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Abstract Thin films of magnetic shape-memory (MSM)
material Ni-Mn-Ga have been deposited on Si(100) sub-
strates using pulsed laser deposition. The 200–300-nm-
thick films were prepared at substrate temperatures rang-
ing from 450 ◦C to 650 ◦C and at different background
Ar pressures. Large saturation magnetizations, up to
60% of the bulk value were measured for the films. Only
the films deposited in vacuum or at Ar pressures be-
low 10−3 mbar and at temperatures between 500 ◦C and
600 ◦C were ferromagnetic. The films are mainly crystal-
lized in the austenitic phase and they have a smooth sur-
face with a low droplet density (0.01 µm−2). The magne-
tization and surface quality are sufficient that the films
could be utilized in the realization of thin-film MSM de-
vices.

PACS: 75.70.Ak

1 Introduction

Stoichiometric Ni2MnGa and other Ni-Mn-Ga alloys are
intensively studied ferromagnetic shape-memory materi-
als which exhibit large magnetic-field-induced strains [1].
The phenomenon is based on the motion of marten-
sitic twin variants in an applied magnetic field, which
gives rise to the macroscopic shape change [1–3]. The
largest magnetostrain, almost 10%, has been induced in
off-stoichiometric Ni48.8Mn29.7Ga21.5 [4].

This magnetic shape-memory (MSM) effect provides
a new way to generate motion and force without mov-
ing parts and, consequently, makes it possible to design
and realize novel actuators and sensors [5, 6]. The main
advantages of MSM materials are that they show much
larger strains at room temperature than, e.g., traditional
magnetostrictive materials and that they have a fast, less
than 1 ms, response to the driving force. Ni-Mn-Ga is the
most promising MSM material since it has a low hystere-
sis and the martensitic transition temperature can be
easily adjusted by only varying the composition [7, 8].

So far most of the Ni-Mn-Ga research has dealt with
bulk material. However, thin films would make it pos-
sible to realize microscopic components in a small vol-
ume by utilizing lithographic techniques [9]. In addition,
MSM materials in thin-film form provide a possibility
to integrate mechanical elements with semiconductors
for novel micromechanical or microelectromechanical de-
vices [10]. Ni-Mn-Ga films have been prepared by mole-
cular beam epitaxy (MBE) [10–13], magnetron sputter-
ing [8,14], and pulsed laser deposition (PLD) [15–17] but
to our knowledge no MSM effect has been observed.

We have deposited thin Ni-Mn-Ga films by PLD on
silicon to find optimal values for the different deposition
parameters, such as the substrate temperature, the laser
fluence, and the background gas pressure. The aim was
to produce ferromagnetic films with a smooth surface
and the desired crystal structure. Silicon was chosen as
the substrate material since it has a relatively good lat-
tice match with bulk Ni-Mn-Ga and since standard litho-
graphic techniques can be used to pattern small struc-
tures in the film.

2 Experimental

The films were deposited in an ultra-high vacuum PLD
chamber originally designed to produce epitaxial multi-
layer structures on up to 5-cm-diameter substrates [18].
A KrF excimer laser (Lambda Physik COMPex 205) pro-
duces 600-mJ laser pulses at 248 nm. The laser pulses
were spatially shaped by a rectangular 6×12-mm2 aper-
ture and imaged on the target surface to produce a flat-
top distribution with an area of approximately 3 mm2.
In these experiments, the fluence was 2.5−3 J/cm2. Typ-
ically, 200–300-nm-thick films were obtained with 40000
pulses.

The targets were 30-mm-diameter and 3-mm-thick
slices cut from a single-crystalline Ni-Mn-Ga ingot. The
ingots were manufactured by AdaptaMat Ltd. in a crys-
tal growth furnace, and the target slices were cut from
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a heat-treated ingot by spark-cutting equipment. The
targets were mounted in a rotating holder to ensure uni-
form wear of the target. The small (0.5–1-cm2) Si(100)
substrates were attached to a deposition plate made of
Haynes alloy with silver paste to ensure a proper ther-
mal contact during the film growth. The experiments
were carried out both in vacuum (base pressure < 5 ×
10−6 mbar) and at different argon background pressures
(3× 10−4–5× 10−3 mbar). The substrate temperatures
ranged from 450 ◦C to 650 ◦C. The target-substrate dis-
tance was 50 mm. We also varied this distance within a
small range (45–60 mm) but did not observe any notice-
able changes in the magnetic properties of the films.

Some of the films were annealed at high temperatures
after their magnetic characterization. The samples were
sealed in quartz vacuum ampoules and put in a furnace
kept at a constant temperature of 800 ◦C. In some of the
ampoules, we also put a piece of manganese or Ni-Mn-
Ga to compensate for the possible evaporation of Mn
during the heat treatment. The annealing times ranged
from 15 min to 30 min.

The surface morphology of the films was studied with
a LEO-1450 scanning electron microscope (SEM), and
the chemical composition was determined by using en-
ergy dispersive spectroscopy (EDS). The crystal struc-
ture was analyzed by a Phillips X’pert X-ray diffrac-
tometer with CoKα radiation. The magnetization curves
were measured with a vibrating sample magnetometer
(VSM) in magnetic fields up to 1.43 T.

3 Results and discussion

Figure 1 shows a typical SEM image of a Ni-Mn-Ga
film. The surface is relatively smooth but a few micron-
diameter droplets can be seen on it. From these first de-
posited films, we obtained a rough order-of-magnitude
estimate for the droplet density, 0.01 µm−2. An EDS
analysis of one of the films at two different locations gave
Ni/Mn/Ga compositions 46/31/23 and 46/30/24, which
are close to the target composition 48.9/30.8/20.3. Also
the compositions of other analyzed samples were similar
to that of the target.

X-ray diffractograms of two Ni-Mn-Ga films with dif-
ferent thickness (100 nm and 300 nm) are shown in Fig-
ure 2. The distinctive peaks in the polycrystalline pat-
tern allow one unequivocally to identify the L21 cubic
phase (corresponding to peaks labelled with “austenite”)
with a lattice constant of 0.580 nm. This value is close to
that of bulk austenite (0.584 nm) [19]. Moreover, weak
but discernible superstructure lines (111) and (200) at
2θ = 31.2◦ and 2θ = 76.5◦, respectively, indicate that
some degree of structural order has been established in
the austenitic phase. The additional peaks in the diffrac-
togram suggest the presence of another cubic, L21 phase
with a lattice constant of 0.539 nm – close to that of sil-
icon (0.543 nm). This phase exists as an intermediate

layer that is probably created due to a lattice mismatch
between the austenite and silicon.

Figure 3 shows the magnetization curves of a Ni-Mn-
Ga film deposited at 550◦C. The curve is measured by
applying the magnetic field parallel (H‖) and perpen-
dicular (H⊥) to the film plane. The in-plane curve is
square-like and narrow. This suggests that the film con-
sists of a single magnetically soft phase with small mag-
netic anisotropy. The curve measured in the perpendic-
ular direction is tilted mainly due to the demagnetizing
field. The effect of the demagnetizing field (N ·M , where
N is the demagnetizing factor and M is the magnetiza-
tion) on the magnetic field inside the sample is large for
thin films since N ≈ 1 in the perpendicular direction
whereas in the parallel direction N ≈ 0. With a typical
film thickness of 300 nm, the film area of 0.5 cm2, and
the bulk density of Ni-Mn-Ga (8 g/cm3), we obtain a
saturation magnetization of 34 emu/g, which is about
60% of the bulk value (60 emu/g). This value is a fac-
tor of 6 larger than what have been obtained earlier by
PLD [15, 16] and of the same order of magnitude as for
the films deposited by MBE [10–12].

In Figure 4, the in-plane magnetization curves of Ni-
Mn-Ga films deposited at different temperatures and at
different background gas pressures are compared. One
can notice that increasing the substrate temperature from
500 ◦C to 550 ◦C has a significant effect on the satura-
tion magnetization: an increase from less than 6 emu/g
to 34 emu/g. This behavior is in good agreement with
the results of Castaño et al. [16] and it suggests that at
higher deposition temperatures the film tends to crys-
tallize in the desired (austenitic) phase. However, when
further increasing the deposition temperature, the ferro-
magnetic behavior degrades; The films prepared at tem-
peratures higher than 650 ◦C were non-ferromagnetic.
Annealing the samples at 800 ◦C had similar effects:
even the shortest annealing times resulted in the disap-
pearance of ferromagnetism. As the ferromagnetism in
Heusler Ni-Mn-Ga alloys is due to the presence of Mn,
this either suggests that Ni-Mn-Ga reacts with silicon
producing a non-Heusler compound or that Mn evapo-
rates from the film. An interesting observation was that
only the films deposited with fluences close to 3 J/cm2

were ferromagnetic implying that the fluence has to be
high enough to produce a Heusler structure with cor-
rect Ni/Mn/Ga composition. Figure 4 also shows that
the highest magnetization was obtained when the film
was prepared in vacuum. An increase in the Ar back-
ground pressure decreased magnetization and at pres-
sures above 10−3 mbar the deposited films turned out to
be non-ferromagnetic. A possible explanation is that at
high pressures the energy distribution of the different el-
ements and ionized species in the plasma plume changes
due to collisions and reactive secondary scattering [20].
No changes in the magnetization curves were observed
while cooling the samples down to 10 K. This indicates
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that no martensitic transformation occurs, which is pos-
sibly due to the elastic constraint set by the substrate.

4 Conclusions

We have studied the effect of different parameters on the
crystalline quality and magnetic properties of Ni-Mn-Ga
thin films deposited on silicon. We have found an optimal
deposition-temperature window to produce films with
large magnetizations, up to 60% of the value of bulk
austenite. The films have a proper austenitic structure
and a sufficiently smooth surface, which are important
for the future fabrication of MSM devices.
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Fig. 1 Scanning electron microscope image of a Ni-Mn-Ga
film in a 20-µm scale.

Fig. 2 X-ray diffractograms of two Ni-Mn-Ga films with
thicknesses 100 nm and 300 nm.

Fig. 3 Magnetization curves of a Ni-Mn-Ga thin film de-
posited at 550◦C. The curve is measured at room tempera-
ture in the film plane (open circles) and perpendicular to it
(solid circles).

Fig. 4 Room-temperature in-plane magnetization curves
of Ni-Mn-Ga films deposited at 500◦C (open triangles), at
550◦C (solid squares), at 600◦C (solid circles), and at 550◦

using an 3× 10−4-mbar Ar pressure (open circles).
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Figure 3. A. Hakola et al., Appl. Phys. A



-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.005

-0.004

-0.003

-0.002

-0.001

0,000

0.001

0.002

0.003

0.004

0.005

 T=550oC
 T=550oC,

           p
Ar

=3x10-4 mbar
 T=600oC
 T=500oC

 

 
M

ag
ne

tiz
at

io
n 

(e
m

u)

Magnetic field (T)

Figure 4. A. Hakola et al., Appl. Phys. A


	Copyright: © 2004 Springer Science+Business Media. Preprinted from Applied Physics A 79, 1505-1508 (2004). With kind permission of Springer Science+Business Media.


