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1.  Introduction

Ferroelectrics are an important class of insulating materials 
with a spontaneous polarization, which can be switched by an 
external electric field [1]. Usually, as temperature is lowered, 
a material can transition from a paraelectric to a ferroelectric 
phase, with an accompanying loss of inversion symmetry. In 
a seminal paper, Anderson and Blount proposed that a similar 
continuous structural phase transition can occur in metallic 
systems [2]. Motivated by their proposal, several materials 
including V3Si [3, 4], Nb3Sn [3], and Cd2Re2O7 [5, 6], were 
investigated as potential candidates. A clear example of such 
a ‘polar metal’ was demonstrated by Shi et al in a high-pres
sure-synthesized material lithium osmate, LiOsO3 [7].

Motivated by these discoveries, there have been several 
theoretical suggestions, employing first-principles calcul
ations, to design systems exhibiting a polar metal phase. These 
include cation ordered ruthenate oxide [8], as well as layered 
perovskites [9, 10]. Furthermore, it has been suggested that 

polar metals could be used for potential applications, such 
as creating a Mott multiferroic [11] and as electrodes in fer-
roelectric nanocapacitors [12]. In addition there have been 
notable advances on the experimental front. ‘Geometric 
design’ of such polar metal phases in thin film structures has 
been realized recently [13]. Guided by first-principles calcul
ations, Kim et  al found a polar metal phase in perovskite 
nickelates [13]. Very recently, Cao et al have demonstrated a 
two-dimensional variant of the polar metal phase in tri-color 
superlattices [14].

LiOsO3 undergoes a phase transition from a non-polar R3c 
structure to a polar R3c one (see figure 1) at a temperature of 
140  K [7]. This is a continuous transition analogous to the 
ferroelectric transitions in LiNbO3 and LiTaO3, which occur 
at significantly higher temperatures. LiOsO3 remains metallic 
across the transition, thus emerging as a prototypical polar 
metal. This discovery has led to a wide interest in under-
standing the properties of LiOsO3. The origin of the polar 
distortion has been theoretically investigated and has been 
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of electrostatic doping as well as supercell calculations, we find that screening from additional 
charge carriers, expected to suppress the polar distortions, have only a small effect on them. 
Rather remarkably, and in contrast to conventional ferroelectrics, the polar metal phase in 
LiOsO3 remains robust against charge doping up to large doping values.
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variously attributed to an A-site cation instability [15, 16] and 
an anisotropic unscreened Coulomb interaction [17]. Further, 
the role of electronic correlations in this system has also 
been studied [18, 19]. On the experimental side, the Raman 
phonons in LiOsO3 have been measured [20]. Temperature-
dependent second harmonic generation experiments have 
provided evidence for a continuous polar phase transition 
[21]. Very recently, a pressure-induced enhancement of the  
transition temperature has been reported [22].

Over the years, owing to rapid experimental developments, 
strain has emerged as a very useful tool to engineer and tune 
the properties of a wide variety of oxide materials [23, 24]. For 
instance, enhancement of ferroelectricity in barium titanate 
[25] and room-temperature ferroelectricity in quantum parae-
lectric strontium titanate [26] have been demonstrated using 
strain. Tuning the spin-lattice coupling by means of strain has 
also allowed engineering strong multiferroicity [27]. Charge 
doping of perovskite oxides, both by chemical and electro-
static means, is an indispensable approach to create new inter-
esting states. Electrostatic doping of insulating oxides, ranging 
from cuprates to quantum paraelectrics strontium titanate and 
potassium tantalate, has been used to engineer superconduc-
tivity [28–30]. Recently, chemical doping has been employed 
to create polar metal state starting from conventional ferro-
electric materials [31–33].

In this work, we demonstrate that the polar metal phase 
in the canonical Anderson–Blount material LiOsO3 can be 
controlled by biaxial strain. Based on first-principles density 
functional calculations, we show that a compressive biaxial 
strain enhances the stability of the polar R3c phase. On the 
other hand, a tensile biaxial strain favors the centrosymmetric 
R3c structure. Thus, strain emerges as a promising control 
parameter over polar metallicity in this material. Further, we 
uncover a strain-driven quantum phase transition at around 
2.5% tensile strain. We highlight intriguing properties that 
could emerge in the vicinity of this polar to non-polar metal 
transition. Next, we examine the effect of charge doping on 
the polar distortions in LiOsO3. By means of electrostatic 
doping and supercell calculations with O and Li vacancies, 
we find that screening from additional charge carriers, which 
are expected to suppress the polar distortions, have only a 
small effect on them. In contrast to conventional ferroelec-
trics, where charge doping suppresses ferroelectricity, we find 
that the polar metal phase in LiOsO3 remains robust against 
charge doping up to large doping values.

2.  Methods

Density functional theory calculations were carried out using 
the vienna ab initio simulation package (VASP) [34, 35]. 
We used the PBEsol functional, which is a revised Perdew–
Burk–Ernzerhof approximation to the exchange correlation 
functional, that is particularly suited for the description of 
lattice properties [36]. An energy cutoff of 500 eV was used. 
Biaxial strain was applied to the pseudo-cubic axes of the con-
ventional 30 atom cell. In this case the Brillouin zone was 
sampled using an 8 × 8 × 4 k-point grid. All structures were 

relaxed until the forces were less than 0.001 eV Å
−1

. Biaxial 
strain was imposed by fixing the in-plane lattice parameters, 
while allowing the out-of-plane lattice parameter and all 
internal coordinates to relax. For doping under electrostatic 
condiditons, we added extra charge (holes or electrons) to 
the primitive 10 atom unit cell. A compensating background 
charge was incorporated to maintain charge neutrality. We 
used a 12 × 12 × 12 k-point mesh. For supercell calculations, 
we used a 2 × 2 × 2 supercell comprising of 80 atoms. We 
removed either O or Li atoms to create structures with vacan-
cies, which were then relaxed till the forces were below the 
threshold of 0.001 eV ̊A

−1
. To compute the phonon properties, 

we used the frozen-phonon approach as implemented in the 
phonopy code [37].

3.  Results

3.1.  Control by strain

We begin by presenting the phonon frequencies in the R3c 
high symmetry phase. In the absence of strain we find that 
the A2u mode, which is the polar soft mode leading to the 
ferroelectric-like distortion, is unstable. The calculated fre-
quency is  −4.29 THz (here negative sign indicates an imagi-
nary frequency), which is in good agreement with previous 
calculations [15, 16]. First we consider the case of com-
pressive strain (indicated by negative values in figure 2(a)). 
Increasing values of compressive strain lead to the A2u mode 
becoming more unstable. The frequency reaches  −6.44 THz 
at strain values of  −3%. On the other hand, application of ten-
sile strain (positive values in figure 2(a)) leads to the oppo-
site behavior. The A2u mode becomes more stable, i.e. the  
frequency becomes less imaginary. At nearly 2.5% tensile 
strain we find a strain-driven quantum phase transition from 
a polar to a non-polar phase, at which point the A2u mode 
frequency is tuned to zero. Beyond this strain value LiOsO3 

Figure 1.  Crystal structure of LiOsO3. (a) The high symmetry, and 
(b) the low symmetry phases of LiOsO3. The green, gold and red 
spheres denote the Li, Os and O atoms, respectively. In the low 
symmetry phase the Li atoms are displaced from the high symmetry 
positions resulting in a polar structure.
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remains in the inversion symmetric structure down to zero 
temperature. To evaluate the structural stability under strain, 
we have also checked the full phonon spectra for the strained 
structures. We have checked the phonon dispersions including 
a Hubbard U term in our DFT calculations. The low frequency 
spectrum, and in particular the A2u mode frequency, remains 
practically unchanged.

Next, we freeze-in the A2u mode in the high symmetry 
structure while varying the phonon mode amplitude. The 
energy as a function of the mode amplitude is presented in fig-
ures 2(b) and (c) for compressive and tensile strains, respec-
tively. In the unstrained case, the energy gain on freezing-in 
the A2u mode is nearly 17 meV per formula unit. This value 
can be substantially enhanced by applying compressive strain 
and the energy gain reaches 79 meV per formula unit at 3% 
compressive strain. This energy difference is proportional to 
the transition temperature [38]. Therefore, we predict a sub-
stantial enhancement of the non-polar to polar metal transition 

temperature under compressive strain. In contrast, under ten-
sile strain we find that the energy gain by freezing-in the A2u 
mode is progressively reduced. Beyond nearly 2.5% tensile 
strain the minimum in energy is lost, signaling the suppres-
sion of the structural transition temperature to zero. This 
tuning with strain, which is a non-thermal control parameter, 
allows us to tune LiOsO3 through a quantum phase transition. 
At values of tensile strain higher than the critical value, the 
high symmetry structure remains more stable and there is no 
non-polar to polar structural transition with temperature. In 
recent work, Lu and Rondinelli have demonstrated a polar 
to non-polar transition in layered oxides by means of both 
compressive as well as tensile strains, focussing on insulating 
systems [39]. On the other hand, in the present case we find 
that only a tensile strain leads to a non-polar to polar trans
ition in a metallic system. To get an insight into the bonding 
we performed an analysis of the charge density with varying 
strain values as we show in figures 2(d)–(f). We note that the 

Figure 2.  Strain control over the polar metal phase. (a) The frequency of the polar soft mode (A2u) with varying biaxial strain. Here 
negative frequencies denote imaginary modes. Compressive strain makes LiOsO3 more unstable towards the A2u mode distortion. Tensile 
strain increases the frequency of this mode. A strain-driven quantum phase transition occurs at around 2.5% tensile strain, where the A2u 
mode becomes stable. The energy as a function of the polar mode amplitude at different values of (b) compressive, and (c) tensile biaxial 
strain. Energy gain associated with the polar distortion increases with increasing compressive strain. Increasing tensile strain reduces the 
depth of the energy well, eventually eliminating the minimum. Here u is the atomic mass unit. Charge density for structures at (d) 3% 
compressive strain, (e) zero strain and (f) 3% tensile strain. The asymmetry of charge density around the Li atoms increases with increasing 
compressive strain, while for increasing tensile strain the charge density becomes more symmetric, signaling a non-polar phase. An  
iso-surface value of 0.005 was chosen for all plots.
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asymmetry of charge density around the Li atoms increases 
with increasing compressive strain, while for increasing ten-
sile strain the charge density becomes more symmetric, sign-
aling a non-polar phase.

To check if any electronic transitions accompany our 
prediction of this strain tuning of the polar metal phase, we 
compute the density of states at different values of strain, as 
shown in figures 3(a) and (b). The system remains metallic at 
all strain values that we considered. In fact, the densities of 
states are almost identical at different strains. This confirms 
that the metallic nature of LiOsO3 remains robust under the 
application of strain. We further calculate the orbital occupa-
tions by integrating the charge density over the volume of a 
sphere, which is centered at the position of the ions. These 
are shown in figure 3(c) for Os d and O p  states. Both change 
by less than 1% with the applied biaxial strain. This is again 
indicative of the fact that in LiOsO3 the electronic structure is 
only marginally affected by strain.

Using different substrates to grow thin films of LiOsO3 
could be a potential way to apply tensile and compressive 
strains and experimentally pursue our predictions. Different 
oxide materials could prove to be useful in this regard. For 
instance, PbO2 and SiO2 could be used as substrates to apply 
compressive strains of 2% and 1.7%, respectively. On the 

other hand, ternary oxides CdMoO4, LiAlO2, CaWO4 and 
YAlO3 would yield tensile strain values of 1.9%, 2.1%, 2.6% 
and 3.5%, respectively.

A possible reason why a compressive strain favors the low 
symmetry R3c structure, while a tensile strain promotes the 
high symmetry R3c phase can be the volume effect, which has 
been very recently put forth by Paredes–Aulestia et al [22]. In 
a nice joint theoretical and experimental work, they showed 
that application of pressure enhances the structural transition 
temperature in LiOsO3. The low symmetry R3c structure has a 
lower volume than the high symmetry structure [7, 22]. Since, 
higher pressure favors the structure with lower volume, the 
transition temperature is enhanced with increasing pressure. 
To check if this idea is consistent with our findings under 
biaxial strain, we plot the volume of the cell with the applied 
biaxial strain in figure  3(d). We note that the relaxed cell 
volume is indeed smaller under compressive strain, in which 
case we find that the low symmetry R3c phase has enhanced 
stability. On the other hand, tensile strain leads to an enhanced 
volume, as well as an increased stability of the high symmetry 
R3c phase. Such a volume effect is therefore consistent with 
our findings under biaxial strain, and helps explain the rela-
tive stability of the two phases. We have checked that different 
functionals consistently show that the volume of the polar 

Figure 3.  Density of states, occupations and volume with varying strain. Energy dependence of the density of states (DOS) for different 
values of (a) compressive and (b) tensile biaxial strain. The Fermi level is located at zero energy. The system remains metallic for the strain 
values considered. (c) Occupation of Os d states (left axis) and O p  states (right axis). Both change by less than  ∼1% on applying strain. 
(d) Strain dependence of the unit cell volume. Compressive biaxial strain reduces the volume, while tensile biaxial strain increases the cell 
volume in a nearly linear manner. Note that the experimentally-measured volume of the low symmetry structure is less than that of the high 
symmetry one.
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phase is smaller than that of the non-polar one, consistent with 
the experimental reports. We note that in some LiNbO3-type 
materials, such as LiNbO3 and ZnSnO3, the volume of the 
polar phase is smaller than the non-polar phase. In these sys-
tems there are existing predictions, which await experimental 
confirmation, that a compressive strain should enhance sta-
bility of the polar structure [40]. This behaviour is in contrast 
to BaTiO3-type ferroelectrics where a compressive strain 
reduces the polarization.

3.2.  Robustness with doping

After examining the role of strain in the polar metal phase 
of LiOsO3, we next move on to study the effect of doping on 
this phase. Usually one expects addition of charge carriers to 
screen the dipolar interactions and thereby suppress the polar 
distortions. To investigate this effect in LiOsO3, we begin by 
calculating the full phonon spectrum in the high symmetry 
R3c structure under different charge doping conditions. We 
consider doping values of up to 0.5 electrons or holes per 
formula unit. The obtained phonon dispersions are presented 
in figures 4(a) and (b), with electron and hole doping, respec-
tively. The obtained phonon spectrum for the undoped case 
are in good agreement with previously calculated reports 
[15, 16]. Most noticably, we find that the instability of the 
A2u mode, and therefore the polar metal phase, remains robust 
with both electron and hole doping. At the maximum electron 

doping value considered (0.5 electrons per formula unit), the 
A2u mode frequency at the zone center becomes more imagi-
nary by nearly 13%. On the other hand, a hole doping of 0.5 
per formula unit results in the A2u mode frequency becoming 
less imaginary by approximately 6%. In both cases the polar 
mode remains unstable up to a substantial doping value of 0.5 
additional carriers per formula unit. We note that this is in 
sharp contrast to the case of prototypical ferroelectric BaTiO3, 
where a doping of 0.1 electrons per formula unit has been 
shown to be sufficient to completely eliminate the polar mode 
instability [41].

To further explore this robustness of the polar metal phase 
under charge doping, we next consider the low symmetry polar 
R3c structure. We relaxed the structure at the different values of 
charge doping up to 0.5 carriers per formula unit. The densities 
of states for electron and hole doping are shown in figures 5(a) 
and (b), respectively. Under the adopted electrostatic doping 
conditions, the doping essentially leads to a rigid shift of the 
Fermi level to accommodate the additional carriers. Atomic 
relaxations at different doping values have a negligible effect 
on other features of the densities of states. Since, the Li atoms 
are the lightest and therefore show the largest contribution to 
the polar distortion, we extract their Wyckoff positions for each 
of relaxed structures at different doping values. Note that in 
the high symmetry R3c structure this Wyckoff position takes 
the value 0.25 (corresponding to zero polar distortion). As 
shown in figures 5 (c) and (d), we find that both with electron 

Figure 4.  Charge doping dependence of the phonons in R3c structure. Phonon spectrum of the high symmetry R3c phase with (a) electron 
doping and (b) hole doping. Note that the negative values indicate imaginary phonon modes. The variation of the soft polar mode frequency 
at the zone center with (c) electron doping and (d) hole doping. Under both types of charge doping, the polar mode remains unstable.
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as well as hole doping Li Wyckoff position remains close the 
undoped value of 0.215, and therefore the structure remains 
polar. With electron doping of 0.5 electrons per formula unit 
the Li Wyckoff position decreases slightly to 0.210, while a 
hole doping of 0.5 results in a Li Wyckoff position of approxi-
mately 0.222. Overall this is a variation of less than 3% from 
the undoped value. We can conclude that the polar displace-
ments in LiOsO3 are remarkably robust with doping. This 
robustness to both electron and hole doping can be understood 
based on the decoupling of the itinerant electrons (Os d states) 
from the polar phonons (composed mainly of Li displace-
ments) which drive the polar metal transition as has been noted 
in the pioneering work of Anderson and Blount [2] and more 
recently by Puggioni and Rondinelli [8]. Upon both electron 
as well as hole doping, itinerant electrons lie in Os d states, 
which allows decoupling from the Li displacements driving the 
polar distortion. This may be the underlying reason for such a 
robustness of the polar metal phase in LiOsO3.

Until now we have simulated the effect of doping by adding 
electric charge (along with a compensating background) to the 
simulation cell. To further confirm our conclusions regarding 
the robustness of the polar metal phase, we carried out super-
cell calculations with O and Li vacancies. O vacancies lead to 
an electron doping, while Li vacancies result in a hole doping 
of the system. We constructed 2 × 2 × 2 supercells of the 
polar R3c structure comprising of 80 atoms in total. Then we 
removed either one O atom or one Li atom and the resulting 

structures are presented in figures  6(a) and (b). This yields 
an O vacancy concentration of approximately 2% (corre
sponding to 0.125 additional carriers per formula unit) and a 
Li vacancy concentration of nearly 12.5% (corresponding to 
0.0625 additional carriers per formula unit). We relaxed the 
obtained structures and extracted the fractional displacements 
of the Li atoms from their high symmetry positions. For refer-
ence we also extracted these for the case of no vacancy, i.e. no 
doping. The reference displacements are shown by blue lines 
in figures 6(c) and (d). Note that in the case of no vacancy all 
Li atoms are equivalent and therefore have the same fractional 
displacement with reference to the high symmetry structure. 
The displacements of the Li atoms with O or Li vacancies are 
shown by red lines. First consequence of creating vacancies is 
that there is now a structural symmetry breaking and different 
Li atoms are no longer equivalent. This inequivalence leads to 
different fractional displacements for different Li atoms. In the 
case of O vacancy, for a majority of the Li atoms the displace-
ment compared to the pristine case increases marginally by 
around 8%. In the case of Li vacancy, a majority number of Li 
atoms show a reduction in the polar displacement, which does 
not exceed approximately 14%. In both cases, all Li atoms 
display polar displacements. In summary, we note that in both 
cases of electron (O vacancy) and hole (Li vacancy) chemical 
doping, the polar displacements remain robust in agreement 
with our conclusions from electrostatic doping. Importantly, 
with an eye on experiments where samples inevitably have 

Figure 5.  Density of states and Li Wyckoff positions with electrostatic doping. Density of states of the low symmetry R3c phase with  
(a) electron doping and (b) hole doping. (c) Electron doping and (d) hole doping dependence of Li Wyckoff position in the low symmetry 
phase. Note that the Li Wyckoff position takes the value of 0.25 in the high symmetry R3c structure.
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vacancies, such charge doping defects should not suppress the 
polar metal phase in LiOsO3.

Here we have focussed on analysing the effect of oxygen 
and lithium vacancies on the charge doping. More generally, 
vacancies can introduce a variety of other important effects. 
For instance, vacancies can act as trapping centres for elec-
trons or holes, which can then be effectively tuned using 
strain [42]. Furthermore, vacancies can introduce magnetic 
moments and potentially lead to long-range magnetic order 
[43]. Vacancies can also have profound effects on trasport 
properties of materials. For example, O vacancies have been 
suggested to lead to n-type conductivity in zinc oxide [44]. 
It would be worthwhile exploring these and other intriguing 
effects associated with vacancies in more detail.

4.  Discussion

Our work highlights strain as a promising control parameter 
over the polar metal phase in LiOsO3, as well as the robust-
ness of this phase against charge doping. The tuning to a 
critical state between a polar and a non-polar metal under 
tensile strain is particularly exciting. In proximity to criti-
cality, materials tend to be susceptible to fluctuations and 
one expects intriguing phases to emerge [45]. Close to the 

critical value of strain LiOsO3 can be a promising ground 
to explore parity-breaking gyrotropic and multipolar orders 
[46]. Various properties, such as susceptibilty and transport 
observables, show anomalous behavior near critical points. 
Indeed, such an anomalous enhancement of thermopower has 
been reported in MoxNb1−xTe2 system tuned to the polar to 
non-polar phase boundary [47]. It would be exciting to per-
form similar experiments in LiOsO3 close to the critical strain 
value predicted by us. Recently, topological Dirac points 
and nodal rings have been revealed in LiOsO3 by means of 
density functional calculations [48]. Our results also suggest 
an experimentally-readily-accessible handle to control these 
topological semimetal features by using strain and tuning 
the Fermi level to the topological crossing points by charge 
doping. Strain may also be used to control the properties of 
ultrathin LiOsO3, which has recently been proposed to exhibit 
asymmetric hysteresis [49]. Interplay of charge doping and 
quantum confinement effects in ultrathin LiOsO3 could 
be worth investigating in future. It would be worthwhile to 
explore the role of strain in magnetically driven polar metals, 
one example of which has been very recently synthesized 
[50]. It would also be interesting to investigate whether the 
magnetic polar metals are robust to doping and how doping 
affects the magnetic order in these systems.

Figure 6.  Chemical doping with oxygen and lithium vacancies in R3c structure. (a) Electron doping induced by an O vacancy. The 
purple sphere indicates the position of the O vacancy. (b) Hole doping by a Li vacancy. Here the blue sphere denotes the position of the 
Li vacancy. Fractional displacements of the Li atoms from the high symmetry positions in the case of (c) O vacancy and (d) Li vacancy. 
The blue lines in both plots correspond to the reference case of no vacancy, while the red lines are the displacements in the presence of the 
vacancy.
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5.  Summary

By using first-principles density functional calculations, we 
demonstrated that the polar metal phase in the prototypical 
Anderson–Blount material LiOsO3 can be effectively con-
trolled by biaxial strain. Compressive strain allows increasing 
the stability of the polar metal phase, while a tensile strain 
favors the non-polar structure. We showed that under exper
imentally-accessible values of tensile strain, a quantum phase 
transition from a polar to a non-polar metal can be achieved. 
Next, we examined the effect of electron and hole doping on 
the polar metal phase. By means of electrostatic doping as 
well as supercell calculations with vacancies, we found that 
screening from additional charge carriers, expected to sup-
press the polar distortions have only a small effect on them. 
Rather remarkably, and in contrast to conventional ferroelec-
trics, polar metal phase in LiOsO3 remains robust against 
charge doping up to a large doping value of 0.5 additional 
charge carriers per formula unit. In conclusion, our hope is 
that these findings stimulate further theoretical and exper
imental explorations into control over polar metals and their 
intriguing properties.

Acknowledgments

I would like to thank Nicola Spaldin and Naga Phani Aetukuri 
for helpful suggestions, and Alexey Soluyanov and Dominik 
Gresch for useful discussions on topological aspects of 
lithium osmate. I acknowledge support from Indian Institute 
of Science and ETH Zurich. Computational resources were 
provided by ETH Zurich (Euler cluster).

ORCID iDs

Awadhesh Narayan  https://orcid.org/0000-0003-0127-7047

References

	 [1]	 Lines M E and Glass A M 2001 Principles and Applications 
of Ferroelectrics and Related Materials (Oxford: Oxford 
University Press)

	 [2]	 Anderson P and Blount E 1965 Phys. Rev. Lett. 14 217
	 [3]	 Testardi L 1975 Rev. Mod. Phys. 47 637
	 [4]	 Paduani C and Kuhnen C 2008 Eur. Phys. J B 66 353
	 [5]	 Sergienko I et al 2004 Phys. Rev. Lett. 92 065501
	 [6]	 Tachibana M, Taira N, Kawaji H and Takayama-Muromachi E 

2010 Phys. Rev. B 82 054108
	 [7]	 Shi Y et al 2013 Nat. Mater. 12 1024
	 [8]	 Puggioni D and Rondinelli J M 2014 Nat. Commun. 5 3432
	 [9]	 Filippetti A, Fiorentini V, Ricci F, Delugas P and Íñiguez J 

2016 Nat. Commun. 7 11211
	[10]	 Fang Y W and Chen H 2019 (arXiv:1901.08771)
	[11]	 Puggioni D, Giovannetti G, Capone M and Rondinelli J M 

2015 Phys. Rev. Lett. 115 087202
	[12]	 Puggioni D, Giovannetti G and Rondinelli J M 2018 J. Appl. 

Phys. 124 174102
	[13]	 Kim T et al 2016 Nature 533 68
	[14]	 Cao Y et al 2018 Nat. Commun. 9 1547

	[15]	 Xiang H 2014 Phys. Rev. B 90 094108
	[16]	 Sim H and Kim B G 2014 Phys. Rev. B 89 201107
	[17]	 Liu H, Du Y, Xie Y, Liu J M, Duan C G and Wan X 2015 

Phys. Rev. B 91 064104
	[18]	 Giovannetti G and Capone M 2014 Phys. Rev. B 90 195113
	[19]	 Vecchio I L, Giovannetti G, Autore M, Di Pietro P, Perucchi A, 

He J, Yamaura K, Capone M and Lupi S 2016 Phys. Rev. B 
93 161113

	[20]	 Jin F, Zhang A, Ji J, Liu K, Wang L, Shi Y, Tian Y, Ma X and 
Zhang Q 2016 Phys. Rev. B 93 064303

	[21]	 Padmanabhan H, Park Y, Puggioni D, Yuan Y, Cao Y, 
Gasparov L, Shi Y, Chakhalian J, Rondinelli J M and 
Gopalan V 2018 Appl. Phys. Lett. 113 122906

	[22]	 Paredes Aulestia E I, Cheung Y W, Fang Y W, He J, 
Yamaura K, Lai K T, Goh S K and Chen H 2018 Appl. 
Phys. Lett. 113 012902

	[23]	 Schlom D G, Chen L Q, Eom C B, Rabe K M, Streiffer S K 
and Triscone J M 2007 Annu. Rev. Mater. Res. 37 589

	[24]	 Schlom D G, Chen L Q, Fennie C J, Gopalan V, Muller D A, 
Pan X, Ramesh R and Uecker R 2014 MRS Bull. 39 118

	[25]	 Choi K J et al 2004 Science 306 1005
	[26]	 Haeni J et al 2004 Nature 430 758
	[27]	 Lee J H et al 2010 Nature 466 954
	[28]	 Mannhart J, Bednorz J, Müller K and Schlom D 1991 Z. Phys. 

B 83 307
	[29]	 Ueno K, Nakamura S, Shimotani H, Ohtomo A, Kimura N, 

Nojima T, Aoki H, Iwasa Y and Kawasaki M 2008 Nat. 
Mater. 7 855

	[30]	 Ueno K, Nakamura S, Shimotani H, Yuan H, Kimura N, 
Nojima T, Aoki H, Iwasa Y and Kawasaki M 2011 Nat. 
Nanotechnol. 6 408

	[31]	 Fujioka J et al 2015 Sci. Rep. 5 13207
	[32]	 Takahashi K, Matsubara Y, Bahramy M, Ogawa N, 

Hashizume D, Tokura Y and Kawasaki M 2017 Sci. Rep. 
7 4631

	[33]	 Gu J X, Jin K J, Ma C, Zhang Q H, Gu L, Ge C, Wang J S, 
Wang C, Guo H Z and Yang G Z 2017 Phys. Rev. B 
96 165206

	[34]	 Kresse G and Furthmüller J 1996 Comput. Mater. Sci. 6 15
	[35]	 Kresse G and Furthmüller J 1996 Phys. Rev. B 54 11169
	[36]	 Perdew J P, Ruzsinszky A, Csonka G I, Vydrov O A, 

Scuseria G E, Constantin L A, Zhou X and Burke K 2008 
Phys. Rev. Lett. 100 136406

	[37]	 Togo A and Tanaka I 2015 Scr. Mater. 108 1
	[38]	 Wojdeł J C and Íniguez J 2013 (arXiv:1312.0960)
	[39]	 Lu X Z and Rondinelli J M 2016 Nat. Mater. 15 951
	[40]	 Gu T, Scarbrough T, Yang Y, Íñiguez J, Bellaiche L and 

Xiang H 2018 Phys. Rev. Lett. 120 197602
	[41]	 Wang Y, Liu X, Burton J D, Jaswal S S and Tsymbal E Y 2012 

Phys. Rev. Lett. 109 247601
	[42]	 Lopez-Bezanilla A, Ganesh P and Littlewood P B 2015 Phys. 

Rev. B 92 115112
	[43]	 Cheng S, Li M, Deng S, Bao S, Tang P, Duan W, Ma J, Nan C 

and Zhu J 2016 Adv. Funct. Mater. 26 3589
	[44]	 Liu L, Mei Z, Tang A, Azarov A, Kuznetsov A, Xue Q K and 

Du X 2016 Phys. Rev. B 93 235305
	[45]	 Narayan A, Cano A, Balatsky A V and Spaldin N A 2019 Nat. 

Mater. 18 223
	[46]	 Fu L 2015 Phys. Rev. Lett. 115 026401
	[47]	 Sakai H, Ikeura K, Bahramy M S, Ogawa N, Hashizume D, 

Fujioka J, Tokura Y and Ishiwata S 2016 Sci. Adv. 
2 e1601378

	[48]	 Yu W C, Zhou X, Chuang F C, Yang S A, Lin H and Bansil A 
2018 Phys. Rev. Mater. 2 051201

	[49]	 Lu J, Chen G, Luo W, Íñiguez J, Bellaiche L and Xiang H 
2019 (arXiv:1904.01247)

	[50]	 Princep A et al 2019 (arXiv:1902.04482)

J. Phys.: Condens. Matter 32 (2020) 125501

https://orcid.org/0000-0003-0127-7047
https://orcid.org/0000-0003-0127-7047
https://doi.org/10.1103/PhysRevLett.14.217
https://doi.org/10.1103/PhysRevLett.14.217
https://doi.org/10.1103/RevModPhys.47.637
https://doi.org/10.1103/RevModPhys.47.637
https://doi.org/10.1140/epjb/e2008-00427-y
https://doi.org/10.1140/epjb/e2008-00427-y
https://doi.org/10.1103/PhysRevLett.92.065501
https://doi.org/10.1103/PhysRevLett.92.065501
https://doi.org/10.1103/PhysRevB.82.054108
https://doi.org/10.1103/PhysRevB.82.054108
https://doi.org/10.1038/nmat3754
https://doi.org/10.1038/nmat3754
https://doi.org/10.1038/ncomms4432
https://doi.org/10.1038/ncomms4432
https://doi.org/10.1038/ncomms11211
https://doi.org/10.1038/ncomms11211
http://arxiv.org/abs/1901.08771
https://doi.org/10.1103/PhysRevLett.115.087202
https://doi.org/10.1103/PhysRevLett.115.087202
https://doi.org/10.1063/1.5049607
https://doi.org/10.1063/1.5049607
https://doi.org/10.1038/nature17628
https://doi.org/10.1038/nature17628
https://doi.org/10.1038/s41467-018-03964-9
https://doi.org/10.1038/s41467-018-03964-9
https://doi.org/10.1103/PhysRevB.90.094108
https://doi.org/10.1103/PhysRevB.90.094108
https://doi.org/10.1103/PhysRevB.89.201107
https://doi.org/10.1103/PhysRevB.89.201107
https://doi.org/10.1103/PhysRevB.91.064104
https://doi.org/10.1103/PhysRevB.91.064104
https://doi.org/10.1103/PhysRevB.90.195113
https://doi.org/10.1103/PhysRevB.90.195113
https://doi.org/10.1103/PhysRevB.93.161113
https://doi.org/10.1103/PhysRevB.93.161113
https://doi.org/10.1103/PhysRevB.93.064303
https://doi.org/10.1103/PhysRevB.93.064303
https://doi.org/10.1063/1.5042769
https://doi.org/10.1063/1.5042769
https://doi.org/10.1063/1.5035133
https://doi.org/10.1063/1.5035133
https://doi.org/10.1146/annurev.matsci.37.061206.113016
https://doi.org/10.1146/annurev.matsci.37.061206.113016
https://doi.org/10.1557/mrs.2014.1
https://doi.org/10.1557/mrs.2014.1
https://doi.org/10.1126/science.1103218
https://doi.org/10.1126/science.1103218
https://doi.org/10.1038/nature02773
https://doi.org/10.1038/nature02773
https://doi.org/10.1038/nature09331
https://doi.org/10.1038/nature09331
https://doi.org/10.1007/BF01313398
https://doi.org/10.1007/BF01313398
https://doi.org/10.1038/nmat2298
https://doi.org/10.1038/nmat2298
https://doi.org/10.1038/nnano.2011.78
https://doi.org/10.1038/nnano.2011.78
https://doi.org/10.1038/srep13207
https://doi.org/10.1038/srep13207
https://doi.org/10.1038/s41598-017-04635-3
https://doi.org/10.1038/s41598-017-04635-3
https://doi.org/10.1103/PhysRevB.96.165206
https://doi.org/10.1103/PhysRevB.96.165206
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/j.scriptamat.2015.07.021
http://arxiv.org/abs/1312.0960
https://doi.org/10.1038/nmat4664
https://doi.org/10.1038/nmat4664
https://doi.org/10.1103/PhysRevLett.120.197602
https://doi.org/10.1103/PhysRevLett.120.197602
https://doi.org/10.1103/PhysRevLett.109.247601
https://doi.org/10.1103/PhysRevLett.109.247601
https://doi.org/10.1103/PhysRevB.92.115112
https://doi.org/10.1103/PhysRevB.92.115112
https://doi.org/10.1002/adfm.201505031
https://doi.org/10.1002/adfm.201505031
https://doi.org/10.1103/PhysRevB.93.235305
https://doi.org/10.1103/PhysRevB.93.235305
https://doi.org/10.1038/s41563-018-0255-6
https://doi.org/10.1038/s41563-018-0255-6
https://doi.org/10.1103/PhysRevLett.115.026401
https://doi.org/10.1103/PhysRevLett.115.026401
https://doi.org/10.1126/sciadv.1601378
https://doi.org/10.1126/sciadv.1601378
https://doi.org/10.1103/PhysRevMaterials.2.051201
https://doi.org/10.1103/PhysRevMaterials.2.051201
http://arxiv.org/abs/1904.01247
http://arxiv.org/abs/1902.04482

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Effect of strain and doping on the polar metal phase in LiOsO﻿3﻿﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Methods
	﻿﻿3. ﻿﻿﻿Results
	﻿﻿3.1. ﻿﻿﻿Control by strain
	﻿﻿3.2. ﻿﻿﻿Robustness with doping

	﻿﻿4. ﻿﻿﻿Discussion
	﻿﻿5. ﻿﻿﻿Summary
	﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿References﻿﻿﻿﻿


