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Abstract: Magnetic shape memory Heusler alloys, such as NiCoMnAl, are considered as promising
candidates for magnetocaloric cooling applications. Grown in thin film systems of adjacent layers
with austenite and martensite crystal structures of almost equal thicknesses, a long-range ordering
phenomenon in the shape of a 3D checkerboard pattern occurs in NiCoMnAl samples. The crys-
tallographic origin of the pattern is proven by transmission electron microscopy (TEM) techniques.
The darker fields of the arrangement consist of martensite nuclei superposed with austenite, while the
purely austenite regions appear bright in TEM cross sections. The nucleation process is presumably
triggered by inhomogeneous local elastic stray fields of primary martensitic nuclei in the austenite
matrix and limited by the thicknesses of the martensite and austenite thin films.

Keywords: magnetic shape memory alloys; NiCoMnAl Heusler alloys; martensitic intercalations;
crystalline structure

1. Introduction

Shape memory alloys reveal the fascinating ability to recover their initial shape after de-
formation upon heating. Therefore, their electrical and thermal properties depend strongly
on temperature and mechanical stress, which opens different fields of applications [1,2].
Their functional abilities originate in a temperature induced phase transition, known as
martensitic transformation, between two crystal structures: the high-temperature austenite
and the low-temperature martensite phase. The discovery of the shape memory effect in
ferromagnetic Ni2MnGa by Ullakko et al. in 1996 [3], offers new application fields of shape
memory alloys, because the martensitic transition cannot only be triggered by temperature,
mechanical strain or hydrostatic pressure but also by external magnetic fields [4–7]. This
so-called magnetic shape memory effect, e.g., allows much higher cycling frequencies of the
phase transition compared to conventional thermally driven shape memory alloys, which
are limited due to the thermal transport [8,9]. A special class of magnetic shape memory
alloys are Heusler compounds such as NiMnX (X = Al, Ga, Sn, In), which are considered as
promising materials for magnetocaloric cooling applications due to their magnetoelastic
coupling near room temperature [10–12]. However, most of the compounds show a large
thermal hysteresis, which limits their potential in future applications [13–15]. Therefore,
efficient mechanisms to change the martensitic transformation behavior have to be identi-
fied. In literature different approaches can be found to solve this issue ranging from the
improvement of the chemical composition of the chosen material [16], the enhancement
of the compatibility between martensitic and austenitic phase by applying a hydrostatic
pressure [17] to just using the minor loops of the thermal hysteresis [18].

In a previous study, we have demonstrated that the thermal hysteresis could be de-
creased by preparing off-stoichiometric NiCoMnAl multilayer systems, which consist of
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alternating grown martensite intercalations (MIs) and active transforming austenitic lay-
ers (ALs) [19]. This MIs have shown to be beneficial for transforming films, because the
formation energy during martensite nucleation is reduced. The temperature dependent
magnetization measurements have shown a significant decrease in hysteresis width as a
function of the number of MIs. If the austenite active layers have a similar thickness com-
pared to the martensite intercalations an extraordinary microstructure has been visualized
in cross section images [19].

Independently from the considered material, the applied treatment or the scale of
the investigated structure, it is well known that the microstructure has a great impact on
materials properties such as magnetic, electronic or mechanical behavior [20–26]. Therefore,
effects of the observed structure on the properties of the shape memory alloy can be
expected, but little is known about this novel structure so far. In the present study we
investigate the microstructure of the arrangement by transmission electron microscopy
(TEM) in terms of crystallinity, temperature dependence, influence of layer thicknesses and
discuss its physical origin.

2. Materials and Methods

The NiCoMnAl thin film systems have been prepared by magnetron co-sputtering
from pure elemental Ni, Mn, Al and Co targets. DC and RF sources were used for this
process from 3-inch targets of Ni (DC), Mn (DC), Al (DC) and Co (RF) with a purity of 4N.
MgO (001) substrates were used, because the low lattice mismatch between the substrate,
the V seed layer and NiCoMnAl allows an epitaxial growth of the Heusler compound.

Prior to deposition the MgO substrate was heated up to (723 ± 35) K. The base pressure
in the deposition chamber was better than 5 × 10−9 mbar and the distance between target
and substrate was 21 cm. To compensate a non-uniform deposition, the substrate is rotated
constantly with a speed of 10 rpm. Due to the experience from previous studies, a 30 nm
thick V seed layer was deposited on the MgO to improve the martensitic transformation [27].
NiCoMnAl multilayer systems with alternating martensite intercalations and active trans-
forming austenitic layers have been prepared. The stoichiometry of the compound in these
two layers is chosen in such a way that their individual thermal hysteresis does not overlap,
as depicted in Figure 1a. More details about the transition temperatures and the measured
thermal hysteresis can be found in our previous study [19]. An illustration of the initially
sputtered multilayer system is given in Figure 1b. The sample has 50 nm thick ALs with
the composition Ni43Co7Mn31Al19 and 30 nm thick Ni47Co3Mn33Al17 as MIs with overall
13 iterations. The nominal compositions were derived from the individual deposition rates
of the elemental targets by changing the energy of the target source. The deposition rates
were calibrated per source before each batch of samples, which enable film thickness errors
of less than 3% within a batch. For the investigation of dependence of the arrangement on
the layer thicknesses, samples with only 6 martensitic intercalations have been prepared.
Immediately after deposition all samples were cooled to room temperature in order to
minimize diffusion processes and a capping layer of 2 nm Ru was deposited to prevent
from oxidation.

Cross section samples have been prepared by focused ion beam (FIB) cutting along
the [110]MgO-direction. Here, we used a FEI Helios Dual Beam FIB with 30 kV Ga+-ions for
beam milling and 5 kV Ga+-ions for the polishing step. For analytical transmission electron
microscopy (TEM) a JEOL JEM-2200FS and a JEOL JEM-ARM200F, both operated at 200 kV,
have been employed. The TEMs are equipped with EDX detectors used for elemental
mappings. The microstructure has been determined by selected area electron diffraction
(SAED) or Fast Fourier Transformation (FFT) of high-resolution images. For the simulation
of diffraction and TEM images the software QSTEM has been employed. Its subprogram
gbmaker has been used for creating the crystal structure including the random site place-
ment of Ni/Co respective Mn/Al [28]. X-ray diffraction (XRD) measurements have been
performed using a Phillips X’Pert Pro MPD diffractometer equipped with a Cu anode and
operated in Bragg-Brentano geometry.
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Figure 1. (a) The chosen compositions result in completely separated thermal hystereses for the active
(blue) and intercalation layers (red). (b) Illustration of the sample system with 13 martensitic intercalations.

3. Results

A long-range ordering phenomenon can be observed in NiCoMnAl multilayer systems
as can be seen in Figure 2a,b. The intended layered structure is cancelled, and transformed
into a checkerboard-like periodic arrangement of darker and brighter areas. The pattern
consists of three types of fields: big quadratic dark fields, smaller quadratic dark fields and
in between slightly rectangular brighter fields.
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measured 1.5–2.1 mean free path the thickness of the lamella has been determined to be 
about 90 nm in the thinnest surface region and up to 200 nm in the thickest parts near to 
the substrate. Furthermore, EDX mappings have been carried out to rule out a modulation 
of the elemental composition as reason for this special structure (see Figure 2d–f). The 
elemental composition has been checked by taking line profiles on different positions. An 
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of about 2% have been observed. For a better visibility only the EDX line profiles of Co 
are shown in Figure 2f) measured across three different positions on the lamella. The clear 

Figure 2. TEM images of a cross section show a 3D-checkerboard structure (a,b). (c) EFTEM thickness
map. (d) STEM dark field image of the checkerboard sample with the overlaid EDX elemental
mappings. The scanned area is marked by the green rectangle. (e) Corresponding line profiles of
the elemental compositions. (f) EDX line profiles of the Co content extracted from EDX mappings
measured on three different regions across the whole lamella. The layer modulation in the Co content
is clearly visible.
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The square regions are oriented at an angle of (45 ± 2)◦ to the substrate. The geometric
dimensions of the larger dark squares measure (60 ± 5) nm and (35 ± 3) nm for the smaller
dark squares, while for the brighter rectangular fields (60 ± 5) nm × (35 ± 3) nm have been
determined. In the darker fields strong Moiré patterns emerge, indicating that at least two
different crystal lattices are on top of each other. The direction of the Moiré patterns gives
information about the orientation of the underlying crystal lattices [29].

A relative thickness map was recorded using energy filtered TEM. The measurement
was carried out with an energy window of 30 eV and showed no relevant patterned thick-
ness variations that could explain this novel microstructure (see Figure 2c). From the
measured 1.5–2.1 mean free path the thickness of the lamella has been determined to be
about 90 nm in the thinnest surface region and up to 200 nm in the thickest parts near to the
substrate. Furthermore, EDX mappings have been carried out to rule out a modulation of
the elemental composition as reason for this special structure (see Figure 2d–f). The elemen-
tal composition has been checked by taking line profiles on different positions. An example
of a line profile is given in Figure 2e). Here, only a modulation of the Co content of about
2% have been observed. For a better visibility only the EDX line profiles of Co are shown
in Figure 2f measured across three different positions on the lamella. The clear modula-
tion of the Co signal follows the sputtered layers of the appointed different compositions.
The layers with higher Co content are found to be (49.4 ± 8.2) nm, those with less Co
content show a width of (32.9 ± 8.2) nm, which fits well to the projected thicknesses for the
active and intercalation layers. Thus, chemically the sample still consists of the intended
layers of slightly varying composition and the checkerboard pattern has its origin in the
crystalline structure.

This is confirmed by dark field (DF) imaging using different diffraction spots. In Figure 3
SAED pattern of a part of the checkerboard are shown. The particular diffraction spots
used for the corresponding DF images are marked by oranges circles. As can be seen from
the DF images, the two most excited diffraction spots next to the central spot correspond
to rectangular checkerboard fields rotated by 90◦ (Figure 3a,b) and can be considered to
be austenite. A less strongly excited spot corresponds to all the greater squared fields
(Figure 3c) and might be associated with a martensite lattice.

Figure 3. Selected area diffraction pattern (upper row) and corresponding dark field images (lower
row) of the same checkerboard area. The diffraction spots used for the respective DF images are
marked by the orange circles.

3.1. Crystalline Structure

For a better understanding of the observed nanostructure, TEM and diffraction image
simulations have been carried out for the martensitic and austenitic phase of NiCoMnAl
and combinations of both. As a basis for the multislice simulation a B2 structure for
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austenite and a tetragonal distorted B2 structure for martensite with a 14 M modulation
has been assumed. In Figure 4 the results are shown, simulated at 200 kV acceleration
voltage, at a temperature of 300 K and a defocus of −60 nm. The number of layers and
their thickness had to be decreased due to computational effort.

Figure 4. (a) Multislice simulation of diffraction images for the pure austenitic (left) and martensitic
(centre) phase of NiCoMnAl and 3 nm martensite on top of 3 nm austenite (right). (b) Corresponding
TEM images created via FFT of the diffraction pattern. The images are still depending on parameters
such as defocus and camera length.

It can be seen that the diffraction image of the austenite resembles its cubic structure
where the martensite only allows a different class of reflexes to be excited, resulting in
an unordered superposition in the center with lines of diffraction spots. Placing these
two configurations of the material on top of each other leads to a pattern of austenite
acting as a base with added reflexes from martensite around the excited austenite reflexes.
More reflexes are visible on the austenite reflexes in the preferred scattering direction
of the martensite, less in the perpendicular direction. Of course, not all of the reflexes
shown in the simulation are strong enough to be visible in the TEM, depending on the
specimen thickness and all contained crystal structures the electron wave has to cross.
By employing FFT on the simulated diffraction pattern, possible HRTEM images can be
generated (Figure 4b), which give insights in the structure. Especially, the 14M modulation
of the martensite is visible in the image (Figure 4b, center). Processing the simulated
diffraction pattern of martensite on top of austenite (Figure 4b, right) reveals the origin of
the observed Moiré patterns in the dark checkerboard fields. The direction of the Moiré
patterns gives information about the orientation of the martensite cell and the periodicity is
measured to be 2.01 nm.

A first step to identify the microstructural properties of the checkerboard has been
carried out by XRD analysis. A θ/2θ-scan for the (002)M peak as well as the (004)A and
(400)M peaks are shown in Figure 5a,b), respectively. A linear function has been used
for background subtraction and the peaks have been fitted by Pseudo-Voigt-functions.
The fit of the (004)A peak yields a 2θ-angle of (64.721 ± 0.009)◦, from which, according
to Bragg’s equation, a lattice constant of (5.761 ± 0.008) Å for the austenite unit cell has
been calculated. For the martensite (002)M peak a position of (26.803 ± 0.023)◦ and for
the (400)M peak a position of (67.720 ± 0.010)◦ have been determined. Therefore, the unit
cell parameters of the tetragonal cell have been calculated to be a = (5.534 ± 0.010) Å and
c = (6.652 ± 0.018) Å. These values are in close agreement with lattice constants found in
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other studies for this alloy [30]. Here, a tetragonality factor cT = (1.202 ± 0.003) for the
martensite has been determined. In order to adapt the fit for the (004)A and (400)M peak,
the (002) peak from the V seed layer located at (60.781 ± 0.013)◦ has to be considered as
well. Additionally, two more Pseudo-Voigt functions have to be introduced centered at
(61.593 ± 0.186)◦ and (66.775 ± 0.169)◦ for the fit to converge. Both peaks could be caused
by the 14 M-modulated superstructure occurring in this Heusler compound.
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A HRTEM image of bright and darker checkerboard fields is shown in Figure 6a.
The FFT analysis of different parts of the image reveal the existence of different martensite
and austenite unit cells. Only the bright, rectangle regions which show no Moiré-patterns
consist of a purely austenite lattice (Figure 6d). In contrast to that, each of the squared,
darker regions show the presence of a martensite nucleus with different orientations, which
most likely form a modulated structure. Furthermore, a superposed austenite pattern could
be measured in those regions as well (compare Figure 6b,c). Most likely, the austenite
is located in front of or behind the martensite nuclei, which is possible due to the large
thickness of the TEM-lamella. Moreover, the observed Moiré-patterns in the darker fields
are perpendicular to each other, which can be nicely seen in the overlay of both FFTs given
in Figure 6e). The line profile of the Moiré pattern visible in field 1 of the HRTEM image
reveals a peak-to-peak distance of 2.07 nm between the Moiré fringes (Figure 6g), which is
in good agreement with the value obtained from simulation for martensite on austenite.
Clearly evident from this is that neither the MIs nor the ALs are fully in the austenite or
martensite state.

3.2. Temperature Dependence

To observe the phase transition of the checkerboard pattern temperature dependent
TEM experiments have been carried out. In Figure 7a TEM images of the checkerboard
system at different temperatures are shown. The change of the checkerboard structure is
clearly visible. It starts to vanish at 363 K and is mostly gone at 383 K. This indicates again
that the pattern originates from different crystal structures in different fields. At tempera-
tures above 400 K the whole system is transformed into austenite, as can be seen in the FFT
diffraction pattern (Figure 7b). After cooling down the specimen to room temperature the
checkerboard pattern is present as before heating. In a cooling experiment the specimen has
been cooled to 103 K. At this low temperature the system is transformed in the martensitic
phase (Figure 7c). Here, the checkerboard pattern vanishes again and regular Moiré pattern
appear. Partly, the pattern exhibits quadratic forms or are at least perpendicular to those of
the next region. This is probably a preliminary stage of the checkerboard structure, where
the quadratic regions become part of the checkerboard fields. In the diffraction pattern
shown in Figure 7c) are two sets of rows of reflexes perpendicular to each other visible.
Each set of rows shows a distance of 0.4671/nm between two parallel rows, which is in
good agreement with the simulation for the diffraction pattern of the martensite phase.
Thus, two martensitic grains with perpendicular orientation are present in the field of view.
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Figure 6. (a) HRTEM image of a section of the checkerboard. The red boxes mark the fields from that
FFTs have been obtained. The FFT of box 1 is given in (b) of box 2 is shown in (c) and (d) corresponds
to box 3. (e) Overlay of the FFTs b) and (c) illustrating the perpendicular orientation of adjacent
martensite nuclei. (f) Enlarged image of box 1 indicating the region where a line profile across the
Moiré pattern has been obtained and (g) the resulting line profile with a measured distance of 2.07 nm
between the Moiré fringes.

3.3. Influence of the Layer Thicknesses on the Checkerboard Formation

In order to check if the observed pattern is an exception or caused by a general forma-
tion mechanism in these type of thin film systems, the sample has been reproduced and
different intercalation and active layer thicknesses have been investigated. In Figure 8 TEM
images of four different samples have been summarized. The details of the investigated
sample systems and an explanation of the sample nomenclature are given in Table 1. In the
survey image in Figure 8a of a sample with 7 martensitic intercalations (MI7-30/100) no
checkerboard structure can be identified easily, but on closer inspection, rectangular regions
containing Moiré-patterns can be identified (see inset). Similar to the sample with 13 MIs
those regions are tilted by 45◦ to the sample surface. Another shared feature for both
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samples is the perpendicular arrangement of the Moiré-patterns of two adjacent regions.
Thus, the sample might be on the verge of forming the regular arrangement of marten-
site nuclei. In the MI6-30/30 and MI6-30/50 samples the checkerboard arrangement is
present, as can be seen in Figure 8b,c. The contrast between the rectangular regions is not
as large as before, caused by the smaller thickness of both cross sections. Nevertheless,
the field sizes have been determined to be about (25.3 ± 8.2) nm for the small squares,
(46.8 ± 7.6) nm for the large squares and (25.3 ± 8.2) nm × (46.8 ± 7.6) nm for rectangle
areas of sample MI6-30/30. For the MI6-30/50 sample, slightly larger field sizes have
been measured: (38.3 ± 5.2) nm for the small squares, (53.7 ± 6.6) nm for the large squares
and (38.3 ± 5.2) nm × (53.7 ± 6.6) nm for the rectangle regions. The measured values are
similar to that one’s measured from the MI13-sample, pictured in Figure 2. Therefore,
the sizes of the checkerboard fields seem to be almost independent from the thicknesses of
the intercalation and active layers.

Figure 7. Temperature evolution of the checkerboard sample: (a) TEM images acquired between
323 K to 403K and their corresponding FFT diffraction pattern (b). All FFTs have been contrast
adjusted. (c) TEM image of the specimen recorded at 103 K (enhanced in contrast to make the Moiré
pattern more visible) and corresponding SAED pattern.

Table 1. Overview about the details of the investigated sample systems. The sample names contain
the number of the martensitic intercalation (MI) and the nominal thicknesses of the layers in nm for
MIs and active layers (AL).

Sample Name MI Number MI Thickness [nm] AL Number AL Thickness [nm]

MI7-30/100 7 30 6 100
MI6-30/30 6 30 5 30
MI6-30/50 6 30 5 50
MI6-10/30 6 10 5 30
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Figure 8. (a) A checkerboard pattern is not clearly visible in the survey TEM image of the MI7-
30/100 sample. The inset contains a close up. Moiré patterns, which are tilted by 90◦ to each other,
are slightly visible. TEM images of the MI6-30/30 sample (b) and MI6-30/50 sample (c) showing the
checkerboard structure. (d) For the MI6-10/30 sample no checkerboard pattern can be detected.

Whereas, in the MI6-10/30 sample no notable features of a checkerboard formation
can be identified (Figure 8d), representing together with the MI7-30/100 sample the limits
for the thicknesses of the MIs and the ALs for the checkerboard formation.

4. Discussion

The checkerboard pattern originates of the alternating austenite and martensite lay-
ers with the martensite acting as a seed layer. The sizes of the checkerboard fields are
not adapted to the abandoned layer thicknesses. From the observations it is clear that
the contrast is of crystallographic origin. It seems that the austenite partly changes its
form to martensite, which grows at 45◦ angle in a twinned form, but is still based on
an austenite unit cell stretched in one direction. In [31] an inhomogeneous elastic stray
field in an austenite matrix induced by a primary martensite nucleus have been predicted
employing finite-element-method calculations. This stray field can facilitate the nucleation
of secondary martensite nuclei in a certain distance and orientation. For the formation of
the checkerboard structure those stray fields originate from primary nuclei, which will
nucleate in the martensitic intercalations, facilitate the nucleation of martensite in the active
layer regions.

Based on the observation that the martensite nucleus always appears as squares in the
TEM cross sections, a shape of a distorted octaeder with its faces inclined by a few degrees
to the {111}MgO planes seems to be possible. Assuming that the described autonucleation
process occurs in the sample, the appearance of the regular checkerboard pattern can be
explained. This hypothesis is supported by the observed dependence of the visibility of the
pattern on the thickness of the TEM lamella. Furthermore, the absence of the checkerboard
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in the sample with a 100 nm thick austenitic layer (MI7-30/100) suggests, that the regular
arrangement of the nuclei is only possible, if the elastic stray fields from the top and
bottom martensitic intercalations penetrate most of the active layer region. Thus, there is
an upper limit to the thickness of the active layers. On the other hand, if the martensite
intercalation thickness is too small nucleation of primary nuclei might not be possible. It is
energetically unfavorable to form small martensitic nuclei below a critical size, because
the elastic energy stored in the phase and twin boundaries exceeds the reduction by the
martensitic transformation. In this case the checkerboard formation is suppressed, which
might be the reason for the observed absence of the checkerboard in the sample with only
10 nm thick martensitic intercalations (MI6-10/30).

Although all obtained data confirm the presented model for the arrangement of the
martensitic nuclei in this system, a clear verification is still missing. Therefore, additional
3d reconstructions from tomography measurements as well as phase field simulations of
the formation process of the martensite nuclei would be desirable. Nevertheless, the ob-
served stability and reproducibility of this extraordinary arrangement opens the door for
applications. It would also be interesting to repeat this experiment with materials that do
not undergo a cubic to tetragonal martensitic transformation, because an appearance of a
different pattern in TEM cross sections can be expected.
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