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Polar metals, commonly defined by the coexistence of polar structure and metallicity, are thought to be
scarce because free carriers eliminate internal dipoles that may arise owing to asymmetric charge
distributions. By using first-principle electronic structure calculations, we explored the possibility of
producing metallic states in the polar/nonpolar KNbO=/BaTiOsz superlattice (SL) composed of two
prototypical ferroelectric materials: BaTiOz (BTO) and KNbOsz (KNO). Two types of polar/nonpolar
interfaces, p-type (KO)7/(TiO»)° and n-type (NbO,)*/(BaO)°, which can be constituted into two
symmetric NbO,/BaO-NbO,/BaO (NN-type) and KO/TiO,-KO/TiO, (PP-type) SL, as well as one
asymmetric KO/TiO,—NbO,/BaO (PN-type) SL. The spatial distribution of ferroelectric distortions and
their conductive properties are found to be extraordinarily sensitive to the interfacial configurations. An
insulator-to-metal transition is found in each unit cell of the symmetric interfacial SL models: one
exhibiting quasi-two-dimensional n-type conductivity for NN-type SL, while the other being quasi-two-
dimensional p-type conductivity for PP-type SL. The anisotropic coexistence of in-plane orientation of
free carriers and out-of-plane orientation of ferroelectric polarization in KNO/BTO SL indicates that in-
plane free carriers can not eliminate the out-of-plane dipoles. Our results provide a road map to create
two-dimensional polar metals in insulating perovskite oxide SL, which is expected to promote
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1 Introduction

Metals cannot exhibit ferroelectricity because free carriers
eliminate static internal electric fields that may arise owing to
asymmetric charge distributions.' But in 1965 Anderson and
Blount” first predicted that two seemingly incompatible prop-
erties, i.e., ferroelectricity and metallicity, could coexist in polar
metals (also called ferroelectric metals). Such unique and
counter-intuitive cases have puzzled us for half a century until
LiOsO; was discovered,® whose metal behavior was found
unchanged but rather it underwent a structural phase transition
around in 140 K. In addition to the intrinsic polar metals,*®
structural phase transitions can occur in metallic non-
centrosymmetric  oxides, designed by “weak-coupling”
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mechanism (e.g., SrCaRu,04)° or “geometric design” method
(e.g., NdNiO3).** However, a wide variety of materials surveys
have indicated that metal-based oxide compounds are
extremely rare being polar metals.®***?

Because of the lack of metal-based polar metals, it is urgent
to design easily-realizable polar metals for further research and
practical applications. Analogous to metal-based polar metals
with structural phase transitions,*** ferroelectric-based polar
metals are another category of polar metals with insulator-
metal transitions.”*?° Compared with the structural phase
transitions hardly occurred in metals, insulator-metal transi-
tions are prone to be realized in ferroelectrics, and they have
broad practical application prospects due to the enormous
range of ferroelectrics and their compounds readily available at
room temperature. A conventional approach to achieve metal
behavior in ferroelectrics is to introduce electron carriers into
the ferroelectrics by injecting vacancies or doping,”™ e.g., O
vacancies in BTO,'' element or electrostatic doping in
BTO." ™ The polarization displacements show a rapid decrease
with increasing carrier concentration. But recently, Cao et al.>
created a room temperature quasi-two-dimensional polar metal
with a tri-layer BaTiO3/SrTiO;/LaTiO; SL, the two-dimensional
electron gas (2DEG) at the interface of SrTiO3/LaTiO; provides
metal conductivity and simultaneously realizes ferroelectric
structure phase transition by BaTiO;. This approach provides
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a new road map to create and enrich polar metals in perovskite
oxide compositions and the discovery of new physical
phenomena.

The formation of 2DEG or two-dimensional hole gas (2DHG)
is one of the most important ways to realize the interfacial
conductivity of insulating perovskite oxide heterostructures
(HS) or SL.>** Since the discovery of 2DEG at the n-type inter-
face in LaAlO;/SrTiO; HS,** based on experimental and theo-
retical studies, a lot of intriguing physical properties have been
explored in n-type interface of perovskite oxide HS.*"*¢
Although theoretical investigations have predicted a 2DHG
exists in p-type interfaces,” most of the experimentally verified
p-type interfaces exhibit an insulating behavior.*"*® Excitingly,
2DHG was first observed on oxide p-type interfaces of SrTiOs/
LaAlO;/SrTiO; HS very recently,” and it was found that elimi-
nating ionic point defects is the key to realize a 2DHG.
According to the formation mechanisms of interfacial conduc-
tivity in perovskite oxide compounds, there are essentially two
main categories of mechanisms that can form the 2DEG or
2DHG.***! The first one is polar discontinuity,* %% j.e., polar
catastrophe, including polar/nonpolar and polar/polar interfa-
cial structures. This interfacial metal behavior formation
mechanism is principally attributed to the intrinsic electronic
reconstruction. For example, for a polar/nonpolar interfacial
structure, a 2DEG exists at the n-type (LaO)"/(TiO,)° interface**
and a 2DHG exists at the p-type (AlO,) /(Sr0)° interface? in the
LaAlO;/SrTiO; system. While for the polar/polar interfacial
structure, such as n-type (La0)'*/(Ta0,)"" in the LaAlO;/KTa0;
system,***® two donor layers make it to have larger interface
carrier density than that in the polar/nonpolar LaAlOz/SrTiO;
system. The second formation mechanism is to form interfacial
metal states at the nonpolar/nonpolar interface via the polari-
zation discontinuity. The interfacial metal states here are more
sensitive to the polarization orientation rather than the inter-
facial configuration.***¢** For example for the CaHfO;/SrTiO;
system,*”*®* when the polarization direction is toward the
interface, electrons are transferred from CaHfO; to SrTiO;
driven by the polarization field, resulting in the formation of
a 2DEG at the SrTiO; interface. Whereas when the polarization
reverses backward at the interface, electrons are transferred
from SrTiO; into CaHfOj3, forming a 2DHG at SrTiO; interface.

In this work, to reveal the underlying relationship of elec-
trical conductivity and the intensity and stability of polarization
in ferroelectric-based polar metals, we designed a KNO/BTO SL
composed of two prototypical ferroelectric materials, and
surveyed two symmetric and one asymmetric category of KNO/
BTO SL models. We also investigated the magnitude and
robustness of polarization, electronic properties, and band
diagram in the KNO/BTO SL by using the density functional
theory (DFT) calculations. The design idea is to obtain the
interfacial metal behavior at the polar/nonpolar interface via
polar discontinuity and polarization discontinuity, where the
electrostatic field generated by polarization plays a major role in
the redistribution of electrons from the interface to other
regions. We have found that the spatial distribution of polari-
zation distortions, the robustness of polarization, and conduc-
tivity are quite sensitive to the interface structure. Moreover,
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there exist insulator-metal transitions in two symmetric SL
models, and these SL models exhibit quasi-two-dimensional
conductivity. In addition, the relationship between the direc-
tion and intensity of polarization versus the concentration of
free carriers in each cell are elucidated in this paper.

2 Structural modeling and
computational details

At room temperature, bulk KNO** and BTO** compounds crys-
tallize in a tetragonal phase (space group no. 99, P4mm), and all
of them are prototypical ferroelectric materials. The experi-
mental spontaneous polarizations are 37 uC cm 2 and 27 pC
cm 2% apart. The DFT equilibrium (experimental) lattice
constant a is 4.022 A (4.003 A)* and 4.012 A (3.996 A)** for KNO
and BTO, respectively. The lattice mismatch fbetween the KNO
and BTO is defined as f = (a; — a,)/a,, where a,; and a, are the
free lattice constants of KNO and BTO, respectively. Therefore it
can be considered that the KNO/BTO SL is unstrained because
the lattice mismatch f between KNO and BTO is almost
negligible.

We employed a sandwich structural model to simulate the
polar/nonpolar KNO/BTO SL, where two kinds of ferroelectric
KNO and BTO were alternately stacked along the [001] orien-
tation. The initial ferroelectric polarization direction along the
+c-axis is defined as upward polarization (Pp). Correspond-
ingly, downward polarization (Pg,) is represented along —c-axis.
Here, two types of interface structures exist in our model, i.e.,
(KO)™/(TiO,)° and (NbO,)"/(Ba0)’. Hence, both types of inter-
facial configurations were modeled in our polar/nonpolar KNO/
BTO SL system, which can structure three categories of KNO/
BTO SL models. 4.5 or 4 monolayers of KNO and BTO are
included in the symmetric and asymmetric model, separately.
Mlustrated in Fig. 1 are two symmetric NbO,/BaO-NbO,/BaO
(NN-type) and KO/TiO,-KO/TiO, (PP-type) interfacial SL models
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Fig. 1 Side view of KNO/BTO SL for different interfacial structure, (a)
NN-type, (b) PP-type, (c) PN-type with Py, (d) PN-type with Py, the
blue arrows represent the ferroelectric polarization direction, the red
and cyan dot line represent the (NbO,)*/(BaO)° and (KO)~/(TiO,)°
interface, respectively.
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(Fig. 1(a and b)), and one asymmetric KO/TiO,-NbO,/BaO (PN-
type) interfacial model considering the polarization orientation
(Fig. 1(c and d)).

Our DFT electronic structure calculations were implemented
using the Vienna Ab initio Simulation Package (VASP).***” The
projector augmented wave (PAW) potentials were used for
treating electron-ion interactions,”® and the generalized
gradient approximation (GGA) parametrized by Perdew-Burke-
Ernzerhof (PBE) plus the on-site Coulomb interaction approach
(GGA + U) were applied for the exchange-correlation func-
tional.* To appropriately describe the electronic states of
strongly correlated Ti 3d and Nb 4d electrons, we calculated the
E,, E., E; of BTO and KNO with different on-site Coulomb
effective U values listed in Table S1 as ESI,} in which E, of BTO
was used as a reference. The on-site Coulomb effective U
parameter value of 5.8 eV (ref. 50) and 5.0 eV (ref. 31) were used
for Ti 3d orbitals and Nb 4d orbitals, respectively. A cutoff
energy of 450 eV for the plane wave expansion was used. The
Monkhorst-Pack k-point grids for Brillouin zone sampling were
set to 9 x 9 x 2 for ionic relaxation and 25 x 25 x 3 for static
calculations, respectively. All crystal structures relaxations were
optimized until the Hellman-Feynman forces on the relaxed
atoms were less than 0.01 eV A~'. For the electronic self-
consistency loop, total energy convergence was less than
107° eV per cell. The density of states (DOS) was calculated
using a value of Gaussian smearing of 0.05 eV.

3 Results and discussion
3.1 Polarization displacement and polarization robustness

Polar metal is a material where polar crystal structure and
metallicity coexist. For the purpose of probing whether the
KNO/BTO SL is a polar metal, we first examined the ferroelectric
polarization property of KNO/BTO SL. Even though we know
that KNO and BTO are typical ferroelectric materials, it is
necessary to verify whether ferroelectricity is possessed when
they are composed of SLs with different interfacial structures.
Therefore, ferroelectric displacements and the double-well
potentials of KNO/BTO SLs with different interfacial struc-
tures were calculated, as shown in Fig. 2. In order to more
intuitively inspect the change of cation-anion ferroelectric
displacement and ferroelectric robustness in a SL, we give the
relevant calculated values of bulk KNO and BTO as references.

For the Ti-O and Nb-O displacement of each atomic layer in
KNO/BTO SLs with different interfacial structure as displayed in
Fig. 2(a), we can see that the magnitude of polarization
displacements are exceedingly sensitive to interfacial configu-
ration in KNO/BTO SLs. Different polarization distortion
patterns are formed in different interfacial configuration
models because of different interfacial electronic reconstruc-
tions induced by polar catastrophe. In addition, the direction of
polarization also has a certain influence on the spatial distri-
bution of ferroelectric distortions, especially on the PN-type SL,
displaying a completely different ferroelectric distortion pattern
when polarization is flipped. But for two categories of the
symmetric SL model, the NN-type and the PP-type SL, the spatial
distribution of ferroelectric distortions in BTO and KNO region
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along the polarization direction are exactly the same for Py,
state and Pg, state, thus the strength of total ferroelectric
polarization remains unchanged even if the polarization is
reversed. That is why, for the convenience of analyzing the
symmetric interface SL model, only the P, state needs to be
considered.

In Fig. 2(a), for NN-type SL, along with the polarization
direction, the magnitude of Ti-O displacement in the atomic
layers in the BTO region shows a gradual decrease. While in the
KNO region, the magnitude of Nb-O displacement in atomic
layers manifests an abruptly decrease. By comparing with the
reference value of bulk BTO or KNO, besides the NbO, atomic
layer of the left interface in the KNO region, we can clearly find
that the magnitude of Ti-O and Nb-O displacements in other
atomic layer is significantly smaller than the reference value,
which indicates that NN-type SL reduces the strength of total
polarization. The double-well potential in Fig. 2(b) can further
verify this fact. The switch potential barrier height dE of the
ferroelectrics is defined as the difference between the energy of
the ferroelectric phase (A = 1) and the paraelectric phase (1 =
0). Large dE means that a ferroelectric has stronger stability,
and implies a larger Curie temperature (7, ferroelectric-para-
electric transition temperature). The dE value of the NN-type SL
obviously is lower than that of either bulk BTO or KNO, which
means that the polarization robustness is weakened in the NN-
type SL. The itinerant electron generated at the n-type interface
in the NN-type SL reduces the strength of polarization and
stability, which is consistent with the previously reported
finding that electron-doping in BTO reduces ferroelectric
displacements.*

The evolution of ferroelectric displacements in the atomic
layer along the polarization direction in the PP-type SL is
completely opposite to that in the NN-type SL. The magnitude of
Ti-O displacement in the BTO region shows a rapid increase
and Nb-O displacement tardily increase in the KNO region.
Surprisingly, toward the direction of polarization, the difference
between Ti-O (Nb-O) displacement of the atomic layer and the
reference value of bulk BTO (KNO) exhibits excellent comple-
mentation when taking the middle atomic layer as a reference,
which indicates that the strength of total polarization was
unchanged. Moreover, the dE value of PP-type SL is in the
middle of values of BTO and KNO bulk, meaning that its
ferroelectric robustness is as strong as the bulk BTO or KNO.
Unlike the itinerant electron in NN-type SL, the itinerant holes
produced at the p-type interface seemingly have no effect on the
ferroelectricity of the PP-type SL.

The spatial distribution of ferroelectric distortions of asym-
metric PN-type SLs is fully distinct to that of symmetric KNO/
BTO SLs. For Py, state, the polarization disappears in BTO
region while it remains in the KNO region. The polarization
vanishes in KNO region and it remains in BTO region when
switching polarization P, state to Pq,, state. The reason why the
ferroelectric vanishes in the tail region of the polarization
direction may be the fact that itinerant electrons generated by n-
type interface and holes produced by p-type interface are
aligned with polarization direction thus screening the electric
dipole. As shown in Fig. 2(b), the double-well potential indicates

RSC Adv., 2019, 9, 35499-35508 | 35501
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Fig. 2 (a) Calculated layer-resolved Ti-O or Nb—-O displacements in the KNO/BTO SL for different interfacial structure, the solid and hollow

symbols indicate P, and Pqy, respectively, the black arrows represent the polarization direction, the parallel orange (violet) dash line indicate Ti—
O (Nb-0) displacement of bulk BTO (KNO), the vertical cyan short dot indicate interface of BTO/KNO SL. (b) Calculated total energy per unit cell
as a function of polarization distortion for KNO/BTO SL with different interfacial structures as well as bulk KNO and BTO, in which A= -1 (1 =1)
and 1 = O represent the ferroelectric phase and the paraelectric phase, respectively. Note, the total energy per unit cell for the NN-type and PP-
type SL is the total energy of the KNO/BTO SL divided by 9, while for the PN-type SL, it is divided by 8.

that there exists one metastable state (local energy minimum,
P, state) and one ground state (global energy minimum, Pgy
state) in the PN-type SL. Both potential barrier heights dE are
smaller than that of the NN-type SL so that its stability is worse
than the NN-type SL. This quite remarkably illustrates that the
simultaneous presence of the n-type and p-type interface is
more detrimental to the ferroelectric stability of a SL.

3.2 Metal behavior and layer-resolved carriers

In the previous section, the ferroelectricities of three categories
of interfacial configurations of SLs were researched, confirming
that the ferroelectricity in KNO/BTO SL does not vanish.
Therefore, the next task is to explore whether an insulator-
metal transition occurs in the KNO/BTO SL to further make sure
that it is a polar metal. Here, we calculated the total DOS for
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Fig.3 Calculated total DOS for BTO/KNO SL, (a) NN-type, (b) PP-type,
(c) PN-type@P,,, (d) PN-type@Py., the zero of energy is at Fermi level
(Ee).
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three categories of KNO/BTO SLs as shown in Fig. 3, where the
asymmetric interfacial configuration of PN-type SL was
considered in the polarization direction. In addition, electronic
band structures of four categories of SLs are plotted in Fig. S1 in
the ESI.f Since only the NN-type SL has a weak magnetic
moment, magnetic properties are not considered here for the
sake of convenience. Our calculated total DOS clearly displays
that an insulator-metal transition occurs in the KNO/BTO SL
model with a symmetric interfacial configuration. The Fermi
level of the NN-type SL is migrated into the conduction bands,
leading to an exhibition of n-type conductivity (Fig. 3(a) and
S1(a)f). While the Fermi level of PP-type SL is diverted into
valence bands resulting in p-type conductivity (Fig. 3(b) and
S1(b)f). In contrast, the total DOS remarkably exhibits an
insulating nature for the PN-type SL (Fig. 3(c and d)), with
a bandgap of 0.71 eV and 0.85 eV (Fig. Si(c and d)f) when
switching polarization from P, state to Py, state.

We computed the total number of electrons and holes by
integrating the total DOS of the carrier occupied states near the
Fermi level. Interestingly, the total number of free carriers for
NN-type and PP-type SL is exactly 1 e~ and 1 h”, respectively.
According to the polar discontinuity mechanism, about 0.5 e~ is
transferred from KNO to BTO at the (NbO,)*/(Ba0)° interface.
However, for the (KO) /(TiO,)° interface, about 0.5 h* is trans-
ported from KNO to BTO. Here, each of the two symmetric
(NbO,)*/(Ba0)° interfaces is donated with 0.5 e~ in NN-type SL,
while each of the two symmetric (KO) /(TiO,)° interfaces is
supplied with 0.5 h* in PP-type SL. The fact that the number of
total free carriers is 1 in symmetric SL evidently indicates that
the carriers were only contributed by the polar discontinuity,
regardless of the polarization discontinuity. The reason for this
may be that although polarization discontinuity at each inter-
face induces electrons or holes on both sides of the interface,
these electrons and holes will undergo electron-hole recombi-
nation thus canceling each other out in BTO or KNO region.
Perspectively, the asymmetric PN-type SL can also support this

This journal is © The Royal Society of Chemistry 2019
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view. On the one hand, the polar discontinuity mechanism does
not have any effect on electrical conductivity here, this is
because of one (NbO,)"/(BaO)° interface offers 0.5 e~ while
another one (KO) /(TiO,)° interface provides 0.5 h*, leading to
the full electron-hole recombination. On the other hand, even
though the interfacial polarization discontinuity is especially
noticeable, on both sides of the interface, the polarization exists
on one side and disappears on the other side, leaving PN-type SL
still with the insulating property.

3.2.1 NN-type SL. Does the appearance of the insulator-
metal transition mean that the ferroelectric-based system
should be a polar metal? The answer is no unless the system
possesses the metallic nature in all unit cells. To further
understand the origin of electronic metallic behavior in the NN-
type SL system, we calculated layer-resolved DOS of the NN-type
SL, with results shown in Fig. 4. For a direct view of each layer's
contribution to the metallic states, we also plotted the three-
dimensional (3D) charge density projected on the bands form-
ing the metallic states near the Fermi level. The calculated layer-
resolved DOS intuitively shows that metallic states are mainly
contributed by Ti 3d or Nb 4d orbitals, and all of these Ti 3d or
Nb 4d states cross the Fermi level and become occupied, indi-
cating the formation of metallic states in all unit cell. This in
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Fig. 4 Calculated layer-resolved partial DOS for the NN-type BTO/
KNO SL, along with its charge density plot projected on the bands
forming the metallic states, the energy range from —1to O eV.
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turn demonstrates that the NN-type SL should be a polar metal.
In detail, the calculated layer-resolved DOS plainly denotes all of
the NDb 4d states moving to a lower energy level than that of the
Ti 3d states, which causes more orbitals to be occupied by
electrons, especially for the Nb 4d state of the NbO, layer at the
interface in the KNO region. Moreover, electrons are domi-
nantly distributed around the Nb atom of the NbO, layers,
which can be visually displayed from the 3D charge density plot
projected on the selected bands. Whereas only a few electrons
are distributed around the Ti atom of the TiO, layers, exhibiting
a d,, orbital electron cloud pattern.

Unlike a strong intrinsic electric field existing in the
ferroelectric-based heterostructures, such as BaTiO3/SrTiO3,*
CaHfO,/SrTiO3,% etc., which drives charge transfer and forms
a 2DEG, there is no an obvious net electric field in the NN-type
SL, as seen in Fig. 4, which is consistent with our previous
hypothesis that polarization does not contribute to free carriers.

To have a quantitative comparison among the metallic states
of each layer, we estimated the orbital electron numbers by
integrating the partial DOS of occupied Ti 3d (Nb 4d) orbitals at
each TiO, (NbO,) layer for the NN-type SL, as shown in Fig. 5. As
aforementioned, electrons are mainly concentrated in the KNO
region, particularly in the NbO, layer at the interface. Moreover,
in the BTO or KNO region, electrons per layer increase as the
number of atomic layers increases, and the changing trend is
consistent with the polarization direction. In detail, the orbital-
resolved orbital electrons intuitively show that the d,, states are
dominantly occupied on most of the atomic layers, and d,.,/d,,
states are partially occupied in few NbO, layers around the right
side of the KNO region, whose d,,/d,, orbital electrons decay
exponentially until it almost vanishes in the BTO region, hence,
exhibiting quasi-two-dimensional n-type conductivity property
in the NN-type SL.

In addition, we calculated values of the bandgap E, of BTO
and KNO under different on-site Coulomb effective U parameter
values, with results shown in Table S1.7 The calculated layer-
resolved partial DOS and 3D charge density for the NN-type SL
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Fig. 5 Calculated layer-resolved orbital electron distribution for each
TiO, (NbO,) layer in the NN-type SL.
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when using U = 0 eV are plotted in Fig. S2,T while the calculated
layer-resolved total orbital electrons for the NN-type SL with
different U values are plotted in Fig. S3 in ESL.{ We can clearly
find that increasing the U values can increase the bandgap E, of
BTO and KNO, making it closer to the experimental band gap,
but in fact, it has a slight influence on the layer-resolved elec-
tron distribution in the NN-type SL (Fig. S2 and S37).

In conjunction with Fig. 2(a), when the ferroelectric
displacement of an atomic layer dominantly occupied by the d,,
states are slightly reduced, or even increased in few atomic
layers (the NbO, layer of the left interface in KNO region), while
for atomic layers in which partially occupied by the d.,/d,,
states, the ferroelectric displacement shows a rapid decrease,
till nearly total disappearance (the NbO, layer of the right
interface in KNO region). Furthermore, in our calculations, the
maximum numbers of electrons located at the NbO, layer of the
left and right interface in the KNO region (0.143 and 0.131 e™,
respectively) are slightly larger than the reported 0.11 e /(unit
cell) of critical concentration for BTO-based ferroelectric.'®
Incredibly, both are beyond the critical concentration, the
ferroelectric displacement of the right interface with d../d,,
states partially occupied is almost 0, yet the magnitude of
polarization at left interface NbO, layer with the d,, states fully
occupied is not reduced but bigger than the reference value of
bulk KNO, even though the electron density is slightly larger
than the right interface NbO, layer. The magnitude of polari-
zation is reduced by d../d,, states having out-of-plane disper-
sion, while d,, states possessing in-plane dispersions do not
have any influence to the polarization, which may be the reason
why the magnitude of polarization is reduced and the polari-
zation robustness is weakened for the NN-type SL, as shown in
Fig. 2. Based on this fact, we can conjecture that the out-of-
plane electrons are parallel to the polarization direction and
thus can screen the net electric field to eliminate the local
electric dipole, while in-plane electrons cannot eliminate the
local electric dipole due to the fact that they are perpendicular
to the polarization direction. In other words, in-plane electrons
cannot screen out-of-plane polarization, which is why metal-
licity and ferroelectricity coexist in NN-type SLs.

To verify this inference, we calculated the ferroelectricity and
metallicity of NN-type SLs with different thicknesses. Here, the
thickness of KNO and BTO are n and m (n, m = 1, 2, 3, ...),
respectively, as shown in Fig. S4 in the ESL+ In Fig. S4(a),T the
ferroelectricity gradually increases with increasing thickness n
of KNO. When the SL thickness is small, the ferroelectricity
disappears completely, which indicates that the ferroelectricity
of the NN-type SL has a critical thickness. For example, for the
KNO/BTO SL with n = 2 and m = 2 as shown in Fig. S4(b),} the
number of d,,/d,, electrons is larger than that of d,, electrons,
resulting in electric dipole being fully eliminated by the d,,/d,,
electrons. When the layer number of the SL is sufficiently large,
the ferroelectricity of the NN-type SL does not increase signifi-
cantly as illustrated in Fig. S4(c).} Simultaneously, the metal
states still exist in each unit cell and d,, electrons dominate, as
shown in Fig. $4(d),T indicating that the in-plane d,, electrons
have basically no effect on the out-of-plane polarization, and
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suggesting the metallicity of the NN-type SL may not having
a critical thickness.

3.2.2 PP-type SL. Similar to analyzing the n-type conduc-
tivity in the NN-type SL, we calculated layer-resolved DOS and
3D charge density projected on the bands for the PP-type SL to
explore the origin of p-type conducting states, with results
shown in Fig. 6. Different from the n-type metallic nature in the
NN-type SL, the calculated layer-resolved DOS intuitively
displays that metallic states are completely contributed by O 2p
orbitals of TiO, or NbO, layers. All of these O 2p states cross the
Fermi level and become unoccupied, suggesting that the p-type
conductivities exist in all unit cells. It can therefore be consid-
ered that the PP-type SL should also be a polar metal. Moreover,
results of the layer-resolved DOS combined with those of the 3D
charge density indicate that the hole carriers are mainly
distributed in the BTO region rather than the KNO region,
which is contrary to the electron carriers distribution in the NN-
type SL.

To quantify the metallic state of each layer, we estimated
their orbital hole numbers by integrating the partial DOS of
unoccupied O 2p orbitals at each TiO, (NbO,) layer for the PP-
type SL, with results shown in Fig. 7. We can see that the hole
carriers are symmetric in the BTO or KNO region when the

-
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Fig. 6 Calculated layer-resolved partial DOS for PP-type SL, along
with its charge density plot projected on the bands forming the
metallic states, the energy range from O to 1 eV.
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Fig.7 Calculated layer-resolved orbital hole distribution for each TiO,
or NbO, layer in the PP-type SL.

intermediate atomic layer is used as a reference, indicating that
the polarization has no effect on the distribution of hole
carriers. Furthermore, the orbital-resolved orbital hole distri-
bution intuitively displays that the p,/p, states having in-plane
dispersion are absolutely unoccupied on all of the atomic
layers, in combination with analysis of Fig. 2, there is no
significant change in polarization and robustness in the PP-type
SL, which further proves that the in-plane carriers cannot screen
the out-of-plane polarization, hence, exhibiting quasi-two-
dimensional p-type conductivity property in the PP-type SL. In
addition, for the PP-type SL with n = 1 and m = 1 as shown in
Fig. S5 in ESI,t the ferroelectricity does not disappear at the
minimum thickness because p,/p, holes are still dominant,
implying that the ferroelectricity of the PP-type SL has no critical
thickness.

3.3 Band alignment and band diagram

According to the polar catastrophe mechanism, in order to form
a 2DEG at an interface between two insulating perovskite
compounds, one prerequisite is that the conduction band
minimum (E.) of electron-acceptor must be lower than that of
the electron-donor material.**** Similarity, to form a 2DHG, the
necessary condition is that the valence band maximum (E,) of
the hole-acceptor oxide must be higher than that of the hole-
donor material. However, 2DEG (2DHG) caused by polariza-
tion discontinuity does not need to consider the position of E,.
(E,) because carrier transfer is driven by an intrinsic electric
field unless one of E. (E,) is much higher than the other.*

To explore the formation mechanism of metallic states of
each unit cell in the KNO/BTO SL, we calculated the total and
partial DOS of bulk BTO and KNO by aligning their core energy
levels of O 2s orbitals (the olive dashed line in Fig. 8(a)). The E.
(Ey) can be determined from the total DOS. The relative band
alignments of the E, (E,) between the BTO and KNO are shown
in Fig. 8(b), where we can find that both values of E. and E, of
bulk BTO are higher than those of the bulk KNO. In Table S1 in
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ESL the calculated values of AE,, AE., AE, between BTO and
KNO at different U values indicate that AE,, AE., AE, only
change slightly when the U values increase. Therefore, by
ignoring other factors and only looking from the position of
bands at the interface, electrons will flow from the BTO region
into the KNO region. The transfer of holes is exactly the oppo-
site (as indicated by the pink and purple slim arrows in
Fig. 8(b)). After reaching a temporary electrostatic equilibrium,
the band diagrams for the KNO/BTO SL shown in Fig. 8(c) are
formed on both sides of the interface, with upward band
bending and downward band bending in BTO and KNO region,
respectively, thus forming hole quantum well and electron
quantum well. Note the shape changes of E. and E, as shown in
Fig. 8(b and c). Based on this, we first consider the effect of
polarization on carrier distribution. Generally speaking, when
a ferroelectric material is combined with other materials,
positive and negative charges are distributed in the head and
tail terminals of polarization for ferroelectric materials (the
middle illustration in Fig. 8(c)). Hence, electrons and holes are
driven by polarization in the head terminal and tail terminal of
polarization into other material, respectively (the pink and
purple slim curved arrows in Fig. 8(c)). Yet since the values of
both E. and E, of KNO are lower than those of BTO, at the right
interface of KNO region, electrons return again whereas holes
flow back into the left interface of BTO region (see the cyan and
green slim curved arrows in Fig. 8(c)).

For a specific SL, the interfacial configuration needs to be
considered. The band diagram for a NN-type SL after the dis-
cussed polarization effect is shown in Fig. 8(d). A large amount
of electrons accumulate in the electron quantum well at the
interface of the KNO region and a large number of holes accu-
mulate in the quantum well at the interface of the BTO region. It
was previously mentioned that for polar catastrophe mecha-
nism to produce a 2DEG, it requires a minimum of E. for
nonpolar material. Therefore, it seems that the polar/nonpolar
(NbO,)"/(BaO) interface of the NN-type SL may not be able to
generate a 2DEG. However it is not the case since there is
a small difference of in the value of E. between BTO and KNO,
many electrons accumulate at the interface of the KNO region,
and it is easy for these electrons to occupy the energy level much
higher than the E. of BTO. Thus, the electrons caused by the
polar discontinuity are easily and directly transferred into the
conduction bands of BTO (as indicated by the slim curved
arrows in Fig. 8(d)). Electrons are first completely recombined
with holes at the interface of BTO, and then the remaining
electrons continually transfer into the BTO region until about
0.5 e~ transfer is completed. Electrons transferred to the
interface of the BTO region occupy high conduction bands,
turning the original upward band bending into downward band
bending (notice the change of E. (E,) shown in Fig. 8(d and e)).
The downward bending of the macroscopic averaged electro-
static potential at the interface can confirm this inference in
Fig. S6 in ESLt{ The polarization induced holes are fully
recombined with part of electrons generated by the polar/
nonpolar interface. This is the reason why the total electron
number is 1 in our calculation and why we think that carriers
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(a) Calculated total and partial DOS of bulk KNO and BTO, the DOS is aligned with respect to the O 2s state of the bulk BTO, the E, of bulk

BTO was set as reference (the zero of energy). (b) Band alignment of bulk KNO and BTO, (c) band diagram for a KNO/BTO SL before considering
polarization, (d) band diagram for NN-type SL after considered polarization, (e) the final band diagram for NN-type SL. The orange dashed line,
the red and blue thick solid line represent E, E., and E,, separately. The pink and purple slim arrows represent the direction of electrons (pink solid
circles) and holes (blue hollow circles) transfer, respectively, and light blue thick straight arrow indicates the direction of polarization. The green
thin straight arrows represent the polarization of atomic layers, and its length is proportional to the magnitude of the displacement.

are fully induced by the polar discontinuity rather than the
polarization discontinuity.

Here, we need to clarify that there are two parts of unstable
electrons in our NN-type SL, i.e., the electrons induced by the
polar discontinuity and those by the polarization discontinuity
concentrating at the left and right interfaces of BTO and KNO,
respectively, which forms a temporary 2DEG at the interface.
Hence, electrons occupy higher conduction bands need to move
to lower conduction bands to achieve electrostatic equilibrium.
Moreover, electrons in the left interface of the BTO or KNO
region would drift to the right interface driven by the polariza-
tion electric field (the direction of electron increase in Fig. 5 is
consistent with the direction of polarization in Fig. 8(d)).
Simultaneously, owing to the fact E. of the KNO is lower than
that of the BTO, most of the electrons at the interface of BTO
region reflow into the interface of the KNO region (electrons are
mainly distributed in the interface of the KNO region in Fig. 5,
also see the 3D electron density of the NN-type SL as the back-
ground image in Fig. 8(e)). The system reaches an electrostatic
equilibrium when the polarization electric field can no longer
drive the electron flow. In other words, the highest occupied
conduction bands (Eg in Fig. 8(e)) of BTO and KNO regions align
with each other. The polarization electric field plays an impor-
tant role in the redistribution of electrons throughout the whole
system, especially for the d,./d,, state electrons. The polariza-
tion electric field drives the distribution of d,,/d,, state elec-
trons toward the right of interface of the KNO region. This in
turn eliminates partial local electric dipoles to reduce the
polarization (as indicated by the length of the green arrow that
rapidly decreases as shown in Fig. 8(d)). The presence of elec-
trons also can affect the spatial distribution of ferroelectric
distortions, due to the fact that positive and negative charges
are distributed in the head and tail terminals of polarization. As
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a consequence, these existing electrons will enhance the nega-
tive charge of the left interface and screen the positive charge of
the right interface in BTO or KNO region, specifically enhancing
the displacement at the left interface of KNO.

For the PP-type SL, the band diagram is shown in Fig. S7(a—c)
in ESI.T Because the value of E, of KNO is slightly smaller than
that of BTO, holes are easily transferred to the BTO regions and
most of the holes are distributed in the BTO region. In addition,
since holes are almost entirely contributed by p,/p, states, they
cannot be driven by the intrinsic electric field, and thus are
approximately symmetrically distributed along with interme-
diate atomic layer in BTO or KNO region.

4 Conclusions

The ferroelectric polarization and crystal conductivity of two
mainly canonical symmetric interface models of KNO/BTO SLs
were investigated by first-principle electronic structure calcu-
lations. Different spatial distributions of ferroelectric distor-
tions and quasi-two-dimensional conductive characteristics are
shown in two symmetric interface models, indicating that they
should belong to polar metals. For NN-type KNO/BTO SLs,
electron carriers are mostly contributed by d,, states (in-plane
dispersion) of Ti (Nb) atoms of TiO, (NbO,) layers. At the
same time, due to the presence of a small amount of d,,/d,,
state electrons (out-of-plane dispersion), the magnitude of
polarization is reduced and the polarization robustness is
weakened. While for symmetric KNO/BTO SLs, hole carriers are
almost contributed by occupied p,/p, states (in-plane disper-
sion) of O atoms of TiO, (NbO,) layers, therefore, the magnitude
of polarization and polarization robustness have not changed.
Hence, the relationship between carrier and polarization reveals

This journal is © The Royal Society of Chemistry 2019
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that the anisotropic coexistence of in-plane carrier and out-of-
plane polarization is the key to achieve polar metals.

In summary, the relationship between the polarization
intensity and conductivity of the interfacial or non-interfacial
layer versus the type of interface was elucidated through the
band diagram in this paper. Based on our calculations, we can
surmise that in order to realize a two-dimensional polar metal
in a SL composed of two insulating perovskites, three condi-
tions need to be met: (i) at least one material is ferroelectrics to
provide polarization, (ii) at least one material is polar perovskite
or Mott insulator to produce a 2DEG or a 2DHG, (iii) finally and
most critically, the difference in E. or E, between two insulating
materials is the smaller the better, so that Er can easily cross E.
or E, of all materials. This work provides a clear picture for the
realization of polar metals in the ferroelectric-based perovskite
SL with the polar/nonpolar interface.
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