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A B S T R A C T

Within this transmission electron microscopy study, we explore the atomic structure of Fe-Pd thin films with
and without supporting single crystalline (001) MgO substrate. We observe a phase structural transition de-
pending strongly on spatial limited stresses. While around the film-substrate interface edge dislocations form
to minimize stresses due to the lattice misfit between MgO and Fe-Pd, preferring the face-centered cubic
phase, upper sample regions show twinning structures with the face- and body-centered tetragonal phase, re-
spectively. In freestanding films, bct and bcc phases are observed. Compared to unprocessed lift-off films, no
hierarchical structure was existent anymore, based on changed stress distributions.

© 2016 Published by Elsevier Ltd.

In recent years, much research has been performed on ferromag-
netic shape memory materials and first applications have been es-
tablished – mostly based on Ni-Mn-Ga [1]. Compared to this alloy,
Fe70Pd30 is still a less investigated material, although it constitutes
very interesting properties, e.g. its biocompatibility makes it a promis-
ing candidate for medical applications [2]. Due to reorientation of
variants in the martensitic phase, this material can exhibit theoreti-
cal strains up to 5% based on its crystallographic properties, control-
lable by an external magnetic field at constant temperatures. How-
ever, prerequisite to reach maximum magnetically induced strains is
a single crystal of the face-centered tetragonal (fct) martensitic phase,
providing high twin boundary mobility and strong magnetocrystalline
anisotropy. So far, sufficiently defect-free single crystalline thin films
in the fct phase have only been synthesized by ion irradiation [3]
and electron beam evaporation [4,5]. The first method requires an im-
planter or accelerator operating with high energy ions, as low energy
ions only implement in the existing structure, but high energy ions
cause defects which lead to the desired phase transformation. This
yields a high amount of costs and hinders a possible establishment for
future industrial usage as microscale actuator material. As for the sec-
ond, there has not been any nanostructural analysis of these films, but
will be provided within this study, based on preliminary TEM inves-
tigations of this material system in the fcc phase by L. Kühnemund et
al. [6].

The examined films of Fe-Pd with a thickness of 500 nm were
prepared by molecular beam epitaxy (MBE) from two independent
rate–controlled electron beam evaporators onto MgO (001) single
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crystals. To obtain films in the martensitic phase a total deposition rate
of approximately 0.15 nm/s, substrate temperatures of 900°C and ul-
tra high vacuum conditions (base pressure lower than 10 −9 mbar) have
been chosen - as described in detail before [6]. While cooling down to
room temperature, the films traverse the austenite ⇒ martensite tran-
sition located – depending on detailed composition and preparation
conditions – slightly above room temperature [7]. By dissolving the
MgO substrate in a sodium bicarbonate solution [4], one film was re-
leased from the substrate afterwards. The samples have been analysed
regarding their phase appearance by means of X-ray diffraction, using
a Seifert XRD 3003 PTS with Cu Kα radiation in Θ/2 Θ geometry.

For scanning transmission electron microscope (STEM) examina-
tion, lamella were cut out of the samples with the AURIGA 3912
Cross Beam (SEM-FIB) Workstation from Carl Zeiss Microscopy
GmbH with 30 keV Ga +-ions. For further reduction of the sample
thickness, the lamellae were treated with low energy Ar ions in a Fis-
chione NanoMill system [8] and afterwards examined with an aberra-
tion-corrected STEM with a high-angle annular dark field (HAADF)
detector, utilizing a Titan G2 60-300 microscope (FEI) at an acceler-
ating voltage of 300 keV. The freestanding film has been glued on a
thermally oxidized Si wafer before further lamella preparation to en-
sure a thin, but stable lamella during TEM examination.

Fig. 1a) shows a STEM micrograph of the cross-section of a Fe-Pd
thin film deposited on MgO substrate. Pronounced diagonal lines
mark boundaries between differently orientated martensitic variants.
While the upper part of the film exhibits a quite regular stripe pat-
tern, the lower part includes unpatterned regions as well. The twin
variant orientation shown here is consistent with the FIB cuts re-
ported earlier [9]. Twin boundaries are aligned under 45° to the sam-
ple surface (corresponding to the (101)Austenite plane). They either ex
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Fig. 1. a) STEM-HAADF image of a 500nm thick Fe-Pd layer on single crystalline MgO substrate with a Pt protective layer on top. Diagonal lines in the Fe-Pd film indicate twin
boundaries between crystals of different orientation. The square marked regions were further analysed to examine their crystallographic structure via Fast Fourier Transformation: b)
HRSTEM-HAADF image of the interface region between MgO and Fe-Pd. c) HRSTEM-HAADF image of two domains with different orientations in a Fe-Pd thin film.

tend until the MgO or twin boundaries aligned under +45° and −45°
to the sample surface join each other, as can be seen in the upper left
part of Fig. 1a). Similar to evaporated films in the fcc phase [6], the
examined film shows epitaxial growth with a cube-on-cube orienta-
tion relationship to the underlaying MgO substrate, confirmed by Fast
Fourier Transformation (FFT) of the interface region (see Fig. 1b)).
The Fe-Pd lattice spacings in this region were determined to be 0.196
nm and 0.185 nm, corresponding to reported bulk values for the fct
phase [10]. Double peak structures (double satellites of main reflec-
tions) shown in the FFT image of the pure MgO substrate can be
traced back to mechanical vibrations due to the resonance frequen-
cies of the turbomolecular pump, used to assure the vacuum in the
TEM [11]. Taking a closer look into the atomic structure of the upper
part Fe-Pd-thin film, different twinning variants with an quite sharp
twin boundary in between can be found. Analyzing the structure via
FFT, as shown in Fig. 1c), lattice spacings of 0.21 nm and 0.15 nm
can be determined. Calculating the ratio between these values points
to bct structure.

As MgO as substrate material has a larger lattice constant of
0.21 nm compared to the evaporated Fe-Pd thin film, the fct cells will
align with both of their long a axes in-plane. The remaining misfit still
amounts to 9%. To decrease stresses due to this misfit edge disloca-
tions are formed, as marked in Fig. 2a) and previously stated in [6].
The defect density in the interface region has been estimated as il-
lustrated in Fig. 2b) and c). The distance between single dislocations
amounts in average to 1.68 nm. Assuming a homogeneous defect dis-
tribution as given in part of the high-resolution STEM (HRSTEM) mi-
crograph, a defect density of 3.54 × 1013 cm −2 can be calculated.

In general, the formation of the martensitic microstructure is a re-
sult of a stress minimization of geometrical constraints. These con-
straints have already been built up in the austenitic phase due to the
substrate attachment and a reduction by arranging different twin do-
mains is enabled during the phase transformation to a martensitic
phase[12].

The change in martensitic phase itself with increasing sample
depth can be explained quite well by performing STEM- EDX (En-
ergy-dispersive X-ray spectroscopy). Close to the sample surface a
composition of Fe75Pd25 is measured, close to the MgO substrate the
composition approaches Fe73Pd27. While the first indicates the appear-
ance of the bct phase, a lower percentage of Iron promotes the fcc and
fct phases [10].

Additionally, in another region with pronounced domain structure,
this film has been analyzed by Nanobeam Electron Diffraction (NBD).
In Fig. 3 different phenomena can be observed: twinned areas (e.g.
c and i), which are mainly located in the upper film part, reveal fct
double peak structures in the diffraction pattern. In subfigure d lat-
tice constants of 0.186 and 0.188 have been measured, correlating

Fig. 2. a) HRSTEM-HAADF micrograph of interface between MgO and Fe-Pd. Edge
dislocations are marked with circles. b) FFT Filtered micrograph and c) intensity profile
along interface area before and after performing an FFT smoothing function for a better
visibility of the edge dislocations.

with the fct-Phase ((c/a)fct = 0.999...0.94). Closer to the sample sur-
face in a range of 190 up to around 410 nm, also regions with
both - fct (subimage l: c/a = 0.184/0.19 = 0.968) and bct (subimage
c: c/a = 0.174/0.194 = 0.897) structure - can be found. The bct value
is not in accordance with literature (c/a = 0.72). This indicates, that
this region might have not yet completely transformed from fct to
bct. As first-principles calculations suggest, only perfect atom posi-
tions favour the fct phase [13]. Especially at the interface region be-
tween substrate and thin film lattice defects occur. So an increased bct
phase can be expected there, whereas in upper regions the number of
defects can decrease due to lesser substrate constraints. Furthermore,
the transformation from fcc to bcc following the Nishiyama-Wasser-
mann-Path is related with a shear movement [3]. This could lead to a
cell orientation which is not optimally suited for lattice constant de-
termination via NBD. In contrast, for unstructured areas close to the
substrate like d, k and l only one crystal orientation is noticeable.
The STEM image resembles a “tweed” structure, as already observed
in polycrystalline fcc Fe-Pd [14]. Close to the MgO substrate double
peak structures appear again. While one of these peak constellations
can be related with the MgO-substrate itself, the other peak constella-
tion indicates a region with fcc structure.
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Fig. 3. a) Complete STEM image of the lamella (Fe-Pd on MgO) and b) enlarged image with markings of regions, analysed in detail with Nanobeam Electron Diffraction, shown
below the STEM image (c–l). The diffraction pattern indicates a fcc to bct transition starting from the MgO substrate up to the sample surface.

By applying a lift-off procedure, freestanding Fe-Pd thin films
with an hierarchical structure are obtained, as reported before [9].
To gain new insight in the atomic structure of elevated and lower
microvariants, cross-sections along and perpendicular to these vari-
ants are cut and examined with STEM. Surprisingly, micrographs of
both cross-sections (not shown here) resemble the STEM image of an
as-deposited sample, which was only expected for cross-sections cut
along a microvariant. They only differ slightly in the periodicity Λ
of their twin zig-zag-pattern. While for freestanding films it amounts
to Λfreestanding = 750 nm, it is Λas-deposited = 1000 nm for as-deposited

films. These values are located in the same range as the size of mi-
crotwins in freestanding films, which varies between 700 and 1000
nm. In contrast to as-deposited films, freestanding films have no con-
straints by an attached substrate anymore and therefore form hierar-
chical structures to reduce shear stress fields in the sample [9,15]. Cut-
ting a lamella perpendicular to the microvariant the alternating sec-
tions of twin variant orientation of the corresponding microtwin are
changing to a simple zig-zag-pattern (see Fig. 4). As the lamella is
much thinner than the film, it is not necessary anymore to keep the
structure of the freestanding film, but energetically more favourable

Fig. 4. BF-STEM images of the lamella cut out of a freestanding thin film along a microvariant: a) The Fe-Pd film shows a zig-zag-pattern, which corresponds to the orientation of
twin boundaries in the thin film. b) No pronounced zig-zag-pattern, but parallel lines under −45° with respect to the substrate surface.
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to form twinning structures of a lower order as the stresses are already
reduced by decreasing the thickness of the specimen due to FIB cut
and further milling. Here, the bct as well as bcc phase could be ob-
served.

In summary, we achieved an extensive understanding of the phase
constitution of Fe-Pd thin films. A strong dependence on local stresses
could be found: Close to the MgO substrate a regular arrangement of
edge dislocations appears to minimize stress gradients due to the lat-
tice misfit between MgO and Fe-Pd. Here, almost no twin structures
can be found. In contrast the upper film part, starting from the sample
surface is characterized by pronounced twin structures. Following the
thin film from the MgO Fe-Pd interface to the film surface, a subse-
quent phasetransition from fcc to fct to bct is observed. In lamellas of
freestanding thin films only one microvariant orientation showing the
bcc and bct phases could be observed due to the changed stress distri-
bution compared to unprocessed films.
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