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Abstract
Magnetic-shape-memory Heusler thin films have a great potential for new-concept integrated devices,

such as microactuators, energy harvesters and solid-state microrefrigerators, thanks to the intimate
coupling between structure and magnetism. The control of microstructure in their martensitic phase is
crucial for their full exploitation. Here, by an accurate magnetic and structural investigation at different
length-scales, we demonstrate how growth temperature and simple post-growth treatments, i.e. post-
annealing at low T, magnetic field cooling and mechanical stress, are suitable to manipulate the twin
variant configuration in epitaxial thin films. X-type variants with out-of-plane magnetic easy axis or Y-
type variants with in-plane magnetic easy-axis can be selected, as well as their geometrical distribution
in films with mixed X/Y-type microstructure. The mechanisms behind the overall and local manipulation
of microstructure are discussed by taking into account the role of microstructural defects, disorder and
external fields on the martensitic transformation path. Our findings provide a platform for a controlled
manipulation of microstructure and magnetism in magnetic-shape-memory thin films, which opens up a
window towards engineering smart magnetic materials for multiple purposes. This remarkable “magnetic
flexibility” makes magnetic-shape-memory alloys a unique class, among magnetic materials, for the
easy tuning of the magnetic configuration at different length scales.

1. Introduction

Magnetic-shape-memory Heusler materials have the capability of shape recovery through a diffusion-
less thermodynamic structural phase transformation (martensitic phase transformation) between high-
temperature cubic phase (austenite) and low-temperature lower symmetry phase (martensite). Because
of the strong coupling between structural and magnetic degrees of freedom, martensitic transformation
can be induced by different external stimuli (i.e., magnetic field, stress and temperature) [1,2]. Thanks to
the multifunctional properties linked to the transformation, magnetic-shape-memory materials are
prominent candidates for a number of applications, e.g. magnetorefrigerants [3] and energy harvesters
[4].

Stoichiometric Ni2MnGa is a full Heusler compound, which is known as a model system for magnetic-
shape-memory materials [5]. Compared to bulk samples, epitaxial films represent a proper system for
fundamental investigation due to fine control of microstructure. Additionally, they are promising for being
integrated into micro and nanodevices [6,7]. So far, Ni-Mn-Ga epitaxial films have been grown on
different types of single crystal substrates such as MgO [8], NaCl, Al20z [9], GaAs [10], SrTiO3 [11], and
YSZ [12].

Across the martensitic transformation, the material encounters coordinated movement of atoms, which
produces shear stress in the system. This gives rise to a remarkable change of microstructure: twin
variants nucleate and organize in a hierarchical architecture, i.e. interrelated twin-within-twin 3D
patterns, to address the compatibility of martensitic and austenitic phases and also of different



martensitic variants. The competition between the elastic energy of the system and the twin boundary
energy determines the twinning relation, period, length scale and hierarchical growth [13-16]. The
martensitic phase often shows a modulated structure [17,18].

Typically, in epitaxial Ni-Mn-Ga films on MgO(100) two different martensitic microstructures, called X-
type and Y-type, can form and they may coexist in the same film depending on the substrate or
underlayer, composition and growth conditions [19,20 and references therein]. In Y-type microstructure
the twin planes grow perpendicular to the substrate surface, while in X-type the twin planes grow at 45°
to the substrate surface. The easy-magnetization axis of the martensitic cells lies alternately in-plane
and out-of-plane in X-type twin variants, while it alternates between two different in-plane directions in Y-
type microstructure [19,21,22]. Controlling twin variants’ orientation and their organization in X and Y
microstructures is crucial for optimizing the multifunctional properties and could also better enable a
number of thermomagnetomechanical applications beyond magnetic refrigeration and energy
harvesting, e.g. magnetic domain dependent directional actuation [23,24], magnetic field writing [25,26]
and magnetic anisotropy dependent biological applications [27].

So far, there have been few attempts for overall manipulation of microstructure in epitaxial Ni-Mn-Ga
films. Jenkins et al. reported the magnetic rearrangement of twin variants in epitaxial Ni-Mn-Ga
cantilever released from the substrate [28]. Eichhorn et al. reported partial alignment of twin variants in
freestanding epitaxial Ni-Mn-Ga bridges using magnetic field cooling [29]. In 2015, we published a
detailed study on the correlation between structure, microstructure and magnetic properties of substrate
constrained Ni-Mn-Ga films grown on Cr/MgO(100) and showing the preferential alignment of the Y-type
variants along a specific direction [19]. More recently, we reported thermo-magnetic actuation of free-
standing Ni-Mn-Ga nanodisks based on the selection of X-type or Y-type twin variants [23].

In addition, there have been some works on local tuning of magnetism both for Ni-Mn-Ga bulk single
crystals [25,26] and local reduction of the nucleation barrier in epitaxial films [30].

In this study, we show how to manipulate the microstructure and magnetic configuration of Ni-Mn-Ga
films directly grown on MgO (100), changing the twin variants from all X-type to mixed X/Y. We start
from films of different morphology obtained by changing growth temperature and apply suitable post-
growth treatments, such as post-annealing, magnetic field cooling and a local mechanical stress.

We clearly demonstrate how different simple post-growth treatments open up the possibility to tailor the
microstructure of magnetic-shape-memory thin films and consequently obtain the magnetic configuration
best suited to the required purpose. This remarkable “magnetic flexibility”, enabled by the martensitic
micro-structure and the strong spin-lattice coupling of these materials, makes magnetic-shape-memory
alloys a unique class among magnetic materials for the easy manipulation of magnetic configuration at
different length scales.

2. Experimental section
Ni-Mn-Ga films (200 nm) were grown epitaxially on MgO(100) by rf sputtering. Deposition rate and Ar

pressure were fixed at 0.1 nm-s™" and 1.5 Pa, respectively. The effect of growth temperature (Ty) was
investigated by growing three different samples at decreasing Ty (from 623 K to 523 K, see Table 1).
The compositions of the sputtering target and films were measured by Energy Dispersive X-ray
Spectroscopy (EDS), obtaining Nisg.3sMn27.8Gazz9 for the target and Ni-rich, Ga-rich compositions for the
films, as reported in Table 1.

Three different types of after-growth treatments were employed: (1) post-annealing of the as-grown
samples for 3600 s at 623 K in 107 mPa (see Table 1 for the names of the post-annealed samples); (2)
magnetic field cooling; (3) local stress.



Treatment 2 (magnetic field cooling) was performed on sample #2P The sample was heated up to 338 K
in ambient atmosphere and zero magnetic field and cooled down to RT in a magnetic field of 0.5 T
applied along the [100] and [010] directions of the MgO crystal (one experiment for each field direction).
In each experiment, the sample was characterized after the field-cooling and a further thermal cycle in
zero magnetic field (up to 393 K with a heating rate of 0.1 K-s™' and back to RT with a cooling rate of 0.3
K-s™).

Treatment 3 (local stress) was performed on sample #1P A local stress was applied at RT using a
stainless steel sharp tool (nominal thickness 228 um) oriented perpendicular to the substrate surface
and crossing the surface along MgO [010] or [110] direction. Unless otherwise noted, the stress was
followed by a thermal cycle (up to 393 K with a heating rate of 0.1 K-s™' and back to RT with a cooling
rate of 0.3 K-s™).

Magnetic behavior of the samples over temperature was studied by a superconducting quantum
interference device (SQUID) magnetometer in the presence of 2 mT in-plane magnetic field along MgO
[100].

Temperature-dependent X-Ray Diffraction experiments were performed using a Thermo ARL X'tra
diffractometer equipped with a solid-state Si(Li) Peltier detector and an environmental chamber.

Compositional and microstructural measurements were performed using scanning electron microscopy
equipped with EDS and BSE modes (SEM, FEI Inspect — F). Different microstructures of twin variant
clusters were recognized on BSE image thanks to the electron channeling effect, which provides
selective interaction of incident electrons with different crystal orientations [31].

Transmission electron microscopy (TEM) plan view measurements were performed at RT on detached
samples prepared by chemical wet etching using TEM (JEOL JEM 2200FS, 200 kV). Locally induced Y-
type twin variants were observed by high-angle angular dark field scanning transmission electron
microscopy (HAAFD-STEM), high-resolution transmission electron microscopy (HR-TEM) and Fourier
transformed electron diffraction patterns (FFT) through cross-section analysis on a lamella prepared by
focused ion beam lift-off technique with a Zeiss Auriga Compact Focused lon Beam system. Electron
holography techniqgue was performed on the same TEM apparatus to determine the nanometric
magnetic domains of the prepared lamella in cross-section.

Atomic and Magnetic Force Microscopy (AFM, MFM) images were captured using Dimension 3100
microscope equipped with Nanoscope Veeco controller. Magnetic images were taken in interleave mode
by MESP-V2 magnetic tips.

Table 1
Growth temperatures, compositions and critical temperatures measured by SQUID magnetometer with a magnetic
field of 2 mT along MgO [100] on films with thickness = 200 nm and deposition rate = 0.1 nm-sec™.

Sample (#) 1 2 3 1P 2P 3P

Growth Sample #1 Sample #2 Sample #3

temp. (K)? 623 573 523 After After After
annealing annealing annealing

Ni (at.%)" 52.5 52.4 52.0 52.7 52.6 52.3

Mn (at.%)" 20.7 20.6 21.8 19.9 20.6 22.9

Ga (at.%)" 26.8 27.0 26.2 27.4 26.8 24.8

Tc (K)° 340 344 - 338 340 350

Tm (K)° 328 326 - 322 317 307

Ta (K)° 333 330 - 328 325 311

a Uncertainty ~ 5 K.



b Uncertainty ~ 1 at.%.
¢ Uncertainty ~ 1 K.

3. Results and discussion
3.1. The effect of growth temperature and post-annealing

The grown films show Ni-rich, Ga-rich compositions (Table 1), differently from the sputtering target
(Niso.sMn278Gazz9), due to the different sputtering yields of Ni, Mn, and Ga [32]. Considering the
uncertainty of energy dispersive X-ray spectroscopy (EDS) technique on these samples, the
composition does not substantially change neither with growth temperature nor with post-annealing.

Thermomagnetic analysis gives the first clear evidence on how the growth temperature affects the
martensitic transformation. The results are reported in Fig. la. The film grown at 623 K shows on
heating a sharp transition from the ferromagnetic martensitic phase to the ferromagnetic austenitic
phase, which soon becomes paramagnetic. This is coherent with our previous results: 623 K was
chosen as the optimum growth temperature to obtain the epitaxial austenitic phase at high temperature
and a martensitic phase with high structural quality stable at room temperature (RT) [8,19]. The critical
temperatures are 328 K for the martensite-austenite transition (Tma) and 340 K for the Curie transition
(Tc). The hysteresis of the martensitic transition is around 5 K. When the growth temperature is
decreased (samples #2 and #3), the martensitic transition is less and less evident and broadens, while
the Curie transition shifts towards high temperature (sample #3). Magnetization, here measured at 2 mT,
is also reduced. These characteristics can be due to compositional inhomogeneity, reduced crystalline
quality and structural disorder caused by reduced growth temperature.
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Fig. 1. Magnetic susceptibility over temperature in uH poH = 2 mT along MgO [100] for the as-prepared samples (a) #1, #2, #3
and the corresponding post-annealed samples (b) #1P, #2P, #3P Different samples are represented in different colors (online
version). Arrows show the heating and the cooling curves. As an example, the martensitic transformation, austenitic
transformation and Curie temperature are labeled for sample #1. Magnified graph of #3 is represented as inset. The critical



temperatures i.e. Tm, Ta and Tc have been measured averaging the start and finish temperatures (uncertainty ~1 K). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 1b shows that the post-annealing at 623 K improves the quantity and quality of martensitic phase
present in the films grown at lower temperatures, i.e., #2 and #3, increasing the magnetization variation
at the martensitic transformation and reducing its broadening. The most evident effect of post-annealing
on the film grown at the optimum temperature, i.e. #1, is a small shift of the martensitic transformation
towards low temperatures. A higher magnetization was measured for samples #2P and #3P with respect
to sample #1P, due to a higher fraction of the film with easy-magnetization direction in the film plane
(see below).

The evolution of the structure with temperature was measured using X-ray diffraction (XRD). High
temperature XRD for samples #1, #1P, #2, #2P and #3P shows similar epitaxial cubic austenitic
structure with (h00) family of crystallographic planes normal to the plane of the film (Fig. 2a). Sample #3,
grown at the lowest temperature, shows a different behavior as described further below. As we reduce
the temperature, the films encounter martensitic transformation to 7 M monoclinic incommensurate
structure [18]. The structural quality, in agreement with the thermo-magnetic analysis, worsens with
decreasing the growth temperature. We hereby describe the martensitic structure within the austenitic
reference, where the ¢ axis corresponds to the unique axis (and to the easy-magnetization direction)
and the modulation direction lies on one of the two a-b plane diagonals. Fig. 2b-g shows 58-70° 9-239
scans of the samples in the martensitic state. The figures are parts of wide range (28-70°) scans, which
were cut and magnified to improve the legibility. As can be observed, only the (Ok0) family of planes of
the martensitic cells are detectable by a conventional 9-29 scan [8,19]. By tilting the diffraction vector
from the substrate normal to approximately 2°, (0kO) planes exit the diffraction condition while (k00) as
well as (00k) diffraction peaks appear. This is due to the misorientation of the martensitic cells, i.e., a
slight rotation around the b axis to reduce the elastic strain between the two phases [33]. The
misorientation is apparent when the b axis is in the plane of the film (X-type). Hence, we can refer the
(040)m to the out of plane b axis in Y-type regions and the (400)m as well as (004)m reflections to the X-
type regions (for details, readers are referred to ref. [19]). According to this explanation, the relative low
intensity of (040)m in Fig. 2b and c for high temperature grown samples can be attributed to the absence
of Y-type twin variants in these two samples. Consistently, if we compare the diffraction patterns of
samples #2 (Fig. 2d) and #2P (Fig. 2e) it is possible to appreciate that the (040)m reflection in sample #2
has a broader profile and a lower relative intensity with respect to the other martensitic (400)m (004)m
reflections. These features can be justified by the improved crystallinity as well as by the presence of a
relatively larger amount of Y-type twin variants in the annealed #2P sample. This was confirmed by
Scanning Electron Microscope (SEM) and Magnetic Force Microscope (MFM) measurements (see
below). Fig. 2f shows the X-ray analysis for sample #3, which was grown at 523 K. The figure does not
show the expected martensitic offset peaks neither at room temperature (RT) nor below RT. Instead, a
broad peak is observed in normal scan, which can be attributed to a fundamental (400)ncc-like reflection
peak originating from a disordered phase where the structural transformation has been hindered. After
annealing (sample #3P), the microstructure partially recovers, as testified by the diffraction patterns (Fig.

20).
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Fig. 2. X-ray diffraction for the as-prepared and post-annealed samples, (a) #1, 26 = 30-70 at 343 K showing the epitaxial {h00}
family of austenite peaks, (b) #1, (c) #1P, (d) #2, ((e) #2P, (f) #3 and (g) #3P, 26 = 58-70 at 300 K. The term psi = 2° refers to
asymmetric theta-26 scan (2° offset), shown in red color (online version). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Back-Scattering Electron (BSE) SEM images give an overview of the microstructure, with different
contrasts for different crystallographic orientations of twin variants (Fig. 3). Fig. 3a shows large-scale
twin variant clusters for sample #1, which are oriented along [110] and [1-10] directions of the MgO
substrate, as expected for X-type twins [19]. Dark and bright zones are referred to different twin variants
nucleated from different austenitic habit planes [34]. In the as-grown sample the continuity of the twin
variant within the clusters is in the range of tens of microns, while after post-annealing (sample #1P) we
can notice a much larger coherency of the X-type twin variants, which extends to a few hundreds
micrometres (Fig. 3b).
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Fig. 3. Large scale BSE images at room temperature showing X-type and Y-type contrasts for the as-prepared and post-
annealed samples, insets illustrate the topography images showing the roughness increasing as the growth temperature
decreases (a) #1, ((b) #1P, (c) #2, (d) #2P, (e) #3 and (f) #3P The edges of the images are parallel to MgO [100] and [010]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Sample #2, which was grown at reduced growth temperature compared to sample #1, shows a striking
difference in the BSE image (Fig. 3c). It is the appearance of bright needle-shape contrast zones,
oriented along [100] and [010] directions of the MgO substrate in the matrix of dark X-type contrast
zones: these are Y-type regions.

In addition, the surface roughness, as measured by atomic force microscopy (AFM, insets in Fig. 3),
increases from 0.5 nm to 1.2 nm by reducing growth temperature from Tg = 623 K to 573 K. The post-
annealing has a strong effect on the microstructure of the film grown at 573 K (sample #2P, Fig. 3d). Not
only the relative length-scale of the twin variants increases compared to the as-grown sample, but also
the Y-type twin clusters expand at the expense of X-type zones.

After further reducing the growth temperature to 523 K, we do not see any twin variant contrast in the
BSE image (sample #3, Fig. 3e). Surface roughness is also further increased to 2.7 nm. This is in
agreement with the X-ray and thermo-magnetic analyses (Figs. 2f and 1a, which evidenced that the
dominant structural disorder in sample #3 hinders the martensitic transformation). Despite the absence
of twin variants in the as-grown state, after post-annealing the martensitic microstructure is recovered.
Fig. 3f in fact shows the contrasts typical of the X and Y zones. Y-type twin variants are dominant and



run along the edges of the MgO substrate, though the length-scale of the clusters are lower than in
sample #2P

MFM images, captured for the as-grown and annealed samples at RT are reported in Fig. 4a—f. Sample
#1 shows the typical out of plane magnetic domain patterns (dark and bright contrasts) of X-type zones.
This is due to the perpendicular anisotropy contribution originating from the twin variants with out-of-
plane c axis [19]. With decreasing growth temperature, the magnetic domain stripes of sample #1 (Fig.
4a) break down into maze-like patterns with dark/bright contrast of lower intensity (Fig. 4b and c). Areas
with no magnetic contrast are also visible. The presence of MFM contrast in sample #3 could be due to
the perpendicular anisotropy originating from a strain in the film or from the minority martensitic phase
stable at RT (in this sample the transformation is almost completely hindered). The magnetic domain
configuration reflects the structure and micro-structure evidenced by XRD and SEM, with a decreased
structural quality at low growth temperature and appearance of Y-zones, which are characterized by
easy-magnetization c-axes into the film plane.
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Fig. 4. MFM images at room temperature showing stray field magnetic domain contrast for the as-prepared and post-annealed
samples, (a) #1, (b) #2, (c) #3, (d) #1P, (e) #2P and (f) #3P The edges of the images are parallel to MgO [100] and [010]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A clear notable modification is observed for the MFM patterns of the annealed samples (Fig. 4d-f).
Sample #1P (Fig. 4d) shows very regular stripe domains extending to length-scales of the order of tens
of microns, reflecting the coherence of the X-type variants measured by SEM. Sample #2P (Fig. 4e)
clearly shows that stripe domain areas (X-type twin variants) are separated by no signal areas. The
latter corresponds to Y-type zones, which have in-plane magnetic easyaxis and, as evidenced by the
other characterization techniques, are promoted by post-annealing. The coherence of the perpendicular
magnetic stripes in the X zones reflects the general improvement of the structure quality after post-
annealing. Finally, Fig. 4f shows isolated areas containing a mixture of out-of-plane and in-plane
magnetic domains, which are quite larger than the domain islands in #3, and correspond to the X/Y
microstructure evidenced by SEM (Fig. 3f).

Transmission electron microscopy (TEM) was performed on samples #1 and #2 to study the hierarchical
architecture of the structures from micro-to-atomic scale.

Scanning Transmission Electron Microscopy (STEM) image in Fig. 5a shows a High-Angle Annular
Dark-Field (HAADF) plan view of X-type twin variants in #1. Since thickness and elemental composition
are constant throughout the specimen, the contrasts in the HAADF image can be ascribed to diffraction



contrast due to different crystallographic orientations of twin variants or to martensitic structural
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Fig. 5. TEM analysis for samples #1 and #2. Sample #1: (a) HAADF-STEM, (b) HRTEM taken in the zone marked by the arrow
in panel a) and the corresponding FFT. Sample #2: (c) HAADF-STEM image, (d) HRTEM of X- and Y-type adjacent regions
taken in the zone marked by the arrow in panel c) and related FFTs. The edges of the images are parallel to MgO [100] and
[010].

Stripe contrast pattern is observed, with stripes along the [110] and [-110] directions of MgO substrate
and stripe width in the range from a few hundreds of nanometres to approximately 20 nm. This contrast
is associated with twin variants with different crystallographic orientations.

Martensitic fine contrast modulation parallel to the [100] and [010] directions of MgO is also visibly
observed in the regions where the modulation vector lies in the plane of the film, meaning that the easy-
magnetization direction is oriented along the out-of-plane direction. Fig. 5b shows a typical high-
resolution transmission electron microscopy (HRTEM) image. The associated Fast Fourier Transform
(FFT) in the inset clearly shows the satellite spots typical of 7 M modulated structure with the modulation
vector perpendicular to the observation direction.

The HAADF and HRTEM analyses confirmed the co-existence of X- and Y-type twin variants in sample
#2. The HAADF image in Fig. 5¢ shows both stripe contrast patterns oriented at 45° and 90° with
respect to the substrate edges. A HRTEM image in a region containing both the X and Y variants is
shown in Fig. 5d. The FFTs taken in two adjacent regions present the typical pattern of X- and Y-type
variants. It is worth noting that, differently from the pattern shown in Fig. 5b, the X-type variant observed
here has the magnetization vector in-plane, i.e., the modulation vector inclined to the film plane.

In this class of materials the martensitic transformation occurs into two steps, starting with nucleation of
phase boundaries, where the austenitic and martensitic phases are connected and proceeding with the
growth of one phase at the expense of the other. Any approach, which reduces the lattice misfit or
volume change between the two phases, decreases the energy barrier of the transformation. In the



transformation the defects play the role of nucleation points, since the energy barrier is considerably
reduced close to imperfections due to the local elastic field [30,35]. This has been exploited to facilitate
structural transformation and reduce the hysteresis in magnetocaloric and shape-memory compounds
by using ion irradiation or growing precipitates [36,37].

In our films, by reducing growth temperature from sample #1 to #3, the diffusion energy of Ni, Mn, and
Ga atoms reduces, therefore atoms with lower energy form nanometric inclusions and inhomogeneities,
as also observed by Sharma et al. for thicker films [38]. Consequently, the roughness of the films
increases by a factor of six from #1 to #3. These inclusions in sample #2 play the role of nucleation
points by applying a large number of local elastic fields to the film. As the martensitic phase nucleates
from a large number of points, the length scale of twin variant clusters decreases compared to sample
#1. As for sample #3, besides inclusions and microstructural defects, atomic disorder plays a primary
role in inhibiting the martensitic transformation. After annealing, defects and imperfections reduce [39]
and ordering occurs due to heat diffusion along both the surface and volume of the films, therefore the
nucleation sites decrease and martensite growth increases, which enlarges the length scale of twin
variant clusters (#1P, #2P). For sample #3P, partial recovery of the structure through annealing
promotes the transformation, though the length scale of twin variants is the lowest (compared to #1P
and #2P). It was also observed that the samples grown at lower temperature select mixture of X-type
and Y-type microstructures. Since the other effective variables (thickness and sub-strate) are not varied,
we suggest that in samples #2, #2P and #3P Y-type orientation of twin variants is energetically favoured
close to the local elastic field of the imperfections. Previous literature has already pointed out that Y-type
twins have been found to nucleate first at the initial stages of martensitic transformation [21,30]. Sample
#3P has the largest number of nucleation sites and consequently the largest fraction of Y-type twin
variants.

In summary, decreasing growth temperature introduces defects and disorder in the austenic phase and
changes the martensitic transformation path by giving rise to different microstructures, from full X-type to
mixed X/Y-type. Instead, post-annealing reduces the defects and alters the transformation route.

Taking advantage of both effects, one can tailor the variant configuration: from full X-type to mixed X/Y-
type with controlled patterns.

3.2. The effect of magnetic field cooling

We selected sample #2P (characterized by X- and Y-type mixed microstructure) for investigating the
possibility to control twin variants’ microstructure through in-plane magnetic field cooling, due to the
presence of both the types of twin variants in this film, which are pronounced and detectable by
AFM/MFM technique.

We applied the magnetic field along MgO [100] and [010] directions and performed the MFM
measurements ex-situ at RT on an area of approximately 2500 ym?2. Results are shown in Fig. 6. The
MFM image of the as-grown sample (Fig. 6a) shows the areas corresponding to the two types of
twinned microstructure. The major area (approximately 84% of the whole scanned area) corresponds to
X-type variants, with the twin boundaries along MgO [1-10] direction (inclined white lines). Y-type zones
are evident in the right side portion of the image, which are oriented along [010] direction of MgO and
correspond to ~4% of the surface, and at the bottom, which are oriented along MgO [100] direction and
occupy 12% of the scanned area (horizontal white lines). The as-grown sample was heated up to 338 K
and cooled down to RT in the presence of a 0.5 T field along MgO [010], as sketched in the figure. The
experiment was followed by a thermal cycle (up to 393 K and back to RT in pgoH = 0) in order to measure
in the demagnetized state. The resulting MFM image (Fig. 6b) evidences the propagation of Y-type



zones at the expense of X-type zones, along both MgO [100] and [010]. This modification is stable after
further thermal cycling, possibly due to the advantage in magnetostatic energy of Y-type microstructure
compared to X-type microstructure, while the latter is favoured by the epitaxial constraint. A coherent
and complete interpretation of this experimental evidence would require a theoretical modeling able to
take into account the complexity of this system in terms of elastic and magnetic terms and of their
temperature evolution across the transformation.

(a) (b)

™. ~Shn
i
i ||
A
1A
k-
______ p=—— =~ L
. i MEATY
35 pm H=0.5T <
HoH=0. ) 1H=0.5T
Xtype [110]  Y-type [010] V-type [100]  X-type [1-10]
(d) e oo g AL LI LI Tre | om | s e
LV :ﬁsct_ril;n;. _""5_--:'_\--__ - g
e N IEIRELCH|
: B, > ’i o
P Ve NERSA RS IDIREE
o’"n'\ ‘,‘(é- 2 K 3 e EEE|
% Al | YBEL|
B MGG G RCARR S
99 0, 74 b immmmm I i WEL
S I | |~
\‘_.: "y 'ﬁ‘;'qxﬁ,-u-x :,\ | w
o e o 1V s -
fowo) x4 /0 Al T [
3-./_ N { wfnlwixlew | EFL 7]
2 N 1 W | e
mgo " 1100]

Fig. 6. MFM images at room temperature showing the overall manipulation of twin variants by changing X-type into Y-type
through magnetic field cooling of sample #2P The evolution of twin variants can be followed through the white lines, (a) starting
sample, (b) cooled from 338 K in the presence of in-p/lane magnetic field yoH = 0.5 T along MgO [010] followed by cooling from
393 K in uoH = 0, (c) cooled from 338 K in the presence of in-plane magnetic field yoH = 0.5 T along MgO [100] followed by
cooling from 393 K in poH = 0, (d) schematic representation of magnetic domains and twin boundaries in X- and Y-type,
directions of black arrows show the easy magnetization direction, black lines represent twin boundaries, dash lines show 180°
magnetic domain walls and the superimposed light blue arrows illustrate the directions of resultant magnetic vectors in Y-type
twin boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Comparing Fig. 6a and b, we could estimate that the surface area occupied by X-type variants was
reduced from ~84% to ~38% and conclude that the majority of Y-type twin variants after in-field cooling
was oriented along the direction of the applied magnetic field, i.e., [010] direction of MgO. This was
calculated as (Svp10-S™'viog) X 100 = 58%, where Svjo10; corresponds to the surface area occupied by Y-
type twin variants along the [010] direction and Svpo to the total surface area occupied by Y-type twin
variants. The experiment was followed by another field-cooling step (applying 0.5 T along [100] direction
of MgO), followed by a thermal cycle (up to 393 K and back to RT in yoH = 0). As observed in Fig. 6c,
after this further field cooling almost the whole surface area shows Y-type twin variants; approximately
78% of the total surface area was occupied by Y-type twin variants aligned along the direction of the
applied magnetic field ([100] direction of MgO substrate).

The experiments described above demonstrate how the twin microstructure of magnetic-shape-memory
thin films can be modified by applying an external magnetic field while crossing the martensitic transition
on cooling. Thanks to the additional Zeeman energy term and the strong spin-lattice coupling, the twin
variants with easy-magnetization direction parallel to the applied field are energetically favoured and
grow at the expense of the competing twin variants' type [19,22]. In Fig. 6, the field was applied in the
plane of MgO substrate therefore the nucleation of Y-type twins is energetically favoured (easy-axis in



plane). The direction of twin boundaries and magnetic domains in X- and Y-type areas are sketched in
Fig. 6d, as we previously deduced by electron holography and MFM analyses [19]. The figure also
illustrates the overall direction of magnetization in adjacent magnetic domains in Y-type regions (light
blue arrows).

In summary, even if the equivalent compressive stress of the applied magnetic field is of moderate
intensity (two order of magnitude lower than the typical residual stress reported for epitaxial Ni-Mn-Ga
thin films grown on MgO), its application during the temperature induced martensitic transformation is
effective in changing the micro-structural patterns. The present experiments definitely show that for Ni-
Mn-Ga films with X- and Y-type mixed microstructure, the martensitic transformation path is very
sensitive to small variations in the boundary conditions and can be easily influenced. A prevalent Y-type
microstructure can be obtained for in-plane applied magnetic fields.

3.3. The effect of local stress

We selected sample #1P, which shows only X-type twin variants, for investigating the possibility to
induce Y-type variants by applying a local mechanical stress to the sample. A stress normal to the film
along MgO [010] substrate surface was applied to the sample, as described in the experimental section;
the stress application was followed by a thermal cycle across the martensitic transition (up to 393 K and
back to RT).

A sketch of the microstructure for the stressed sample has been reported in Fig. 7a and b, showing a
number of stripes along MgO [010]. The length of the stripes was measured as tens of microns, the
width in the range 0.4-2 um, while the height in the range 4-50 nm. The MFM and its corresponding
topography height-section image (Fig. 7c and d) measured at RT show stripe-like Y-type micro-
structures appearing along MgO [010] direction.
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Fig. 7. Local control of microstructure by mechanical stress for sample #1P: (a) schematic representation of the applied stress
along [010] MgO and the corresponding arrays of dislocations for 3 x 3 mm sample, (b) 3D representation of the region in the
yellow box showing the dislocated arrays of planes in MgO and the related Ni-Mn-Ga microstructure on top, (¢) MFM image of
the stressed area at RT and d) its corresponding topography and the height section, (e) plan view SEM image of the stress
area, (f) cross-section HAADF-STEM analysis of twin variants and (g and h) corresponding FFT analysis pointed by arrows, (i)
magnetic induction color map obtained by electron holography for X-type region in cross-section, colors represent the



magnetization directions and color saturation indicates the magnetization intensity; () HRTEM image of the marked twin
boundary in Y-type. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

The stressed sample was further investigated by several TEM techniques including electron holography.
The induced Y-type region shown in the SEM image in Fig. 7e was investigated by cross-section TEM
analysis. This confirmed the induced Y-type twin variants. Typical Y-type lamellae perpendicular to the
interface are shown in the HAADF image of Fig. 7f. The HRTEM images with corresponding FFTs taken
in- and out of the stress-induced area clearly demonstrate that the ¢ axis is out of the plane for the
observed X-type region (Fig. 7g) while b axis is out of plane in Y-type region (Fig. 7h). No detachment of
the film from the substrate was observed.

The correlation between the twin structure and the magnetic configuration has been directly visualized
by means of in-line electron holography experiments that provide the direct evidence of the magnetic
patterns inside the twinned regions. Fig. 7i shows the magnetic induction color map obtained by electron
holography in X-type region. The direction of the easy-magnetization axis pointing alternatively out-of-
plane and in-plane at each lamella is indicated by arrows. The cross-section geometry does not allow to
visualize the magnetic contrast from Y-type lamellae being the easy-magnetization axis always in plane.

We also determined the twinning relation of different variants in the stressed region. As can be observed
through the HRTEM image (Fig. 7)), the continuity of the atomic planes does not change across the twin
boundary, therefore, the twin boundary can be described as type-Il [19]. In attempting to understand the
mechanism generating the Y-type stripes after stress application, we investigated the surface
deformation around the regions subjected to mechanical stress for both the film and an MgO reference
substrate. We also altered the direction of the stress from MgO [010] to MgO [110]. The results are
shown in the supplementary material. SEM-BSE and AFM analyses of the stressed regions (Figure S2
to Figure S4) show the typical arrays of dislocations along MgO [010], as observed in stress-treated
MgO substrates. The applied stress values (not directly measured in our experiment) were estimated to
be >20 MPa, by comparing our topographic results on MgO reference substrate with the experimental
and simulated results reported in [40,41].

As reported for micro-indentation tests in (001) MgO surface [39,40], the dislocations along the [100]
and (or) [010] directions correspond to slip lines dislocations emerging at the free surface, which are
visible in topography as they produce emerging deformations perpendicular to the surface.

The two possible martensitic configurations (X- and Y-type) for epitaxial Ni-Mn-Ga films on MgO [100]
have a precise geometry with respect to the substrate. Since the direction of slip lines on the film surface
(i.,e. MgO [010]) matches the orientation of Y-type twin boundaries, the nucleation of Y-type
microstructure in the stressed regions is geometrically favoured. This interpretation is supported by a
model proposed for the formation of the martensitic hierarchical microstructure of Ni-Mn-Ga epitaxial thin
films, based on the well oriented creation and oriented growth of twinned martensitic nuclei [21]. The in-
plane and spatial orientation of the nuclei of the two different microstructure (X- and Y-type) is different.
In the case of Y-type microstructure, the diamond-like nuclei have high aspect ratio between the two
axes, and the long axis is aligned along MgO [010]. A simplified cross-section sketch is reported in
Figure S2b, showing the possible relation between the dislocations and Y-type lamellae.

It was also found that the height and slope of the slip lines are important factors for the local
inducement of Y-type microstructure (Figure S4). The X-type microstructure remains unchanged up to
~4 nm surface relief (slope = 0.5°), while for the slip lines up to ~23 nm (slope = 2.0°) Y-type appears
only after thermal cycle and, for higher values, X-type converts to Y-type at RT.

In summary, we have demonstrated that the application of stress after growth locally transforms X-
type twin variants into Y-type along selected direction of substrate. These findings, represents a first



step towards the easy manipulation of microstructural and magnetic patterns in magnetic shape memory
thin films by the application of local stress after growth.

4. Conclusion
In conclusion, we have shown how different simple post-growth treatments (i.e. post-annealing,

magnetic field cooling and the application of a local mechanical stress) open up the possibility to tailor
the microstructure of magnetic-shape-memory epitaxial thin films.

Taking advantage of growth temperature and post annealing treatment, microstructure can be easily
tuned from full X-type to mixed X/Y-type with different geometrical distribution, by controlling defects and
disorder affecting the martensitic transformation path.

Mixed X/Y-type microstructure can be modified by applying an external magnetic field while crossing the
martensitic transformation, exploiting the additional Zeeman energy term. In this case, with the field
applied in the film plane, a predominant Y-type microstructure can be obtained.

The application of stress after growth is suitable for locally transforming X-type to Y-type twin variants
along the direction of stress application.

These results clearly demonstrate the ultimately controllable and flexible microstructure of magnetic-
shape-memory films, which is a key point for developing new concept thermo-magneto-mechanical
devices. The microstructural and micromagnetic configuration best suited to an application purpose can
be now obtained after growth, by locally applying suitable external fields.

In addition, the remarkable “magnetic flexibility”, enabled by the martensitic microstructure and the
strong spin-lattice coupling, makes magnetic-shape-memory alloys a unique class among magnetic
materials, for the easy manipulation of magnetic configuration at different length scales.
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