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ABSTRACT: Ferroelectrics hold promise for sensors, transducers,
and telecommunications. With the demand of electronic devices
scaling down, they take the form of nanoscale films. However, the
polarizations in ultrathin ferroelectric films are usually reduced
dramatically due to the depolarization field caused by incomplete
charge screening at interfaces, hampering the integrations of
ferroelectrics into electric devices. Here, we design and fabricate a
ferroelectric/multiferroic PbTiO;/BiFeO; system, which exhibits
discontinuities in both chemical valence and ferroelectric polar-
ization across the interface. Aberration-corrected scanning trans-
mission electron microscopic study reveals an 8% elongation of out-of-plane lattice spacing associated with 104%, 107%, and 39%
increments of Or;, 0g;, and Jq, in the PbTiO; layer near the head-to-tail polarized interface, suggesting an over ~70%
enhancement of polarization compared with that of bulk PbTiO;. Besides that in PbTiO;, polarization in the BiFeO; is also
remarkably enhanced. Electron energy loss spectrum and X-ray photoelectron spectroscopy investigations demonstrate the
oxygen vacancy accumulation as well as the transfer of Fe*" to Fe** at the interface. On the basis of the polar catastrophe model,
FeO,/PbO interface is determined. First-principles calculation manifests that the oxygen vacancy at the interface plays a
predominate role in inducing the local polarization enhancement. We propose a charge transfer mechanism that leads to the
remarkable polarization increment at the PbTiO;/BiFeOy; interface. This study may facilitate the development of nanoscale
terroelectric devices by tailing the coupling of charge and lattice in oxide heteroepitaxy.
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Ferroelectrics featuring electrically switchable spontaneous electric/ferroelectric interfaces has not been realized in
polarizations are promising candidates for nanoscale experiments up to date.
microelectronic device, such as sensors, transducers, ultrathin Here we demonstrate an interfacial polarization enhance-
ferroelectric capacitors, and ultrahigh density nonvolatile ment driven by the charge transfer at oxide interfaces where
random access memories.”” Although recent experiments discontinuities of both chemical valence and ferroelectric
have confirmed the presence of ferroelectricity in ultrathin polarization are involved. Complex oxide interface engineering
films with the thicknesses down to one nanometer scale,”* it is becomes a subject of great interest nowadays primarily driven
widely accepted that the interface-induced depolarization by the first discovery of unexpected conduction and magnetism
effects weaken the polarizations of ferroelectric films/ at the interface between two nonmagnetic insulating oxides.
interfaces,” > which largely hampers the integrations of Among these heteroepitaxial systems, a typical example is the
ferroelectrics into electronic devices (where interfaces are LaAlO;/SrTiO; heteroepitaxy that exhibits a valence disconti-
inevitable) and consequently hinders the utility of ferroelectrics. nuity.ls_18 In 2004, Ohtomo and Hwang demonstrated that the
Thus, polarization enhancement at ferroelectric interfaces is of interfacial stacking sequence plays a critical role in determining
technological importance for facilitating the development of the physical properties in this valence-discontinuous film
ferroelectrics-based electronic devices. Although recent first- system: a Sr*O’7/AI**O,*" interface is insulate, while a
principles calculations indicate that enhanced ferroelectricity Ti*"0,* /La**O*" interface is able to generate highly mobile
could be achieved at the interface between AO-terminated
ferroelectrics (BaTiO; and PbTiO;) and simple metal (Pt, Au) Received: February 22, 2017
through chemically modified stiffness of the ferroelectric— Revised: ~ May 19, 2017
electrode bond,'* the polarization enhancement at ferro- Published: May 25, 2017
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Figure 1. Lattice parameters, strain, and ion displacements of the BiFeO;/PbTiO; film. (a) A HAADF-STEM image showing an atomic mapping of
the PbTiO;(~10 u.c.)/BiFeO;/SrRuO; films grown on SrTiO; (001). The polarization directions in both PbTiO; and BiFeOj; point to SrRuOj as
indicated by yellow arrows. Double-headed red arrows indicate lattice elongation along out-of-plane direction. Intensity profile shows a remarkable
low value as indicated by small black arrow, which corresponds to the layer with apparent lattice elongation. (b) GPA analysis of out-of-plane normal
strains. (c) A HAADF-STEM image of the PbTiO,/BiFeO; interface and the corresponding (d) &r;/g. map; (e) out-of-plane lattice spacing map; (f)
in-plane (g, navy blue) and out-of-plane (¢, red) lattice spacing profiles; (g) tetragonality profile; (h) out-of-plane displacement curve of Ti/Fe,
where dy (63;/ 5Fe‘y) is defined in Figure S1. White dashed lines and white arrows in images (a—c) indicate heterointerfaces. Numbers labeled in the

image (c) indicate the lattice spacing (unit: A).

two-dimensional (2D) electron gas.16 Although the mechanism
behind these behaviors is still under debate,”*°
discontinuity induced electronic (oxygen vacancy, valence
change of metal ions or spontaneous polarization in nonpolar
oxides) and structural reconstruction (cation disorder) at the
interface is believed to be the primary cause.”’  Besides
valence discontinuity, ferroelectric polarization discontinuity
leading to distinct interfacial properties has also been verified.
The up and down polarization directions have been proved to
result in the remarkable difference of both interfacial
conductivity and magnetoelectric coupling.”’ " Moreover, it
is demonstrated that superlattices and bilayered films composed
of two ferroelectrics with different polarization directions may
give rise to an enhancement of electromechanical and dielectric
properties.”*> Several studies on BiFeO,/BaTiO; films also
suggest a large magnetoelectric coupling at the interface.”* ™’
Theoretically, BiFeO;/PbTiO; superlattices have also been
studied in a few works,***® where strain-induced structural
evolutions and the impact of interface polarity on ferroelectric
behavior are investigated, yet none of dedicated experiments

valence
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have been conducted. The integrated effects by considering
both valence and ferroelectric polarization discontinuities on
interfacial polarization behavior between two ferroelectrics
displaying different polar directions and magnitudes are known
little so far, though it is intuitive to believe that this
combination behavior should be different from that of
ferroelectric/electrode interfaces, and polarizations without
damping are expected.

In this work, to experimentally investigate the interface
behavior between oxides with both valence and ferroelectric
polarization discontinuities, ferroelectric PbTiO; (PTO) and
multiferroic BiFeO; (BFO) heterojunctions are designed and
grown by pulsed laser deposition (PLD) on SrTiO; (STO)
(001) substrates with a StRuO; (SRO) buffer layer of 13 u.c. in
thickness. Here, u.c. is the abbreviation of unit cell. The large
ionic displacement in both PTO and BFO enables a direct
extraction of spontaneous polarization (P,) based on the
advanced aberration-corrected scanning transmission electron
microscopic (STEM) images. The SRO buffer layer is
predeposited to make sure the polarization direction in BFO
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Figure 2. ABF-STEM imaging of BiFeO,/PbTiO; interfaces and interfacial structural evolutions versus PbTiO; thickness. (a) Atomic resolved ABF-
STEM image and (b) the corresponding in-plane and out-of-plane lattice parameters curves; (c,d) So; and 8¢, profiles, where 8¢, and 8, are
defined in Figure S1; (e) P, curve calculated on the basis of in-plane, out-of-plane lattice constants, Ti/Fe and O atomic displacements in Figure 1h
and panels b—d. The corresponding atomic rows are labeled as blue diamonds and numbers in the image of panel a. Atomic-resolved HAADF-STEM
images for PbTiO;/BiFeO;/StRu0;/SrTiO; systems with different PbTiO; thicknesses: (f) 2 u.c, (g) 3 u.c, (h) 6 u.c. and (i) 17 u.c.. The insets in
(gi) show the corresponding GPA analyses of out-of-plane normal strains. out-of-plane lattice parameters ¢ extracted from these HAADF-STEM
images are shown in (j). The increases of the out-of-plane lattice parameters in the first unit cell of PbTiOj; layers near the BiFeO;/PbTiOj interface
are remarkable. Here, error bars are omitted in order to clearly present the values in the curves. Yellow arrows in (a,g) indicate P, directions. Blue and

pink dashed lines in (b—e,g) denote the corresponding bulk values.

pointing toward the substrate (determined by the difference in
work function). By a combination of high-angle annular dark-
field (HAADF) imaging, annular bright-field (ABF) STEM
imaging, electron energy loss spectrum (EELS), and X-ray
photoelectron spectroscopy (XPS) depth analysis, we inves-
tigate charge compensation at the BFO/PTO interface, which
is responsible for a remarkable enhancement of ferroelectric
polarizations.

Ferroelectric PTO has a tetragonal unit cell in which both Ti
and the oxygen octahedron have a displacement from the
center of its four nearest Pb, giving rise to the spontaneous
polarization along [001] direction. BFO exhibits a distorted
perovskite structure with rhombohedral symmetry where Fe
shifts slightly from the body center of pseudocubic structure
along (111), directions and six oxygen atoms forms a distorted
octahedron. For simplicity, BFO is regarded as a pseudocubic
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structure in the present study. The atomic projections of PTO
and BFO along [100]Pc are schematically shown in Figure SI.
For both PTO and BFO unit cells, the shift directions of Ti
(denoted as 61;) and Fe (denoted as &g, ) are used to determine
the polarization directions and they are opposite to the
ferroelectric spontaneous polarizations.'”***!

A high-resolution HAADF-STEM image of the film system is
shown in Figure la where the PTO/BFO interface is marked
with a pair of opposite white arrows. PTO (~10 u.c.)/BFO
(~10 u.c.) was grown on a STO (001) substrate with SRO
(~13 u.c.) as a buffer layer. The heteroepitaxial interface is very
sharp and the film surface is atomically flat (as seen in Figure
S2). In the HAADF images of BFO/PTO film, Pb and Bi
columns appear to be the brightest, while Ti and Fe show
weaker brightness owing to the fact that the intensity in
HAADF image is approximately proportional to Z"™** (refs 42
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and 43.). The polarization directions of PTO and BFO are
determined by Ti and Fe displacements, respectively, basically
pointing to the STO substrate as indicated by yellow arrows. It
is of great interest to note that an elongation of the out-of-plane
lattice spacing appears at BFO/PTO interface as denoted with
vertical double-head red arrows. Intensity profile of the image
(shown in the right of the experimental images) displays a
remarkable valley as indicated by a small black arrow, which
corresponds to the layer with apparent lattice elongation. To
directly visualize this variation, geometric phase analysis (GPA)
based on the HAADF-STEM image is performed along in-
plane and out-of-plane directions, as shown in Figures S3 and
1b, respectively. It is seen that the in-plane strain (Figure S3) is
homogeneous, indicating the fully epitaxial growth of the film
system; while the out-of-plane strain (Figure 1d) manifests an
abrupt change at the interface, which is deduced to be a ~15%
tensile strain along the out-of-plane direction compared with
the STO substrate.

To figure out the atomic details of this unusual BFO/PTO
interface phenomenon, atomically resolved STEM imaging is
performed and shown in Figure lc. The atomic column
positions in this image are determined by two-dimensional
Gaussian fitting’”**** and the averaged lattice spacing between
neighboring Pb rows is labeled as numbers in the image.
Expansions of the out-of-plane lattice spacing occur around the
PTO/BFO interface and a maximal expansion appears at the
interface, reaching a value of as hi%h as 4.50 A and implying a
huge polarization at the interface.'”*® To directly visualize the
polarization distribution, Ti/Fe displacements relative to Pb/Bi
(O1i/pe) are extracted unit cell by unit cell (the details can be
found in Supporting Information and Figure S4) and shown in
Figure 1d. Such displacements are opposite to the PTO/BFO
polarization directions. Extractions of lattice parameters on the
basis of HAADF-STEM image provides more information on
the polarization strength. Figure 1f is the out-of-plane lattice
spacing map of Figure lc. The obvious elongation along the
out-of-plane direction can be identified with a local maximum
of 4.71 A. The in-plane and out-of-plane lattice spacing profiles
averaged over each row are shown in Figure 1g, in which a peak
value (about 4.5 A) of out-of-plane lattice spacing is observed
near the interface, while the in-plane lattice spacing over the
whole region remains uniform. Here, the lattice parameters of
bulk PTO are ¢ = 4.153 A and a = 3.899 A as indicated by
dotted lines at the PTO side, while the lattice constant of bulk
BFO is 3.965 A as denoted by a dotted line at the BFO side.
Based on the data shown in Figure 1g, the tetragonality of ¢/a is
derived and a peak value of approximately 1.15 is observed
(shown in Figure 1h). Here, the blue and pink dashed lines
correspond to the values of c¢/a in bulk PTO and BFO,
respectively. Such a peak value for c¢ lattice may indicate a
polarization enhancement at the interface since the sponta-
neous polarizations in ferroelectric PTO are strongly coupled
with spontaneous strains (or teetragonality).IO’A'6 To further
identify the polarization distributions across the interface,
averaged Ti/Fe displacement profile along out-of-plane (dy, as
defined in Figure S1) is shown in Figure li. Similarly, an
apparent increase of dy is observed near the BFO/PTO
interface which is much larger than that of bulk PTO (0.17 A)
and BFO (0.24 A), respectively. The maximums of both lattice
and ferroelectric displacements at the BFO/PTO interface
strongly support a local polarization enhancement near the
interface.
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We use a phenomenological approach and estimate the
potential ferroelectricity enhancement near the interface. On
the basis of the Landau—Ginzburg—Devonshire theory, ferro-
electric polarization can be calculated by the equation shown

47,48
below™”
255%, 1/2
Xg — 7
P = (511 +512)
s 2512Q17_

Q'H (511 + 512)

(1)

In this equation, x3 = (¢ — a,)/a,; %, = (a — a,)/a,; a and ¢
are in-plane and out-of-plane lattice parameters; a,, lattice
parameter of cubic PTO being extrapolated to room temper-
ature; s, elastic compliances; Q; electrostrictive coefficients.
The values of a,, Q; and s; for PTO are adopted from refs 40
and 49. The calculated P; for the largest averaged ¢ value in
PTO is 142 uC/cm? This is ~70% larger than that in the bulk
(~83 pC/cm?, derived also from the equation above).

It is worthwhile to mention that although phenomenological
approach based on the Landau—Ginzburg—Devonshire theory
is proved to be effective in estimating ferroelectric behaviors, it
does not take into account of the atomic and electronic
information to address the polar behaviors.

To comprehensively demonstrate the local polarization
enhancement at the PTO/BFO interfaces, we also apply the
ABF-STEM imaging technique, which is powerful for imaging
O atom columns. As seen in the ABF-STEM images (Figure
2a), the darkest spots indicate Pb and Bi, whereas dark image
spots with weak contrast correspond successively to Ti, Fe, and
O. The atomic projection along [100]PC for both PTO and BFO
is superimposed on the ABF image. On the basis of the ABF-
STEM image, we extract the in-plane and out-of-plane lattice
parameters (a and c) along the route across the BEO/PTO
interface, and the results are shown in Figure 2b. It is clear that
the variations are similar to those extracted from HAADF
image shown in Figure 1f. It is noted that in-plane “4” is quite
the same of about 3.9 A for both BFO and PTO layers because
they are clamped by the STO substrate, while out-of-plane
lattice parameters “c” show remarkable enhancements near the
BFO/PTO interface, matching well with those extracted from
the HAADF image in Figure lc. Furthermore, O1 and O2
displacements (5o, and 8oy, defined in Figure S1) are extracted
and the corresponding curves are shown in Figure 2c,d,
respectively. Significant increases of dn, and Jp, at the BFO/
PTO interface are revealed, which are as large as 0.99 and 0.69
A, respectively. To better display such a difference, the
corresponding values (8o, and 8p,) in bulk PTO of 0.48 and
0.5 A are indicated with the light blue lines; simultaneously, the
values in bulk BFO are 0.36 and 0.42 A as indicated with the
pink lines in Figure 2¢,d. Figure 2e is a profile showing the
calculated polarizations along out-of-plane direction, and it
further verifies the polarization enhancement at the interface,
where a polarization as large as 158 C/cm? is revealed, which
is about 90% larger than that in bulk PTO. Here, P; are derived
from lattice parameters of a and ¢, Ti/Fe, and oxygen
displacements (6r/g 001, and o), as well as Born effective
charges. The P, values of PTO/BFO are calculated based on
the equation®>" shown below

€ *
P=— Z:=5.
V= 2 @

where e = —1.6 X 107°C and refers to electron charge; Vis the
volume of PTO or BFO unit cell; Z* is Born effective charge of
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Figure 3. Electron energy loss spectrum and X-ray photoelectron spectroscopy analysis of the BiFeO;/PbTiO; interface with 10 u.c. thick PTO. (a)
HAADF-STEM image and EELS chemical maps of Ti and Fe for the rectangular area. The bright spots in yellow indicate Pb or Bi. (b) Ti EEL
spectrum for PbTiOj; film and the interface. (c) Fe EEL spectrum from BiFeOj, film and interface. (d) Fe X-ray photoelectron spectra with different

etch time. (e) O and Fe depth profiles as a function of etch time.

atom i (Born effective charge of PTO is adopted from ref 51
and that of BFO is calculated by ab initio; the details of
calculation can be found in Supporting Information); §; is off-
center displacement of atom i. do; and Jq, are extracted from
the ABF images whereas Oy, /g, is extracted from HAADF image
in Figure 1c (Ti and Fe displacements are not extracted from
ABF-STEM image in Figure 2a, because they are overlapped
with O in this image and hence less accurate than that extracted
from HAADF image).

The calculated out-of-plane spontaneous polarizations in
BFO layer demonstrate that they are also dramatically
enhanced compared with the corresponding bulk value (62
uC/cm?, along out-of-plane direction, as indicated by the pink
dashed line), and this enhancement is particularly significant at
the position about four unit cells away from the BFO/PTO
interface. In addition, P, in BFO far away from the interface is
also remarkably enhanced, which is supposed to be induced by
the in-plane compressive strain exerted by the STO substrate.

In order to gain insight into the size-dependent enhancement
of polarization at the interfaces, we have grown a series of
PTO/BFO/SRO multilayered films on STO (001) with the
thicknesses of PTO ranging from 2 to 6 u.c., smaller and also
larger (17 u.c.) than that shown above (~10 u.c.). The HAADF
images of these films are shown in Figure 2f—i from which
significant lattice elongation is extensively observed and
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indicated by red double-head arrows. The corresponding out-
of-plane lattice parameters (c) are extracted and shown in
Figure 2j. From Figure 2j, an obvious increase of c is revealed
near the BFO/PTO interfaces in all of the four films, suggesting
a remarkable enlargement of polarization along out-of-plane
direction near the PTO/BFO interfaces since the strong
coupling of ferroelectricity and spontaneous strains (or
tetragonality) of PTO.'”*® For 6 u.c. and 17 u.c. thick PTO,
the largest c reaches 4.5 A, comparable with that of 10 u.c. thick
PTO shown above; when further decreasing PTO thickness,
the peak values ¢ decrease a little to 4.44 and 4.39 A for 3 u.c.
and 2 u.c. thick PTO, respectively. These values are still
remarkably enhanced compared with the corresponding bulk
value (4.153 A).

To seek for the physical insight induced by the chemical
discontinuity at the BFO/PTO interface, the chemical and
electronic information are further investigated. We apply EELS
approach on the basis of the atomic level HAADF-STEM of the
BFO(10 u.c.)/PTO(10 u.c.) interface (as seen Figure 3a—c).
The Ti and Fe elemental maps in Figure 3a show that TiO, is
at the elongation layer, while its adjacent layer toward the
substrate is FeO,. From the Ti elemental map, an abrupt BFO/
PTO interface is derived. The slight noise in the PTO layer of
the Fe elemental map is proposed to be a result of relatively low
intensity of Fe-L peak compared with that of Ti-L, particularly
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at a high spatial resolution. The valence states of both Ti and Fe
are probed by atomic scale EELS and shown in Figure 3b,c,
respectively. The energy resolution here is 0.5 eV evaluated
from the full width of zero loss peak at half-maximum. The Ti-
L, edge (Figure 3b) energy splitting is detected to be ~1.82 eV,
which is a little larger than 1.65 eV reported for bulk PTO (ref
52) and smaller than that for bulk STO and BaTiO,’°>**
perhaps due to a little deviation from bulk symmetry. The Ti-L
EEL spectrum fingerprint provides no obvious difference
between BFO/PTO interface and PTO film, which suggests
that no remarkable valence change occurs for Ti. The Fe-L
energy edge EELS spectrum is shown in Figure 3c. Fe-L;
energy edge reveals a general trend of shifting left and toward
lower energy-loss value at the BFO/PTO interface. Particularly,
at the right side of the black dotted line, the relative height of
the EELS curve at the interface is obviously larger than that of
the BFO layer, which implies a decrease of oxidation state from
Fe** to Fe** (ref 55).

To further verify this valence change of Fe near the interface,
we conduct measurements based on X-ray photoelectronic
spectroscopy (XPS), which is more valence-sensitive. We
probed the film layer by layer (Figure SS), and monitored the
variety of element composition and valence information versus
the depth of etching (Figure 3d,e). The etch rate is ~0.1 nm/s,
taking Ta,05 as a measuring standard. According to the film
thickness and the etch rate, it is assumed that the interface is at
the position after the film was etched for 40s. According to
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previous reports,*>”” the position of Fe 2p;, peak should be at

709.5 €V for Fe?* and 711 eV for Fe>*; while the Fe>* satellite
peak should be at 719 €V and Fe®' satellite peak at 716 €V.
Figure 3d shows a sequence of Fe-2p XPS with BFO/PTO film
being etched gradually from 10 to 90 s. From these spectra, we
identify that, as the film is etched from 10 to 40 s, Fe XPS
signals show relatively high intensity at Fe** (716 eV) and low
intensity at Fe** (719 eV) satellite peak positions. Fe* or Fe**
satellite peak is not observed between Fe 2p;,, and Fe 2p, ), in
the 10—40 s spectra. This is consistent with the spectrum of
Fe?* and Fe®* mixture, as observed in Fe;O, (ref 58). When the
etch time increases to 50—60 s, the intensity difference between
Fe** and Fe*' satellite peak becomes smaller (50 s) and then
almost equivalent (60 s). This indicates that the component of
Fe’" gradually increases. As the etch time is increased to 70s,
the Fe3* satellite peak appears at 719 eV, as marked with red
arrows. These results suggest that Fe*" and Fe®* coexist at the
BFO/PTO interface, while Fe features +3 valence in the BFO
film. Here, two reasons can be ascribed to the formation of Fe?*
near the BEQ/PTO interface. One is to reduce the band offset
at the BEO/PTO interface, as suggested by Nakagawa et al.”!
for the LaAlO;/SrTiO; interface where the polar discontinuity
is similar to that in our present study. The other is the
inhomogeneous polarizations in the BFO layer near the
interface. The downward polarization in BFO near the BFO/
PTO interface is larger than that far away from the BFO/PTO
interface as deduced in Figure 2e, and hence the polarization
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Figure S. Results from first-principles calculations for different atomic planes with oxygen vacancy accumulations. (a) Lattice parameter c. (b)
Averaged [100] and [010] axial tilt angles. (c) [001] polarization component P,. (d) Averaged [100] and [010] polarization component P, The

green dot line denotes the location of the BiFeO;/PbTiOj; interface.

difference may lead to the positive bound charges near the
interface (shown in Figure S6), which can be compensated via
the reduction of Fe valence from Fe®* to Fe™.

The depth profiles of Fe and O as shown in Figure 3e
manifest the composition change as a function of etching time
(or the depth of film). The profile of Fe atomic percent shows a
clear increase as the film was etched from 0 to 70 s. When the
film was etched for 40 s, the gradient displays the largest, which
corresponds to the BFO/PTO interface. In addition, it is worth
noting that O atomic percent profile shows a trend of
decrement from 59% (not etched) to 55% (etched for 30 s)
and then an increase to 63% (etched for 90 s). These results
imply that oxygen vacancy is involved at the BFO/PTO
interface, suggesting that oxygen vacancy be responsible for the
remarkable elongation of out-of-plane lattice spacing and the
large spontaneous polarization in PTO near the BFO/PTO
interface (oxygen vacancy induced lattice elongation is widely
observed in perovskite oxides®”’).

In addition to these factors such as the P, discontinuity,
valence changes of Fe and Oxygen vacancy accumulations at
the BFO/PTO interface, we propose that the interfacial
termination layer may also play a significant role in the
polarization enhancement. This is because the difference in
charge distributions between (FeO,)”/(PbO)® and (BiO)*/
(TiO,)° interfaces enables contrasting charge compensation
mechanisms.”""®"  Generally, PTO exhibits an alternating
stacking of neutral (PbO)° and (TiO,)° planes along [001]
direction, whereas BFO features an alternating stacking of polar
(BiO)* and (FeO,)” planes. At a BFO/PTO (001) interface,
two stacking configurations, namely FeO,/PbO and BiO/TiO,,
may arise and both feature a polar discontinuity. Because Pb
and Bi atoms are difficult to be distinguished from both EDS
and EELS analyses, the interfacial termination layer cannot be
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directly determined in experimental observations. Alternatively,
we propose a simplified model based on the polar catastrophe
to qualitatively rationalize the interfacial stacking sequence
(Figure 4).

Figure 4a is a schematic illustration showing the (FeO,)”/
(PbO)? stacking sequence across the interface. To facilitate the
interpretation, valences of “1-", “1+” and “0” are converted to
the corresponding charge values and labeled as —lel/u.c., +lel/
u.c., and 0, respectively, on the left side of Figure 4a. In addition
to the charge distribution caused by nonzero valence,
ferroelectric polarization discontinuity may also give rise to a
net charge accumulation at the interface. As seen in Figure 2k,
the P, profile shows maximum in the first unit cell of PTO layer
at BFO/PTO interface, and the P, values away from the
interface decrease gradually to the value of the bulk. For the
sake of simplicity, except for the largest P, value in PTO (142
ucC/ cm?, derived from phenomenological theoretical calcula-
tions above; the exact interface is not considered here since it
deviates from the bulk BFO and PTO, and this simplified
process does not influence our results), P, values in both BFO
and PTO are assumed to be the bulk values of 62 uC/cm? for
BFO (along out-of-plane direction) and 83 uC/cm? for PTO.
To clearly display and compare the charge variations caused by
both ferroelectric polarization and valence difference, the P is
expressed with the same unit as that of valence-induced charge
via the following transformational relationship

1puC/em* =1 x 102 C/A =1 x 10** x 3.9° C/u.c.
= 1.6 X 10°* C/u.c. = 0.01lel/u.c. (3)

In this equation, “3.9” is in-plane lattice constant for both
PTO and strained BFO, whose unit is angstroms.
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The P, with the value of 142 uC/cm? 83 uC/cm?* and 62
uC/cm? are approximately translated to be 1.42lel/u.c., 0.83lel/
u.c, and 0.62lel/u.c., respectively. These values are labeled on
the right side of Figure 4a. Because the continuous polarization
keeps the charge neutral, the polar-induced net charge in both
BFO and PTO layers far away from interface is assumed to be
zero. Net charges near the interface are calculated using the
polar difference in adjacent unit cells and are labeled in red. On
the basis of these data, the total net charge of p, which is a sum
of charges resultant from both valence and polar discontinuity,
is shown in Figure 4b where the corresponding electric field
(E) and electric potential (V) are also displayed. In these
schematics, vertical dashed lines indicate the zero value of
physical parameters (p, E, V). On the left of these lines, p, E,
and V have a negative value while in the right side, they show
positive. Direction and length of the arrows in p represent its
sign (positive or negative) and magnitude, respectively. On the
basis of this distribution map, E and V can be deduced. It is
noted that the electrical potential tends to diverge from the
zero plane when the stacking plane goes from PTO layer to
BFO layer and no convergence can be expected, implying a
polarization catastrophe. However, if charged oxygen vacancy
of 0.29lel/u.c. is introduced as shown in Figure 4c, electronic
potential becomes convergent and a polar catastrophe can be
avoided. Here, we assume that oxygen vacancy lies at TiO,
layer where the lattice is obviously elongated as indicated by the
red arrow in Figure 1b. The charge of oxygen vacancy is
calculated to be py, = (0.5-0.8 + 0.59)lel/u.c. = 0.29lel/u.c.,
according to the half electron transfer model which may avoid
potential divergence as reported previously for LaAlO;/SrTiO;
interfaces.”"

For the BiO/TiO, interface, similar analysis is carried out
and shown in Figure 4d—f. This stacking sequence leads to a
positively charged interface, namely (BiO)"/(TiO,)°. More-
over, when ferroelectric polarization discontinuity is taken into
account, the large polarization in PTO compared with BFO
further aggravates positive charge accumulations (0.8lel/u.c.) at
the interface. The large accumulation of positive charges
eventually results in a potential divergence toward positive
electric potential as shown in Figure 4e. This is in contrast to
the divergence toward negative for FeO,/PbO interface shown
in Figure 4b. When the oxygen vacancy is also introduced with
the same amount as that for FeO,/PbO interface, the
divergence turns worse, excluding the possibility of BiO/TiO,
as the terminated layer.

To further rationalize the polarization enhancement near the
BFO/PTO interface (FeO,/PbO), we performed first-
principles calculations. Details of the calculation are shown in
the Supporting Information. The [BFO];/[PTO]; (001) slabs
with FeO,/PbO interface are built according to our
experimental results, and the models are shown in Figure
S7a. In order to judge the site preference of oxygen vacancy, we
calculate slabs with the oxygen vacancy at the TiO, (Figure
S7b), PbO (Figure S7c), and FeO, (Figure S7d) (001) atomic
planes, which are labeled as TiO,—0O,, PbO—-0,, and FeO,—-0,,
respectively. The slabs without oxygen vacancy accumulations
are defined as perfect. The calculated results are shown in
Figure 5. The out-of-plane lattice parameter ¢ profiles shown in
Figure Sa reveal a low value of ¢ at the exact interface for the
perfect BFO/PTO model. When oxygen vacancies are
introduced onto TiO, and PbO atomic planes, the ¢ values
increase rapidly which reach as high as 4.375 and 4.18 A in the
first PTO unit cell, respectively. The oxygen octahedral
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distortion/tilt and displacements in perovskite oxides are
known to play significant roles in determining the function-
alities like magnetic, electric and ferroelectric polariza-
tion.”*>** Here, the in-plane averaged tilt angles 6 of the
oxygen octahedra are extracted and shown in Figure 5b, where
0 is defined in the inset. From these 6 curves, it can be
identified that tilt angles of oxygen octahedrons in PTO near
the perfect interface reach a value of 1.6°, which are slightly
reduced by the TiO,—O, and PbO—O, but enhanced up to
2.6° by the FeO,—O,. The oxygen octahedron behaviors
indicate that structures of both PTO and BFO are not changed
greatly (except for the exact interface). The [001] polarization
component P, and the averaged [100] and [010] polarization
component P, are shown in Figure 5c,d, respectively. The P,
in PTO are slightly reduced with a tiny P,, emerging near the
interface. Both PbO—0, and FeO,—O0, further reduce the P,
and enhance the P,, however, the TiO,—O, remarkably
enhances the P, and P,, up to 92 uC/ cm? and 10 uC/cm?,
respectively. A combination of the calculated results and
experimental observations indicates that the TiO,—O, and
PbO—O0, contribute to the observed out-of-plane tension strain,
while only TiO,—O, benefits the P, enhancement. Thus, the
TiO,—O, takes predominant effect in the formation of out-of-
plane tensile strain with enhanced P, in PTO near the FeO,/
PbO interface.

In summary, we demonstrate a mechanism inducing
remarkable enlargement of polarizations in BFO/PTO films.
Particularly, a local enhancement of ferroelectric polarizations is
revealed at the head-to-tail polarized interface, which results
from oxygen vacancy accumulation at this chemical valence and
ferroelectric polarization discontinuities. The FeO,/PbO
stacking sequence across the interface is derived on the basis
of the polar catastrophe model. It is supposed that the FeO,
termination and the downward ferroelectric polarizations in
BFO layer result in the large negative charges accumulation at
the BFO/PTO interface, which facilitate the formation of
positively charged oxygen vacancy as well as the enhancement
of ferroelectric polarization in PTO. First-principles calculations
further verify the interfacial oxygen vacancy induced polar-
ization enhancement. These results suggest that the ferro-
electric polarizations at an epitaxial interface could be tuned by
a controllable atomic arrangement across the interface. The
results also extend the potential of engineering an interface at
an atomic scale for developing nanoscale ferroelectric devices
with exotic behaviors at the interface.
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