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1. Introduction

This work presents the theoretical investigation of the superconducting and thermo-
dynamic properties of the two-band model high-temperature iron-based superconductor
Bay_;Nay Fea Asy. By developing a model Hamiltonian and by employing the well-known
double-time temperature-dependent Green’s function formalism, we have computed the super-
conducting order parameters for the electron and hole intra- and inter-band transitions, su-
perconducting transition temperature, densities of states, and condensation energies. Further-
more, the electronic specific heat and the entropy for electron and hole intra-band transitions
have been determined. By using appropriate experimental data and some credible approxima-
tions of the parameters in the computed expressions, we have found the phase diagrams of
superconducting order parameters versus the temperature, superconducting critical temper-
ature versus the inter-band interaction potential, temperature dependences of the electronic
specific heat and entropy for electron and hole intra-band transitions, and densities of states
for the electron and hole intra-band transitions as functions of the excitation energy at different
values of the temperature. Finally, the phase diagrams of the condensation energy versus the
temperature, inter-band pairing potential at T = 0 K versus the condensation energy, and con-
densation energy versus the superconducting transition temperature (Tc) have been drawn. In
some of the phase diagrams, the comparison between theoretical and experimental values has
been made. The results are in a good agreement with previous findings.

Keywords: order parameters, specific heat, density of states, condensation energy,
Bai_.Na,FesAss.

the research group which found the superconductiv-
ity with a transition temperature of about 6 K in

The iron-based superconductors are the newly dis- | [,aFePO [1]. This discovery had marked the begin-
covered category of superconductors which are be- ning of a new era in the search for high-temperature
coming promising candidates for the future applica- | jron-hased superconductors. Furthermore, the recent
tions of high-temperature superconductors. The first | discovery of the superconductivity in LaFeAs(O, F)
iron-based superconductor was discovered in 2006 by | after the replacing phosphorus with arsenic and the

doping of the structure by substituting some oxygen
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sition temperature up to 26 K [2]. This high T has
significantly enhanced research activities in the field
of IBSCs, particularly when it was found that T
could be increased up to 43 K by applying pressure
[3]. In IBSCs such as RFeAsO;_,F (where, R=La,
Sm, Ce, Nd, Pr, Gd), with considerably high criti-
cal temperature of up to 56 K, the superconductivity
occurs in the FeAs layers and the LaO layers are sup-
posed to be charged reservoirs when doped with F
ions. In addition, multiband iron-based superconduc-
tors were discovered, and the superconductivity in the
122-family with Tc = 38 K in hole-doped supercon-
ductor Bag Ko 4FeaAsy was observed [4].

As is well known, IBSCs have high superconducting
transition temperature, large upper critical magnetic
field, high critical current density, and relatively low
anisotropy which are the fundamental requirements
for large current and (or) high magnetic field ap-
plications of superconductors. An important feature
of the iron-based pnictides is their multiband elec-
tronic structures with both electron and hole bands
at the Fermi level [5]. These have key features of
such inter-band pairing mechanisms that can gener-
ate or enhance superconducting pairing irrespective
of whether it is attractive or repulsive [6]. The pair-
ing mechanism in the iron-based pnictides is exten-
sively considered to be mediated by spin fluctuations
[7]. Amongst the high-temperature iron-based pnic-
tides, the 122-family compounds such as the (AE,
K) FeyAsy (where, AE = Ba, Sr) have been con-
sidered as promising superconducting materials for
upcoming applications, since a high critical current
density is believed to exist in the superconducting
wires and tapes [8]. Bag ¢Nag 4FeaAsy optimally Na-
doped with a concentration of x = 0.4 has a su-
perconducting transition temperature of about 34 K
[9]. The hole doping does remove charge carriers to
the system or FeAs layer, and the dopant changes the
electronic structure. The Fermi surface of hole-doped
Baj;_,Na,FesAs, is, to a large extent, the same as
the Fermi surface found for the K-doped compounds
suggesting a similar impact on the substitution of Ba
by either K or Na on the electronic band dispersion
at the Fermi level [9].

The multiple gap structures in the 122 system have
clear evidences and are provided by specific heat
and angle-resolved photoemission spectroscopy mea-
surements [10, 11]. Numerous intra-bands and inter-
band interaction terms exist in the multiband model
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of iron-based superconductivity. The inter-band pair-
ing is important in multiband models [12]. The op-
timally hole-doped Ba;_,Na,Fe;Ass with z = 0.35
iron-based pnictides of the Fermi surface comprises
of multiple Fermi surface sheets. ARPES studies in
the 122- family revealed the presence of hole-like and
electron-like Fermi surfaces at the center of the Bril-
louin zone and at the corner, respectively, and the
cylindrical shape of the electron-like Fermi surfaces
at the zone corner are usually attributed to the elec-
tronic structure in high-T¢ 122-family superconduc-
tors. All the 5Fe (3d) orbitals pass via the Fermi sur-
faces in the 122-family of the IBSCs. The first princi-
pal computations have demonstrated that the energy
bands near the Fermi surface are attributed mainly to
the Fe (3d) orbitals [13], and the states with energy
at the Fermi level are formed by the 3d electrons of
Fe, and the superconductivity is mainly due to these
3d states, as is shown by the density functional calcu-
lations [14].

The hole-doped two-band Ba;_,Na,FesAss (with
x = 0.35) IBSC has two superconducting order pa-
rameters for electron and hole intra-band transitions
for electron and hole bands, respectively. Both van-
ish at the same superconducting transition tempera-
ture (T¢) of Bay_,Na,FesAss. The electron and hole
intra-bands have their own coupling pairing poten-
tials of electron and hole intra-band transitions, re-
spectively, and the inter-band pairing interaction po-
tentials. The existence of inter-band pairing interac-
tion potential improves the pairing of the electrons
and leads to the vanishing of electron and hole intra-
band transitions at the same superconducting tran-
sition temperature, even though they are different
at zero temperature [15]. At the zero temperature,
the experimental values of superconducting energy
gaps for Ba;_,Na,FesAss on the electron Fermi sur-
face and on the hole Fermi surface are 8.5 meV and
3.6 meV, respectively [16].

2. Materials and Methods

The mathematical formulation of the Hamiltonian of
the system in the two-band model high-temperature
IBSC Baj_,Na,FeyAsy which consists of the elec-
tron and hole intra-band and inter-band terms is ex-
pressed as [17-19],

ﬁ:ﬁe+ﬁh+ﬁeh7 (]-)
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where, the first two terms are the energy of conduc-
tion electrons and holes, respectively, the next two
terms involve the superconductivity due to the intra-
paring at the electron and hole Fermi surfaces, respec-
tively. The last two terms represent the superconduc-
tivity due to the inter-band transitions between the
two bands. CA‘I:FT(CALH) and da(d,ki) are the creation
(annihilation) operators in the electron and the hole
bands, respectively.

2.1. Electron and hole
intra-band and inter-band
dependences on the temperature

By using the double-time temperature-dependent
Green’s function formalism, the equation of mo-
tion for the superconducting correlation function

<<Clj¢’ C’+ 1)) in the electron intra-band is expressed

as [20]

<<Cavétk¢>>:<<[ckwc ] <<[CkT7H]C ¢>>

w{(Ci Ch )Y = (G He + Hy + Hep], CFL ).
(10)
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Now, performing the commutation relation for
[CA',;"T, ﬁe], we get

(G| = [C Zs@ )Cif G —

*Aez

kK’

—ki + C_MC’m)}.

Using the commutation and anticommutation rules,
we obtain

] -

Similarly, the commutation relation for [O,},ﬁh}

C+ +AC g (11)

yields
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k,o
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From this expression, we get

[CM, } —0.

Furthermore,  the
[CM,H h} is given by

(12)
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Hence we get

[é;jT, ﬁeh} = A Copry. (13)

Using (11)—(13) in (10) the equation of motion for the
superconducting correlation function <<Ck7“’ ct k1))
becomes,

w((Ch, Cr )y =

+A(C gy, CFyy

—ee{(Ciy, O ) +
D)+ Aen((Cpry, CF )

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 10

Thus, the expression for the equation of motion be-
comes

A, + A
<<Ck¢7c+ e eh

N = w+ec(k)

(CopnCH)). ()

Similarly, the equation of motion for ((C'_jy, C’fkﬁ)
is given by

<< k¢>> = <[C’—k’¢a ka¢]> +

+ <<[ } s A ) (1)
w{(Copy, CFyy)) = 1+ ([Copy, Hel +
[éfk’L»Hh] [é eh] Cjk¢>>~

Now, evaluating the commutation relations given
(15), we get

[Cﬁkw,f:—’e] {C' k/¢,Z€e VO Cro —

— A, Z (Cl—:T iy + C*k/ick"l‘}
[
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Hence, we get

{C’fk/i,ﬁe} = Ee(k)éfk/l,—i—Aeéle. (16)

Performing a similar commutation for [CA’, ks H h}, as

for the electron above, we obtain
{Cljjf’ } = [é]a,z:&h(k)lj;:adkg—
k,o

— Ah Z (dZTgtkl —+ Cz_klid\k/T)},
kK’
From which, we get

[Clk/i,ﬁh} =0. (17)

Similarly, the commutation relation for [C',k/ Iy ﬁeh}
yields

[é—k’¢7 I:Ieh:| =
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_ [Cﬂ_k,b —A.p Z (CA'kTCA’fm, d_k’idkw)} _

Kok
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[ Ay (4

k,k/

Thus, we get

[é_m,ﬁeh} = MG (18)
Now, using (16)—(18) in (15), the equation of mo-
tion for the superconducting correlation function

{C w1, C‘fm)) becomes
W((C gy, CH ) = 1+ ((ee(R)C gy +
+ACH + ACHCT ).
Hence, we get
. A 1
’ + = ——
<<C—k i707k¢>> _Ee(k) +
Ae + Aeh + +
ST e ), (19)
Substituting (19) into (14) yields
. A A+ Agp, 1
+ o e e
<<C—k ivc—k¢>> - w +Ee(k) <w — Ee(k) +
Ae + Aeh + +
W—Ee(k) <<OkT7C >> .
Hence we get
A A A+ Agp,
1, CH)) = - . 2
<<C*k ivC—k¢>> w2 — Eg(k) — (Ae ¥ Aeh) ( O)

The superconducting order parameter in an electron
band can be related to the Green’s function as

A = Qﬁ Z kT, A_kl' (21)

where 8 = kE%T7 kg is the Boltzmann constant, and
U, is the pairing potential in the electron band.

Now, we use the relation w — iw,, and Matsubara’s
frequency [21] given by

_ (2n+ 1)7r-

Wy = 22
3 (22)

Using (20) and (22) in (21), we obtain

A, = U;ﬂ X

Ae + Aeh >
2+ B2 (e2(k) + (Ae + Acn)?) )
(23)

XZ( 2n + 1)

Introducing the density of states at the Fermi level,
changing the summation into integration, and using
the relation

tanh(SE/2)

1
24
kzn: (2n+1)m)2 + (BE)? 28 FE ’ (24)
we get
her tanh (LE;(]C))
A, =U.D.(0)A. T(k) dE.(k)+
hwr o h (ﬁEg(k))
+ U DR (0)A — 2 dEy(k), 25
nDn(0) Ay, A n(k) (25)

where E?(k) = &3(k) + (Ae + Agp,)? and

B (k) = ep (k) + (An + Acn)*.
Now, if we consider the electron intra-band transition
only, (25) becomes

heor tanh <ﬁ<ei<k>2+A’:f>%)

-/ @ rant e

-
U.N.(0)

(26)

By using the Laplace transformation, the integral in
(26) yields

, hor tanh < e’:?(i;)mz)

U.N.(0) ~ / e2(k) + A2 dee(k) -

0
hwg

/ > . ;27

2
e(k
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Using the integration by parts and substitution meth-

—4B2A2

ods, (27) reduces to

UD;() =In (1 14::;) 47?3252
2n—|—130/ 14 22) (28)

where z = ﬂﬁ(gz(ﬂ)
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Applying the Zeta and Riemann zeta functions,
(28) becomes

hwp A?
——=In(1.14—) — °-(0.1 . 2
UeDe(0) n( kBT> e 109 29

Using [22], (29) becomes
1 hwp
——=In(1.14— 3
U.D.(0) n( kBT) (30)

Substituting (30) into (29) and using the relation

2
In(1—2)=—-z— Ty ey
2
we get
T\2
A = 3.06 kT ( - ) . (31)
Tc
From the well-known BCS theory [22], we have
hwrp 1
To =114 — — | 32
e =115 e (<) (32)

Now, substituting (32) into (31), the superconducting
order parameter in the electron band becomes

o)) @

Following the same procedure as for the electron
intra-band traditions, the equation of motion for the
superconducting correlation functions <<dkT’ d* )
for the hole intra-band transitions can be computed
in the form

A (T) = 3.49hwr exp (—

Ap+ Ay, 5

<<d$¢,dfk¢>> m«d 1 d ). (34)

and

(i 8500) = s o (1)
(35)

After a couple of steps, the expression for the super-
conducting order parameter in the hole band Ay (7T')

is given by
) (- 7)
— (1= =].
UnDp(0) Tc
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Ap(T) = 3.49 hwr exp <— (36)

Where the experimental value of the density of
states and the pairing potentials [23| are the den-
sity of states at the Fermi level and the pairing in-
teraction potential for a hole intra-band transition,
respectively.

The inter-band transition between the electron and
hole bands, the superconducting order parameter can
be related to the Green’s function as

eh_wz (G CE ) + (i dE ).

(37)

Performing the same procedures as for the electron
intra-band transitions computed above, the expres-
sion for the superconducting order parameter in the
inter-band transitions A.p,(7T') reads

Aeh(T) =3.49 hwp X

e (‘ Uan D61<0>Dh<o>> <1 B fc)

2.2. Dependence of the superconducting
transition temperature on the inter-band
pairing potential

By coupling the two superconducting equations given
below, the dependence of the superconducting tran-
sition temperature on the inter-band interaction po-
tential can be expressed as follows [23]:

hwr tanh (B(Eg(k))>
E.(k)

0
her anh (5 —Eg(’”)
+ Uen D (0) Ay, / _—
0

A, = U.(0)D.(0) dE. (k) +

and
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and

hw% dEn (k) = f(A) (41)
En(k) '

Using (41) in (39) and (40), we get

Ae =UcDe(0)Acf(A) + Uern Drn(0)An f(B), (42)

and

Ap = UpDp(0)ARf(A) + UenDe(0)Ac f(B).  (43)

Rearranging (42) and (43), we get, respectively,

Ac[1 = U,De(0)f(A)] = Uen D (0) A f(B), (44)

and

Ap [L = UpDp(0)f(A)] = UenDe(0)Ac f(B). (45)

Considering the product of (44) and (45), we obtain
[1 - UeDe(O)f(A)] [1 - UhDh(O)f(B)] =
= U2, Dn(0)f(B)De(0) £(A).

At T =Te,Ac = A, = 0. Thus, we have f(A) =
= f(B) = f(Tc).

Hence, (46) becomes

(46)

(U2, — UU] f2(Tc) +

Ue Uh 1
o Tc) — —————=0. (47

|5 * 2} 1T B — @
Therefore, the solution of (47) is given by

(L (Ve Un )
f(te) = <2 (o0 * D)
1/ U Un Y (Ugh - UeUh>

\/4 (Dh(O) ’ De(0)> “\D.op0) )/
(Uth - UeUh)- (48)
But, at
hwp

T = TC7 f(Tc) ln(l 14/€BTC
Hence, (48) becomes

th _ 1 Ue Uh _
T T < 2 (Dhm) " De<0)>
728

1/ U, Un b (U —UU,
-/ + + /
4 \Dp(0) ~ Dc(0) D.(0)Dy(0)
(UZ, = UcUp).
Finally, the dependence of the superconducting

transition temperature on the intra-band s and inter-
band interaction potentials is given by

To=1.14 % exp (( — U.D.(0) — UpDp(0) —

B
~\(U.D.(0)

(2(U,

)+ U3 Dy (0))24+4(U2,~U.Uy) De(0) Dy, (0)) /

— U.Un)D(0) Dy (0)) ) (49)
Now, if the intra-band interaction potentials are ig-
nored, and the superconducting transition temper-
ature is induced only by the inter-band interaction
potential, (49) reduces to

hw
To = 1.14 — exp (- (50)
kg

1
Uan De<o>Dh<o>>'

Thus, (50) yields the dependence of the superconduc-
ting transition temperature (7¢) on the inter-band in-
teraction potential in the two-band model mediated
by the inter-band pairing interaction. Therefore, one
can easily observe that, by taking the electron intra-
band pairing potential and the hole intra-band pair-
ing potential equal to zero, the inter-band interaction
potential can induce the superconducting transition
temperature T¢.

2.3. Electronic specific heat
in the electron and hole ntra-bands

The electronic specific heat per atom of a supercon-
ducting material for the electron intra-bands is deter-
mined using the following relation [24, 25]:

Ces = 8T D Zsp

CkTvckTa>>a (51)

where ,(k) is the electron energy and D.(T') is the
density of states.

By employing the Green‘ function given by
((CA’;FT, Crt,)) changing the summation into the inte-
0) [ dee(k)
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we obtain

hwy
Ne 2De(0) 5&(/%‘)@2 exp(ﬁag)
or, = 22 0/ dse(k)<<T c{hjes explBoa)) +

Blax —ec(k)ec(k) %
2T\/e2(k) + A2 + A2, + A A, + Acp A,

" |f)¢1 exp(Ba) B

ag exp(Baz)
[exp(Bar) — 1)

jexp(Bar]” (%)

where

= +v/e2(k)

Since each intra-band can be treated separately, the
inter-band interaction can be ignored [26]. Thus, un-
der this assumption, we get

A + Aeh)

a; = \/e2(k) + A2,

and

s = —/2(k) + (A

Similarly, in the absence of the inter-band interaction
Acp = 0 [26], we have

et Aeh)2-

e2(k) + A2,

Qg = —

Now, substituting the values of alpha one and a7 and
alpha two asinto (52) and performing a couple of
steps, we get

Ces 2 y

T  D.(0)kgT?

h
x [ e2(k)de.(k) sec h? (
/

e2(k) + A2
RN
2kgT
Furthermore, by applying a similar procedure as for
the electronic specific heat for the electron intra-band

above, we obtain the expression for the electronic spe-
cific heat for the hole intra-band to be

ch 2 y
T  D.(0)kpT?

e2(k) + Ag) ”

h
X /ag(k)dee(k) sec h? ( T
0
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2.4. Entropy in the electron
and hole intra-bands

As is well known, the entropy is a measure of disorder
of a system [27]. From the thermodynamic relations,
the entropy is evaluated from the electron specific
heat [28]. So, the entropy for the electron intra-band
is expressed as

S _/ €s T (55)
Now, using (53) in (55), we get
r 2
Je = / Do(0ksT
0
th
2 o (Veilk) + A2 dT
y / <2(k)de. (k) sec h ( — ()

Thus, we obtain the entropy of the electron intra-
band to be

2
e = Dul0vin ¢
T hwp
1 NEIDEYN
x//—egdae(k)deechQ VeEER FAL) oy
T 2kp
0O 0

Furthermore, by using (54) and applying a similar
procedure as for the entropy for the electron intra-
band above, we obtain the expression for the entropy
for the hole intra-band to be

2

Sp=——x
" Dn(0)ks

3 (k) + A,%)l (58)

T hwr

— T 2
// e7dep, (k) dT sec h ( ST
0 0

2.5. Density of states
in the electron and hole intra-bands

The dependence of the density of states on the exci-
tation energy ein the electron band [29, 30] is given
by

— Gy (ke — iae(k))}, (59)
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where the density of states is dependent on the Green
function G4+ for the electron band.
Now, using (14) in (19), we have

. . B €+Ee(k)
WCr OO = = B2y

where E%(k) = £2(k) + A2,
By using the partial fraction method, (60) becomes

C-u:Ctu) = 5 (s(k) 1Ee<k>) <1 " EYZ))) ’
+3 (crmm) (- 50) o)

Using the definition of the Dirac delta function, the
expression for the density of states for the electron
intra-band given in (59) becomes

De(e) = ;Zk: (1 + se(k)) 5(e(k) — Eo(k)) +

E.(k)
+ (1 - ;%) 5(c(k) + Ee(k))|.

(60)

(62)

Now, changing the summation into the integration in
(62) and assuming the density of states does not make
any variation over this integral, we get

th

De()=D.(0) /(1+ Ee(k)) §(e(k)— B, (k))dee (k) +

E.(k)
hwp 0
+ D,(0) / (1 _ 26((12))
0

Applying the Dirac delta integration properties such
that [ f(z)dé(z — a))dz = f(a), we obtain

De(e) = De(0) (21; ((if))>

Finally, for (k) = e(k) and E?(k) = £2(k) + A2, we
get
2D.(0) ) for (k) > A
e 62(}{;) _ Ag = €
0 for e(k) < A..

(k) + Ee(k) + Ec(k))dec (k).

(63)

(64)

De(e) = (65)

Similarly, applying the same procedure as for the
electron intra-band above, the density of states in the
hole intra-band becomes

2Dh(0)€2(]:)(k_)A% for e(k) = Ay,

0 for e(k) < Ay,

Dy(e) = (66)

730

2.6. Condensation energy
in the iron-based superconductor
Bai_zNa,Fey As,

The comprehension of the origin of the condensa-
tion energy F¢ is a vital step toward identifying
the mechanism of high-temperature superconductiv-
ity [31, 32]. The value of the condensation energy F¢
is a measure of how much stable the superconduc-
ting state is as compared to the normal state. The
condensation energy in the two-band model is given
by [33]

E¢ = (Es) — (En),
Ec = (Ekin(s) - Ekin(n)) + (Epo(S) - Epo(n))a

Ec = AKE + APE. (67)

The change in the kinetic energy in (67) is given as

AKE = f%De(O)A’j - th(O)Ai.

> (68)

Similarly, the change in the potential energy in (67)
is given as

ArA.  AZA
APE = =h=¢ | “eTh
Ueh Ueh

Since the superconducting order parameters in each
band are real, A:(h) = A¢(n)- Thus, we obtain

APE = 2%.
eh

(69)

For the inter-band pairing potential less than U,j, <0
(attractive), the intra-band order parameters have
the same sign. Hence, (67) becomes

1 1
Ec = *§De(0)Ag - §Dh(0)Ai +

ApAe
+2 +2
Ueh

ApA
Ueh '

(70)

Substituting (33) and (36) into (70) for A2 and, re-
spectively using the values of the different parame-
ters, we get the expression for the condensation en-
ergy to be

52.178 T
Eo = (—0.48 10% (1 - =—).
¢ ( - Uen ) . ( TC)

(71)
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3. Results and Discussion

In this work, we have used the model Hamiltonian de-
veloped for the two-band iron-based superconductor
IBSC Ba;_,Na,Fe;Ass. We obtained the expressions
for the temperature dependence of the superconduc-
ting order parameters for the intra-band, inter-band,
and electronic specific heat. Moreover, we obtained
the dependences of the superconducting transition
temperature (7¢) on the inter-band pairing poten-
tial U, density of states D(E)on the excitation en-
ergy, and the condensation energy E¢- on the temper-
ature, pairing interaction potential, and superconduc-
ting transition temperature.

Now, by using (33), (36), and (38) and some ex-
perimental values for the two-band model high-tem-
perature IBSC Ba;_,Na,FesAss and applying some
credible approximations, we plotted the phase dia-
gram of electron intra-band A.(7T), hole intra-band
Ap(T), inter-band A.,(T), and the total supercon-
ducting order parameter versus the temperature as
shown in Fig. 1.

As can be seen from Fig. 1, as the temperature in-
creases, all the superconducting order parameters de-
crease and vanish at the transition temperature (7¢)
of Bay_,Na,FesAsy. From Fig. 1, we have compared
physically the theoretical results with experimental
data and have a significant difference at zero temper-
ature. All are decrease with increasing the tempera-
ture, and all vanish at the critical temperature.

Secondly, using (50), we have shown a variation of
the superconducting transition temperature with the
inter-band interaction potential of Ba;_,Na,FesAsy
as shown in Fig. 2.

One can observe from Fig. 2 that, as the interaction
inter-band pairing potential Uy, increases, the super-
conducting temperature increases and vice versa for
the substance under consideration. From Fig. 2, we
have compared physically the theoretical results with
experimental findings: all are originated at the same
point, and all increase with increasing the inter-band
pairing potential.

Thirdly, by considering (53) and (54), we plotted
the phase diagram for the electronic specific heat in
the electron intra-band, C¢,(T"), and the specific heat
for the hole intra-band, C" (T'), versus the tempera-
ture, as depicted in Fig. 3.

As can be seen from Fig. 3, the electronic spe-
cific heat for both electron and hole intra-bands
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Fig. 1. Superconducting order parameters versus the temper-
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Fig. 3. Electronic specific heat versus the temperature for
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increases with the temperature and sharply de-
creases at the transition temperature Tc = 34 K of
Baj;_,Na,FesAsy. This is due to the fact that, when
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Fig. 9. Condensation energy versus the superconduc-
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Baj_;NagzFesAso

the material becomes superconducting at zero mag-
netic field, its electronic specific heat jumps at the
transition temperature (T¢) and then decays, since
the transition is continuous, as the latent heat is not
released during the process. From Fig. 3, we have also
compared the theoretical and experimental data. All
are originated from the same point, and all increase
with the temperature up to the critical temperature
and decrease after the critical temperature.
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By considering (57) and (58), we have plotted the
phase diagrams for the entropy in the electron intra-
band S(7T") and in the hole intra-band Sy, (7") versus
the temperature as depicted in Fig. 4.

As can be seen from Fig. 4, the entropy for both
electron and hole intra-bands increase with the tem-
perature up to the transition temperature (T¢ =
= 34 K) of Ba;_,Na,FesAsy. Furthermore, by con-
sidering (65) and (66), we plotted the phase diagrams
for the density of states in the electron intra-band
D.(F) and density of states in the hole intra-band
Dy, (E) versus the excitation energy for different val-
ues of the temperature as shown in Figs. 5 and 6,
respectively. From Fig. 4, we have compared the the-
oretical and experimental findings. All are originated
from the same point, and all increase with the tem-
perature up to the critical temperature.

From Figs. 5 and 6, one can observe that the varia-
tion of the densities of states of both the electron and
hole intra-bands with the excitation energy is anal-
ogous. Furthermore, it can be seen from the figures
that both densities of states decrease as the value of
the temperature increases.

Finally, using (71), we plotted the phase diagrams
of the condensation energy versus the temperature,
condensation energy versus the inter-band pairing
potential U., at T = 0 K, and condensation en-
ergy versus the superconducting transition tempera-
ture as shown in Figs. 7-9, respectively, for the IBSC
Baj_,Na,FegAss.

As can be seen from Fig. 7, the condensation energy
decreases as the temperature increases and vanishes
at the transition temperature. In Fig. 8, the conden-
sation energy decreases, as the inter-band pairing po-
tential increases. Lastly in Fig. 9, the condensation
energy increases, as the temperature increases, and
tends to be constant at the condensation energy equal
to zero, Ec = 0. In Figs. 7-9 respectively, we have
compared the theoretical and experimental findings
that reveal a significant difference.

4. Conclusion

In this research work, we have studied the two-band
model high-temperature IBSC Ba;_,Na,FesAss by
developing a model Hamiltonian and by using
the well-known double-time temperature-dependent
Green’s function technique. The superconducting or-
der parameters for electron intra-band A.(7"), hole

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 10

intra-band A (T) and inter-band Ay, (T') versus the
temperature phase diagrams are demonstrated in
Fig. 1 and have different values at zero tempera-
ture, decrease as the temperature increases, and all
vanish at the superconducting transition temperature
(Tc) due to the presence of the inter-band hopping
in Baj;_,Na,FeyAs,. Furthermore, as demonstrated
in Fig. 2, the superconducting transition temperature
increases, as the inter-band pairing potential U,j in-
creases. The occurrence of the inter-band transitions
enriches the pairing of electrons and forces the sys-
tem to have a single superconducting transition tem-
perature. In Fig. 3, we have shown the variation of
the electronic specific heat for both the electron and
hole intra-bands. One can easily observe the increase
of the electronic specific heat, as the temperature
increases, and the abrupt decrease in the electronic
specific heat of both bands at the transition temper-
ature. The increase of the entropy of both bands with
the temperature is also demonstrated in Fig. 4. Like-
wise, in Figs. 5 and 6, the density of states for the elec-
tron and hole intra-bands vary in a similar manner
with the excitation energy and decrease as the value
of the temperature is increased. Lastly, in Figs. 7-9,
we have portrayed the dependence of the condensa-
tion energy on the temperature, on the inter-band
pairing potential, and on the superconducting transi-
tion temperature, respectively. The figures show that,
with increasing the temperature, the inter-band pair-
ing potential, superconducting transition tempera-
ture, and the magnitude of the condensation energy
decrease. The results we obtained in the current re-
search work are in a broad agreement with previous

findings [29, 34, 35].
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TEOPETUYHE JOCJIIIXKEHHS

B PAMKAX ILBO3OHHOT MOJIEJIT HAJITPOBIJITHNX
TA TEPMOJINMHAMIYHNX BJIACTUBOCTEN
BUCOKOTEMIIEPATYPHOI'O HAIITPOBIJIHUKA
HA OCHOBI 3AJII3A Baj_;NagFesAso

Bukonano teoperuuHe MQOCIIIKEHHS HAJIIPOBIIHUKOBUX Ta
TEPMOANHAMIYHUX BJIACTHUBOCTEH BHCOKOTEMIIEPATYPHOI'O HAJ-
poBiiHUKa Ha OCHOBI 3aji3a Baj_,Nag,Fea Asy B pamkax nso-
30HHOI Mojiesti. [IoGy10BaHO MOJIE/IbHII raMisIbTOHIAH i3 BUKO-
PUCTaHHSIM IBOYACOBOI TeMileparypo3asekHol ¢yHukiil I'pina,
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pPO3PaxoBaHO IapaMeTPH IOPSAKY [JIs IEPEXOIB €JIeKTPOHA
Ta JIPKX B 30HI Ta Mi’K 30HAMH, TEMIIEPATYPY IIEPEXO/Yy B HaJ-
NpOBifHMY CTaH, TYCTUHU CTaHIB Ta eHepril konxencamii. Pos-
paxoBaHO IMHTOMY TEIJIOTY Ta €HTPOIIO JJisi IIEPEXOJiB eJle-
KTPOHIB 1 Aipok y 30HI. BukopucroByooun ekcrepuMeHTaIbHI
naHi Ta geski HabJIMKeHHs, MU 1100y yBau $as30Bi giarpaMu
IS TapaMeTpiB HopsiAka sIK (PYHKIIH TeMIEepaTypw, po3pa-
XyBaJIl 3aJIE2KHICTh KPUTUYHOI TeMIIepaTypPH BiJl IOTEHIiaIy
Mi>K30HHOI B3a€MO/il, TEMIIEPATYPHI 3aJI€?KHOCTI MUTOMOI Te-
IJIOTH i eHTpomil [JIsT mepeXodiB eJIEKTPOHIB 1 AipOK y 30HI Ta
3aJIE2KHICTh T'YCTHHU CTaHIB JJIsi TAKUX [I€PEeXOJiB Bij| eHepril
30y/PKEHHS 111 PI3HUX 3HaUeHb TeMueparypu. Kpim Toro, 3Ha-
MIeHO 3aJIe2KHOCTI eHepril KoHaeHcalil BiJl TeMuepaTypu, MixK-
30HHOrO moTeHmiady asifikyBanua npu 1 = 0 K Big emepril
KOHJIeHcaIlil Ta eHepril KoHaeHcamil Bin Temneparypu T¢ Ie-
pexony B HaJIpOBigHUI craH. BUKOHAHO NODPIBHSHHS Teope-
TUYHUX i eKCIepUMEHTAJIbHUX 3HaYeHb. OTpuMaHi pe3yabraTi
00pe y3roJKyIOThCs 3 TOIePeHIMHU.

Katowoei caoea: mapaMeTpu HOpsKa, IATOMA TEILIOTA,

r'yCTHHA CTaHiB, eHepris KoHaeHcanil, Baj_,NazFegAss.
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