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Abstract. We report on structural domains in LaFeOs epitaxial thin films on (111) oriented
SrTiO3 observed by transmission electron microscopy using low magnification dark field imaging
and high resolution transmission electron microscopy techniques. The films were grown by
pulsed laser deposition and had a thickness ~ 20 nm. Three domain orientations are found, in
accordance with the orthorhombic structure of LaFeO3. The domains themselves are of irregular
shapes, and vary in size from tens to thousands of nm?. Regions of reduced Bragg scattering
are observed as straight lines along < 100 >, hinting at a complex domain structure.

1. Introduction

Antiferromagnetic (AFM) materials play an important role in magnetic device technology, such
as the spin valves [1]. In such devices, AFM layers are used to pin adjacent ferromagnetic
layers through exchange coupling [2]. In order to apply novel functional magnetic systems in
practical applications, such as magnetic data memory, thin films with sharp interfaces between
the AFM and ferromagnetic layers are necessary [3]. Perovskite oxide materials are in this regard
interesting, exhibiting functional properties including both ferromagnetic and antiferromagnetic
systems [4]. Based on their strong structure-property coupling, the functional properties of
perovskite thin films can be tailored by synthesis [5].

LaFeO3 (LFO) is a G-type antiferromagnetic perovskite [6]. It belongs to the orthorhombic
space group Pbnm (no. 62) and has lattice parameters a = 5.556 A, b=5.565A, and e = 7.862 A
(pseudo cubic parameters a,. = 3.929 A, bpe = 3.935 A, and Cpe = 3.931 A) at room temperature,
which makes it belong to the a;cagcc;;c Glazer tilt system [7, 8]. This means that the oxygen
octahedra are tilted out-of-phase along a,. and by, and in-phase along c,.. Its Neél temperature
of Ty = 740 K is highest among the orthoferrites, and is attributed to the large buckling angle
of the Fe-O-Fe bonds related to the octahedra tilts [9, 10]. For depositing LFO thin films,
a common substrate is SrTiO3 (STO), a nonmagnetic and insulating cubic Pm3m (no. 221)
perovskite with asro = 3.905 A (parameters and indices without a subscript are LFO indices
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unless otherwise specified, while subscript STO is used to denote STO axes throughout this
paper).

For thin films of LFO on (100) and (110) STO, the Néel temperature is slightly reduced
[11]. Due to its orthorhombic symmetry, LFO forms structural domains on STO. Moreover,
photoelectron emission microscopy data indicate AFM domains of the same shape and size as
the structural domains. In the present work, the structure of an epitaxial thin film of LFO
on (111) oriented STO grown by pulsed laser deposition (PLD) is studied by transmission
electron microscopy (TEM). This in order to study possible effects off the quasi-hexagonal
surface symmetry of this facet on structural domain formation. Domains in the film is studied
by electron diffraction and dark field (DF) imaging of plan-view samples, and the LFO/STO
interface is studied by high resolution TEM (HRTEM) of cross section samples.

2. Materials and methods

The LaFeOgs thin film was synthesised by PLD, using a KrF excimer laser (wavelength \ = 248
nm) with a fluency of ~ 2 J/cm? and repetition rate 1 Hz impinging on a stoichiometric LaFeO3
target. A deposition temperature of 540 °C, oxygen pressure of 0.35 mbar and target-substrate
distance of 45 mm was used to ensure quality growth [12]. The substrate was prepared by
buffered hydrogen fluoride etch and annealing in oxygen ambient, resulting in a step and terrace
structure with miscut of 0.1° and step edges along a < 112 > STO direction. Reflection high
energy electron diffraction was used to monitor the growth in situ, ensuring layer-by-layer
growth. Atomic force microscopy confirmed a high surface quality of the film, and the film
was found to be fully epitaxial by x-ray diffraction.

TEM samples of both plan-view and cross section geometries were prepared. Plan-view
samples were fabricated by grinding film wafer pieces from the substrate side into a wedge
shape (wedge angle of 4°), using an Allied MultiPrep Polishing System (tripod). One plan-view
sample was further thinned in a FEI Helios NanoLab DualBeam FIB in order to remove surface
scratches from the tripod polishing, and provide unbent electron transparent regions. Pure
tripod plan-view samples were also fabricated to control that the FIB process did not alter the
structure of the film. The sample that was Ga™ ion-beam thinned yielded the same results as
samples prepared solely by tripod polishing, demonstrating that ion-beam thinning did not alter
the crystallography of the material system. All presented images are from samples that were
prepared by low energy (2 kV) ion-beam thinning, as pure mechanical polishing leaves polishing
stripes and other surface defects. The same FIB instrument was used to fabricate cross section
samples from the same film, using a lift-out procedure.

Dark field imaging was performed on a JEOL JEM-2100 LaBg TEM. In order to better
show and compare the relationships between the three different structural domains, several DF
images taken with each of the unique orthorhombic reflections were merged into a single image.
Domains with equal crystallographic orientations are given the same colour (see Fig. 1). For
HRTEM imaging a JEOL JEM-2100F field emission gun TEM was used. Both TEMs were
operated at 200 kV acceleration voltages.

3. Results and discussion

A domain mosaic, combining six DF images from a plan-view sample, is presented in Fig. 1.
The six DF images are taken with each of the six orthorhombic super reflections, located midway
between 000 and each of the six < 110 > g7 reflections. Since the TEM sample is a bilayer with
the 20 nm thick LFO film on top of the substrate, the electron beam will pass through both the
film and the substrate and the resulting diffraction pattern will thus contain information about
both layers simultaneously. However, the reflections chosen for each of the dark field images are
unique for the LFO film and not present in the diffraction pattern from pure STO. As such,
the contrast from elastic Bragg scattering in the DF images will only come from the LFO film.
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Furthermore, the chosen DF reflections are the orthorhombic 100 or 010 reflections. This also
means that we have at least three different structural domains in the LFO film. Each structural
domain contributes to two of the six super reflections. The domain mosaic in Fig. 1 is composed
of six DF images, even if three theoretically would be enough, but using all six reflections helps
to cancel out contrast changes due to sample bending that will give small variations of the
sample orientation.

Figure 1. DF mosaic of six individual
DF images. The reflections used are
circled in the inset electron diffraction
pattern, the colour of the circles indicate
the colour assigned to each DF image. The
arrowheads in the diffraction pattern mark
LFO (100)/(010) reflections, and the white
arrows in the real space image show the
direction of [100]/[010]. Dark lines are
seen inside some domains, one case being
pointed out by a black arrowhead. Such
lines tend to be parallel to [100]/[010].

In Fig. 1 we observe that the orthorhombic [100] or [010] directions can be parallel to
[110]s70, [101]s70 or [011]s70, leading to the three different structural domains with red, green
and blue colours in the figure, respectively. However, we are not able to discriminate between
the orthorhombic [100] and [010] directions since the orthorhombic a and b lattice parameters
are almost equal. This means that two regions with the same colour in Fig. 1 does not necessary
have the same orientation of the unit cell, as the orthorhombic a and b lattice parameters can
switch between any two regions with the same colour. We also observe lines inside one-coloured
regions where we have insignificant Bragg scattering to any of the six super reflections. If
these lines are related to for instance twin boundaries where the orthorhombic a and b lattice
parameters switch directions across the dark line, is something that future characterization work
must answer.

A HRTEM image from a cross section sample with [112]g70 zone axis orientation is presented
in Fig. 2, revealing a coherent film/substrate interface and high crystalline quality film. The
Fourier transforms (inset in the HRTEM image) from the left (region A) and the right (region
B) sides of the film clearly show that more than one structural domain are present in the field of
view. In region A we have a structural domain where the orthorhombic a or b lattice parameter
is parallel to the [110] direction of STO. In region B the orthorhombic unit cell is oriented
differently with none of the orthorhombic lattice parameters being parallel to the [110]s70
direction.
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Figure 2. HRTEM image of LFO thin
film cross section sample acquired in the
[112]s70 zone axis. The film is epitaxial,
but not structurally homogeneous, as the
FFT spectra of region ”A” and ”"B” are
clearly different, indicating the presence
of at least two different domains. The
lowest spatial frequencies of STO have been
marked by arrowheads for reference. The
circled frequency component in the FFT
of region A indicates that either a or b is
aligned with the [110]s7o direction in this
domain. As region B lacks this frequency
component, the a or b axis may not be
parallel to the [110]so direction here.

4. Conclusions

Structural domains of irregular shape and size were found in =~ 20 nm thin LFO epitaxial films on
(111) STO by DF TEM. The difference between the structural domains is that the orthorhombic
a or b lattice parameters can be oriented parallel to either one of the substrate’s [110], [101] or
[011] directions. However, since we are not able to discriminate between the orthorhombic a and
b lattice parameters, it is still not clear if the film consists of more than 3 structural domains.
However, dark contrast lines inside one-coloured regions, i.e. regions with similar diffraction
patterns, indicate that further work is needed to fully understand the complete structure of the

LFO film.
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