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Abstract. The magnetic shape memory (MSM) alloy Ni-Mn-Ga is an active material where large strains are obtained by magnetically induced reorientation (MIR)
of martensitic variants. For the integration in microsystems, epitaxial thin ﬁlms
are in the centre of interest since the highest strains have only been obtained in
single crystals. In order to minimize the technological eﬀort, sputter deposition
at low deposition temperatures is favoured. However, for obtaining high degree
of order and thus a high Curie temperature, an additional post heat treatment
at elevated temperatures is necessary. We report on the consequences of the post
annealing process on thin epitaxial Ni-Mn-Ga ﬁlms. In addition to increasing
the Curie temperature, the annealed ﬁlm shows a secondary Ni-rich Ni3 (Mn,Ga)
phase. This phase has a well deﬁned interface to the high temperature austenitic
phase of Ni-Mn-Ga. Ni3 Ga is formed due to evaporation losses of Mn and Ga.
The formation of those precipitates can be avoided by preparing thin Ni-Mn-Ga
ﬁlms directly at elevated temperatures.

1 Introduction
Ni2 MnGa is a magnetic shape memory (MSM) alloy which has been studied thoroughly in
the last few years. Actuation can be achieved by reorientation of martensitic variants through
twin boundary motion when applying a magnetic ﬁeld. This eﬀect was ﬁrst observed in bulk
samples [1]. High strains of up to 10 % have been obtained in single crystals [2]. Subsequently
the integration of epitaxial ﬁlms in microsystems is most interesting because it enables the use
of the material directly without additional levers. Various groups have succeeded in preparing
epitaxial Ni2 MnGa ﬁlms on diﬀerent substrates using sputter deposition [3, 4]. Compared to the
ﬁrst work on epitaxial growth where Molecular Beam Epitaxy (MBE) was used [5], sputtering
is suitable for scaling up. However, epitaxial growth requires heating of the substrate to 350 ◦ C
and above. In order to decrease the technological eﬀort, lower deposition temperatures are
favourable. Apart from the integration in industrial processes, decreasing the deposition temperature has additional advantages like e.g. reduction of thermal stress during cooling and low
evaporation losses of Mn and Ga. However, at too low temperatures the mobility of deposited
atoms might be too low to obtain good crystallinity and a high degree of chemical order. Achieving a suﬃcient degree of order is crucial to obtain suitable structural and magnetic properties
e.g. Curie temperatures (TC ) above room temperature [6]. An approach commonly used for of
bulk materials [7] as well as thin ﬁlms [9] is subjecting the material to a post heat treatment at
a
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elevated temperatures of typically 800◦ C [7]. In this paper, we report on the inﬂuence of a post
annealing process on the structure, morphology and magnetic properties of Ni2 MnGa ﬁlms.
For this purpose, we deposited ﬁlms at a low deposition temperature of 200 ◦ C and afterwards
annealed them at 500 ◦ C in the deposition chamber. From comparing the as-deposited and annealed state we see severe challenges with respect to the suitability of post heat treatment of
thin ﬁlms for future applications.

2 Experimentals
Two Ni2 MnGa ﬁlms with thicknesses of 500 nm were prepared using DC-Magnetron sputtering from a non-stoichiometric target Ni50 Mn28 Ga22 . Films were deposited on single crystal
MgO(100) substrates covered by a buﬀer of 50 nm thickness. Ni-Mn-Ga ﬁlms were deposited at
Tdep = 200 ◦ C with a power of 100 W. After deposition, one of the ﬁlms was subjected to a post
heat treatment at annealing temperature Tan = 500 ◦ C for one hour. The annealing process took
place in the deposition chamber at base pressure pB = 5 · 10−9 mbar.
Ferromagnetic and martensitic transitions were investigated with temperature dependent
magnetisation measurements. They were performed in the range of 50 K to 400 K in a low
applied magnetic ﬁeld of 10 mT using a Quantum Design PPMS with vibrating sample magnetometer (VSM). Film structure was determined by X-ray diﬀraction (XRD) methods using
θ-2θ-scans with Co-Kα radiation and texture measurements with Cu-Kα radiation in Phillips
X’pert machines. Scanning Electron Microscopy (SEM) with a LEO Gemini 1530 as well as
Atomic Force Microscopy (AFM) with a Digital Instruments Dimension 3100 in Tapping Mode
were used to investigate the surface morphology of the ﬁlms. The composition of the ﬁlms
was investigated with energy-dispersive X-ray spectroscopy (EDX) with an accuracy of about
0.5 at-% using a Ni50 Mn25 Ga25 standard.

3 Results
Temperature dependent magnetisation measurements reveal that the Curie temperature TC of
the as-deposited ﬁlm is 264 K and thus below room temperature (Figure 1 (a)). It suggests that a
deposition temperature of 200 ◦ C may not be enough to establish full L21 ordering of Ni2 MnGa
[7]. To enhance the ordering and by this increase TC , we performed post heat treatment of the
as-deposited ﬁlm. Indeed, by annealing the ﬁlm at 500 ◦ C for one hour, TC is increased to 342 K
(Figure 1 (a)). However after annealing we observe a two-step magnetisation curve, indicating
the formation of a secondary phase which is ferromagnetic with TC of about 220 K. There is
no indication for a martensitic transition below TC since this would typically result in a drop
of magnetisation.
The θ-2θ-scans of both ﬁlms show a peak corresponding to the (400) reﬂection of nonmodulated (NM) martensite (Figure 1 (b)). The intensities of those peaks however are very
low. We performed θ-2θ-scans in a Bragg-Brentano geometry where only variants with their
axes parallel to the substrate normal can be observed. As described in a previous publication
[8], martensitic transition results in a signiﬁcant tilt of the unit cells away from the substrate
normal. This tilt can be seen in pole ﬁgure measurements with 4-circle diﬀractometre. The four
distinct peaks in the (400) pole ﬁgures of NM martensite (Figure 2) prove the epitaxial growth
of Ni2 MnGa on the substrate-buﬀer-system. The epitaxial growth of Ni2 MnGa on MgO(100)
substrates has been shown in previous studies [3]. The unit cell of austenitic Ni2 MnGa is rotated
by 45 ◦ relative to the MgO cell with the epitaxial relation Ni2 MnGa(001)[110] || MgO(001)[100].
The lattice parameters of NM martensite obtained from measurements with the 4-circle diﬀractometre show no signiﬁcant diﬀerence between the as-deposited (a = 5.37 Å; c = 6.66 Å) and the
annealed state (a = 5.39 Å; c = 6.68 Å). Both ﬁlms exhibit a c/a-ratio of 1.24 which agrees with
bulk NM martensite. The (400) peaks in the as-deposited state are tilted by 4.5 ◦ from the
substrate normal. In contrast to that the tilt in the annealed state is slightly smaller with 3 ◦ .
For the annealed ﬁlm, the θ-2θ-scan (Figure 1 (b)) furthermore shows an additional peak
at 2 θ = 89.2 ◦ . This peak can be indexed with a (220) reﬂection of cubic Ni3 Ga. Pole ﬁgure
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Fig. 1. (a) Post annealing increases the Curie temperature from 265 K in the as-deposited state (black)
to 342 K (annealed ﬁlm - red) as expected for a higher degree of ordering. The two step magnetisation
curve after annealing indicates the formation of a second ferromagnetic phase. (b) The θ-2θ-scans
(measured in Bragg-Brentano geometry) reveal the existence of NM martensite in the as-deposited
(black) and annealed (red) ﬁlms. Annealing results in the formation of an additional phase which can
be indexed as Ni3 Ga.
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Fig. 2. The (400) pole ﬁgures of the NM martensite indicate that both as-deposited (a) and annealed
ﬁlms (b) are epitaxial. The (220) and (200) pole ﬁgures of the additional Ni3 Ga phase (c,d) show that
phase is well oriented and exhibits some peak splitting. The two independent lattice spacings used for
these measurements give a cubic phase with a = 3.6 Å.

measurements of Ni3 Ga (Figure 2 (c,d)) conﬁrm that it is highly textured and cubic with a
lattice constant of a = 3.6 Å. Moreover, a peak splitting of 20◦ is observed in the (200) poles of
Ni3 Ga (Figure 2 (d)).
The as-deposited state has a ﬂat, ﬁnely twinned surface (Figure 3 (a)). Its composition
Ni54 Mn28 Ga18 slightly diﬀers from the target composition (Ni50 Mn28 Ga22 ) which can be explained with the evaporation of Mn and Ga during the deposition. This ﬁlm composition gives
an e/a ratio of 7.90 resulting in the formation of NM martensite [9, 10]. After annealing, the
SEM micrograph in Figure 3 (b) shows precipitates on the ﬁlm surface. These precipitates form
lines with lengths of about 20 μm and widths of 2 μm. According to the Fast Fourier Transformation (FFT) of the SEM image of the annealed ﬁlm, the precipitates are rotated by about 6 ◦
relative to the [100] direction of MgO (Figure 3 (c)). The height proﬁles obtained from AFM
images (Figure 4) reveal that the precipitates have an increased height of about 60 nm whereas
the area in between is ﬁnely twinned. EDX measurements were performed on two diﬀerent spots
on the annealed sample: the composition of the ﬁnely twinned area (Ni54 Mn23 Ga23 ) is quite
similar to the as-deposited ﬁlm with slightly decreased Mn-content whereas line precipitates
(Ni67 Mn18 Ga15 ) exhibit a strongly increased Ni-content.
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Fig. 3. The as-deposited ﬁlm exhibits a smooth and ﬁnely twinned microstructure (a) whereas line
precipitates are visible in the SEM micrograph after the post annealing process (b). The Fast Fourier
Transformation of (b) reveals a well deﬁned orientation of the precipitates which are rotated by about
6 ◦ from the [100] direction of MgO(c). The [100] direction of MgO is parallel to the edge of all ﬁgures
(micrographs and poleﬁgures)
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Fig. 4. The AFM image of the annealed sample displays that the line precipitates have an increased
height of about 60 nm (Z-proﬁle 1) compared to the ﬁnely twinned structure with heights of 2-4 nm
and a periodicity of 150 nm in between (Z-proﬁle 2).

4 Discussion
Annealing of a thin Ni2 MnGa ﬁlm which was deposited at low deposition temperatures has several consequences. First, temperature dependent magnetisation measurements show a two-step
curve with two diﬀerent Curie temperatures of 220 K and 342 K. The formation of an additional Ni-rich phase Ni3 Ga explains this behaviour. Since Ni3 Ga is known to be paramagnetic
at room temperature [12], we can assume that TC = 220 K is related to Ni3 Ga. Consequently,
TC of Ni2 MnGa is increased from 265 K to 342 K by the post heat treatment we performed. It
appears that a relatively low annealing temperature of 500 ◦ C is suﬃcient to enhance chemical
ordering in the system. The annealing temperature we used is signiﬁcantly lower than typical temperatures of about 800 ◦ C used for bulk samples. This is presumably due to the good
chemical homogeneity obtained in sputter deposited ﬁlms where the diﬀerent types of atoms
are distributed randomly over the substrate. However, even at this low temperature the losses
of Mn and Ga are signiﬁcant. The vapour pressures of Ni, Mn and Ga are strongly increasing with temperature [13]. Therefore the evaporation rates, which can be calculated using the
Hertz-Knudsen equation [14], are increasing with temperature as well. Taken into account the
annealing time of an hour, the thickness of evaporating material is shown in Figure 5. Since
the evaporation rates of Mn and Ga are 10 orders of magnitude higher than Ni, the loss of Ni
during annealing is negligible.
Evaporation of Mn and Ga during annealing leads to the formation of a secondary Ni-rich
phase Ni3 (Mn,Ga). Ni3 (Mn,Ga) is isostructural with the cubic Ni3 Ga phase that is ordered in
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Fig. 5. Since the thicknesses of evaporating material of Mn and Ga are 10 orders of magnitudes higher
than Ni, the loss of Ni due to evaporation can be neglected.

the L12 structure [15]. Our XRD measurements show that Ni3 Ga is well oriented with (220)
plane parallel to the substrate surface. Furthermore we observe a peak splitting of the (200)
poles (Figure 2 (d)). At ﬁrst glance, this might suggest that Ni3 Ga is martensitic since we
observe similar splitting for martensitic Ni2 MnGa ﬁlms [3]. However to our knowledge, there
are no reports about a martensitic transition in the cubic Ni3 Ga phase. Furthermore we did
not observe signiﬁcant deviations from the cubic symmetry. Therefore this explanation for the
peak splitting of Ni3 Ga (200) is very unlikely.
Another approach to explain the peak splitting may be a relation between Ni3 Ga and
NM martensite. Ni3 Ga would form in the high temperature austenitic state. During cooling,
austenite transforms to NM martensite which results in the tilt of the unit cells away from
the substrate normal (Figure 2 (a.b)). If the peak splitting of Ni3 Ga was a direct result of the
martensitic transformation, the formed preicipitates had to be rotated on top of the ﬁlm. Since
however the length of the precipitates of about 20 μm signiﬁcantly exceeds the ﬁlm thickness of
0.5 μm and by far the twinning periodicity of 150 nm, an extreme shear of the martensitic ﬁlm
would be required. Therefore this assumption can be excluded.
It is also very unlikely that the precipitates originate from a well deﬁned interface to NM
martensite since we can assume that austenite phase is stable at high temperatures [3].
In the following we will show that the texture of Ni3 Ga originates from the formation
of a well deﬁned interface between the high temperature austenitic phase of Ni2 MnGa and
Ni3 Ga. We suggest that during heating NM martensite transforms to the cubic austenitic
state. After this transition, a diﬀusion controlled evaporation of Mn and Ga presumably starts
at defects on the sample surface. Once enough Mn and Ga have evaporated and the cubic Ni3 Ga
phase becomes stable, an interface to the Ni2 MnGa austenite must form. By constructing pole
ﬁgures of Ni2 MnGa and Ni3 Ga, it becomes obvious that Ni2 MnGa (220) and Ni3 Ga (111) are
parallel to each other. We used the epitaxial relation of cubic austenitic Ni2 MnGa known from
literature [3] and the measured orientation of Ni3 Ga (Ni3 Ga(220) || MgO(100) and Ni3 Ga(200)
rotated by 55 ◦ from MgO[100]) for constructing the pole ﬁgures. Assuming that√both phases
are cubic, one can calculate lattice spacings of the parallel planes d(hkl) = a/ h2 + k 2 + l2
with a being lattice constant and h, k, l as Miller’s indices. With aN i2 M nGa = 5.83 Å [3] and
the measured value aN i3 Ga = 3.60 Å one obtains lattice spacing of d(220)N i2 M nGa = 2.078 Å and
d(111)N i3 Ga = 2.061 Å. The misﬁt between lattice spacings of those two planes is 0.8 %. Both
Ni2 MnGa (220) and Ni3 Ga (111) are the most densely packed planes within the corresponding
crystal structure. Therefore it is very likely that those interfaces form once enough Mn and Ga
have evaporated. The observed interface is not parallel to the substrate which is the common
geometry for a depleated layer formed by evaporation. Hence we suggest that a favourable
interface energy results in the formation of these precipitates.
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The formation of the secondary phase can be avoided by depositing thin Ni2 MnGa ﬁlms
at elevated temperatures. Previous studies have shown, that even at temperatures of 350 ◦ C
ordered epitaxial ﬁlms can be prepared on various substrates [3, 16, 17]. The deposited particles order at deposition temperatures that are less than half of the ordering temperature used
for bulk. This is due to the diﬀerent diﬀusion mechanisms. During deposition, ordering takes
place via surface diﬀusion. In contrast to that, improving the order of deposited ﬁlm requires
diﬀusion within the ﬁlm volume. Therefore however, vacancies have to be formed which only
occurs at higher temperatures. Hence diﬀusion on a free surface is faster and needs less thermal activation than diﬀusion within the volume. Another advantage of depositing at slightly
enhanced temperatures is that the loss of Mn and Ga due to evaporation can be compensated
by adjusting the target composition and a homogeneous composition throughout the ﬁlm can
thus be obtained. However, even the cooling procedure directly after deposition seems to be
crucial. When cooling slowly, it was observed that surface composition changes and that no
martensitic transformation occurs at the surface [18].

5 Conclusion
We could show that in case of thin Ni2 MnGa ﬁlms a post heat treatment at a temperature
above the deposition temperature has two consequences. First, annealing increases the degree
of chemical order of the system and thus the Curie temperature which allows to obtain the ferromagnetic phase at room temperature. Secondly, the formation of a secondary Ni-rich phase
Ni3 (Mn,Ga) takes place. The secondary phase is not evenly distributed throughout the ﬁlm
but forms line precipitates with lengths of about 20 μm, widths of 2 μm and increased heights
of 60 nm. The formation of those precipitates is presumably favoured by the evaporation of Mn
and Ga during annealing and has a crystallogically well deﬁned interface to the high temperature austenitic phase. Those precipitates can act as pinning centres for twin boundary motion
and thus hinder the reorientation of martensitic variants. Depositing ordered, epitaxial ﬁlms
without any Ni-rich precipitates has been achieved at slightly increased deposition temperatures of 350 ◦ C [3]. Due to the problems we encountered here, we can conclude that in case
of thin ﬁlms it is more favourable to enhance the temperature during preparation and avoid
further post heat treatments under vaccuum.
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