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ABSTRACT

For ABO3 perovskites, the magnetic and electronic properties couple strongly to

the BO6 octahedral rotations and distortions. Therefore, precise control of the

octahedral rotations and distortions via epitaxial strain and interfacial octahe-

dral connectivity has become the key for engineering novel functionalities in

ABO3 heterostructures and superlattices. In this paper, we investigated the local

octahedral rotations in a [(1 unit cell (u.c.)//4 u.c.) 9 13] LaNiO3/LaGaO3

superlattice grown on a (001) SrTiO3 substrate. By using aberration-corrected

high-resolution transmission electron microscopy, we found that the octahedral

rotations of NiO6 adopted the same [100] and [010] rotational magnitudes as the

neighboring GaO6 till the surface of the superlattice. Our results indicate that in

LaNiO3-based superlattices, the NiO6 rotations can be precisely controlled via

interfacial octahedral connectivity when the thickness of the LaNiO3 layer is

only 1 unit cell.

Introduction

ABO3 perovskites represent a broad spectrum of

intriguing functionalities such as metal–insulator

transitions, multiferroicity, colossal magnetoresis-

tance, and superconductivity owing to the strong

correlation between charge, spin, and orbital degrees

of freedom [1, 2]. In recent years, heterostructures

and superlattices formed by two or more different

ABO3 perovskites have received intense research

interest. Due to the electronic and structural recon-

structions at the heterointerfaces, new phenomena

may emerge opening the way to novel functionalities

that are not accessible in their bulk counterparts

[3–7]. In ABO3 perovskites, the magnetic and elec-

tronic states are strongly coupled to the B–O–B bond

angles and B–O bond lengths [8–22]. Therefore,

manipulation of the BO6 octahedral rotations and

distortions via epitaxial strain and interfacial
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octahedral connectivity offers a promising route to

tailoring the material properties in a controllable way

[8–27]. One example is the engineering of the 3d

orbital configuration in nickelates in order to realize

high-Tc superconductivity. Chaloupka and Khaliullin

proposed that the electronic structure of LaNiO3

embedded in LaNiO3/LaMO3 superlattices (M =

trivalent cation such as Al, Ga…) can be manipulated

to match that of cuprate high-Tc superconductors

[28]. In bulk LaNiO3 (Ni3?, t2g
6 eg

1), the eg electron

occupies one of the twofold degenerated eg orbitals

(dx2�y2 , d3z2�r2 ). In high-Tc superconducting cuprates,

the degeneracy of the eg orbitals is lifted and the

conduction electrons occupy exclusively the planar

dx2�y2 orbital. In order to lift the twofold degeneracy

of the eg orbitals in LaNiO3, the LaNiO3/LaMO3

superlattices are epitaxially grown on a tensile-strain

inducing substrate. Due to the tensile strain, the in-

plane Ni–O bonds are stretched lowering the energy

of the dx2�y2 orbital, thus localizing the eg electron in

the planar dx2�y2 orbital. The dx2�y2 orbital occupation

is further supported by the wide-gap insulating

LaMO3 layers which block the inter-layer electron

hopping. Subsequent experimental work has

demonstrated partial orbital polarization, metal–in-

sulator transition, and antiferromagnetism in epitax-

ially strained LaNiO3/LaMO3 superlattices [29–33].

However, full orbital polarization has not been

achieved yet and discrepancies between experimen-

tal observations and theoretical predictions still exist.

One complication arises from the fact that in ABO3

thin films and superlattices, epitaxial strain not only

results in octahedral distortions (i.e., change of B–O

bond lengths) but also modifies the BO6 rotational

magnitudes (i.e., change of O–B–O bond angles)

[8–27]. In addition, for short-period ABO3 superlat-

tices, the octahedral rotations in each constituent

layer are not only determined by their individual

response to epitaxial strain but also constrained by

octahedral connectivity at every heterointerface.

When the thickness of each constituent layer is only a

few unit cells, the interplay between epitaxial strain

and interfacial connectivity results in local variations

of the octahedral rotations in unit-cell scale [12–27].

Therefore, in order to get a better understanding of

the relation between the octahedral rotations and the

resulting properties, it is necessary to characterize the

structure of the octahedral network with atomic res-

olution. Several techniques have been successfully

applied to tackle this problem, including annular

bright-field (ABF) imaging in aberration-corrected

scanning transmission electron microscopy (AC-

STEM) [17–22, 24, 25, 34], position-averaged conver-

gent beam electron diffraction (PACBED) in AC-

STEM [23, 35–37], and aberration-corrected high-

resolution transmission electron microscopy (AC-

HRTEM) [26, 27, 38–41]. In our previous AC-HRTEM

study of a [(4 u.c.//4 u.c.) 9 8] LaNiO3/LaGaO3

superlattice grown on (001) SrTiO3, we have shown

that the response of NiO6 rotations to epitaxial strain

in the LaNiO3/LaGaO3 superlattice is significantly

different from that in LaNiO3 thin films [27]. In

LaNiO3 thin films, epitaxial strain effectively modi-

fies the NiO6 rotational magnitudes throughout the

entire film therefore stabilizing new electronic and

magnetic states [10, 35]. However, in the [(4 u.c.//4

u.c.) 9 8] LaNiO3/LaGaO3 superlattice, the [100] and

[010] rotational magnitudes of NiO6 and GaO6 relax

to the bulk values of LaNiO3 and LaGaO3 even

though the superlattice is still coherently strained. In

order to better functionalize the LaNiO3/LaGaO3

superlattices, it is necessary to control the NiO6

rotations throughout the entire superlattice. One

promising route towards this goal is to exploit the

octahedral connectivity at the LaNiO3–LaGaO3

interfaces.

In this paper, we present the AC-HRTEM investi-

gations of a [(1 u.c.//4 u.c.) 9 13] LaNiO3/LaGaO3

superlattice grown on a (001) SrTiO3 substrate. With

atomic resolution imaging, the variation of octahedral

rotations within the superlattice can be analyzed unit

cell by unit cell. We found that the octahedral rota-

tions of NiO6 adopted the same [100] and [010]

rotational magnitudes as the neighboring GaO6 till

the surface of the superlattice. Our results indicate

that in LaNiO3-based superlattices, the octahedral

rotations of NiO6 can be precisely controlled via

interfacial octahedral connectivity when the thickness

of the LaNiO3 layer is reduced to 1 unit cell.

Experimental

A [(1 u.c.//4 u.c.) 9 13] LaNiO3/LaGaO3 superlat-

tice was grown by pulsed laser deposition on a (001)

SrTiO3 substrate. 1 unit cell of LaNiO3 was first

deposited followed by 4 unit cells of LaGaO3. The [1

u.c.//4 u.c.] LaNiO3/LaGaO3 bilayer structure was
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repeated 13 times resulting in a total film thickness of

*250 Å. More details of sample growth can be found

in Ref [30]. Standard cross-section specimens were

prepared for AC-HRTEM investigations. The speci-

mens were mechanically grinded and dimpled to less

than 4 lm and subsequently ion milled in a Fischione

Ion Mill 1010 with 4 kV Ar?-ion. In order to increase

the area of electron transparency, the milling angle

was kept at 7�. Liquid nitrogen stage cooling was

applied to reduce ion-bombardment-induced amor-

phization. AC-HRTEM imaging was conducted on an

image-side Cs-corrected FEI Titan 80-300 microscope

operated at 300 kV. AC-HRTEM images were

acquired under negative Cs imaging (NCSI) condi-

tions with spherical aberration coefficient Cs *
-15 lm and defocus Df * ?5 nm (i.e., overfocus)

[42–44]. In order to optimize the defocus value and

the objective lens stigmator, the energy filter Gatan

GIF Quantum 965 camera was used to further mag-

nify the images by a factor of 5. Image simulation was

performed using the multislice approach in the

QSTEM software [45].

Octahedral rotations and [110] projection

Figure 1a–c represents the atomic models of bulk

LaNiO3, LaGaO3, and SrTiO3 showing the structure of

the corner-sharing BO6 (B = Ni/Ga/Ti) network.

Octahedral rotations in ABO3 perovskites are sys-

tematically described by the Glazer notation [46]. In

Glazer notation, the octahedral rotation pattern is

written as a*b*c*. The sequence of letters corresponds to

rotations about the cubic or pseudocubic [100], [010],

and [001] axes, respectively. The rotational magnitude

about each axis is expressed by angle a, b, or c
(Fig. 1a). The superscript * (* = ? , - or 0) describes

the rotation of adjacent octahedra along the corre-

sponding axis. Superscript (-) stands for out-of-phase

rotations, while (?) represents in-phase rotations and

(0) means no rotation. Bulk LaNiO3 has a rhombohe-

dral structure with an a-a-a- rotation pattern

(a = b = c = 5.2�) [47]. Bulk LaGaO3 has an

orthorhombic structure with an a�a�cþ rotation pat-

tern (a = b = 6.17�, c = 6.22�) [48]. Bulk SrTiO3 has a

cubic a0a0a0 structure which lacks octahedral rotations

(a = b = c = 0�). It has been reported that, for LaNiO3

thin films and LaNiO3-based superlattices grown on

(001) SrTiO3, LaNiO3 adopts an a-a-c- rotation pat-

tern as a result of identical tensile strain along the [100]

and [010] directions (aLaNiO3;pseudocubic = 3.838 Å,

aLaGaO3;pseudocubic = 3.892 Å, aSrTiO3;cubic = 3.905 Å)

[10, 13, 26, 35]. For AC-HRTEM, the observation of

out-of-phase octahedral rotations in [100] and [010]

projections is extremely difficult because the distance

between the oxygen anion projections is too small to

be resolved by the microscope (see supplementary

Fig. S1). Therefore, we have prepared the cross-section

TEM specimens in [110] projection from which octa-

hedral rotations can be readily investigated. Fig-

ure 1d–f shows the simulated [110] AC-HRTEM

images of bulk LaNiO3, LaGaO3, and SrTiO3 under

negative Cs imaging conditions. Due to BO6 (B = Ni/

Ga) octahedral rotations, equatorial oxygen anions are

displaced out of the horizontal B–B plane. Therefore

when viewed along [110] direction, the projected

Figure 1 a–c Atomic models of bulk LaNiO3, LaGaO3, and

SrTiO3. d–f Simulated 300 kV AC-HRTEM images of bulk

LaNiO3, LaGaO3, and SrTiO3 in [110] projection. Image simu-

lation was performed using the 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 d�110 in d indicate the structural parameters that

can be measured from the AC-HRTEM images.

8170 J Mater Sci (2016) 51:8168–8176



equatorial oxygen positions are shifted up and down

with respect to the B–B line. In order to quantify the

octahedral rotations, we have defined an angle h
which measures the angle formed by the equatorial

oxygen projections (see Fig. 1d). Note that h is mainly

determined by the magnitudes of [100] and [010]

rotations, i.e., a and b, because octahedral rotations

about [100] and [010] axes distinctly change the pro-

jected oxygen positions. However, the oxygen pro-

jections vary insignificantly with [001] rotations (see

supplementary Fig. S2). As a result of this projection

limitation, the value of h can only be correlated to

a and b but not c. Another limitation of the [110]

projection is that h is not affected by the rotation sense

about the [001] axis. Therefore, a�a�cþ and a�a�c�

rotation patterns become indistinguishable in the

[110] AC-HRTEM images (see supplementary Fig. S3–

S5). In bulk LaNiO3, hbulkLaNiO3 = 7.4� and in bulk

LaGaO3, hbulkLaGaO3
= 8.8� [47, 48]. In bulk SrTiO3, due

to the lack of octahedral rotations, the oxygen anion

projections are in the Ti–Ti line giving hbulkSrTiO3
= 0�.

Apart from h, the out-of-plane lattice parameter d001

and in-plane spacing d�110 can be measured from [110]

AC-HRTEM images as well.d�110 is related to the in-

plane lattice parameters d100 and d010 through the

following equation: d100 ¼ d010 �
ffiffiffi

2
p

d�110:

Analysis of observations

Figure 2a shows an experimental [110] AC-HRTEM

image acquired across the substrate–superlattice

interface. Under negative Cs imaging conditions

(Cs * -15 lm and Df * ?5 nm), all atomic columns

are clearly resolved showing bright contrast on a dark

background. The BO2 layers (B = Ti/Ni/Ga, marked

by the black arrows) are numbered from 1 to 27 along

the growth direction. Figure 2b represents the mea-

sured structural parameters h, d001, and d�110. They are

expressed as functions of the number of BO2 layers, i.e.,

unit cells. The in-plane spacing d�110 varies between 2.76

and 2.77 Å showing that the LaNiO3/LaGaO3 super-

lattice is coherently strained to the SrTiO3 substrate

(d�110bulkSrTiO3
= 2.76 Å). As highlighted between the

solid yellow lines in Fig. 2b, a decrease of the out-of-

Figure 2 a Experimental 300 kV AC-HRTEM image in [110]

projection across the substrate–superlattice interface. The image

was acquired using negative Cs imaging 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

d�110 from a. Each data point is the average over a distance of

*11 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
substrate–superlattice interfacial region is highlighted between the

yellow solid lines in a, b. Growth directions are indicated by the

green arrows.
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plane lattice parameter d001 was observed. The

decrease of d001 corresponds well to the difference in

lattice parameters of SrTiO3 and LaNiO3

(d001;bulkSrTiO3
= 3.905 Å, d001;bulkLaNiO3

= 3.838 Å) sug-

gesting that the SrTiO3–LaNiO3 interface lies within

the region between the solid lines in Fig. 2a. In the

substrate–superlattice interfacial region, h increases

gradually along the growth direction due to the

accommodation of octahedral rotation mismatch [27].

Bulk SrTiO3 has a cubic a0a0a0 structure which lacks

octahedral rotations (h = 0�). Therefore, the apical

oxygen anions are located at the face-centers of the

cubic unit cell (see Fig. 2c). When LaNiO3 grows epi-

taxially on SrTiO3, the NiO6 octahedra are connected to

the underlying TiO6 through the face-centered apical

oxygen anions which hinder the NiO6 rotations about

the [100] or [010] axis. As a result of the interfacial

octahedral connectivity, in the substrate–superlattice

interfacial region, the [100] and [010] rotational mag-

nitudes, i.e., a and b, of NiO6 and GaO6 are sup-

pressed. When viewed in [110] projection, h is

constrained near the SrTiO3–LaNiO3 interface as well.

Away from the SrTiO3 substrate, the [100] and [010]

rotational magnitudes increase layer by layer along the

growth direction resulting in a gradual increase of h.

Note that the increase of h starts before the substrate–

superlattice interfacial region indicating that TiO6

rotations are induced in the topmost SrTiO3 layers by

the LaNiO3/LaGaO3 superlattice. After the interfacial

region, the values of h exceed the bulk values of

LaGaO3, which is in good agreement with the

enhanced [100] and [010] rotational magnitudes as a

response to tensile strain [10, 35].

Figure 3a shows an experimental [110] AC-HRTEM

image acquired near the surface of the LaNiO3/

LaGaO3 superlattice. Figure 3b represents the mea-

sured structural parameters h, d001, and d�110. The in-

plane spacing d�110 is the same as that near the sub-

strate–superlattice interface indicating that the

LaNiO3/LaGaO3 superlattice is still coherently

strained. The out-of-plane lattice parameter d001 oscil-

lates between the bulk values of LaNiO3 and

LaGaO3 (d001;bulkLaNiO3
= 3.838 Å, d001;bulkLaGaO3

=

3.892 Å). Every fifth layer (marked by red triangles)

shows smaller d001 which is in good agreement with

the [1 u.c.//4 u.c.] LaNiO3/LaGaO3 bilayer structure.

Due to the lack of chemical information in AC-HRTEM

image, we could not distinguish the NiO2 layers from

Figure 3 a Experimental 300 kV AC-HRTEM image in [110]

projection near the surface of the LaNiO3/LaGaO3 superlattice. The

image was acquired using negative Cs imaging 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 d�110

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). Growth directions are indicated by the

green arrows.
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the GaO2 ones. However, based on the measurement of

the out-of-plane lattice parameter, it is reasonable to

assign the layers with smaller d001 (marked by red

triangles) to LaNiO3. Note that the superlattice is

under tensile strain; therefore, d001 of the LaNiO3 layers

is expected to be smaller than that of the bulk LaNiO3.

The discrepancy between the measurement and the

expectation can be attributed to the instrument error

(*1 %) and slight interface roughness (see supple-

mentary Fig. S6). As shown in the top panel of Fig. 3b,

the measured value of h in every BO2 layer is at or

exceeds the bulk value of LaGaO3. Since h is mainly

determined by a and b, it is shown that for 1 u.c. of

LaNiO3 embedded in the [(1 u.c.//4 u.c.) 9 13]

LaNiO3/LaGaO3 superlattice, the NiO6 octahedra

adopt the same [100] and [010] rotational magnitudes

as the neighboring GaO6 till the surface of the super-

lattice. Due to the larger a and b in LaGaO3, the [100]

and [010] rotations of NiO6 are enhanced compared to

those in bulk LaNiO3. The enhancement in [100] and

[010] rotations in LaNiO3 can be explained by octahe-

dral connectivity at the LaNiO3–LaGaO3 interfaces.

Figure 4a shows the atomic models of bulk LaNiO3

and LaGaO3 in [110] projection. When LaNiO3 is epi-

taxially grown on LaGaO3 or vise versa, the NiO6 and

GaO6 octahedra are connected through the apical

oxygen anions in the interfacial LaO layers (see

Fig. 4b). At the lower LaGaO3–LaNiO3 interface

(dashed line in Fig. 4b), the positions of the apical

oxygen anions are determined by the [100] and [010]

rotations of the GaO6 octahedra. Therefore, when NiO6

are connected to the underlying GaO6 through the

apical oxygen anions, NiO6 are forced to adopt the

same [100] and [010] rotational magnitudes as GaO6.

Since the [100] and [010] rotational magnitudes in

LaGaO3 is larger than those in LaNiO3, the equatorial

oxygen anions in the NiO2 layer are further shifted up

and down resulting in an increase of h. The enhanced

[100] and [010] rotations in LaNiO3 is immediately

stabilized at the next LaNiO3–LaGaO3 interface (solid

line in Fig. 4b) where another layer of GaO6 is grown

on top. Our results indicate that for the 1 u.c. of

LaNiO3, the octahedral rotations of NiO6 can be pre-

cisely controlled by the neighboring GaO6 via octahe-

dral connectivity at both the lower and upper

heterointerfaces.

By comparing the variations of h in Figs. 2b and

3b, we see that the octahedral rotations of the NiO6–

GaO6 network vary along the growth direction.

Although the suppression of [100] and [010] rota-

tions was observed in only a few unit cells from the

SrTiO3 substrate, it may lead to significant different

electronic and magnetic states in the first and sec-

ond LaNiO3 layers as compared to those in the rest

of the superlattice. In order to control the NiO6

rotations in every LaNiO3 layer, it is reasonable to

first deposit the LaGaO3 to accommodate the sub-

strate-induced octahedral rotation mismatch before

the growth of LaNiO3. For future research of

LaNiO3-based superlattices, we propose to embed

1-u.c.-thick LaNiO3 layers in various RMO3 materi-

als (R = rare earth cation, M = trivalent cation such

as Al, Ga…) with different octahedral rotation pat-

terns and magnitudes. By controlling the NiO6

rotations through the neighboring MO6 octahedra,

the relation between the NiO6 rotations and the

resulting functionalities can be better elucidated. It

is worth mentioning that, the above discussion is

limited to the control of [100] and [010] rotations.

While NiO6 rotations about [100] and [010] axes can

be well modified through octahedral connectivity at

the LaNiO3–RMO3 interfaces, the NiO6 octahedra

can still rotate about the [001] axis without dis-

placing the apical oxygen ions. Moreover, it has

been demonstrated that in ABO3 thin films and

superlattices, there is a correlation between the in-

plane and out-of-plane rotations [10, 12, 23, 35].

Enhanced [100] and [010] rotations are correlated to

suppressed [001] rotations and vice versa. In other

words, control of the in-plane rotations (i.e., [100]

Figure 4 a Atomic model of bulk LaNiO3 and LaGaO3 in [110]

projection. b Schematic of octahedral connectivity in the 4 u.c.

LaGaO3/1 u.c. LaNiO3/4 u.c. LaGaO3 heterostructure. Only 1 u.c.

of LaGaO3 is shown for simplicity. The dashed line represents the

LaGaO3–LaNiO3 interface and the solid line marks the LaNiO3–

LaGaO3 interface. The green arrow indicates the growth direction.
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and [010] rotations) results in alteration of the out-

of-plane rotations (i.e., [001] rotations) as well.

Therefore, a full control of the octahedral rotations

about all three Cartesian axes, especially about the

[001] axis, remains challenging and warrants further

investigation.

Summary

By using AC-HRTEM, we studied the local octahe-

dral rotations in a [(1 u.c.//4 u.c.) 9 13] LaNiO3/

LaGaO3 superlattice grown on a (001) SrTiO3 sub-

strate. At the substrate–superlattice interfacial region,

NiO6 and GaO6 rotations about the [100] and [010]

axes are largely suppressed. Slight rotations of TiO6

have been induced in the topmost layers of the

SrTiO3 substrate. Away from the SrTiO3–LaNiO3

interface, the NiO6 octahedra adopt the same [100]

and [010] rotational magnitudes as the neighboring

GaO6 till the surface of the superlattice. Our results

demonstrate that the NiO6 rotations can be precisely

controlled by the neighboring GaO6 when the thick-

ness of the LaNiO3 layer is only 1 unit cell.
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