs(aHiE)—Gs(a)—iE)
< 2+kT’C2k>: = p (19)
e —p

CZ is calculated as:

E? +A2
2qT

_ 2
Co = 2NkT2 ke 2 B T 20

Converting summation into integration,

hap EZ L+ AL
cz__1! j EZ sech?| Y2 2 1)

= NKTZ 2kT

2.3. Three Band Model (THBM)

Using the two equations of Motion (3) and (4) and substituting the following
eight conditions,
r=1,s=Lr=1,8=2r=1,8=3;r=2,s=1;r=2,s=2;r=2,s=3;r=3, 5=

1; r=3, s=2and r= 3, s =3, using the ten Green’s functions G to G, and
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making following substitutions:
E E

197 = 1-qd !

Byt = Ey o1 Eot = Eq gy

21qT — F2-ql Fagt

For the first band,

(Cun Cl)

VllAll +V12A22 +V13A33

2
V..V,
JA5+(EmT+ 5 m7ﬁJ
32
= tanh

2 2kT
V,,V,
2\/Af +[Equ + v 31 7/TTJ
32

For the second band, A is obtained as:
VouAyy +VAp, +Vp3A5
2\/E (Vo +ViA,, +V23A33)

2
\/Ezqu +(VarAyy +Voph gy +VisA g )
2kT

x tanh

For the third band, CF related to Gy is written as:

. . 122G, (w+ic)-G,,(w—ig
<C3kTvC3 kl> TJ. 10( ; 10( )

eKT _77

The corresponding A, =V, <C3+kT Cyy ¢> comes out to be:

Va1Ayy +VapAp +Va3Ag,

Ay =

2
2 V..V,
2\/(V31A11+V32A22 +V33A4) +(ES(ﬁ + i; 13 7”}

12

2
V3, Vis
\/(ValAu +V3lz +V33A33) ( Eigr + ]
Vi,
2kT

x tanh

For THBM, expression for C2' is:

2
v,V
J(ﬁﬁ+ $3UJ +A?
31 V12V31 Jsechz 32

= 422
= 2N|<T2Z “”( Wy, 2KT

Converting summation into integration gives:

2
V,,V.
hap 1 V.V \/(Em + i; # 7] +A12
31 2 32
C:es = J‘ WEICIT (Equ + i; 31 7Jsech KT

0 32

CZ is calculated as:

(22)

(23)

(24)

(25)
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2__ 1 > E? sech? —“EMJFA% (28)
& oNkTZ 4 2! 2kT

Converting summation into integration,

hap E, o + A
cz__1 J'E;ﬁsech2 Nl 272 (29)
0

®  NKT?2 2kT

C., for the third band corresponding to Gy is:

01 +
Ce353 = a_TWZ ZEqu <C3kT 1 Caer > (30)

2
. \/(anT +7i; 13 7] +AZ
12
C¥= = D Eyry/&° —Ajsech? (31)

2N 2kT

Converting summation into integration,

2
v,V
1 haop V..V, \/(E3qT+ i; 137} +A§
3 _ 32V13 2 12
Ces —W ‘!.. Equ (ESqT +V—]/Jsech KT

12

(32)

3. Results and Discussion

In this section, the numerical results obtained for 7, and C, of MB SmOFeAs are
presented. The results are investigated as a function of the number of bands, ex-
pressions being obtained for one, two and three band models, highlighting the

MB nature of the superconducting compound.

3.1. Variation of A with T

A is a measure of the binding energy of Cooper pair. Its variation is studied with
Tas a function of the number of bands.

Figure 1 shows the combined variation of A;;, Ay and As; with 7'for OB, TB
and THBM s illustrating the rise in 7. with increasing number of bands. It is seen
that with increasing 7, A decreases and at 7’=T,, A = 0. This is the usual beha-
viour of A vs 7'and hence justified. 7, for OBM comes out to be 11 K; for TBM,
T.is 45 K and for THBM it is 57 K. During calculations, the values of Awp =
0.05 eV, N=10¥ eV/atom, N, Vi; = 0.24. N, Vi, = 0.12, N, Vi3 = 0.06. The highest
value of Tis seen to be 57 K which is very well in agreement with experimental
results [5].

3.2. Variation of C.s with T

C.; is the amount of heat per unit mass required to raise the temperature by one
unit. Its variation is studied with 7"as a function of the number of bands.

Using Equation (13), the variation of C with 7'for OBM shows that initial-
ly the SH for SC is less than the SH for normal state (NS), it then suddenly
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Figure 1. A11, Az and As; (meV) versus 7' (K) for OB, TB and THBM.
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Figure 2. C. (eV/atom-K) versus 7 (K) for OBM.

increases and then drags down at a particular 7 which is the 7 of the system
which is 11 K as seen in the Figure 2. At 7, the curve shows a jump ACof 1.5 x
107 eV/atom K which is contrary as seen in the BCS model [44]. AC/'T is cal-
culated as 1.101 for the model which is also not in accordance with BCS model
[45], thus signifying that IPs are unconventional SCs [46] [47].

Figure 3 shows the combined graph of the variation of CZ and CZ with 7
for TBM illustrating that initially the SH of SC is less than the SH for NS, it then
suddenly increases at 7 K and then drags down atthe 7. for the system, observed
at 45 K. ACis 4 x 107 eV/atom K and A(J"Tis calculated as 0.718 for the mod-
el. Both these values are not in accordance with BCS model, thereby showing

that IPs are unconventional SCs.
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Figure 3. Cezs1 and Cezs2 (eV/atom-K) versus 7' (K) for TBM.
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Figure4.SH C¥, CZ and C¥ (eV/atom-K) versus 7'(K) for THBM.

Figure 4 shows the combined graph of the variation of C¥, C¥ and CZ
with 7" for THBM illustrating that initially the SH of SC is less than the SH for
NS, it then suddenly increases and then drags down at the 7 for the system ob-
served at 57 K. ACis 4 x 107° eV/atom K and A (7T is calculated as 0.567 for the
model. Both these values are not in accordance with BCS model proving IPs to
be unconventional in nature. The value of Sommerfeld coefficient” for the com-

pound SmOFeAs is 119.4 m]/mol K? [45].

4. Conclusion

The present study has been undertaken to get some information regarding the
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behaviour of 7; and electronic specific heat for superconducting SmOFeAs. It is
seen that upon increasing the number of bands has shown an increase in 7; which
is very well in agreement with experimental results, thereby proving that inter-
band interactions play an important role in enhancing the 7. Thus this study
also supports that MB structures are helpful to stabilize superconductivity and
for obtaining high 7 in this class of compounds. This appears reasonable as in-
terband interactions are already found to enhance 7 [25]. The specific heat cal-
culations reveal that IPs are governed by a mechanism other than the BCS one
[46]. The sharp peak observed in the specific heat curve is attributed to AFM
ordering of Sm** magnetic ions in the system which is otherwise not seen in the
lanthanum compound that has non-magnetic La** ions [47]. The theoretical mod-
el is restricted uptil three bands as suggested by Ummarino [35] that a simple
THBM in strong-coupling regime [48] [49] [50] can reproduce in a quantitative
way the experimental 7.
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