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This work focuses on the theoretical investigation of the possible coexistence of superconductivity and anti-ferromagnetism in
CesPtIni superconductor. By developing a model Hamiltonian for the system under consideration, by employing double time
temperature dependent Green’s function formalism and by applying a suitable decoupling approximation technique, the possible
coexistence of superconductivity and anti-ferromagnetism in CesPtIni1 superconductor has been shown to be a very distinct
possibility. The phase diagrams of superconducting gap parameter (A) versus temperature (7), the superconducting transition
temperature 7c and anti-ferromagnetism order temperature 7n versus antiferromagnetic order parameter # are plotted. Finally, by
combining the two phase-diagrams, the possible coexistence of superconductivity and anti-ferromagnetismin CesPtlnii
superconductor is demonstrated. Our finding is in agreement with the experimental observations.

1. Introduction

Superconductivity was first observed by H. K. Onnes [1]
and after the discovery of superconductivity, many other
materials were subsequently observed in the
superconducting state. Many investigations were made
to understand how superconductors behave. Through
times, many alloys were also found to show
superconductivity at higher transition temperatures. The
transition of a normal metal into the superconducting
state was revealed by the total disappearance of the
electrical resistance at low temperature, which
subsequently results in the continuous flow of electric
currents for a long period of time without decay.

In materials that exhibit anti-ferromagnetism, the
magnetic moments of atoms or molecules, usually
related to the spins of electrons, align in a regular pattern
with neighboring spins (on different sub-lattices)
pointing in  opposite  directions.  Generally,
antiferromagnetic orders may exist at sufficiently low
temperatures, vanishing at and above a certain
temperature known as the Neel temperature (Tx). Above
the Neel temperature, the material is typically in a
paramagnetic state. When no external field is applied, the
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antiferromagnetic structure corresponds to a vanishing
of total magnetization.

In an external magnetic field, a kind of ferromagnetic
behavior may be displayed in the antiferromagnetic
phase, with the absolute value of one of the sub-lattice
magnetizations differing from that of the other sub-
lattice resulting in a nonzero net magnetization. Unlike
ferromagnetism, antiferromagnetic interactions can lead
to multiple optimal states (ground states of minimal
energy).

In one dimension, the antiferromagnetic ground state
is an alternating series of spin up and down. Since the
discovery of superconductivity (SC) the effects of
magnetic impurities and the possibility of magnetic
ordering in superconductors have been a central topic of
condensed matter physics. Due to strong spin scattering,
it has generally been believed that, the conduction
electrons cannot be both magnetically ordered and
superconducting [2, 3]. Even though it is thought that
Cooper pairs incuprate, heavy fermions, and iron-based
superconductors are mediated by spin fluctuations [4- 6],
superconductivity generally occurs after suppressing the
magnetic order either through doping or the application
of hydrostatic pressure [7, 8]. However, there is a
growing  evidence for the coexistence of
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superconductivity with either ferromagnetic (FM) [9, 10]
or antiferromagnetic (AFM) order [11, 12].

The coexistence of superconductivity and magnetism
has recently re-emerged as the central topic in condensed
matter physics due to the competition between magnetic
ordering and superconductivity, in some compounds. In
general, these two states are mutually exclusive and
antagonistic which do not coexist at the same
temperature and place in a sample. The coexistence of
superconductivity and magnetism was shown in the
ternary rare earth compounds such as RMogXs type
(where X = S, Se) [13]. McCallum [14] discovered the
coexistence of superconductivity and long-range anti-
ferromagnetism ordering in RMosSs. Furthermore,
Nagaraja [15] observed the coexistence of
superconductivity and long-range anti-ferromagnetism
in rare earth transition metal borocarbide system. The
discovery of the coexistence of superconductivity and
anti-ferromagnetism in a high-7¢ (92K) superconductor
Gdi+:Ba-«Cu307-5 (with x = 0.2) for the first time has
come as a big surprise [16].

Interplay of magnetism and superconductivity in
heavy fermion materials is a remarkable issue. This
interplay has shown considerable variety by showing
competition, coexistence, and/or coupling of the
magnetic and superconducting order parameters [17].
The 115 heavy-Fermion family, CeMIns (where M= Co,
Rh, Ir) has attracted interest due to the intricate
relationship  between  anti-ferromagnetism  and
superconductivity that is found in them [18, 19]. The
discovery of superconductivity in iron-based
superconductors has sparked enormous interest in the
scientific community. Although iron is the most known
ferromagnet, iron-based superconductors exhibit
antiferromagnetic ordering though superconductivity,
which is induced after suppressing the anti-ferromagntic
ordering. Despite this, superconductivity can coexist
with either remaining antiferromagnetic ordering [20] or
new ferromagnetic ordering [21] and this provides an
ideal platform for studying the interplay between
superconductivity and magnetism.

2. Model System Hamiltonian

The system under consideration consists of conduction
electrons and localized electrons, between which
exchange interaction exists. Thus, the Hamiltonian of the
system can be written as
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Where, the first and second terms are the energy of
conduction electrons and localized electrons
respectively, the third term is the interaction (electron-
electron) BCS type electron-electron pairing via bosonic
exchange, and the last term represents the interaction
term between conduction electrons and localized
electrons with a coupling constant QZ". Vi defines

the matrix element of the interaction potential,

a,; (a,,) are the creation (annihilation) operators of an
electron specified by the wave vector, K and spin, O .

E 1 1s the one electron energy and measured relative to

the chemical potential, where ,u.bf (bl)represents
creation (annihilation) operators of the localized

electrons of localized energy E /-

3. Conduction Electrons

In order to obtain the self-consistent expression for the

superconducting ~ order  parameter (A) and

superconducting transition temperature (T¢), we derived
the equation of motion using the Hamiltonian given in
Eqn. (1) and the Green’s function formalism [22] and
obtained,

((0 - Ek)<<akTa CII>> =1- (A - 77)<<ajk¢a a;}» )
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The equation of motion for the higher order Green's
function correlation can be also derived and obtained to
be,
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For FE =FE, A= A, and n=n" (assuming

that the order parameters are real), we get,
(@+E K@ a7 =—(A-n)(a,, i)
“4)
A= VZ(a_k,i, ar)
c

nm= Z an(bzwbmﬁ
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Where, and

Now using Eqns. (2) and (4), we get,
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Now, using the relation, A = E Z {a’,,,a;,)), the
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summation with respect to k extends over all allowed

1
pair states, where, f = kB_T .
Thus we get,
A:—lzjw dE NOW] A=
pde o ~E (A7)

Attractive interaction is effective for the region
— ha)b (E ( ha)b and assuming the density of states
does not vary over this integral, we get,
A-n
2 2 2
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For N(0)V = A, Eqn. (7) becomes,

1
(A—n)=2hwbexp[——n]
-1
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For 1= 0 Eqn. (8) reduces to the well known BCS

model.
If we use the value of A(0) at T =0, we get,
2A(0) =3.5k,T, . )

For CesPting, T = 0.32K, [23],

Thus, we obtain, A(0) =7.7.X107>*.
Furthermore, using Eqns. (8) and (9), we get

n=1.75k,T, - 2hw, exp[ — ! IE

n
Al——"
( 1.75kBTC)

(10)

4. Localized Electrons

Now, using double time temperature dependent
Green's functions formalism, we can derive the
equation of motion for the localized electrons and
obtained,
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kim
= (0= E X(b, b)) =1+ A (b, %))
From which we get,
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Similarly, the equation of motion for the higher order
Green's function is obtained as
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Now combining Eqns. (11) and (12), we get,
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and
__(o+E)
(b =22
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5. Equation of Motion demonstrates the Correlation
between Conduction and Localized electrons

The equation of motion which shows the correlation
between the conduction and localized electrons can be
demonstrated by using a similar definition as above.The
relation for the magnetic order parameter( 77 ) is given

by,

Z«bmbl »

(15)
Now using Eqn. (12) in Eqn. (14) we get,
9 A,
nN=—2.""72 2 o
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The summation in Eqn. (16) may be changed into an
integral by introducing the density of states at the

fermilevel, N(0)and obtain,
Q= A,

n=-— dEN(0) ——L—| (17)
p ZL/* o’ -E} =N,

For effective attractive interaction region and

assuming the density of state is constant, eq. (17)

becomes,
= ——N(O)sz dE A— .
B —E} - A
(18)
Let N(0)Q = 4,
Hence, we get,
1
a)b A 2 2\2
77 /,lJ‘h | l| tanh(lg(El +Al) )
JER+ A 2

(19)
Since Al is very small, Eqn. (19) becomes,
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6. Pure Superconducting System

For pure superconducting system, i.e., for 77 =0, Eqn.

(10) gives an expression similar to the BCS model given

LR
) kT

From which we get,

1
k,T. =1.14hw, exp(—z). @21
But from the BCS model, at T =Tc,
h
% =1.14 k:)TC and assuming @), = @), we get,

T )2
A(T)=3.06k,T. l—T— )

(22)
7. Results and Discussion

Using the model Hamiltonian we developed and the
double time temperature dependent Green's function
formalism, we obtain expressions for superconducting

order parameter A, antiferromagnetic order parameter
1] , superconducting transition temperature Tc and anti-
ferromagnetic order temperature Tx. The expression we
obtained for pure superconductor when magnetic effect
iszero7) =0), is in agreement with the BCS model. Now
0.32K, for
plausible

using Eqn. (22), the experimental value, Tc =
Ce;PtIn > and considering some

approximations, we plotted the phase diagram of A
versus Tc as shown in figure 1. It can be easily seen that
the superconducting order parameter decreases with
increasing temperature until it vanishes at the
superconducting transition temperature Tc.
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Similarly, by employing Eqn. (10), the phase diagram of
Tc versus 7] is plotted as depicted in Fig. 2. Furthermore,
the Phase diagram of Ty versus7] is plotted by using
Eqn. (20) as shown in figure3. Now by merging figures
2& 3, the possible coexistence of superconductivity and
anti-ferromagnetism in CesPtln;is demonstrated as
shown in Fig. 4.

1.4

12

0.8

A(mev )

0.6}

0.4+

0.2F

015 02 0.25 03
T(K)

Fig. 1. Superconducting order parameter A versus
temperature for the CesPtIn;;Superconductor
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Fig. 2. Superconducting transition temperature (Tc)
versus magnetic order parameter (77 ) for the Ce;Ptlny;

superconductor
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Fig.3. Antiferromagnetic order temperature Tx versus
magnetic order parameter 7] for the CesPtIni;

superconductor
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Fig.4. Coexistence of Superconductivity and
Antiferromagnetism in Ce3PtIn;; Superconductor

From fig. 4, it can be seen that, Tc decreases with
increasing 1, whereas Ty increases with increasing n and
there is a common region where both superconductivity
and anti-ferromagnetism co-exist in CesPtIny;.
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8. Conclusion

In the present work, we have demonstrated the basic
concepts of superconductivity with special emphasis on
the interplay between superconductivity and anti-
ferromagnetism  closely  connected to  the
superconducting CesPtIn;;. Employing the double time
temperature dependent Green’s functions formalism, we
developed the Model Hamiltonian for the system and
derived equations of motion for conduction electrons,
localized electrons and for pure superconducting system.

We carried out various correlations by using suitable
decoupling procedures. In developing the Model
Hamiltonian, we considered spin triplet pairing
mechanism and obtained expressions for
superconducting order parameter, antiferromagnetic
order parameter, superconducting transition temperature
and anti-ferrmagnetic order temperature. By using
appropriate experimental values and considering suitable
approximations, we plotted figures using the equations
developed.

As is well known, superconductivity and anti-
ferromagnetism are two cooperative phenomena, which
are mutually antagonistic since superconductivity is
associated with the pairing of electron states related to
time reversal while in the magnetic states the time
reversal symmetry is lost. Because of this, there is strong
competition between the two phases. This competition
between superconductivity and magnetism made
coexistence unlikely to occur. However, the model we
employed in this work, shows that, there is a common
region where both superconductivity and anti-
ferromagnetism can possibly coexist in superconducting
CesPtIn;i.The result we obtained in our current research
work is in agreement with experimental findings [23].
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