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We propose a route to achieve odd-parity spin-triplet (OPST) superconductivity in metallic collinear
antiferromagnets with inversion symmetry. Owing to the existence of hidden antiunitary symmetry, which
we call the effective time-reversal symmetry (eTRS), the Fermi surfaces of ordinary antiferromagnetic
metals are generally spin degenerate, and spin-singlet pairing is favored. However, by introducing a local
inversion symmetry breaking perturbation that also breaks the eTRS, we can lift the degeneracy to obtain
spin-polarized Fermi surfaces. In the weak-coupling limit, the spin-polarized Fermi surfaces constrain the
electrons to form spin-triplet Cooper pairs with odd parity. Interestingly, all the odd-parity superconducting
ground states we obtained host nontrivial band topologies manifested as chiral topological super-
conductors, second-order topological superconductors, and nodal superconductors. We propose that
double perovskite oxides with collinear antiferromagnetic or ferrimagnetic ordering, such as SrLaVMoO6,
are promising candidate systems where our theoretical ideas can be applied to.
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Introduction.—Magnetism and superconductivity are
two representative quantum mechanical phenomena arising
from spontaneous symmetry breaking. For decades, not
only the individual phenomenon but also the interplay
between them has been a central topic in condensed matter
physics. Especially, motivated by the observation that the
superconducting region usually appears near the magnetic
quantum critical point [1–3], the pairing instability medi-
ated by critical spin fluctuations has been extensively
studied [1–11]. On the other hand, compared to the critical
fluctuation driven superconductivity, the nature of the
superconducting phase coexisting with stable magnetism
has received relatively less attention [12–18]. However,
various materials that exhibit magnetism and super-
conductivity simultaneously have been reported such as
heavy fermion superconductors [19–29], iron-based super-
conductors [30–32], twisted double bilayer graphene
[33–35], etc. Considering that magnetism strongly modifies
the normal state symmetry, which in turn constrains
possible pairing channels, coexisting magnetism and super-
conductivity has a great potential to realize unconventional
superconductivity.
In fact, the structure of Cooper pairs can be significantly

affected by magnetic ordering. For example, in ferromag-
nets, there is no Kramers degeneracy at general k points due
to spin splitting, and the Fermi surface is spin polarized.
Therefore, in the weak coupling limit where the spin-
splitting energy is bigger than the pairing energy scale,
Cooper pairs must be formed by equal-spin electrons, and
the spin part of their wave function must be a triplet [36].

On the other hand, a collinear antiferromagnetic (AFM)
ordering constrains Cooper pairs in a different manner
[37–39]. Since a collinear AFM ordering preserves an
effective time-reversal Θ̃ symmetry (eTRS), defined as
time-reversal operation Θ followed by a half lattice trans-
lation t1=2 [37–39], if the system possesses additional
inversion P symmetry, the Kramers degeneracy at general
k points remains unlifted (see Fig. 1), unlike in ferromag-
nets [40]. Dominant spin-singlet pairing reported for
several AFM superconductors [12,13] in earlier studies
can be understood in this way. Therefore, to achieve stable
spin-triplet pairing in the AFM system as in ferromagnetic
systems, it is necessary to break the eTRS.
In this Letter, we propose a way to realize odd-parity

spin-triplet (OPST) superconductivity in two-dimensional
(2D) centrosymmetric collinear antiferromagnets. Here, the
central idea is to introduce a perturbation that breaks local
inversion symmetry between neighboring sites while keep-
ing the inversion about a lattice site, such as staggered
potential (SP) or antisymmetric spin-orbit coupling
(ASOC) [41–43]. SP can arise when the sublattices are
occupied by different magnetic ions while ASOC can
generally appear in layered perovskite materials with
rotation distortions of oxygen octahedra. Since SP or
ASOC makes the sublattices inequivalent, eTRS is also
broken [39]. Thus, in the presence of SP or ASOC, the
Fermi surface of the AFM system becomes spin split, so
that spin-triplet pairing can be predominant as in ferro-
magnets. Furthermore, it is found that the OPST pairing
drives the AFM system with SP to be one of the following
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topological superconductors (TSCs): a chiral (spin-chiral)
TSC with a nonzero Chern (spin-Chern) number, and a
nodal TSC. The chiral TSC is robust against the inclusion
of spin-orbit coupling (SOC) while the stability of the spin-
chiral TSC against SOC requires mirror or spin-reflection
symmetry. Interestingly, once the mirror or spin-reflection
symmetry is broken, the spin-chiral TSC with SOC turns
into a second-order TSC.
Model.—We consider a tight-binding model for a

Néel ordered antiferromagnet on a square lattice. For
simplicity, we include up to the nearest-neighbor (NN)
hoppings in our model Hamiltonian Ĥ ¼ P

k c
†
kHnnðkÞck,

where c†k ¼ ðc†kA↑; c†kB↑; c†kA↓; c†kB↓Þ, and HnnðkÞ ¼
2tðcos kx þ cos kyÞσ0τx ≡ ϵnnðkÞσ0τx. σ and τ are Pauli
matrices representing the spin (↑, ↓) and sublattice (A, B)
degrees of freedom, respectively. Then, to describe the
effect of the collinear AFM ordering, we introduce a mean-
field approximated exchange coupling term −m · στz so
that the Hamiltonian becomes

H0ðkÞ ¼ ϵnnðkÞσ0τx −m · στz; ð1Þ

whose energy spectrum is doubly degenerate at every k
point in the Brillouin zone due to the inversion P ¼ σ0τ0
and eTRS Θ̃ ¼ iσyτxK [44].
However, if we take into account SP or ASOC in the

form of ϵspσ0τz or
P

i¼x;y;z 2viðcos kx þ cos kyÞσiτy≡
ϵasocðkÞ · στy, respectively, which breaks the inversion

between neighboring sites while keeping the inversion
about a lattice site, we immediately find that eTRS is
broken and spin degeneracy is lifted. For the rest of this
work, we study the universal properties of the AFM
superconductivity considering SP only. In the case of
ASOC, since the details of v significantly affect the
symmetry of the system, more specific information from
materials is necessary to examine its influence. The final
form of the normal state Hamiltonian is then given by
HðkÞ ¼ H0ðkÞ þ ϵspσ0τz. Figure 1 shows spin expectation
values of the eigenstates ofHðkÞ on the Fermi surfaces for
m ¼ ðm; 0; 0Þ without ϵsp [Fig. 1(c)] and with a finite ϵsp
[Fig. 1(d)]. In contrast to the spin-degenerate Fermi surface
in Fig. 1(c), each Fermi surface in Fig. 1(d) is indeed spin
polarized.
Group theoretical classification of pairing functions.—

To describe superconductivity, we consider short-ranged
density-density interactions

Hint ¼ −U
Z

dr
X
l¼A;B

nl↑ðrÞnl↓ðrÞ

− V
Z

dr
X
l≠l0

X
σσ0

X
i

nlσðrÞnl0σ0 ðrþ δiÞ; ð2Þ

where U and V denote the on-site and NN-site attractive
interactions, respectively. We take the Nambu basis in the
form of Ψ†

k ¼ ðc†k; c−kÞ, and write the Bogoliubov–
de Gennes (BdG) Hamiltonian as

P
k Ψ

†
kHBdGðkÞΨk with

HBdGðkÞ ¼
�
HðkÞ − μ ΔðkÞ
Δ†ðkÞ −HTð−kÞ þ μ

�
; ð3Þ

where μ and ΔðkÞ denote the chemical potential and mean-
field pairing interaction, respectively. In general, it is able
to express the pairing function in the basis of σ̃iτj ’s
as ΔðkÞ ¼ P

ij fijðkÞσ̃iτj, where σ̃i ≡ σiðiσyÞ. Because
of the fermionic statistics, ΔðkÞ must satisfy
ΔðkÞ ¼ −ΔTð−kÞ. Following the Sigrist-Ueda method
[45], we classify possible pairing functions that can arise
from Hint by the irreducible representations (IRs) of the
point group for two representative collinear AFM structures
with high symmetry: out-of-plane AFM (O-AFM) ordering
along [001] direction, and in-plane AFM (I-AFM) ordering
along [100] direction. In the presence of the O-AFM
(I-AFM) ordering m ¼ ð0; 0; mÞ [ðm; 0; 0Þ] together with
SP, the system belongs to Cz

4h (Cx
2h) point group, whose

principal axis is the z axis (x axis). Hereafter, we denote the
γth gap function that belongs to the Γ IR by ½fðkÞστ�Γγ . As
each gap function represents an independent pairing
channel, we define a corresponding order parameter as
ΔΓ

γ ≡ −VΓ
γ hcTk½fðkÞστ�Γ�γ cki, where VΓ

γ ¼ UðVÞ for intra-
sublattice (intersublattice) channels. Then a general expres-
sion of a pairing potential that belongs to the Γ
representation reads ΔΓðkÞ ¼ P

γ ΔΓ
γ ½fðkÞστ�Γγ and the

FIG. 1. (a) A two-dimensional (2D) collinear antiferromagnet
invariant under the effective time-reversal symmetry Θ̃ ¼ t1=2Θ.
(b) A 2D collinear antiferromagnet with staggered sublattice
potential ϵsp, which breaks Θ̃. The atoms with different on-site
potential energies (ϵsp ≠ 0) are distinguished by white and gray
colors. (c) The spin-degenerate Fermi surface when ϵsp ¼ 0.
(d) Similar figure as (c) when ϵsp ≠ 0, where the Fermi surfaces
are spin polarized.
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corresponding BdGHamiltonian is denoted byHΓ
BdGðkÞ. In

Table I, we summarize the result of the group theoretical
classification and the gap structure analysis for various Γ’s
and γ’s.
Referring to Table I, only the gap functions in the Au and

Bu IRs can open superconducting gap on the Fermi surfaces
in the weak-pairing limit, while others cannot. It means
that, only OPST channels in the Au and Bu IRs can
contribute to the superconducting instability, for both the
O-AFM and the I-AFM cases. The gap structures of
ΔΓðkÞ’s when there are two Fermi surfaces around the Γ
point are visualized in Fig. 2.
Mean field theory and Ginzburg-Landau free energy.—

To determine the leading instability and find the exact

forms ofΔΓðkÞ’s in the superconducting states, we proceed
to solve the linearized gap equation. The free energy of the
system is given by

F ¼ 1

V

X
γ

jΔΓ
γ j2 −

1

β

X
N

X
kn

ln ½ω2
N þ ξ2nðkÞ�; ð4Þ

where ωN is the Nth fermionic Matsubara frequency, and
ξnðkÞ is the negative eigenvalue of HΓ

BdGðkÞ with nth
smallest absolute value. The range of the summation over n
changes depending on μ, because we are interested only in
the energy bands which cross the Fermi level. Thus, we
consider three different cases: case (i) min λ−ðkÞ <
jμj < min λþðkÞ, case (ii) min λþðkÞ < jμj < max λ−ðkÞ,
and case (iii) max λ−ðkÞ < jμj < max λþðkÞ, where

λ� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm� ϵspÞ2 þ ϵ2nnðkÞ

q
. Here min λ (max λ) denotes

the minimum (maximum) value of λ. In case (i) [case (iii)],
only ξ1 (ξ2) is included in the summation, while in case (ii),
ξ1 and ξ2 are included [see Fig. 2(d)].
Using polar forms of the complex numbers

ΔΓ
γ ¼ jΔΓ

γ jeiθΓγ , the equilibrium conditions are given by

∂F
∂θΓγ ¼ −

1

β

X
N

X
kn

∂ξ2nðkÞ=∂θΓγ
ω2
N þ ξ2nðkÞ

¼ 0; ð5Þ

∂F
∂jΔΓ

γ j
¼ 2

V
jΔΓ

γ j −
1

β

X
N

X
kn

∂ξ2nðkÞ=∂jΔΓ
γ j

ω2
N þ ξ2nðkÞ

¼ 0; ð6Þ

where Eq. (6) is the so-called linearized gap equation. For
Γ ¼ Au and Bu, our model gives that both ∂F=∂θΓ1 and
∂F=∂θΓ2 are proportional to jΔΓ

1 jjΔΓ
2 j cos ðθΓ1 − θΓ2Þ, imply-

ing that the free energy is minimized when either one of the
two order parameters vanishes, or cos ðθΓ1 − θΓ2Þ ¼ 0 (i.e.,
jΔΓ

1 j ¼ �ijΔΓ
2 j). However, when jΔΓ

1 j ¼ �ijΔΓ
2 j, the pair-

ing interaction can induce the gap only on one of the two
possible Fermi surfaces. Thus, ðΔΓ

1 ;ΔΓ
2Þ ¼ ðΔ; 0Þ or ð0;ΔÞ

is favored for case (ii), while one of the two solutions
ðΔΓ

1 ;ΔΓ
2Þ ¼ Δði; 1Þ or Δð1; iÞ is favored for cases (i) and

(iii). The transition temperature for each case can be
calculated by solving Eq. (6). However, we note that our
model does not have enough anisotropy to differentiate the
transition temperatures of the superconducting states in the
Au and Bu IRs, unless extra perturbations allowed by the
symmetry enter the Hamiltonian. For example, in the I-
AFM case, the two representations can be distinguished if
the hopping amplitudes along the x and y directions are
different.
Topological superconductivity (TSC).—Odd-parity pair-

ings play a key role in TSC in centrosymmetric systems
[46–48]. Here we study the topological properties of the
OPST superconducting states in the Au and Bu IRs,
obtained above. Both the O-AFM and the I-AFM super-
conductors belong to the D symmetry class in the Altland-
Zirnbauer (AZ) classification table [49–52]. However, the

TABLE I. Superconducting gap structures (GS) of various
pairing channels. FG indicates that the bulk is fully gapped.
NP indicates that pairs of nodal points appear. NG means there is
no superconducting gap.

AFM ΔΓ
γ ½fðkÞστ�Γγ GS

O-AFM ΔAu
1 sin kxσ̃xτx þ sin kyσ̃yτx FG

ΔAu
2 sin kxσ̃yτx − sin kyσ̃xτx FG

ΔBu
1 sin kxσ̃xτx − sin kyσ̃yτx FG

ΔBu
2 sin kxσ̃yτx þ sin kyσ̃xτx FG

Others NG
I-AFM ΔAu

1 sin kyσ̃yτx NP

ΔAu
2 sin kyσ̃zτx NP

ΔBu
1 sin kxσ̃yτx NP

ΔBu
2 sin kxσ̃zτx NP

Others NG

FIG. 2. The superconducting gap structures for (a) ΔAuðkÞ and
ΔBuðkÞ of the O-AFM, (b) ΔAuðkÞ of the I-AFM, (c) ΔBuðkÞ of
the I-AFM. The red and blue solid lines represent the Fermi
surfaces. The distance between a solid line and a dashed line with
the same color represents the size of the relevant superconducting
gap on the Fermi surface. (d) Schematic figure for cases (i), (ii),
and (iii) with different Fermi levels shown together with the
energy spectrum of the normal state, �λ�ðkÞ.
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quasiparticle spectrum of the O-AFM superconductor is
fully gapped, while that of the I-AFM superconductor has
gapless nodes. Thus, we treat the two cases separately.
To check the topological properties of the O-AFM

superconductors, we calculate the Wilson loop eigenvalue
spectrum of the occupied bands of HΓ

BdGðkÞ [53,54]. Since
the spin-up and spin-down sectors of HΓ

BdGðkÞ are totally
decoupled, HΓ

BdGðkÞ can be reduced into two blocks as

HΓ
BdGðkÞ ¼

�
HΓ;↑↑

BdG ðkÞ 0

0 HΓ;↓↓
BdG ðkÞ

�
: ð7Þ

We find that HΓ;↓↓
BdG ðkÞ [HΓ;↑↑

BdG ðkÞ] has a nontrivial winding
in its Wilson loop spectrum in case (i) [case (iii)], while the
other block does not. It indicates that the occupied bands of
HΓ;↓↓

BdG ðkÞ (HΓ;↑↑
BdG ðkÞ) have a nonzero Chern number. On the

other hand, both blocks carry finite Chern numbers but with
opposite signs in case (ii), making the total Chern number
of the system zero. This result agrees well with the
Fu-Berg-Sato criteria for diagnosing band topology
in centrosymzmetric systems [46,47]. We note that
CAu;σσ
BdG ¼ −CBu;σσ

BdG , where CΓ;σσBdG denotes the Chern number
carried by the occupied bands of HΓ;σσ

BdG (σσ ¼ ↑↑ or ↓↓).
Corresponding to the nontrivial bulk topology, gapless
modes appear on the edges of the system [55–60]. To
confirm this, we have performed the finite-size tight-
binding model calculation for the system in a ribbon
geometry. Figure 3(a) displays the result for Γ ¼ Au in
case (ii). In fact, the two blocks in Eq. (7) are nothing but
the mirror Mz invariant sectors with the eigenvalues �1,
respectively, where Mz: ðx; y; zÞ → ðx; y;−zÞ. Thus, the
case (ii) O-AFM superconducting state can be interpreted
as a mirror Chern superconductor, whose Mz ¼ �1 eigen-
sectors are analogous to chiral p-wave superconductors
with the Chern number�1 [61]. If the system preserves the
Mz symmetry, the above discussion is still valid even in the
presence of SOC. When Mz is broken, the two edge
channels of case (ii) superconductor mix and open a gap
[Fig. 3(b)], leading to a second-order TSC protected by
inversion symmetry [62,75–77].
In the I-AFM case, as ΔAuðkÞ ∝ sin kx

[ΔBuðkÞ ∝ sin ky], there are nodes at the points where
the ky (kx) axis intersects the Fermi surfaces as shown in
Fig. 1. However, these nodes can be pairwise annihilated by
adding symmetry-preserving perturbations [see Fig. 3(c)],
which give gapped bulk states. When the spin-reflection
symmetry Sx ¼ iσx exists, as the spin-up and spin-down
edge states are decoupled, the I-AFM superconductor
becomes a spin-chiral (chiral) TSC for case (ii) [case (i)
and (iii)], similar to the O-AFM cases. When Sx breaking
SOC exists, the edge states of the spin-chiral TSC are
gapped. Interestingly, the resulting gapped phase turns out
to be a second-order TSC protected by inversion symmetry
[75,76]. The edge states of various TSCs for I-AFM
superconductors are shown in Fig. 3(c).

Application to double perovskites.—We propose that a
class of materials called double perovskites (DPs) with a
formula A2BB0O6 [78] is a promising candidate where our
theoretical idea can be tested. The DPs share the same
lattice structure as conventional centrosymmetric perov-
skites. However, composed of two different species of
transition metals B and B0, they can be seen as lattice
systems with SP. Moreover, ASOC can also arise from
rotations and tilts of oxygen octahedra in the DPs. The DPs
have long been expected as candidates for exotic magnetic
phases such as half-metallic AFMs [79–84] and metallic
AFMs [85,86]. Especially, by first-principles calculations,
we predict that a doped DP (C-type) SrLaVMoO6 is a
metallic compound whose nearest neighbor Vand Mo sites
have antiferromagnetically (or ferrimagnetically) ordered
local spin moments (see Supplemental Material [62]).

FIG. 3. (a) (Left) The Wilson loop eigenvalue spectra of
HAu;↑↑

BdG ðkÞ (upper) and HAu;↓↓
BdG ðkÞ (lower) for the case (ii)

O-AFM superconductor. The two block Hamiltonians have the
opposite Chern numbers. (Right) Energy spectrum for an edge of
a finite-size system with a ribbon geometry extended along
x0ð1; 1; 0Þ direction while having a finite length along y0ð−1; 1; 0Þ
direction. The chiral edge modes originate from spin-up (blue)
and spin-down (red) bands. (b) (Left) Gapped edge spectrum due
to the Mz breaking SOC. (Right) Corresponding zero-energy
corner modes. (c) (Left) Energy spectrum of a ribbon geometry
described in (a) for the case (ii) I-AFM superconductor. (Middle)
Gapped bulk and gapless edge spectra after pair annihilation of
bulk nodes. (Right) Gapped edge spectrum in the presence of
SOC breaking spin-reflection symmetry. The parameter values
used to generate this figure are t ¼ 0.667, m ¼ 0.314, ϵsp ¼ 0.2,
μ ¼ −1.0, and Δ ¼ 0.1. We take 3t=2 ¼ 1 as the energy unit.
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Figure 4 shows that the Fermi surfaces of SrLaVMoO6 are
spin split as expected. Since the layered structure of DPs is
also available by partitioning the bulk crystal with organic
cations [87], we anticipate that our model, the square lattice
antiferromagnet with SP on its sublattices, can be realized
in the DP compound like SrLaVMoO6.
Conclusions.—We propose that 2D AFM metals with

broken eTRS favors OPST superconducting states. As
shown in the Supplemental Material [62], our mean field
solutions are stable against RPA-type flucutations due to
the spin anisotropy of AFM normal states. Also we
confirmed that our OPST pairing is more stable than the
Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) pairing in the
weak-pairing limit, especially when SP is large, as the
FFLO pairing cannot open the gap at the Fermi surface (see
Supplemental Material [62]). We believe that the super-
conductivity of AFM metals provides a promising platform
for searching new types of TSCs protected by magnetic
space group symmetries associated with the background
magnetic ordering. Finally, we note that our OPST super-
conductivity of AFM metals is distinct from the super-
conductivity arising from local noncentrosymmetry in
paramagnetic metals [41], and also from the parity-mixed
spin-triplet superconductors featured in noncentrosymmet-
ric antiferromagnets [13,15,88].
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