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Abstract

®

CrossMark

A density functional theory study of the BiS, superconductors containing rare-earths:
LnO;_,F,BiS; ( Ln = La, Ce, Pr, and Nd) is presented. We find that CeO 5F sBiS, has
competing ferromagnetic and weak antiferromagnetic tendencies, the first one corresponding
to experimental results. We show that PrOg sF, sBiS, has a strong tendency for magnetic
order, which can be ferromagnetic or antiferromagnetic depending on subtle differences in 4f
orbital occupations. We demonstrate that NdO sF( sBiS; has a stable magnetic ground state
with weak tendency to order. Finally, we show that the change of rare earth does not affect the
Fermi surface, and predict that CeOBiS; should display a pressure induced phase transition to

a metallic, if not superconducting, phase under pressure.

Keywords: superconductivity, BiS,-based, DFT, ab initio

Online supplementary data available from stacks.iop.org/JPhysCM/28/345504/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The excitement generated by the recent finding of two new
superconductors, Bi3;0,S; and LaO,_,F.BiS, [1, 2], led
to the unveiling of a whole class of superconductors con-
taining BiS, bilayers. These compounds share a common
two-dimensional structure with alternating BiS, bilayers and
spacer layers. It is the BiS planes in the BiS, bilayers which
are thought to be responsible for superconductivity in these
compounds [3]. Soon after the discovery of superconductivity
in LaO;_,F,BiS,, chemical substitution to tune the properties
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was attempted. The first research axis was to replace the lan-
thanum atom by other lanthanides: cerium, praseodymium,
neodymium, europium and ytterbium [4—12]. Hole and elec-
tron doping of the parent compound has also been studied in
Sr,La;_FBiS, [13] and La;_, M,OBiS, ( M = Ti, Zr, Hf, Th)
[14, 15] respectively.

The electronic and thermodynamic properties of this
group of materials are indeed interesting and theoretical sug-
gestions for the mechanism of superconductivity range from
spin-fluctuation mediated superconductivity [16], to prox-
imity to ferroelectricity and charge density wave (CDW)
instabilities [17, 18]. Recent work even revealed the poten-
tial of related materials for photovoltaic applications [19].
Ferromagnetism has been shown experimentally to coexist
with superconductivity in CeOysFsBiS, [7, 20-27], and

© 2016 IOP Publishing Ltd  Printed in the UK
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quantum critical fluctuations of the magnetic moments have
been observed in CeOBiS, [28].

The electronic structure of the two first compounds to
be found, Bi3;0,S; [3] and La(O,F)BiS, [17, 29-31], was
calculated. These calculations indicated that the super-
conducting electrons are a mixture of Bismuth 6 p, , and
Sulphur 3 p, , states [29, 30]. These form eight bands, four
of which are under the Fermi level, when the other four
either are above the Fermi level or cross it.

The coupling mechanism for superconductivity has been
investigated in various ways. Electron—phonon interactions
have been calculated in La(O,F)BiS,, and yield a large elec-
tron—phonon coupling constant, suggesting superconduc-
tivity in this compound is strongly coupled and conventional
[17, 18, 32]. Renormalisation-group calculations suggested
triplet pairing and weak topological superconductivity
[33, 34], a possibility studied in the context of quasipar-
ticle interference [35]. Random phase approximation was
applied to a two-orbital model [30], leading to an extended
s-wave or d-wave pairing [16, 36].

In this paper we present our findings from electronic struc-
ture calculations for the stoichiometric and doped series of
materials LnO;_,F,BiS, with Ln = La, Ce, Pr and Nd, and
x =0, 0.5. The doped phases calculated have been reported
as being superconducting, and the parent phases have been
reported as being non-superconducting.

We first show that the change of rare earth does not affect
the Fermi surface and that the conduction electrons are con-
fined to the bismuth-sulphur planes. We then demonstrate
that CeOysF(sBiS, has competing ferromagnetic and weak
antiferromagnetic tendencies. The ferromagnetic tendency
is in agreement with experimental results. We show that
PrOg sF, 5BiS; has a strong tendency to magnetic order, which
could be ferromagnetic or antiferromagnetic depending on
subtle differences in 4f orbital occupations. We show that
NdOy sFy 5BiS; has a stable weakly antiferromagnetic ground
state. Finally, we predict that applying pressure to CeOBiS,
would make it metallic, and possibly superconducting.

2. Methods

We limit our study to materials which crystal structure has
been experimentally determined, with the exception of the Ce
doped compound. We have been able to provide a structure
through relaxation methods for the Ce compound, since the
availability of the La, Pr and Nd compounds provides a rea-
sonable reliability on the starting point.

Band structures and densities of states were calculated
within density functional theory using the SIESTA method
[38, 39], implementing the generalized gradient approx-
imation (GGA) in the shape of the Perdew, Burke, and
Ernzerhof functional [40] and the GGA+4U method. It uses
norm-conserving pseudopotentials to replace the core elec-
trons, while the valence electrons are described using atomic-
like orbitals as basis states at the double zeta polarized level.
These pseudopotentials include scalar relativistic corrections.
Spin—orbit coupling was not included but has been shown in

iy g s
o o

'9"9"9‘
EVV S

(@2 -6- O -6- O -6- QO
L., elklel

Figure 1. Crystal structure of LaOBiS,, represented in VESTA
[37]. All the compounds studied share this same structure, with
replacement of lanthanum by other lanthanides, or of oxygen by
fluorine. The black solid line represents the unit cell, which contains
two formula units.

BiS,
LaO

BiS,

previous work to be of no relevance to the main features at
the Fermi level in this family of materials [3, 18]. Details on
the basis sets used are available in the supplemental material
(stacks.iop.org/JPhysCM/28/345504/mmedia).

Calculations for x = 0.5 have been performed for all the
compounds. All these structures share the same space group:
P4/nmm (figure 1). The calculations for the lanthanum com-
pound were performed without spin polarisation. However for
Ln = La, the presence of unpaired 4f electrons demands the
use of spin polarisation in the calculations. Calculations for
the La compound were performed using experimental data
for the geometry obtained after high pressure treatment of the
sample, for which the maximal superconducting 7, (10.6 K)
was found [1]. For the Pr and Nd compounds, we used struc-
tural experimental data for the systems for which 7, of 5.5 K
[5] and 5 K were found [6] respectively.

No atomic coordinates have been reported for the Ce com-
pound yet, so we obtained a geometry from density func-
tional theory (DFT) by relaxing the structure (both atoms
and cell), starting from the structure known for the La com-
pound. Two relaxations were performed, one with a k-grid of
8 X 8 x 3 points, a standard set of parameters and without U,
and one with a k-grid of 15 x 15 x 5 points, a high quality
set of parameters and with +U. Both relaxations were per-
formed in the ferromagnetic configuration. The comparison of
the results shows the relaxation is well converged: the lattice
constants differ by approximately 2 mA, and the fractional
atomic coordinates by less than 0.0004. The details of the
crystal structures are available in the supplementary material.
The obtained atomic positions and a lattice parameter are
very close to the ones of the Pr doped compound. The c lattice
parameter is significantly smaller than the ones of the other
doped compounds. This is in accordance with mismatches
between DFT and experiments in the inter-layer forces noted
in other compounds of this family of superconductors [3].

There are two O/F sites in each unit cell of every doped
compound. It has been shown that disorder in the O and F
positions has a very minor effect on the electronic structure
at the level discussed in this work [41]. As already done in
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Figure 2. Band structures (left) and densities of states projected

onto the basis orbitals for Bi (red), S (green), Ln (blue), O (lilac), and
F (light blue) (right) for the four doped compounds. For the three

compositions having 4f electrons, we use U = 5. The lanthanum

compound band structure is non spin polarised, whereas the other

three are spin polarised, in the ferromagnetic configuration.
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Figure 3. Densities of states in CeOy sF sBiS,, projected onto several
basis orbitals. S1 stands for the in-plane sulphur atom, and S2 stands
for the out-of-plane sulphur atom. The label p,, is a shorthand for p,
and p, orbitals which have the same density of states. We use U = 5
and spin polarisation.
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Figure 4. Local density of states of CeOgsFysBiS; in real

space integrated in the energy range [—0.5,0], plotted with
XCrySDen [49]. Half of the atoms represented are not in the

plane corresponding to the density plot: the atoms in the unit cell
are arranged on two planes parallel to the x-z plane. The density
plot corresponds to only one of these two planes. The BiS planes
(horizontal and perpendicular to the figure) gather the vast majority
of the density.

Table 1. Orbitals occupied by the 4f electron in each cerium atom
in the unit cell of CeOy sF( 5BiS; in the two antiferromagnetic

configurations AF1 and AF2.
4f occupations
Configuration 1st Ce atom 2nd Ce atom
F 4féyz2 —yr? 4]%)’12*)”2
AF1 4f5yzz_yrz 4f5yzz_xr2
AF2 4fy3 — 3x2y 4féyz27xr2

Note: The labelling order of the cerium atoms is arbitrary.

[17, 29, 31], we assign O to (0,0,0) and F to (0.5,0.5,0) in
the La doped compound and O to (0.75,0.25,0) and F to
(0.25,0.75,0) in the other doped compounds. This changes
the space group of the crystal structures of the doped com-
pounds to P4m?2.

We also performed calculations on two parent phases:
LaOBiS; and CeOBiS,. Their space group is also P4/nmm. We
used experimental structural data for both [42, 43], and per-
formed spin-polarised calculations in the ferromagnetic config-
uration for CeOBIS,. There are no experimental data available
for the other two parent compounds to our knowledge.

Table 2. Total energies of the various magnetic configurations
obtained for CeOy sFy sBiS; with respect to the energy of F.

Configuration Total energy (eV)
F 0

AF1 —0.0124

AF2 0.1105

We performed GGA + U calculations [44] for all the com-
pounds except the lanthanum ones, because of the known
strong correlation of the 4felectrons in cerium, praseodymium
and neodymium. The current implementation of DFT 4 U in
SIESTA is based on the formulation by Dudarev et al [45]
which combines the two parameters U and J to produce an
effective Coulomb repulsion U,r = U — J which we call U in
the following. The double-counting scheme used is also the
one described by Dudarev et al [45]. Given the intrinsic dif-
ficulty in the ab initio determination of a value of U [46], we
explored the behaviour of the system for U varying from 3 to
7eV. The influence of U on relaxations was investigated and
proven to be negligible. Here we discuss results obtained with
U = 5eV, given that this value is standard for the atoms we are
dealing with [47, 48]. We tested the robustness of the results
for U between 3eV and 7eV.

Monkhorst—Pack sampling of the Brillouin zone was used
for all calculations. k-point sampling proved to be quite deli-
cate, and large sets were used to obtain reasonably converged
results, especially for the convergence of magnetic results.
The grids used were 25 x 25 x 8 for the Ce and Nd com-
pounds, 35 x 35 x 11 for the Pr compound and 24 x 24 x 5
for the La compound. The band structure results converged
for lower sets, and the results in figure 6 were obtained for
8 x 8 x 3 sets.

3. Results

3.1. Band structures

We calculated the band structure of the four doped compounds.
‘We observe many similarities between them, due to their prox-
imity in terms of composition and crystal structure (figure 2).
More precisely, we find the same four bands (or eight bands
with spin polarisation) near the R and X points, and two (or
four) bands near the middle of the A—Z segment close to the
Fermi level in all the compounds. They are similar to the ones
in the Bi-O-S compounds [3]. They are crossing the Fermi
level for the doped compounds, and lie above the Fermi level
for the two parent phases. The projected densities of states
indicate that these bands are formed from Bi and S states. It
has already been shown in Bi30,S3 and in the La compound
that the main contribution to these bands comes from Bi 6p
states and S 3p states. It is confirmed in all the systems con-
sidered here, as figure 3 shows. There we plotted the results
for CeOg5F)sBiS,, these being similar in all the compounds
considered. The position of the Fermi level with respect to the
bottom of these bands is very similar in all the compounds with
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Figure 5. Band structures and density of 4f states of CeOy sF s5BiS; in the antiferromagnetic configuration, in the two states that it
converges to. The projected densities of states were plotted using a peak width of 0.01 eV, smaller than the standard 0.2eV used in the rest
of this work. State AF1 is at the top, and state AF2 at the bottom. The decomposition of density of states on the 9 orbitals clearly shows that
the two configurations differ by the jump of one electron from one orbital to another.

x = 0.5. The main effect of the fluorine doping is a shift of the
Fermi level, as reported previously [29-31].

To explore further the character of the bands just below
the Fermi level, we plotted the local density of states
(LDOS) resolved in real space for the x = 0.5 compounds
for energies integrated between —0.5eV and OeV (figure 4).
The results confirm what had been found in other BiS,-based
compound: all these electrons accumulate around the BiS
planes [3]. This can also be seen in the partial density of
states at the Fermi level (figure 3) which is very low for the
out-of-plane sulphur atoms. This raises the question of the
existence of superconductors that have BiS planes without
BiS, layers. Some p, participation is involved in the slight
puckering of the BiS planes, inducing a clear distortion
(along z) of the LDOS.

The lanthanide bands are at least 3eV below and 0.5eV
above the Fermi level. The Fermi surface is robust to lanthanide

substitution and to the change of U between 3eV and 7eV.
There is no difference in the density of states at the Fermi
energy between compounds, the lanthanides’ bands being far
from the Fermi level, as expected, because of the strong cor-
relation of the 4f electrons. The extra electrons remain in the
lanthanide bands and away from the Fermi level, hence the
change of lanthanide has almost no effect. The Fermi surface
is almost identical in the four cases, and does not seem to be
responsible for the substantial change observed in T, nor does
the band structure as a whole.

3.2. Magnetic order

We considered the magnetic properties of the doped com-
pounds. They each have two Ln atoms per unit cell. We com-
pared the total energies of the ferromagnetic configuration,
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Table 3. Orbitals occupied by the 4f electron in each
praseodymium atom in the unit cell of PrOg sF( sBiS, in the four
configurations FM1, FM2, AF1 and AF2.

4f occupations
1st Pr atom 2nd Pr atom
1st 2nd 1st 2nd
Configuration electron electron electron electron
Fl 4féyzz—yrz 4féyzz—xr2 4f5yzz—xr2 4'féyz2—yr2
and and
4fx3—3xy2 4fy373x2_v
F2 4]&‘«"1 4féyzz—yr2 4féyzz—xr2 4'féyz2—yr2
and and
4fy3 —3x% 4'fy3 —3x%y
AF1 4fiye Afsy 22 Az 4fs2_ 2
and and
4f 3 32 4f 3 32
AF2 4ny2' 4féyzz—xr2 4}%}%2,”2 4féyzz—yr2
and and
4f 3 352 4f3_ 32,

Note: The labelling order of the praseodymium atoms and electrons is
arbitrary.

Table 4. Total energies of the various magnetic configurations
obtained for PrOg sFy sBiS, with respect to the total energy of F1.

Configuration Total energy (eV)
F1 0

F2 0.094527

AF1 0.092904

AF2 —0.000248

where the spins of the two atoms are aligned, and of the only
antiferromagnetic configuration available in one unit cell,
where the spins of the two atoms are antialigned.

Bulk cerium, praseodymium and neodymium have respec-
tively one, three and four 4f electrons per atom. The two-
electrons difference between Ce and Pr is due to the fact that
bulk cerium has one electron in a 5d band, whereas bulk pra-
seodymium and neodymium have not. However when we place
these elements in the compounds considered here, each atom
of these species has one 5d electron, thereby restoring the
sequence. As expected the 4f electrons are polarised and the 5d
are not. The spin polarisation Ny, — Nyown is therefore 1, 2 and
3 electrons for the Ce, Pr and Nd atoms in their respective com-
pounds. The 5d electron is unpolarised and strongly hybridised
with other bands (figure 3).

These compounds share the space group P4/nmm. The lan-
thanide atoms are on the sites (1/4,1/4,7) and (3/4,3/4,— z).
These have a 4mm symmetry. Hence the sites have the point
group Cy,. The nearest neighbours of the lanthanide atoms are
4 oxygen atoms. As a way of characterising the 4f orbitals in
this environment, we treat the Ln and the 4 O atoms as a mol-
ecule and look for the symmetries of the molecular orbitals
for bonding in that molecule. Finally, we obtain that all the 4f
orbitals are allowed by symmetry to hybridise with the oxygen

atoms, except the 4, »
below.

_ 2 orbital, but it is never occupied, see

3.2.1. CeOp5FosBiS,. In the cerium compound we find two
different competing states which are quasi-degenerate in
energy. It does not make sense for us to try to establish which
one is favoured since either state appears in the calculations
under very slight changes of the technical parameters, even
for very tightly converged settings (see the methods section).

In the ferromagnetic configuration, calculations always
converge on the same state which we call state F. But in the
antiferromagnetic configuration, calculations converge on two
different states, state AF1 and state AF2. They differ by the 4f
orbital chosen by the 4f electrons in the Ce atoms. The orbital
occupations of the 4f electron are summarised in table 1. The
total energy of state AF2 is higher than the one of state F,
while the total energy of state AF1 is lower than the one of
state F (table 2). Therefore we obtain two competing states,
F and AF1.

In state AF1 the spin—spin interaction is weak, with a slight
tendency for them to order antiferromagnetically, as mani-
fested by the energy difference with respect to ferromagnetic
order of 12 meV per cell. In state F the ferromagnetic order is
more substantially favoured, by 111 meV per cell.

The band structures and density of states for states AF1
and AF2 are plotted in figure 5. The bands are very similar,
and quite indistinguishable around the Fermi level. The only
difference is that in state AF2 the bands around the peak in 4f
density of states are slightly higher than in state AF1. However,
the projected density of states on the different f-orbitals clearly
show the change of orbital character of the 4f electron.

The ferromagnetic state is compatible with experimental
observations of ferromagnetism in this compound at low
temperature. The presence of the weak antiferromagnetic state
suggests that this system may be close to an antiferromagnetic
instability associated to a change of orbital for the 4f electron,
which would suggest possibly interesting phenomena associ-
ated with this coupling between spin ordering and choice of
orbital.

3.2.2. PrOgsFosBiS,. A similar instability is observed in the
Pr compound, in which each praseodymium atom has two
electrons in the 4f shell. We obtain an effective degeneracy
between two states for both the ferromagnetic (states F1 and
F2) and the antiferromagnetic (states AF1 and AF2) configu-
rations. In all cases the spin polarisation is 2 electrons on each
atom. The two states on which each configuration converges
only differ by the orbital occupations of the 4f electrons of
the praseodymium atoms. The orbital occupations of the 4f
electron are summarised in table 3.

For the same input parameters we obtain either F1 and AF1
or F2 and AF2. Therefore for a given set of parameters we
obtain two energy differences, AF1-F1 and AF2-F2. These are
92.9 meV in favor of ferromagnetism and 94.8 meV in favor
of antiferromagnetism, hence we obtain two competing states,
AF2 and F1 (table 4).

The Pr compound has therefore two competing states, with
very close energies. Both display magnetic ordering, with a
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Figure 7. Pressure / U phase diagram of CeOBIiS,.

strength very close to the one in CeOysFysBiS,, one ferro-
magnetic and the other antiferromagnetic.

3.2.3. NdOg5F(5BiS,. Inthis case we find a single ferromagn-
etic state and a single antiferromagnetic one. We obtain
a difference between the two spin states of 3.3 meV favour-
ing antiferromagnetic order. This is very small, indeed it is
two orders of magnitude lower than the difference in favor of
ferromagnetism in the cerium compound. It is therefore likely
that the magnetic order in this material will arise at temper-
atures much lower than the Curie temperature of the order of
1 K measured in the cerium compound.

The presence of an instability in the cerium and praseo-
dymium doped compounds is consistent with the well known
valence fluctuation phenomenon which has been studied
in other compounds containing these two atoms [50, 51].

To the knowledge of the authors, no neodymium compound
exhibits this phenomenon, which is in line with its absence in
NdOg 5F 5BiS,.

The results discussed above for the three compounds do
not change qualitatively with the choice of U value, as shown
in figure 6, where the energy difference between the antifer-
romagnetic and the ferromagnetic configurations are shown
for the three compounds. Calculating the total energy of other
magnetic configurations using a larger unit cell has been
attempted but definite conclusions could not be achieved,
partly because of the described instabilities.

3.3. CeOBiS, under pressure

Finally, we consider the effect of pressure on CeOBiS,.
Without electron doping the system is insulating with the BiS
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Figure 8. Band structure (left) and density of states projected onto the basis orbitals for Bi (red), S (green), Ce (blue), and O (lilac) (right)

for CeOBiS; under 10 GPa. We use U = 5 and spin polarisation.

bands clearly above the Fermi level. The question is whether
pressure can close that gap. The band structure of CeOBiS,
has been calculated with respect to pressure and U (figures 7
and 8). At ambient pressure, the system is insulating. When
pressure increases, the gap closes and some band cross the
Fermi level. The transition pressure varies with U, from
1.2 GPa for U =3eV to 17.5 GPa for U = 7eV. The bands
crossing the Fermi level are not only the BiS bands: other
bands are crossing. These are cerium bands, hybridised with
oxygen and sulphur bands. Indeed, the main effect of pressure
is to raise the cerium oxide bands which in turn dope the BiS
bands. This effect is similar to the stoichiometric doping of
the BiS bands by the sulphur dimers bands in Bi;O,S; [3].
The contribution of the oxygen and sulphur bands decreases
with pressure but remains substantial, as can be seen in the
density of states. The composition of the BiS bands does not
change with pressure, it is always dominated by the same
Bi 6p and S 3p states. Finally, the conduction band is nar-
rowed whereas the valence band is slightly widened with
pressure. Detailed plots of the band structures and densities
of states, and crystal structures obtained are available in the
supplementary material.

The insulating state at ambient pressure is consistent with
the fact that no superconductivity has been observed in this
compound. It shows that there should be a insulator-metal
transition under pressure, which also could be superconducting
at low temperature. The transition pressures obtained have
rather large uncertainties given that they have been obtained
through DFT-GGA (with its well-known bad gap problem),
but we can still conclude that it seems likely the transition
temperature could be reachable by commonly known tech-
niques. Of course, this pressure also depends heavily on the U
parameter relevant for the compound.

The type of ‘doping’ involved is different from the fluorine
type. Indeed, here pressure brings the valence and the con-
duction bands together until they cross. Pressure has opposite

effects on the valence and conduction bands: the conduc-
tion band is narrowed and its composition does not change,
whereas the valence band is widened and its hybridisation
with oxygen and sulphur orbitals is decreased.

4. Conclusion

We calculated the band structure of the four doped compounds
and showed that the change of rare earth does not affect the
Fermi surface. We calculated the local density of states, which
clearly indicates that the conduction electrons are confined to
the bismuth-sulphur planes.

We calculated the difference in energy between the two
possible magnetic configurations one can obtain in one unit
cell of LnO;_,FBiS, (Ln = Ce, Pr, and Nd). We demon-
strated that CeOy sF(sBiS, has competing ferromagnetic and
weak antiferromagnetic tendencies. The first case corresponds
to experimental results. PrOg sFy sBiS, has a strong tendency
to order, which could be ferromagnetically or antiferromagn-
etically depending on subtle differences in 4f orbital occupa-
tions. NdOy 5F sBiS, has a stable weakly antiferromagnetic
competing state.

Finally, we did predict that applying pressure to CeOBiS,
would make it metallic, and possibly superconducting,
through raising the cerium oxide bands. This type of doping
of the BiS bands has not been investigated in the BiS, family
so far and could have novel properties.
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