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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 chal-

lenging due to the local structural variations of the BO6

octahedra. By aberration-corrected high-resolution trans-

mission 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] ro-

tations 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.

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 per-

ovskites 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 octahe-

dral rotations and distortions by epitaxial strain and inter-

facial 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 epi-

taxial strain and quantum confinement can be used to

manipulate the electronic structure of LaNiO3/RXO3 su-

perlattices (R = rare earth cation, X = trivalent cation

such as Al, Ga…) to match that of cuprate high-Tc super-

conductors [23]. In bulk LaNiO3, the electron configuration

of the Ni3? ions is t2g
6 eg

1 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 anti-

ferromagnetism in epitaxial-strained LaNiO3/RXO3 su-

perlattices [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 net-

work embedded in epitaxial-strained LaNiO3/RXO3 su-

perlattices 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 un-

derstanding of the correlation between observed properties

and underlying structures and second, a better insight into

how to manipulate NiO6 octahedral rotations and distor-

tions 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 per-

ovskite 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 con-

strained 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 determi-

nation 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 ro-

tations in perovskites at very high spatial resolution. These

techniques include annular bright-field (ABF) imaging in

aberration-corrected scanning transmission electron mi-

croscopy (AC-STEM) [16–20], position-averaged conver-

gent beam electron diffraction (PACBED) in AC-STEM

[21, 22], and aberration-corrected high-resolution trans-

mission electron microscopy (AC-HRTEM) [28–31].

In this paper, we present investigations of an epitaxial-

strained 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

rotations. Both epitaxial strain and interfacial octahedral

connectivity were found to play an important role in de-

termining 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 co-

herently strained. The observed octahedral behavior in our

superlattice is significantly different from that in thin films

where epitaxial strain effectively modifies octahedral ro-

tations 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 tar-

gets of LaNiO3 and LaGaO3. The deposition was carried

out in 0.5-mbar oxygen atmosphere at 730 �C. After de-

position, 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 amorphisa-

tion. High-resolution imaging was performed on an image-

side 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 corre-

sponds to rotations about the pseudocubic [100], [010] and

[001] axes, respectively (see Fig. 1a). The identical char-

acters 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 su-

perlattice is tensilely strained with respect to a cubic sub-

strate (aLaNiO3;pseudocubic = 3.838 Å, aLaGaO3;pseudocubic =

3.892 Å, aSrTiO3;cubic = 3.905 Å), the [100] and [010] di-

rections are identical. Thus, a = b, which results in an

a-a-c- rotation pattern [9, 13, 14, 22]. Because the oc-

tahedra 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

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 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. 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 mag-

nitudes 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 oxy-

gen 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

Figure 2a shows an experimental AC-HRTEM image

recorded across the substrate–superlattice interface. The in-

plane BO2 layers (B = Ti/Ni/Ga) are marked by the black

arrows. The projections of the oxygen octahedra and the B-

site cations can be clearly identified. In the lower part of the

image, no zigzags were observed in the BO2 layers corre-

sponding 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 d�110. They are expressed as functions of the

number of BO2 layers (i.e., unit cells). As highlighted be-

tween the solid yellow lines in Fig. 2b, at the SrTiO3–

LaNiO3 interfacial region, we observed a continuous in-

crease of h as well as a continuous decrease of the out-of-

plane 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 corner-

sharing octahedral network. In SrTiO3, due to the lack of

octahedral rotations, the oxygen anions are at the face cen-

ters of the cubic unit cell. In order to allow octahedral

Fig. 1 a Atomic model of bulk LaNiO3. b Simulated 300 kV AC-

HRTEM 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, three-

fold astigmatism A2 = 50 nm, coma B2 = 30 nm, beam convergence

angle 0.3 mrad, and focal spread 2 nm. h, d001, and d�110 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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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 rota-

tions 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 con-

tinuous increase of h. The continuous decrease of out-of-

plane 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, d�110 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 ul-

trathin 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 d�110 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 oscilla-

tion is 8 layers corresponding well to the 4 u.c. LaNiO3/4

u.c. LaGaO3 superlattice structure. Since h is mainly de-

termined 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

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 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�). The SrTiO3–LaNiO3 interfacial region is high-

lighted between the yellow solid lines in (a, b). Growth directions are

indicated by the green arrows (Color figure online)
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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, d�110 near the superlattice surface is the

same as that near the substrate meaning that the superlat-

tice 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] rota-

tional 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 prop-

erties 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 inter-

faces, the magnitudes of XO6 rotations could propagate

into the LaNiO3 layers. Since the effect of interfacial oc-

tahedral connectivity is short-ranged, it is reasonable to

reduce the thickness of LaNiO3 layers to avoid the relax-

ation 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 alter-

ing 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 in-

serting a 1 u.c. thick BaTiO3 between the SrRuO3 film and

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 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). 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)
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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-s-

trained short period LaNiO3/LaGaO3 superlattice. By AC-

HRTEM, local octahedral rotations were probed with

atomic resolution. We found that the magnitudes of octa-

hedral 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 to-

ward their bulk values even though the superlattice is still

coherently strained to the substrate. Therefore, in super-

lattices, 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 homoge-

neous functionalities, the potential of octahedral connec-

tivity at heterointerfaces should be further exploited.
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Baden-Württemberg within the DFG: KA 1295/17-1 Project.

Conflict of interest The authors declare that they have no conflict

of interest.

References

1. Imada M, Fujimori A, Tokura Y (1998) Metal-insulator transi-

tions. Rev Mod Phys 70:1039–1263

2. Tokura Y, Nagaosa N (2000) Orbital physics in transition-metal

oxides. Science 288:462–468

3. Mannhart J, Schlom DG (2010) Oxide interfaces: an opportunity

for electronics. Science 327:1607–1611

4. Hwang HY, Iwasa Y, Kawasaki M, Keimer B, Nagaosa N,

Tokura Y (2012) Emergent phenomena at oxide interfaces. Nat

Mater 11:103–113

5. Yu P, Chu YH, Ramesh R (2012) Oxide interfaces: pathways to

novel phenomena. Mater Today 15:320–327

6. Rondinelli JM, May SJ, Freeland JW (2012) Control of octahedral

connectivity in perovskite oxide heterostructures: an emerging route

to multifunctional materials discovery. MRS Bull 37:261–270

7. Rondinelli JM, Fennie CJ (2012) Octahedral rotation-induced

ferroelectricity in cation ordered perovskites. Adv Mater 24:

1961–1968

8. Rondinelli JM, Spaldin NA (2011) Structure and properties of

functional oxide thin films: insights from electronic-structure

calculations. Adv Mater 23:3363–3381

9. May SJ, Kim JW, Rondinelli JM, Karapetrova E, Spaldin NA,

Bhattacharya A, Ryan PJ (2010) Quantifying octahedral rotations

in strained perovskite oxide films. Phys Rev B 82:014110

10. Vailionis A, Boschker H, Siemons W, Houwman EP, Blank

DHA, Rijnders G, Koster G (2011) Misfit strain accommodation

in epitaxial ABO3 perovskites: lattice rotations and lattice

modulations. Phys Rev B 83:064101

11. Kumah DP, Disa AS, Ngai JH, Chen H, Malashevich A, Reiner

JW, Ismail-Beigi S, Walker FJ, Ahn CH (2014) Tuning the

structure of nickelates to achieve two-dimensional electron con-

duction. Adv Mater 26:1935–1940

12. Johnson-Wilke RL, Marincel D, Zhu S, Warusawithana MP, Hatt

A, Sayre J, Delaney KT, Engel-Herbert R, Schlepütz CM, Kim
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