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Ferromagnetism and superconductivity are generally considered to be antagonistic phenomena in con-
densed matter physics. Here, we theoretically study the interplay between the ferromagnetic and
superconducting orders in a recent discovered monolayered CoSb superconductor with an orthorhom-
bic symmetry and net magnetization, and demonstrate the pairing symmetry of CoSb as a candidate
of non-unitary superconductor with time-reversal symmetry breaking. By performing the group theory
analysis and the first-principles calculations, the superconducting order parameter is suggested to be a
triplet pairing with the irreducible representation of 3 By, which displays intriguing nodal points and
non-zero periodic modulation of Cooper pair spin polarization on the Fermi surface topologies. These
findings not only provide a significant theoretical insight into the coexistence of superconductivity and
ferromagnetism, but also reveal the exotic spin polarized Cooper pairing driven by ferromagnetic spin

fluctuations in a triplet superconductor.
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1 Introduction

The search for exotic unconventional pairing supercon-
ductivity with time-reversal symmetry breaking is one of
the most challenging tasks in condensed matter physics.
Among them, the prominent chiral pairing superconduc-
tors originated from the contribution of orbital angular
momentum of Cooper paired electrons. For example, the
chiral p-wave pairing topological superconductors [1, 2],
have received great attentions as they host the Majorana
quasiparticles at the boundaries [3-8], which is equivalent
to the non-Abelian Moore-Read (Pfaffian) spin—triplet
paired state in the fractional quantum Hall effect with fill-
ing factor of 5/2 [9-11], and has potential applications in
the topological quantum computing [12-17]. Experimen-
tally, the evidences of observing Majorana bound states
have been extensively reported in various quantum sys-
tems, including the one-dimensional nanowires in contact
with superconductors [18-22], at the edges of iron-atoms
chains formed on the surface of superconducting lead [23],
at the interface between a topological insulator and an s-
wave superconductor [24, 25], and the quantum spin lig-
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uids [26], as well as the iron-based superconductors [27—
33].

Additionally, another class of superconductors with
time-reversal symmetry breaking, the intriguing non-
unitary pairing superconductors [34], originated from the
contribution of spin angular momentum of Cooper paired
electrons, are inspiring enormous research interests in the
condensed matter communities recently. The richness
of existing Majorana quasiparticles in three-dimensional
high-symmetry non-unitary pairing superconductors has
been theoretically proposed [35]. So far, however, the
only experimentally established the non-unitary pairing
is in the A; phase of superfluid 3He in an applied high
magnetic field [36-38], although the non-unitary paired
states have been extensively reported in the heavy fermion
superconductor UPt3 related to the B phase at low tem-
perature in an applied magnetic field [39-42], and in the
noncentrosymmetric LaNiCy [43, 44] and the centrosym-
metric LaNiGag superconductors [45, 46] with the absence
of an applied magnetic field.

In this paper, we theoretically propose the monolayered
orthorhombic CoSb as a candidate of non-unitary pair-
ing superconductor, which has been successfully grown
on the SrTiO3(001) substrate by molecular beam epitaxy.
Experimentally, symmetric superconducting gap around
the Fermi level with coherence peaks at around + 6 meV
was observed by in-situ scanning tunneling spectroscopy
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(STS), accompanied with a weak net ferromagnetic (FM)
moment lying in the basal plane found by ex-situ magne-
tization measurements [47]. The pairing symmetry of this
system, however, remains elusive in experiments. Theo-
retically, the group symmetry analysis suggests the pair-
ing symmetry of monolayered CoSb to be a non-unitary
triplet gap function of 3 By, or 3 Bs, symmetry with nodes.
Within the framework of density-functional theory, the
calculations demonstrate the ground state of monolayered
CoSb to be a half metal with the easy axis of FM mag-
netization along the g axis lying in the basal plane, which
is consistent with experimental observation [47] and sup-
ports the group theory analysis that only spin-down elec-
trons are responsible for the Cooper pairing in the non-
unitary superconducting state. Using the strong-coupling
approximation the superconducting order parameter in
the monolayered CoSb is leaded to be a triplet pairing
with the irreducible representation of 3By, displaying in-
triguing nodal points and non-zero periodic modulation of
Cooper pair spin polarization on the Fermi surface topolo-
gies. These findings imply the coexistence of ferromag-
netism and superconductivity and the exotic spin polar-
ized Cooper pairing driven by FM spin fluctuations in the
superconductor CoSb.

The rest of this paper is structured as follows. In Sec-
tion 2, we present the group symmetry analysis on the
pairing symmetry of monolayered orthorhombic CoSb su-
perconductor. The electronic and magnetic structures of
monolayered CoSb are systemically addressed in Section 3
by using the first-principles calculations. The theoretical
Bogoliubov—de Gennes (BdG) equation of superconduc-
tivity is clarified in Section 4. Finally, we give a brief
conclusion in Section 5.

2 Group symmetry analysis

Considering the D point group of the superconduct-
ing orthorhombic CoSb monolayer shown in Fig. 1(a)
with the time-reversal symmetry breaking [47], the su-
perconducting pairing gap function A(E) can be factored
into the basis functions with the irreducible representa-

tion of the group SO(3) x Dsp, in the weak spin-orbit
coupling limit [48-50], where x and SO(3) represent
the direct product and all spin rotations, respectively.
Similar to that in the centrosymmetric superconductor
LaNiGag [45], this product group has a total of eight irre-
ducible representations listed in Table 1, including four
one-dimensional singlet representations and four three-
dimensional triplet representations. The latter have a gap
function that transforms like a vector under spin rota-
tions, resulting in the two possible ground states in a gen-
eral Ginzburg-Landau theory [48]. This leads to twelve
possible gap functions listed in Table 1, of which eight
are unitary and four are non-unitary. Only the four non-
unitary gap functions are non-trivially complex that can
break the time-reversal symmetry. Furthermore, in accor-
dance with the two-dimensionality of monolayered CoSb,
we further eliminate the two states showing strong k., de-

Table 1 The upper and lower tables show the gap functions
of the homogeneous superconducting states allowed by symme-
try for a weak and a strong spin—orbit coupling, respectively.
We have used the standard notation [34] A(k) = A(k)ig, for
singlet states and A(k) =
the vector of Pauli matrices, and k is the momentum.
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(a) The schematic illustration of the crystal structure of monolayered orthorhombic CoSb. (b) The electronic band

structure and (c) the corresponding Fermi surface topologies for the NM state of monolayered CoSb. (d) The total DOS and
PDOS on Co 3d and Sb 5p orbitals for the NM state of monolayered CoSb. The Fermi energies are set to zero.
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pendence of the gap function. In contrast, there are only
four possible gap functions and none of them could break
time-reversal symmetry in the strong spin—orbit coupling
limit, as listed in Table 1. Therefore, from the view-
point of symmetry, the superconducting orthorhombic
CoSb monolayer has to be a non-unitary triplet pairing
superconductor with a weak spin—orbit coupling, so that
the possible gap functions with 3Bs, and 3Bs, symmetry
are only compatible with the experimental observation of
time-reversal symmetry breaking [47]. In them, only spin-
down electrons participate in pairing, and thus there is an
ungapped Fermi surface coexisting with another one with
nodes (3Bag, or 3Bs,).

3 The first-principles calculations

The first-principles calculations are performed using the
all-electron full potential linear augmented plane wave
method [51] as implemented in the WIEN2k code [52].
The exchange-correlation potential is calculated using
the generalized gradient approximation as proposed by
Perdew, Burke, and Ernzerhof [53]. Although the con-
duction electrons mainly originated from the light atoms
of cobalt have a weak spin—orbit coupling, consistent with
the group analysis, the heavy mediated anion of antimony
has a strong spin—orbit coupling, whose strength is pro-
portional to Z* (where Z is the atomic number; Z = 51 for
Sb) [54], leading to a significant changes of the overlapped
wave functions between the Co 3d and Sb 5p orbitals [55].
Therefore, the spin—orbit coupling is included with the
second variational method throughout the calculations.
Furthermore, a 3000 E—point is chosen to ensure the cal-
culation with an accuracy of 1075 eV, and all structural
parameters (lattice constants, a; = 5.92 A and ay = 3.24
A, as well as internal coordinates) are performed using
the values of experimental crystal structure [47] shown in
Fig. 1(a). To reduce the interaction between neighboring
layers of CoSb, a vacuum slab of 15 A along the 2 axis is
introduced.

Figures 1(b)—(d) show the non-magnetic (NM) elec-
tronic structures of monolayered orthorhombic CoSb,
where no spin polarization is allowed on the Co ions. Such
a study can provide a benchmark for inspecting whether
the magnetically ordered state is favorable. From the
calculated energy band structure and the corresponding
Fermi surface topologies shown in Figs. 1(b) and (c), there
are mainly two bands crossing the Fermi level contribut-
ing to the electron conduction in orthorhombic CoSb, in
contrast to the four bands across the Fermi level in the
tetragonal CoSb [56, 57]. Verifying the orbital characters
of the energy bands around the Fermi level (see details in
Fig. Al in Appendix B), we notice that the five Co 3d or-
bitals participate the electron conductions, implying the
strong Hund’s coupling in the Co 3d orbitals.

The calculated density of states (DOS) and the pro-
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jected DOS (PDOS) on Co 3d and Sb 5p orbitals for the
NM state of monolayered orthorhombic CoSb are shown
in Fig. 1(d). It can be seen that the conduction elec-
trons mainly come from the contribution of Co 3d states
partially hybridized with mediated Sb 5p states. Inspect-
ing the value of DOS at the Fermi level, N(Er) = 3.58
states per eV per Co atom, we notice that this value is
much larger than that in the tetragonal CoSb [56, 57] and
the iron-based superconductors [58, 59]. While magnetism
may occur with lower values of the DOS, it must occur
within a band picture if the Stoner criterion [58, 60, 61],
N(Er) x I > 1, is met, where I is the Stoner parame-
ter, taking values of 0.7-0.9 eV for ions near the middle
of the 3d series (note that the effective I can be reduced
by hybridization) [60], implying the NM state is unstable
against the magnetic states for monolayered CoSb.

In order to capture the magnetic behavior of Co 3d
states in the monolayered orthorhombic CoSbh, we consider
a two-dimensional phenomenologically theoretical Heisen-
berg model on the Co ion sites as follow [57, 58]:

H="TuY SiSia+dy Yy SiSipg+d Y 85, (1)
i i (a,9))

where S is the magnitude of Co spin. The ((i,j)) de-
notes the summation over the next-nearest neighbor Co
ion sites. The parameters Ji, and Jy, describe the nearest
neighboring exchange interactions along the & and ¢ direc-
tion shown in Fig. 1(a) with the labels of a and b, respec-
tively, and J, denotes the next-nearest neighboring ex-
change interaction. From the calculated energies for var-
ious magnetic configurations [62] (see Appendix A in de-
tails), the magnetic exchange couplings Ji, = 1.05 meV,
Jiy = —46.46 meV, and Jo = —2.98 meV are found for
the monolayered orthorhombic CoSb. The strong FM su-
perexchange coupling strength along the ¢ axis could be
understood through the Goodenough—Kanamori orthogo-
nal rule [55, 63] at first glance that the interacting cations
of Co atoms connected to the intervening anions of Sb
form an angle of 74.1°(~ 90°), which promotes the me-
diated Sb 5p orbitals to be orthogonal to the two near-
est neighboring Co 3d orbitals. Considering the strong
Hund’s coupling on Co 3d orbitals, the Co®* ion with 3d°
electronic configuration favors the unpaired spin on Sb 5p
orbitals to be parallelly aligned to the spin of the Co 3d
orbitals, resulting in the FM exchange coupling. However,
when the distance of 3.24 A (= as) between two nearest Co
ion sites along ¢ axis is changed to 2.96 A (= a;/2) along
the # axis and the bond angle of Co—-Sb—Co is changed
to 66.8°, the orthogonality between the Sb 5p and the
two nearest neighboring Co 3d orbitals is weakened sig-
nificantly and thus the antiferromagnetic superexchange
coupling could be gradually emerged along the & direc-
tion. Due to the strong FM exchange couplings on the
CoSb layer, it suggests the ground state of CoSb to be a
FM order [64], which is consistent with the magnetization
measurements on the monolayered films of orthorhombic

Tian-Zhong Yuan, et al., Front. Phys. 16(4), 48500 (2021)
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Fig. 2 (a) The electronic band structure and (b) the corresponding Fermi surface topologies for the FM state of monolayered
CoSb. (c¢) The PDOS on the spin-up and spin-down species of total, Co 3d, and Sb 5p orbitals for the FM state of monolayered

CoSb. The Fermi energies are set to zero.

CoSb [47]. Furthermore, the strong anisotropic FM su-
perexchange interaction along the ¢ axis drives the easy
axis of magnetization of CoSb towards the ¢ axis lying
in the basal plane, which is also confirmed by the total
energy calculations. The magnetic momentum of 1.83 up
on Co ion sites are found (see details in Table A2 in Ap-
pendix A).

The calculated low-energy band structure, the corre-
sponding Fermi surface topologies, and the PDOS on the
spin-up and spin-down species of total, Co 3d and Sb 5p
orbitals for the FM ordered state with fixed magnetiza-
tion along the ¢ axis in the monolayered orthorhombic
CoSb are shown in Fig. 2. Compared with the NM state
shown in Fig. 1, we find that most of the bands around the
Fermi level are gapped by the FM order. The correspond-
ing electronic DOS at the Fermi level is N(Ep) = 0.12
and N(Er) = 1.48 states per ¢V per Co atom for spin-
up and spin-down species, respectively, which are signif-
icantly less than that of the NM state (3.58 states per

eV per Co atom), demonstrating a half metal nature of
the monolayered orthorhombic CoSb that the spin-up or-
bitals are fully occupied while the spin-down orbitals are
partially occupied (see details in Figs. A2 and A3 in Ap-
pendix B). This finding is consistent with the group the-
ory analysis that only spin-down electrons are responsible
for the Cooper pairs in the non-unitary superconducting
state.

4 Theoretical model calculations

A simplified theoretical model of low-energy excitations
in the non-unitary superconducting state is provided for
further understanding of the behaviors of superconducting
electrons based on the following BdG Hamiltonian:

g (Ho(R) Ao(k)
e = (Azu‘é) —ﬁo<1€>> | (2)

@ ——— — ®) 6

7/a,

-4 -2 0 2 4 6
Energy (meV)

Fig. 3 (a) A schematic plot for the gap nodal structure of non-unitary pairing on the Fermi surface topologies. The green
dotted lines denote the Fermi surface topology of monolayered CoSb, and the magenta dashed lines denote the zero gap value
of the order parameter d(k) = (1, —i, 0) sin(kya2) with the irreducible representation of *Ba,. The vector plot of Cooper pair

spin polarization (Sg) is also shown on the counters of Fermi surface topologies. (b) The DOS as a function of energy for the
non-unitary superconducting state. The parameter of pairing amplitude is set as Ag = 5 meV.
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where k is the momentum of the excitation, Ho(k) de-
scribes an effective spin-dependent four-band normal-state
free electron Hamiltonian obtained through an interpola-
tion method by projecting the first-principles calculated
bands shown in Fig. 2 onto the lowest two spin-dependent
bands around the Fermi level [65, 66] in the momentum
space, and Ag(k) = AgA(k) ® ir, represents the pairing
potential with a pairing amplitude of Ag. In the ten-
sor products, the first sector represents the spin chan-
nels ¢ =1,] shown in the caption of Table 1 while the
second represents the two band channels [46]. Follow-

-,

ing the group symmetry analysis, the d(k) vector has
two possible choices of d(k) = (1,—i,0) sin(kyas) and
d(E) = (1,—1,0) sin(kyaq), as listed in the Table 1, cor-
responding to the irreducible representations of 3By, and
3 B3, respectively. Here we have assumed that the Cooper
pairs carry the spin magnetization with the value of
(S i) = id x d* [34] along the § axis in accordance with the
FM magnetization obtained by the first-principles calcu-
lations. Since the pairing amplitude of Aq is proportional
to FM superexchange coupling strength within strong-
coupling approximation, the triplet pairing state with the
irreducible representations of 2Bs, is energetically unfa-
vorable rather than that of B, to avoid the short-range
repulsion caused by the antiferromagnetic superexchange
coupling along the & axis [66-69], which can also been seen
clearly in Appendix C. Therefore, the non-unitary paired
3By, state induced by the FM spin fluctuations results
in the formation of Cooper pairing in monolayered CoSb
superconductor. The gap zeros of 3Bs, state (k, = 0
and k, = 7/az) cross the Fermi surface topologies, shown
in Fig. 3(a), leading to intriguing nodal behavior. Addi-
tionally, it is interesting to point out that the amplitude
of Cooper pair spin polarization <*§1€> on the counters of
Fermi surface topologies displays a periodic modulations
and vanishes at the nodal points on the Fermi surface
topologies, which are the typical characters of non-unitary
pairing superconductivity. The DOS of superconducting
state with the non-unitary pairing of 3Bs, symmetry is
also calculated and shown in Fig. 3(b). As is expected,
the V-shaped DOS is clearly visible, qualitatively consis-
tent with the experimentally observed STS spectra [47].

5 Conclusion

By performing the group theory analysis and the first-
principles calculations, we systemically study the elec-
tronic and magnetic properties in the monolayered or-
thorhombic CoSb superconductor, and find the normal
state of CoSb to be a half metal with the easy axis of FM
magnetization along the g axis lying in the basal plane,
suggesting the orthorhombic CoSb as a candidate of non-
unitary superconductor in which only spin-down electrons
are responsible for the Cooper pairing. Using the strong-
coupling approximation, we suggest the pairing symmetry

of CoSb to be a triplet pairing with the irreducible rep-
resentations of 3Ba, that displays intriguing nodal points
and non-zero periodic modulation of Cooper pair spin po-
larization on the Fermi surface topologies. These findings
imply the novel coexistence of FM and superconducting
orders in CoSb and the exotic spin polarized Cooper pair-
ing driven by FM spin fluctuations in a triplet supercon-
ductor.

Theoretical calculations with
various magnetic configurations
and the orientations dependent
magnetic state calculations

Appendix A

To explore the ground state with magnetic ordering on
CoSb monolayer and evaluate the values of magnetic ex-
change coupling constants in Heisenberg model in Hamil-
tonian (1) in the main text, we perform the calculations
with four possible magnetically ordered states in the Co
layer with FM, AFM-1 (ferromagnetically along the -
axis and antiferromagnetically along the Z-axis), AFM-2
(ferromagnetically along the Z-axis and antiferromagnet-
ically along the g-axis), and the Néel-AFM orders. The
corresponding total energies of various magnetic order-
ing states are listed in Table Al. It is clearly shown
that the FM ordering state has the lowest total energy
on CoSb monolayer. The calculated corresponding mag-
netic moment is 1.84 up on Co atoms, which mainly
originates from the contributions of localized electrons on
Co sites. Furthermore, through these calculated energies
the magnetic exchange coupling constants are also eval-
uated to be Ji; = 1.05meV, Jy;, = —46.46 meV, and
Jo = —2.98 meV. Additionally, we also perform the calcu-
lations on the energetic properties of the various Co spin
ordered orientations for monolayered orthorhombic CoSb
with FM ordering state, listed in Table A2. The calcula-

Table A1l The calculated total energy of various magneti-
cally ordered states of CoSb monolayer. AF is the total energy
difference per Co atom with respect to the NM state, and mco
is the local magnetic moment per Co atom.

CoSb FM AFM-1 AFM-2  Néel-AFM
AE (meV/Co) —43.48 —4204 —28.14 —30.13
mco (1B) 1.84 1.73 1.67 1.66

Table A2 Energetic properties of the different Co spin con-
figurations for monolayered orthorhombic CoSb. Results are
the total energy difference per Co atom for different Co spin
directions in the ferromagnetic CoSb layer.

CoSb (100) (010) (001)
AFE (meV/Co) 0.13 0.0 0.03
mco (UB) 1.83 1.83 1.84

Tian-Zhong Yuan, et al., Front. Phys. 16(4), 48500 (2021)
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tions demonstrate the ground state of monolayered CoSb
is a ferromagnetic order with the magnetization along the
9 axis lying in the basal plane and the corresponding mag-
netic momentum of 1.83 yup on Co ion sites. Such mag-
netic anisotropy mainly originates from the single-ion con-
tribution [64].

Appendix B Orbital resolved band structure
calculations

In this appendix, we present the detailed calculations of
the orbital resolved energy bands of the NM and FM states
of monolayered orthorhombic CoSb, as shown in Figs. A1—
A3. Here it is interesting to point out that a Dirac like
pocket appeared at the high symmetric line of Y-G shown
in Fig. 2 in the main text mainly stems from the contribu-
tions of spin-up components of Sb 5p orbitals by inspecting
the orbital resolved energy bands shown in Fig. A3.

Appendix C Mean-field level of
superconducting pairing

Using the mean-field method of strong coupling limit for
the superconducting CoSb monolayer, the superconduct-
ing pairing is decoupled from the magnetic Heisenberg
model in Hamiltonian (1),

y
+lez eyl gt Aanel el

.I.
Aly lTCH-yi Aly 1,1 Citg,1 )
+ 2y (Alfel el v ajel
((3,9))
— Al el — Al

i €154 ij zi 37

wcu

) +hee, (C.1)
where A%ﬁ (o, B =1,]) are the superconducting pairing
order parameters resulted from the magnetic spin fluc-
tuations. Considering that the calculated magnitude of
magnetic exchange coupling strength of Ji, is significantly
much larger than that of Ju and Js, the pairing ampli-
tude along the g-axis, Aly, dominates in superconduc-
tivity. Furthermore, since the Ji, is negative, the pair-
ing orders with parallel spin orientation, AE and Aﬁ,
are energetically favorable rather than that with antipar-
allel ones. Therefore, the superconducting pairing order
for CoSb superconductor has a typical spin-triplet, result-
ing from the ferromagnetic spin fluctuations [57]. Further
performing the Fourier transformation, the pairing order
parameters of AE and Aﬁ are proportional to a forma-
tion of sin(kyaz), where as is the lattice constant of CoSb
monolayer along the j-axis shown in Fig. 1(a) in the main
text, in accordance with the group theory analytic result
of pairing symmetry 3 Ba,,.
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