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Abstract For ABO3 perovskites, octahedral rotations and
distortions couple strongly to the functional properties.
However, in short period perovskite superlattices, the
characterization of the octahedral behavior remains challenging due to the local structural variations of the BO6
octahedra. By aberration-corrected high-resolution transmission electron microscopy, we investigated the local
octahedral rotations in a [(4 unit cell (u.c.)//4 u.c.) 9 8]
LaNiO3/LaGaO3 superlattice grown on a (001) SrTiO3
substrate. The octahedral behavior varies along the growth
direction even though the superlattice is coherently
strained. Near the substrate, octahedral rotations about
[100] and [010] axes in the superlattice are suppressed due
to the octahedral connectivity—rotational magnitudes and
patterns—between the NiO6 and TiO6 octahedra. Away
from the substrate, the magnitudes of [100] and [010] rotations are enhanced as a response to substrate-induced
tensile strain. Near the surface of the superlattice, the [100]
and [010] rotational magnitudes of NiO6 and GaO6 relax to
the bulk values of LaNiO3 and LaGaO3, respectively. Our
results indicate that the response of octahedral rotations to
epitaxial strain in superlattices is significantly different
from that in thin films.
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Introduction
ABO3 perovskites exhibit fascinating functionalities such
as colossal magnetoresistance, metal–insulator transitions,
multiferroicity, and superconductivity due to the strong
correlation between charge, spin, and orbital degrees of
freedom [1, 2]. Heterostructures of different ABO3 perovskites provide the possibility to not only manipulate the
existing functionalities but also create new ones which are
enabled by structural and electronic reconstructions at the
heterointerfaces [3–5]. It has been demonstrated that the
electronic and magnetic properties of ABO3 perovskites are
strongly coupled to the B–O bond lengths and O–B–O
bond angles; therefore, precise control of the BO6 octahedral rotations and distortions by epitaxial strain and interfacial octahedral connectivity has become the key to
engineering desired functionalities in ABO3 perovskite
heterostructures [6–22]. One example is the design of new
high-Tc superconductors. It has been predicted that epitaxial strain and quantum confinement can be used to
manipulate the electronic structure of LaNiO3/RXO3 superlattices (R = rare earth cation, X = trivalent cation
such as Al, Ga…) to match that of cuprate high-Tc superconductors [23]. In bulk LaNiO3, the electron configuration
of the Ni3? ions is t62ge1g with the eg electron occupying
either dx2 y2 or d3z2 r2 orbital. Substrate-induced tensile
strain increases the in-plane Ni–O bond lengths thus favors
the occupation of the in-plane dx2 y2 orbital. The in-plane
orbital polarization of the eg electron is further supported
by the insulating RXO3 layers which block the c-axis
charge transfer. Subsequent experiments have revealed
orbital polarization, metal–insulator transition, and antiferromagnetism in epitaxial-strained LaNiO3/RXO3 superlattices [24–27]. However, superconductivity has not
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been observed yet and discrepancies between experimental
observations and first-principle calculations still persist.
Moreover, the local structure of the NiO6 octahedral network embedded in epitaxial-strained LaNiO3/RXO3 superlattices as well as the relation between local structure
variations and the resulting properties remains unresolved.
Therefore, a detailed determination of the NiO6 octahedral
rotations is needed in order to provide first, a deeper understanding of the correlation between observed properties
and underlying structures and second, a better insight into
how to manipulate NiO6 octahedral rotations and distortions such that material properties can be engineered in a
more controllable way, and third, a more realistic model for
first-principle calculations of epitaxial-strained LaNiO3/
RXO3 superlattices.
The characterization of octahedral rotations in perovskite superlattices is challenging since superlattices
typically consist of two or more constituent materials. In
bulk, each material possesses its own octahedral rotation
pattern and magnitudes. In superlattices, the octahedral
rotations in each constituent layer are not only affected by
their individual response to epitaxial strain but also constrained by octahedral connectivity—rotational magnitudes
and patterns—at every heterointerface [16–21]. The effect
of interfacial octahedral connectivity in thin films has been
reported to be short-ranged which is typically less than 10
unit cells [16–21]. But in short period superlattices where
the thickness of each constituent layer is below this range
(only a few unit cells), how octahedral connectivity at
heterointerfaces affects the octahedral rotations in each
constituent layer is still not fully understood. To reveal
such a short-range effect, atomic-scale structural determination is indispensable. Synchrotron X-ray diffraction
(XRD) has been successful in determining the average
octahedral rotation patterns and magnitudes in perovskite
thin films as well as in superlattices [9–14]. However, due
to the spatial-averaging nature of XRD, it is extremely
difficult to investigate local octahedral rotations within the
superlattices. Aberration-corrected high-resolution imaging
and electron diffraction techniques on the other hand have
been successfully used to investigate local octahedral rotations in perovskites at very high spatial resolution. These
techniques include annular bright-field (ABF) imaging in
aberration-corrected scanning transmission electron microscopy (AC-STEM) [16–20], position-averaged convergent beam electron diffraction (PACBED) in AC-STEM
[21, 22], and aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM) [28–31].
In this paper, we present investigations of an epitaxialstrained LaNiO3/LaGaO3 superlattice grown on a SrTiO3
substrate by AC-HRTEM. The structure of the TiO6–
NiO6–GaO6 octahedral network was resolved with atomic
resolution enabling precise analysis of the local octahedral
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rotations. Both epitaxial strain and interfacial octahedral
connectivity were found to play an important role in determining the octahedral behavior in the LaNiO3/LaGaO3
superlattice. We found that the [100] and [010] rotational
magnitudes of NiO6 and GaO6 relax to the bulk values of
LaNiO3 and LaGaO3 even though the superlattice is coherently strained. The observed octahedral behavior in our
superlattice is significantly different from that in thin films
where epitaxial strain effectively modifies octahedral rotations throughout the entire films [9, 10, 12, 22].

Experimental
A [(4 u.c.//4 u.c.) 9 8] LaNiO3/LaGaO3 superlattice with a
total thickness of *250 Å was grown on a (001) SrTiO3
substrate by pulsed laser deposition. The superlattice was
deposited by focusing a KrF excimer laser with 2-Hz pulse
rate and 1.6-J/cm2 energy density onto stoichiometric targets of LaNiO3 and LaGaO3. The deposition was carried
out in 0.5-mbar oxygen atmosphere at 730 C. After deposition, the superlattice was annealed in 1-bar oxygen
atmosphere at 690 C for 30 min. More details of sample
growth can be found in Ref. [25]. For TEM investigations;
cross-sectional specimens were prepared using standard
techniques. The specimens were ground to a thickness of
40 lm and subsequently dimpled from both sides to less
than 3 lm. The depth of the sphere-shaped deepening was
approximately 20 lm so that lower inclination angles
could be used during ion milling. In order to avoid any
contact of the specimen with water, ethanol was used
during the mechanical thinning process. Ion milling was
conducted in a Fischione Ion Mill 1010. The milling
voltage of the Ar? beam was maintained at 4 kV. The
inclination angle was kept at a low value of 7 to increase
the area of electron transparency. Throughout the ion
milling process, the sample stage was cooled by liquid
nitrogen to reduce ion-bombardment-induced amorphisation. High-resolution imaging was performed on an imageside Cs-corrected FEI Titan 80–300 microscope operated at
an acceleration voltage of 300 kV. Negative Cs imaging
(NCSI) conditions were applied to enhance the contrast of
the oxygen columns and to reduce delocalization [32–34].
The spherical aberration coefficient Cs was tuned to
*-15 lm and the images were acquired with defocus of
*?5 nm (i.e., overfocus). AC-HRTEM image simulation
was carried out using multislice algorithm in QSTEM
software.
Octahedral rotations and [110] projection
To systematically describe the octahedral rotations, Glazer
notation was used [35]. Bulk LaNiO3 has a rhombohedral
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a-a-a- rotation pattern. The sequence of symbols corresponds to rotations about the pseudocubic [100], [010] and
[001] axes, respectively (see Fig. 1a). The identical characters indicate same rotation angles about each axis
(a = b = c = 5.2) [36]. The superscript (-) stands for
out-of-phase rotations of the adjacent octahedra along the
corresponding axis. Bulk LaGaO3 has an orthorhombic
a a cþ rotation pattern with a = b = 6.17 and
c = 6.22 [37], while bulk SrTiO3 has a cubic structure
which lacks octahedral rotations (a0a0a0). Since the superlattice is tensilely strained with respect to a cubic substrate (aLaNiO3 ;pseudocubic = 3.838 Å, aLaGaO3 ;pseudocubic =
3.892 Å, aSrTiO3 ;cubic = 3.905 Å), the [100] and [010] directions are identical. Thus, a = b, which results in an
a-a-c- rotation pattern [9, 13, 14, 22]. Because the octahedra have out-of-phase rotations along the [100] and
[010] axes, it is difficult to observe them in either direction
[14]. Therefore, cross-sectional TEM specimens were
prepared in [110] projection from which the octahedral
rotations can be imaged. Figure 1b shows the simulated
image of bulk LaNiO3 in pseudocubic [110] projection
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under negative Cs imaging (NCSI) conditions. All atomic
columns appear bright on a dark background with the
oxygen and nickel columns showing higher contrast. In
pseudocubic [110] projection, the out-of-plane spacing
corresponds to the out-of-plane lattice parameter d001 while
the in-plane spacing d110
is related to the in-plane lattice

parameters d100 and d010 through the following equation
pﬃﬃﬃ
d100 ¼ d010  2d110
 . Due to NiO6 octahedral rotations,
the projected oxygen positions shift up and down about the
horizontal Ni–Ni line forming zigzags in the projections of
NiO2 layers. To quantify the zigzags, i.e., rotational magnitudes of NiO6, we have defined an angle h whose value is
mainly determined by the magnitudes of [100] and [010]
rotations, i.e., a and b. Rotations about the [100] and [010]
axes displace the oxygen anions in a direction along the
[001] axis and obviously alter their projected positions.
However, rotations about the [001] axis displace the oxygen anions in a direction perpendicular to the [001] axis
and thus have a minor effect on the projection. Due to the
limitation imposed by projection, the variation of h can
only reflect the change of a and b but not c. Figure 1c
presents the atomic model of bulk SrTiO3. It has a cubic
perovskite structure with no octahedral rotations
(a = b = c = 0) and the oxygen anions are located at the
face centers of the cubic unit cell. When viewed in [110]
direction, the projection of the oxygen anions and titanium
cations is in the same horizontal line giving h = 0 (see
Fig. 1d).

Analysis of observations

Fig. 1 a Atomic model of bulk LaNiO3. b Simulated 300 kV ACHRTEM image of bulk LaNiO3 in [110] projection. The identities of
the atomic columns are indicated on the simulation. Multislice
method was used with following parameters: spherical aberration
coefficient Cs = -15 lm, defocus Df = ?5 nm (i.e., overfocus),
sample thickness t = 5 nm, twofold astigmatism A1 = 1 nm, threefold astigmatism A2 = 50 nm, coma B2 = 30 nm, beam convergence
angle 0.3 mrad, and focal spread 2 nm. h, d001, and d110
 indicate the
structural parameters that can be measured from AC-HRTEM images.
c Atomic model of bulk SrTiO3. d Simulated 300 kV AC-HRTEM
image of bulk SrTiO3 in [110] projection. Simulation parameters are
the same as those in (b)
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Figure 2a shows an experimental AC-HRTEM image
recorded across the substrate–superlattice interface. The inplane BO2 layers (B = Ti/Ni/Ga) are marked by the black
arrows. The projections of the oxygen octahedra and the Bsite cations can be clearly identified. In the lower part of the
image, no zigzags were observed in the BO2 layers corresponding well to the simulated SrTiO3 structure (see
Fig. 1d). In the upper part of the image, obvious zigzags can
be seen due to the rotations of NiO6 and GaO6 octahedra.
Figure 2b presents the measured structural parameters h,
d001, and d110
 . They are expressed as functions of the
number of BO2 layers (i.e., unit cells). As highlighted between the solid yellow lines in Fig. 2b, at the SrTiO3–
LaNiO3 interfacial region, we observed a continuous increase of h as well as a continuous decrease of the out-ofplane lattice parameter d001 along the growth direction. The
gradual increase of h near the SrTiO3–LaNiO3 interface can
be explained by the interfacial connectivity of the cornersharing octahedral network. In SrTiO3, due to the lack of
octahedral rotations, the oxygen anions are at the face centers of the cubic unit cell. In order to allow octahedral
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Fig. 2 a 300 kV AC-HRTEM images in [110] projection across the
substrate–superlattice interface. The image was acquired using
negative Cs imaging (NCSI) conditions with Cs * -15 lm and
defocus *?5 nm (i.e., overfocus). Average background subtraction
filtering was applied to remove noise. The BO2 layers are marked by
the black arrows. Numbering of the BO2 layers starts from the bottom
of each image and increases in the growth direction. b Measured

structural parameters h, d001, and d110
 from (a). Each data point is the
average over a distance of *10 nm in one BO2 layer with the error
bar representing the standard deviation. The dashed lines represent
the bulk values of LaNiO3 and LaGaO3 (hbulkLaNiO3 = 7.4,
hbulkLaGaO3 = 8.8). The SrTiO3–LaNiO3 interfacial region is highlighted between the yellow solid lines in (a, b). Growth directions are
indicated by the green arrows (Color figure online)

rotations about the [100] and [010] axes, oxygen anions
must be shifted away from the face centers. However, when
LaNiO3 is epitaxially grown on SrTiO3, NiO6 octahedra are
connected to the TiO6 ones via the face-centered oxygen
anions. As a result of this geometric constraint, NiO6 rotations about the [100] and [010] axes are suppressed at the
SrTiO3–LaNiO3 interface. The suppression of the [100] and
[010] rotations results in small rotation angles a and b.
Therefore, h is also constrained near the SrTiO3 substrate.
Moving away from the substrate, the magnitudes of [100]
and [010] rotations gradually increase resulting in a continuous increase of h. The continuous decrease of out-ofplane lattice parameter d001 is caused by the difference in
lattice parameters of SrTiO3 and LaNiO3 (d001;bulkSrTiO3 =
3.905 Å, d001;bulkLaNiO3 = 3.838 Å). The measured d001 of
SrTiO3 is slightly smaller than its bulk value (*1 %) which
is within the error range of our instrument. As shown in the
lowest panel of Fig. 2b, d110
 remains constant as a result of
coherent epitaxial growth. Since the electronic structure of
LaNiO3 is strongly coupled to the Ni–O–Ni bond angles and
Ni–O bond lengths, octahedral connectivity at the SrTiO3–
LaNiO3 interface may notably change the electronic and
magnetic properties of LaNiO3. In fact, Moon et al. have
demonstrated that the functionalities of La2/3Srl/3MnO3 ultrathin films can deviate significantly due to the interfacial
connectivity with substrates having different octahedral
rotation patterns and magnitudes [38]. After the gradual
increase, h reaches a plateau. For most layers farther away

from the substrate, i.e., layer 16–27 in Fig. 2b, the values of
h exceed that of bulk LaNiO3 and some are higher than that
of bulk LaGaO3. The increased h agrees with the enhanced
magnitudes of [100] and [010] rotations as a response to
tensile strain [9, 10, 12, 22]. May et al. have reported
a = b = 7.1 ± 0.2 and c = 0.3 ± 0.7 for a 173 Å-thick
LaNiO3 film grown on SrTiO3 substrate which gives
h * 10.2 [9].
Figure 3a presents an experimental AC-HRTEM image
acquired near the superlattice surface. The measured h,
d001, and d110
are shown in Fig. 3b. The bulk values of

LaNiO3 and LaGaO3 are indicated by the dashed lines.
Near the superlattice surface, h oscillates between the bulk
values of LaNiO3 and LaGaO3. The period of the oscillation is 8 layers corresponding well to the 4 u.c. LaNiO3/4
u.c. LaGaO3 superlattice structure. Since h is mainly determined by a and b, our results indicate that near the
superlattice surface the magnitudes of [100] and [010]
octahedral rotations in LaNiO3 and LaGaO3 relax toward
their own bulk values. At the same time, the connectivity of
the octahedral network must be maintained at every
LaNiO3–LaGaO3 interface thus causing the oscillation of
h. The out-of-plane lattice parameter in ABO3 perovskites
can be expressed as d001 = 2 dB–Ocosacosb, where dB–O is
the out-of-plane B–O bond length [35]. When a and b relax
toward bulk values, d001 relaxes as well.
The relaxation of [100] and [010] rotational magnitudes
suggests that the response of octahedral rotations to
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Fig. 3 a 300 kV AC-HRTEM images in [110] projection near the
superlattice surface. The image was acquired using negative Cs
imaging (NCSI) conditions with Cs * -15 lm and defocus
*?5 nm (i.e., overfocus). Average background subtraction filtering
was applied to remove noise. The BO2 layers are marked by the black
arrows. Numbering of the BO2 layers starts from the bottom of each
image and increases in the growth direction. b Measured structural
parameters h, d001, and d110
 from (a). Each data point is the average over

a distance of *10 nm in one BO2 layer with the error bar representing
the standard deviation. The dashed lines represent the bulk values of
LaNiO3 and LaGaO3 (hbulkLaNiO3 = 7.4, hbulkLaGaO3 = 8.8,
d001;bulkLaNiO3 = 3.838 Å, d001;bulkLaGaO3 = 3.892 Å). The curve in the
top panel of (b) serves as guide to the eye to emphasize the oscillation of
h. Growth directions are indicated by the green arrows (Color figure
online)

epitaxial strain in superlattices is significantly different
from that in thin films. It has been reported that epitaxial
strain can effectively modify the octahedral rotations
throughout the entire thin films [9, 10, 12, 22]. However, in
superlattices, the length scale over which the rotational
magnitudes can be controlled by epitaxial strain is much
shorter. The octahedral rotations in each constituent layer
tend to relax toward the bulk magnitudes. Note that within
the error range, d110
near the superlattice surface is the

same as that near the substrate meaning that the superlattice is still coherently strained. Therefore, strain relaxation
is not likely to be the origin of the bulk-like octahedral
rotations. Similar relaxation of octahedral rotations under
coherent strain was also reported in a [(4 u.c.//3 u.c.) 9 3]
LaNiO3/SrTiO3 superlattice grown on a (001)
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 substrate investigated by
PACBED [21]. However, enhanced [100] and [010] rotational magnitudes of the NiO6 octahedra were found in a
50 Å-thick LaNiO3 film grown on the same substrate [22].
By comparing the variations of h in Figs. 2b and 3b, we
see clearly that the structure of the octahedral network near
the substrate differs from that near the superlattice surface
indicating variations in the electronic and magnetic properties along the growth direction. Therefore, in order to
produce LaNiO3/RXO3 superlattices with controlled and
homogeneous functional properties throughout the entire
superlattice, it is necessary to fine-tune the rotational

magnitudes of NiO6 in every LaNiO3 layer. Since the NiO6
rotations are constrained at the SrTiO3–LaNiO3 and
LaNiO3–LaGaO3 interfaces, local manipulation of the
NiO6 rotations may be achieved by choosing appropriate
RXO3 materials and substrates. When choosing the RXO3
materials, rotation patterns and magnitudes of the XO6
octahedra should be one of the main considerations.
Through octahedral connectivity at LaNiO3–RXO3 interfaces, the magnitudes of XO6 rotations could propagate
into the LaNiO3 layers. Since the effect of interfacial octahedral connectivity is short-ranged, it is reasonable to
reduce the thickness of LaNiO3 layers to avoid the relaxation of the NiO6 rotations. Meanwhile, the thickness of
RXO3 layers should be increased so that the MO6 rotations
could reach the bulk magnitudes and stabilize the NiO6
rotations at the next interface. It has been reported in (n
u.c.//m u.c.) LaNiO3/SrMnO3 superlattices, the average
octahedral rotational magnitudes can be adjusted by altering the superlattice composition [n/(n ? m)] [13]. When
choosing the substrates, the in-plane lattice parameter
should be the primary concern to control the in-plane Ni–O
bond lengths. A buffer layer can also be inserted to adjust
the octahedral rotation pattern and magnitudes before the
growth of LaNiO3. For instance, Kan et al. have reported
that in SrRuO3/BaTiO3/GdScO3 heterostructures, the RuO6
rotations in SrRuO3 films can be largely reduced by inserting a 1 u.c. thick BaTiO3 between the SrRuO3 film and
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the GdScO3 substrate [17]. Note that the present discussion
is limited to structural manipulation. Other factors such as
the band-gap of RXO3 and polar discontinuity at
heterointerfaces should also be taken into account.

Summary
We studied the local octahedral rotations in a tensile-strained short period LaNiO3/LaGaO3 superlattice. By ACHRTEM, local octahedral rotations were probed with
atomic resolution. We found that the magnitudes of octahedral rotations about the [100] and [010] axes were
largely suppressed near the SrTiO3 substrate. Enhanced
[100] and [010] rotations, which were expected due to
tensile strain, were only observed in a short length scale.
The magnitudes of the [100] and [010] rotations relax toward their bulk values even though the superlattice is still
coherently strained to the substrate. Therefore, in superlattices, epitaxial strain alone is not sufficient to stabilize
certain octahedral rotation pattern and magnitudes
throughout the entire superlattice. In order to produce
LaNiO3/RXO3 superlattices with controlled and homogeneous functionalities, the potential of octahedral connectivity at heterointerfaces should be further exploited.
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RJ, Schlepütz CM, Karapetrova E, Cheng XM, Rondinelli JM,
May SJ (2014) Effect of interfacial octahedral behavior in ultrathin manganite films. Nano Lett 14:2509–2514

