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Currently, several superconductors with singlet pairing of d-wave symmetry are known, but very few triplet-pairing superconductors have
been found. It is believed that Sr2RuO4 and some uranium compounds such as UTe2, with very low critical temperatures (Tc) around 1
K, could have Cooper pairs in a triplet state. Other possible candidates that could present triplet pairing are magnetic compounds based
on Fe, for example Sr1−xKxFe2As2, which have optimal doping aroundx = 0.5 with maximum critical temperatureTc−max = 37 K.
On the other hand, p-wave pairing in a slightly distorted square lattice, described by a generalized Hubbard model, has been investigated
considering that the next-nearest neighbor correlated hopping interactions along the two lattice diagonals are slightly different. In this work,
we investigate the appearance of triplet-pairing p-wave superconducting states in square lattices where the electron dynamics is described
by the generalized Hubbard model. An optimal electron density (nop), where the maximum critical temperature occurs, was found for each
value of the ratio between the next-nearest neighbor and the nearest-neighbor one-electron hoppings (−t

′
/t), and a search of Hamiltonian

parameters was performed to fitTc as a function ofx in the compound Sr1−xKxFe2As2. In particular, the set of Hamiltonian parameters
providing the best fit is∆t = 0.5 eV, ∆t3 = 0.05 eV andδ3 = 0.08 eV, with the ratio−t

′
/t = 0.29 adjusted to obtain a maximum of

the critical temperature ofTc−max ≈ 36 K at nop = 0.50, which agrees with the maximum critical temperature (≈ 37 K) of the compound
Sr0.5K0.5Fe2As2. With this set of Hamiltonian parameters, other superconducting properties were calculated, such as the amplitude of the
p-wave superconducting gap, the ground-state and condensation energies, and the electronic specific heat as a function of the temperature
and its jump atTc. Additionally, a comparison between the ground states energies of the d- and p-wave superconducting states was made,
finding that the p-wave superconducting state has the lowest energy and it can be considered as the ground state. Hence, the compound
Sr1−xKxFe2As2 can be studied under the assumption of triplet pairing with a p-wave superconducting gap symmetry, and probably other
similar pnictides, such as Ba0.4K0.6Fe2As2 with Tc = 38 K, may also exhibit p-wave triplet pairing.
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1. Introduction

Superconductivity in iron-based pnictides has attracted ex-
tensive attention since its discovery [1], not only because of
the relatively high critical temperatures (Tc) [2], but also due
to the variety of pairing symmetries proposed for these mate-
rials [3, 4]. While most known superconductors exhibit sin-
glet pairing with s- or d-wave gap symmetry, possible cases
of triplet superconductivity include Sr2RuO4 and uranium-
based compounds such as UTe2, both with very lowTc values
close to 1 K [5, 6]. Identifying triplet superconductors with
higherTc is therefore of fundamental importance, as triplet
states are expected to be robust under magnetic fields [6],

making them suitable for applications in superconducting
magnets, spintronics, and potentially quantum computing.
The compound Sr1−xKxFe2As2 (with Tc−max ≈ 37 K at
x = 0.5) provides an interesting case [3,7], since experimen-
tal evidence has not yet resolved whether its superconducting
gap symmetry corresponds to s-, d-, or even p-wave. This
uncertainty opens the possibility that pnictides could present
triplet states at relatively high critical temperatures. In this
context, theoretical approaches capable of treating different
superconducting symmetries within the same formalism are
essential. The generalized Hubbard model, which extends
the conventional Hubbard Hamiltonian by including corre-
lated hopping (or bond-charge) interactions, provides such
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a framework. It has been successfully applied to describe
singlet states of s- and d-wave symmetry and can also be
extended to explore the emergence of triplet p-wave pair-
ing [8–10]. In this work, we use the generalized Hubbard
model to investigate the stability of p-wave superconduct-
ing states in Sr1−xKxFe2As2. By carefully selecting Hamil-
tonian parameters, the experimental maximum critical tem-
perature can be theoretically reproduced. Also, other super-
conducting properties, such as the gap amplitude, conden-
sation energy, and electronic specific heat can be obtained.
Our analysis highlights the conditions under which p-wave
symmetry becomes energetically favorable, suggesting that
triplet pairing may indeed play a role in these compounds.
Given that the amplitude of the superconducting gap is two
orders of magnitude lower for p-wave than d-wave symme-
try, the discernment of the ground state is important; this dis-
tinction can help to improve the performance of technologi-
cal applications, for example in superconducting cables. The
critical current density(Jc) is expected to be proportional to
the gap amplitude [11, 12], therefore, for a superconductor
Jc−pw < Jc−dw. Another important consideration to take
into account is the Cooper pairs formations, while for the
p-wave symmetry the spatial part is antisymmetric, for the
d-wave is symmetric, and their spins are parallel or antipar-
allel, respectively [13]. Hence, the influence of the magnetic
field in a superconductor with p-wave symmetry should be
different from that of d-wave. The superconductor with p-
wave symmetry can support a higher magnetic field without
loss of its superconducting properties.

2. The model

We start from the single-band Generalized Hubbard Hamil-
tonian (Ĥ) with on-site Coulombic interaction (U ), first-
(∆t) and second-neighbour (∆t3) correlated-hopping inter-
actions [14]:

Ĥ = H1 + Hint, (1)

where

H1 = t
∑

〈i,j〉,σ
c†i,σcj,σ + t

′ ∑

〈〈i,j〉〉,σ
c†iσcjσ, (2)

Hint = U
∑

i

ni↑ni↓+∆t
∑

〈i,j〉,σ
c†i,σcj,σ(ni,−σ+nj,−σ)

+ ∆t3
∑

〈i,l〉〈j,l〉〈〈i,j〉〉,σ
c†i,σcj,σnl. (3)

Here,ni = ni,↑ + ni,↓, ni,σ = c†i,σci,σ, andc†i,σ(ci,σ), is
the creation (annihilation) operator with spinσ =↓ or↑ at site
i. 〈i, j〉 and〈〈i, j〉〉 denote nearest- and next-nearest neigh-
bor sites. The expressions for the parameters in this model are
given in Ref. [14]. To address p-wave pairing, an infinitesi-
mal distortion of the square lattice is considered. This distor-
tion can break the degeneracy of the p-wave pairing states in

a non-distorted square lattice, and then the energy of these
p-wave states can be separated and one of them can shift
below the energies of s- or d-wave superconducting states
and becoming the ground state [10]. Therefore, we con-
sider slightly different next-nearest-neighbor hoppings (t′)
and correlated hopping interactions (∆t3) along the two di-
agonal directionŝx ± ŷ of a square lattice. Hence, their new
values aret′± = t′ ± δ and∆t±3 = ∆t3 ± δ3, where± refers
to thex̂± ŷ direction.

The operators of Eq. (1) can be transformed into
the reciprocal space by a Fourier transformationc†k,σ =
(1/Ns)

∑
j exp(ik · Rj)c

†
j,σ, and the Hamiltonian becomes:

Ĥ =
∑

k,σ

ε(k)c†k,σck,σ

+
1

Ns

∑

k,k′,q,σ

Wk,k′,qc
†
k+q,σc†−k+q,σc−k′+q,σck′+q,σ, (4)

whereNs is the total number of lattice sites,ε(k) is the dis-
persion relation of single electrons in the square lattice and
Wk,k′,q is the interaction potential for electrons with the same
spin projection and it is given by:

Wk,k′,q = ∆t+3 γ(k + q, k′ + q)

+ ∆t−3 ζ(k + q,−k′ + q), (5)

with

β(k) = 2[cos (kxa) + cos (kya)], (6)

γ(k.k′) = 2 cos [a(kx + k′y)] + 2 cos [a(k′x + ky)], (7)

ζ(k.k′) = 2 cos [a(kx − k′y)] + 2 cos [a(k′x − ky)], (8)

wherea is the lattice parameter. Notice that the interaction
potentialWk,k′,q does not depend on∆t, since this term only
contributes when the electron spin projections are different.

If we assume a p-wave superconducting gap of the form:

∆(k) = ∆p[sin (kxa)± sin (kya)], (9)

where∆p is the p-wave gap amplitude, the chemical potential
(µ) and superconducting gap amplitude[∆p] can be obtained
from the mean-field BCS coupled equations [14]:

1 = ±4δ3a
2

4π2

∫ ∫

1BZ

×
{

[sin (kxa)± sin (kya)]2

2E(k)

× tanh
(

E(k)
2kBT

) }
dkxdky, (10)

n− 1 = − a2

4π2

∫ ∫

1BZ

ε(k)− µ

E(k)

× tanh
(

E(k)
2kBT

)
dkxdky, (11)
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where1BZ is the first Brillouin zone of a square lattice, de-
fined as

[−π

a
,
π

a

]
⊗

[−π

a
,
π

a

]
.

The quasi-particle energy[E(k)] is given by:

E(k) =
√

(εMF − µ)2 + ∆2(k), (12)

where the mean-field dispersion relation (εMF ) is:

εMF (k) = ε0 + 2tMF [cos (kxa) + cos (kya)]

+ 2t′MF,+ cos [a(kx + ky)]

+ 2t′MF,− cos [a(kx − ky)], (13)

with

ε0 =
U

2
n, (14)

t′MF,± = t′± + 2n∆t±3 , (15)

tMF = t + n∆t, (16)

wheren is the electron density.
The critical temperature can be determined from Eq. (10)

considering that∆p (Tc) = 0. On the other hand, the ground
state energy (Eg) per site is given by [14]:

Eg =
∑

k

[
ξMF (k)− ξ2

MF (k)
E(k)

]

+
∑

k

∆2(k)
2E(k)

+ µN. (17)

Taking into account Eq. (9), Eq. (17) can be simplified as
follows (14):

Eg =
1

Ns

∑

k

[εMF (k)− E(k)]

+
∆2

p

4δ3 − V
+ (n− 1)µ. (18)

3. Results

Table I shows the critical temperatureTc−max for p-wave su-
perconducting states with different values ofδ3 andnop ≈
0.5. Observe that the set of Hamiltonian parameters with
n = 0.5,−t

′
/t = 0.29 andδ3 = 0.08 eV lead to aTc = 36 K

which is very close to that of Sr1−xKxFe2As2 with x = 0.5
andTc−max = 37 K.

The optimal electron density (nop) and the correspond-
ing ground state energy for each value of the ratio between
next- and nearest-neighbor hopping(t′/t) was determined.
The results show that a maximum (minimum) does exist from
the set of valuesTc−max in low (high) densities [14], see

FIGURE 1. a) Maximum critical temperatureTc−max in the space
(−t′/t, nop) for a system with the Hamiltonian parameters∆t =
0.5 eV, ∆t3 = 0.05 eV, δ3 = 0.08 eV,−t′/t = 0.29 (green trian-
gles). b) Calculated critical temperatureTc versus electron doping
(n) for a p-wave superconductor in comparison with experimental
data for Sr1−xKxFe2As2 consideringn = x (blue squares) and
n = 1− x (red squares) [3].

TABLE I. Superconducting critical temperatures (Tc) for different
values ofδ3 atnop close to 0.5.

δ3 (eV) nop t′/t Tc (K)

0.1 0.495 0.300 110

0.09 0.497 0.295 67

0.08 0.500 0.290 36

0.07 0.502 0.275 13

0.06 0.501 0.275 5

Fig. 1a), 1b) shows a comparison between the theoretical p-
wave critical temperature (Tc) as a function of the carrier con-
centration (n) and that experimentally obtained for the com-
pound Sr1−xKxFe2As2 [3,7]. The used Hamiltonian param-
eters correspond toδ3 = 0.08 eV, and−t′/t = 0.29, and two
different cases have been considered for the equivalence be-
tween the doping (x) and the carrier density (n), i.e., n = x
andn = 1− x. n = x corresponds to a doping of holes from
half filling and the underdoping region matches well with the
theoretical results, while ifn = 1− x the fitting is better for
the overdoping region. Figure 2a) shows the p-wave super-
conducting gap amplitude (∆p) and Tc versus the carrier
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TABLE II. Superconducting properties for systems with∆t = 0.5 eV, ∆t3 = 0.05 eV andδ3 = 0.08 eV.

n t
′
/t Tc(K) Eg(eV) ∆p(eV) Econd(eV) EF (eV)

0.49 0.29 35.6 −0.759994 0.0046208 6.271x10−6 −1.36044

0.50 0.29 35.9 −0.768070 0.0045553 5.933x10−6 −1.35478

0.51 0.29 35.5 −0.776170 0.0043922 5.513x10−6 −1.34674

TABLE III. Critical temperatures and condensation energies forα-symmetry superconducting states. For d-wave superconducting states
δ = δ3 = 0.

α nop −t
′
/t Tc−max Eg−T0 (eV) Eg−Tc (eV) Econd(eV)

p 0.50 0.29 36 −0.768070 −0.768064 5.933x10−6

d 0.49 0.29 122 −0.73622 −0.736357 0.000134

FIGURE 2. a) Superconducting gap amplitude (∆p) andTc and (b)
condensation energy (Econ) versus electron concentration (n), for
a system with the same Hamiltonian parameters as in Fig. 1.

concentration (n) for the same system as Fig. 1. In addition,
Fig. 2b) shows the condensation energy (Econd) versusn. All
the parameters are in units of|t|, with t = −1 eV. Notice that
the maximum of∆p is slightly shifted with respect to that of
Tc. This is due to the chemical potential, which is slightly
different betweenT = Tc and T = 0. However, for the
purpose of this work the fit was made at the maximum ofTc.

Table II shows three cases with different values ofnop

around 0.5, with their respective ground state (Eg) and con-
densation energies (Econd). It is important to mention that
Econd is defined as the energy difference between the normal
state at (T = Tc) and the superconducting state at (T = 0).
In other words,Econd is the energy gain of the system when
it goes into superconducting state. Notice thatEcond around
nop = 0.5 is small but positive.

The p-wave symmetry can compete with s*- and d-wave
symmetries for the ground state, making it essential to com-

FIGURE 3. a). Phase diagram in the space (−t′/t, n) for the lo-
cation of the optimal carrier densitynop of α-symmetry supercon-
ducting states, withα = p- (green) and d-wave (blue lines). b) Am-
plification aroundnop = 0.5, where the crossing point between the
symmetries p- and d-wave is located.

pare their respective ground-state energies to determine the
most stable superconducting symmetry, which was shown in
the Fig. 7 of reference [14]. However, fornop = 0.5, s*-wave
superconducting states attain their maximum critical temper-
atures at larger values oft′, therefore for this case, the com-
petition for the ground state is between p-and d-wave sym-
metries.

Table III shows the critical temperatures and condensa-
tion energies of d- and p-wave superconducting states. It is
important to mention that for d-wave symmetry, the values in
Table III correspond toδ = δ3 = 0. All the other Hamilto-
nian parameters are the same as in the p-wave case.

The values of−t′/t andnop that lead to the maximum
critical temperatureTc−max for each superconducting sym-
metry (p- and d-wave) are shown in Fig. 3a). Notice that d-
wave and p-wave superconducting states withδ3 = 0.08 eV
achieve their maximum critical temperatures at similar val-
ues of their second-neighbor hoppings and electron densi-
ties. At (−t

′
/t, nop) = (0.29, 0.5), the ground state energy

for p-wave isEpw−g−T0 = −0.768070 eV, which in com-
parison with d-wave case at the close point(−t

′
/t, nop) =

Rev. Mex. Fis.72021601
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FIGURE 4. a) Fermi surface (EF = −1.354 eV) for a supercon-
ducting system with∆t = 0.5 eV, ∆t3 = 0.05 eV, δ = 0.05 eV,
δ3 = 0.08 eV,−t′/t = 0.29, andnop = 0.5. b) Single-particle
excitation energy gap (∆0) for the same system as in Fig. 4a) and
∆p−max/|t| = 0.00455.

(0.29, 0.49) is lower, sinceEdw−g−T0 = −0.73622 eV, as
indicated in Table III. Notice that d-wave has bothTc−max

and Econd higher. Moreover, calculating the d-wave case
with δ = 0.05 eV andδ3 = 0.08 eV, the corresponding
Edw−g−T0 = −0.75064 eV, which is higher than p-wave.
Therefore, the system with the selected set of Hamiltonian
parameters favors the p-wave symmetry, and it can be con-
sidered as the ground state in competition with d-wave case.

Figure 4a) shows the Fermi surface (FS) of a system cho-
sen from Fig. 1, for which the p-waveTc attains the high-
est value. Notice that the FS touches the frontier of the first
Brillouin zone. Figure 4b) shows the corresponding single-
particle excitation energy gap[∆0(θ)] as a function of the
angle θ = tan−1(ky/kx), where the p-wave-like symme-
try is evident. ∆0(θ) is defined as the minimum value of
E(kx, ky), given by Eq. (12), along theθ direction. At
the antinode, the energy necessary to break a Cooper pair is
∆0/|t| ≈ 2∆p = 0.009111 while ∆0/|t| = 0.008503. The
superconducting

FIGURE 5. a) p-wave superconducting gap (∆p) versus tempera-
ture (T ) for the same system as in Fig. 1 withnop = 0.5. b) The
corresponding p-wave electronic specific heat (Ce) versus temper-
ature (T ).

gap∆p = 0.00455 eV agrees with the value0.00472 eV ex-
perimentally found in tapes of Sr1−xKxFe2As2 [15].

To provide an additional comparison between theory
and experimental data of Sr0.5K0.5Fe2As2, the electronic
specific heat as a function of the temperatureCe(T ) and
its corresponding jump (∆C) at Tc, ∆C = [CS(Tc) −
CN (Tc)]/CN (Tc) were calculated [16]. The Eq. (19) gives
the electronic specific heat (Ce) as a function of the tem-
perature, whereβ = 1/(kBT ), f(Ek) is the Fermi-Dirac
distribution, andEk is the quasi-particles energy, given by
Eq. (12). The results forCe(T ) are shown in Fig. 5b).
Notice that∆C = 0.41 and the corresponding∆C/Tc =
94.7 mJ/mol K2, which is close to the value of 71.3 mJ/mol
K2 measured in Sr1−xKxFe2As2 superconductors [15].

Ce =
2kBβ2

4π2

∫ ∫

1BZ

f(Ek)[1− f(Ek)]

·
[
(Ek)2 + βEk

dEk

dβ

]
. (19)

SinceCe(T ) depends onEk(T ), it is necessary to cal-
culate the temperature dependence of the superconducting
gap amplitude∆p(T ). Figure 5a) shows∆p versusT for
nop = 0.5 with all other model parameters kept the same as
in Fig. 1. The curvature of∆p as a function ofT determines
the correspondingCe shown in Fig. 5b). Moreover, it is ex-
pected that the curvature of this function will be different for
each superconducting gap symmetry [17].

4. Conclusions

Our calculations show that doping Sr1−xKxFe2As2 near
x=0.5 yields a maximumTc of approximately 36 K for p-
wave symmetry, in close agreement with the experimental
value of 37 K. This quantitative agreement suggests that
triplet pairing cannot be excluded in pnictides, particularly

Rev. Mex. Fis.72021601
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under optimal doping. Furthermore, the calculated conden-
sation energy is small but positive, consistent with experi-
mental calorimetric data, and the specific heat jump (∆C)
at Tc matches well with the available measurements. To-
gether, these results point toward a physically viable p-wave
superconducting state. Comparison with other symmetries
highlights the novelty of our findings. Previous works us-
ing the generalized Hubbard model have emphasized d-wave
states, which can reach higher calculatedTc values under
certain parameter choices [18]. However, when correlated
hopping asymmetries are included, our results show that the
p-wave state attains the lowest ground-state energy, thereby
becoming the most stable configuration despite its smaller
gap amplitude. The energy criterion determines the actual
ground state, whereas higherTc values alone do not guar-
antee stability. Our results therefore extend earlier stud-
ies by demonstrating that p-wave pairing can not only com-
pete with but also exceed d-wave in stability under realis-
tic conditions. The physical consequences of stabilizing a
triplet p-wave state in pnictides are far-reaching. Unlike
d-wave superconductors, where the spatial wavefunction is
symmetric and spins form singlet pairs, p-wave superconduc-
tors host parallel-spin Cooper pairs with antisymmetric spa-
tial components. This configuration can alter the magnetic
response, allowing the superconductor to sustain higher ex-
ternal fields without pair breaking. If confirmed experimen-
tally, such behavior in Sr1−xKxFe2As2 would distinguish it
from cuprates and align it more closely with spin-triplet sys-
tems like Sr2RuO4, but at a significantly higherTc. Addi-
tionally, our analysis suggests that other pnictides, such as

BaxK1−xFe2As2 (with Tc up to 38 K) [19,20], could exhibit
similar behavior. Exploring p-wave stability across this fam-
ily could provide a unifying framework for understanding un-
conventional pairing in Fe-based superconductors. Nonethe-
less, some limitations remain since our model considers a
single band, while real materials involve multiband effects
and orbital complexity. Future work should extend the gen-
eralized Hubbard framework to multiband models, enabling
more direct comparison with ARPES and neutron scattering
experiments. In summary, our results indicate that the gener-
alized Hubbard model, when applied with suitable correlated
hopping parameters, can describe p-wave superconductivity
in Sr1−xKxFe2As2. The agreement of the calculatedTc value
with the experimental one, consistent thermodynamic proper-
ties, and favorable ground-state energetics supports the pos-
sibility of triplet pairing in this compound, opening new per-
spectives for both theoretical and experimental investigations
of high-Tc triplet superconductors.
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