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The emergence of unconventional superconductivity is generally considered to be related to spin fluctuations.
Unveiling the intriguing behaviors of spin fluctuations in parent compounds with layered transition-metal ions
may shed light on the search for exotic unconventional superconductors. Here, based on the framework of

the first-principles calculations, we theoretically propose that LaCoSb, is a weak antiferromagnetic layered
metal with an in-plane ferromagnetic moment of 0.88up at the Co sites, as a candidate parent compound
of the cobalt-based superconductors. Importantly, this theoretical finding is experimentally supported by our
magnetization measurements on polycrystalline samples of LaCog 75Sb,. Following the symmetry analysis, we
suggest a possible p-wave superconductivity hosted in doped LaCoSb, emerging at the verge of ferromagnetic
spin fluctuations, which implies potential applications in topological quantum computing in future.

DOI: 10.1103/PhysRevB.101.155138

I. INTRODUCTION

Studies on topological superconductors [1-4] have trig-
gered enormous research interest during recent years, owing
to the fact that these systems host Majorana quasiparticles
[5,6], which obey non-Abelian statistics and can be used to en-
code and manipulate quantum information in a topologically
protected manner [7,8]. In solid-state systems, p-wave super-
conductors [9,10] or v = % fractional quantum Hall states
[11-13] are considered to exhibit Majorana quasiparticles.
The first candidate chiral p-wave superconductor is Sr,RuQO4
evidenced by previous NMR measurements [14,15], which
breaks the time-reversal symmetry [16,17]. However, a recent
NMR measurement contradicts the previous finding due to the
heat-up effect in the Knight shift [18,19].

Alternatively, a theoretical study predicted the appear-
ance of Majorana bound states at the interface between a
topological insulator and a conventional superconductor [20].
Later, a generic theory which does not involve any topo-
logical insulator is also proposed, claiming that the com-
bination of Rashba spin-orbit coupling, the Zeeman effect,
and the proximity effect between an s-wave superconductor
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and a two-dimensional metal will induce effective p-wave
superconductivity [21]. Experimentally, evidence of Majorana
bound states has been reported in various systems, includ-
ing one-dimensional nanowires in contact with superconduc-
tors [22-26], at the edges of iron atom chains formed on
the surface of superconducting lead [27], at the interface
between a topological insulator and an s-wave supercon-
ductor [28,29], quantum spin liquids [30], and iron-based
superconductors [31-36].

In this paper, we theoretically propose doped LaCoSb, as
a possible candidate topological superconductor based on the
symmetry analysis that the superconductivity might emerge
at the verge of ferromagnetic (FM) spin fluctuations on CoSb
layers. LaCoSb, [37], as shown in Fig. 1(a), has a simi-
lar crystal structure to 112-type iron-based superconductors
[38,39]. Analogous to the electronic properties of layered
iron-based superconductors [40,41], the conducting electrons
in LaCoSb, mainly come from the contribution of Co 3d
states partially hybridized with the Sb 5p states on CoSb lay-
ers. Previous first-principles calculations demonstrate that the
nonmagnetic (NM) state of LaCoSb, displays the behaviors of
a high-symmetry line semimetal [42]. Surprisingly, a recent
theoretical prediction reveals a possible realization of high-
transition temperature superconductivity in a freestanding
or SrTiOs-supported CoSb monolayer [43]. Experimentally,
monolayer CoSb has been successfully grown on SrTiO3(001)
substrates by molecular beam epitaxy, in which symmetric
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FIG. 1. (a) Schematic of the crystal structure of LaCoSb, containing a sandwiched CoSb layer. (b) Electronic band structure and (c) total
DOS and PDOS on Co 3d and Sb 5p orbitals of the NM state of LaCoSb,. (d—g) Fermi surface topologies for the NM state of LaCoSb, with
the corresponding labels (d, e, f, g) shown in (b). Fermi energies are set to 0.

superconducting gaps with coherence peaks at around
+6meV close to the Fermi level were observed by in situ
scanning tunneling spectroscopy [44], that is, three times
smaller compared with monolayer FeSe on SrTiO3(001) sub-
strates [45]. Furthermore, ex situ magnetization measure-
ments demonstrate the superconducting transition tempera-
ture of 7. &~ 14 K for CoSb/SrTiO3, accompanied by a weak
net FM moment [44]. Interestingly, for LaCoSb,, our first-
principles calculations find a weak antiferromagnetic (AFM)
ground state with an in-plane FM moment of 0.88up at Co
sites. Additionally, our magnetization measurements support
the presence of AFM spin fluctuations in polycrystalline sam-
ples of LaCoq 73Sb, with the magnetic moment of 0.78 45, in
good agreement with the theoretical findings. Thus, LaCoSb,
becomes a candidate parent compound of cobalt-based super-
conductors, as the FM order can be suppressed gradually by
chemical doping and the superconductivity might emerge at
the verge of FM spin fluctuations, making doped LaCoSb, a
possible p-wave superconductor based on the group analysis.

The rest of this paper is organized as follows. In Sec. II,
we present the electronic and magnetic structures of LaCoSb,
using first-principles calculations. The experimental magne-
tization measurements on polycrystalline LaCog7gSb, are
shown in Sec. III. The symmetry analysis on superconducting
gap structures is addressed in Sec. IV. Finally, we give a brief
conclusion in Sec. V.

II. FIRST-PRINCIPLES CALCULATIONS

The calculations in this work are performed using the
all-electron full potential linear augmented plane wave plus
local orbitals (FP-LAPW + lo) method [46] as implemented
in the WIEN2K code [47]. The exchange-correlation potential
is calculated using the generalized gradient approximation as
proposed by Perdew, Burke, and Ernzerhof [48]. Since the
spin-orbit coupling strength is proportional to Z* (where Z
is the atomic number; Z = 51 for Sb) [49], the spin-orbit
coupling is nonnegligible for LaCoSb,. Therefore, the spin-
orbit coupling is included with the second variational method

throughout the calculations. Furthermore, a 1000 k point is
chosen to ensure calculations with an accuracy of 103V,
and all crystallographic parameters determined experimen-
tally [37] including the lattice constants and the internal
coordinates are adopted in the calculations [Fig. 1(a)]. The
stability of the crystal structure of LaCoSb; is shown in Fig. 4
in Appendix A.

First, we focus on the NM state behavior of LaCoSb,,
which means that no spin polarization is allowed on the Co
ions in calculations. Such a study can provide a reference for
examining whether the magnetic ordered state is favorable.
Figure 1(b) shows the electronic band structure of the NM
state of LaCoSb,, which has much more complicated elec-
tronic dispersive features than that for the 112-type iron-based
superconductor [38]. In contrast to the five bands across the
Fermi level in iron-based superconductors, however, there
are mainly three of the four bands crossing the Fermi level
contributing to electron conduction in LaCoSb,, which can
be seen clearly in the Fermi surface topologies shown in
Figs. 1(d)-1(g). Verifying the orbital characteristics of the en-
ergy bands around the Fermi surface (see Fig. 5 in Appendix
B), we note the prominent contributions stemming from the
Co 1y, (dy2_y2, dy, and d,) orbitals partially associated with
the d. orbital. From the viewpoint of crystal field theory
[41], the Co ions are coordinated by the Sb tetrahedron, and
the crystal field will normally split the five Co 3d orbitals
into low-lying twofold e, (d,, and d_) orbitals and up-lying
threefold #,, orbitals opposite the octahedral case. Taking
the Coulomb interaction into account, the actual instance
by analyzing the orbital-dependent energy band structure is
opposite to that we expect from a simple tetrahedron crystal
field: the low-lying manifold is threefold (5,) and the up-
lying manifold is twofold (eg). For the Co*" ion, the nominal
number of 3d electrons is six. The electron conduction around
the Fermi level mainly arises from the low-lying t,, orbitals
and partly arises from the e, orbitals due to the strong Hund’s
coupling effect, similar to that in iron-based superconductors
[50,51]. Since the atomic radius of Sb is much larger, it
drives the enhancement of the interlayer covalent bonding,
resulting in the strong three-dimensionality of Fermi surface
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TABLE I. The calculated total energy of various magnetically
ordered states of LaCoSb,. AE is the total energy difference per Co
atom with respect to the NM state, and mc, is the local magnetic
moment per Co atom.

LaCoSb, FM AFM A-AFM c-AFM
AE (meV/Co) —80.86 —-3.54 —81.68 —37.15
Mco ((p) 0.87 0.30 0.88 0.69

topologies, as shown in Figs. 1(e)-1(g). Additionally, it is
interesting to point out that there is an electronlike pocket
with a nearly cylindrical shape located around the M point,
as shown in Fig. 1(d), similar to the electron pocket existing
in the 112-type iron-based superconductor [38], suggesting
a strong two-dimensional electronic behavior. Furthermore,
previous first-principles calculations have demonstrated that
the band structure of the NM state of LaCoSb, displays the
behaviors of a high-symmetry-line semimetal [42], consistent
with our present calculations.

The calculated density of states (DOS) and the projected
DOS (PDOS) on Co 3d and Sb 5p orbitals of LaCoSb,
are shown in Fig. 1(c). It can be seen that the conduction
electrons mainly come from the contribution of Co 3d states
partially hybridized with Sb 5p states. Verifying the value of
the DOS at the Fermi level, N(Ey) = 2.3 states per eV per
Co atom, we note that this value is much larger than that
in iron-based superconductors [41]. While magnetism may
occur with lower values of the DOS, it must occur within
a band picture if the Stoner criterion [50], N(Ey) x I > 1,
is met, where [ is the Stoner parameter, 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) [50],
suggesting that the NM state is unstable against the magnetic
states for LaCoSb,.

To explore the ground state with magnetic ordering of
LaCoSb,, we have calculated four possible magnetically or-
dered states in the Co layer with FM, Néel-AFM, and A-type
AFM (A-AFM) [52] orders, as well as collinear AFM (c-
AFM) order (align FM order along one direction and AFM
order along the other direction in the Co-Co square-lattice
layer, similar to that in LaOFeAs [53,54]). The corresponding
total energies of various magnetic ordering states are listed

S 2%
o~

[
>
ES

in Table I. It is shown that A-AFM order with FM order in
Co layers and AFM order between Co layers is the lowest
energetic state for LaCoSb,. The calculated magnetic moment
is 0.88up on Co atoms.

The calculated low-energy band structure, the correspond-
ing total DOS and the PDOS on Co 3d and Sb 5p orbitals,
and the orbital-resolved PDOS on one of the Co 3d states,
with the A-AFM ordered state in LaCoSb,, are shown in
Fig. 2. Compared with the NM state shown in Fig. 1, we
find that most of the states around the Fermi level are gapped
by the A-AFM order. The corresponding electronic DOS at
the Fermi level is N(E;) = 0.45 state per eV per Co atom,
which is significantly less than that of the NM state (2.3 states
per eV per Co atom), as intuitively expected. Furthermore,
the calculated orbital-dependent PDOS in Fig. 2(c) suggests
that the Co e, orbitals are mainly responsible for the electron
conduction (also see details in Fig. 6 in Appendix C). This
result is also consistent with our discussion above within the
framework of crystal field theory. Clarifying the role of the
magnetic spin fluctuations may further provide insight into
the mechanism of superconductivity that is possibly driven by
electron-electron correlation.

In order to quantify the magnetic interactions for revealing
microscopic spin fluctuation effects on LaCoSb,, we consider
a phenomenological theoretical Heisenberg model on the Co
atoms as [55]

A= Zgigj +J/> Z SiS;+JL Ziﬁp ey
(i) () (i.J)

where S is the magnitude of Co spin, and (i, j) and
((i, j)) denote the summation over the nearest-neighbor and
next-nearest-neighbor sites, respectively. The parameters J;
and J, describe the nearest-neighboring and next-nearest-
neighboring intralayer exchange interactions, respectively,
and J, denotes the nearest-neighboring interlayer exchange
interaction. From the calculated energies for various mag-
netic configurations listed in Table I, the magnetic exchange
couplings J; = —19.33meV, J, = —1.26 meV, and J, =
0.41 meV are found for LaCoSb,, suggesting FM order in
the Co layer and weak AFM interlayer coupling. The strong
intralayer FM order mainly originates from the superexchange
interaction with strong Hund’s coupling mediated by Sb 5p
orbitals [56]. Importantly, it is noteworthy that FM order
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FIG. 2. (a) Band structure, (b) total DOS, and (c) PDOS on one of the Co 3d and Sb 5p orbitals for the A-AFM ordered state of LaCoSb,.

Fermi energies are set to 0.
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FIG. 3. (a) Temperature dependence of the electric resistivity
of LaCog7sSb,. (b) Temperature dependence of the dc magnetic
susceptibility of LaCog 75Sb, with the applied magnetic field of 0.5 T.

on CoSb layers has also been observed by magnetization
measurements in monolayer films of CoSb grown on SrTiO3
substrates by molecular beam epitaxy, which supports our
theoretical findings, although the nature of FM was explained
there to result from the possible tellurium capping layer [44].
Furthermore, we also provide our magnetization data in the
following section to further support the theoretical prediction
of the presence of magnetic ordering in the bulk system of
LaCoSb,.

III. EXPERIMENTAL MEASUREMENTS

We experimentally synthesized LaCog73Sb, polycrys-
talline samples by an arc-melting method as described in the
literature [37], whose crystal structure is shown in Fig. 1(a)
and XRD pattern is shown in Fig. 7 in Appendix D, to verify
the theoretical findings of the magnetic behaviors in the bulk
system of LaCoSb,. In Fig. 3(a), we show the electronic
transport data on LaCog 73Sb; as a function of the temperature
measured using the Physical Property Measurement System
(PPMS DynaCool Quantum Design). The electric resistivity
decreases monotonously with decreasing temperature, indi-
cating typical metallic behavior for LaCog73Sb,. This is in
good agreement with our first-principles calculations shown
in Fig. 2. Additionally, it is noteworthy that the magnitude of
electric resistivity is about 1-2 orders lower than that of the
iron-based superconductors [57]. Furthermore, we have also
measured the dc magnetic susceptibility of LaCog73Sb; as a
function of the temperature using a magnetic property mea-
surement system (Quantum Design MPMS3), which displays
a monotonous increase with decreasing temperature, as shown
in Fig. 3(b), suggesting the absence of long-range magnetic
ordering down to 2 K. This behavior is fitted by a generalized

Frequency (THz)

FIG. 4. Phonon dispersion of LaCoSb, with the ground state of
A-AFM order.

Curie-Weiss (CW) law [58],

x(T) = xo+ @

T —6cw’
where o is the temperature-independent contribution that
accounts for core diamagnetism and Van Vleck paramag-
netism, while the second term is the CW law with Curie

constant C = % and CW temperature Ocw. The fitting
curve is shown 1 Fig. 3(b) by the solid red line, indi-
cating good validity of the CW fitting. Through CW fit-
ting, the obtained Ocw value is —2.9 K. The negative value
of Ocw suggests the existence of AFM spin fluctuation in
LaCogy78Sby. On the mean-field level, the CW temperature
can be expressed as Ocw = —zJ, |S|*>/3kg, where z is the
number of nearest-neighbor spins along the ¢ axis and kg is
the Boltzmann constant [59]. For the layered lattice system,
the number of nearest neighbors along the ¢ axis is z =2
for LaCoSb,, which yields an AFM exchange interaction
of J. ~ 0.38 meV, in good agreement with the theoretically
calculated J; = 0.41 meV. From the fitting value of C =
382 emu - K/mol, we derive the effective magnetic moments
Uetr = 0.78up on Co sites of LaCog78Sby, which is also
consistent with the theoretical prediction qualitatively but is a
bit smaller value than the theoretical one (0.88 ) in quantity.
This is because the difference between the theoretical and
the experimental findings originates from the presence of
a deficiency of Co sites in the polycrystalline sample of
LaCoy73Sb; in experiments, meaning that the holelike charge
carriers are doped into the system and reduce the value of
the magnetic moment at the Co site (see details in Appendix
D), as well as the coherence length of long-range magnetic
order. On the other hand, the magnetic moment at the Co
site of LaCog75Sb, is also evaluated using first-principles
calculations. The calculated magnetic moment is 0.76up,
which is in good agreement with the experimental findings
(see details in Appendix D). Therefore, these experimental
findings regarding the existence of AFM spin fluctuations fur-
ther support the theoretical prediction of A-AFM ordering in
LaCoSb,.
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FIG. 5. Projected Co 3d and Sb 5p orbital resolved energy bands of the NM state of LaCoSb,. Fermi energies are set to 0.

IV. SYMMETRY ANALYSIS

From the viewpoint of symmetry [60], since the super-
conducting electrons in a superconductor are fermions, the
total wave function needs to be antisymmetric under particle
interchange, giving rise to the Pauli principle, which forbids
identical fermions from sharing the same quantum states.
In addition, the total wave function can be factored into
space and spin components. For a Cooper pair with two
electrons, the spin component of a pairing wave function can
be characterized by its total spin § = 0 (spin singlet states)
or § = 1 (spin triplet states). Obeying the total wave function
to be antisymmetric, the spatial part of the wave function
needs to have opposite symmetry. Therefore, the spin singlet
state must have a symmetric spatial wave function. Simi-
larly, spin triplet states have an antisymmetric spatial wave
function.

For the classes of cuprates [61-63] and iron-based su-
perconductors [64—67], the superconductivity emerges at the
verge of AFM spin fluctuations, and the spatial wave function
is symmetric, leading the pairing wave function to be a spin
singlet. However, when the superconductivity emerges at the
verge of FM spin fluctuations, the antisymmetric spatial wave
function will result in spin triplet pairing for superconducting
Cooper pairs.

Considering the existence of long-range FM order in the
layered CoSb of LaCoSb,, superconductivity might emerge
at the verge of FM spin fluctuation when the charge car-
riers are gradually introduced into LaCoSb,, making spin
triplet pairings energetically favorable [68]. Here it should
be pointed out that superconductivity accompanied by an
FM spin fluctuation has been observed experimentally in
CoSb/SrTiO3 [44], which supports the theoretical discus-
sions. For spin triplet pairings, there are two possible

candidates of p-wave and f-wave pairing gap structures up to
the orbital angular momentum L = 3, according to Ref. [69].
In addition to the point symmetry of D,; for LaCoSb,, the
gap functions of superconducting doped LaCoSb, are de-
scribed by the basis functions of different irreducible repre-
sentations of the group G = D,y x SO(3) in weak spin-orbit
coupling, where x represents the direct product and SO(3)
represents all spin rotations [70]. Through the group analysis
on the character table of G, gap structures of the chiral p
wave (p; +ipy) and chiral f wave [fi2_32) + ify30—y2)]
with time-reversal symmetry breaking are allowed for su-
perconducting doped LaCoSb,, where the possible nonuni-
tary states are neglected, because these are usually ener-
getically unfavorable in zero external magnetic field, noting
that the A; phase of a nonunitary state in superfluid *He
is observed only in the presence of an applied magnetic
field [71,72].

Furthermore, the symmetry of superconductivity is deter-
mined by the geometry of the Fermi surface [68,73]. From
the calculated Fermi surface topologies shown in Fig. 1, the
fourfold symmetric structure leads to the chiral p-wave pair-
ing being favorable energetically rather than the chiral f-wave
pairing, which is usually favorable in threefold symmetric
structures, such as the possible f-wave pairing proposed
theoretically in the Na,CoO,-yH,O superconductor with a
layered triangular lattice structure [68,74].

Thus, we propose the bulk material of LaCoSb, display-
ing strong layered FM order as a possible candidate par-
ent compound of cobalt-based superconductors. When the
FM order gets suppressed and superconductivity emerges
as the charge carriers are introduced into the system, the
possible chiral p-wave pairing state might be realized at
the verge of FM spin fluctuation in doped superconducting
LaCoSb,.
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FIG. 6. The 3d orbital resolved energy bands projected on one of
the Co atoms in LaCoSb, with an A-AFM state. Fermi energies are
set to 0.

V. CONCLUSION

Using first-principles calculations, we systemically study
the electronic and magnetic structures of LaCoSb, in theory
and propose a weak AFM-ordered metal with FM order on
CoSb layers as its ground state. This theoretical finding is
further supported by our magnetization measurements on
synthesized polycrystalline samples of LaCog73Sb,. These
results suggest LaCoSb, as a possible candidate parent com-
pound of cobalt-based superconductors, when the FM order
gets suppressed and superconductivity emerges as the charge
carriers are introduced into the systems. Since superconduc-
tivity might emerge at the verge of FM spin fluctuation,
the symmetry requires doped LaCoSb, to a possible p-wave

TABLE II. Parameters for the structure refinement of LaCo;_,Sb,.

Parameter LaCo,_,Sb,

Temperature 300 K

Wavelength 1.54 A

R factors R, =112%
R,p=14.3%

Crystal system Tetragonal

Space group
Unit cell dimensions

P4/mmm (No. 129)
a=439174A, o = 90°
b=439174A, B = 90°
c=9.94637A, y = 90°

191.839 A3
x=022

Volume
Covacancy

superconductor having potential applications in topological
quantum computing in future.
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APPENDIX A: THEORETICAL CALCULATIONS
OF LATTICE STABILITIES

To investigate the lattice dynamical stabilities of LaCoSb,,
we have performed phonon property calculations by using
the finite-difference method implemented in the PHONOPY
code [75]. A 3 x 3 x 1 supercell with finite-difference dis-
placements is used to calculate the force constants for the
configuration of A-AFM order using the VASP code [76]
with an energy cutoff of 500 eV for the plane-wave basis

.
L)
=y
[72]
c
2
L I;I e m IIIIIIIIIIIIIIIl ll IIIIIIII,IIIII Iﬂrll\llllll W
FUNTIN | U ISTEUN S U VOB WP WY WP Al
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20 (deg)

FIG. 7. Observed (red circles) and calculated (solid black line)
powder XRD patterns of LaCo;_,Sb,. The three rows of vertical bars
show the calculated positions of Bragg reflections for LaCo;_,Sb,
(black), CoSb (red), and LaSb (green), respectively. The solid blue
line at the bottom of the figure indicates the differences between
observations and calculations.
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TABLE III. Atomic coordinates of LaCo;_,Sb,.

Atom X y Z Occupancy
La 0.25 0.25 0.25891 1

Co 0.25 0.75 0.5 0.78
Sbl 0.25 0.75 0.0 1

Sb2 0.25 0.25 0.62314 1

and an energy convergence criterion of 10~ eV, which is the
ground state of the parent compound LaCoSb,. The phonon
dispersion is shown in Fig. 4. It is clearly shown that the
absence of imaginary frequencies in the phonon dispersion
in Fig. 4 demonstrates the stability of the crystal structure of
LaCoSb,.

APPENDIX B: ORBITAL RESOLVED ENERGY BANDS
OF THE NM STATE OF LaCoSb,

We present the calculations on the orbital resolved energy
bands of the NM state of LaCoSb,. The projected Co 3d
and Sb 5p orbital resolved energy bands of the NM state of
LaCoSb, are shown in Fig. 5.

APPENDIX C: ORBITAL RESOLVED ENERGY BANDS
OF THE A-AFM STATE OF LaCoSb,

For the A-AFM state, we also address the orbital re-
solved energy bands. The projected Co 3d orbital resolved

energy bands of the A-AFM state are shown in Fig. 6. In
comparison with the spin-up and spin-down species of Co 3d
orbitals in the A-AFM state, the spin-dependent energy bands
originating from the Co t,, orbitals change dramatically in
involving the magnetic interaction, resulting in the opening
of a gap among the 1, orbitals, and leaving the e, orbitals to
electron conduction at the Fermi level in the A-AFM state.

APPENDIX D: XRD MEASUREMENTS
OF POLYCRYSTALLINE SAMPLES OF LaCo,_,Sbh;

The crystal structure of the polycrystalline samples is
systemically studied using a DX-2700-type powder x-ray
diffractometer. The diffraction pattern is shown in Fig. 7. All
the diffraction peaks can be grouped into the crystal structure
of LaCo;_,Sb, accompanied by some tiny impurity phases of
CoSb and LaSb. It suggests a stable structure of the LaCoSb,
phase at ambient pressure. The XRD data are also refined
using the software of FullProf and the refinement pattern is
shown in Fig. 7 (see the solid black line). The refinement
results for the main phase of LaCo;_,Sb, are listed in Tables IT
and II. From these refinements, we find the deficiency of
Co sites to be 22%. This deficiency reduces the magnetic
moment to 0.78up observed in the magnetization measure-
ments, slightly smaller than the first-principles calculation
of 0.88up for LaCoSb,, since the deficiency of Co sites
induces holelike charge carrier doping. On the other hand,
the magnetic moment on the Co site of LaCog75Sb; is also
calculated using first-principles calculations. The calculated
magnetic moment is 0.7645, which is in good agreement with
the experimental findings.
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