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The broken symmetry at structural defects such as grain boundaries (GBs) discontinues chemical bonds,
leading to the emergence of new properties that are absent in the bulk owing to the couplings between the
lattice and other parameters. Here, we create a two-dimensional antiferrodistortive (AFD) strontium titanate
(SrTiO3) phase at a £13(510)/[001] SrTiOs tilt GB at room temperature. We find that such an anomalous
room-temperature AFD phase with the thickness of approximate six unit cells is stabilized by the charge
doping from oxygen vacancies. The localized AFD originated from the strong lattice-charge couplings at a
SrTiO5 GB is expected to play important roles in the electrical and optical activity of GBs and can explain
past experiments such as the transport properties of electroceramic SrTiO;. Our study also provides new
strategies to create low-dimensional anomalous elements for future nanoelectronics via grain boundary

engineering.
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Strontium titanate (SrTiO3) is a prototype perovskite
oxide. Besides the excellent dielectric properties, numerous
exotic phenomena such as superconductivity [1], two-
dimensional (2D) electron gases [2], and blue light emis-
sion [3,4] were also discovered in it. Properties of SrTiO;
usually originate from the interplays between two complex
competitive driving forces: antiferrodistortive (AFD) and
ferroelectric (FE) ordering [5]. As cooling from room
temperature to the low critical temperature of 105 K,
SrTiO5; undergoes the second order phase transition from
cubic symmetry (Pm3m) toward tetragonal phase
(I4/mcm), i.e., the AFD phase. Besides low temperature,
the AFD order can also be created by chemical doping [6]
and at a largely strained interface [7]. Unlike ideal SrTiO;
with an indirect band gap, the AFD phase possesses a direct
band structure [8—10], which is also proposed to be the
origin of blue light emission [11] and giant photoconduc-
tivity [12] in SrTiO3. While the FE order was found to be
stabilized by isotope substitution [13], strain [14], and/or
reduced size [15] in thin films, and optical pulse [16,17].
Its emergence significantly changes the dielectric and
transport properties of SrTiOz [18]. AFD and FE orders
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can also coexist in the artificial superlattice [19] and give
rise to improper ferroelectricity.

Creation and manipulation of AFD and FE orders are
highly desirable to achieve novel optical and electrical
properties in otherwise ideal quantum paraelectric SrTiO;.
The structural defects such as point defects, dislocations,
and grain boundaries (GBs) with broken translation sym-
metry, have been demonstrated to effectively tune the FE
order. For example, the Sr vacancy [20], O vacancy [21],
and Ti antisite [22] can generate nanopolarized regions,
leading to the emergence of macroscopic FE order in thin
films with proper boundary conditions [15]. The disloca-
tions of SrTiO; also generate local FE order due to the
flexoelectric effect [23]. The underlying mechanism can be
understood by the discontinued chemical bonds at the
defects that disturb the delicate couplings between lattice
and charge and thus trigger the phase transition to generate
FE order. However, despite extensive studies on defect
tuning FE order in SrTiO;, whether the AFD order can be
similarly manipulated by structural defects such as dis-
locations or GBs, remains still largely unknown.
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In this work, we reveal the atomic arrangements includ-
ing oxygen at a £13(510)/[001] SrTiO; tilt GB by using
atomic-resolution scanning transmission electron micros-
copy (STEM) imaging combined with energy dispersive
x-ray spectroscopy (EDS). We find that, in the vicinity of
GB, the SrTiO; becomes AFD phase with the octahedron
rotation angles up to 6° within six unit cells even at room
temperature. Atomic-scale electron energy-loss spectros-
copy (EELS) indicates that the AFD phase mainly arises
from the local presence of oxygen vacancy (V,), which
causes electron doping to the Ti ions and thus expands and
rotates the TiOg octahedrons. These findings provide
explanations for the past optical measurements and trans-
port properties of electroceramic SrTiO;. The ability to
obtain anomalous nanosized phases deviating from equi-
librium phase diagrams via GB engineering also provides
opportunities to design new devices for nanoelectronics.

A high-angle annular dark-field STEM (HAADF STEM)
image in Fig. 1(a) shows the atomic structure of a
213 (510)/[001] tilt SrTiO3 GB in the present study with
each structural unit in the length of five unit cells. Although
there is inevitably slight structural variability in the GB core
[24], the framework of the GB structure unit remains the
same, of which the representative averaged GB core
structure is shown in Supplemental Material, Fig. S1
[25]. The atomically resolved elemental maps of STEM-
EDS shown in Fig. 1(b) and Supplemental Material, Fig. S2
[25] reveal the atomic arrangements of Sr and Ti atoms near
the GB core. The HAADF STEM image and EDS maps are
used to distinguish the cation atom species at the GB core.
In order to precisely extract the atom position information
including oxygen near the GB, the integrated differential
phase contrast (IDPC) image is recorded in Fig. 1(c). The
IDPC imaging has the capability to visualize light elements
with atomic resolution and excellent signal-to-noise ratio at
low electron dose [27], allowing us to extract the oxygen

FIG. 1.

positions in a perovskite structure [28], even inside a GB
core [29]. Combing with all these imaging and spectros-
copies, the atomic structure of the single SrTiO; X13
unit can be obtained and shown in Fig. 1(d). Intriguingly,
the X13 GB core undergoes a localized structural
reconstruction, i.e., at some locations [for example, high-
lighted by the circle in Fig. 1(d)], the pristine perovskite
structure of TiOg octahedron with corner sharing configu-
ration transforms into rocksaltlike structure with edge
sharing configuration. Such localized reconstructions were
also found in SrTiO; dislocations and GBs with other
mistilt angles [30] to accommodate the local strain and Sr
deficiency. It should be noted that from the STEM imaging
and spectroscopies shown above, we cannot fully preclude
the possibility for low-level chemical intermixing at each
atomic column due to the complex channeling effect and
limited detection sensitivity in STEM [31], especially in the
GB core region. Nevertheless, no apparent chemical
intermixing was observed, indicating chemical intermixing
might be slight enough to be negligible [30]. Therefore, the
atomic structure shown in Fig. 1(d) can be reasonably
recognized as the representative configuration for this GB.

The room-temperature AFD SrTiO; is identified based
on IDPC imaging. Figure 2(a) illustrates the atomic
positions of TiOg reconstructed by 2D Gaussian fitting
(see Material and Methods for details), where Sr atoms and
the GB core with more complicated structure are not
displayed for clarity. The raw IDPC image is shown in
Supplemental Material, Fig. S3 [25]. The TiOg octahedron
rotations in the vicinity of the GB are pronounced. Every
TiOg octahedron rotates in the opposite direction with
respect to their neighbors. The in-plane octahedral rotation
shown in Fig. 2(a) is indicative of an AFD phase. Note that
although the structural information along the electron beam
direction is unavailable from this projected image, since the
basic structure of the AFD phase remains the bulklike
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Atomic structure of a £13(510)/[001]SrTiO3; GB. (a) A HAADF image of the SrTiO; £13(510)/[001] tilt GB. The polygon

highlights the structure unit of GB. (b) An EDS map of Sr (red) and Ti (green) showing cationic distribution of the GB. (c) An IDPC
image of GB overlapped with an atomistic structure model. (d) An atomistic schematic of the GB. Edge sharing TiOg4 octahedrons with

rocksaltlike TiO structure is observed in the GB core.

225702-2



PHYSICAL REVIEW LETTERS 126, 225702 (2021)

@SreTi o0

FIG. 2. The room-temperature AFD phase in the vicinity of the SrTiO; GB. (a) Reconstructed atom positions of Ti and O atoms on the
basis of the IDPC image. The Sr atoms and core structure are hidden for clarity. The white lines highlight the O-Ti-O atomic chains. The
curved arrows highlight the TiOg rotation direction. (b) The schematic diagrams of AFD phase in the vicinity of the GB. The adjacent
Ti-O octahedrons tilt to opposite directions, viewing along the [001] zone axis. Size difference between SrO squares (L) and TiO squares
(L") lead to the TiO4 octahedron rotation. The rotation angles of TiOg octahedron are illustrated as “vertical” component 6, (along the
[010]) and “horizontal” component 6,, (along the [100]). (c) The 6, map of TiOg octahedrons in the vicinity of £13(510)/[001] GB.

structure of SrTiO;, the structure along the projection
direction should remain as the regular perovskite structure.
Figure 2(b) depicts octahedrons rotation and the definitions
of rotation angles 6, (along the [100]) and 0, (along the
[010]). Size difference between SrO squares (L) and TiO
squares (L) contributes to the oxygen octahedron rotations
[32]. The unit-cell scale octahedron rotation angle can be
calculated using the positions of adjacent O columns [33].
As shown in Fig. 2(c) and Supplemental Material, Figs. S4
and S5 [25], the maximum of the rotation angle is ~6.7°
occurring at the edge of the GB core and gradually becomes
weaker away from it. The maximum value is consistent
with theoretical calculations [34] but larger than the
previous experimental values [35]. It is also noteworthy
that the AFD phase is generally stabilized only under 105 K
[36], whereas our experiments were conducted at room
temperature.

To explore the underlying physical origins with respect to
the formation of room-temperature AFD, we implemented
EELS analysis across the GB. For a Ti** in SrTiO;, the
Ti—L edge typically incorporates four separate peaks,
whereas the Ti—L edge of a standard Ti** spectrum
(e.g., Ti in LaTiO3) contains only two broad peaks.
Inside the GB core in Figs. 3(a) and 3(b), the Ti—L edge
becomes broader accompanied by a less pronounced peak
separation, indicating the presence of a decrease in the
crystal field splitting feature and an increase in Ti** fraction
[37]. The decrease of f,,—e, splitting of Ti—L edge
[Fig. 3(c)] implies a change in Ti-O coordination [38].
The O—K edge in the vicinity of GBs becomes flat due to
the disruption of symmetry and loss of local order [Figs. 3(d)
and 3(e)], which could be caused by the presence of the V,
[39]. According to the previous study [40], the distortions of
Ti-O-Ti linear chains in SrTiO; would enhance the intensity
of the peak f, leading to a reduced a/f intensity ratio as

marked in Fig. 3(e). In other words, a/p ratio also reflects
the degree of TiO4 octahedron distortion. As demonstrated
in Fig. 3(f), the largest distortions of TiOg4 octahedrons exist
inside the GB core due to the broken translational symmetry
and large structural variation. In the AFD phase, the
relatively small «/f ratio is attributed to the TiOg rotation.

The variation of the local crystal field can be estimated
by fitting the Ti—L edge, of which the fine structures are
very sensitive to the local atomic environments. We use
Ti—L edges in SrTiO; (Ti**) and LaTiO; (Ti*T) as
references (detailed in Fig. S6 [25]). The experimentally
obtained Ti—L edges in EELS are fitted as linear combi-
nations of them [41]. As shown in Fig. 3(g), far away from
the GB core (~1.2 nm or ~3 unit cells), the crystal field
remains the bulk SrTiO; (Ti*"), while inside the GB core it
is very similar to that of LaTiO; (Ti**). This can be
understood by the presence of localized rocksalt phase with
the lower Ti valence state since the ratio Ti:O = 1:1 in the
rocksalt structure is much lower than that of 1:3 in the
perovskite. In fact, an increase of Ti/O ~40% occurs
inside the GB core from Figs. 3(h) and 3(i), which cannot
be simply attributed to the oxygen deficiency in perovskite
and thus further underpin that a decrease in crystal field
splitting at the GB core is mainly due to the structural
transformation from the perovskite to the rocksalt. In the
AFD region approaching the GB core, the crystal field
gradually changes from SrTiO; (Ti**) to LaTiO; (Ti**)
features. Besides, the intensity ratio between Ti—L, and
Ti—L; (L,/L5) in the AFD region also gradually decreases
from the bulk SrTiO; to the GB core. According to the
previous study [42], such a decrease in the intensity ratio
corresponds to the reduction of Ti valence (see Fig. S7 for
details).

Since the structure of AFD still remains to be perovskite,
the change of the crystal field is likely due to the presence
of oxygen vacancies (V,). The electrons offered by the V,,
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Electronic structures of the SrTiO5 near the GB. (a) EELS of Ti—L edge within a range of 8§ nm across a GB. (b) A comparison

in EELS between bulk matrix and GB indicated by blue and orange doted lines, respectively. (c) The energy-loss values of peaks in
Ti—L edge across the GB. (d) The corresponding O-K edge across the GB. (e) The comparison between bulk matrix and GB. Green and
purple shades label the windows used to calculate (f) the a/f intensity ratio. Reseda green and indigo shades indicate the GB core and
AFD phase regions, respectively. (g) The fitting coefficient of Ti*t across the GB. (h) The intensity of Ti—L and O—K and (i) their
relative ratios after background subtracted. The error bars present the standard deviations among ten groups of line-scan measurements
from a single EELS spectrum image containing ten rows datasets across the GB (10 x 50 pixels mapping).

occupy Ti 3d states, leading to the valence reduction of
Ti** accompanied with the alter of crystal field.
Meanwhile, the decrease in the valence of Ti yields the
expansions of Ti ionic radii, thus increasing the size of TiOg
octahedron (L') and facilitating the octahedral rotation.
Indeed, V, can promote the formation of AFD, which was
theoretically predicted [11,43]. Therefore, controllably
introducing high density of V, via reducing gases or high
vacuum during bicrystal fabrication may further facilitate
the AFD at room temperature.

The presence of AFD provides new insights into under-
standing the complex interplay of SrTiO3; GBs. The broken
translation symmetry at the GB is validated to modify the
internal driving forces, overcome the temperature barrier,
and stabilize the AFD phase in SrTiO5 within a region of
about six unit cells in thickness even at the room tempera-
ture, demonstrating the capability to create anomalous
nanosized phases with simple defect engineering in the
complex oxides. Considering the AFD phase also

undergoes the strain field induced by the GB (see
Fig. S8 for GPA analyses) [25], the TiOg rotation in
AFD phase may introduce a rotostriction effect, i.e., the
coupling between the TiOg4 rotation and strain, which may
further generate a polarization similar to that at AFD
domain walls [44] and twin boundaries [45].

The presence of AFD associated with oxygen vacancies
is expected to play important roles in determining the
electrical and optical properties of the GBs of SrTiOs. In
fact, the oxygen deficiency at the GBs of SrTiO; has been
proposed in many studies [46,47]. However, the origin of
such deficiency has still been under debate, i.e., whether it
comes from the localized second phase or simply non-
stoichiometric perovskite. Our observations give a deter-
ministic picture, i.e., oxygen deficiency around the GBs of
SrTiO; mainly comes from the V, of perovskite while
inside the GB core it is dominated by the presence of
localized rocksalt phase. The positive charge such as
oxygen vacancies around the GB accounts for the
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formation of space charge zone with hole depletion, leading
to formation of back-to-back Schottky barrier at the GBs in
the electroceramic SrTiO; [48,49]. Therefore, the presence
of the AFD phase unambiguously underpins the oxygen
vacancy associated hole depletion model and can explain
many past experimental results such as high-ionic imped-
ance and nonlinear electrical activity [50,51]. Moreover,
AFD phase was reported to yield extra localized electronic
states in the band gap [11] and enhance its luminescence
efficiency [4]. Since the AFD phase has a direct band gap
unlike paraelectric SrTiO; with an indirect band gap [10],
the 2D GB likely offers a higher photoconductivity [12] as
the zero-momentum transfer benefits for phototransition.
We therefore expect that a 2D AFD phase along
the GB plane could be fabricated into “photoconductive
channels,” offering an alluring prospect in nanophotonic
devices.

In summary, we reveal the atomic structure including the
oxygen configuration of a SrTiO; £13(510)/[001] tilt GB,
and find a 2D AFD SrTiO; phase in the vicinity of GB at
room temperature. Such an AFD order likely originates
from the localized V, induced electron doping. The
presence of the hole depletion AFD at the GB also explains
the past transport and optical properties in the electro-
ceramic SrTiO;. Furthermore, the AFD phase that is not
expected at room temperature but can be created via GB
engineering of ordinary SrTiO;, provides new opportunities
to design novel nanoelectronic and nanophotonic devices,
especially considering that the AFD phase exhibits a 2D
nature with width only approximate six unit cells.
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