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Abstract. Strontium titanate, SrTiOz (STO), is an interesting material for both fundamental studies
and technological applications. Modifications of the atomic and crystal structure by doping, e.g. replacing
titanium with niobium atoms, and by strain, i.e. by growing STO on a different substrate such as lanthanum
aluminate, LaAlO3 (LAO), have been proposed to tune the STO electronic, optical and transport properties
for applications. Here we report the results of ab initio density-functional theory (DFT) simulations of both
strain and Nb-doping effects, independently and joint, on the STO crystal structure. We found that the
DFT energy differences among the three commonly observed STO crystal structures, Pm3m, P4/mmm,
and I4/mem, are very small, <2.6 X 10~* Ry, so that the ground-state cannot be determined unambiguously
at this level of theory and physics. Our calculations show that an in-plane strain, at least at the level of
only —0.4% as observed in STO on LAO, does not lead to the expected increase in ¢ toward tetragonal
symmetry, where c is the length of the cell axis perpendicular to the plane. Instead, ¢ also is reduced and
the cubic symmetry tends to be restored. Nb doping, even at the maximum experimental level of 3.7%, does
not have significant effects on lattice parameters. The latter result is confirmed also under the presence of

strain, so we could not find any crossed effect of strain and doping.

1 Introduction

The perovskite-type SrTiOs (STO) is a system which has
attracted considerable interest both for being a model
transition-metal oxide to study and understand funda-
mental physics [1-4], and also for the use of its electronic,
optical and transport properties in technological appli-
cations, for example in the development of new devices
[5]. STO heterostructures with other oxides, in particular
combining STO with LaAlO3 (LAO), has also been found
to present surprising effects [6—10], like magnetotransport
occurring at the STO/LAO interface [6], though the most
investigated property is the electrical conductance [7-11]
for its relevance in devices.

Fundamental in technological applications is the abil-
ity to control and tune material properties. Strain of the
atomic structure, as by growing STO on a different sub-
strate, is one possibility: it can induce modifications in the
crystal structure with consequences on electronic, optical,
and transport properties. LAO is again the most common
choice for a substrate to STO, the LAO induced strain dis-
tribution has been investigated on samples grown under
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special conditions [12]. The relationship between strain
and phase transitions has also been investigated in STO
samples grown on a buffer layer of StTRuOj3 [13]. The anal-
ysis has been pushed up to study the relation between
strain and thermoelectric [14] or electronic [15] properties,
though the investigated tensile and compressive strains
were of the order of 1%, so beyond the possibility to
effectively grow the corresponding samples.

Doping is another way to control and tune STO prop-
erties. The effects of doping, as by replacing titanium
by niobium atoms, on the thermoelectric performance
of SrTi;_,Nb,O3 (SNTO) were experimentally [16,17]
and theoretically investigated [18], though in the latter
a too high, x = 12.5%, doping level was considered. Other
studies have evidenced the role played by the localized
d-electrons in excitons, with important correlation effects
on electronic, optical, and transport properties [19-22].
From the structural point of view there are also SNTO
studies on dislocations [23], on the crystal homogene-
ity [24], and finally on defects and their influence on
magnetotransport properties [25].

This work is an ab initio density-functional theory
(DFT) study of the effects on the STO crystal structure
of the application of a biaxial strain to simulate STO thin
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films grown on a different substrate like LAO. At the same
time, we also study the effects of doping by niobium, as
in SNTO, both independently and jointly with strain. We
consider realistic values for both strain, e.g. —0.4866% for
STO on LAO [26], and also doping, achieving down the
level of x = 3.7%, much closer to realistic values though
requiring a more important computational effort. In order
to understand our results and have comparison terms, we
first studied the pristine bulk most common crystal struc-
tures, i.e. cubic Pm3m, tetragonal P4/mmm, and finally
I4/mem, for unstrained and undoped STO, as well as for
the doping diagram opposite side, STNbO3 (SNO).

2 Method

We have performed ab initio DFT calculations of the
STO crystal structure under different conditions by an all-
electron full-potential linearized augmented plane-wave
(AE-FP-LAPW) method, as implemented in the Wien2K
code [27]. It is important to say that the differences among
the total energies of the three STO crystal structures we
considered here are of the order of 0.1 mRy and can
achieve even 107?mRy (0.1meV). A recent work com-
paring the maximum accuracy achieved by DFT methods
[28] has clarified that only AE-FP-LAPW methods can
achieve such accuracies, and the accuracy reduces when
passing to PAW, USPP and at last NCPP methods as
shown in its Figure 4. When changing pseudopotential,
the total energy can change by one meV or more. So that,
in cases where the difference between two crystal struc-
tures is less than this, it is better to always check the result
by using AE-FP-LAPW methods. Because of this, all the
results quoted here refer to the AE-FP-LAPW approach,
and so are free from possible bias by different choices of
pseudopotentials and can be used as reference for other
calculations.

The local density approximation (LDA) [29] has been
employed in all calculations, but some structural effects
were double checked with the Perdew-Burke-Ernzerhof
(PBE) [30] generalized-gradient approximation (GGA).

Since the explicit inclusion of the substrate layer in our
model would make the calculations intractable, we have
simulated the strain in STO thin films grown on a differ-
ent substrate by forcing the a in plane lattice parameter
of the bulk STO structure to assume reduced values, while
relaxing all the other parameters of the crystal structure.
A very accurate experiment [26] have measured the reduc-
tion of the a parameter to be —0.4866% for STO grown
on LAO. In other words, in our model, the structural
effects of the substrate on the STO thin layer will be
represented by the corresponding in plane strain value,
that is —0.4866% for STO grown on LAO. On the other
hand the doping was simulated as in the real situation,
by replacing one Ti atom by one Nb in larger cells, up to
the 3 x 3 x 3 supercell, such as to approach the maximum
available experimental doping levels (2 ~ 3%).

The ranges of the main input parameters employed in
our calculations are shown in Table 1, where RMT-X
stands for the “muffin-tin” radius of the corresponding
“X” element, RKax is the product between the smallest
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Table 1. Ranges for the main input parameters. See text
for details.

Parameter Minimum  Maximum
RMT-Sr (Bohr) 1.80 2.50
RMT-Nb (Bohr) 1.63 1.89
RMT-Ti (Bohr) 1.57 1.85
RMT-O (Bohr) 1.42 1.71
RKmax 7.0 7.5
N 4 30
Ecut (Ry) —6.0 —6.0

atomic muffin-tin radius and the magnitude of the largest
K vector of the plane-wave basis set, IV} is the number
of inequivalent k-points in the irreducible wedge of the
Brillouin zone, and FE.y; is the energy that separates core
and valence electronic states. All our calculated relaxed
lattice parameters are converged to less than 0.1%.

3 Results

3.1 Unstrained and undoped SrTiO3 and SrNbO3

The crystal structure of StNbO3 (SNO) is known to be
cubic [31]. However, in order to have comparable results
between STO and SNO, for both we optimize the cells cor-
responding to the Pm3m, P4/mmm, and I4/mcm space
groups. The main purpose to study SNO is to get some
insights on the structural effects of the Nb doping on the
STO atomic structure.

In Table 2 we show our LDA results, both energies
and lattice parameters, for the three different crystal
symmetries for both STO and SNO. We also show the
corresponding heats of formation calculated at ambient
pressure and taking the cubic phase as the energy origin.
One can see that the cubic crystal structure is clearly the
lowest energy for SNO. On the other hand, in the case of
STO and despite reducing the energy convergence crite-
rion to 107° Ry, one cannot unambiguously state which
crystal structure is the most stable. However, the ener-
gies are equal within the assumed convergence error, and
the optimized structural parameters for the P4/mmm
STO cell are practically the same as that obtained for
the Pm3m structure. So that we can state that both opti-
mization processes lead to the same cell. In the case of
the I4/mem space group, the unit cell parameter a (zy

plane) must be divided by v/2 and ¢ (z axis) by 2 in order
to compare them with the other cells results. This means
that we have an effective a = 7.319 Bohr and an effec-
tive ¢ = 7.317 Bohr, a little bit farther from the STO
cubic result. Starting from the I4/mem structure, cell
optimization tends to revoke TiOg octahedra rotations,
thus leading to the P4/mmm space group where octahe-
dra are aligned. To a lesser extent, cell optimization also
tends to nullify the ¢ and a lattice parameter difference,
thus leading the tetragonal to the cubic symmetry. We can
conclude that our calculations provide the cubic Pm3m
as the most stable structure. This behavior was double
checked using LDA and GGA PBE. Our results are in
agreement with the experiment for bulk SNO, but not for
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Table 2. Optimized LDA structural parameters in atomic units (Bohr) and the corresponding energies (Ry) and
heats of formation (cal/mol) of the three different phases analyzed here for STO (top panel) and SNO (bottom panel).

Space group a (Bohr) ¢ (Bohr) Energy (Ry) Heat of formation (cal/mol)
STO
Pm3m 7.297 —17012.04506 0
P4/mmm 7.300 7.292 —17012.04507 -3
I4/mem 10.350 14.633 —17012.04481 78
SNO
Pm3m 7.552 —28869.5500 0
P4/mmm 7.595 7.411 —28869.5442 1819
I4/mem 10.688  15.116 —28868.9462 189318
Table 3. Cubic (Pm3m space group) a lattice parameter ' ‘ '
in Bohr, for both STO and SNO. We report the theoretical ~__ 0.010}
relaxed LDA and GGA PBE lattice parameters, as well &
as the experimentally measured [26,31]. -
810.005
a (Bohr) STO SNO 4
LDA 7.297  7.552 w
EXP 7.379 7.604 0.000f T
PBE 7.457 70 71 72 73 74 75 76 17 78
"Equivalent” c parameter (Bohr)
Fig. 1. Total energy versus the lattice parameter ¢ for the

bulk STO where it is experimentally known that the most
stable cell (the low temperature phase) is the I4/mem one
[26]. We believe that this disagreement may be a manifes-
tation of the Jahn-Teller effect [32], that favors a structure
distortion and reduces the symmetry of the ground state
crystal cell. In this case, neither LDA nor GGA-PBE were
able to capture this well knonw but small effect.

Finally, the comparison between the STO and SNO
cubic cells (Tab. 3) shows that the a parameter is almost
3.5% larger in SNO than in STO. This is an expected
result since the Nb atom is bigger than the Ti one. Hence,
some distortion in the STO lattice should occur when it
is doped with Nb. Indeed, experimental results show this
behavior in solid solution samples with LAO substrate,
but only for Nb concentrations higher than 50% [33]. It
is important to say that, in this work, we did not analyze
solid solutions, but single crystal SNTO samples grown on
LAO substrates.

3.2 Strain effects

The explicit inclusion of the substrate would require the
inclusion of a number of substrate layers sufficient to
achieve LAO bulk properties, which means large super-
cells and a non-linear increase in the computational cost.
This is needed if the purpose is to study the STO/LAO
interface and the associated physics. Since here we are
not interested in interface physics and we just want to
study the effect of the LAO substrate on the STO crys-
tal structure, with possible consequences on the electronic
properties, we only take into account the LAO substrate
biaxial strain effect on STO and do not include any
LAO layer in the simulation. Therefore we have per-
formed simulations of the LAO effect on STO by imposing
a —0.4866% reduction on the STO a lattice parameter
as measured experimentally [26]. Notice that, in order

I4/mem SrTiOs cell including in plane strain and using the
LDA (circles) and GGA PBE (triangles) exchange-correlation
approximations. The continuous lines represent Murnaghan
fits to find the minima. The a parameter is fixed and taken at
the bulk unstrained value reduced by a —0.4866% to account
for the LAO substrate. The ¢ parameter refers not to the
I4/mem, but to the conventional tetragonal P4/mmm cell.
The energy origin was redefined for clarity. The fitted curves
show the following optimized ¢ values: 7.291 Bohr (LDA) and
7.450 Bohr (GGA PBE).

to simulate an effective strain, the reduction has to be
applied not on the experimental, and rather on the the-
oretical relaxed a values which depends on the DFT
functional (LDA or PBE) used. Hence, the reduction was
applied on top of the LDA bulk relaxed a, which, as usual,
underestimates the experimental value, and on top of the
GGA PBE a, which, on the other side, overestimates it
(Tab. 3). Notice that the strain reduction is smaller than
the lattice parameter difference between LDA and PBE.
So, the strategy to perform calculations in both LDA and
GGA allows us to validate strain effects and behaviors
that are only checked by both approximations. The calcu-
lations were performed starting from the I4/mcm crystal
structure. The a lattice parameter was kept fixed at the
strained value and we performed a dozen calculations
exploring different ¢ values. In each calculation we started
from a I4/mem atomic structure with rotated TiOg octa-
hedra and we let relax the octahedra angles (6) and all
I4/mem internal atomic parameters.

In Figure 1 we show the total energy versus the c lat-
tice parameter for strained STO I4/mem cells for both
LDA (left curve) and GGA (right). We also show the
Murnaghan fitting curves which have a good overlap with
the calculated total energy points, confirming the validity
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and reliability of our results and conclusions. In princi-
ple, when shrinking a one would expect a proportional
stretch of ¢ so to conserve the cell volume at first order.
In contrast, our results show that this is not the case for
strained STO. We rather found a shrinking of ¢ as well.
And this is confirmed by LDA and GGA calculations. We
found ¢ = 7.291 Bohr in LDA and ¢ = 7.450 Bohr in GGA
PBE, to be compared with the corresponding unstrained
bulk values (Tab. 2 for LDA). The shrinking found on
c is smaller than the shrinking imposed on a. Moreover,
also in presence of strain the relaxation of internal atomic
parameters leads TiOg octahedra to realign, that is the
rotation angle 6 tends to zero. This behavior was observed
in both LDA and GGA calculations, and in all the range
of ¢ parameters we have explored.

In conclusion, we can claim that a biaxial strain induced
by the LAO substrate on the STO a parameter, has
not the expected effects on the STO crystal structure:
it does not enforce tetragonality, that is an increase of c,
and rather it tries to restore the cubic Pm3m symmetry
by both reducing ¢ and also realigning TiOg octahedra
towards the 8§ — 0 value of the more symmetric space
groups.

We have here to mention a work by Lebedev using
the Pseudopotentials method [34] which analyzed tensile
strain effects on STO, finding a rich evolution of its crys-
tal symmetry. However, he/she explored a range of strains
different from that one addressed here.

3.3 Nb doping effects

We remind that for bulk STO we have not found the crys-
tal structure I4/mem more stable than the cubic. This
is more so for SNO. Moreover, the SNO cubic phase is
experimentally stable at ambient and even low tempera-
ture. So, it is reasonable to expect that doping STO by
Nb cannot affect the STO Pm3m versus 14/mem phase
stability order. For this reason, Nb doping effects were
simulated by building STO cubic supercells and replacing
one Ti atom by a Nb one. It is important to realize that
the Ti atom occupy the vertice sites of the cubic STO cell.
This means that no matter what Ti atom we change by
Nb, there will not be artifacts created by the Nb position.
This is also valid in the case of the tetragonal STO cells.
We typically used a 3 x 3 x 3 STO supercell that contains
27 elementary STO cells. In this supercell we replaced one
of the 27 Ti atoms by one Nb atom, getting a Nb-doping
level of x = 1/27 ~ 3.7%. Here, it is important to stress
that this means a real calculation on the SrNb,Ti;_,0O3
system, which is the most realistic simulation of doping,
much better than taking an elementary cell of STO and
simply adding/removing extra electrons.

In Figure 2 we show both the LDA and GGA optimiza-
tion of the lattice parameter a referred to the conventional
1 x 1 x 1 cell but, of course, carried on in the super-
cell geometry. Under Nb doping one can notice a small
increase in the lattice parameter with respect to undoped
STO (compare Tabs. 3 and 4). The increase is 0.18% in
LDA, and slightly smaller, 0.15%, in GGA. We compare
this with the increase of the lattice parameter of 3.5%
when passing from pure STO to SNO (Tab. 3). So, under
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0.06 T

o
o
=

Energy (Ry)

730 7.40 750
"Equivalent" a parameter (Bohr)

Fig. 2. Total energy versus lattice a parameter for 3.7% Nb-
doped SrNbyg.o37Ti0.96303 cubic cell using the LDA (circles)
and GGA PBE (triangles) exchange-correlation approxima-
tions. The continuous line represent a Murnaghan fit to find
the minima. The energy origin was redefined for clarity. The a
parameter refers not to the supercell, but to the simple cell.

Table 4. Lattice a parameter (Bohr) for cubic Nb-doped
STO at the level of 3.7% and 12.5% in LDA and GGA
PBE approximations. The a parameter refers not to the
supercell, but to the simple 1 x 1 x 1 cell.

SNTO relaxed a (Bohr)

Nb doping 3.7% 12.5%
LDA 7.310 7.331
PBE 7.468

a level of an already high 3.7% Nb doping (though still in
the range of real samples), we found an expected increase
of the crystal cell, but not so significant as we hoped.
We also tried a 2 x 2 x 2 supercell, corresponding to an
Nb doping of 12.5% much higher than the experimentally
synthetized samples, and we found an increase of the a
parameter of 0.47%. This is a more consistent modifica-
tion of the crystal structure, but unfortunately at a level
of doping which might not be any more of interest for
technological applications.

3.4 Crossed strain and doping effects

Our last task was to check crossed strain and doping
effects. Again, for the considerations discussed above and
the results we have already found separately for strain and
Nb-doping, it is reasonable to expect that the joint effect
of strain and Nb doping cannot introduce TiOg octahedra
rotation and favor the I4/mem crystal structure. Indeed,
we have carefully investigated the possibility of octahe-
dra rotation in between bulk unstrained and strained
pure STO. This because the energy difference between
the three crystal structures, namely I4/mcem, Pm3m and
P4/mmm, is very small in pure STO (see Tab. 2). This is
not the case in SNO where the octahedra rotated 14/mcem
structure is much higher in energy, and so strongly unfa-
vored (see, again, Tab. 2). Hence, we expect that the
doping of STO by replacement one Ti by one Nb atom,
has the effect to further unfavor octahedra rotation, as it
happens in SNO. Consequently, for joint Nb-doped and
strained STO, we excluded the I4/mem crystal structure
from our simulations. Nevertheless, we build for this case
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0.08f
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= 0.06f
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>
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e
c
LuOAOQ-
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7.15 7.20 7.25 7.30 7.35 7.40 7.45
"Equivalent" c parameter (Bohr)
Fig. 3. Total energy versus lattice ¢ parameter for

SrNbo.037Ti0.96303 tetragonal cell including in plane strain
and using the LDA exchange-correlation approximation. The
continuous line is the Murnaghan fit to get the minimum.
The a parameter is fixed to the optimized cubic cell value
decreased by the experimental factor —0.4866%. The energy
origin was redefined for clarity. The ¢ parameter refers not to
the supercell, but to the simple tetragonal cell.

Table 5. Lattice ¢ parameter (Bohr) for 3.7% Nb-doped
and —0.4866% LAO-strained STO. The lattice parameter
refers not to the supercell, but to the simple 1 x 1 x 1 cell.

SNTO (3.7% Nb) on LAO  Relaxed ¢ (Bohr)
LDA 7.324

tetragonal supercells, using the experimentally measured
relative value (—0.4866% [26]) to strain the theoretical
relaxed a, letting c to relax, so to minimize the total
energy. We again refer to the 3 x 3 x 3 STO supercell
corresponding to SrNbg 037 Tig.96303 and 3.7% Nb doping
level.

In Figure 3 we report a structural optimization simi-
lar to Figure 2 for the doped and unstrained case, but
this time the total energy is plot as a function of the
c lattice parameter, being a fixed to the experimentally
measured strain. Our calculations give for the optimized
¢ an expected increase (Tab. 5). The optimized value is
0.19% greater than the lattice parameter for the doped-
only SrNby 037 Tin.96303 cubic system (Tab. 4). As already
observed in the strain-only case, an increase of almost 1%
in ¢ is needed to conserve the volume of the unstrained
cubic SrNbyg 037Tig.96303. The observed increase in ¢ is
again much less than expected. Even comparing with the
the optimized Pm3m STO cell, the ¢ parameter increase
is negligible (smaller than 0.4%).

We can say in conclusion that, even when taken
together, LAO strain and Nb doping do not affect con-
siderably the STO crystal structure, so to alter sensibly
its properties.

4 Conclusions

We presented a theoretical study of the biaxial in-plane
compressive substrate strain and Nb-doping effects on
the STO crystal structure. We simulated both strain and
doping levels that are experimentally considered. More
specifically, we considered an in-plane cell parameter with
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—0.4866% strain, as experimentally measured for STO
grown on a LAO substrate. By using a direct supercell
approach, we brute-force simulated a 3.7% Nb doping
level which is an experimental reached value. The strain
and doping effects were investigated both separately and
jointly.

Our results show that both Nb-doping and strain have
negligible effects on the STO crystal structure. Even when
considered jointly, the effects are smaller than expected.
The effects start to be considerable only at the level of
12.5% Nb doping, well beyond the range of experimentally
considered dopings.

Here, we would like to highlight that despite the fact
that changing the substrate material and / or doping
element would mean simple changes of input param-
eters in our calculations, the so far obtained results,
which show that noticeable effects demand experimentally
unreachable values for strain and doping, do not justify
the computational cost required to perform an exten-
sive mapping of different substrate materials and doping
elements.

In conclusion, from one side our work shows that dop-
ing and strain have weak tuning effects on STO. From
the positive side, there is plenty of room for experimental
manipulation of SNTO structures without destroying its
thermoelectric properties and quantum transport.
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