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Abstract

In order to investigate the position of the strontium deficiency in superconductive Sr3_,SnO, we synthesized and mea-
sured X-ray-diffraction patterns of Srsz_,SnO (z ~ 0.5). Because no clear peaks originating from superstructures were
observed, strontium deficiency is most likely to be randomly distributed. We also performed first-principles band-
structure calculations on Srs_,SnO (z = 0,0.5) using two methods: full-potential linearized-augmented plane-wave plus
local orbitals method and the Korringa-Kohn-Rostoker Green function method combined with the coherent potential
approximation. We revealed that the Fermi energy of Sr3_,SnO in case of x ~ 0.5 is about 0.8 eV below the original
Fermi energy of the stoichiometric Sr3SnO, where the mixing of the valence p and conduction d orbitals are considered

to be small.
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1. Introduction

Antiperovskite (inverse perovskite) oxides A3 BO are the
metal-rich counterparts of the ordinary perovskite oxides
with the inverted metal and oxygen positions as schemat-
ically shown in Fig. a). While in an ordinary perovskite
oxide the metal elements at the unit-cell center are octa-
hedrally surrounded by oxygens, in an antiperovskite ox-
ide the oxygen atom is octahedrally coordinated by metal
elements. The space group of antiperovskite oxides is ba-
sically the same as that of the ordinary cubic perovskite
oxides (Pm3m, No. 221, O}) [1]. When A is a group-2
element and B is tin or lead, the oxidation state of B be-
comes 4— to satisfy the charge neutrality condition. Such
a negative-ionic state of a metallic element is rare.

Some members of the antiperovskite oxides are actively
studied in recent years for their non-trivial electronic struc-
tures. M. Klintenberg et al. reported a number of com-
pounds including antiperovskite oxides with the inversions
of the valence and conduction bands using a data-mining
algorithm [4]. In 2011, T. Kariyado and M. Ogata found
a linear dispersion in the band structure of some antiper-
ovskite oxides such as CagPbO and pointed out using a
tight-binding model that the linear dispersion is a Dirac
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cone protected by the p-d band inversion and crystalline
symmetry [B]. T. Kariyado and M. Ogata also indicated
that the Dirac cone has a slight but nonzero band gap
because of the higher-order effect of the spin-orbit cou-
pling [6]. Later in 2014, T. H. Hsieh et al. theoretically
revealed that the antiperovskite oxides with the band in-
version and the gap opening are topological crystalline in-
sulators [7]. Because of these theoretical proposals, an-
tiperovskite oxides have been attracting experimentalists’
interest [8, [, [0, [T} 12].

Recently, a part of the present authors discovered
that the hole-doped antiperovskite oxide Srs_,SnO (z ~
0.5) exhibits superconductivity, the first superconductiv-
ity among the antiperovskite oxides [I3]. In a moderately
hole-doped Srs_,SnO with a rigid-band shift, reflecting
the unusual topology of the normal state, possibility of
the topological crystalline superconductivity due to the
strong p-d mixing of the orbitals has been theoretically
proposed. However, the actual band structure of the su-
perconductive Srz_,SnQO, as well as the distribution of the
strontium deficiency in the crystal structure, has not been
clear. In this paper, we present synchrotron powder X-ray
diffraction spectra and the first-principles band-structure
calculations on Srz_,SnO (z ~ 0.5).
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Figure 1: (a) Crystal structure of Sr3SnO. The black, red, and blue spheres represent the strontium, tin, and oxygen atoms, respectively.
The space group is Pm3m (No. 221, O;). (b, c) Hypothetical structures of strontium-deficient Sr3_,SnO (x = 0.5). The structure (b) has
the layers of the strontium deficiency resulting in a simple tetragonal lattice with the space group P4/mmm (No. 124, Dih)' On the other
hand, in the structure (c), the strontium atoms are vacant alternatively from different layers, resulting in a body-centered tetragonal lattice
with the space group I4/mmm (No. 139, Di;). The figures of the crystal structures were prepared with the program VESTA [2]. Brillouin
zones of the (d) simple cubic, (e) simple tetragonal, and (f) body-centered tetragonal lattices. The k paths for the band-structure plots in
Figs. 3 and 4 are I'-X-M-TI-R-X for (d), I-X-M-I'-A-X for (e), and I'-X-X-I"-31-X for (f). The figures of the Brillouin zones were drawn with

the program XCrySDen [3].

2. Methods

Sample synthesis. Polycrystalline samples of Srs_,SnO
(z ~ 0.5) were synthesized by using the reaction:

(3 —z)Sr + SnO — Srs3_,SnO. (1)

Strontium (Sigma-Aldrich Co. LLC., 99.99%) and tin(II)
oxide (Furuuchi Chemical Corporation, 99.9%) were mixed
in the molar ratio of 2.5:1 in an alumina crucible, and the
crucible was sealed inside a quartz tube under 0.3 atm
of argon at room temperature. The tubes were heated to
825°C over three hours, kept at 825°C for three hours, and
then quenched in water [I3]. A piece of chunk from this
batch was confirmed to exhibit superconductivity below
5.2 K based on magnetization measurement.

Sample characterization. Powder-X-ray-diffraction mea-
surement down to 30 K was performed at the beamline
BL02B2 of the synchrotron facility SPring-8. The wave-
length of the incident beam was A = 0.042073 nm. Sample
powder was sealed in a quartz tube under nitrogen to pre-
vent decomposition of the air-sensitive Srz_,SnO samples.

First-principles calculation. In order to investigate the
actual band structure of Srz_,SnO, we performed first-
principles calculations of the stoichiometric and defi-
cient Srz_,SnO with two programs: WIEN2k [14],
which uses full-potential linearized-augmented plane-wave

plus local orbitals method, and AkaiKKR (also called
Machikaneyama) [15], using the Korringa-Kohn-Rostoker
Green function method [16, [I7]. In both packages, we used
the Perdew-Burke-Ernzerhof generalized gradient approx-
imation [I8] as the exchange-correlation functional and
took the spin-orbit coupling into account. We assumed
paramagnetic states for both Sr3SnO and Srs_,SnO and
did not perform spin-polarized calculations. The experi-
mentally reported crystalline structure [I1] was used for
the calculation of Sr3SnO. Figure[I|(d) shows the Brillouin
zone of the simple cubic lattice and k path used for the
band-structure plot.

In the case of WIEN2Kk, the radius R of the muffin-tin
sphere of each atom was set to Rg. = R = 2.39 bohr
and Rg, = 2.5 bohr. We set the plane-wave cut off

RKmax = 7, the highest angular momentum plus one
Imax = 10, maximum magnitude of the largest vector
in charge density Fourier expansion Gmax = 12, and

separation energy between the valence and core states
—6.0 Ry. To see the effect of the strontium deficiency, we
tried calculation on two hypothetical superstructures of
Sr3_,SnO with different patterns of the deficiency, shown
in Figs. [[[b) and (c). In the structure shown in Fig. [[(b),
strontium atoms in certain layers are missing. In the struc-
ture of Fig. (C), strontium atoms are taken away alterna-
tively from two neighboring layers. k& meshes of 10x10x 10
were used for the calculation of SrgSnO and the body-
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Figure 2: Observed and simulated powder X-ray diffraction spectra of Sr3_;SnO and SrO. The purple one is the experimental data for
the superconductive Srz_;SnO (z ~ 0.5;7c ~ 5.2 K) measured at 30 K and at SPring-8. The blue, green, yellow, and red ones are the
simulated patterns for SrO, Sr3SnO, the simple-tetragonal (st) Sr3—;SnO (z = 0.5) shown in Fig. lb and the body-centered-tetragonal
(bet) Sra—zSnO (z = 0.5) shown in Fig. [1] lc ), respectively. The spectra were calculated using VESTA [2].



centered tetragonal Srs_,SnO [Fig. [I[c)] and 10x 10x 5 for
the simple-tetragonal Srs_,SnO [Fig. [[{b)]. Figures [Ife)
and (f) show the Brillouin zones of the simple and body-
centered tetragonal lattices and k paths used for the band-
structure plots.

When using AkaiKKR, the muffin-tin radius R of each
atom was set to Rq, = Rg,, = R = a/4, where a is the
lattice constant. We set the small imaginary part of the
energy E .4 = 0.0003 Ry and separation energy between
the valence and core states Eiqt, = 1.9 Ry. A k mesh
of 8 x 8 x 8 was used for the calculation of Sr3SnO and
Srz_,Sn0O. For the calculation of Srz_,SnO, we used the
coherent potential approximation [19, 20], which allows us
to calculate randomly disordered systems.

3. Results and Discussion

The obtained powder X-ray-diffraction spectrum of the
superconductive Srg_;SnO (z ~ 0.5) sample is shown in
Fig. together with simulations for SrO, stoichiomet-
ric Sr3Sn0O, and two hypothetical Srz_,SnO structures.
The experimental pattern basically matches with the sim-
ulation for Sr3SnO. Nevertheless, the experimental pat-
tern exhibits clear phase splitting evidenced by the double
peaks shown in the right panel. We consider that the mi-
nor phase is SrO (face-centered cubic, space group Fm3m,
No. 225, O3) for the following two reasons. First, the
peak at 6.6° does not split. Because only Sr3SnO has
a peak at 6.6°, this absence of the splitting means that
there is only one Sr3SnO phase in the sample. Second,
while the peak around 8.2° has larger intensity than the
one around 9.4° in the simulation for Sr3SnO, the peak at
9.4° is higher in SrO. The major and minor phases in the
observed spectrum have the same tendency as SrgSnO and
SrO, respectively. These data suggest that the sample con-
sists of Sr3_,SnO as the major phase and SrO as a minor
one. From the positions of some sharp peaks, the cell pa-
rameters a of the major and minor phases were evaluated
to be 0.512152+0.000010 nm and 0.51495+0.00004 nm, re-
spectively, where the errors represent the standard errors
of the least square fittings. These values are consistent
with the reported cell parameters a = 0.51394 nm [11] for
SrsSnO and a = 0.51615 nm [21] for SrO. No clear peaks
originating from the superstructures were observed below
20 = 7°, suggesting that the strontium deficiencies are ran-
domly distributed. Although in the high angles there are
some peaks which coincide with the superlattice peaks, we
consider that they are attributable to impurities.

Figures 3| (a) and (b) show the energy bands of Sr3SnO
calculated using WIEN2k and AkaiKKR, respectively,
without spin-orbit coupling. Two programs produce sim-
ilar band structures with Dirac cones along the I' — X
line. It is noticeable that the bands are metallic because
of the valence bands exceeding the Fermi energy at the I'
point. Figures c) and (d) are the energy dispersions cal-
culated with WIEN2k and AkaiKKR, respectively, with
spin-orbit coupling. Although the overall shapes of the

bands are roughly consistent between the two packages,
there are some detailed differences. First, while WIEN2k
shows a semiconducting band structure with a slight gap
of 0.039 eV, AkaiKKR retains a metallic structure. Ac-
cording to the tight-binding model [5] for CasPbO, an-
other antiperovskite oxide with the band inversion, the
four states (corresponding to the two lines due to the time-
reversal symmetry) contributing to the valence bands just
below the Fermi energy are the states with the total an-
gular momentum J = 3/2 of Sn-5p orbitals. Among the
J = 3/2 states, only the J, = £1/2 states are energeti-
cally lowered by the band repulsion with the conduction
bands while the J, = +3/2 states form the Dirac cone
because of the suppression of the repulsion by the crys-
talline and orbital symmetries. This band repulsion be-
tween the J, = +1/2 states and the conduction bands, or
the effect of the spin-orbit interaction of tin, seems smaller
in AkaiKKR than in WIEN2k, resulting in the metallic
band structure in the latter. The discrepancy likely orig-
inates from the two programs using different calculation
methods. Since nonmetallic temperature dependence of
the resistivity is experimentally observed for stoichiomet-
ric Sr3SnO [8, 10, [13], the band structure obtained by
WIEN2k must be closer to the actual band. Second, the
band structure by WIEN2k has two four-fold degeneracies
above and below the Fermi energy at the I' point. On the
other hand, AkaiKKR lifts the one above the Fermi en-
ergy. This may be because AkaiKKR takes into account
only the Bravais lattices while WIEN2k considers all the
symmetries in the space groups.

Figure @shows the dispersion relations of Srz_,SnO cal-
culated using WIEN2k and AkaiKKR with spin-orbit in-
teraction. We adopted the coherent potential approxima-
tion in Fig. c) to take into account the random defi-
ciency observed in the X-ray diffraction measurement. In
all calculations, reflecting the hole doping by the strontium
deficiency, the Fermi energy is located at around 0.8 eV
below the trace of the Dirac cone. Though the two pro-
grams predict different amount of repulsion between the
valence and conduction bands, such a difference around
the original Fermi energy of SrgSnO does not affect much
to the properties of heavily doped Srz_,SnO (z ~ 0.5).
This amount of lowering of the Fermi energy is consis-
tent with the expected value from the rigid-band shift of
Fig. |3l In fact, considering the number of the carriers, the
rigid-band shift of Figs. [3(c) and (d) give Fermi energies of
—0.9 ¢V and —0.8 eV for Srz_,SnO with = = 0.5, respec-
tively. Since the band inversion in Sr3SnO occurs down to
about —0.06 eV in Fig. C) and to —0.16 eV in Fig. d),
p-d mixing necessary to the topological crystalline super-
conductivity is considered to be tiny in the samples with
x ~ 0.5. Naively, for the topological crystalline supercon-
ductivity, hole doping shifting the Fermi energy by 0.06 eV
with respect to Fig. C) or by 0.16 eV with respect to
Fig. d), which corresponds to z = 0.0002 or z = 0.01
assuming the rigid-band shift, will be favorable.
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Figure 3: (a, ¢) Band structures of SrzSnO calculated using WIEN2k [14] excluding and including spin-orbit interactions, respectively. (b,
d) Bloch spectral functions of Sr3SnO calculated using AkaiKKR (Machikaneyama) [15] excluding and including spin-orbit interactions,

respectively.
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Figure 4: Band structures of Srz_,SnO (z ~ 0.5) calculated using (a, b) WIEN2k [I4] and (c¢) AkaiKKR (Machikaneyama) [15]. The panels
(a) and (b) correspond to the hypothetical deficient structures presented in Figs. b) and (c), respectively. (c) is the Bloch spectral function
calculated using the coherent potential approximation [19} 20] with a strontium deficiency of 17% (z = 0.51). In the blurred region, states
have finite lifetime because of the scattering by the random deficiency.



4. Conclusion

We synthesized superconductive Srz_,SnO (z ~ 0.5)
and observed no evidence of the superstructure related
to the strontium deficiency in the X-ray diffraction spec-
trum. Using the supercell method and the coherent po-
tential approximation, we calculated the band structures
of Srs_,SnO (z ~ 0.5) and found that the Fermi energy
is lowered by about 0.8 eV from that of Sr3SnO because
of the hole doping. For the topological crystalline super-
conductivity predicted in the mixed region of the valence p
and conduction d bands, hole doping smaller than z = 0.01
will be favorable.
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