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Lattice distortions and octahedral rotations in epitaxially strained
LaNiOs/LaAlO; superlattices
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Using a complementary combination of x-ray diffraction and atomically resolved imaging
we investigated the lattice structure of epitaxial LaNiOz/LaAlO; superlattices grown on a
compressive-strain inducing LaSrAlO, (001) substrate. A refinement of the structure obtained from
the x-ray data revealed the monoclinic / 2/c 1 1 space group. The (Ni/Al)O¢ octahedral rotation angle
perpendicular to the superlattice plane is enhanced, and the one parallel to the plane is reduced with
respect to the corresponding bulk values. High-angle annular dark field imaging was used to
determine the lattice parameters within the superlattice unit cell. High-resolution electron microscopy
images of the oxygen atoms are consistent with the x-ray results. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4881557]

Controlled manipulation of the physical properties of
strongly correlated transition-metal oxide (TMO) heterostruc-
tures requires an understanding of the individual layer structural
properties. Most bulk TMO’s with perovskite-type structure,
ABOs3, show distortions described by a combination of tilts and
rotations of the BOg octahedra and which are important for
determining their physical properties. Structural distortions in
epitaxially strained TMO thin films have been shown to depend
on the structure and strain induced by the substrate.' Usually,
multilayer and superlattice systems exhibit multiple compo-
nents with possibly different distortions and several interfaces
which makes structural determination difficult. We present a
combined X-ray Diffraction (XRD), High Resolution
Transmission Electron Microscopy (HRTEM), and High Angle
Annular Dark Field (HAADF) study of superlattices composed
of correlated metal LaNiO5; (LNO) and the large band gap insu-
lator LaAlO; (LAO). These superlattices have raised particular
interest due to the possibility of controlling dimensionality of
electronic and magnetic phases for LaNiOj3 layer stack thick-
ness below two pseudocubic unit cells (u.c.).‘HS

Effects of epitaxial strain on the local atomic and electronic
structure of LaNiOj heterostructures were previously investi-
gated using, density functional theory (DFT) calculations,
x-ray spectroscopy and diffraction,”'®"> and electron
microscopy.'®" In particular, modifications in the NiOg
octahedra due to epitaxial strain in LaNiOj heterostructures
are investigated mainly by determining the displacement of
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oxygen atoms which is a challenging task.”>'*'* Previous
work on thin films has shown that these positions can be
obtained from the refinement of synchrotron x-ray diffraction
data,' a difficult task due to the limited number of accessi-
ble Bragg reflections. Here, using synchrotron x-ray diffrac-
tion and aberration-corrected TEM?**! we show that we can
accurately obtain the space group, octahedral rotation pattern
and local lattice parameters.

High-quality superlattices with (4//4) x 8 and (3//3)
x 13 pseudocubic (pc) unit cells (u.c.) were grown by pulsed
laser deposition from stoichiometric LaNiO5; (LNO) LaAlO;
targets on compressive-strain inducing LaSrAlO, (LSAO)
(001) substrates. Both samples show paramagnetic and me-
tallic behavior down to the lowest temperatures.*® TEM
samples were prepared from the (4//4) sample using mechan-
ical polishing followed by Ar"-ion milling. HAADF imaging
was performed on a FEI Titan 80-300 Cubed® TEM
equipped with probe and image lense aberration correctors,
operated at 200kV and using a Camera Length of 91 mm
(angular range of 62-200 mrad). HRTEM imaging was done
using the negative Cs imaging method (NCSI)**** on a
spherical aberration-corrected FEI Titan 80-300 TEM oper-
ated at 300kV. X-ray diffraction (XRD) experiments were
carried out at the MPI hard x-ray scattering beamline at the
ANKA light source of the Karlsruhe Institute of Technology
(KIT), Germany, using 10keV x-rays to access a large
Ewald sphere. A 2D pixel detector (DECTRIS, Pilatus
100 K) was used to collect 91 reflections in total, 20 of which
were unique. All measurements were performed at room
temperature. Note that within our accuracy we could not
observe any structural differences between (3//3) and (4//4)
superlattices grown on the same substrate.

© 2014 AIP Publishing LLC
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The averaged pc lattice parameters a,. = by, =3.756 A,
and c¢,.=3.857 A were determined from XRD analysis of
the positions of the fundamental reflections with integer hkl.
The presence of oxygen octahedral rotations give rise to
half-order reflections at (4/2 k/2 [/2). By evaluating the pres-
ence or absence of specific half-order Bragg peaks, we iden-
tified the space group (or equivalently the octahedral rotation
pattern). We deduced the following reflection conditions: (1)
h, k, and [ equal n, where n is an odd integer; (2) h=k#1,
k=1%#h, and | = h # k, corresponding to the Glazer rotation
pattern @~ a ¢~ (Ref. 25) with angles o = = 1.9° due to the
biaxial strain induced by the substrate (¢ =b) and y=11.7°.
The rotation pattern together with the deduced reflection
conditions are in agreement with the monoclinic space group
I12/c 11 (No. 15, standard setting C 1 2/c 1), also found in
related heterostructures.>'*'* Here, an enlarged unit cell
(a=b<c), with respect to the cubic one, is used with
dimensions |2 a,. X |2 ap. X 2a,.. The doubled c axis is per-
pendicular to the superlattice plane (i.e., along the growth
direction). Due to the crystal twinning distinction between a
and b and the small monoclinic angle o, (between b and c)
cannot be resolved, therefore it is set to 90° for further
analysis.

Neglecting extinction generates negligible differences,
suggesting that the superlattice is a mosaic of small blocks,
in good agreement with rocking curves and atomic force mi-
croscopy images indicating a structural coherence length of
300-500 A.'"> The atomic positions were then refined in
space group I 2/c 1 1. Since the superlattices are fully
strained to the substrates, the fundamental reflections (hkl)
with £, k, | being integers in pc notation, overlap with the
crystal truncation rod (CTR) of the substrate. The relatively
high intensity of the CTR compared to the superlattice reflec-
tions makes the integrated intensity of the latter difficult to
analyze. Therefore, only half-order reflections were taken
into account, since there are no contributions from the tetrag-
onal substrate. The intensity of each reflection was integrated
over the entire scanning range followed by subtraction of an
almost flat background. The integrated intensities /;,, were
then corrected for the beam footprint and the Lorentz polar-
ization correction in order to obtain the structure factors
|Fual* = (sinysin20)™" x Iy, where (sing )" is the beam
footprint and (sin 20)71 the Lorentz polarization correction
with 6 being the scattering angle. Finally, these factors were
refined using the program FullProf.?

The resulting atomic positions and corresponding struc-
ture are presented in Table I and Fig. 1, respectively. The
Ni-O-Ni bond angles are 174.6° in the out-of-plane and

TABLE I. Atomic positions in the LaNiO3-LaAlO5 superlattice grown on
(001) oriented LaSrAlO,. The lattice parameter in the monoclinic setting are
a=b=2a,=531212) A,c=2c,.=7.714(5) A.

12/c11 Wyckoff site X y zZ
La 4e 0.5 0 0.25
Ni 4a 0 0 0

Al 4a 0 0 0
O1 4e —0.017(3) 0 0.25
02 8f 0.214(3) 0.313(4) 0.016(1)
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156.4° in the in-plane direction. The in-plane Ni-O bond
lengths are dy;.0o=1.819(10) A and 2.017(10) A, and the
out-of-plane one is dyj.0; = 1.931(3) A. These results agree
qualitatively with work reported previously on LNO thin
films® and LaNiO5/SrMnO;'*'* superlattices, but differ in
details. The out-of-plane Ni-O-Ni angles determined in this
work are closer to 180° than the in-plane angles. A similar ob-
servation was made based on TEM data on a LaNiO5-SrTiO;
superlattice (o = 3°, 7 =7°)," which were compared to results
obtained on LaNiOs thin films (a=6°—7°, y=0°—1°)>®
both grown on a tensile-strain inducing substrate. This differ-
ent behavior of thin films and layers in a superlattice geometry
was attributed to the necessity to maintain the oxygen octahe-
dral connectivity at both interfaces in a superlattice."'”

To map local lattice parameter variations across individ-
ual LaNiO; and LaAlO; layers, we used high-resolution
HAADF imaging due to the sensitivity of the method to the
chemical composition of individual layers. The image inten-
sity in HAADEF is proportional to ~Z" (n ~ 1.7-2.0), where Z
is the atomic number.?’ Using X-ray diffraction to determine
lattice parameters from individual LaNiO; and LaAlO;
layers is difficult due to the limited number of Bragg reflec-
tions accessible in the superlattice geometry. Figure 2(a)
presents an atomically resolved HAADF image of the
LNO-LAO layers in [0 1 O], projection. The intensity is
dominated by La/Sr atoms (Z=57/38) which appear bright-
est followed by Ni atoms (Z=28) and Al atoms (Z=13).
The LaNiO; layer appears brighter due to the difference in
the scattering between the Ni and Al atoms in LaNiO; and
LaAlOs layers, respectively (ZV > ZA1).

Figure 2(b) presents the values of the out-of-plane lattice
spacing parallel to the growth (001) direction (c,. lattice
spacing) and the in-plane lattice spacing parallel to the inter-
face (a,. spacing), which were obtained from the distance
between respective La atomic columns. This was done after
image background subtraction®® and subsequent fitting of the
La atomic column positions with 2D Gaussian function. In
Fig. 2(b), the vertical axis shows the lattice parameter value
(both a and c) and the horizontal axis shows the layer posi-
tion along the growth direction. The measured mean distan-
ces are a = 3.74(8) Aand c= 3.86(1) A for the in-plane and

(a) (b)
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FIG. 1.(a) and (b) Crystal structure of the LNO/LAO superlattice.
Compressive strain increases the octahedral rotation y=11.6(1)° from its
value in bulk 5.2°, and reduces a = ff to 1.9(2)°. (c) Four out of six possible
twin domains occurring in the epitaxial LNO-LAO superlattice.
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FIG. 2. (a) HAADF image of the
LaNiO;/LaAlO; layers. The LaNiO;
layers (LNO) show the brightest con-

(]
Treerryeer

0.391
0.381
0.371

growth direction

Lattice spacing (nm)

trast. The c axis is parallel to the growth
direction, while a axis is parallel to
the LaSrAlO,4-LaNiO; interface. (b)
Distribution of the out-of-plane (c) and
in-plane lattice spacing (a). The tick
marks on the dotted lines display the
position of individual La atomic col-

""""" 12345678910

umns parallel to the growth direction.

Position (nm)

out-of-plane distances, respectively, in good agreement with
the values determined by XRD (Table I). Note that the lattice
parameters obtained from XRD are averaged over a large
sample area, and the LNO and LAO layers cannot be distin-
guished. On the other hand, the lattice parameter obtained
using HAADF are highly local and show the variation across
the layers and interfaces. The ¢ parameter is larger for the
LNO layers compared to the LAO layers, in agreement with
the in-plane lattice mismatch of both materials and the
LSAO substrate, which is more compressive for LNO. The
fact that @ = agpsyrae < € 1In a region far from the interface to
the substrate indicates that the cation sublattice is fully
strained.

In HAADF images, the intensity from the O atomic col-
umns is very weak and therefore possible distortion of the
(Ni/Al)O¢ octahedra cannot be determined. However, the
effects of epitaxial strain on the local structure and rotation
of the NiOg (in LaNiO3) and AlOg¢ (in LaAlOs3) octahedra
observed with X-rays are also evident from experimental
HRTEM images. Figures 3(a) and 3(b) present HRTEM
images obtained from two neighboring layers where the inci-
dent electron beam is parallel to the [100] direction. In the

(a)

(b)

FIG. 3. (a) and (b) Experimental HRTEM images of two neighbouring
layers in the LaNiO5/LaAlO; heterostructure obtained at a small negative Cs
value of <—5 um. (¢) HRTEM simulation of the LaNiO; structure (Cs val-
ue = —5 um, sample thickness 2 nm, and defocus value = —4 nm) based on
the experimental structure model from the XRD refinements. (d) HRTEM
simulation of LaNiO5 based on the bulk structural model.

HRTEM images, both the projected structures of the
(Ni/A1)Og octahedra and the La atomic columns are well
resolved. Since these images were obtained under the NCSI
conditions all atomic columns including La, Al, O, and Ni
appear as bright dots on a dark background. However, we do
observe differences in the intensity and shape of various
atom columns in the HRTEM image.

To interpret the HRTEM images, we used calculated
HRTEM images based on the bulk LaNiOs structure® and
the refined structure (Table I) obtained from X-ray diffrac-
tion (Figs. 3(c) and 3(d), respectively). We calculated a
series of thickness-defocus HRTEM images and matched
these with the experimental image choosing the simulated
HRTEM image that best matched the experiments.3 © The
calculated images are displayed in Figs. 3(c) and 3(d) for
LaNiO; structure based on refined x-ray data and bulk data,
respectively. The calculation parameters for the matching
HRTEM image calculations are Cs=—35 um, sample thick-
ness 2nm, and defocus value =4 nm. Based on the image
simulations, the La and Ni atomic columns are the brightest,
while the oxygen atomic columns are less bright. In the sim-
ulations based on the structure obtained from the refinement
of X-ray diffraction data (Fig. 3(c)), the oxygen atomic col-
umns are blurred and irregular. On the other hand, simula-
tions based on the bulk LaNiOj structure (Fig. 3(d)) do not
show irregular or blurred oxygen atomic columns. In bulk
LaNiOs;, the tilts of the NiOg octahedra are described by the
a"a"a” (x=p=y) tilt system in Glazer’s notation.”
Parallel to the [100] direction, the projected HRTEM image
of the LaNiO3 a a a” structure shows oxygen columns
which are projected symmetrically between two La atoms
and on top of the Ni atom (Fig. 3(d)). On the other hand, the
refined experimental structures for the LaNiO; and LaAlO;
layers are described by the a a ¢~ tilt system (z=ff#£7).
In this case, the projected positions of the oxygen atomic col-
umns parallel to the [100] direction are no longer symmetric
as in the a”a”a~ bulk case which explains the blurring and
the irregular shape of the oxygen atomic columns in the ex-
perimental HRTEM images [Figs. 3(a) and 3(b)]. We should
point that the effect of blurring and irregular atoms due to
the projected image of the NiOg/AlOg octahedra is best
observed in very thin samples. Based on our simulations, this
includes sample thickness of up to 4 nm.*° The sample thick-
ness may seem to be quite thin, however a number of papers
have already shown experiments and image simulations at
sample thicknesses in this range.’' % Indeed, some of us
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have shown that preparation of such thin TEM samples is
possible.” Another issue to take into consideration is sample
mistilt and local bending which could also give rise to
atomic column blurring. We confirmed that the observed
structure of the atomic columns in the experimental HRTEM
images is not due to sample mistilt through image simula-
tions incorporating crystal mistilt.*® Since the HRTEM
images show a two-dimensional projection of the NiOg octa-
hedra, it is difficult to precisely deduce octahedral tilt angles
based on the images alone. In TEM, this can be done using
position averaged convergent electron beam diffraction.'”
However, HRTEM has the advantage of determining local
structural distortions and local defects at much higher spatial
resolution. The results of this paper show that the comple-
mentary use of X-ray diffraction and high-resolution imaging
is a powerful probe of the response of epitaxial TMO multi-
layers to epitaxial strain.
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