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We report a first-principles investigation of the atomic and electronic properties at the perfect and
defective (001) surfaces of the antiperovskite Sr3SnO. We first performed a thermodynamical study
of the atomic structure terminations and demonstrated that SrSn-terminated surfaces should be the
most stable one, either with a perfect (1 x 1) structure or with a (2 x 1) reconstruction induced
by the formation of Sn vacancies. We detailed the surface gap states obtained for these surfaces,
which we compare with those of other surface terminations, also having relatively low energies.
These gap states, located near the Fermi level, could have a major contribution to the transport
properties. Due to the lack of inversion symmetry associated with the surface, we predict that
they also experience spin splittings, an important property for spinorbitronic applications. Finally,
we found that SroO-terminated surfaces could display a ferromagnetic ordering resulting from the
population of 4d orbitals of Sr atoms at the surface and that this could lead to the formation of a

spin-polarized two-dimensional electron gas.

I. INTRODUCTION

Antiperovskites, also known as inverse perovskites,
possess the same crystallographic structure as normal
perovskites, but with cations and anions having inverted
their positions [I]. Following the fame of normal per-
ovskite compounds and the increased richness of their in-
terface and surface properties in nanostructures [2H4], it
is now considered that studying antiperovskites could en-
able to enlarge again more the range of applications [5] [6]
and of material candidates to display fundamental quan-
tum properties, such as superconductivity [7] or topologi-
cal electronic structures [8HI0]. Understanding, function-
alizing and optimizing these properties in a new class of
materials requires extensive efforts to characterize their
heterostructures and to develop an engineering of defects,
surfaces and interfaces [11].

First-time grown in 1980 [12], SrsSnO is a good ex-
ample of an antiperovskite that shows good promises.
It has been predicted to be a 3D Dirac semimetal with
a band structure having 6 Dirac cones along the I'-X
directions [13]. This material is formerly classified as
a topological crystalline insulator [14, 5], that is, it
displays surface states in the gap which are preserved
by crystal inversion symmetry [16], or as a higher-order
topological insulator displaying hinge states [I7]. Re-
cently, a superconducting behavior below a temperature
T ~ 5 K has been evidenced in Sr-deficient Sr3SnO an-
tiperovskites [I8H20] and some hints of a ferromagnetic
ordering have been attributed to the possible presence of
oxygen vacancies [21].

Sr3SnO possesses a perovskite structure with Sn*~ and
02~ anions occupying respectively cuboctahedral and oc-
tahedral atomic sites, formed by the sublattice of Sr2*
cations [22]. The anionic nature of Sn elements has been
evidenced by Mssbauer spectroscopy in both stoichio-
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metric and Sr-deficient SrsSnO compounds [20]. Tt has
also been confirmed by x-ray photoelectron spectroscopy
(XPS), while some signatures of neutral or cationic Sn
atoms near the surface were also evidenced [22]. This
finding can be related to the report of possible closely-
neutral Sn ions in the vicinity of a CagSnO surface [23].

The hypothetic [Sr?*]3Sn*~ 0%~ compound would dis-
play in consequences an alternation of (SrSn)?~ and
(Sr20)%* polar (001) atomic layers and a dipole mo-
ment normal to the surfaces, thus corresponding to sur-
faces of type 3, according to the classification proposed
by Tasker [24]. Conserving the bulk structure, such a
surface would be associated with the creation of an in-
ternal electric field and to the divergence of the electro-
static potential as a function of the film thickness, un-
less a charge transfer of 41 electron per formula unit
is transferred to the surface [25]. It can thus be ex-
pected that growing SrsSnO(001) thin films could lead to
electronic reconstructions, on the basis of a polar catas-
trophe scenario [26] 27], or atomic reconstructions with
the stabilization of structural defects such as vacancies.
Due to the particular structure of antiperovskites and
its predicted bulk band gap of a few tenths of meV,
the properties of Sr3SnO are expected to be very sen-
sitive to the growth conditions and to its stoichiome-
try [20, 2I]. Sr3SnO and similar compounds have al-
ready been grown epitaxially on different substrates such
as yttria-stabilized zirconia (YSZ)(001), LaAlO3(001), or
even technologically-adapted substrates such as Si(001)
using a YSZ buffer layer [21], 22, 28] 29]. To our knowl-
edge, only (001)-oriented surfaces have been studied ex-
perimentally.

Concerning the theoretical studies on Sr3SnO, most of
them have been performed by combining first-principles
calculations and tight-binding models in order to address
the topological nature of this material [14] 15 [I7]. These



s works have however only considered ideal structures with
a1 perfect surfaces. More recently, the question of structural
s defects in the bulk crystal [30] and of perfect (001) sur-
a3 faces [31] have been addressed separately and fully thanks
& to first-principles calculations.

s 1o summarize, the surfaces of the antiperovskite
s OrgSn0, a candidate topological crystalline insulator, are
a7 polar surfaces for which the impact of possible elec-
s tronic/chemical reconstructions on the protected surface
s states is not well understood. Those new surface struc-
o tures could potentially lead to new ground states such
o1 as magnetic state, which has not previously been taken
o into account. KEither conventional electronic reconstruc-
o3 tion or magnetic transition could have a decisive effect on
o the true realization of surface states in these compounds.
os In consequence, we propose a detailed study based on ab
o initio calculations of the SrzSnO(001) surfaces. We will
o7 first describe electronic reconstructions which appear at
¢ the perfect surfaces, with either a SroO or a SrSn ter-
o mination. The main properties of these surfaces will be
100 compared with defective terminations in which vacancies
or adatoms introduce atomic reconstructions and charge
102 doping. A discussion of the relative stability of each sur-
103 face termination is also provided.

101

II. CALCULATION DETAILS

104

105 We performed first-principles calculations based on the
s density functional theory (DFT) by using the Vienna ab
wr initio software package (VASP) [32] B3]. We employed
s the projector augmented wave (PAW) method [34], a
19 cut-off energy of 550 eV and the generalized-gradient ap-
uo proximation of the exchange-correlation energy proposed
m by Perdew, Burke and Ernzerhof and revised for solids
112 (GGA—PBESOU [35]
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FIG. 1. (a) Symmetric and non-stoichiometric (1 x 1 x 10.5)

slab with two non-equivalent SroO-terminated surfaces and
(b) Asymmetric and stoichiometric slab with a SroO surface
(S). The distance between the two atomic layers at the oppo-
site surface is fixed to the bulk interplane distance.

us  As shown in Fig. [I} we performed direct calculations of
us the electronic properties of SrgSnO(001) surfaces using
us different slab geometries and including a vacuum layer

us with a thickness of at least 15 A to separate the two sur-

u7 faces. These slab calculations can be compared to the
calculations of bulk properties described in Appendix [A]
The in-plane lattice parameters have been fixed to the
calculated bulk equilibrium value of ao(SrzSn0O) = 5.1 A.
Unless otherwise stated, the results presented in this pa-
per have been obtained using more-convenient symmet-
ric slabs, terminated by two equivalent surfaces and with
a thickness of 21 atomic monolayers (MLs), that is 10
formula units (f.u.) of SrzSnO plus an added SrO or
SrSn ML (labeled 10.5 in the following). An example of
such structure can be viewed in Fig. a) for the case
of a SroO-terminated surface. Some differences obtained
with such slab, if compared with an asymmetric slab,
containing two non-equivalent surfaces [Fig. [I(b)], are
also discussed throughout the paper, and more particu-
larly detailed in Appendix[B] We show in particular that,
if the electronic reconstructions discussed in this paper
have a different origin (off-stoichiometry or polar catas-
trophe) depending on the chosen geometry, they finally
result in similar and robust surface states, with almost
equal occupancy; only the symmetries induce noticeable
changes, in the possibility that some bands will have to
undergo spin-splitting lift of degeneracies.

The in-plane directions of the first Brillouin zone were
sampled with a Monkhorst-Pack grid [36] of 15 x 15 vec-
tors, for a supercell with 1 x 1 lateral dimensions.

Bader charges have been calculated using the Bader
charge analysis code described in Ref. [37].

In the following, the (S) and (S—0.5) denominations
correspond respectively to the surface and subsurface
atomic monolayers (MLs). The labels [Sr]o and [Sr]s, are
given for Sr atoms located in a SroO(001) or SrSn(001)
ML.
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III. UNRECONSTRUCTED (001) SURFACES

150

151 In this section, we will describe the atomic and elec-
tronic structure of unreconstructed (001) surfaces of
Sr3Sn0O. For the calculations, we used symmetric 1 x 1 x
10.5 slabs terminated by two equivalent surfaces with the

ideal Sr2O or SrSn termination, as shown in Fig. a).

152
153
154

155

156 A.

Sr.0(001)-terminated surface

w7 a. Atomic structure: At the SroO-terminated sur-
face, the interlayer distance is reduced to 2.43 A between
the surface (S) and subsurface (S—0.5) layers, i.e. by
—4.7% if we compare with the bulk inter-atomic-layer
distance of 2.55 A. The calculated distortions then dis-
play oscillations in the following layers, with reduced
magnitude (the interlayer distance is 2.59 A (+1.4%) be-
tween the layers S—0.5 and S—1) up to the center of
the slab, where we recover the bulk lattice parameter.
Due to the different oxidation degree of each atom and
the polar nature of SrgSnO, we also observe a cation-
oxygen buckling along the z[001] direction, which is
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SrSn (S-0.5)
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1Sr,0 (S-2)
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FIG. 2. (a) Band structure calculated with this same slab.
The size of the colored circles is proportional to the contri-

bution of each surface atom: On the left panel, the colors ,

correspond to the [Sr]o (green), O (red), [Sr]sa (cyan) and
Sn (orange) atoms the nearest from the surfaces, while on
the right pannel, we display a zoom with the detailed of the
surface Sn-p bands contributions around the I' point. (b)
Layer-resolved densities of states (LDOS).

160 Az = (z(cation)) — (z(anion)) = 0.173 A at the surface
o layer. Such buckling is already 10 times smaller in the
m S—1 layer.

w2 b, FElectronic structure: The calculated band struc-
w3 ture and the layer-resolved densities of states (LDOS) for
s the slab having a SroO-terminated surface are given in
ws Figs. @) and 2[b). In the band structure, we can re-
s cover the bulk states forming parabolas centred around
w7 the I' point, while the LDOS in atomic monolayers lo-
ws cated in the center of the slab (starting from the layer
s (S-3)), are very similar to those of the bulk [see Fig. [L1].
180 Clear gap states, labeled (ii) in the band structure, ap-
11 pear near the Fermi level. These gap states are expected
12 to primarly participate to the conduction and it can be
183 noticed that their intensity decreases when going toward
18a the center of the slab, to reach an almost 0 value at the
s layer (S-3). The integration of the total DOS between
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Er —0.25 eV and FF is equal to 1.1 state, which will be
occupied by electrons. Another surface state, labeled (i),
can be observed around 1.2 eV above the Fermi energy,
with a mix of [Sr]o and O character, while lower Sn-p
states (iil), also with a strong surface contribution can
finally be noticed below Ep — 1 eV.

The following observations are also made.

First of all, p-d band anticrossings, appearing along
the I'-X direction in the bulk band structure [see Ap-
pendix [A], are now located above the Fermi level. In
the bulk, these crossings happen at the intersection be-
tween Sr-dy2_.» and Sn-p, + ip, (for X of coordinates
(0.5,0,0)) and they are generally associated with pseudo-
Dirac points [I3] B8, [39]. In the vicinity of a surface,
they cannot be Dirac points, as the inversion symmetry
would not be preserved anymore; their band character
is moreover slightly changed, as, because of the surface,
the y[010] and z[001] directions are also not equivalent,
which consequently induces a lift of degeneracy of the p
states.

The second interesting point is that the bands (ii),
forming the surface gap states near the Fermi level, dis-
play a different band character as a function of the con-
sidered wave vector k: These bands have mainly a Sr(S)-
dy,dy, character between the X(%,0,0) and M(%,%,O)
points, a Sn(S—0.5)-p, near the I'(0,0,0) point, and a
mixed character otherwise. The two sets of bands corre-
sponding to the surface states start changing their char-
acter around the X/2 and M/2 points, where these bands
display a minimum. With this difference of orbital con-
tributions, we also observe a different localization in real
space. While these states between X and M are mostly
unoccupied and possess a strong contribution coming
from Sr atoms located in the surface layer (S), they tend

2 to be more delocalized and they spread in the whole slab

when having a Sn band character near the I point. This
charge delocalization can be seen as a result of the p,
nature of the band and of the narrow band gap near T

A third point is that, due to the position of the Fermi
level, not only the aforementioned surface bands are
crossing it, but also Sn-p, bands, with a clear bulk na-
ture, near the I' point.

Finally, as it is shown in Appendix [C] the band struc-
ture only slightly depends on the spin-orbit interaction,
which only induces a small lift of degeneracy, splitting the
surface states near the Fermi level into two sets of two
non-spin-polarized bands around the X and M points.

c. Spin textures Still using a symmetric slab, we
found out that, associated with the change of the orbital
contributions of the surface states, we see a change of the
spin orientation as a function of the wavevector k: Al-
ways orientated in-plane, they are aligned along the [010]
direction between X/2 and X and along the [100] direc-
tion along the X-M direction. For the symmetric slab,
no spin splitting was observed. On the contrary, using
an asymmetric slab, which lacks the inversion symmetry,
as a real surface would, we observe such spin splittings
in the band structures, as shown in Fig. |3] which give



24

b

spin textures consistent with a Rashba-like spin-orbit ef-
fect, with a dominant linear-in-k term around the X and
M points (with spin vectors tangent to the energy con-
tour) and a non-negligeable cubic character around the I'
point. The effective masses and splitting parameters cal-
culated around the X and M points are given in Table [[I]

of Appendix
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FIG. 3. Spin configurations at the SroO-terminated surface

as calculated with an asymmetric slab: (a) Spin-projected
band structures and (b) iso-energy projections in the 2D 1°
Brillouin zone, with the associated spin textures. Blue and
red colors help to distinguish between the two splitted bands
with opposite spin directions. Grey lines correspond to bands
for which the atoms at the considered surface do not con-
tribute.

d. Magnetic ordering: Up to now, we considered a
perfect SroO surface with the same nonmagnetic (NM)
behavior as bulk Sr3SnO compound. We also found it is
possible to stabilize a ferromagnetic (FM) state, leading
to the band structures shown in Figs [f[a) and [4(b); this
FM state is more stable than the NM state, with an en-
ergy difference per surface f.u. AF = Epy — Enm =
—0.43 meV ag 2. We would like to mention that it
was only possible to calculate the above-mentioned mag-
netic state by adding the spin-orbit interaction. Using
the asymmetric slab, even in the absence of the spin-
orbit interaction, we were able to recover a similar mag-
netic state, with a difference of total energy per sur-
face f.u. separating the FM and NM state of AE =
—1.42 meV ay2. From this observation, we can only
infer the hypothesis that when the four surface bands,
labeled (ii), are fully degenerate, a NM state is more sta-
ble, while lifting some degeneracy (using an asymmetric
slab or adding the spin-orbit interaction) implies that
fully occupying one set of two-bands by one charge of a
given spin is more favorable, inducing in consequence the
emergence of a ferromagnetic ordering.
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For the symmetric slab, the corresponding total mag-
netic moment is orientated along the [111] direction,
while it is along the [001] direction with the asymmet-
ric slab. In both cases, it has a magnitude of 0.84 up per
surface f.u. The magnetic state appears to be a result
of the charge reorganization, which results in the popu-
lation of Sr-4d orbitals in the surface layer, as it can be
seen in Figs |7_l|(a) and Fig @(c), in the case of a symmet-
ric slab. The calculated total magnetic moment agrees
with the redistribution of 2 electrons (one on each sur-
face) resulting from the absence of a (SrSn)?~ layer. As
it can be seen in Fig. [f[c), the Sr-4d orbitals are not
strongly localized near the atom nucleus and the spin
density strongly extends in the vacuum; it results that
the calculated spin magnetic moment calculated from the
integration of states projected in the atomic sphere cen-
tered on a surface Sr atom is only 0.05 pp/atom.

Concerning the band structure, due to the magnetic
exchange interaction, the ferromagnetic ordering leads to
a band spin splitting which is of approximately 0.8 eV for
k vectors for wavectors in the X-M direction, as it can be
sen in Fig. El(b) The band structure now displays bands
crossing the Fermi level, which are linked to minority-spin
electron pocket around the I' point and to a majority-spin
hole pocket around the M point.

Spin contributions

Atomic contributions

b)

E-E (eV)

FIG. 4. Band structure of the perfect SroO-terminated sur-
face calculated with the spin-orbit interaction and for a mag-
netic state. a) The contribution of the atoms of the surface
is given by the colored circles following the same color code
than in Fig. b) The sign of the spin projection s, (with
the quantization axis z along the [001] direction) on the band
structure and ¢) the corresponding spin density is given in red
for positive values and blue for negative values.

When the surfaces are in the FM states, the spin ex-
pectation values are orientated parallel to the total spin
magnetic moment, i.e. along the [111] or [001] direc-
tion, respectively for the symmetric or asymmetric slab,
showing a dominance of the magnetic exchange interac-
tion over the spin-orbit effects. With the asymmetric
slab, small values of spin projections, reminiscent of the
spin-orbit-induced spin textures, can be observed along
the x[100] and y[010] directions only for bulk bands, that
are near the I' point or at energies below Fr — 1 eV.
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B. SrSn(001)-terminated surface

a. Atomic structure: The interlayer distance be-
tween the surface (S) and subsurface (S—0.5) monolayer
is calculated to 2.46 A, which corresponds to a reduction
of —3.5%, that is lower than for the SroO termination, on
the contrary to an almost two-times larger cation-anion
(Sr-Sn) buckling (4+0.39 A).

b. Electronic structure: Analyzing the electronic
structure of the SrSn-terminated surface [Fig. [5], we can
observe again the appearance of different surface gap
states. These gap states more precisely correspond to de-
pleting Sn-p states at the surface, which creates a band
bending and a shift of the bulk peak, originally located at
Er —1 eV, upward in energy, to the Fermi energy. From
the LDOS, we can thus observe a peak of high density
at the Fermi energy, resulting from bands with low dis-
persion. Around the I' point, we indeed observe three
sets of bands near the Fermi level, which correspond to
Sn-p surface states. One of these sets of bands, labeled
(1), stays close to the Fermi level and in the bulk band
gap away of I'; it possesses a majoritarily p, character
in the I'-X direction, with a low dispersion, while it has
a large p, contribution along the directions X-M-I". The
second set of band, which is more dispersive than the
first one, possesses on the contrary a p., p, and p; + p,
character, respectively along the I'-X, X-M and M-I" di-
rections. The integration of the total DOS between Ep
and Fr + 0.4 eV indicates the formation of 0.9 holes per
surface, distributed approximately over five atomic lay-
ers.

Contrary to the NM SryO surface for which the spin-
orbit interaction leads to almost no visible effects on
the electronic structure, it is important to note that for
this surface termination, the band gap between the set
of states (i) and (ii) at the X point is increased up to
0.2 eV as a direct result of the spin-orbit coupling. At
this high-symmetry point, we thus observe an avoiding of
the bands which is accompanied by a strong p, + p, hy-
bridization. Finally, the third set of bands, labeled (iii)
and corresponding to Sn-p, bands, displays a more dis-
persive behavior with a minimum at Er — 1.5 eV at the
X point. Both sets of bands (i) and (ii) cross the Fermi
level in the I'-X and I'-M directions, while the set (i),
the highest in energy and less occupied, displays a mini-
mum at the X point, and a maximum, corresponding to
a hole pocket at the M point, certainly resulting from
the charge reorganization induced by the nonstoichiome-
try of the structure. In addition, it is also important to
mention that for this surface termination, we only pre-
dict the appeance of an almost zero total spin magnetic
moment of 0.04 pp per surface f.u. Using an asymmetric
slab, it is possible to stabilize a magnetic state, but its
origin certainly comes from the presence of the second
and non-physical surface (with the SroO termination),
which is also primarily magnetized.

c. Spin textures As for the SroO-terminated surface,
the spins at the SrSn surface are orientated in-plane
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FIG. 5. (a) Band structure calculated for the SrSn-

terminated surface. The size of the colored circles is pro-
portional to the contribution of each surface atom: On the
left panel, the colors correspond to the [Sr]o (green), O (red),
[Sr]sn (cyan) and Sn (orange) atoms the nearest from the sur-
faces, while on the right pannel, we display a zoom with the
detailed of the surface Sn-p bands contributions around the I'
point. (b) Layer-resolved densities of states (LDOS).

and along a direction perpendicular to the wavevector
k. Using an asymmetric slab induces the appearance
of Rashba-like spin splittings, the values of which have
been calculated using the spin-projected band structures
of Fig. @(a) and are given in Table|ll|in Appendix We
can notice that these values are of the same order of mag-
nitude than for the other surface termination. Also sim-
ilarly to the SroO surface, we can see from the spin tex-
tures presented in Fig. |§|(b) again mostly a linear Rashba
behavior related to tangential spins around the X and M
points, while cubic contributions are expected to be re-
sponsible of the deviation from this behavior near the I"
point. Large increase of the spin splitting can be noticed
on the spin textures, for wavevectors for which the bands
(i) and (ii) are the closest one from each other.
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IV. RECONSTRUCTED (001) SURFACES

In the previous section, we considered perfect (001)
surface terminations of SrzSnO, i.e. SroO and SrSn,
and we discussed the electronic modifications which ap-
pears in the vicinity of these surfaces. We will now verify
which surface termination should be the most stable and
if atomic reconstruction induced by the presence of point
defects could be favored. When stable, we will describe
the effects of these defects on the electronic and magnetic
properties. The method to calculate the surface stabil-
ity is explained in Appendix[D] The properties described
in this section have been calculated using (2 x 1 x 10.5)
slabs; as explained in Appendix as they were found
more stable than (\/i X ﬂ) R45°.

Stability of the surface terminations: The figurel[7]
gives the phase diagram of the surface termination sta-
bility as a function of the variations of the chemical po-
tentials of Sr and Sn atoms. In a reasonable range of
chemical potentials, we see that 5 different terminations
can be stabilized. If we restrict ourselves to the chemical
potentials fixed so that the bulk Sr3SnO can be grown, we
only have to consider the values matching with the dotted
area in Fig. [7] [See Appendix [D]for more details]; in that
case, we can first conclude that, according to our calcula-
tions, there is in principle a higher probability to obtain
a SrSn-terminated surface, with potentially Sn vacancies
ws (Vgn), leading ultimately to a SrSngs surface (labeled
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a07 ”SrSn—l—%Vsn”). The formation of SroO-terminated sur-
faces, however, appear also realistic if we consider that
their domain of stability are close to the limit of sta-
bility of the bulk and that our results may depend on
the chosen exchange-correlation functional; in this latter
case, we can see from Fig. [7] that the adsorption of oxy-
gen atoms may lead to more stable SroO; 5 terminations
(labeled "Sr,0+10”) in oxygen-rich conditions.

To give a more quantitative idea of the energy differ-
ences between each surface termination, we can consider
the averaged value of chemical potentials for which bulk
Sr3SnO is stable, i.e. the point of coordinates Aug, =
—0.341 eV, Apus, = —1.440 eV, represented by a 7+”
sign in Figs. [7] and With these values of chemical po-
tentials, the energy difference between the perfect SroO
and SrSn terminated surfaces Avs = Ys=sr,0 — YS=SrSn
is calculated to be almost 0 eV /surface formula unit and
222 the calculated formation energy of a Sn vacancy at the
w5 SrSn surface is Fq(Vgn) = —0.21 eV per defect [See Ap-
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FIG. 7. Stability phase diagram for a SrsSnO(001) surface.
The dotted area corresponds to the domain of chemical po-
tentials for which Sr3SnO bulk can be synthetized [see Fig.
in Appendix@], Each colored area corresponds to a chemical-
potential domain for which a given surface termination is the
most stable, i.e. displays the lowest surface energy ~s as cal-

culated using Eq.

w1 b.  Induced atomic distortions: The introduction of
a Sn vacancy at the SrSn-terminated surface does not
change significantly the buckling, which is calculated to
be 0.42 A. Due to the unoccupied atomic sites created
a1 by the vacancy, we also observe an in-plane distortion,
a2 with a displacement of the surface Sr atoms away from
w3 the vacancy, by 0.38 A along the z[100] direction. The
su buckling at the SroO-terminated surface with an oxy-
35 gen adatom is on the contrary strongly changed (-0.17 &)
a6 with an inversion of its sign. The atomic structures cal-
sw culated for these two defective surfaces are shown in the
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FIG. 8. Band structure of the most stable (2 x 1) defective
surfaces, with (a) a Sr201.5 (Sr20+30) termination or (b) a
SrSno 5 (SrSn—l—%Vsn) termination. The contributions of each
atom of the surface are given by the colored circles following
the same color code than in Fig. A zoom of the band
structures around the I' point is given for each surface in the
right panels.

c¢. Induced changes in the electronic structure: Fig-
ures [§a) and [§(b) provide the band structures for
the most stable (2 x 1) defective surfaces with respec-
tively a SroO; 5 and SrSng 5 termination. The Sry0; 5-
terminated surface corresponds to a perfect (2 x 1) SroO
surface with an oxygen adatom located on top of one Sn
atom. This surface displays a band structure very close to
the one calculated for the perfect SroO surface [Fig. [2[a)],
except for the surface bands crossing the Fermi level for
wavevectors closer from I' in the I'-Y and T'-X direc-
tions, indicating that due to the presence of the addi-
tional negatively-charged oxygen ion, these bands tend to
be less occupied. For this surface termination, it is also
possible to note that the surface states near the Fermi
level, which have mostly a Sn-p character for every sur-
faces, display a visible contribution from oxygen orbitals,
as represented by the red circles.

If we now compare the defective SrSng s-terminated
surface [Fig. [§[(b)] with its perfect counterpart [Fig. [f|a)],
we can directly see that the surface states are strongly
changed: This surface termination, certainly due to its
Sn deficiency, indeed seems a priori to present more sim-
ilarities with the SroO termination. We can in particular
highlight the set of bands crossing the Fermi level at the
M point, forming a small hole pocket with Sr-d charac-
ter. It is also intersting to note that around the I point,
the bottom of the bulk conduction bands are crossing the
Fermi level. We only calculated a total magnetic moment
of 0.002 ug, which is not significant.
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V. BADER CHARGES AND CORE-LEVEL
ENERGIES

Experimentally, the surface electronic structure of
Sr3Sn0(001) has been investigated via ARPES [29] and
XPS [22], both to map the band structure and to track
the atomic valence states. Thus, in this section, we
consider how the Bader charges and core-level energies
(CLEs) are modified in perfect and reconstructed sur-
faces. These quantities are provided in Table [[] and will
allow an analysis, complementary to the band structures
described in Sections [T and [V1

On the one hand, the formal oxidation states are ob-
tained by subtracting calculated Bader charges to the
number of electrons of the neutral Sr atom. Bader charge
analysis [37] is one of the numerous methods which al-
low to obtain a numerical value of the charge carried by
a chemical species [40] and this will help understanding
the electronic reconstructions occuring in our systems.
However, in practice, this method depends on a specific
choice of partionning of the real-space volume and partic-
ular care has to be taken when comparing Bader charges
of bulk and surface atoms. We chose to restrict the use
of this method to the analysis of charge occupancy on Sr
atoms, which possess sufficiently localized d orbitals and
for which we calculated significant variations.

On the other hand, the CLEs are also sensitive to the
local chemical and electrostatic environment and can be
probed experimentally by XPS. The binding energy Ej,
associated with the removal of a core electron can be
measured directly and, in the so-called initial-state ap-
proximation [41H43], it is equal to the opposite of the
CLE e, referenced to the Fermi level Er:

Ly,

= —€c = _(ec — Er) (1)

In Fig.[9]and Table[l] we provide the variation in the Sn-
3d CLE across the different layers, referenced to the value
in bulk Sr3SnO, i.e. Aegy 34 = E?Z?gd - Eglibl}éd. Overall,
the CLEs do not deviate by more than a few hundred
of meV from the value for anionic Sn in bulk SrzSnO,
showing that anionic Sn remains stable and does not un-
dergo a drastic change in valence state. Nevertheless,
the small but systematic shifts in the Sn 3d CLEs across
the different layers of the various slabs shed light on how
charge is redistributed for the different surfaces. Similar
to CLE shifts computed for surfaces of various transition
metals [42], when small amounts of electrons (holes) are
transferred to the Sn atoms, the extra potential rigidly
shifts the valence DOS and core levels down (up) rel-
ative to the Fermi energy, thus increasing (decreasing)
the CLE. We now describe the different surfaces in more
details.

Fisrt, we can consider the perfect SroO surface. From
the band structure given in Fig. au)7 we saw the presence
of a partially-occupied surface gap state with a mixed
character associated with Sn-p and Sr-d orbitals. This
observation is in agreement with the decrease of the oxy-
dation degree by 0.26 e of the Sr atoms located at the
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TABLE I. Calculated properties of the Sr3SnO(001) surfaces: ]

Surface and averaged core-level shifts Aegn 34 and oxidation
degrees estimated from the Bader charges for the Sr atoms
in the surface layer. For a given defect, the calculated values
are given for the structures with the lowest total energies [See

Appendix .

Structure  Ae%, 34 (Aesn,3d) QBader(ST)
(eV) (eV) (¢)
Bulk
Perfect - 0 +1.24
Sr2O termination
Perfect (NM) 0.011  0.072 +0.98
Perfect (FM) —0.098 —0.015 +1.08
+3Vs: 0.154  0.097 +1.28
+1Ven  —0.269 —0.182  +0.81
+1Vo —0.095 —0.046  +0.69
+30 0.165  0.100 +1.14
SrSn termination
Perfect 0.338  0.205 +1.30
+1Vsr 0.438  0.250 +1.31
+1Vsn 0.120 —0.054  +1.15
+3Vo 0.307  0.137 +1.26
0.35
030
T 025}
S 020
& 015}
= 0.0}
To0.0s
S o0
B 008 )
& 010}

-0.15 $3 )
Atomic layer

S5 S4 S-1 S

FIG. 9. Variation of the 3d core level energies £g,,3q4 as a
function of the position of the Sn atom in regard to the surface
layer (S). The colored dotted lines indicates the averaged CLS
<55n,3d>~

surface, as compared with the bulk, i.e. with an in-
crease of the number of electrons, which will populate
4d orbitals of these atoms. From Fig. [ we can also no-
tice a decrease of the CLE €gy, 34, that is the appearance
of a band bending and a local internal electric field be-
tween the atomic layers ”S” and ”S-1.5", also indicating a
transfer of electron to the Sn-p orbitals. The CLE for Sn
atoms close to the center of the slab are tending toward
an averaged value 72 meV higher than the bulk CLE;
this is consistent with the band structure of Fig. [J[a), in
which we can see that bulk states are above the Fermi
level, which is itself pinned by the surface states. When
turning to a magnetic state, the Sn-3d CLE decrease by
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approximately 90 meV, mostly because of the lower lying

357 partly-occupied surface state of majority spin.

Adding an oxygen atom at the (2 x 1) SrpO surface
restores the bulk properties. It can indeed be seen that
the calculated oxidation degree of the surface Sr atoms
is +1.14 e, i.e. closer from the bulk value of +1.24 e.
The averaged CLE, mostly representing bulk-like states,
remains the same for this structure as for the perfect
surface, while we can see an increase of the CLE for the
subsurface atoms because of a shift of the Fermi level,
which is consistent with a depopulation of the surface
bands.

For the perfect SrSn termination, the charge balancing
is obtained by distributing holes on Sn-p orbitals, which
can be directly seen from the increase of the CLEs of
the Sn atoms, while the oxidation degree of Sr atoms
does not change significantly. Due to the less correlated
nature of these bands, a part of these charges is localized
near the surface, while the rest is spread over the whole
slab. Because the SrSn surface is hole doped, while the
SroO surface is electron doped, we observe an internal
electrical field which induces an opposite variation of the
CLS [See Fig.[9].

For the three surface terminations described up-to-
now, we saw that the charge reconstructions are mostly
involving surface atoms, and the CLEs in the center of
the slab are converging toward similar values (between 70
and 100 meV). The situation is different when Sn vacan-
cies are present at the SrSn-terminated surface: While
the CLE of Sn atoms at the surface is of 0.12 €V, it
is well lower for every other Sn atom (in particular Sn
atoms in the (S—1) layer) and the CLS of atoms in the
center of the slab reach a value close to the average, i.e.
—0.05 eV. The occupied d states at the M point observed
in the band structure agree with the small diminution,
by 0.1 e, of the Bader charge of the surface [Sr]s, atom.
This decrease is larger for the subsurface [Sr]o atoms:
The oxidation degree is calculated to be +1.03 e, when
averaged on all the 4 [Sr]p ions and it is —0.97 e if we
consider only the two [Sr]o ions, first neighbors of the Sn
vacancy.

To finish this analysis, we would like to point out that,
ideally, Aegy 34 should approach zero at the center of
each slab, i.e. recover the bulk value. However, as we
mentioned, there are differences ranging from 70 meV to
100 meV. The origin of these shifts is not easy to deter-
mine and it is difficult to rule out they can originate from
methodological artifacts, because of the choice of the slab
geometry and its limited thickness, for example. An ex-
planation for the lowest value (=50 meV), calculated for
the SrSng 5 surface termination, will be given in the next
section.

VI. DISCUSSION

a. Stability of the surface terminations and atomic
reconstructions: In their first-principles study, Bilal et
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al. [31] already proposed, using another formalism, that
a perfect SrSn(001)-terminated surface of SrzSnO is en-
ergetically more stable than a SroO-terminated one. The
authors also suggested that due to the small energy dif-
ference, both terminations could be present in polycrys-
talline samples. Our calculations confirm this prediction.
Among the possible contributions, which would help min-
imizing the surface energy, we can note that the SrSn
termination allows a higher cation-anion buckling. Such
buckling results in the creation of electric dipoles par-
tially cancelling the internal electric field close to the
surface, which is a consequence of the charge discontinu-
ity associated with the polar nature of Sr3SnO(001). We
also enlarged our study by considering the variations of
chemical potentials, which can be related to experimen-
tal growth conditions, and by proposing simple surface
reconstructions. We then found that a (2x 1) SrSng 5 sur-
face can be stable in Sn-poor conditions, which are still
favorable to the growth of bulk SrgSnO. Finally, perfect
or defectives SroO-terminated surfaces could be obtained
in oxygen-rich conditions.

Using the formula given in Ref. [22], it is possible to
calculate core-level shifts (CLS) from the CLEs, which
correspond, in this case, to the difference of binding en-
ergies between Sn-3d states in Sr3SnO and in bulk @-Sn
metal. For the SroO1 5 and SrSng 5 surfaces, CLSs are in
agreement with the CLSs measured by XPS: Reported
experimental values are —1.10 eV and —1.05 eV, while
calculated values for Sn atoms in the surface layer, are
—1.12 €V and —1.07 eV, respectively. This tends to val-
idate our model and suggests that these surface termi-
nations may be present in their studied samples, which
would be an interesting point to verify. The experimen-
tal finding of neutral Sn atoms near the surface [22] 23]
may indicate that other possible reconstructions could
be present, leading to the formation of other compounds
than the Sr3SnO antiperovskite, like metallic Sn clusters.

b.  FElectronic reconstructions: Considering the four
most probable surface terminations, i.e. SroO, SroOq 5,
SrSn and SrSng 5, we can now discuss the electronic re-
constructions, associated with charge transfer and redis-
tribution or to the presence of point defects. For the per-
fect surfaces, because we used an electrically-neutral and
nonstoichiometric structure with two equivalent surfaces,
either with a SroO or a SrSn termination, respectively
two electrons or holes are expected to be re-distributed
inside the structure and to either spread in the entire slab
by populating bulk bands, or to be equally localized at
the two surfaces, leading to (SroO)™ or (SrSn)~ termi-
nations, this in order to preserve the electrical neutrality.
A different mechanism involving charge transfer between
the two different surfaces would settle if we used an asym-
metric slab instead, but equivalent results are obtained
for the perfect surfaces, as discussed in Appendix

For each surface, the main conclusions are summarized
in Fig. [I0] and explained below:

1. In the case of the electron-doped Sry O-terminated
surfaces, an extra electron per f.u. is partly local-

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

m—) ,

le ’)E ©
Sr,0 2 +1 Sr,0;5 _ +1
Srsn -2 sron =5 -
Sr,0 +2 s.o [N +2
Srsn % -2 Srsn -2/ -2
srsn T - srsn [T 2

1h :
SrsSn 22>-1 - 150
Sr,0 +2 2> +1
SrSn -2 2
sr,0 +2 +2
SrsSn -2 -2

FIG. 10. Proposed diagrams showing the charge reconstruc-
tion at the four perfect or defective surfaces. The thickness of
the arrows is approximately related to the amount of charges
(electrons (7€”) or holes ("h”)) involved in the reorganiza-
tion. The formal electric charges given on the right side of
each atomic layers are approximated values before and after
the electronic reconstruction (neglecting the charge extension
away from the surface). The electronic reconstruction at the
defective surfaces (b) and (d) may be explained relatively
to the perfect surfaces (a) and (c¢). Green, orange and red
squares represents the amount of Sr, Sn and O atoms. It is
assumed that we consider a symmetric slab. Only a limited
number of layers of a half of the slab is shown for the sake of
simplicity.

ized at the surface and will mostly populate the
partially-occupied gap states, as it can be seen in
the DOS and band structures of Fig. These
surface bands have mostly a contribution coming
from 4d orbitals of Sr atoms, as witnessed by the
lower oxidation degree, but also of p orbitals of Sn
atoms in further atomic layers. The electron lo-
calization in surface Sr-4d orbitals can lead to the
stabilization of a magnetic state, with a total spin
magnetic moment of 0.84 up/surface fu. As pro-
posed in Fig. [10(a), in first approximation, that is,
if we omit partial charges occupying some bulk Sn-p
bands, the localization of the extra electron would
then turn the [Sr2O]** surface layer into [SroO]T.
The electron doping can originate from the off-
stoichiometric structure or from a charge balancing
between the polar surface and a second surface or
an interface [See Appendix. This interesting fea-
ture could enable to generate spin-polarized two-
dimensional electron gases (2DEG), owing to the
relatively low effective masses we calculated [See

Table [II|in Appendix .

2. The Sro 015 surface, in which an oxygen adatom
is introduced, is energetically favorable for sam-
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ples grown in oxygen-rich environment. This ex-
tra oxygen atom will transform into a negatively-
charged O%~ ion by attracting two electrons. Such
scenario may provide another way to preserve the
electric neutrality and, in the same time, to add
one electron per fu. to the surface, without in-
ducing charge transfer to the 4d bands of Sr atoms
[See Fig. [10|b)]. This statement is confirmed by
the Bader charge, which stays close to the one cal-
culated for the bulk compound and also by the
band structure which displays less occupied surface
states. As it can be seen on the 3d CLE variation
displayed in Fig. [0 a part of the charge attracted
by the oxygen atom to form the O?~ anion is taken
from the Sn bands, which are thus moving upward
in energy. Surface bands of Sn-p orbital charac-
ter also display an hybridization with the oxygen
adatom orbitals, this one being located on top of
one of the Sn atom from the subsurface layer.

. The SrSn surface possesses a band structure with

a hole pocket around the M point (with a strong
contribution from Sn atoms at the surface layer),
as shown in Fig. [f] The variations of CLEs show,
however, that a part of the charge redistribution
also affects Sn-p states deeper in the slab. This
process is summarized in Fig. ¢). Again if we
make the omission of the extension of the surface
state away from the surface, we can then conclude
that the [SrSn)?~ surface is hole-doped and turned
into a [SrSn]~ surface. According to our calcula-
tions, such surface could then host a quasi-two-
dimensional hole gas (q2DHG).

. Concerning the Sn-deficient SrSngs surface, the

counting of the total formal charges leads to the
conclusion that with the proposed symmetric slab
geometry, we expect to have a redistribution of 1
electron per surface f.u., as for the perfect SroO ter-
mination. The band structure in Fig. b) shows
indeed that one surface gap state is almost com-
pletely filled, suggesting some charge localization
near the surface, with a mixed Sn-p and [Sr|o-d
character, as a function of the considered wavevec-
tor. First, it is important to note that the occupied
Sr orbitals are those of Sr atoms of the subsurface
layer (S-0.5) and not of the surface layer (S). The
electronic reconstruction indeed does not involve
the surface atomic layer, which is predicted to be
electrically neutral, in agreement with the calcu-
lated value of the CLE of surface Sn ions (which
is close from the averaged values calculated for the
other surfaces). The band structure also shows that
the bottom of the bulk conduction bands is cross-
ing the Fermi level, inducing a total closure of the
band gap at the I' point, which would indicate that
the remaining electron is transferred to the bulk.
This occupation of bulk states is consistent with
the calculated Sn CLEs in the center of the slab,
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which tends to a lower value in the center of the slab
than the three other surfaces. In this scenario, both
bulk and surface states are expected to participate
to transport properties. As shown in Fig. d),
we thus propose a scenario in which the Sn vacan-
cies at the surface are transferring charges mostly
to the first-neighbor Sr5O layer, but also partly to
other inner layers.

To summarize, we proposed 4 different surfaces, 2 be-
ing hole-doped (with SrSn and Sr5O; 5 terminations) and
the 2 others being electron-doped. For every interface, we
observed clear surface states in the band gap of SrgSnO
and which cross the Fermi level. These bands tend to
spread away from the surface for wavevectors close to
the I' points, while they are associated with carriers more
confined in the surface layer for wavevectors near the X
and M points, in particular when they involve 4d orbitals.
The characterization of such surface states as topological
states would require a deeper analysis, which is beyond
the scope of the present paper. We can however notice
that the calculated states are crossing the Fermi level and
are joining the bulk valence and conduction bands near
the T" point, as expected for topological states. These
states may also look like projected states calculated with
a DFT+tight-binding method by Chiu, et al. [15], who
also predicted the possibility that such states would ex-
perience spin splittings. Finally, we showed that these
lifts of degeneracies require the presence of the spin-orbit
interaction, which is not the case for these surface states
to exist, a property which has also been demonstrated in
the case of topological crystalline insulators [16].

c. Magnetic state: An important point in our re-
sults is that we demonstrated that the 2DEG could be
spin polarized, with the formation of a FM ordering.
The stabilization of such magnetic ordering is consistent
with earlier theoretical report of a magnetic state in Sn-
deficient bulk Sr3SnO [See Ref. [30] and Appendix D 3J;
indeed, our symmetric slab with two equivalent SroO sur-
faces also corresponds to a Sn-deficient structure with
one missing SrSn(001) atomic layer. However, it is not
probable that such ordering would remain at room tem-
perature. It seems moreover clear from our calculations
that it is not robust versus the presence of atomic defects
or any change of the surface termination. More surpris-
ingly, the SrSng 5 surface is also found to be nonmagnetic,
while containing Sn vacancies, which may indicate a more
complex physics, related with the fact that occupied Sr-d
bands are located in the subsurface layer and not at the
surface. Sr3SnO is not the first d° oxides which would ex-
hibit ferromagnetism, as other examples have been stud-
ied and the subject of debate for several years now. We
can first cite the example of the famous LaAlO3/SrTiOs,
in which a ferromagnetic state has first been evidenced in
2007 [44]. Some studies have suggested that it may result
from the presence of localized 3d gap states induced by
the presence of defects [45] [46]. If the exact origin of the
magnetic ordering at this interface is subject to debate,
it has been noticed both the TiO, and SrO interface ter-
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minations can display ferromagnetism [47]. The physics
of magnetic d° systems has often been compared with the
establishment of ferromagnetism in diluted ferromagnetic
semiconductors (DMS). Induced ferromagnetic ordering
has been already reported or predicted in other dopant-
free (i.e. without the addition of impurities) bulk mate-
rials such as TiOq, SrTiOs or ZnO [48, 49], but also in
compounds presenting less localized unoccupied 4d or 5d
orbitals, such as a-PbO, InyO3, SnOs, ZrO4 or HfO, [49-
50]: In general, the magnetic ordering is obtained by ei-
ther changing the stoichiometry, by adding interstitials or
vacancies, and/or by considering surfaces or confinement
effects; while electron-doped materials result in partially
filled d orbitals, filling oxygen p orbitals with holes may
also induce ferromagnetism [50] [57]. The case of oxygen-
deficient ZrOs is particularly interesting, as it has been
shown that the ferromagnetic ordering was more likely to
form in thin films or nanoparticles. Albanese, et al. [55]
demonstrated that in nanoparticles the magnetic state
only forms if the number of low-coordinated Zr atoms
is sufficient in regard to the number of excess and avail-
able charges. They also found that the ferromagnetic
ordering is favored by the hybridization between the gap
states and the bands at the bottom of the conduction
bands. Applied to our system, such explanation could
match with our observations.

d. Other surfaces: Finally, even if other surface ter-
minations are predicted to be less stable, we cannot
discard that they could be obtained. It is important
to keep in mind that growth mechanisms rely on out-
of-equilibrium processes and that our calculated results
are given for a specific exchange-correlation-energy func-
tional. In addition, post-treatment like chemical treat-
ments or post-annealing could be used to select a specific
termination. In particular, we can mention the surface
with a SrSn termination and an oxygen vacancy in the
subsurface layer, which could be grown in oxygen-poor
conditions, or the Sry 50 termination, which possess Sr
vacancies with a relatively low formation energy [See Ta-
ble and calculated CLSs (~ —1.05 eV) which also
match with the above-mentionned experimental measure-
ments [22]. Sr vacancies are particularly interesting be-
cause they are associated with the emergence of a su-
perconductive behavior for a temperature below 5 K and
resulting from hole doping. In their study, Oudah, et
al. [18], proposed that Cooper pairs could have either
a pure p-p orbital character or a mixed p-d character.
According to our calculations, at least in the vicinity of
a Sr-deficient surface, we expect the bands crossing the
Fermi level and being doped by holes, to possess mostly
a pure p character.

VII. CONCLUSION

To summarize, we performed a study, as complete as
possible, of the Sr3SnO(001) surface states. We identi-
fied different surface terminations, which could be stable
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depending on the growth conditions, and we predict that
SrSn-terminated surfaces are more likely to be obtained
using suitable conditions for the growth of the Sr3SnO
antiperovskite.

We detailed the electronic properties of four termina-
tions, which are the perfect SroO and SrSn terminations
and the (2 x 1) reconstructed SroO;5 and SrSng s sur-
faces. Each surface displays clear gap states with a strong
surface contribution around the X and M wavevectors, in-
dicative of a two-dimensional carrier localization, which
could lead to the emergence of a two-dimensional system.
We found that electronic or atomic reconstruction favor-
ing electron transfer to the surface induce the presence
of mixed Sn-p and Sr-d states, while hole transfer implies
that only pure p states will cross the Fermi level.

Finally, we found that in the case of a perfect SroO
termination, the surface could host a ferromagnetic or-
dering, due to the occupation of the Sr-4d orbitals. This
ordering is however not expected to be robust as we have
shown that it can be destroyed by the addition of defects.
On the contrary, the lack of spatial inversion symmetry
induced by the surface, is suitable to the appearance of
Rashba-like spin splittings, which could be another in-
teresting feature of this interface, as it could be used in
applications based on spin-to-charge current conversions.
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Appendix A: Bulk calculations

The calculated equilibrium lattice parameter of the cu-
bic bulk SrzSnO is ag(Sr3Sn0) = 5.10 A, i.e. —0.4%
lower than the experimental parameter of 5.12 A [12]. If
the spin-orbit interaction is switched-off, the band struc-
ture of bulk Sr3SnO shows that a band with a Sn-p, +ip.
character crosses the Fermi level in the I'-X, I'-M and I'-
R directions . As reported in Ref. [I3] and shown in
Fig. when including the spin-orbit interaction, the
band structure is gapped in the I'-M and I'-R directions
and only two bands (omitting the spin degeneracy), with
Sn-py +ip, and Sr-d,2_ > characters, are forming an an-
ticrossing at the Fermi level in the I'-X direction forming
a pseudo-Dirac point. This anticrossing is characterized
by the presence of a small band gap of 7 meV.

We also tested the influence of the exchange-
correlation functional on the bulk electronic properties
of SrgSnO. In Ref. [58], Vidal, et al., warned that us-
ing standard DF'T functional could lead to false positive
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Band structure for which the high-symmetry points have the
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(b) LDOS. The contribution of each atom are highlighted with
colors.

predictions of topological nature of some materials be-
cause of the underestimation of the band gap and the
wrong determination of the relative energies between p
and d bands. For this reason, we performed, for the bulk
structure only, calculations using computationally more-
demanding functionals. In the I'-M direction, using the
PBESol functional, we calculated a band gap width equal
to 39 meV at the d-p antricrossing. We found that the
semi-metallic character is preserved with other function-
als, but the band gap is increased to 159 meV with the
SCAN functional [59], and to 122 meV or 146 meV, using
a PBESol+U [60] functional, with the U-dependent cor-
rection applied on the 4d bands of Sr atoms and U = 1 eV
or U = 2 €V, respectively. Finally, when using the hy-
brid functional HSE06 [61], the band crossing is shifted
toward the I' point, which results in a closing of the band
gap at this same point, this results is in agreement with
the calculations reported in Ref. [I4]. Unfortunately, the
use of such functional is too time consuming to proceed
to a more general comparison with surface calculations.

Appendix B: Dependence on the choice of the slab
geometry

As explained in Section [[I, we proposed to describe
mostly our results issued from calculations performed
with a symmetric slab, i.e. formed with two equiv-
alent surfaces. By construction, such a slab is non-
stoichiometric, which may have consequences in partic-
ular for the study of polar materials. On the contrary,
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such geometry has the advantage to be able to consider
only one interface at a time, which is convenient to com-
pare the relative surface stabilities, but also to avoid
artifactual atomic relaxations or charge transfers from
a second interface, which is present using asymmetric
slabs [See also the discussions in the supplemental mate-
rial of Ref. [62]]. In this section, we will describe the
main differences which can be expected regarding the
choice of the geometry. To do so, in addition to the
(1 x 1 x 10.5) symmetric slab, we performed calculations
using an asymmetric slab. The thickness of the new slab
is of 6 layers of SrgSnO (12 atomic monolayers) along
the z[001] direction. When optimizing the atomic struc-
ture, we fixed the positions of the atoms located in the
two monolayers the nearest from one interface and let the
positions of all other atoms relax.

By approximating the antiperovskite Sr3SnO as a
fully-ionic compound formed of Sr?T cations and O?~
and Sn*~ anions, we expect the (001) layer to be po-
lar and constituted of an alternation of (Sro0)%* and
(SrSn)2~ atomic layers. For an asymmetric film, with
the combination of a SrSn and a SroO surfaces, the
polar character of SrgSnO leads to the appearance of
an internal electric field for a thin film and an elec-
tronic reconstruction above a critical thickness following
a polar catastrophe scenario, similarly to the processes
proposed for polar-oxide-based heterostructures like the
LaAlO3/SrTiO3(001) interface [26] 27]: Above a certain
thickness, because of the electric-potential build-up as-
sociated with the internal electric field, the bottom of
the conduction band and the top of the valence band, at
each thin-film extremity, cross the Fermi level, causing a
Zener breakdown, i.e. a charge balancing by tunnelling
of electrons from the p-type to the n-type surface. This
charge transfer is in particular necessary to avoid the di-
vergence of the potential build-up as a function of the
layer thickness. For Sr3SnO, we can expect the transfer
of 1 electron per formula unit (fu.) from the [SrSn]?~
to the [SroO]** surface, in order to cancel the potential
build-up divergence; the band gap of SrgSnO being very
low, the electronic reconstruction would be present for
the lowest thickness.

In addition to the electronic reconstructions, other
mechanisms have been proposed to explain the insulator-
to-metal transition at polar interfaces, such as atomic
reconstructions involving the formation of structural de-
fects [46]. In the case of a symmetric slab, no internal
electric field can appear between the two equivalent sur-
faces but the total atomic structure being non stoichio-
metric, the excess of positive or negative charges car-
ried by the additional [Sro0]?T or [SrSn]?~ atomic layer
directly triggers the electronic reconstruction by redis-
tributing the excess of positive or negative charges. This
process would create surfaces carrying less, but non zero,
electric charges, [Sr2O]™ or [SrSn]~.

The mechanisms explaining the calculated charge re-
distribution are then different depending on the slab ge-
ometries, but the charge redistribution can be nonethe-
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FIG. 12.  Band structure calculated with the spin-orbit in-
teraction for the (a) Sro-terminated and (b) SrSn-terminated
surface. The same color code is applied as in Fig. 2] When
comparing with the band structure of Fig. and we can see
that additional bands appear, which are the result of the pres-
ence of the second, non-equivalent and non-physical, surface,
for which the atomic layers are fixed to the bulk positions.

less comparable for both configurations. As it can be
seen by comparing Figs. a) and a) or Figs. a)
and b), the band structures calculated for both ge-
ometries appear indeed similar; the crossing of the gap
states with the Fermi level happens at almost the same
values of wavevector for both structures and the band
dispersions look similar, which suggests that an almost
equal amount of charges is localized near the surface, in-
dependently of the chosen structure. This is confirmed by
the Bader charges calculated for the Sr atoms located at
the SroO or SrSn-terminated surface, which are respec-
tively 1.00 e or 1.26 e, in the asymmetric slabs. The CLE
sgn 34 1s also almost the same for both slabs at the sur-
fauce’7 that is respectively 0.17 eV and 0.14 eV, while the
average over the whole slab differs because of the second
surface, which induces the presence of a residual internal
electric field, as it can be seen in Fig. The values of

these internal electric fields Egealq = 565;23‘1, obtained by
fitting the variation of CLE in the center of the slab, are
—11 meV A~' and 416 meV A~ respectively for the

SrO- and SrSn-terminated interfaces.

Beside the difference of stoichiometry, another ques-
tion has to be addressed: It concerns the symmetries of
our structures, in regard to the choice of slab geome-
try. This point is particularly important when consider-
ing spin-orbit effects. The bulk cubic perovskite struc-
ture possesses a Pm3m (No 221) space group associated
with a Op point group. When building the symmetric
slab, the space group changes to P4/mmm (No 123),
with the fourfold rotation axis parallel to the normal
to the (001) surface. Including a point defect on both
surfaces with (\/i X \/i) dimensions [see Appendix,
does not change the space group, while using (2 x 1) di-
mensions makes x[100] and y[010] directions to become
non-equivalent and reduces the space group to Pmmm
(No 47), with a two-fold rotation axis. Finally, asymet-
ric slabs with perfect SroO and SrSn surfaces will cor-
respond to a P4dmm (No 99) space group, which does
not possess neither the spacial inversion symmetry nor
the mgp1 mirror symmetry. As already said, this lack

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

13

0.35
0.30r
0.25-
0.20r
0.15¢
0.10r
0.05-
0.00r
-0.05¢
-0.10r
-0.15

ye(S1,3d) - €, (Sn,3d) (eV)
WNNOBA

&

S3 S22 S

Atomic layer

S5 S4

FIG. 13. Variation of the 3d core level energies €gy,34 as a
function of the position of the Sn atom in regard to the surface
layer (S). The colored dotted lines indicates the averaged CLE
(esn,3d). These results have been calculated using asymmetric
slabs; they can be directly compared with those obtained with
symmetric slabs and displayed in Fig. @

of inversion symmetry, which would exist for real sur-
faces, allows the apparition of an internal electric field,
but also of Rashba-like spin splittings in the band struc-
ture. Looking at the fine details of the band structures
of Fig. [[2] we can indeed notice many lifts of degeneracy,
which can be associated with Rashba-like spin splittings,
as it was shown in Figs. [J]and [f] We can see from these
figures that the spin component is nul in directions par-
allel to the wavevector k and we also found it is zero in
the z[001] direction, which is the polar axis (i.e. the nor-
mal to the surface): These features are characteristics of
the Rashba effect. To characterize the energy spin split-
ting in a simple manner (without considering the point
group), it is possible to fit the difference between the
energy of the two bands of opposite spin AF as a func-
tion of the wavevector k by a third order polynom, such
as AE4(k) = a-k+b- k3 [63]. Around the M point
of little point group Cly,, the coefficient a corresponds
to the linear Rashba coefficient multiplied by a factor 2
and the cubic term b can be decomposed into two terms
[namely +" and 4" in Ref. [64]]. The spin-splitting values
fitted from our calculations around the X and M high-
symmetry points are summarized in Table[[I] If the values
of each coefficient remain modest, it can be noticed from
the band structures that the spin splittings are enhanced
in the vicinity of band anti-crossings. Interesting spin
splittings can also be noticed near the I' point, but due
to the higher number of bands, mixing surface and bulk
states, their analysis is more complex.

Appendix C: Effect of the spin-orbit interaction

In this section, we provide the band structures calcu-
lated for the two perfect surface terminations without
the spin-orbit interaction; the band structures of Fig.
can be compared with those of Figs. 2fa) and [5f(a) to



1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068
1069

1070

1071

TABLE II. Effective masses m™ and spin splitting parameters
a and b calculated for the bands of energy E, the closest from
the Fermi level at the X and M points.

Direction £ — Er m* a b

(eV) (mo) (eV A) (eV A?)
Sr20 termination

X, 0.042 —-0.54 0.10 —2.2

XM 0.042 1.34 0.16 —1.6

Mox 0.606 —0.23 0.07 0

M 0.606 —0.33 0.08 —0.33
SrSn termination

X, —0.077 4.04 0.04 0.47

XM —0.077 —2.03 0.21 —1.68

Mo x 0.204 —-0.69 0.05 —1.42

M_or 0.204 —-0.88 0.05 —2.48

understand the effect of this interaction.

SrSn termination

EE: (V)

FIG. 14. Band structure calculated without the spin-orbit in-
teraction for the (a) Sra-terminated and (b) SrSn-terminated
surface. The same color code is applied as in Fig. 2]

Appendix D: Surface formation energy

The method used to calculate the surface formation
energy [65], [66] consists in

1. defining the chemical potentials ranges for which
the considered bulk compound is stable, in regard
to all the other possible competitive phases,

. searching for the most stable (001) surface termi-
nations in the bulk stability range of chemical po-
tentials, by comparing the enthalpies of formation.

This method is explained in the following for a gen-
eral X3YZ perovskite compound and then applied in the
specific case of SrzSnO.

1. Enthalpy of formation of bulk Sr3SnO
antiperovskite

The enthalpy of formation A¢H of an antiperovskite
of formula X3YZ can be expressed as:
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AcH (X5YZ) = BRS, - > NEMES (D)
i

where E%;IYI‘Z is the ground state total energy calculated

for the X5 YZ antiperovskite, E;O ulk/2s are the total en-

ergies of the X, Y and Z atoms in their pure solid or gas
phase and N, are the number of atoms of each chemical
specy. In the antiperovskite compound, the chemical po-
tentials p; of these atoms may differ from Eib ulk/gas by
an energy Apy, i.e. fi; E?ulk/gas + Ap.

The conditions for the bulk antiperovskite to be stable
are given by the following identity:

3A,LLX + A[LY + A,uz = A¢Hp (XgYZ) (D2)
with A¢Hpg the formation enthalpy of the bulk antiper-
ovskite, and by the following equations, which need to be
verified in order to avoid any competitive phase to form:

nxAuX + nyA,uy + TLZA/_LZ < ArHgp (XnyZZ) (DS)

It is then possible to calculate a phase diagram, as
proposed in Fig. in which we can identify the cou-
ple of values of (Apy—gn, Apx=s;) for which Sr3SnO can
be formed. In particular, knowing A¢H (SrgSnO) from
Eq. it is possible to notice that Apg is always bound
to Ausy and Apugy, through the relation of Eq. More-
over, the variation of chemical potential of the oxygen
atoms Apop can be related to the experimental growth
conditions, i.e. the temperature T and the pressure P,
using thermodynamical models as proposed in Refs. [66]
and [67].

A first list of competitive phases has been established
thanks to the Materials project database [68]; when sev-
eral stable structures were reported for a given chemi-
cal composition, we selected the most stable one after a
structural optimization performed keeping the same cal-
culation parameters. The space groups are computed
using the FINDSYM program [69] [70] with a tolerance
of 1073 A applied on the atom coordinates and lattice
parameters.

2. Surface energy

Considering a slab formed by a symmetric layer with
two identical surfaces, we express the surface energy vs:

1

Vs = B (D4)

Es — Z Nip;

with Eg the total energy of the slab of X3YZ comporting
two identical surfaces S of termination ¢ and of area A.
The chemical potentials u; are those calculated in the
previous step, such as they are at equilibrium with the
bulk.
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stability domain delimited by the solid lines.

It is also convenient to reformulate Eq. explicitely
as a function of (Apy—_gn, Apix=s:), which for the study
of Sr3SnO surfaces gives:

1
=57 [a + BApus: + CApigy)

with
a=Es— Y  NE(i)— NoAsHg (Sr38n0) (D5)
4=Sr,Sn,0
B =3No — Ns;
¢ = No — Nsn

By comparing the surface energy s calculated for dif-
ferent surface terminations, it is possible to determine
which atomic structure is the most stable for a selected
couple of values (Apy—gn, Ax—s:); interesting couples
of values will be in particular those for which bulk SrgSnO
is stable.

As mentioned in Refs. [7IH73], calculating surface en-
ergies of polar oxides requires a lot of care and it is impor-
tant to verify the convergence as a function of the vacuum
and film thicknesses and of the k mesh used for the first
Brillouin zone sampling, in order to ensure a good con-
vergence of the energy as a function of the slab thickness
(the reader can refer to Ref. [73] for more information
about the different methods to circumvent such a prob-
lem). Performing our calculations, we verified that the
2D k-mesh sampling used for the (001) slabs was match-
ing with those used for the bulk calculations and we also
checked that, by varying the slab thickness, we have a
precision of 5 meV on the surface energy. Another criti-
cal point, which is standard in DFT calculations, arises
from the choice of the exchange-correlation functional.
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In particular, it has been pointed out that the binding
energy of the Oz molecule may be overestimated [711 [72],
which would justify the need to correct the chemical po-
tential of oxygen atoms by shifting its value. If applying
such correction would change the calculated formation
energies of Sr3Sn0O, the chemical potential of the oxygen
atoms does not appear in the equation[DF] Since different
surface energies can display very close surface energies,
depending on the growth conditions, we can in any case
expect that different terminations will be present in real
samples, explaining why we decided to compare different
terminations.

3. Energy of defect formation

Another way to describe the previously mentioned sur-
face terminations is to consider that they correspond
to the association of a perfect surface termination with
point defects. It is thus possible to define an energy of
formation of the defect, which is expressed as a function
of the energy of the slab or bulk supercell:

(D6)

Eq = Ew — (Esp + ZNz‘Mi>

7

with Fyq and Eg, the energies of the supercell respec-

tively with and without the defect, and u; = E? ullc/gas |

Ap;. With this new equation again, the formation energy
FEq4 depends on the chosen values of the chemical poten-
tials; taking the same averaged values as previously, we
can then obtain the formation energies given in Table [[T]]
and [[V1

a. Formation of point defects in the bulk compound:
We calculated the effect of vacancies in bulk supercells.
The energies of formation, summarized in Table[[TI} show
that it is difficult to calculate an accurate energy for in-
dividual defects and that they strongly depend on the
supercell size.

As calculated previously by Batool et al. [30], we found
that a Sn vacancy induces the appearance of a ferromag-
netic ordering by populating Sr-4d bands: We calculated
a total magnetic moment of 1.04 pup, which is compa-
rable to the value of 1.28 up given in Ref. [30] and to
the value calculated for the surface, i.e. 0.84 pp. This
magnetic ordering is weak and is likely to be destroyed
by the addition of defects at the surface. In the case of
the bulk calculations, we found that it only appears for
a very high content of vacancies, that is for the smallest
supercell with 2 x 2 x 2 dimensions.

b. Formation of defects at the surface: As seen in
the previous paragraph, speaking of formation energy of
a defect is not rigorous because of the high content of
defects we considered; the concept of surface reconstruc-
tion is more adapted to this study. The formation ener-
gies given in Table[[V] however, allows us to have an idea
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Sr,0, s termination

(@ (V2xv2)R45° (b)) (2x1)

TABLE III. Formation energies of defects Eq calculated us-
ing the values: Aus, = —0.341 eV, Aus, = —1.440 eV and
Apo = —5.484 eV. For information, we also provide the av-

eraged Sn-3d CLSs calculated with the 3 x 3 x 3 supercells. +0
Surface dimension Type of defect Eq (Aesn,3d)
(eV/defect)  (eV) [001]
Bulk
(2x2x2) A 0.22
(3x3x3) Vsr 0.05 0.359 S
(2 X 2 X 2) VSn (NM) 0.32 S-0.5
(3x3x3) Vsn 0.09 —0.276 [001]
(4x4x4) Vsn 0.04
(2x2x2) Vo 0-15 SrSny s termination
(3x3x3) Vo 0.05 —0.066

(c) [001] @x1) [001] ®

S Sn o ISn
S-0.5

FIG. 16. Optimized atomic structure (side and top view)
of the defective surface: (a) and (b) represent respectively
the (v2 x v/2)R45°and (2 x 1) Sr201.5 surfaces, i.e. surfaces
with a SroO termination and an additional oxygen atom lo-
cated in an interstitial position of the surface layer (S), (on
top of a Sn atom from the subsurface layer (S—0.5)); (c) cor-
responds to a (2 x 1) SrSn surface with a Sn vacancy.

usr  For the SroO termination, we tested two different lat-
nss teral dimensions to build our slabs: (v2 x v/2)R45° and
us (2x1). We can notice that the latter one gives almost sys-
e tematically lower formation energies than the first one,
uor which means that the (2 x 1) geometry gives more stable
ue2 structures when including defects. This explains why we

TABLE IV. Formation energies of defects FE4 at the
SrsSnO(001) surfaces. The calculations have been performed
using Eq. [Df] and with the variations of chemical potentials
corresponding to the middle of the SrsSnO stability domain
given by the black cross in Fig. [I5] i.e. Apg, = —0.341 eV,
Apsn = —1.440 eV and Apo = —5.484 eV. The defect "+0O
corresponds to an oxygen adatom located either in the sur-
face layer (S) on top of the subsurface Sn atom, or initially on
top (S+1) of a surface Sr atom. For the (2 x 1), there is two
non-equivalent Sr atom (labeled ”1” and ”2”), which are re-
spectively aligned with the oxygen atoms along the [010] and
[100] directions (the [010] direction being twice shorter than
the [100] direction, this may explain why the Srl vacancy is
less stable than the Sr2 vacancy).

Surface dimension Type of defect location FEq4
(eV/defect)
SrO» termination
(V2 x v/2)R45° Vs: S 0.60
(V2 x V2)R45° Vsr S-0.5 1.28
uss of the energy difference separating the different surface (V2 x V2)R45° Vsn 5-0.5 1.88
uss terminations for a given set of chemical potentials. (\/§ X \/5) R45° Vo S 0.61
(V2 x V2)R45° +0 S 0.40
(V2 x V2)R45° +0 S+1 4.14
(2 x 1) Vs S 1.00
(2 x 1) Vra S 0.40
(2 x 1) Ver S-0.5 0.99

\
)
N

~ 7 N o e o
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