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Abstract: In this work, dewetting process has been investigated in shape-memory Heuslers. To this
aim, series of high-temperature annealing (1100-1150 K) have been performed at high vacuum (time
is varied in the range of 55-165 min) in Ni-Mn-Ga epitaxial thin films grown on MgO(001). The
process kinetics have been followed by studying the evolution of morphology and composition. In
particular, we report the initiation of the dewetting process by the formation of symmetric holes in the
films. The holes propagate and integrate, leaving micrometric and submicron islands of the material,
increasing the average roughness of the films by a factor of up to around 30. The dewetting process is
accompanied by severe Ga and Mn sublimation, and Ni-Ga segregation, which significantly modify
the magnetic properties of the films measured at each stage. The annealed samples show a relatively
weak magnetic signal at room temperature with respect to the pristine sample.

Keywords: magnetic shape memory alloys; multifunctional Heusler compounds; solid-state dewetting;
annealing; morphology; stoichiometry; magnetic properties

1. Introduction

Small-scale magnetic-shape-memory (MSM) Heuslers are promising for a vast variety
of applications in automotive, aerospace, biology and robotics, serving as smart moving
components, sensors, and energy harvesters [1-3], as well as being the active materials
in multicaloric cooling systems [4,5]. The material down-scaling is specifically important,
as it can improve the integration capability into small-scale devices [2,5,6]. It can also
enhance the mechanical properties and enable manufacturing complex shapes, giving
rise to the idea of “crushing down the material and building back better”. For instance,
there have recently been a few pioneering works reporting the use of MSM Heusler pow-
der/polymer composites with excellent shaping capability [7] and improved mechanical
properties [8]. In addition, additive manufacturing has been recently employed to fabricate
Ni-Mn-Ga complex shapes starting from powder samples [9-11]. Finally, by down- scal-
ing, one can reach the properties of the material that do not necessarily appear when the
material is in the bulk format [12-15]. Different pioneering works have been dedicated in
down-scaling MSM Heuslers using several bottom-up and top-down approaches [16-18].
Specifically, starting from thin films of MSM Heuslers, the down-scaling approaches have
been limited to nanosphere-lithography [15], photolithography [13,19,20], electron-beam
lithography [6,21-26] and focused ion-beam milling techniques [27,28].

Searching for cost-effective down-scaling techniques starting from the continuous thin
films, the solid-state dewetting process is known as an appropriate alternative. This process
is a thermally activated top-down method based on the agglomeration of the material on
the substrate, forming arrays of islands below the melting point of the material [29-31].
The driving force leading to such an effect is the free-energy minimization on the interfaces
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between the film and the substrate at high-temperatures. The process initiates with the
formation of holes, proceeds with the propagation and integration of the holes, and ends
with the 3D islands of the material on the substrate [29,30]. Various parameters influence
the size and density of the islands, among which are the initial thickness of the film,
the temperature and time of heat treatment, the crystallography of the film, substrate,
defects, the morphology of the film, etc. [30,32,33]. Dewetting processes have been so
far reported for successfully down-scaling a number of single-element and binary alloys
and compounds [33—40]. The first approach exploiting dewetting during deposition to
induce arrays of holes in Ni-Mn-Ga-Co epitaxial films has been recently reported by
Linser et al. [41]. They took advantage of the initial stage of the dewetting process by
growing thin films of various thicknesses (80-800 nm) at elevated temperatures (673-873 K).
By adjusting the thickness and the growth temperature, they succeeded in controlling
the size and distribution of the holes. Nevertheless, they have reported a significant
composition variation of the material throughout the process, which inevitably influences
the martensitic transformation and the magnetic properties of the films.

In this study, a different approach has been followed: performing post-deposition
annealing at high-temperatures (1100-1150 K) in epitaxial Ni-Mn-Ga thin films grown on
MgO(001) with thickness of 75 nm. The aim of the work is to complete the dewetting process
by the formation of Ni-Mn-Ga islands. Morphology, composition, phase transformation
and magnetic properties of the material have been investigated at each stage of the process.

2. Materials and Methods
Experimental

An epitaxial Ni-Mn-Ga film was deposited on MgO(001) substrate at elevated temper-
ature. The epitaxial crystal relation is Ni-Mn-Ga(001)[100]/MgO(001)[110]. The growth
condition and the composition of the film are summarized in Table 1.

Table 1. Pristine sample: thickness, deposition rate, deposition temperature, composition and Curie

temperature.
Thickness Dep. Rate Temperature Composition Tc
(nm) (nm-s—1) (K) (at. % +1) (K)
75 0.06 573 Nisp oMnyg6Gasg 4 ~344

The film was cut into several pieces of approximately “3 mm x 3 mm” for the annealing
process. One piece was kept as a reference sample. To promote the dewetting process,
the annealing treatment was performed in a furnace (Carbolite) by placing the sample in
a quartz tube under a vacuum atmosphere (2 x 10~* Pa) to avoid the oxidation of the
film surface. The selected annealing temperatures (1100 to 1150 K) were reached using
a heating rate of ~51 K/min. The samples were then kept at a fixed temperature for the
entire annealing time (55 to 165 min). Six annealing conditions were performed as shown
in Table 2.

Table 2. Sample annealing conditions and the measured composition of the samples after the heat

treatment.
. Annealing Time Composition
Sample Annealing Temp. (K) (min) @at. % + 1)
1100_55 1100 55 Ni55_6Mn21_0Ga23v4
1100_110 1100 110 Nigr gMny33Ganz g
1100_165 1100 165 Niz; sMnys1Gagz g
1150_55 1150 55 Ni60_0Mn20_4Ga19V6
1150_110 1150 110 Nigr.oMny, 3Gaysy

1150_165 1150 165 Ni62.4Mn14.3Ga23.3
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Atomic and magnetic force microscopy (AFM/MFM) images were obtained using a
Dimension 3100 scanning probe microscope equipped with a Nanoscope Veeco controller
using MESP-V2 magnetic tips in the interleave mode at room temperature. Backscattered
electron (BSE) images, as well and material composition, were obtained by a scanning
electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS)
and BSE detectors (SEM, FEI Inspect—F). Room-temperature magnetic hysteresis loops
were measured using an alternating gradient force magnetometer (AGFM) by applying the
magnetic field parallel to the film plane along MgO[100]. The magnetic signal of the sample
holder was subtracted. The thermomagnetic curves were obtained using a superconducting
quantum interference device (SQUID) magnetometer in the presence of a constant in-plane
magnetic field along MgO[100] and the temperature ramp of 4T /dt = 0.5 K/min.

3. Results and Discussion

Figure 1 summarizes the morphology and the magnetic characteristics of the pristine
sample. The AFM images in Figure 1a demonstrate the presence of X-type twins that are
characterized by different orientations of the twinning planes (i.e., at 45° degrees to the
MgO(001) substrate) [42—47]. The corresponding out-of-plane contribution of the mag-
netic domains can be visualized in the MFM images as the dark and the bright contrasts
(Figure 1b) [42—49]. When cooling from 400 K, the thermomagnetic curves of the pristine
sample (Figure 1c) show an abrupt rise in the susceptibility at around 344 K, which is as-
cribed to crossing the austenitic Curie temperature of the sample [50], where it transforms
from the paramagnetic austenitic phase to ferromagnetic austenitic phase. The suscep-
tibility slightly drops afterwards by further cooling, due to martensitic transformation,
where the sample transforms from the ferromagnetic austenitic phase to ferromagnetic
martensitic phase. The drop of the signal is due to the lower magnetic susceptibility of
the martensitic phase compared to the austenitic phase in the applied low magnetic field
(uoH = 2 mT) [51]. Upon heating, the reverse transformations takes place, leaving the
temperature hysteresis of the structural phase transformation. The pristine sample shows a
broad martensitic transition that spans more than 100 K. It can be recognized by looking
at the temperature hysteresis (the gap between the cooling and the heating curves). The
cooling curve constitutes the upper branch of the gap because of the presence of resid-
ual high-susceptibility ferromagnetic austenitic phase in the transition state. Though at
room temperature, the transformation is not complete according to the thermomagnetic
curves, the magnetic hysteresis loops measured for the pristine sample at room temper-
ature (Figure 1d) show the ferromagnetic characteristics of the material. The saturation
magnetization, coercivity and remanent magnetization are Ms = 48.4 Am?/kg, Hc = 10 mT
and M, = 6.2 Am?/kg, respectively.

The morphology of the samples was evaluated by AFM after the annealing process
(Figure 2). The images show the rough inhomogeneous surface of the samples. The
roughness of the annealed samples shows an increase by a factor of up to around 30 with
respect to the pristine sample.

The morphology of the annealed samples was evaluated in the larger scale by BSE
imaging (Figure 3). This type of imaging directly provides information about the morphol-
ogy of the samples; moreover, the contrast change can be attributed to the composition
variation or/and the variation of the height with respect to the detector. By increasing the
annealing time at 1100 K (Figure 3a—c), the holes propagate so that the sample annealed
for 165 min shows the largest holes, largest total hole area, and the lowest number of holes
(Table 3). However, the samples annealed at 1150 K show a considerable propagation
of holes when increasing the annealing time to 110 min, where the holes are integrated
constituting ~75% of the scan area (Figure 3g, Table 3). Therefore, the islands are completely
isolated, showing the average size of ~0.49 um?. In addition, the propagation of the islands
and holes seems to follow a symmetric path. Specifically, this is more pronounced for sam-
ples 1100_110, 1100_165, and 1150_165. Large-scale BSE images of the samples 1100_110,
1100_165 are provided as examples. We calculated the approximate angles between the
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1100_55

symmetric paths that look like lines in large scales (Figure 3d,e). The direction of the lines
can be categorized into a pair of orthogonal lines having relative in-plane misalignment of
around 22° with respect to each other. Correspondingly, the lines are around 11° misaligned
in the plane of the film with respect to the MgO[100] and MgO[010] directions (Figure 3d
inset).

AFM 20nm
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Figure 1. Pristine sample: (a) AFM at room temperature, (b) MFM at room temperature. (c) Thermo-
magnetic curves for the temperature range of 200-400 K applying low magnetic field (1oH = 2 mT) in
the plane of the film along MgO[100]. MgO[100] and MgO[010] directions are along the edges of the
AFM/MFM images. (d) Magnetic hysteresis loops at room temperature applying external filed along
MgO[100] in the plane of the film. The inset shows the full graph.

1100_110 1100_165

(c)

o
.

Pristine
1100_55
1100_110
1100_165
1150_55
1150_110
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Figure 2. Annealed samples: AFM images of (a) 1100_55, (b) 1100_110, (c) 1100_165, (d) 1150_55,
(e) 1150_110, (f) 1150_165. (g) Graph showing the roughness of the annealed samples with respect to
the pristine sample. The height irregularities compared to the data variance is also provided as the
data bars. MgO[100] and MgOJ[010] directions are along the edges of the AFM images.
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Figure 3. Annealed samples: BSE images of (a) 1100_55, (b) 1100_110, (c) 1100_165, (d) large-scale
image of 1100_110, (e) large—scale image of 1100_165, (f) 1150_55, (g) 1150_110, (h) 1150_165. The inset
in (d) is the magnified image of the marked area showing the relative orientation of the symmetric
paths of islands with respect each other. MgO[100] and MgO][010] directions are along the edges of
the BSE images.

Table 3. Morphology characteristics of the annealed samples estimated for Figure 3 (estimation
uncertainty ~ 10%). The average hole number and the average hole size are not applicable (NA)
for 1150-110 sample because the holes are integrated (it is not possible anymore to count them as
individual components).

Sample Avg. Hole Number Avg. Hole Size Total Hole Area
P (um—2) (wm?) (%)
1100_55 1.2 0.33 40
1100_110 12 0.24 28
1100_165 0.1 6.26 50
1150_55 0.7 0.55 38
1150_110 NA NA 75
1150_165 0.4 0.83 37

Room-temperature magnetic hysteresis loops of the samples were measured by apply-
ing an external magnetic field up to ygH = 10.5| T in the plane of the films along MgO[100]
(Figure 4). The M4 and M, of the annealed samples show a significant reduction, but the
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coercivity is in the same range of values compared to the pristine sample. The measured
values are provided in Table 4. The hysteresis loops also show that annealing has changed
the magnetic behavior of the samples. Annealed samples beside the ferromagnetic com-
ponent show a paramagnetic component, which raises with the increase in the size of the
islands in sample 1100-165.

1.5 4— 34— . . : 24— .
(a) 1100_55 (b)  1100_110 (c)  1100_165
1.0 1 24
14 L
o 0.51 5 11 =
X f X X
é 0.0 I é 0 é 0
= -0.5 = 14 =
14 L
-1.0 -24
sl —, : . . sl . . . 2l : . .
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 04 -0.4 -0.2 0.0 0.2 0.4
HoH (T) HoH (T) toH (T)
24— s 41— . 61— s
(d) 1150_55 sJ(e)  11s0.110 (f) 1150165
4 L
14 2
5 R 5 21 3
x x x
< < <
= = 4] =] [
-1 24
.34 41 I
-2 -4 -6 u
04 02 00 o0z 04 04 02 00 02 04 04 02 00 02 04
21H (T) 2 (T) tigH (T)

Figure 4. Magnetic hysteresis loops of the annealed samples at room temperature applying external
filed along MgO[100] in the plane of the films: (a) 1100_55, (b) 1100_110, (c) 1100_165, (d) 1150_55,
(e) 1150_110, (f) 1150_165.

Table 4. Magnetic characteristics of the samples obtained from the magnetic hysteresis loops mea-

sured at room temperature.

Sample Mat05T M, H,
(Am?/kg) (Am?/kg) (mT)
Pristine 40.8 ~6.2 ~10
1100_55 1.0 0.2 18
1100_110 2.0 0.2 6
1100_165 1.7 0.1 13
1150_55 1.7 0.1 7
1150_110 3.4 0.4 6
1150_165 5.6 1.0 14

Composition measurements gave us a deeper view of the evolution of the samples in
the annealing process. Two different approaches have been taken:

1.  Obtaining insight into the average percentage of the atomic contents of Ni, Mn and
Ga at large—scale (Figure 5a,c, Table 2).

2. EDS mapping on small-scale to obtain information about the local distribution of the
atoms in the annealed films (Figure 5b,d).
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Figure 5. Composition measurements obtained by EDS: (a) the relative contents of each of the
elements for the pristine and the annealed samples at 1100 K; (b) high-resolution elemental mapping
of sample 1100_55 (c) the relative contents of each of the elements for the pristine and the annealed
samples at 1150 K. (d) high-resolution elemental mapping of sample 1150_165. Some of the Ni- and
Ga-rich areas are highlighted by yellow dash lines.

The first approach for the samples annealed at 1100 K (Figure 5a, Table 2) shows a
continuous rise of Ni content at the expense of Ga and then Mn contents as a function
of annealing time. This has pushed the composition of the annealed films far away from
the stoichiometric Ni,MnGa. Those results could be due to sublimation of Ga and then
Mn at elevated temperatures and high vacuum. In addition to sublimation, our high-
magnification composition mapping for 1100-55 sample shows small bright inclusions; one
of these has been marked in Figure 5b. The inclusions show higher contents of Ni and Ga
with respect to the matrix of the sample, revealing material elemental segregation in the
annealing process. One could expect even more significant segregation by increasing the
annealing time to 110 and 165 min. The samples annealed at 1150 K (Figure 5c, Table 2) also
show a composition variation as a function annealing time. With respect to the samples
annealed at 1100 K, the sublimation of Ga is more abrupt, whereas the Mn sublimation
occurs only for the longest annealing time.

Thanks to the second approach of composition measurements (EDS mapping in small
scale), we can confirm that the segregation process also exists in these samples. The
high-magnification composition mapping of 1150_165 sample (Figure 5d) shows that the
material islands’ propagation lines are richer in Ni and Ga with respect to the matrix of the
sample, whereas the Mn content is homogenously distributed. The relatively homogenous
distribution of the Mn content in the entire scan area (Figure 5b,d) also shows that the holes
appearing in the SEM images do not pass through the entire film.

Finally, we measured the thermomagnetic curves of the samples to evaluate the sus-
ceptibility evolution as a function of temperature (Figure S1). Although the annealed
samples are magnetic at room temperature, as shown in Figure 4, none of the samples un-
derwent first/second order phase transformations in the investigated range of temperature
(200—400 K). This could be due to severe composition variation and the phase segregation
of the material in the annealing process. We believe that the magnetic signal of the annealed
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samples at room temperature could possibly be due the presence of a secondary magnetic
phase having T, above 400 K.

In this work, we used the annealing temperature and time as the driving forces to
control the dewetting process. Other parameters such as film thickness, type of gas, gas
pressure, and substrate properties, which also contribute to determining the final morphol-
ogy of the dewetted thin film, were kept constant. The selected temperatures and times
successfully promoted the formation of holes and the propagation of holes. However, the
magnetic and composition characterizations proved that these annealing parameters used
to control the dewetting process are detrimental for these types of ternary compounds that
have very sensitive composition-dependent transformations. The annealing parameters
resulted in elemental sublimation, phase segregation, and, consequently, termination of
first/second order phase transformation of the samples. The next direction of this interest-
ing topic could be to promote the dewetting process at lower temperatures by regulating
other parameters (e.g., type of gas, gas pressure, and type of substrate) in order to preserve
the composition of the films and, consequently, preserve their peculiar magnetic properties
through the dewetting process.

4. Conclusions

Dewetting process was studied in epitaxial Ni-Mn-Ga films deposited on MgO(001).
The kinetics of the process have been followed by performing high-temperature annealing
in the range of 1100-1150 K for increasing time (55 to 165 min). Scanning electron mi-
croscopy images revealed morphology evolution starting from the creation of holes in the
continuous layer towards the formation of micro/nanoislands, occurring at increasing tem-
perature and time. The annealing process progressively induced Ga and Mn sublimation
accompanied by Ni-Ga segregation. Such a change has reflected into a progressive decrease
of magnetic signal. The process completion leads to films containing islands that display a
faint magnetic signal without any evidence of first/second order phase transformation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12121826/s1, Figure S1: Thermomagnetic curves of the
annealed samples for the temperature range of 200-400 K: (a) 1100_55, (b) 1150_55 applying low
magnetic field (ypH = 2 mT) in the plane of the film along MgO[100], (c) 1150_110, (d) 1150_165
applying magnetic field of (1pH = 150 mT) in the plane of the film along MgO[100].
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