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Polar metals are rare because free carriers in metals screen electrostatic potential and eliminate internal
dipoles. Degenerate doped ferroelectrics may create an approximate polar metallic phase. We use first-
principles calculations to investigate n-doped LiNbOj-type oxides (LiNbOj; as the prototype) and compare
to widely studied perovskite oxides (BaTiO; as the prototype). In the rigid-band approximation, substantial
polar displacements in n-doped LiNbOj; persist even at 0.3 e/f.u. (=~10?! cm~*), while polar displacements in
n-doped BaTiOs quickly get suppressed and completely vanish at 0.1 e/f.u. Furthermore, in n-doped LiNbOs3,
Li-O displacements decay more slowly than Nb-O displacements, while in n-doped BaTiOs, Ba-O and Ti-O
displacements decay approximately at the same rate. Supercell calculations that use oxygen vacancies as
electron donors support the main results from the rigid-band approximation and provide more detailed charge
distributions. Substantial cation displacements are observed throughout LiNbO;_; (6 = 4.2%), while cation
displacements in BaTiOs_s (6 = 4.2%) are almost completely suppressed. We find that conduction electrons
in LiNbO;3_s are not as uniformly distributed as in BaTiOs_s;, implying that the rigid-band approximation
should be used with caution in simulating electron-doped LiNbOj;-type oxides. Our work shows that polar
distortions and conduction can coexist in a wide range of electron concentration in n-doped LiNbO;, which
is a practical approach to generating an approximate polar metallic phase. Combining doped ferroelectrics and

doped semiconductors may create new functions for devices.
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I. INTRODUCTION

Polar metals are materials that are characterized by the
absence of inversion symmetry and the presence of intrinsic
conduction due to partial band occupation [1-5]. They are rare
in solids because free carriers can screen electrostatic poten-
tial and eliminate internal dipoles that arise from asymmetric
charge distributions [6—-10]. Anderson and Blount predicted
in 1965 that polar metals can exist [11], and the recent
experimental confirmation of LiOsOj3 as the first polar metal
has stimulated intensive theoretical and experimental research
[12-21].

However, the above definition of a polar metal (absence
of inversion symmetry and presence of conduction) excludes
degenerately doped insulating ferroelectrics [21]. Electron-
doped perovskite ferroelectric compounds ABO3 (BaTiO; as
the prototype) have been widely studied both in theory and
in experiment [22-28]. First-principles calculations show that
cation displacements and conduction can coexist in n-doped
BaTiOj3 up to a critical concentration of 0.1e per formula [26].
This indicates that even with long-range Coulomb interaction
screened by free electrons [29-31], a short-range portion of
Coulomb force with an interaction range of the order of the
lattice constant is sufficient to induce ferroelectric instability
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in BaTiO3 [26,32,33]. Experimentally, there are contradictory
results: Refs. [23,24] show that in oxygen-reduced BaTiO;_s,
polar displacements can coexist with conduction and do not
vanish until a critical concentration of 1.9 x 10*'¢cm=3, which
is consistent with first-principles calculations [26]. However,
a neutron diffraction study on n-doped BaTiO3 found phase
separation in which ferroelectric displacements only exist in
an insulating region, which is spatially separated by nonpolar
metallic regions [22]. On the other hand, while electron-doped
LiNbO;-type ferroelectric oxides (LiNbOj3 as the prototype)
have been investigated in the literature, the focus has been
on electronic structure and the optical property [34-37]. The
structural property and the possible coexistence of polar dis-
placements with conduction have received little attention.

In this work, we use first-principles calculations to do
a comparative study on doping effects in insulating fer-
roelectrics. We compare the aforementioned two important
classes of ferroelectrics: one is perovskite oxides (BaTiOs as
the prototype) and the other is LiNbO;3-type oxides (LiNbO3
as the prototype). We find different behaviors in these two
materials upon electron doping. In the rigid-band approxi-
mation, cation displacements in n-doped BaTiO3; quickly get
suppressed and completely disappear at a critical doping of
0.1 e/f.u., while substantial cation displacements are found in
n-doped LiNbOj3 up to an electron concentration of 0.3 e¢/f.u..
Moreover, Li-O displacements decay more slowly than Nb-O
displacements. With an electron doping of 0.3 e¢/f.u., Nb-O
displacements are reduced by about 50% from the undoped
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value, while Li-O displacements are reduced by only about
10%. This is different from n-doped BaTiOs, in which both
Ba-O and Ti-O displacements decay approximately at the
same rate. This indicates that Li-O displacements are more
persistent than Nb-O displacements in a metallic environment.
Supercell calculations that use oxygen vacancy as electron
donors support the main results from the rigid-band approx-
imation and provide more detailed charge distributions. We
find that in n-doped LiNbOj3, conduction electrons are not as
uniformly distributed as in n-doped BaTiOs;, but substantial
cation displacements are found throughout n-doped LiNbOj;.
Using supercell calculations, we also compute the formation
energy of oxygen vacancies. The formation energy of oxygen
vacancies in n-doped LiNbO3; is about 1 eV higher than that
in n-doped BaTiO3, which is reasonable considering the fact
that the band gap of LiNbOj is about 1 eV larger than that of
BaTiO3.

The paper is organized as follows. In Sec. II we provide
computation details. We present the main results (rigid-band
calculations and supercell calculations) in Sec. III. We con-
clude in Sec. IV.

II. COMPUTATIONAL DETAILS

We perform density functional (DFT) calculations [38,39],
as implemented in the Vienna Ab-initio Simulation Package
(VASP) [40,41]. We employ a local density approximation
(LDA) pseudopotential [42]. We also test our key results
using a revised Perdew-Burke-Ernzerhof generalized gradient
approximation (PBEsol) [43]. The key results do not qualita-
tively change with different exchange correlation functionals.
We set an energy cutoff of 600 eV. Charge self-consistent
calculations are converged to 1073 eV. Both cell and internal
coordinates are fully relaxed until each force component is
smaller than 10 meV/A and the stress tensor is smaller
than 1 kbar.

For pristine bulk calculations, we use a tetragonal cell (5-
atom) to study BaTiO; and find that ¢ = 3.95A and c/a =
1.01; we use a hexagonal cell (30-atom) to study R3¢ LiNbO3
and find that a = 5.09 A and ¢ = 13.81 A. Both of them are
in good agreement with previous studies [44].

To simulate doping effects, we use both the rigid-band
approximation and supercell calculations. In rigid-band mod-
eling, we study a 5-atom cell BaTiO; (tetragonal P4mm and
cubic Pm3m) and a 30-atom cell LiNbO3 (noncentrosymmet-
ric R3¢ and centrosymmetric R3c). We use a Monkhorst-Pack
k-point sampling of 14 x 14 x 14 for BaTiO; and 8 x 8 x 3
for LiNbOj3. In supercell calculations, we use a 119-atom cell
for both BaTiO3 and LiNbO3 (oxygen-vacancy concentration
of 4.2%/f.u. and nominal electron doping of 0.084 ¢/f.u.).
The supercells for BaTiO3 and LiNbO3 are shown in Figs. 4
and 5. We use a Monkhorst-Pack k-point sampling of 8 x 8 x
8 in supercell calculations.

In our supercell calculations, we remove one (charge-
neutral) oxygen atom in LiNbO3 supercells of different sizes
to simulate different oxygen vacancy concentrations. The
supercell with oxygen vacancies is charge-neutral, and we
fully relax the structure (both lattice constants and internal
coordinates) to get the ground-state property.

Ba Ti Li

Nb O

FIG. 1. Atomic structures of BaTiO; and LiNbO;. Panels (al)
and (a2) show cubic Pm3m and tetragonal P4mm structures of
BaTiO;, respectively. Panels (bl) and (b2) show centrosymmetric
R3¢ and noncentrosymmetric R3c structures of LiNbO3, respectively.

We check a higher-energy cutoff (750 eV) and a denser
k-point sampling, and we do not find any significant changes
in the key results.

III. RESULTS AND DISCUSSION

A. Rigid-band calculations

In the rigid-band approximation, materials are pristine and
extra electrons are added to the system with the same amount
of uniform positive charges in the background. Figure 1 shows
the crystal structures of pristine BaTiO3 and LiNbOj3, which
are used in rigid-band modeling. Panels (al) and (a2) show
the crystal structure of cubic BaTiO3 (space group Pm3m)
and tetragonal BaTiOs (space group P4mm). Insulating fer-
roelectrics have a spontaneous polarization [45]. However,
in doped ferroelectrics, partially filled bands may lead to
conduction, and polarization becomes ill-defined [46—48].
Therefore, we use cation displacements to characterize the
extent of being “polar.” In n-doped BaTiO3, we calculate both
Ba-O and Ti-O cation displacements along the c-axis, denoted
by 8pa-0 and d7i.0, as a function of electron concentration.
dBa.0 and dti.0 are explicitly shown in Fig. S1 in the Supple-
mental Material [49]. Panels (bl) and (b2) show the crystal
structure of centrosymmetric LiNbO; (space group R3c) and
noncentrosymmetric LiNbOj3 (space group R3c). We calculate
both Li-O and Nb-O displacements ;0 and Snp.o. In the
centrosymmetric structure R3c, each Li atom is surrounded
by three oxygen atoms, and all four atoms form a plane
that is perpendicular to the c-axis. In the noncentrosymmetric
structure R3c, the three oxygen atoms still form a plane that
is perpendicular to the c-axis but the Li atom deviates from

054405-2



COEXISTENCE OF POLAR DISPLACEMENTS AND ...

PHYSICAL REVIEW MATERIALS 3, 054405 (2019)

a b [
— —— BaTiO. N
~0.60[ , = S T4
= —— Li-O 4 —=— LiNbO; =
= ] 100 ~— 2
< 0.45F —e— Nb-O = >
= ) o OF
L 030k —o— Ba-0O = =)
g : = 50F S 9i
< —e— Ti-O =
Z0.151 > g 4i
5 0.0 %_ L < L L Al L: Gi 1 1 1
=01 02 03 o 01 02 03 bo 01 02 03

n (e/fu.)

n (e/fu.)

n (e/fu.)

FIG. 2. (a) Ba-O, Ti-O, Li-O, and Nb-O displacements in noncentrosymmetric structures of BaTiO3; and LiNbO; as a function of electron
doping. (b) Energy difference between the centrosymmetric and the noncentrosymmetric structures of BaTiO; and LiNbO; as a function of
electron doping. (c) Phonon frequency of the zone-center ferroelectric mode of cubic BaTiO3 and R3¢ LiNbOj as a function of electron doping.

that plane. The distance between the Li atom and the plane
that the three oxygen atoms form is defined as the Li-O dis-
placement §;.0. In the centrosymmetric structure R3¢, each
Nb atom is at the center of an NbOg oxygen octahedron. In
the noncentrosymmetric structure R3¢, Nb atoms move off the
center of the NbOg oxygen octahedron. The distance between
the Nb position and the center of the oxygen octahedron
in the R3c structure is defined as dnp-0. SLi-o and Snp.o are
explicitly shown in Fig. S2 in the Supplemental Material
[49].

Figure 2 summarizes the key results from rigid-band
calculations. Panel (a) shows the cation displacements of
tetragonal BaTiO3 (space group P4mm) and noncentrosym-
metric LiNbO;3 (space group R3c). In the undoped case,
8Ba.0 = 0.077 A and 61i.0 = 0.099 A in BaTiOs, and 81,0 =
0.723 A and Sxp.0 = 0.261 A in LiNbO;, both of which are
in good agreement with previous calculations and experi-
ments [7,50-52]. Upon doping, all of the cation displacements
decrease with increasing electron concentration. dg,.o and
dti.0 in n-doped BaTiOj vanish at n, >~ 0.1 e/f.u., which is
consistent with previous calculations [26]. However, §1 ;.0 and
dnb-o in n-doped LiNbOj3 persist up to 0.3 e/f.u. Furthermore,
in n-doped BaTiOs3, 8p,.0 and éti.0 decay at approximately
the same rate. But in n-doped LiNbOj, §i ;0 decays more
slowly than énp.o. With 0.3 e/f.u. electron doping, Nb-O
displacements are reduced by about 50% from the undoped
value, while Li-O displacements are reduced by only about
10%. This indicates that the off-center movements of Li atoms
are very robust and more persistent than Nb-O displacements
in a metallic environment. This helps to create an approximate
polar metallic phase when LiNbO3 is electron-doped.

Panel (b) of Fig. 2 shows the energy difference between the
centrosymmetric structure and the noncentrosymmetric struc-
ture of BaTiO3; and LiNbOj3. Specifically, for BaTiO3;, AE =
E(Pm3m) — E(P4mm) and for LiNbO3;, AE = E(R3c) —
E(R3c). AE > 0 indicates that the noncentrosymmetric struc-
ture is favored. In the undoped case, the noncentrosymmetric
structure is favored in both BaTiO3 and LiNbOs, i.e., they are
both ferroelectric. Upon doping, BaTiO; is polar until n.
0.1e/f.u., consistent with the critical concentration found for
8Ba.0 and étio. For n-doped LiNbO3, AE quickly decreases
but it stays positive (up to 0.3 e¢/f.u.). This is consistent with
dri.o and dnp.0, Which do not vanish with electron doping (up
to 0.3 e/f.u.).

~

Panel (c) of Fig. 2 shows the zone-center phonon fre-
quency of the ferroelectric mode for centrosymmetric BaTiO3
(space group Pm3m) and LiNbO; (space group R3c). For
cubic Pm3m BaTiO3, the ferroelectric mode has imaginary
phonon frequency with small electron doping, indicating
ferroelectric instability. Around the critical doping of n, ~
0.1 e/f.u., the phonon frequency of the ferroelectric mode
becomes positive and the cubic structure is stabilized. For
centrosymmetric R3¢ LiNbOs, the ferroelectric mode always
has imaginary phonon frequency (up to 0.3 e/f.u.), indicating
that ferroelectric instability persists in n-doped LiNbOj3. For
both materials, the phonon property of the centrosymmetric
structures is consistent with the results of the noncentrosym-
metric structures shown in panels (a) and (b). We note that
the magnitude of the imaginary phonon mode indicates how
unstable the high-symmetry structure is subject to a collective
atomic distortion. However, the energy difference between
the distorted and undistorted crystal structures reflects not
only the instability of the high-symmetry structure, but also
other factors. From our calculations, we find that for BaTiO3,
the volume of its undistorted structure is 0.5% smaller than
that of the distorted structure; in contrast, for LiINbOs3, the
volume of its undistorted structure is 1.5% larger than that
of the distorted structure. The elastic energy change from
the high-symmetry structure to the low-symmetry structure is
very different between BaTiO3; and LiNbOj3. This information
is embodied in the total energy difference but is not directly
reflected in the imaginary phonon modes.

We also use the PBEsol functional to check the key results
in Fig. 2, and we do not find significant changes (see Fig.
S4 in the Supplemental Material [49]). Our finding that polar
displacements of LiNbOj are persistent in the presence of
conduction electrons is related to the fact that LiNbOj is
hyperferroelectric [53,54], i.e., a ferroelectric material whose
polarization does not get suppressed by depolarization fields.
This implies that doping a hyperferroelectric material is a
viable approach to generating an approximate polar metallic
phase.

Next, we study the electronic structure and screening
length obtained from rigid-band calculations. Panels (al) and
(a2) of Fig. 3 show the density of states of undoped and doped
BaTiO3 (with 0.2 e/f.u. doping). With electron doping, the
Fermi level is shifted from the band gap into Ti d states. Panels
(bl) and (b2) of Fig. 3 show the density of states of undoped
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FIG. 3. (al) Density of states of undoped BaTiO;. (a2) Density
of states of doped BaTiO3 with 0.2 e/f.u. doping. The black, red, and
blue are total, Ti d, and O p projected densities of states, respectively.
(bl) Density of states of undoped LiNbOs. (b2) Density of states
of doped LiNbO; with 0.2 e¢/f.u. doping. The black, red, and blue
are total, Nb d, and O p projected densities of states, respectively.
(a3) Thomas-Fermi screening length A of doped BaTiOs; as a function
of electron doping 7. (b3) Thomas-Fermi screening length A of doped
LiNbO; as a function of electron doping n.

and doped LiNbOj3 (with 0.2 e/f.u. doping). Similarly, with
electron doping, the Fermi level is shifted from the band gap
into Nb d states. With the density of states of n-doped BaTiO3
and n-doped LiNbO3, we can estimate the screening length A
by using the Thomas-Fermi model [26]:

€
Y=V eaxpEy M

where € is the dielectric constant of undoped materials and
D(Ey) is the density of states at the Fermi level. For dielectric
constants, we use experimental values € & 44¢, for BaTiO3
[55] and € ~ 24¢; for LiNbOj3 [56]. Panel (c) of Fig. 3
shows the screening length of n-doped BaTiO3; and n-doped
LiNbO;3. We find that for both materials upon electron doping,
the screening length is on the order of a few A. Given an
electron concentration, n-doped LiNbO; even has a screening
length slightly smaller than n-doped BaTiOs, implying a
stronger screening property. The stronger screening property
of electron-doped LiNbOs; is due to the fact that undoped
LiNbOj5 has a smaller dielectric constant than that of BaTiOs,
while the density of states at the Fermi level plays a minor
role [the ratio of D(E)1invo, to D(E[)gatio, ranges from 0.9
to 1.1 as n changes from 0 to 0.3 e¢/f.u.].

B. Supercell calculations

Our rigid-band calculations show that polar displacements
and conduction can coexist in both n-doped BaTiO; and
n-doped LiNbOs3, but the overall polar property (magnitude
of polar displacements, polar instability, etc.) is much more
enhanced in n-doped LiNbO3 than in n-doped BaTiO3. How-
ever, rigid-band calculations do not specify the origin of
electron doping, and also they imply that all carriers are
uniformly distributed. In real experiments, oxygen vacancies
are commonly seen in complex oxides, and each oxygen va-
cancy nominally donates two electrons. However, an isolated
oxygen vacancy may form a defect state, which can localize
conduction electrons [57,58]. Some experiments show that in
oxygen-reduced BaTiOs3_g, phase separation occurs. Cation
displacements éti.o only occur in the insulating region and
vanish in the metallic region. The overall sample may be
considered as a mixture of two different phases [22]. To test
whether the results from the rigid-band calculations remain
valid in real materials, we perform supercell calculations
and consider charge-neutral oxygen vacancies as the electron
doping source. We use a 119-atom cell of BaTiO;_s and
LiNbO;_;. In both cases, the oxygen vacancy concentration
is 4.2%/fu. A charge-neutral oxygen vacancy donates two
electrons to the system, therefore it is an electron doping of
0.084 ¢/f.u. (1.5 x 10*' cm?), close to the critical doping
in n-doped BaTiO; obtained from rigid-band calculations.

Figure 4(al) shows the crystal structure of a 119-atom
BaTiO;3_;s supercell that contains one oxygen vacancy. For
clarity, Ba atoms are not explicitly shown and the oxygen
vacancy is highlighted by the orange open circle. Figure 4(a2)
shows the cation displacement ;.0 for each Ti atom in the
BaTiO3_; supercell (the definition of éty¢ is identical to that
in the rigid-band calculations). Displacements along the c-axis
of each Ba atom are explicitly shown in Fig. S3 in the Supple-
mental Material [49]. We find that while there is some small
variation in éti.o due to an inhomogeneous chemical environ-
ment, dti.0 on average is reduced to zero. For comparison,
we also show the 810 in pristine BaTiO3 in panel (a2), and
the suppression of polar displacements by electron doping is
evident. Figure 4(a3) shows an isovalue surface of conduction
electron density in oxygen-reduced BaTiO3_s with § = 4.2%.
Conduction electrons reside on Ti atoms. Because the polar
displacements are suppressed and the material is close to a cu-
bic structure, conduction electrons occupy three Ti t,, orbitals
with approximately equal occupancy. This leads to an isovalue
surface of a dicelike shape. Figure 4(a4) shows the number of
conduction electrons on each Ti atom by integrating the Tid
states from the band gap to the Fermi level. We find that in
the presence of oxygen vacancy, while there is non-negligible
variation in conduction electron distribution, insulating-
metallic phase separation does not occur in our first-principles
calculations. Each Ti atom in the supercell has a sizable
amount of conduction electron. The results of oxygen-reduced
BaTiO3_; from supercell calculations are very consistent with
rigid-band calculations. We also use the LDA + U method
and change the supercell size to test the robustness of this con-
clusion (see the Supplemental Material for details [49]). We
find that in oxygen-reduced BaTiOs_s, conduction electrons
on each Ti atom are almost uniformly distributed.
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FIG. 4. (al) Atomic structure of a 119-atom BaTiO;_; supercell that contains an oxygen vacancy. For clarity, Ba atoms are not shown. The
blue and red balls represent Ti and O atoms. (a2) Polar displacements of each Ti atom. The red circles are calculated from the 119-atom cell.
The green squares are bulk ;o of pristine BaTiO3. (a3) An isovalue surface of conduction electron distribution in oxygen-reduced BaTiO;_s
with § = 4.2%. The two nearest-neighbor Ti atoms are highlighted. (a4) Conduction electrons on each Ti atom in the 119-atom cell (the
number of conduction electrons on each Ti atom is obtained by integrating Ti d states from the band gap to the Fermi level).

However, supercell calculations of oxygen-reduced and Snp.o for each Nb atom in the LiNbO;_s supercell
LiNbO;_s; show more complicated results than rigid-band (the definitions of 1.0 and Jdnp.0 are identical to those
calculations. Figure 5(al) shows the crystal structure of  in the rigid-band calculations). We find that while there
a 119-atom LiNbO;3 supercell that contains one oxygen is non-negligible variation in 810 and Snp.o, the cation
vacancy. The oxygen vacancy is highlighted by the orange  displacements on each Li and Nb atoms are nonzero
open circle. Figure 5(a2) shows o for each Li atom  throughout the supercell. For comparison, we also show
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FIG. 5. (al) Atomic structure of a 119-atom LiNbOj supercell that contains an oxygen vacancy. The green, purple, and red balls represent
Li, Nb, and O atoms, respectively. The orange circle highlights an oxygen vacancy. (a2) Polar displacements of each Li (red square) and Nb
atom (blue square). The solid squares are calculated from the 119-atom cell. The open squares are bulk ;¢ and Snp.o of pristine LiNbO;.
(a3) An isovalue surface of conduction electron distribution in oxygen-reduced LiNbO;_s with 6 = 4.2%. The two nearest-neighbor Nb atoms
are highlighted. (a4) Conduction electrons on each Nb atom in the 119-atom cell (the number of conduction electrons on each Nb atom is
obtained by integrating Nb d states from the band gap to the Fermi level).
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the d ;.0 and Snp.o in pristine LiNbO; in panel (a2). We
find that in the presence of oxygen vacancy in LiNbO;3_s,
the cation displacements are still substantial compared to
undoped LiNbOs.

The average value of 6o is 0.68 A and the average value
of Snp.o is 0.24 A, both of which are close to the results of
rigid-band calculations with the same electron concentration
(in the rigid-band approximation, §y;.¢ is 0.69 A and SNb-o 1S
0.21 A). Figure 5(a3) shows an isovalue surface of conduction
electron distribution in oxygen-reduced LiNbOs_; with § =
4.2%. Different from oxygen-reduced BaTiO3_s, which has
almost uniform conduction electron distribution, some of the
Nb atoms have negligible conduction electrons, indicating
that those Nb sites are almost insulating. This phenomenon
can be more clearly seen from Fig. 5(a4), which shows the
number of conduction electrons on each Nb site by integrating
Nb d states from the band gap to the Fermi level. Nb no.
3, no. 9, and no. 20 have less than 0.01 e per atom, while
Nb no. 7 and no. 17 have more than 0.12 e per atom. With
electron doping in LiNbOs;, the conduction electrons on Nb
sites are far from uniformly distributed. This implies that
the charge disproportionation of conduction electrons on Nb
atoms occurs in real materials. Such charge disproportion
can be suppressed with a higher electron concentration. We
calculated oxygen-reduced LiNbO;_s with § = 8.4%. Cation
displacements and conduction electron distribution on Nb d
states are shown in Fig. S9 in the Supplemental Material
[49]. While there is non-negligible variation in the electron
distribution, all Nb atoms have conduction electrons with a
higher concentration of oxygen vacancies, as expected.

Finally, we estimate the formation energy of a charge-
neutral oxygen vacancy in BaTiOs_s and in LiNbO3_;s using
a supercell calculation. We study a charge-neutral oxygen
vacancy by removing an oxygen atom from a charge-neutral
supercell. The definition of formation energy of a charge-
neutral oxygen vacancy in the oxygen-rich limit is

AE{ = Er(Vo) — Ero + 1Eo,, )

where Er(Vp) is the total energy of a supercell with one
oxygen vacancy, and Erq is the total energy of a pristine
supercell. Ep, is the total energy of an oxygen molecule
(obtained in a spin-polarized calculation).

Figure 6 shows the oxygen vacancy formation energy in
oxygen-reduced BaTiO;_s; and oxygen-reduced LiNbO;_; as
a function of oxygen vacancy concentration. Red points and
blue triangles are the formation energies of oxygen vacancy
in BaTiO3_s and LiNbO;_s, respectively. The blue cross is a
reference value from previous works [59].

We use different supercells to test different concentrations
of oxygen vacancies. The formation energy of an oxygen
vacancy does not have a strong dependence on vacancy con-
centration, implying that the vacancy concentration is low
enough such that vacancy-vacancy interaction is negligible.
The formation energy of a charge-neutral oxygen vacancy in
LiNbO;_; is larger than that in BaTiOs_s by about 0.9 eV
per vacancy. This is reasonable considering the fact that the
gap of LiNbOj is larger than that of BaTiO; by about 1 eV
(see Fig. 3). While the formation energy of oxygen vacancy
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FIG. 6. Oxygen vacancy formation energy in oxygen-reduced
BaTiO;_;s (blue triangles) and in oxygen-reduced LiNbO;_s (red
circles) as a function of oxygen vacancy concentration. The blue
cross is a reference value from previous works [59].

in LiNbOs_; is higher, oxygen vacancy has been widely
observed in LiNbO;_; in experiments [60—63].

IV. CONCLUSION

In conclusion, we perform first-principles calculations to
study the possible coexistence of conduction electrons and po-
lar distortions in n-doped BaTiO3 and n-doped LiNbO3, using
both rigid-band modeling and more realistic supercell calcu-
lations. From rigid-band modeling, we find that upon electron
doping, cation displacements in BaTiO3 are quickly reduced
and completely vanish at a critical electron concentration of
0.1 e/f.u. In contrast, in n-doped LiNbOj3, Li-O and Nb-O dis-
placements are significantly larger than cation displacements
in n-doped BaTiO3, and more importantly they are much more
robust and can persist even at a concentration of 0.3 e/f.u.
In n-doped LiNbOs, Li-O displacements decay more slowly
than Nb-O displacements, while in n-doped BaTiOs;, Ba-O
and Ti-O displacements decay approximately at the same
rate. From supercell calculations (using oxygen vacancy as
electron donors), we find that in BaTiO3_s with § = 4.2%,
cation displacements in BaTiO; are almost completely sup-
pressed, which is consistent with the result of rigid-band
modeling. Conduction electrons on Ti atoms are uniformly
distributed, underlying rigid-band calculations. On the other
hand, the results of oxygen-reduced LiNbO;s_s (6 =4.2%)
from supercell calculations are more complicated than rigid-
band calculations. Substantial polar displacements ;.o and
dnb-o occur throughout the supercell, but strong variations are
found in conduction electron distribution. This implies that
the rigid-band approximation should be used with caution in
simulating electron-doped LiNbO; and related oxides.

Our work indicates that electron doping of LiNbOs-type
ferroelectrics is a simple and feasible approach to approxi-
mately creating the rare polar metallic phase. Incorporating
doped ferroelectric semiconductors (in particular LiNbO;-
type ferroelectrics) into devices may lead to new functionality
and applications.
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