Physical Chemistry Chemical Physics

' PCCP

First-Principles Studies of Polar Perovskite KTaO3 Surfaces:
Structural Reconstruction, Charge Compensation, and

Stability Diagram

Journal:

Physical Chemistry Chemical Physics

Manuscript ID

CP-ART-04-2018-002540.R1

Article Type:

Paper

Date Submitted by the Author:

12-Jun-2018

Complete List of Authors:

Wang, Yaqin; University of Electronic Science and Technology of China,
State Key Laboratory of Electronic Thin Films and Integrated Devices
Cheng, Jianli; University of California, San Diego, Department of
NanoEngineering

Behtash, Maziar; University of California, San Diego, Department of
NanoEngineering

Tang, Wu; University of Electronic Science and Technology of China, State
Key Laboratory of Electronic Thin Films and Integrated Devices

Luo, Jian; University of California at San Diego, NanoEngineering
Yang, Kesong; University of California, San Diego, NanoEngineering
Department

ARONE"




Page 1 of 12 Physical Chemistry Chemical Physics

Y
[ | ROYAL SOCIETY
OF CHEMISTRY

Journal Name

First-Principles Studies of Polar Perovskite KTaO; Sur-
faces: Structural Reconstruction, Charge Compensa-
tion, and Stability Diagram

Cite this: DOI: 10.1039/XXXXXXXXXX

Yagin Wang,%*< Jianli Cheng,” Maziar Behtash,” Wu Tang,¢ Jian Luo,” and Kesong Yang
*b

Received Date
Accepted Date

Polar perovskite oxides are of considerable interest for developing advanced functional materi-
als with exceptional electronic properties for their unique polar characters. A cleavage of polar
perovskite oxides along the charged layers leads to an electrostatic instability on the cleaved
surfaces, and a charge compensation is required to stabilize these surfaces. In this work, we
have systemically studied 25 types of surface models of polar KTaO3 perovskite oxide, including
(001), (110), and (111) surfaces with various types of surface terminations, using first-principles
electronic structure calculations. The surface structural reconstruction, electronic structures, and
thermodynamic properties including cleavage energy and surface energy are investigated. The
phase stability diagrams of the (001), (110), and (111) surfaces are constructed with respect to the
chemical potentials of component elements. The KO (001), O (110), and KO, (111) terminations
are more likely to be formed than other types of terminations in corresponding surfaces, consistent
with experimental observations on KTaO3; (001) surfaces. This work provides useful guidance for
accurate control of surface morphology for tailing functional properties of polar KTaO3 perovskite
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oxide.

1 Introduction

Perovskite oxides with a structural formula ABO3 exhibit a broad
range of attractive physical properties such as ferroelectricity,
piezoelectricity, and ferromagnetism for various types of appli-
cations.™"6 A cubic and pseudo-cubic ABO3 perovskite can be re-
garded as stacks of alternating AO and BO; layers along [001]
direction. According to valence states of A and B ions, these per-
ovskite oxides are often classified as polar oxides and nonpolar
oxides. 6Ll A nonpolar ABO; oxide consists of neutral (A0)? and
(BO,)O layers while a polar ABO5 oxide consists of charged (AO)™
or (AO)™ and (BO,)~ or (BO,)™ layers along [001] direction.
In recent years, polar perovskite oxides including A3*B3* 03 and
ATB3t03 have attracted increasing interests due to their unique
polar characters that lead to promising applications in energy con-
version and nanoelectronics. 811513 For example, La-doped polar
perovskite oxide, NaTaO3, with NiO catalyst exhibits a maximum
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quantum yield of 56% under ultraviolet light (270 nm).1214 This
can be partially attributed to the high separation rate of electron-
hole pairs caused by the built-in electrical field in NaTaOs.

In terms of electron transport property for nanoelec-
tronic application, one remarkable example is the discovery
of two-dimensional electron gas (2DEG) at polar/nonpolar
(LaO)t/(Ti0,)° interface between insulating LaAlO3 and SrTiO3
perovskite oxides in 2004.Z Since then, a series of extensive stud-
ies have been done to explore the formation mechanisms of the
interfacial conductivity as well as the related applications.©Z2/11
For instance, in addition to the widely studied polar/nonpolar
perovskite oxide interfaces, ©Z1516l our prior studies also system-
atically expolore the other two types of interfacial configurations
including nonpolar/nonpolar and polar/polar interfaces to create
2DEG at perovskite oxide interfaces, respectively. 211718 Ope
model system to produce 2DEG based on polar/polar perovskite
oxide interface is LaAlO3/KTa03.1 Our first-principles computa-
tional studies show that the 2DEG can be formed at polar/polar
(LaO)t!/(BO,)t! (B=Nb and Ta) interface for LaAlOs/A1TB* 05
(A = Na and K, B = Nb and Ta) heterostructures. In addition to
the interfacial conductivity, polar perovskites also show impres-
sive surface electronic properties. For example, a 2DEG has been
observed on the non-reconstructed quasi-planar (001) and (111)
polar surfaces of KTaO3 using angle-resolved photoemission spec-
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Fig. 1 (Color online) 25 slab models of KTaO3 (001), (110) and (111) surfaces. (a, b) Stochiometric and (c-h) non-stochiometric KTaO3 (001) surface
models; (i, j) stochiometric and (k-q) non-stochiometric KTaO3 (110) surface models; (r, s) stochiometric and (t-y) non-stochiometric KTaO3 (111)
surface models. Note that the KTaO3) (110) surface with O termination (q) is symmetrical to its complementary surface model and thus only one
surface is shown. For KTaO3 (111) models, their side and top views are plotted to clearly show their surface structures.

troscopy in the experiment. 121 KTa0; (001) surface has been
found to have superconductivity upon electrostatic carrier dop-
ing. The (001) surface also shows large Rashba effects due to
the strong spin-orbit coupling interactions, 2325

In spite of the remarkable electronic properties and promising
applications of the polar perovskite oxides, the charged layers
of polar perovskite oxides determine that their surfaces such as
(001), (110) and (111) surfaces bear a nonzero dipole moment
and thus exhibit an electrostatic instability. Although the insta-
bility might be compensated by charge redistribution in the outer
surface layers, surface structural reconstructions, and chemical
doping, the surface properties will be modified accordingly.
Let us take polar KTaO3 as an example. A vacuum-cleaved (001)
KTaOj3 surface has been observed to show a 2DEG.20 However,
later experiments show that (001) KTaO3 surface can be metallic
only after Art irradiation in vacuum and the metallic state will
disappear upon annealing in oxygen at 300 °C.27128 These obser-
vations imply that the polar (001) KaTaOj surface undergoes a
structural reconstruction, which modifies surface electronic prop-
erty accordingly2? Therefore, a comprehensive understanding of
the surface structural reconstruction and thermodynamic prop-
erty of the polar perovskite oxides is very essential to control their

2| Journal Name, [year], [voI.],1

surface morphology for tailoring functional properties.

In this work, by using first-principles electronic structure cal-
culations, we modeled the 25 surface models of polar KTaO3 per-
ovskite including (001), (110), and (111) polar surfaces with var-
ious surface terminations, and systemically studied their surface
structural reconstruction, charge compensation mechanism, and
surface thermodynamic properties. The phase stability diagrams
of the considered surfaces were also constructed with respect to
the chemical potentials of component elements.

2 Computational and structural details

In this work, all the density functional theory (DFT) calcula-
tions were performed using Vienna Ab-initio Simulation Pack-
age (VASP).B9BI The projector augmented-wave (PAW) poten-
tials were applied for electron-ion interactions.®2 The general-
ized gradient approximation (GGA) parameterized by Perdew-
Burke-Ernzerhof (PBE) was employed for exchange-correlation
functional.®3 A cutoff energy of 450 eV was used for the plane-
wave basis set to converge the total energy. The k-space grids of
6x6x6 and 4 x4 x 1 within Monkhorst-Pack scheme were em-
ployed to sample the Brillouin zone of the bulk and slab models,
respectively. All the atomic positions were optimized until the

This journal is © The Royal Society of Chemistry [year]
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Table 1 Atomic relaxations (in A) along z-axis for the (001) configurations of KTaOj; surface.

Physical Chemistry Chemical Physics

Terminations Stochimetric Non-stochiometric
KO TaO, K TaO3 KO, TaO KO3 Ta
L1 K -0.30 -0.41
Ta 0.00 -0.10 -0.16
(0} -0.09 -0.25 -0.17 -0.68 -0.42 -1.24
L2 K -0.08 -0.99 -0.07 -1.22 -0.09
Ta -0.26 -0.01 -0.39
(0} -0.09 -0.17 -0.30 -0.13 -0.08 -0.31 -0.09 -0.39
L3 K -0.13 0.01 -0.22
Ta 0.04 -0.27 0.04 -0.29 0.03
(0} 0.00 -0.11 -0.18 -0.01 -0.05 -0.16 -0.06 -0.18
L4 K 0.00 -0.14 0.02 -0.15 0.01
Ta -0.12 0.06 -0.14
(0} -0.01 -0.07 -0.09 -0.02 0.02 -0.11 0.02 -0.12
L5 K -0.05 0.02 -0.06 0.05
Ta 0.04 -0.08 0.05 -0.08
(0} 0.02 -0.04 -0.06 0.02 0 -0.05 0 -0.06
L6 K 0.01 0.03 -0.02 0.01 -0.02 0.01
Ta -0.04 -0.04
(0} 0.00 -0.02 -0.02 0 0.01 -0.03 0.01 -0.03

Table 2 Atomic relaxations (in A) along z-axis for the (110) configurations of KTaO3 surface
layer, after structural relaxation, the O ions may exhibit different degrees of displacement, and their atomic relaxations are listed in the parentheses.

. Note that if there are more than two O ions in the same

Terminations Stochimetric Non-stochiometric
KTaO O, K TaO3; Kla O3 KO TaO, O

L1 K -0.35 0.14 -0.69 -0.36

Ta 0.20 0.17 0.20 0.17

(0] -0.08 -0.03 -0.28 0.47 -0.8 0.07
L2 K -1.99 -0.80

Ta -0.16 0.14

(0] -0.21 0.07 -0.05 -0.11 -0.23 0 -0.05 -0.16 0.04
L3 K 0.09 -0.25 0.09 0.10 0.05 -0.75 0.09

Ta 0.06 -0.08 0.06 0.06 -0.24 -0.11 0.06

(0] -0.07 0.04 0.07 -0.05 -0.08 -0.08 0.07 -0.06 0.12(-0.18)
L4 K -0.05 0.06

Ta -0.13 -0.01

(0] -0.08 0.04 0.02 -0.06 -0.09 0.01 0.02 -0.07 0.04
L5 K 0.03 -0.02 0.03 0.03 -0.05 -0.02 0.03

Ta 0.05 -0.05 0.04 0.05 -0.06 -0.08 0.05

(0] -0.02 0.02 0.03 -0.02 -0.03 0.04 0.04 -0.02 0.03(-0.09)
L6 K -0.02 0.00

Ta -0.03 0.00

0] -0.02 0.01 0.01 -0.02 -0.02 0 0.01 -0.02 0.00

interatomic forces were smaller than 0.03 eV/A. The electronic
self-consistency calculation was assumed for a total energy con-
vergence of less than 107> eV. A Bader charge analysis was em-
ployed to analyze charge distribution.343>

KTaOjs crystallizes in a cubic phase with space no. 221 (Pm3m)
at room temperature.=%37 Its surface models were built using
optimized bulk lattice constant a = 4.028 nm. These surface
models can be classified as two classes, i.e., stoichiometric and
non-stochiometric, according to surface terminations. Herein,
stoichiometric means that the surface termination has the same
atomic composition ratio with that of the corresponding layer
in the bulk compound, and the stoichiometric terminations can
be created by directly cleaving the bulk structure along a spe-
cific plane. That is, we have a total number of six stoichiomet-

ric surface models for three surface planes: KO and TaO; in the
(001) surface plane, KTaO and O, in the (110) surface plane, and
KO3 and Ta in the (111) surface plane. The non-stoichiometric
terminations can be formed via adsorption or desorption of one

This journal is © The Royal Society of Chemistry [year]

or more atoms on the stoichiometric surfaces. Specifically, non-
stochiometric surface terminations of KTaO3; can be artificially
made by removing or adding O (K) atoms. In this work, we
modeled nineteen non-stochiometric surface terminations includ-
ing six on the (001) surface (K-, TaO3-, KO,-, TaO, KOj3-, Ta-
terminated surfaces), seven on the (110) surface (K-, TaO3-, KTa-,
03-, KO-, Ta0;,-, and O-terminated surfaces), and six on the (111)
surface ( KO,-, TaO-, KO-,TaO,, K-, and TaOj3-terminated sur-
faces). The geometrical structures of these 25 total surface mod-
els including six stoichiometric and ninteen non-stoichiometric
are shown in Fig. [1| A slab approach with two symmetrical sur-
faces was used in our work to model these surface structures, with
each having a thickness of 13 layers (6.5 unit cells). To avoid the
dipole-dipole interaction between two periodic images,?® a vac-
uum layer with a thickness of 20 A was added in the slabs.

Journal Name, [year], [voll], 1{12] | 3
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Table 3 Atomic relaxations (in A) along z-axis for the (111) configurations of KTaOj; surface.

Terminations Stochimetric Non-stochiometric
KO3 Ta KO, TaO KO Ta0, K TaO3
L1 K -0.64 -0.46 -0.41 -0.48
Ta 0.44 0.27 0.17 0.09
(0] -0.02 -0.01 -0.32 -0.49 -0.12 -0.35(0.86)
L2 K -0.25 -0.24 -2.93 -2.98
Ta -0.14 0.08 0.17 0.30
(0] -0.21 -0.12(-0.07) 0.09(-0.15) 0.03
L3 K -0.20 -0.15 0.09 0.01
Ta 0.06 0.06 -0.07 0.07
(0] 0.04 -0.02(0.04) -0.26(-0.21) -0.23
L4 K 0.16 0.08 0.01 0.03
Ta -0.08 0.00 0.05 0.06
(0] -0.09 -0.06(-0.03) 0.04(0.02) 0.02(0.03)
L5 K -0.02 0.03 0.11 0.13
Ta 0.03 0.02 -0.13 -0.01
(0] 0.02 -0.05(0.02) -0.08 -0.08
L6 K 0.03 0.01 -0.03 0
Ta -0.03 -0.01 0.02 0.02
(0] -0.02 -0.02(-0.01) 0.02(0.00) -0.01

3 Results and discussion

3.1 Surface Relaxations

We began by studying structural reconstruction of KTaO3 surface
models. It is expected that structural relaxation can significantly
modify the materials properties of the surfaces. For instance,
a prior work showed that a structural reconstruction of KTaO3
(001) surface could screen out the polar field and suppress the
spin-splitting effect.2%23 Hence, it is quite necessary to study
the structural relaxations of these surface models. The results of
structural changes caused by relaxation are summarized in Tables
Only the data of the six outermost layers are presented since
all the slab models are symmetric. The positive (negative) val-
ues in the table indicate that the atoms move inward (outward)
the center of the slab models. Our calculations show that the
relaxations mainly occur in the five outermost layers for all the
terminations, and the largest relaxation occurs in the first three
layers. To clearly show the structural reconstruction, the unre-
laxed and relaxed surface models are plotted in Fig. S1-S3 of the
Supporting Information.

For the (001) surface, there are a total number of eight pos-
sible surface terminations, and the noticeable atomic relaxations
occur at their first three layers, see Table For instance, for
the KO- and K-terminated models, the large relaxation occurs in
the surface layer, with K atoms moving outward by 0.30 A, and
0.41 10\, respectively; for the TaO,- and TaO-terminated surfaces,
the surface O atoms show the largest displacement with —0.25 A,
and —0.42 A, respectively; for KO, and KO3 terminations, all the
atoms in the first two layers present largest displacement, with
the K atom moving outward by 0.99 A, and 1.22 A, respectively;
for TaO3 and Ta terminations, the largest relaxation occurs in the
second layer where Ta or O atom moves outward by 0.39 A.

For KTaO termination in the (110) surface, as shown in Table[2}
K atoms in the first layer move outward by 0.35 A, while those in
other layers move toward the center of the slab model and mag-
nitude of the displacement of these K atoms decrease from the
surface to the center of the slab model, reaching about 0.03 A in

4| Journal Name, [year], [vol.],1

the fifth layer. For K, TaO3, and TaO, terminations, all the atoms
show a relatively small displacement. For TaO3 and TaO, termi-
nations, the largest relaxation occurs in the first layer where Ta
atom both moves inward by 0.17 A. For K termination, in contrast,
the largest relaxation occurs in the third layer, about —0.25 A. For
KTa, O3, and KO terminations, atomic relaxations mainly occur in
the first three layers, with a relatively large displacement. For
0O, (110) and O (110) terminations, K atoms in the second layer
move outward the surface. This different displacement behavior
of Ta and K atoms can be explained from a perspective of a large
charge disparity between Ta and K. This determines that Ta atoms
tend to descend into the bulk, while K atoms tend to migrate to
the surface.22

For the (111) surface, all the surface termination models show
a large displacement in the topmost layers, and this displacement
rapidly decreases as the layer number increases, i.e., from the
topmost surface layer to inner layers, see Table (3] For KO3, KO,,
and K terminations, the atom displacement mainly occurs in the
first layer, with the K atom moving outward by 0.64 A, 0.46 f\,
and 0.48 A, respectively. For KO termination, K and O atoms both
move outward from the center of the slab to the first layer. For Ta
and TaO terminations, structural relaxations mainly occur in the
top two layers with Ta atoms moving inward and K and O atoms
moving outward. For TaO, and TaOj3 terminations, K atoms in
the second layer move to the topmost surface layer, similar to the
case of O, and O terminations in the (110) surface, showing a
moving tendency of K atoms to the surface.

3.2 Charge Compensation and Electronic Structures

Next we studied the surface charge compensation and surface
electronic structures by analyzing the surface Bader charge and
density of states (DOS), respectively. It is known that an ideal po-
lar surface is not stable because of surface dipole moment.=? To
stabilize these polar surfaces, the surface dipole moment needs to
be removed or canceled out by compensating charge density of
outer layers of the slab. For cubic perovskites such as KTaO3, the
condition of canceling out the macroscopic dipole moment can be

This journal is © The Royal Society of Chemistry [year]
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described using following equation: 2640141

Z o = c7m+1 )
where m is the number of modified outer layers, 6; and 0,
represent the charge of the layers j and m+1, respectively. For
KTaO3, as discussed below, to cancel out the surface dipole mo-
ment and to stabilize the surface, the charge of all the six outer
layers needs to be redistributed. In other words, at m=6, the total
charge of the six outer layers is half value of the seventh layer. In
fact, the charge distribution of the seventh layer is very close to
that in the bulk layer.

To evaluate the surface charge distribution, we calculated the
layer-resolved Bader charges for the three types of surfaces with
both stoichiometric and non-stoichiometric terminations. Con-
sidering the symmetry of slab models, only the Bader charge of
seven outermost layers are calculated, see Tables SI-SIII of the
Supporting Information. For a comparison, we also calculated
the Bader charge of bulk KTaOs, that is, 0.8, 2.8, and —1.2 for K,
Ta, and O atoms, respectively. Accordingly, the total Bader charge
is —0.4 (0.4) for KO (TaO;) termination layer of (001) surface,
2.4 (—2.4) for KTaO (O,) termination layer of (110) surface, and
—2.8 (2.8) for KO3 (Ta) termination layer of (111) surface, re-
spectively. For the KO-terminated (001) surface, the calculated

6
total Bader charge of the six outer layers (Y, o) is about 0.17

=1
and that of the seventh layer o7 is about —0.33. For the TaO,-

terminated (001) surface, ): o = —0.16 and o7 = 0.33. Similarly,
for (110) and (111) surfaces they all follow the relationship,

Z c=—-1/207.
I=1
far away from the surface, and thus its layer charges are similar

to those in the bulk KTaO3. In short, our calculations confirm
that the equation [1|can be fully satisfied. The charge distribution
mechanism for these 25 surface models can also be analyzed from
their DOS, which is discussed from the types of surface termina-
tions as below, i.e., stoichiometric and non-stoichiometric.

It is noted that the seventh layer is relatively

3.2.1 Stoichiometric Terminations

There are six stoichiometric terminations, i.e., KO- and TaO,-
terminated (001) surfaces, KTaO- and O,-terminated (110) sur-
faces, and KOs3- and Ta-terminated (111) surfaces. The stoichiom-
etry of these surface layers is same with their corresponding bulk
layers of KTaOs3, and thus it is expected that the charge distribu-
tion can be achieved only by modifying electron occupations of
surface states. On the basis of the condition of canceling out the
surface dipole moment, i.e., equation |1} the total charge of out-
ermost surface layer should be equal to half value of the charge
in their corresponding bulk layers. Let us take KO- and TaO,-
terminated (001) surfaces as an example to analyze its surface
charge redistribution from viewpoints of surface electronic struc-
tures. Note that the charge of bulk KO layer is —1e and that of the
TaOy layer is +1e. Therefore, to satisfy equation[I} after charge
redistribution, the surface charge of KO layer should be close to
—0.5e, implying that surface O atoms capture 0.5 e less electrons
than the bulk O atoms and thus O 2p orbitals should be not fully

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (Color online) Calculated total DOS and partial DOS of the (a) KO
(001), (b) TaO, (001), (c) Oz (110), (d) KTaO (110), (e) KO3 (111), and
(f) Ta (111) terminations compared with the bulk material. Note that the
partial DOS is calculated for the outermost layers only.

occupied. For surface TaO, layer, its surface charge should be
close to +0.5e, indicating that the surface Ta atoms lose 0.5e less
electrons than the bulk Ta atoms and thus Ta 5d orbitals should
be partially occupied. To verify this hypothesis, we calculated the
total DOS for the six stoichiometric surface terminations and the
partial DOS for the atoms in the outermost layer, see Fig. |2 The
total and partial DOS of the bulk KTaO3 are also calculated as a
comparison. For KO (001) surface termination, the Fermi level
crosses the valence band (VB) and some O 2p orbitals are unoc-
cupied, showing a p-type-like conductivity, while for TaO, (001),
Fermi level is pinned just above the bottom conduction band (CB)
and some Ta 5d orbitals are occupied, showing an n-type conduc-
tivity. These results show that the calculated DOS is well con-
sistent with our surface charge redistribution analysis. Similar
charge redistribution can be also applied on the O, and KTaO
(110) surface terminations, and KO3 and Ta (111) surface termi-
nations, which can also be verified from their surface electronic
structures, see Fig. [2{(c-).

3.2.2 non-stoichiometric Terminations

Here we studied nineteen non-stoichiometric surface models in-
cluding K, TaO3, KO,, TaO, KO3, and Ta (001) surface termi-
nations, K, TaO3, KTa O3z, KO, TaO,, and O (110) surface ter-
minations and KO,, TaO, KO, TaO,, K, and TaO5; (111) surface
terminations. These non-stoichiometric surface terminations can
be obtained from a modification of a stoichiometric surface by
adsorbing or desorbing its constituting atoms. The bulk KTaO3
consists of alternative stoichiometric (KO)~! and (TaO,)*! lay-
ers along [001] direction. To satisfy equation [1} the charges of
these outermost non-stoichiometric (001) surface layers should
be close to half value of those in their corresponding bulk layers,
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Fig. 3 (Color online) Calculated total DOS for all the non-stoichiometric terminations. The most left column is for KTaO3 (001) surface, the middle one

is for KTaO3 (110) surface, and the most right one is for KTaO; (111) surface.

ie., (KO)~! and (TaO,)"! layers. In other words, the K, KO,
and KOj-terminated (001) surfaces should have a charge close
to —0.5e, while the TaO3, TaO, and Ta-terminated (001) surfaces
close to 0.5e. However, the K, KO,, KO3, TaO3, TaO, and Ta lay-
ers have a formal charge of le, —3e, —5e, —1e, 3e, 5e to their
ionic limit, respectively. This implies that the TaO3;, KO,, and
KOs-terminated (001) surface must donate 1.5e, 2.5¢, and 4.5e,
respectively, and their total DOS will exhibit a p-type-like charac-
ter. In contrast, the K, TaO, Ta-terminated (001) surface should
accept 1.5e, 2.5¢, and 4.5e, respectively, and their total DOS will
show a n-type behavior. To further verify this hypothesis, we cal-
culated total DOS for K, TaO3, KO,, TaO, KO3 and Ta-terminated
(001) surfaces, see Fig. a-f), which is in an excellent agreement
with above analysis of the charge distribution.

A similar analysis can also be applied on the (110) and (111)
surfaces. The bulk KTaO3 consists of alternative stoichiometric
(KTaO)** and 0 4 layers along [110] direction. The K, KTa,

6| Journal Name, [year], [vol.],1

KO-terminated surfaces have a charge of le, 6e, —1le, as com-
pared to the half values (2e) from their corresponding bulk layers
(KTa0) 4, respectively. This indicates that K and KO-terminated
surface should lose about 1le and 3e, respectively. Then their to-
tal DOS should exhibit a p-type-like character, see Fig[3lg and [Bk.
While KTa-terminated surface should accept about 4e to meet
equation |1} and its total DOS should show a n-type behavior,
see Fig. Similarly, the TaO3, O3, and TaO,-terminated surfaces
should have a charge close to —2e. The Fermi levels of TaO,- and
TaO3-terminated are pinned above the conduction band bottom,
presenting a n-type behavior. While in O3-terminated surface, the
Fermi level just below the valence band maximum. As a compar-
ison, interestingly, the O-terminated (110) surface have a charge
of —2e, which is half value of the bulk Oy 4 layer, indicating that
the O-terminated (110) surface does not need donate or accept
any electrons. This means that the total DOS of O-terminated
(110) surface should exhibit a typical insulating behavior.

This journal is © The Royal Society of Chemistry [year]
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The bulk KTaO3 consists of alternative stoichiometric (KO3)~>
and Ta®> layers along [111] direction. The KO,- and TaO-
terminated surfaces have a charge of —3e and 3e, as compared
to the half values (—2.5e and 2.5¢) of the charges of their cor-
responding bulk layers, respectively. This indicates that KO,-
terminated surface should lose about 0.5¢ while TaO-terminated
surface should donate about 0.5e to meet equation [1} and thus
their total DOS should exhibit a p-type and n-type character, re-
spectively, as shown in Fig. and [Bp. Similarly, KO, TaO,, K-
and TaOs-terminated (111) surfaces have a charge of —e, e, e,
and —e. To satisfy equation |1} the KO and K-terminated surface
need to accept additional 1.5e and 3.5e, while TaO, and TaOs3-
terminated surface need to donate around 1.5e and 3.5e, respec-
tively. As shown in Fig. [B(p-s), the Fermi levels in the KO- and K
-terminated surfaces are pinned just above the conduction band
bottom, while in TaO, and TaO3 just below the valence band max-
imum, respectively, which is well consistent with our charge re-
distribution analysis.

3.3 Thermodynamic Stability

The relative thermodynamic stability of these different surface
terminations is highly dependent on the energetic consideration.
In this section, we introduce three physical quantities to analyze
the thermodynamic stability, i.e., cleavage energy E...,, surface
energy E;, and surface grand potential Q;.

3.3.1 Cleavage Energy

The cleavage energy is conventionally defined as the energy per
unit area required to separate a crystal into parts and thus to form
complementary stoichiometric surface terminations. It is an effec-
tive parameter to judge whether a stoichiometric surface termina-
tion is relatively easy to form. The cleavage energy of a relaxed
surface can be calculated using below equation:42

1
Ecleav = ﬁ [ng(ib (A) + Esrlezih (B) - nEI}QMZ%OJ (2)

where E”¢ (A) and E;ftfb (B) are the total energy of the symmetric
slab with the A and B surface terminations, respectively. A and
B denote two complementary terminations. S is the surface area
of the cleavage plane. E,’?‘leo3 refers to the total energy of bulk
KTaOj3 unit cell. n is the total number of the bulk KTaO3 unit cell
in the two slabs. There are three groups of complementary and
stoichiometric surface terminations, including KO and TaO; in the
(001) plane, KTaO and O, in the (110) plane, and KO3 and Ta in
the (111) plane, respectively. The calculated cleavage energies
of these surface terminations are listed in Table [4 To have a
comparison, cleavage energies of several other perovskite oxides
are also listed.3747 Our calculations show that KO/TaO, (001)
plane has the lowest cleavage energy, while the stoichiometric
KO3/Ta (111) plane has the highest one. This finding is similar
to the case in the LaAlO3,43 SrzrO;44 and ATiOs (A=Sr, Ba, and
Pb)_45—47
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Table 4 Comparison of the cleavage energies for the (001), (110), and
(111) stoichiometric terminations of KTaO3 surfaces.

(00D) (110) 11D
Term. RO/Ta0, KTa0/0, RO,/ Ta
E(‘Ieav (J/mz) 2.43 6.40 6.78

LaAlO;42 1.54 4.27
SrZrO;44 2.81
BaZrO;48 1.17 3.87
SrTiO342 6.52
BaTiO34Z 2.90
PbTi0;4° 2.46

3.3.2 Surface Energy

In thermodynamics, the surface energy is defined as:

G aIQ

Y= (m)TﬂN, = (m)r,v,pj 3

where Q is the surface grand potential, also known as the Landau
free energy. Ay, s is total surface area (25 in our simulation). For
a multi-component system with surface adsorption, whose surface
composition or stoichiometry is different from that in the abutting
bulk phase, the second definition at constant chemical potentials
in an open system is practically more useful. One can find the
equilibrium surface energy and the associated equilibrium surface
configuration via minimizing the surface excess of grand potential
at constant chemical potentials and other thermodynamic state
variables:

QXS
Yeg. = min(—— )1y, (€))
eq ( Asurf) M
QXS EXX SXA‘
= ~T— =Yl (5)
Asurf Asurf Asurf j
where %, AS_”f, and I';, respectively, are the surface excess of

internal energy, entropy, and the amount of the j-th component
(surface adsorption amount) per unit area in the Gibbs dividing
plane approach. Noting that the specific values of E*, §*, and
I'; depend on the selection of the Gibbs dividing plane, but the
equilibrium surface energy 7.,. is a physical property of the sur-
face that depends only on thermodynamic state variables such as
chemical potentials, temperature and pressure. It is worth em-
phasizing that, .,. in equationrefers to the equilibrium surface
energy that corresponds to the lowest excess grand potential at
given chemical potentials and other thermodynamic state vari-
ables.

An estimation of the surface energy can be obtained by us-
ing the unrelaxed cleavage energy and by conducting additional
structural relaxation calculations. This approach is often used as
a first-order approximation of the surface energy. Specially, for a
cleavage that form a pair of complementary terminations A and B
at T = 0, we can estimate:

JO5(A)+ 07 (B)] _ J[EV(4) +E7(B)]
25 28

Yo~

1
= 5 EG + Eret(A) + Ere (B) ©)
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Table 5 Comparison of the surface energies for the (001), (110), and
(111) stoichiometric terminations of KTaO3 surfaces.

(001) (110) (111)
KO Ta0O, KTaO [¢2) KO3 Ta

E;(J/m?) 1.36 1.08 3.23  3.17 3.77 3.01

Term.

SrTi0;42 0.98 0.97 437 421 5.52 4.26

SrZrQ;20 1.13  1.24 2.21
PbZr0;>0 1.00 0.93 1.74
with
1
Enl(A) = g[Es’fa’b(A)f e (A)] 7
1
Erei(B) = 55[Ejfa(B) — Eyfzy (B)] 8

where E4¢/(A) [E“el(B)] and EI¢!, (A) [E'¢., (B)] are the total en-
ergy of the unrelaxed and relaxed symmetric slabs with the A (B)
surface termination,respectively. Noting that terminations A and
B are a complementary pair so that the term ¥ ; u;T'; cancels each
other in the averaging in equation [6} Also, the subscript 0 in
equation [6] denotes that this estimation represents the case with
average I'; = 0 (as well as T = 0).

In practical calculations, it is common to separate 7y, into two
parts for two complementary terminations (after cleavage):

1
%= 5 [Es(A) + E(B)] ©)
with
1
Es(A) = 5o (A) + Erar(A) (10)
Ey(B) = S (B) + Ey(B) an

in which E,(A) and E(B) are the surface energies of A-terminated
and B-terminated surfaces, respectively. This method is very con-
venient but somewhat arbitrary. By following this approach, the
calculated surface energies for the (001), (110), and (111) stoi-
chiometric terminations of KTaO3 surfaces are summarized in Ta-
ble [5) along with the values for other perovskite oxides SrTiOs,
SrZrO;, and PbZr0;.4220 Qur calculations show that the (001)
surfaces have lower surface energies than the (110) and (111)
surfaces, which is consistent with the case in SrTiO;3,42 SrZrOs,
and PbZrOj3 systems.>?

It is important to note that even at T = 0 K, the E;(A) and
E,(B) defined above are neither y (the rigorously-defined surface
energy) nor the AE—Mf (the Gibbs excess quantity that depends on
the selection of Gibbs diving plane), though they are still often
called “surface energy" in literature. A more rigorously defined
surface energy in equations will be discussed in more details
in the next section.

3.3.3 Surface Stability Diagram

The fundamental thermodynamic principles tell us that the equi-
librium surface configuration is dictated by the state that has min-
imum surface energy (also called excess surface grand potential)
with constant chemical potentials as defined in equations A

8| Journal Name, [year], [vol.],1

thermodynamic state of such a surface (or interface in general) is
essentially a 2-D interfacial phase (which is also called a “com-
plexion" to differentiate them from the bulk phase defined by
Gibbs).21'>2 First-order or continuous phase-like transitions be-
tween different surface complexions (2-D interfacial phases) can
occur when a thermodynamic state variable is varied. Thus, we
can construct surface stability phase diagram to represent the rel-
ative stabilities of different surface phases/complexions as well
as the boundaries that represent surface phase-like transitions.
Such stability (interfacial phase) diagrams have been constructed
for oxide surfaces by both experiments and modeling, 424250 5
well as for hetero-phase interfaces®? and grain boundaries>4-1
via different methods.

To construct a surface stability phase diagram, one should
compute the surface energies for different surface configurations
(complexions) as functions of thermodynamic state variables such
as chemical potentials (as well as temperature and pressure in
some other studies). The surface configuration that has the low-
est surface excess of grand potential (according to equation
represents the stable equilibrium surface phase/complexion. Its
surface excess of grand potential dictates the equilibrium surface
energy (%,) according to equation @ Then, one can map out
the surface stability diagram, which is essentially a surface phase
diagram. Note that this study is limited to calculating different
perfect (1x1) terminations at T = 0, while reconstruction and
formation of vacancies and disordering at high temperatures will
be considered in future studies.

Specifically, we calculated the surface stability diagram for the
(001), (110), and (111) surfaces of KTaO3 by using the sur-
face excess grand potential approach. Since Q" = F — TS —
Y ju;jN; = —PV for a homogeneous system without surface (not-
ing that ¥ ; u;N; = G = E+ PV —T$), the total grand potential for
a system with surfaces (our calculation slab of the KTaO3 system
with two symmetrical surfaces of termination i) is:

Qietal — gl -+ PV — TS — Ng ik — Ntafira — Notto
12)
=Qlomo L ¥ — _py 4+ QF

where Eémb is the total energy of the slab system. Nk, Nr,, and Ny
are the number of K, Ta, and O atoms in the slab model, respec-
tively. uk, Urq, and up represents the chemical potentials of the
K, Ta, and O atoms, respectively. Thus, the surface excess grand
potential per unit area (or surface energy) of the i termination
can be calculated using the below formula®?

Q).CS

1 .
0 = S = 5[Eqap+ PV = TS = Nt = Nraktra = Nopto] - (13)

where 2S is the total surface area. Note that the factor of 1/2
corresponds to two symmetric surfaces in the slab model. For a
solid material, PV term is a constant and small in our calculations
at 0 K and a sufficient low temperature, then the entropic con-
tribution is negligible and the PV and TS terms can be neglected
and the above formula can be rewritten as4>

QF 1

55~ Z—S[E_im,,—NKuK—Nram —Nouo]  (14)

W; =
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The chemical potential of the relevant atoms are linked by the
thermodynamic stability of the KTaO3 phase, i.e.,

UkTa0; = ERfao, = UK + lra + 3to- (15)

We then introduced the following chemical potentials for each
atomic specie:

A,UK = Ug — E[b(ulk (16)

Aty = pra — Ef* 17)
1 gas

AI’LO = Up — EEOZ (18)

where E2* and E2“F are the calculated total energy per atom
from the bulk K and Ta at their most stable low-temperature
phase, and EF is total energy of the isolated ground state O,
molecule. By using the equations|[15{18] eq. [14|can be rewritten
as: |

0 = 9i— 5o [(Nk — N1a)Auk + (No — 3N74)Ao) (19)

Lo bulk bulk
i =35 (Egiap — N1aERTa0,) — (Nk — N1a) ER"" —

(20

gas

(No —3N7a)( gz )

It is worth noting that the chemical potentials strongly depend
on the material growth condition. Hence, by imposing a series
of thermodynamic boundary conditions,we next determined the
ranges of the chemical potentials. First, the K, Ta, and O atoms
are assumed to form no precipitation on the surface, then their
chemical potentials must be lower than the energy of these atoms
in their stable phase:

A/JK <0 @n
Apira <0 (22)
Ao <0 (23)

These equations define the upper boundaries of Aug, Aur, and
Auo. By combining equations [15] and we could obtain the
following lower boundary:

Aug +3Auo > AHf(KTa03) 24)
with 3
AH{(KTa03) = Egfgo, — ER" — Efg“ — SEG"  (25)

where AHy(KTa0Oj3) is the formation energy of bulk KTaO3, with
a calculated value of -15.65 €V that is consistent with the experi-
mental value of -14.60 eV.©3 Therefore, Aux and Ay can be re-
stricted in the range of [—15.65, 0] and [—5.22, 0], respectively,
with a constraint Aug + 3Aup > —15.65 eV.

To avoid the condensation of oxides K,O on the KTaO3 surface,
the following boundary condition should be fulfilled:

2AUK + Al < AHf(KzO) (26)
with !
AH{(K;0) = Egg — 2B — S EE 27)

This journal is © The Royal Society of Chemistry [year]
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in which AH¢(K>0) is K, O formation enthalpy. Similarly, to avoid
the formation of Ta,;Os, we have the boundary condition:

2Aura +5A0 < AH(Tay05) (28)
with .
AH(Tay05) = Eqgo, —2E7; " — SE 29)

By combing equations [15] and the limitation boundary for
Ta, 05 can be written as

2Aug + Ao > 2AH(KTaO3) — AH¢(TayOs) (30)

in which AH;(Ta,0s) is the formation enthalpy of Ta;Os. Then
the limitation boundary can be further simplified as —7.58 eV <
2AUK + Al < —3.66 €V, which corresponds to the precipitation
line of TayO5 and precipitation line of K,O, respectively. For a
clean surface, the surface energy must be positive. Otherwise, the
bulk solid would disintegrate, i.e., to maximize its surface area.
This condition can be determined by the following equation:

Qi(A/JK,A,I.lo) >0 @Bn

By using above boundary conditions of chemical potentials, we
are able to generate the surface diagrams of the (001), (110),
and (111) surfaces of KTaO3, which are shown in Fig. [4] Fig.
and Fig. [f] respectively. In these surface phase diagrams, the
stable bulk KTaO3 phase is shown by the region filled with lines.
For KTaO3 (001) polar surface (see Fig. [4)), by using the surface
grand potential condition, i.e., equation we can get bound-
ary condition Aug + App < —2.45 €V for KO surface termina-
tion, and Aug + Apo > —7.38 eV for TaO, surface termination.
Next, by setting Qxop = Qr,0,, Le., the surface grand poten-
tial with KO termination equals to that with TaO, termination,
we can get the boundary condition between the KO-terminated
and TaO,-terminated (001) surface: Augx + Auo = —4.90 eV.
The blue-shaded area with lines in Fig. shows the diagram
that the KO-terminated surface is thermodynamically more sta-
ble, and the red-shaded area with lines shows the diagram that
the TaO,-terminated surface is thermodynamically more stable.
Next, by imposing the thermodynamic stability condition in the
bulk KTaO3, we can determine the surface stability diagram of the
KO-terminated and TaO,-terminated (001) surface, i.e., the over-
lap between the blue-shaded (red-shaded) area and the solid-line-
filled region above the lower boundary, see Fig. [4] It shows that
the KO-terminated surface possesses a larger area in the solid-
line-filled region than the TaO, and K-terminated surfaces, which
means that there are more space of adjusting Augx and App to
obtain KO-terminated surface than the TaO,-terminated surface.
Therefore, for the KTaO3 (001) surface, the KO surface termi-
nation can be considered as the most likely formed surface for
further investigation. Interestingly, a very recent experimental
study of the KTaO3 (001) surface shows that KO planes are al-
ways on top of KTaO3 (001) single crystal after cleavage,® which
is in a good agreement with our calculations. This conclusion also
coincides with an early experimental observation in which KO is
shown to be dominant at the top of the surface while TaO; is more
abundant in the deeper subsurface layers when KTaO3 is heated
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Fig. 4 (Color online)(a) Stability diagram of the (1x1) KTaOs (001) po-
lar surface. The surface grand potentials (SGPs) are represented as a
function of the Augx and Ape in a unit of eV. The boundary values of
Auk (-15.65) and Ao (-5.22) are derived from the boundary of forma-
tion enthalpy of KTaOs, i.e., equation 24. In this and each subsequent
stability diagrams, the region filled with lines indicates the allowed region
for stable bulk KTaOs phase, and the shaded regions with different colors
indicate the allowed region for the surface models with different termi-
nations. In this phase diagram, the blue, red, green, and black shaded
regions indicate the allowed region for KO-, TaO,, K, and TaO-terminated
surfaces, respectively. (b) The SGPs of different terminations of KTaO3
(001) surface in the condition of Aug = —1 eV.

up to 800 °C in oxidizing conditions.®# To show the competition
between these surface terminations, we further plot their SGPs as
a function of Aip at Aug = —1 €V, see Fig. [@b. The results show
that the KO termination is stable at —3.90 eV < Aup < —1.66 €V,
while the TaO, termination is stable at Ay < —3.90 €V.

By using the same approach, we produced the surface stabil-
ity diagrams for KTaO3 (110) and (111) surfaces. In the case
of KTaO3 (110) surface, there are two types of stabilized sur-
face terminations, i.e., K, and O termination, see Fig. . This
is different from the case of LaAlOj system, in which there ex-
ists only one non-stoichiometric termination, i.e., O termination
in the thermodynamically stabilized region.43/ For KTaO3 (110)
surface, O termination has the largest stability domain in the O-
and K-moderate condition. As Aug and Ay increase, the K ter-
mination turns into the thermodynamically stabilized. In short,
our calculations indicate that O termination is the main surface
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Fig. 5 (Color online) Stability diagram of the (1x1) KTaO3 (110) surface.
The SGPs are represented as a function of the Aux and Aug. (b) The
SGPs of different terminations of KTaO3 (110) surface in the condition of
AHK =—1eV.

termination for KTaO3 (110) surface in reality. To clearly show
the competition among these surface terminations, we present
their SGPs as a function of Ay at Aux = —1 eV in Fig. [Bp. It
shows that the SGP of the self-complementary O termination is
a constant of 0.98 J/m?, and has a lower SGP at a larger inter-
val, while K terminations exist in a smaller interval in the O-rich
environment.

For KTaO3 (111) surface, there are eight total possible surface
terminations, and only six of them can be be plotted in the surface
stability diagram, see Fig. [6} This is because KO3 and TaOj termi-
nations are unstable since their SGPs are much larger than other
terminations within the Aup- and Aug- allowed regions. The cal-
culated surface stability diagram shows that only KO,, TaO, KO
and TaO, surface terminations are thermodynamically stabilized.
The TaO,; surface termination is stabilized within a small region;
KO and TaO surface terminations dominate relatively larger re-
gions; and KO, surface termination has the largest stability do-
main in the O-rich and K-rich environment. This indicates that
the KO,-terminated (111) surface is the most likely formed struc-
ture in reality. The SGPs of these different surface terminations
as a function of Aup at Aug =—1 €V are plotted in Fig. @) In
this condition, only the TaO and KO, surface terminations can be
stabilized, and TaO surface termination is more stable at App <

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 (Color online) Stability diagram of the (1x1) KTaO3 (111) surface.
The SGPs are represented as a function of the Aux and Aup. (b) The
SGPs of different terminations of KTaO; (111) surface in the condition of
A[JK =—1eV.

—3.54 €V, while KO, surface termination is more stable at Ay >
—3.54 eV.

4 Conclusions

In summary, we have investigated the structural reconstruction,
charge compensation, and thermodynamic stability of 25 types of
KTaO3 (001), (110), and (111) (1x1) polar surfaces using first-
principles electronic structure calculations. It is found that the
structural reconstruction mainly occurs in the first three outer-
most layers for all the surface terminations. The dipole moments
of these polar surfaces are canceled out by charge redistribution
on the surface layers to achieve a charge compensation, along
with a surface metallization. Among these considered surface
models, the (001) stoichiometric plane has the lowest cleavage
energy and surface energy, while the stoichiometric KO3/Ta (111)
plane has the highest cleavage energy and the KO3 (111) termina-
tion has the highest surface energy. The calculated phase stability
diagrams with respect to the chemical potentials of component
elements show that KO (001), O (110), and KO, (111) surface
terminations possess the largest stability domain, indicating that
they are more likely to be formed compared with other surface
terminations. This work provides informative guidance to accu-
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rately control the surface morphology of polar perovskite oxide
KTaOj3.
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