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Magnetic shape memory nanostructures have a great potential in the field of
the nanoactuators. The relationship between dimensionality, microstructure
and magnetism characterizes the materials performance. Here, we study the
martensitic  transformation in supported and free-standing epitaxial
Nig7Mny4Gayg films grown by sputtering on (00 1) MgO using a stoichiomet-
ric Ni;MnGa target. The films have a Curie temperature of ~390 K and a
martensitic transition temperature of ~120 K. Similar transition temperatures
have been observed in films with thicknesses of 1, 3 and 4 pm. Thicker films
(with longer deposition time) present a wider martensitic transformation range
that can be associated with small gradients in their chemical concentration due
to the high vapour pressure of Mn and Ga. The magnetic anisotropy of the
films shows a strong change below the martensitic transformation temperature.
No features associated with variant reorientation induced by magnetic field
have been observed. Annealed films in the presence of a Ni;MnGa bulk refer-
ence change their chemical composition to NiggMnysGa,s. The change in the
chemical composition increases the martensitic transformation temperature,
being closer to the stoichiometric compound, and reduces the transformation
hysteresis. In addition, sharper transformations are obtained, which indicate
that chemical inhomogeneities and defects are removed. Our results indicate
that the properties of Ni-Mn—Ga thin films grown by sputtering can be opti-
mized (fixing the chemical concentration and removing crystalline defects) by
the annealing process, which is promising for the development of micromag-
netic shape memory devices.

Keywords: thin films; martensitic transformations; material preparation

1. Introduction

Low-dimensional systems based in ferromagnetic shape memory Heusler alloys have
attracted much attention due to their possible application in microactuators [1-3]. The
magnetic shape memory (MSM) effect consists of a magnetic field-induced twin rear-
rangement within the martensitic phase based on a strong magnetocrystalline anisotropy
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[4,5]. The high magnetocrystalline anisotropy and low elastic shear modulus of marten-
site enable twin boundary displacement in response to the application of a magnetic
field. In recent years, great effort has been oriented towards the development of epitax-
ial Ni-Mn—Ga thin films to obtain the MSM effect [6—8]. Deformation up to 12% has
been obtained in free-standing Ni-Mn—Ga thin films by tensile experiments in the
martensitic state [9]. MSM also has been observed in micro bridges by applying mag-
netic field [10]. However, high twinning stress (o) of the (10 1)\, twin boundary is
usually found in thin films [9]. In addition, no large deformation induced by magnetic
field (in comparison with single crystals) has been reported [11]. Ni-Mn—Ga single
crystals present o, of approximately 2 MPa [12], whereas o, ~ 25 MPa has been
reported in epitaxial Ni-Mn—Ga films [10]. This fact could be attributed to the complex
microstructure that results from the twinned structure, which acts as an obstacle for twin
mobility [13]. In fact, MSM effect in Ni-Mn—QGa thin films requires the optimization in
the sample growth and the elimination of crystalline defects and disorder that could
contribute to an increase of oy,.

The Ni-Mn-Ga alloy [14] presents a transformation from austenite (L2;) to a
combination of modulated martensite (five-layered modulated SM and seven-layered
modulated 7M) and non-modulated (NM) martensite [15,16]. The type of martensitic
structure depends on the chemical composition, temperature and applied stress [17,18].
The lattice parameters ay; and ¢y of the martensitic phase determine the type of struc-
ture. The presence of 5M or 7M structures can be also predicted by the average number
of valence electrons per atom (e/a). The critical value is e/a ~ 7.61-7.62 [19]. Both SM
(also called 10M) and 7M (also called 14M) structures are interpreted in terms of nan-
otwin combination of the tetragonal NM martensite, as proposed by the adaptive phase
theory [20]. The experimental MSM strain was found to be almost equal to the theoreti-
cal maximal value being approximately 6% for SM phase [21] and 10% for 7M phase
[22]. The NM martensite with tetragonal unit cell with cp/ay > 1 does not show strain
by applying a magnetic field [23]. The reason for this is the high twinning stress in the
NM phase (o, ¥ 6—18 MPa). The easy magnetization axis (magnetocrystalline aniso-
tropy) for the martensite (referred to the high temperature cubic austenite axes) changes
from [001]s to [110]s when changing from the modulated martensite to the NM
martensite [24,25].

In this work, the magnetic properties and the resulting martensitic transformation in
near-stoichiometric Ni,MnGa thin films have been analyzed. Initially, Niy;Mn,,Gayg
films of different thicknesses (1, 3 and 4 um) were grown on (00 1) MgO substrates,
with a Cr buffer layer, by DC magnetron sputtering using a target of Ni,MnGa. All the
films have a martensite start transformation temperature (M) of 120 (5) K and a trans-
formation hysteresis around 25 K. We observe broader martensitic transformation for
thicker films. No features associated with MSM behaviour were observed by magnetiza-
tion measurements. In order to verify the possible role of chemical inhomogeneities in
the resulting martensitic transformation, the 3-um film was annealed in the presence of
a bulk Ni,MnGa reference for 20 and 60 min at 1073 K. The film changes the chemical
composition from Nig;MnysGayg to NiggMn,Gass by the control of the vapour pressure
given by the presence of the reference sample. The obtained films show an increment
of the M; and a strong reduction of the hysteresis of the transformation. In addition, a
sharper transition is observed for annealed samples, which can be associated with a
reduction of chemical gradients and inhomogeneities. All the films (as-grown and
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annealed) present an austenitic phase with weak magnetic anisotropy, and a noticeable
increment of the magnetic anisotropy in the martensitic phase.

2. Experimental

Ni,MnGa films with thicknesses (f) of 1, 3 and 4 um with a Cr buffer layer were grown
on (00 1) MgO substrates by DC magnetron sputtering. The target (diameter 3.8 cm and
height 0.2 cm) was prepared using an induction furnace. The alloy with nominal composi-
tion Ni,MnGa was previously encapsulated in a quartz tube under argon atmosphere. The
films were grown in an atmosphere of 10 mTorr of argon with a power of 50 W. The sub-
strate temperature for deposition was 623 K for the Cr buffer layer (thickness 120 nm)
and 723 K for the Ni-Mn—Ga film. Lower deposition temperatures for the Ni-Mn—Ga
films affect the crystalline structure increasing low-angle grain boundaries. The deposition
rate was estimated from cross section scanning electron microscopy (SEM) images to be
33 (3) nm/min. After deposition, free-standing films were obtained by removing the thin
chromium layer by wet-chemical etching using a conventional Cr etchant [9]. Only the
free-standing 1-pm thin film could not be manipulated due to its buckling tendency. This
work has been mainly focused on the 3-pum thin films.

The structure of the films was studied by transmission electron microscopy (TEM)
with a Philips CM200UT microscope operating at 200 kV. TEM specimens were pre-
pared using standard ion milling techniques in a Gatan PIP system. The composition
was determined by energy-dispersive X-ray spectroscopy (EDS) in a Philips 515 SEM
giving an accuracy of 0.5 at % using a Ni,MnGa reference. The films were character-
ized by X-ray diffraction (XRD) in a Panalytical Empyrean equipment. The epitaxy of
the film was confirmed using a four-circle diffractometer/goniometer.

Transformation temperatures such as M, martensite finish (M), austenite start (4)
and austenite finish (4¢) were measured by electrical transport using conventional four-
probe geometry in a vacuum cooling machine with a temperature rate (cooling down
and warming up) of 1 K/min. The magnetization (M) measurements vs. temperature and
magnetic field were performed using a commercial SQUID magnetometer. Out-plane
dilation experiments in the 3-um Ni-Mn—Ga film were performed by a capacitive tech-
nique. Magnetic fields up to 10 T were applied. The high resolution (0.1 nm) dilatome-
ter [26] was placed in an evacuated environment with a low pressure (p < 10~" torr) of
exchange “He gas. The roughness of the films was characterized using atomic force
microscopy (AFM) with a Dimension 3100 Bruker equipment.

As we mention above, the free-standing 3-um Ni,MnGa film was encapsulated in a
quartz tube under Ar atmosphere containing a small sample of the target alloy (~1 gr).
The role of this reference sample was to fix the Mn and Ga vapour pressure in order to
avoid film degradation during the annealing at 1073 K [27].

3. Results and discussion
3.1. As-grown films

The epitaxial growth of a Ni-Mn—Ga film on (00 1) MgO has been confirmed by XRD
analysis. As shown in Figure 1(a), in the XRD pattern of a supported 1-um film, (00 1)
peaks corresponding to the cubic austenitic (L2;) Ni,MnGa structure are observed, in
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Figure 1. XRD patterns of a supported 1-um NigzMnysGaye film on (001) MgO. (a) 6-26 scan.
(b) @ scans of the (2 02) Ni,MnGa and (2 02) MgO. Reflections corresponding to the Kp spectral
line are also included for the substrate and the film.

addition to the substrate (FCC MgO) and Cr buffer (BCC) layer reflections. The rocking
curve FWHM of the (0 0 4) peak of the film was 0.54°. Also unidentified small reflections
associated with the sampler holder appear at 26 between 50 and 60°. The a- lattice
parameter of the cubic austenitic structure is 0.577 nm, which is slightly smaller than that
reported for the stoichiometric compound [28]. The epitaxial relationships between the
film and the substrate are determined to be MgO(0 0 1)[1 0 0] ” Cr(00 1)[110] ” Ni-Mn—
Ga(00 1)[110] (see Figure 1(b)) [9]. Similar XRD diffraction patterns were obtained in
the other films (¢ =3 and ¢ =4 um). The root-mean-square (rms) surface roughness for a
4-um film, measured by AFM from a 1 um x 1 um area, is 2 nm. EDS analysis shows that
the film has a chemical composition of Ni 47 at %, Mn 24 at % and Ga 29 at %
(Nig7Mn,4Gayg). This chemical composition indicates that the films are slightly rich in Ga
and slightly poor in Ni and Mn (in comparison with target Ni,MnGa). This chemical con-
centration corresponds to valence electron per atom (e/a) ~ 7.3, and therefore, a smaller
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Mj in comparison with the stoichiometric compound is expected [29]. On the other hand,
SM martensite is expected from the e/a ratio [19]. The presence of Cr was not detected at
the bottom surface of free-standing films by EDS, which is consistent with previously pub-
lished data in samples obtained using the same procedure [9]. Figure 2(a) shows a plan-
view bright field TEM image of the 3-um NigzMn,4Ga,g film. No grain boundaries were
observed in a distance of 30 um, which is consistent with the absence of high-angle grain
boundaries due to the epitaxial growth observed in the @ scans (Figure 1(b)). Only dis-
locations and some pores (diameter < 30 nm) appear. Similar pores have been observed
by other authors at the surface of the films in SEM images [30]. The selected area electron
diffraction (SAED) pattern shown in Figure 2(b) corresponds to the cubic austenitic (L2;)
structure in the [1 2 0] zone axis. No precipitates of secondary phases were observed in the
TEM images.

The stoichiometric Ni,MnGa undergoes a martensitic phase transition at
M ~ 200 K [28]. Figure 3 shows the room temperature normalized resistance vs. tem-
perature (7) for the three analyzed films supported on the substrates. The curves were
rescaled for a clearer presentation. A shoulder close to 260 K is present in the three

Figure 2. (a) Plan-view bright field TEM image of the 3-um Niy;Mn,,Gaye film. (b) SAED
pattern corresponding to the cubic austenitic (L2,) structure, zone axis [1 2 0].
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T'K]

Figure 3. Electrical resistance vs. temperature (7) curves showing a pre-martensitic transforma-
tion (PM) and the martensitic transformation temperatures for the three studied film thicknesses.
Mj: martensite start temperature. 4¢ austenite finish temperature. AT: hysteresis of the martensitic
transformation obtained as Ay— M,. The resistance is normalized to room temperature and
rescaled for a clearer presentation (x1, x1.25 and x1.5 for the 4-, 3- and 1-um films, respectively).

samples and is associated with a pre-martensitic (PM) phase [28]. This PM phase is
related to a modulation of the Ni, Mn and Ga sublattices, which renders a supercell
with orthorhombic structure [31]. The summary of the transformation temperatures is
presented in Table 1. When the films are cooled down, the martensitic transformation
appears with Mg ~ 120 K, whereas in the warming up, full retransformation occurs at
Ar~ 140 K. The reduction in the M, value of the films (in comparison with that
expected for the target) is consistent with the changes in the chemical composition dis-
cussed above [17]. It is important to mention that although the A has a strong depen-
dence with the chemical concentration, the three films have similar M, values.
However, a gradual increment in the extension of the transformation (Mg — M) is
observed for thicker films, i.e. 7K (= 1um), 17K (=3 um) and 25 K (=4 um).
This increment is opposite to that expected if internal strain induced by the interface
with the substrate (huge for thin films) is considered, and it can be attributed to chemi-
cal gradients due to the high vapour pressure of Mn and Ga. In our case, chemical
disorder is more important in thicker films since they spend a longer time at 723 K
during the deposition. These gradients could modify locally the temperature for the

Table 1. Summary of the characteristic parameters of the martensitic transformation for as-grown
supported Nig7Mn,4Gayg films obtained from electrical transport.

Thickness (pm) M (K) M: (K) As (K) Ar (K) PM (K)
1 113 (2) 106 (2) 138 (2) 140 (2) 260 (3)
3 122 (2) 105 (3) 138 (3) 145 (2) 255 (3)

4 112 (2) 87 (3) 123 (3) 140 (2) 260 (3)
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transformation. Post annealing process usually degrades the properties of Ni-Mn—Ga by
evaporation of Mn and Ga, which reduce the M; and increase the Curie temperature
[32]. The hysteresis of the transformation defined as the difference between (A4y — M) is
around 25 (3) K for different samples (Table 1). The hysteresis value can be related to
the nature of the martensitic transformation and the microstructure of the films [14,33].

Magnetization measurements in films with =3 um were taken as an overall
characterization and a comparison between supported and free-standing films. From
magnetization (M) vs. temperature (7) measurements, the Curie temperature of the austen-
ite (7., =392 (3) K) and the martensitic transformation temperatures were obtained.
Figure 4(a) shows a comparison of the martensitic transformation between a supported
and a free-standing film (two different pieces of one film). The M; values are within 5 K,
which can be attributed to slight variations of composition for different pieces of the same
film. In the supported film, the hysteresis is lower and the range of the transformation/
retransformation is larger. This could be related to the strain at the interface in the sup-
ported film and to small changes in the topology of the films, due to the effects of the
chemical etching during the separation of the substrate. It is known that small changes in
the topology of the samples affect the mechanical behaviour of micrometric samples [34].
The strong change in the magnetization around the transformation is a sign of an expected
change in the magnetocrystalline anisotropy of the samples. Figure 4(b) shows a compar-
ison between the hysteresis loops obtained above (200 K) and below (70 K) the marten-
sitic transformation in the supported film. The Ni,MnGa has a saturation magnetization
of ~2.4 up/Mn [28]. In-plane hysteresis loops in the austenitic phase (150 K < 7'< T) are
close to being square, independently of the axis for the applied magnetic field (referred to
the [100]5 and [110], identified by XRD). These loops are consistent with weak
magnetocrystalline anisotropy [35,36]. In the martensitic phase, the hysteresis loops show
a larger field for magnetic saturation (H;), which is related to strong magnetocrystalline
anisotropy. Below the M, hysteresis loops with H // surface along the initially identified
[100]a and [110]s axis do not show features associated with twin motion [3]. The
absence of magnetic field-induced strain was verified by measuring out of plane magne-
tostriction. The measurements were performed at 7 < M, and poH up to 10 T, after cool-
ing down the sample from the austenitic phase without applied magnetic field. No
appreciable magnetostriction (outside of the ordinary magnetostriction ~0.03%) [37] and
reversible magnetic hysteresis loops were observed. Absence of MSM effect is expected
by considering the low M of the films [38]. Figure 4(c) shows the temperature depen-
dence of the coercive field, with the magnetic field applied parallel to the surface along
initially identified [100], and [11 0], axis. The large magnetocrystalline anisotropy in
the martensite (~1.63105 J/m® [6]) is manifested in a strong increment of the coercive
field for both orientations at low temperatures. In addition, domain-wall pinning due to
the polivariant microstructure can also contribute to the increment of the coercive field in
the martensite.

3.2. Annealed films

As mentioned in the previous section, chemical inhomogeneities (chemical gradients),
as well as internal strains, can be expected in the as-grown Ni-Mn—Ga films. It is know
that sputtering produces spatial inhomogeneities. On the other hand, films obtained by
sputtering usually present a chemical composition different to that expected for the
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Figure 4. Martensitic transformations observed in a magnetization (M) vs. temperature (7) mea-
surement corresponding to a supported and a free-standing 3-um Ni-Mn—Ga film. The applied
field with magnitude poH =0.1 T was parallel to the surface in the [110], direction of the
austenite. (b) Hysteresis loops obtained in the 3-um supported film above (200 K) and below
(70 K) the martensitic transformation. The applied field was parallel to the surface in the [10 0],
direction of the austenite. (c) Temperature dependence of the coercive filed with both H parallel
to the surface ([110]5 and [100], directions) and H perpendicular to the surface of the
supported films indicated in (a).
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target [9]. The usual method to remove crystalline defects and inhomogeneities is
thermal annealing. However, in Ni-Mn—Ga, the stoichiometry is affected by high
vapour pressure of Ga and Mn [32]. In this way, by fixing the vapour pressure of the
volatile elements with the presence of a bulk reference sample, thermal annealing pro-
vides homogenous samples [27]. Figure 5 shows a comparison of a 3-um Ni-Mn—Ga
film before and after annealing by 20 and 60 min at 1073 K. Noticeable differences
appear in the film as a consequence of thermal annealing. First, the martensitic trans-
formation temperature is increased by around 24 K (20 min) and 50 K (60 min), the lat-
ter being closer to the stoichiometric compound [28]. Second, the hysteresis of the
transformation is strongly reduced from 30 to 17 K (20 min), and from 30 to 12 K
(60 min). The chemical composition of the annealed film for 60 min corresponds to
NigoMn,¢Ga,s (obtained by EDS). Third, the extension of the transformation is gradu-
ally reduced. The T, drops from 390 K (Nig7Mn,4Gayg) to 320 K (NigoMnysGays). The
difference in the hysteresis of the transformation can be associated with the intrinsic
nature of the transformation and with the structure of remaining defects in the sample.
The driving force AG generated by undercooling around the equilibrium thermodynamic
temperature 7y = (M, + A¢)/2 can be related to the entropy change AS between the
austenite and the martensite by OAG/OT = —AS. The AS value drops when the Ga con-
tent is increased [39], and the M; systematically drops [14]. A narrower transition (for
the same driving force) is expected for the annealed film by considering the change in
chemical composition from NigzMnyGaye (AS % 0.3 J/mol K) to NiggMnysGays
(0.5 J/mol K) [39]. On the other hand, the extension of the martensitic transformation
(Mg — My) can be related to chemical gradients. They modify locally the M, producing
wider transformations. The sharper transition for the annealed samples (see Figure 5)
indicates that the chemical homogeneity is improved. The thermal annealing also should
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Figure 5. Normalized magnetization (M) vs. temperature (7) in the 3-um film before
(Nig7Mny4Gayg) and after annealing for 20 and 60 min (NiggMn,sGays) at 1073 K. The applied
field with magnitude poH =0.1 T was parallel to the surface in the [110], direction of the
austenite.
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contribute to the removal of crystalline defects (such nanopores and dislocations).
Magnetic measurements in the annealed films (below M) do not present features that
can be associated with MSM (twin motion under applied magnetic field). The M, value
of the annealed films (close to the target composition) is in the limit for MSM [37].
MSM effect has been observed at ~0.5 T in single crystals with low oy, [40].

In summary, we have grown epitaxial Ni-Mn—Ga thin films. We have observed that
the chemical concentration of free-standing Ni-Mn—Ga thin films can be tuned by ther-
mal annealing with a reference sample. In addition, sharper martensitic transformations
are obtained. The removal of crystalline defects such dislocations, should contribute sig-
nificantly to a reduction of the high oy, usually present in thin films grown by sputter-
ing [9]. The strong influence of the chemical composition on the M, [39] and the
temperature dependence of oy, [37] indicate that thin films with martensitic transforma-
tion above room temperature are more promising for MSM. Futures studies should clar-
ify the role of chemical inhomogeneities and crystalline defects on the o, The
reduction of oy, in Ni-Mn—-Ga thin films [9] to those observed in Ni-Mn—Ga single
crystals [12,37,40] should contribute to enhance their performance for applications
based in MSM devices.

4. Conclusions

Epitaxial Ni-Mn—Ga thin films have been grown using a target with nominal stoichio-
metric composition Ni,MnGa. A shift to low temperatures in the M, due to changes in
the chemical composition in comparison with nominal composition of the target
Ni,MnGa, was observed. The martensitic transformation is weakly affected by the
dimensionality in Nig;Mny4Gayg films with thickness between 1 and 4 um. Thicker
films present a gradual increment in the extension of the transformation, which indicates
that chemical gradients are more relevant for longer time of deposition. A strong change
in the magnetic anisotropy below the martensitic transformation is present in the films.
However, no features associated with twin motion by an applied magnetic field have
been observed. On the other hand, we have demonstrated that thermal annealing of
free-standing thin films using a bulk reference allows tuning the M. In addition, a sharp
martensitic transformation is observed for the annealed films. This can be associated
with the reduction of chemical inhomogeneities and crystalline defects that locally mod-
ify the temperature for martensitic transformation. Due to the expected high sensitivity
of oy, to the microstructure, thermal annealing helps to improve the properties of Ni—
Mn-Ga thin films grown by sputtering. Further studies should be oriented to analyze
the influence of chemical inhomogeneities and defects such as dislocations on oy,. For
these studies, Ni-Mn—Ga thin films with more appropriate chemical composition
(higher M) for MSM should be considered.
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