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Abstract: Lanthanum nickel oxide, LaNiOs, is often used as an electrode in many electronic
devices due to its low resistivity. The study of its properties requires understanding them in the
nanoscale and, for this purpose, the electron transmission microscope is an indispensable tool. In
the present work, we aim to examine the defects observed in High Angular Annular Dark Field
(HAADF) images of a lanthanum nickel oxide thin film grown epitaxially on a lanthanum aluminate
substrate. For this end, High Resolution Transmission Electron Microscopy (HRTEM) and HAADF
images are simulated following the multislice method, implemented by Temsim, a software provided
freely by E.J. Kirkland. Results show that the multislice method is a powerful tool so as to interpret

the defects in the structure.
I. INTRODUCTION

After Louis de Broglie announced his theory that
electrons could behave as waves in 1925 and electron-
diffraction experiments were carried out, Knoll and
Ruska built an electron microscope in 1932. The main
advantage of electrons is that by increasing their energy,
the electron wavelength gets smaller and, hence, resolu-
tion increases. Although there is a limitation for resolu-
tion due to the aberrations of the electromagnetic lenses,
it is better than the resolution provided by light micro-
scopes, in the order of 1nm compared to 0.1pum. Another
main difference is that the transmission electron micro-
scope obtains a final image based on diffraction effects
and an intensity distribution, instead of direct observa-
tion through light. Many TEM techniques (HRTEM,
STEM, EELS, etc.) have been developed in the last
decades.

The main purpose of this project will be to exam-
ine and characterize some particular defects observed in
HAADF images. To do so, we will make an assump-
tion about these defects and, through simulations, we
will verify if our hypothesis holds. Simulations will fol-
low the multislice method, which consists in dividing the
sample into thin slices and calculating the propagation
of the electron wave through the specimen. Two types
of simulations will be studied, HRTEM and HAADF im-
age simulations, in order to compare the defects in both
kinds of images and discuss the information that each
technique provides. Besides, HAADF simulation will be
compared with the experimental images of the defects
obtained in the TEM.

The studied system is a lanthanum nickel oxide thin
film grown on a lanthanum aluminate, LAO, substrate.
The thickness of the LaNiOj3 film is 35nm and the first
atomic layers over the substrate show full adaptation to
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the LAO structure with a reduction of the lattice pa-
rameter around 1%. However, beyond the first 3-5nm,
defects arise like the ones shown in Figures [T and [2]

FIG. 1: HAADF image of FIG. 2: HAADF image of
LaNiOs. The green points LaNiOs. The image has
highlight the area of the  been colored for better
defect. appreciation.

The main goal of this project is to determine and char-
acterize these defects. We will assume the hypothesis
that they are atomic displacements (1/2, 1/2, 1/2) and,
through simulations, this will be verified. These kind of
defects are known as Ruddlesden-Popper faults.

II. IMAGING THROUGH TEM

The aim of TEM is to obtain an image of a sample
based on its interaction with an electron beam. Each
point of the object is associated with a small region in the
final image, including overlapping between points. From
a mathematical viewpoint, we can consider the specimen
as a function f(z,y) and the final image is a weighted
contribution of each point, determined by a convolution.
The point-spread function h(7) represents the role of the
microscope and describes how a point spreads into a disk.
The final image ¢(7) is the following convolution product:

9(7) = f(7) @ h(7). (1)
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The general object transmission function can be assumed
as

f(.’L’, y) = A(x’ y) : e—idh,(x,y)’ (2)

where A(x,y) is the amplitude and ¢;(z,y) is the phase,
which depends on the thickness ¢ of the specimen. Given
an incident electron wave with energy Ej, the interaction
with the sample can alter either their amplitude or their
phase.

A. Phase contrast: HRTEM

We assume a thin sample, with a small thickness ¢, so
that the 3D electrostatic potential can be approximated
by a 2D projected one, calculated as

Vi(,y) = /0 V(z,y, 2)dz. 3)

Therefore, the electrons within the sample have an energy
Eo+V(z,y, z) at each position along the z-axis, that is, a
change of the wavelength and, hence, a variation of their
phase. The total phase shift is given by

o= O'/O Viz,y,z)dz = oVi(x,y), (4)

where o is the interaction constant. Since there is no
amplitude shift, we assume A = 1, then the specimen
transmission function is

fla,y) = e—ith(r,y)—u(m,y), (5)

where p(z,y) refers to electron absorption and it is of-
ten omitted for thin samples. So far, we have expressed
the specimen as a phase object, which is known as the
weak phase-object approximation (WPOA) and it is only
valid for thin specimens. Furthermore, in case of very
thin specimens, the Taylor expansion of the exponential
in Equation can be truncated at first order. Conse-
quently,

fz,y) = 1 —ioVy(z,y). (6)

Then, the convolution with the point-spread function is
given by

g(xvy) = [1 - w%(x,y)] ® h(.’b,y) (7)

The real intensity image is obtained by taking the
squared modulus. The function h(z,y) represents the
whole optical system of the microscope, though it is
mainly dominated by aberrations of the electromagnetic
lenses of the TEM. In terms of its Fourier transform, its
expression is given by

H(k) = e~ X, (8)
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x(k) = TAk? (;CSA%Q - Af). (9)

C; is the spherical aberration coefficient and Af is the
defocus. Physically, the defocus is the distance between
the defocused image plane and the ideal Gaussian image
plane, while the spherical aberration is related with the
diameter of the disk that ideally would be a point ob-
ject. Besides, Cs remains almost constant for a TEM at
a given beam energy, whereas the defocus varies with the
specimen and the strength of the lenses. Note also that
Equation @ is a truncated Taylor series on even pow-
ers of k, since the lenses are perfectly symmetric and,
thus, do not depend on k; or k,. The next term of the
series has as a coeflicient the chromatic aberration coef-
ficient, C.. However, in case of thin samples, it is often
neglected.

B. Amplitude contrast: HAADF

Amplitude contrast can be divided into two types:
mass contrast and diffraction contrast. Mass contrast or
Z-contrast consists in the elastic interaction of the elec-
trons of the beam with the atomic nucleus. High Angular
Annular Dark Field (HAADF) is an imaging technique
based on mass-contrast in which electrons are scattered
at high angles and collected in an annular detector. The
scattering follows the Rutherford law and the expression
of the Rutherford cross section at high angles is given by

Z\? 0
=1.62x 107 = tg? | = ). 10
OR X (Eo> cotg (2) (10)

Note the dependence on the energy of the incident
beam Ej and the atomic number Z. This means that the
probability of a scattering with the nucleus is higher for
higher Z-specimens and at lower beam energies. HAADF
has two remarkable advantages; the first one is that the
final intensity only depends on Z and on the thickness of
the specimen. Therefore, if the thickness is assumed con-
stant, then the final image has atomic resolution, since it
only depends on Z. The other advantage is that there are
no contrast changes for small variations of the defocus.

III. TMAGE SIMULATION

As we said previously, simulations are a tool that pro-
vides an interpretation of the images obtained in TEM.
There are two methods for simulating images: Bloch
waves and the multislice method. The second one was
proposed by Cowley and Moodie in the sixties and be-
came more successful than the Bloch waves for efficient
computational reasons. In the multislice approach, the
specimen is divided into two-dimensional thin slices along
the electron beam direction in order to apply the Weak
Phase Object Approximation in the calculation of the
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transmition function. Indeed, for each slice n, the pro-
jected atomic potential is calculated and so is the trans-
mission function t,(z,y) as it follows

to(z,y) = exp (ioVi (2, y)). (11)

Moreover, the propagation function p,(z,y,Az,) de-
scribes the propagation of the electron wave from the
nth slice to the next one, and it is calculated following
the Fresnel diffraction.

A. HRTEM image simulation

HRTEM image simulation consists in the following
steps. The incident function is initialized as ¥g(x,y) =1
and the wave function is determined recursively by

¢n+1(3«”7 y) = pn(CL', Y, Azn) ® [tn(x’ y)wn(w7 y)] (12)

By the Fourier convolution theorem,
VYn41(Z) = FT?l[pn(f; Azp)FT (4 (Z)n ()],  (13)

which simplifies the calculus due to the implementation
of the Fast Fourier transform. Let 1, (z,y) denote the fi-
nal wave function. Then, it is convoluted with the trans-
fer function of the objective lens h(z,y), that is

Ui(@) = $u(F) @ W(@) = FT ' [pu(R)H(K)].  (14)

Finally, the image intensity is obtained by taking the
squared modulus,

g(z,y) = [¥i(D)*. (15)

B. HAADF image simulation

HAADF image simulation is slightly different from
HRTEM. As in the previous case, the sample is divided
into thin slices. Thus, the projected atomic potential
and the transmission function are calculated for each one.
Since the electron wave interacts first with the lenses and
afterwards with the sample, a probe function v, (Z, 2;)
is initialized so that it includes the lenses effects, though
it is only valid at position 2. Then, the wave function
through the specimen is calculated by Equation . Fi-
nally, the image intensity at a point @, is given by

o) = [ DEuEG)PE®,  (19)
where D(k) is a function that takes the value 1 on the
annular detector, otherwise it is zero. Repeating the pro-
cess for each point or pixel, the whole image is obtained.
Since the calculus is done pixel by pixel, simulation re-
quires time-consuming computation. Therefore, the ex-
pression

04

szNyzQGX (17)
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provides us a choice of the number of pixels so that alias-
ing is avoided and the image is obtained in a reasonable
time (order of days). In the expression, a refers to the
dimension of the super-cell, 8, to the detector angle (av-
eraged) and A the wavelength of the incident electrons.

IV. LaNiO3

Lanthanum nickel oxide, LaNiOg, is an oxide that be-
longs to the perovskite nickelates family. Regarding its
atomic structure, the unit cell is cubic with a lattice pa-
rameter a = 3.83A.

FIG. 3: Unit cell of LaNiOs. The atom in blue is
lanthanum, the red ones are oxygen and the green ones
are nickel.

As Figure [ shows, a lanthanum atom is placed at the
center of the cubic cell. Four nickel atoms are placed at
the vertex of the cube and eight oxygen atoms are placed
at the middle of the edges.

One remarkable characteristic of this perovskite nicke-
late is its low resistivity, below 100u£) X cm, and that is
not affected by the metal-insulator transition, remaining
a metal at all temperatures. Besides, as we said at the
beginning, LaNiO3 can grow in fully strained epitaxial
thin films on a LAO substrate. This means that LaNiO3
adopts the structure of the substrate and, consequently,
the lattice parameter varies. In this particular case, the
lattice parameter is a = 3.79A. A variation of the lattice
parameter could improve resistivity and, hence, improve
LaNiOs as an efficient electrode in devices such as LEDs,
lasers, etc.

V. RESULTS

According to Z-contrast, in Figures [I] and [2] each spot
is identified as an atomic column and the brightest ones
correspond to higher Z elements. Therefore, Figure
shows a vertical loss of the atomic column contrast re-
lated to the positions of lanthanum and nickel atoms.
Figure [2] shows the same loss of atomic column contrast
in the upper left corner. Next, in order to characterize
these defects, we will carry out the simulations, assuming
Ruddlesden-Popper faults in both cases.

First of all, we need to create a file specifying the po-
sition of each atom of the sample that we are about to
simulate. To do so, a software from the University of
Cadiz, which provides an easy way of constructing unit
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cells and super-cells, has been used. It is also remark-
able that this software includes the possibility to set the
orientation, since the study of defects requires specifying
the direction of the incident electron beam. Two super-
cells, shown in Figure 4] and Figure [5| were built with
dimension 60 x 60 x 60A”. In Figure he super-cell has
a displacement (1/2, 1/2, 1/2) along the direction [0 1 1]
and the electron beam penetrates perpendicular to the
indicated face, direction [001]. In Figure [5, the super-
cell has a displacement (1/2, 1/2, 1/2) in a small region
and the electron beam penetrates following the direction

[001].
il

sassl

FIG. 4: Super-cell with a FIG. 5: Super-cell with a
displacement (1/2, 1/2,  displacement (1/2, 1/2,
1/2) in direction [0 1 1]. 1/2) in a small region.

Once the super-cells are built, they can be simulated
using the software Temsim, provided by E. J. Kirkland.
This program implements the multislice method using a
C++ code.

A. Simulated images

The first two simulated images were HRTEM images.
The energy of the incident electron beam was 200keV and
the slice thickness considered was set at 24, since it is
approximately the distance between consecutive atomic
planes.

i

2

FIG. 6: HRTEM FIG. 7. HRTEM
simulated image of the simulated image of the
super-cell in Figure [f] with super-cell in Figure [5] with
a defocus Af = 300A. a defocus Af = 350A.

Both images show an asymmetry due to the displace-
ments (1/2, 1/2, 1/2). Besides, the superposition regions
have a diminution of contrast, which allows us to identify
its shape, especially in Figure[7}] The choice of the value
for the defocus was taken so as to have well-focused im-
ages while the value for spherical aberration was given
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by the microscope, Cs = 0.3mm. If there had been avail-
able experimental images, the best defous would have
been chosen by matching simulations with experimental
images.

With the software Temsim, HAADF images of the two
super-cells were simulated. According to experimental
data, the beam energy was Ey = 200keV, the spherical
aberration was Cs = 0.3mm, the chromatic aberration
was neglected and the objective aperture was fixed at
11.43mrad. The angles of the detector were assumed to
be between 74mrad and 300mrad. In order to avoid alias-
ing, a 512 x 512 pixels sample of specimen transmission
function was set. The probe wave function had a size
of 1024 x 1024 pixels and the final image had a size of
256 x 256 pixels. The slices were 2A thick, since this is
approximately the interplanar distance.

FIG. 9: HAADF

FIG. 8: HAADF
simulated image of the
super-cell in Figure 4]

simulated image of the
super-cell in Figure

As it can be observed, both images consist of clear
spots that allow us to identify the displaced regions.
Since HAADF is based on Z-contrast, each spot is iden-
tified with an atomic column and, even more, the bright-
est spots correspond to higher Z elements, in our case
lanthanum. Therefore, the displacement of the bright-
est spots implies an atomic displacement. This reason-
ing is the main difference between HAADF and HRTEM
simulated images, given that in phase contrast we can-
not interpret the spots as atomic columns in the sample.
In fact, the variation of the defocus in HRTEM images
makes atoms appear either bright or dark. To sum up,
from HRTEM images we cannot extract chemical infor-
mation and, consequently, HRTEM provides qualitative
information as a first approach (shape of the defect, ex-
tension, etc.). On the other hand, HAADF not only re-
veals structural information, but also chemical informa-
tion with atomic resolution.

B. Comparison with the experimental images

In this section, we compare HAADF simulations with
experimental images. We begin with Figure

The images in Figure show a displacement of
the bright spots, lanthanum atoms according to Z-
contrast. As we move upwards following lanthanum
atomic columns, in a middle position we can appreciate a
shift. Basically, the previous atomic planes disappear and
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new ones appear between them. Therefore, the match of
defects in simulated and experimental images confirms
the thesis that there is a region of the sample where a
plane is missing, causing a displacement (1/2, 1/2, 1/2)
along the direction [0, 1, 1]. Hence, a Ruddlesden-Popper
fault explains Figure

R N

FIG. 10: The left-hand side image corresponds to the
simulation of the super-cell in Figure [4] (rotated 90°)
and, on the right-hand side, we have Figure

Next, we examine the image in Figure

FIG. 11: The left-hand side image corresponds to the
simulation of the super-cell in Figure [5| and, on the
right-hand side, we have Figure

Note that the region of the defaults in the simulated
image is placed differently from the experimental one.
In both images we observe that the columns and rows
formed by the brightest spots, corresponding to lan-
thanum atoms, have a slightly less bright continuation
inside the region of the defect due to a thickness diminu-
tion. Inside these regions, we also observe an additional
bright column between two consecutive bright columns.
They correspond to the (1/2, 1/2, 1/2) displaced lan-
thanum atomic planes according to the super-cell in Fig-
ure[5} Intensity differences between the two images could
be due to the fact that the simulation may not assume the

same displaced thickness that was present in the studied
sample. From the HAADF image simulation we can con-
clude that a Ruddlesden-Popper fault explains the fea-
tures in Figure [2

VI. CONCLUSIONS

e A LaNiOj thin film grown on a LAO substrate was
examined through HAADF in the TEM. In the im-
ages, some regions showed no lanthanum and nickel
atomic column contrast. Ruddlesden-Popper faults
were proposed to account for the lack of contrast.
This assumption was checked through simulations.

e The multislice method was used for simulating
HRTEM and HAADF images. One of the main
difficulties was to find a HAADF simulated image
which could be compared to the experimental one.
Indeed, there are many factors to adjust, from defo-
cus to the super-cell built, and the time-consuming
computation limited the number of attempts that
could be done.

e We obtained simulated images that provided an in-
terpretation of the defects as Ruddlesden-Popper
faults. We also compared HAADF and HRTEM
simulations, and we concluded that, for character-
izing the defects, HAADF simulations were more
appropriated, since their interpretation is more
straightforward.

e Further work should obtain HRTEM images of the
sample and compare them with the HRTEM simu-
lations that were carried out.
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