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Octahedral distortions in SrNbOj3: Unraveling the structure-property relation
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Strontium niobate has triggered a lot of interest as a transparent conductor and as a possible realization
of a correlated Dirac semimetal. Using the lattice parameters as a tunable knob, the energy landscape of
octahedral tilting was mapped using density functional theory calculations. We find that biaxial compressive
strain induces tilting around the out-of-plane axis, while tensile strain induces tilting around the two in-plane

axes. The two competing distorted structures for compressive strain show semi-Dirac dispersions above the
Fermi level in their electronic structure. Our density functional theory calculations combined with dynamical
mean field theory reveal that dynamical correlations downshift these semi-Dirac-like cones towards the Fermi
energy. More generally, our study reveals that the competition between the in-phase and out-of-phase tilting
in StNbOj; provides a new degree of freedom that allows for tuning the thermoelectric and optical properties.
We show how the tilt angle and mode are reflected in the behavior of the Seebeck coefficient and the plasma

frequency due to changes in the band structure.
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I. INTRODUCTION

The perovskite (oxide) structure, ABOs, is a versatile struc-
ture relevant in many existing and emerging applications [1]
including piezoelectricity [2], thermoelectricity [3], oxygen
separation, and solid oxide fuel cells [4]. It is also a plat-
form where the coupling of charge, spin, and orbital degrees
of freedom takes place, giving rise to numerous materials
with interesting electronic and magnetic properties such as
superconductivity [5], colossal magnetoresistance [6], metal-
insulator transitions [7,8], and more recently the realization of
correlated Dirac semimetallic states [9].

One possible way of changing the properties of perovskite
oxides is to apply strain to the crystal [10,11]. This can be
achieved by epitaxial growth of films on substrates with dif-
ferent lattice parameters. The lattice mismatch between the
substrate and the film will induce strain in the system. The
compression (tension) induced by the substrate will shrink
(expand) the in-plane B-O bond length from its equilibrium
value. As a response, the oxygen ions can displace and alter
the B-O-B bond angle and bond lengths, and in this way
relieve stress. This displacement will be referred to as octa-
hedral tilt or octahedral rotation, and it is visualized in Fig. 1.
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Strontium niobate, StNbQOs, is a conducting perovskite ox-
ide that has gained interest in recent years [9,12—14]. StNbO3
has a larger lattice parameter in comparison to the prototypical
SrTiO;3, i.e., 4.023 and 3.905 A, respectively [12]. Park et al.
investigated STNbO3 as a potential transparent conductor due
to its large gap between the (filled) conduction and valence
states [14]. The energy gap between the valence-band maxi-
mum and the conduction-band minimum is ~2.3 eV, predicted
with density functional theory in Ref. [14]. Further interest has
been related to the emerging Dirac states in heavily strained
SrNbO; thin films. Both theoretical and experimental work
suggests that light electrons emerge in strained STNbO; films
due to the induced octahedral tilting [9].

Yet, there has been no systematic investigation of the
atomic and electronic structure of SrNbO; under biaxial
stress, e.g., found in epitaxial thin films, especially includ-
ing octahedral tilting. Theoretical calculations provide a fast
and unique way to investigate the local distortions, which
are difficult to access using experimental techniques [15].
This has been shown to be important for explaining metal-
insulator behavior in 3d perovskite oxides using standard
density functional theory (DFT) methods [16]. Distortions
such as octahedral tilting alter the electronic configuration,
specifically the orbital overlaps and bandwidths, W. The ra-
tio between the interelectronic Coulomb interaction and the
bandwidth, U/W, describes the strength of the electron cor-
relation. Furthermore, a large ratio can result in a localization
of the electrons, i.e., U/W governs the Mott metal-insulator
transition [17]. Hence, the electrical properties are dependent
on the bandwidth, which is connected to distortions such as
octahedral tilting. Similarly, there is a connection between the
bandwidth and the optical response of a material. The plasma
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FIG. 1. Illustration of different octahedral tilting modes. The left
column shows a%a’a® (no tilt), the middle column shows a’a®c™
(out-of-phase tilting), and the right column shows a’a’c* (in-phase
tilting). The upper (lower) row shows the structures in the xy-plane
(zx-plane). In the SrNbOj; structure, the octahedra are formed by

oxygen (red) centered around niobium atoms. The green spheres
correspond to strontium atoms.

N

frequency that governs the optical response can be written as
w, = e+/n/(m*e), with e being the elemental charge, n is the
carrier concentration, m* is the effective mass, and ¢ is the per-
mittivity [13,18]. The plasma frequency is then related to the
bandwidth through the effective mass m* o 1/W. Therefore,
areduction of the bandwidth (or increase in effective mass) re-
sults in a redshift of the plasma frequency. Due to the connec-
tion between atomic structure and electrical and optical prop-
erties discussed here, it is worthwhile to consider the influence
of octahedral tilting on the material properties of STNbO;.

In this study, we first address the atomic and electronic
structure for StNbO3 as a function of epitaxial strain using
DFT. Since SrTiO; is a very common substrate for grow-
ing perovskite oxides and has been investigated extensively
before, we used it as a reference for all calculations. Both
compressive and tensile biaxial strain is considered, and the
applied strain is always in the (001)-plane of SrTiO; and
SrNbO;s. Different octahedral tilts have been investigated with
respect to the imposed strain, and the stabilization of the
different octahedral tilts with respect to doping was analyzed.
Furthermore, we investigate how the excitation spectra and
degree of electronic correlations of StNbO; evolve as a func-
tion of octahedral tilting. The Seebeck coefficient and the
optical loss function have been studied for relevant octahedral
tilting modes and angles. We aimed at establishing a complete
picture of octahedral tilting in StNbO; for various strains.

II. COMPUTATIONAL METHODS

Density functional theory (DFT) [19] was used to
investigate the atomic and electronic structures of SrNbOj
(and SrTiO3). Our DFT calculations were performed using
the exchange-correlation functional PBEsol, and projector
augmented wave (PAW) potentials [20,21] as implemented
in Vienna Ab initio Simulation Package (VASP) [22]. The

PBEsol functional was chosen due to its ability to predict
accurate lattice parameters as pointed out in Refs. [23,24].
The total energies were calculated with I'-centered k-point
meshes 8 x 8 x 8 and 4 x 4 x 4 for the primitive (5-atom)
cell and 2 x 2 x 2 (40-atom) supercell, respectively. The self-
consistent loops were converged below 1 x 107%eV and the
plane-wave energy cutoff was set to 550 eV. A force tolerance
of 0.01eV/A was set during the relaxations. Octahedral tilts
were introduced to the 2 x 2 x 2 supercells by moving the
oxygen ions according to § = tan (6)(a/2), where § is the
displacement due to a rotation and a/2 is the B-O distance,
expressed by the lattice parameter, a. A rotation around, e.g.,
the z-axis would result in a shift =6 in x for the oxygen ions
on the y-axis, and vice versa. The sign alternates between each
adjacent octahedra in the xy-plane (and also between each
layer in the z-direction for out-of-phase tilting). The space
groups of the tilted structures were checked using spglib [25].

Using the DFT obtained relaxed structures, we performed
DFT plus dynamical mean field theory (DMFT) calculations
at 200K for StNbO; using the state-of-the-art fully charge
self-consistent implementation [26]. The DFT part was done
within the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation (PBE-GGA) [27] as implemented in the WIEN2K
package [28]. Within our implementation, we take into ac-
count all the itinerant and correlated states (Nb-,,) within a
large energy window (20 eV) around the chemical potential.
This is done using a projector that preserves both causality
and spectral weight as proposed in Ref. [26]. The DMFT im-
purity problem was solved by using continuous-time quantum
Monte Carlo (CTQMC) calculations [29], with a Hubbard
U =6.0eV and Hund’s coupling J = 0.8eV. These values
are chosen since they are similar to the ones used in previ-
ously published DFT+DMEFT studies of StNbO3 [13,14]. To
compute the spectral functions, we performed the analytical
continuation of the self-energy using the maximum entropy
method [26].

The Seebeck coefficient was predicted within the constant
relaxation-time approximation employing BOLTZTRAP2 [30].
This was done using a charge density calculated with a k-point
density corresponding to 15 x 15 x 15 for the 5-atom cubic
unit cell. Non-self-consistent calculations were performed us-
ing a k-point mesh of 50 x 50 x 50 for the 5-atom cubic unit
cell. The electronic states were then interpolated on a grid 15
times as dense using BOLTZTRAP2. The temperature was set
to 300 K.

The complex dielectric function was calculated using the
independent-particle random phase approximation (RPA) as
implemented in VASP. This implies that the excitations are
assumed to be independent, given by the bare Kohn-Sham
band structure and neglect of the local field effects [31].
A phenomenological Drude term was added to model the
contribution of intraband transitions; see Appendix B. The
imaginary part was set to 0.3 eV, which creates good agree-
ment with experimental loss functions in Ref. [18].

III. RESULTS AND DISCUSSIONS

A. Energy landscape of octahedral tilts

The lattice parameters for varying degrees of biax-
ial strain were calculated for SrNbO;. This was done
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FIG. 2. Energy landscapes of octahedral tilting in StNbO; under different amounts of biaxial strain. The energy shown is the difference
in total internal energy between the tilted structure and untilted structure. The middle plot is the case of no biaxial strain. Compressive strain
stabilizes the tilts around the out-of-plane axis, while tensile strain leads to preferred rotations around the in-plane axes. The in-phase tilt

0.0

a’a’ct is found to have the largest energy gain in compressively strained STNbOs.

using the high-symmetry 5-atom unit cells, i.e., excluding
any symmetry-breaking octahedral tilting. The relative
difference, (aprr — dexp)/dexp» was ~ — 0.15% for lgnstrained
SrNbO;3. Here, appr = 4.0182 A and ae,p, = 4.023 A [12] are
the predicted and experimental unstrained lattice parameters,
respectively. A table of the relaxed out-of-plane lattice param-
eters for different biaxial strains between —3% and +3% can
be found in Appendix A. These lattice parameters were fixed
throughout the rest of the study.

Using the calculated lattice parameters, we predicted the
energy landscapes of the octahedral tilting for varying degrees
of strain. In the case of unstrained SrNbO; (and SrTiOj3)
the following pure octahedral tilts were investigated (using
Glazer’s notation [32]): a%a’c—, a®a®ct, a®b~b—, abtht,
a~a"a", and atata®. Combined in-phase and out-of-phase
tilts were also sampled, e.g., ata~a*, a~a~a*, and a®h~b*.
The letters a, b, and ¢ correspond to the rotation angles around
the x, y, and z axis, respectively, and the +/— signs denote
in-phase and out-of-phase rotation between two adjacent oc-
tahedra; see Fig. 1. The superscript 0 denotes that no rotation
is performed around that Cartesian axis. For the strained sys-
tems, we examined octahedral tilts around both the in-plane
and out-of-plane axes, since they are no longer symmetrically
equivalent. These calculations were performed on fixed tilts,
i.e., for each structure the energy was only evaluated once
(self-consistently) without any update of the atomic positions.
In this work, we generally did not consider tilts with differ-
ent angles around different axes, i.e., it is assumed that the
rotation angles are the same around all axes (except if one
or more is zero). However, since neutron diffraction studies of
SrNbO; have shown indications of the a~a~¢™ tilt mode [33],
this mode was investigated additionally. To check if a~a~c™
is preferred over a~a~a't, we varied the rotation angles 6,
and 0. for a~a™c". The energy was never below the a”a~a™
mode with tilt angle 4°, i.e., a”a"c¢* is not preferred over

a~a~a’. However, since the energy landscape of unstrained
SrNbOj; is rather shallow, it is possible that STNbO; might
condense into any of the competing modes, including more
general modes such as a~a~ c¢* with different rotation angles
around the different axes. Furthermore, the stability of aa’c*
and a’a’c™ was confirmed in the case of compressive strain
by including a small rotation around the x and the y axis.
Minimizing the ionic forces led to a suppression of these
rotations, which suggests that the lowest energies are in fact
found for systems with rotation only around the out-of-plane
axis in the case of compressive strain.

Figure 2 shows the total internal energy landscapes for
different octahedral tilts in STNbO; under varying degrees
of strain. The reference energy is the total internal energy
of the untilted structures, so that the energy goes to zero at
zero tilt angle (each strain has its own reference energy). For
unstrained StNbQOs, all octahedral tilts show an energy reduc-
tion, including the in-phase tilting modes. This is not the case
for the unstrained SrTiO; (see Fig. 3 or Appendix F). This
is a notable feature, since the in-phase tilting is rare in oxide
perovskites [34]. Furthermore, the energy gain is larger than in
SrTiO; and the optimal tilt angles are also slightly larger. For
—2% strained SINbO; (SrTiO3) the aa®c¢~ tilt mode shows
a gain of ~50meV f.u.”! (30 meV f.u.~!) compared to the
untilted phase, and the optimal tilt angle is ~9° (7.5°). The
complete data set for SrTiO3; and SrNbO; with additional
strain values can be found in Appendix F.

By biaxially compressing the oxides (while relaxing the
out-of-plane lattice parameter) the B-O bond length in the
octahedral structure is contracted in-plane and extended out-
of-plane. As a result, the oxygen network is distorted by
octahedral tilting. This phenomenon can be seen in the left
plot in Fig. 2, where the crystals are biaxially strained by
—2% (with the out-of-plane lattice parameters relaxed; further
details are given in Table I in Appendix A). The key messages
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FIG. 3. Optimal tilt angles for StNbO; and SrTiO; with varying biaxial strain. A plus (minus) sign means that the a’a’c* (aa’c™) tilt

mode is lowest in energy, i.e., for SINbOj; the a’a’c™ mode is lowest in energy under compressive strain. The circle marker denotes the a~a~¢
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tilting mode, which is the stable tilt under tensile strain. For 0% we include multiple data points, since the energies are very similar and it helps
with understanding the limit from compressive to unstrained and tensile to unstrained.

are (i) due to the tetragonality, octahedral tilting is preferred
around the (longer) out-of-plane axis, (ii) tilts around one and
two axes are no longer degenerate (likely due to competition
between B-O and A-O bond lengths, e.g., the A-O bond length
is shorter for a®h~b~ than a’a’c~ and the B-O bond lengths
are only slightly longer for a®5~b~ than a®a’c™), and (iii)
in-phase tilts are energetically favorable for strained StNbO3,
in contrast to SrTiO3 where out-of-phase tilting is favorable.
The energy gain for in-phase tilting relative to out-of-phase
tilting in SrNbOj increases with larger biaxial compressive
strain; see Appendix F. This behavior is interesting, because
perovskite oxides typically show preference for out-of-phase
tilting [34]. Furthermore, in a recent study where SrNbOj
thin film was grown on SrTiOs3, x-ray diffraction experiments
suggested that the a®a’c™ tilting mode is stabilized under
compressive strain [9].

Biaxial tensile stress elongates the lattice in-plane while
the lattice contracts out-of-plane; see Table I. The resulting
energy landscapes with respect to octahedral tilting for +-2%
biaxially strained StNbO; is shown in Fig. 2. The calculated
wells are quite shallow compared to the case of compres-
sive strain; instead their depths are similar to the unstrained
case. During tensile strain, the two in-plane lattice parameters
are found to increase and the out-of-plane lattice parameter
decreases. Therefore, oxygen octahedral tilting can only al-
leviate stress in one direction (out-of-plane) by octahedral
rotation around the two in-plane axes. In other words, tensile
biaxial strain leads to octahedral tilting around the in-plane
axes, in contrast with compressive biaxial strain, which leads
to tilting around the out-of-plane axis, in agreement with
investigations of other perovskite oxides [35,36]. Due to the
small energy gains observed here for tensile strained STINbO3,
the possibility of stabilizing octahedral tilting by tensile strain
is quite small, especially at elevated temperatures.

The overall optimal tilt modes and their magnitudes are
shown in Fig. 3. Here we include SrTiO3 as a reference. It
is seen that the octahedral tilting is energetically more stable
in the case of STINbOj than for the case of SrTiO3 (see also

Appendix F). The optimal tilt angles are ~25% larger in
SrNbO; than SrTiOs, which is true under compressive strain
and small tensile strains. For larger tensile strains, the two
materials show similar tilting behavior. It is interesting to note
that the trends are reversed in tensile strained SrNbOs; and
SrTiO;. Larger tensile strain is found to destabilize the tilting
(both smaller energy gains and rotation angles) in StNbOj.
The opposite is found in SrTiO3.

In perovskite oxides, out-of-phase tilting (or tilts with both
in-phase and out-of-phase components) is the most prevalent
tilting mode. Young and Rondinelli [34] studied bromide and
iodide perovskites and linked the octahedral tilt stability to
electrostatic interactions, bond valency sums of the A-site
ions, and charge distribution between the A-site ions and the
cations. Here, the A-site ions are not displaced during octa-
hedral tilting, hence the bond valency remains constant when
comparing out-of-phase (a’a’c™) and in-phase (a’a’c™) tilts.
This is because the bond valency is a function of the nearest-
neighbor distances only.

To understand what stabilizes the in-phase tilt in STINbO3
and SrTiO;, we controlled the doping by creating holes in
SrNbO; and adding electrons in the case of SrTiO3;. We added
(or removed) charge in steps of 0.25 electrons per formula unit
up to 1 electron per formula unit. This was achieved using
the background charge method, which allows for modeling of
doping without having to introduce impurities by the use of
supercells. Charge neutrality is kept by the introduction of a
homogeneous background charge. While this method has its
flaws, such as inaccurate lattice relaxations [37], it allows us to
get some insight into the stability of tilting without more elab-
orate calculations. The lattice is kept fixed while analyzing
the influence of doping, and only the oxygen ions are dis-
placed. Additional electrons can increase the energy gain by
octahedral tilting in SrTiO3, as indicated in Ref. [38]. Hence,
octahedral tilting is stabilized with the addition of electrons
in SrTiOs. Uchida et al. [38] attribute the stabilization of the
tilting to the increase in size of the Ti ion, hence decreasing
the Goldschmidt factor. The Goldschmidt tolerance factor,
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points, for the different tilting modes can be found in Appendix C.

t =(ra+ro)/ [ﬁ(rg + ro)], where r; denotes the ionic ra-
dius of ion i, indicates the stability of octahedral distortions
in perovskite oxides [39]. In the following, we will focus only
on —2% strained system since it is a relevant strain observed
in thin films. The resulting energy landscapes are shown in
Fig. 10 in Appendix D. By analyzing both the a’a’c~ and
the aac tilting modes, it is evident that including electrons
reduces the energy difference between the two tilt modes. To
the best of our knowledge, this has not been considered in
earlier works. On the contrary, introducing holes to StNbOj3
is found to destabilize the two tilt modes. Here, as in the case
of SrTiO3, changing the number of electrons (by addition of
holes) also changes the energy difference between the two tilt
modes. Interestingly, there is a critical point at which a®a’c™
is stabilized over a’a’c* in StNbO; (see Fig. 10). Adding 0.5
holes per formula unit, i.e., 0.5 holes per Nb ion, to STNbO3
makes the two tilt modes almost degenerate with a slight
preference for a®a’c™ over a%a’ct.

This suggests that the stability of the out-of-phase (a®a’c™)
and in-phase (a’a’c™*) tilting modes is connected to the num-
ber of electrons and the size of the A ion (e.g., Nb and Ti).
Further investigations by doping with different ion sizes could
benefit our understanding of the stability of the various tilting
modes in more complex scenarios. These results also suggest
that the so-called rigid-band assumption should be used with
caution for perovskites. In other words, it is possible that
electron doping affects the octahedral tilting stability, hence
the assumption that doping can be captured by a simple shift
of Fermi level is questionable. In summary, these predictions
suggest that it is possible to tune the stability of octahedral
tilting by doping and/or gating.

The effect of dynamical correlations on the octahedral
tilting was briefly investigated by calculating the total energy
landscape of —2% strained StNbO;3 using DFT+DMFT. We
note that the free energy and total energy landscapes are very
similar, and therefore we focus only on the latter. Here, we

¢~ and at X as well as along M-T" for a’a’c™. The I'-point ,, split is sensitive to the tilting mode. For
, the 1, states are degenerate at I'. The degeneracy is lifted for a’a’c~ and a’a’c*. The Brillouin zones, with sampled high-symmetry

limited ourselves to a’a’c™ and aa’c*. The total energy
landscapes are qualitatively similar to the ones predicted using
DFT, i.e., both tilt modes show stabilization and a®a®c™ is
preferred over a’a’c~. However, the energy gains and optimal
tilt angles are larger for DFT4+DMFT compared to DFT. The
a’a’ct mode shows an energy gain of ~100 meV f.u.~! with
a tilt angle of ~10° within the DFT+DMFT framework. This
is a substantial increase compared to DFT, and it is something
to consider in future work related to octahedral tilting in
oxides. However, since the qualitative trends are similar, we
do not consider this further in this work.

B. Effects of tilt and strain on band structure
and spectral function

We then moved over to the electronic structure of STNbOs.
The electronic band structure of SrNbO; was studied with
different octahedral tiltings. Here, we focus on a®a®¢~ and
a’a’c* since they are both stabilized under compressive bi-
axial strain. The reference in these cases was the untilted
(@®aa®) SINbO:;.

In Fig. 4 the conduction bands for unstrained StNbO;3 are
shown for different octahedral tilts. The band structures are
calculated along high-symmetry points of the first Brillouin
zone for the different crystals (see Appendix C for Brillouin
zones). Here, the rotation angle is set to 6°, which is close to
the minima for a®a°c~ and a®a’c* in the unstrained case. The
untilted system shows the heavy and light bands which origi-
nate from the f,,-like niobium orbitals. Since the tilts require
repetitions of the minimal unit cell, there are additional bands
in a’a’c~ and a%a’c*. The out-of-phase tilt a®a’c~ shows a
semi-Dirac point at P, in agreement with Ref. [9]. This tilt
mode has been further investigated theoretically illustrating
the tunability of the Berry phase and the anomalous Hall
coefficient [40]. A similar dispersion is found at the X -point in

a’a’c*, albeit at a substantially higher energy. Both tilt modes
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create by, splitting at the T'-point, however for a®a’c~ with 6°
rotation angle the splitting is quite small. The in-phase tilt
a’a’ct shows a gap opening at the X-point slightly above
the Fermi level. The band velocities are low at the bottom
of the conduction bands and higher near the Fermi level,
as can be seen from the slope of the bands (fivx = Jkek).
Moreover, the bands near the Dirac points show both mobile
and slow carriers, as indicated by the slopes of the bands. As
an example, the states from P to X show high velocities, while
the opposite is true for the states from P towards N in the case
of a%a’c~.

The qualitative picture of the band structure is rather sim-
ilar for compressively strained StNbOj (see Appendix G).
There are, however, a few noteworthy changes. Straining in-
troduces 1, splitting in the untilted system, due to a symmetry
lowering from cubic to tetragonal. Inclusion of octahedral
tilting further splits the #,, states. For —2% strained SrNbO3,
the split is ~0.15 and 0.3 eV for a®a’c™ and a’a’c™*, respec-
tively, both with a 9° tilt angle. By examining the splitting
for different strain-tilt combinations, it is observed that the
large 1,, splitting in strained STNbO3 originates from both the
strain alone and from the increase in tilt angle with strain.
The 1, splitting at the I" point can be found in Appendix E.
As an example, the 1, splitting in —1% strained a’a’a® is
~0.05 eV and is of similar magnitude to the splitting in
unstrained a®a’c™ with a 6° tilt angle. Furthermore, the Dirac
point at P is shifted closer to the Fermi level for a’a’c~ with
compressive strain, while the gapping at X is larger in the
case of —2% strained a’a’c* with a 9° rotation angle than
unstrained a’a’c* with 6°. The increase in the gap at X is
dominated by the enhancement of the tilt angle with strain,
i.e., the gap is not so sensitive to the strain alone. We speculate
that it in fact may be the #,, splitting that stabilizes the a’act
tilt mode by decreasing the lowest conduction-band energies
at the I"-point and creating a gap at X, compared to the other
modes; see Fig. 4.

In Fig. 5, we present the DFT+DMFT obtained spec-
tral functions. As can be noticed, the dynamical correlations
downshift the Dirac-like points toward the Fermi level. The
P and N crossing points exhibited in the a®a’c™ structure
are ~0.25 and 0.55eV above the Fermi energy, compared to
0.30 and 0.75 eV, respectively, in the DFT band structure. Fur-
thermore, we observe an additional crossing point at 0.27 eV
along I'-X in a®a’c™* structure. The Dirac point between M-T"
appears around 0.15eV.

Overall, these findings indicate that the interplay of lat-
tice distortions and electronic correlations is a key factor
for the topology properties of strained SrNbOs; thin films.
This analysis also illustrates the tunability of the electronic
states in SrNbO; with biaxial compressive strain. The tun-
ability has two components: there is an effect from straining
alone, but also an effect from the tilt that is induced by the
strain. Furthermore, since the stability of the octahedral tilting
modes seems to be connected to the number of electrons,
it could also act as a turning knob for the atomic structure
and hence electronic structure in addition to a shift of Fermi
level.

C. Seebeck coefficient and optical properties

We further investigated the influence of the octahedral
tilting on the Seebeck coefficient. The Seebeck coefficient
was selected as a useful probe of the electronic structure of
the material. In comparison to the conductivity or mobility,
the Seebeck coefficient is less sensitive to the scattering rate.
Specifically, in the constant relaxation-time approximation,
the Seebeck coefficient is independent of the scattering rate
[30]. Therefore, changes in the band structure could have
an effect on the Seebeck coefficient, which could act as a
fingerprint for the octahedral tilting. In Fig. 6, the in-plane
(i.e., xx = yy component) Seebeck coefficient is shown for
the two tilts as a function of octahedral rotation angle. The
results are shown for unstrained StNbOj3 at a temperature of
300 K. The qualitative trends are the same for —2% strained
SrNbO3. Below ~ — 100 meV all configurations show a nega-
tive Seebeck coefficient lower than —5 uV K~!, corresponding
to n-type transport. The typical Seebeck coefficients for met-
als or heavily doped semiconductors are +10 uV K~! [41].
Interestingly, near the Fermi level and slightly above, the
Seebeck coefficient varies and can even become positive when
octahedral tilting is included. Furthermore, this behavior is
different for a®a’c~ and a’a’c™. The positive values occur at
lower energies for a’a’c™ than a®a®c~. In the case of a®a’c™
there is also a sharp decrease in the Seebeck coefficient after
the increase with higher chemical potential. These features
can be connected to the band crossings in Fig. 4. The semi-
Dirac point at P coincides with the first Seebeck peak in the
case of a’a’c~. Similarly, in the case of a’a’c* the first peak
coincides with the gapped bands at X and the cluster of bands
along M-T". The sign of the Seebeck coefficient is sensitive to
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FIG. 6. Influence of octahedral tilting on the optical loss function (top left and bottom left) and on the room-temperature in-plane Seebeck
coefficient (top right) in unstrained StNbOj3. The black lines correspond to the response of untilted STNbOs. In the upper left (lower left) figure,
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almost constant peak position for a’a’c. Due to the (avoided) band crossings related to octahedral tilting, the Seebeck coefficient shows sign

changes over a small range of chemical potentials.

the character of the dispersion, such as nonparabolic features
and band crossings, as indicated in Ref. [42] for graphene.
This highlights the difference between the effects of strain
and octahedral tilting, since strain alone does not create new
features such as band crossings and gapping near the Fermi
level. The Seebeck values are, of course, small, i.e., not rele-
vant for thermoelectric generator purposes, but they could be
valuable as fingerprints of octahedral tilting. Measurements of
the Seebeck coefficient, with varying gate voltage, of StTNbO3
could be used as an indirect probe of the electronic structure.
Abrupt sign changes, with respect to chemical potential, could
be used as a fingerprint of octahedral tilting and an indication
of change in the topology of the bands, compared to the bands
of untilted SrNbOj3 that show a much flatter change in Seebeck
with respect to chemical potential.

We then examined the optical properties of StNbOj for
different octahedral tilting by calculating the optical loss func-
tion. The optical loss function, which describes the interaction
between electromagnetic fields and matter, is an indirect probe
of the electronic states. The optical loss function can be
written as LF(w) = —Im{e(q — 0, )~'}, where the optical
limit ¢ — 0 of the dielectric function, €(w), results in no
momentum transfer between the applied field and the elec-
trons. The loss function exhibits a peak when the real part of
the dielectric function changes sign (a slight energy shift can
occur due to the frequency-dependent imaginary part). There-
fore, the loss function peak position is a good indication of
the plasma frequency defined by Re{e(w,)} = 0. The optical
loss functions given by the independent-particle random phase

approximation are shown in Fig. 6 for unstrained SrNbOj.
Both xx and zz components of the loss functions are shown.
A clear loss peak is observed in the visible regime for each
tilt configuration, in agreement with Refs. [14,18]. Therefore,
the plasma frequencies are in the visible regime. Increasing
the rotation angle in a®a’c™ decreases the peak height for
the xx and zz components. Furthermore, there is a redshift of
the peak (and hence plasma frequency) of the xx component,
while this is not true for the zz component. Contrary to this,
the peak height seems not to be sensitive to variations of the
a’a’c* rotation angle. There is also a redshift of the peak
and plasma frequency for a®a’c* with larger rotation angles
when the xx component is considered. The opposite is true in
the zz component, i.e., there is a blueshift of the plasma fre-
quency with respect to larger rotation angles for a’a’c*. For
smaller octahedral rotations, there is also a secondary peak
at ~2.75 eV. This peak has been connected to the excitations
from , to e, bands [13,14], and it is weakened with a larger
rotation angle, especially for the xx component. The peaks
vanish for large rotations for both a’a’c~ and a®a’c*. It has
been noted that the small peak is absent in experiments, while
it is present in DFT. This fits well with our predictions, since
octahedral tilting breaks the octahedral crystal field, i.e., the
te and e, states are altered by octahedral tilting. One should,
however, further analyze the transmission matrix elements
between these states, with various tilting, for a complete pic-
ture. To our knowledge, octahedral tilting was not included in
the DFT analysis by Park and co-workers [14]. It is possible
that the missing secondary peak in spectroscopic ellipsometry
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at room temperature is due to thermally fluctuating oxygen
ions in the STNbOj; rather than stabilization of a tilting mode.
Furthermore, it is possible that correlation effects, such as fi-
nite lifetimes and renormalization, could influence the details
of the optical response, including the peak at ~2.75 eV. In
any case, temperature-dependent spectroscopic ellipsometry
could be valuable for understanding the stabilization of the
octahedral tilting modes, given the strong signals due to tilting
predicted here and the energy scale involved, which is compa-
rable to the thermal energy.

The effect of biaxial strain on the optical properties of
SrNbO; (and other oxides) was investigated previously
by Paul and Birol [13]. They showed that the plasma
frequency is almost constant in zz, while there is a systematic
blueshift of the xx component with compressive strain.
Furthermore, Paul and Birol showed how renormalization of
the effective mass due to correlations can redshift the plasma
frequency according to the expression w, = es/n/(m*e).
Our predictions show that octahedral tilting could shift the
plasma frequency substantially (between 2.0 and 2.25 eV),
which could be interpreted as a mass renormalization, not
due to dynamic correlations but due to octahedral tilting.
Here, the sign (i.e., redshift or blueshift) is sensitive to what
octahedral tilting mode is present and which component of the
dielectric function one is sensing, i.e., xx or zz. This further
illustrates the need for systematic temperature-dependent
spectroscopic ellipsometry of SrNbO; under varying
strain.

The independent particle assumption used in the calcu-
lation of the dielectric function is relatively crude, but it
has been shown to qualitatively reproduce the experimental
plasmon peak in STNbO3; when intraband transitions are in-
cluded [43]. We modeled intraband transitions by using a
phenomenological Drude term (see Appendix B). Although
these calculations involve serious approximations, they in-
dicate how some typical experimental quantities can give a
fingerprint of the underlying octahedral tilting.

These observations call for further ab initio modeling of
SrNbO3 (and other perovskites), not only by assuming highly
symmetric unit cells, but also allowing for deviations from
highly symmetric cells by the use of supercells [15]. Further
investigations of the stabilization of octahedral tilting with re-
spect to strain under finite temperatures will be highly relevant
for application purposes. Our results show that octahedral tilt-
ing can have a significant effect on thermoelectric and optical
properties. The Seebeck coefficient exhibits sign changes due
to the new band features appearing from the octahedral tilting.
Moreover, the optical loss function peak position and plasma
frequency are tuneable by octahedral tilting over a range of
~100 nm in the visible regime. Therefore, octahedral tilting
should be considered when analyzing strained perovskite ox-
ides like STINbOj.

IV. CONCLUSIONS

A first-principles investigation of the atomic and electronic
structure of StNbO; under biaxial strain has been performed
with emphasis on the relation between octahedral tilting and
strain. This was done by using supercells to allow for the
symmetry-breaking octahedral tilting, while the biaxial strain

was applied in the (001) plane. By methodically sampling
different tilt modes and magnitudes, the optimal octahedral
tilting could be found for the different strain conditions. Com-
pressive (tensile) strain was found to induce octahedral tilting
around the out-of-plane (in-plane) axis. Interestingly, the in-
phase tilt a®a®c* was energetically favorable for SrNbO;
under compressive strain. This is in contrast to a®a®c,
which has been reported in a recent experimental study of
StNbO; [9]. The in-phase tilt, a’a’c*, shows larger 15, split-
ting compared to the out-of-phase tilt a’a’c~. The electronic
dispersion is also gapped slightly above the Fermi level at
the X -point, in the case of a’a’c*. DFT+DMFT calculations
show that the (avoided) band crossings due to octahedral
tilting are shifted towards the Fermi level by correlations,
hence making these points easier to reach experimentally. The
DFT+HDMFT calculations also suggest that octahedral tilting
could stabilize further due to electron correlations. The energy
gain due to tilting increased from ~60 to 100 meV f.u.”!
when going from DFT to DFT+DMFT. We note that the sta-
bilization and description of octahedral rotations in SrMoOs,
which is a correlated metal, were recently addressed by Ham-
pel and co-workers [44], where it was found that dynamic
electronic correlations are important for obtaining the cor-
rect ground state. Furthermore, the Seebeck coefficient shows
positive values slightly above the Fermi level for a®a’c™
and a’a’c*, as compared with the untilted SrNbO; that
only displays negative values. Interestingly, the tilts are dis-
tinguishable due to the difference in the required chemical
potential needed to observe positive values of the Seebeck
coefficient. The peak in the optical loss function shows tun-
ability with respect to octahedral tilting. Furthermore, the
trends in peak position (and hence plasma frequency) and
heights are different for the two tilts. We also show that the
small feature around 2.75 eV is sensitive to octahedral tilting,
which could explain the absence of this peak in experiments;
see Ref. [14].

With the recent interest in STNbO3 we hope to give guid-
ance for how the octahedral tilting behaves in the material but
also suggest that tilting modes other than a%a’c~ should be
considered and investigated further in perovskite oxides. The
pronounced features in thermoelectric and optical properties
with respect to octahedral tilting could be used as an indica-
tion of tilting in StNbO3, and of the changes in the electronic
structure therein.
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TABLE 1. Predicted lattice parameters using PBEsol in units
of A. In the strained cases, the relaxed out-of-plane parameter is
presented.

Biaxial strain (%) SrNbO; SrTiO;
-3.0 4.095 3.974
-2.0 4.073 3.947
-1.0 4.047 3.922
-0.5 4.033 3.910
0.0 4.018 3.896
+0.5 4.007 3.887
+1.0 3.997 3.876
+2.0 3.979 3.855
+3.0 3.964 3.836

APPENDIX A: LATTICE PARAMETERS
FOR A 5-ATOM CELL

The equilibrium lattice parameters were calculated for
SrNbO; and SrTiOs; with varying degrees of biaxial strain.
This was done using the high-symmetry 5-atom unit cells. The
objective is to find lattice parameters that can be used for all
the following DFT calculations. For biaxial strain, the lattice
parameters are given by a = b = ag(e + 1), where ag = by is
the relaxed unstrained lattice parameter and € is the biaxial
strain. The results are shown in Table I.

As expected, the lattice parameter of SrNbOj; is substan-
tially larger than that of SrTiO3 [12]. Our predicted unstrained
lattice parameters were 3.8958 and 4.0182 A, which is in
excellent agreement with the experimental values 3.905 and
4.023 A for the titanate and niobate, respectively [12]. The
difference between our predicted unstrained lattice parameter
and the literature value is —0.009 and —0.005 A for SrTiO3
and SrNbOs, respectively. In the following, the lattice parame-
ters presented in Table I are kept fixed for a given strain value.

APPENDIX B: DRUDE TERM
FOR INTRABAND TRANSITIONS

A phenomenological Drude intraband term was included
in the calculation of the dielectric function:

(@) = €1 (0) 4 ie%) (@), (B1)
A
I~
\\
k\\~\\\\\\\1\\\\\\\\
........... X
/ M ------------------ *

FIG. 7. BZ for a°a®a°.

FIG. 8. BZ for a®a’c™.

where the real and imaginary parts are given by

2

w” .
(1) p,intra
€ =1-—— B2
(@) = 1= (2)
2
Y,
) _ p.intra
Eimra(w)_ 0)3+a)]/2. (B3)

Here w) inira is the intraband plasma frequency [46] and y =
0.3 eV is the inverse lifetime chosen in this work to reproduce
the broadening in Ref. [18].

APPENDIX C: FIRST BRILLOUIN ZONE
FOR DIFFERENT TILTS

In Figs. 7-9 the first Brillouin zones of a%a®a®, a®al¢,

and a’a’c* are shown. Note that the coordinate systems for
the tilted structures are rotated 45° around the z-axis of the
untilted structure.

APPENDIX D: STABILITY OF TILTS WITH CHARGE

The effect of electron (hole) doping on the tilting stability
is presented in Fig. 10.
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FIG. 9. BZ for a®a’c.
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FIG. 10. Effect of electron (hole) doping on tilting stability of SrTiO; (StNbO3) under —2° biaxial strain. SrTiO; to the left and StNbO; to
the right. The darkest purple lines correspond to undoped systems, and lighter lines correspond to more electrons (or holes). Adding electrons
to SrTiO; causes the two tilt modes to stabilize. Furthermore, the addition of an electron reduces the difference in energy between in-phase and
out-of-phase tilting. STNbO; shows destabilization of tilts with the addition of holes. For STNbOj; there is a critical point at which the optimal
tilt transitions from in-phase to out-of-phase.

APPENDIX E: #,, SPLITTING MAP APPENDIX F: ALL OCTAHEDRAL TILTS

A map of the 1, splitting can be found in Fig. 11. Figures 12 and 13 show the energy landscapes for the
octahedral tilt modes in STNbO3 and SrTiO3 over a wide range
of strain values.
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FIG. 11. Splitting between the 1,, orbitals at I'. Circles denote untilted, plus signs denote a’a’c™, and minus signs denote a’a’c™.
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FIG. 13. Octahedral tilting for SINbO; and SrTiO; under various strains.
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FIG. 14. Map of the band structure of StNbOj; for different tilt angles under compressive strain.

APPENDIX G: ALL BAND STRUCTURES

A map of the band structure of STNbO3 for various strains can be found in Fig. 14. Both in-phase and out-of-phase tilting
modes are shown.
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