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Transformation behaviors, structural and magnetic
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Ferromagnetic Ni–Mn–Ga films were fabricated by depositing on MgO (001) substrates at temperatures from 673 K
to 923 K. Microstructure, crystal structure, martensitic transformation behavior, and magnetic properties of the films were
studied. With increasing deposition temperature, the surface morphology of the films transforms from granular to continu-
ous. The martensitic transformation temperature is not dependent on deposition temperature; while transformation behavior
is affected substantially by deposition temperature. X-ray analysis reveals that the film deposited at 873 K has a 7M marten-
site phase, and its magnetization curve provides a typical step-increase, indicating the occurrence of magnetically induced
reorientation (MIR). In situ magnetic domain structure observation on the film deposited at 873 K reflects that the marten-
sitic transformation could be divided into two periods: nucleation and growth, in the form of stripe domains. The MIR
occurs at the temperature at which martensitic transformation starts, and the switching field increases with the decrease
of temperature due to damped thermal activation. The magnetically induced martensitic transformation is related to the
difference of magnetization between martensite and austenite. A shift of martensite temperature of dT /dH = 0.43 K/T is
observed, consistent with the theoretical value, 0.41 K/T.

Keywords: Ni–Mn–Ga film, ferromagnetic-shape memory alloy, transformation behavior, magnetically in-
duced reorientation, magnetically induced martensitic transformation
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1. Introduction
Ferromagnetic-shape memory alloy Ni–Mn–Ga belongs

to a class of advanced multifunctional magnetic materi-
als with attractive properties technological uses, for exam-
ple, ferromagnetic-shape memory effect,[1] superelasticity,[1]

large negative magneto-resistivity,[2,3] giant magneto-caloric
effect,[4,5] magnetic-field-induced strain,[5–8] etc., which can
be exploited for sensors, actuators, magnetic refrigeration, and
other attractive applications in magnetic field measurement
systems, in roles that cannot be fulfilled by other shape mem-
ory materials.

Among those exciting properties, magnetic-field-induced
strain has become a major research subject because large re-
versible magnetostrains up to 10%[8] can be produced by a
field activation frequency on the order of 1.5 kHz.[9,10] Such
large strain output and high frequency response of Ni–Mn–Ga
materials are determined by the magnetically induced reorien-
tation (MIR) of twin martensite variants through the motion
of the twin boundaries under an external magnetic field if the
magnetic stress is in excess of the twinning stress. An alter-
native actuation mode is related to the magnetically induced
martensitic transformation (MIM) effect. In a magnetic field,
the phase with the higher magnetization is energetically fa-
vored; thus, the difference of magnetization between marten-

site and austenite gives rise to a shift of the martensitic trans-
formation temperature.[11] In the vicinity of the martensitic
phase transition temperature, this MIM can be used for ac-
tuation.

To develop the unique properties of Ni–Mn–Ga alloys
in micro- and nano-system applications like micro-electro–
mechanical systems (MEMS),[11–14] researchers around the
world are devoted to the preparation and study of Ni–Mn–
Ga films. Fabrication of Ni–Mn–Ga alloy in the film form
with superior ductility also overcomes the constraints that
limit its potential applications to a large extent in its bulk
form, that is, high brittleness, low mechanical strength, and
poor processability.[14–17] The ductility of Ni–Mn–Ga film is
found to be superior to that of the bulk alloy.[18,19] Magnetic
sputtering is developed as the mainstream fabrication tech-
niques among PLD[20] and MBE[21,22] to produce Ni–Mn–
Ga films, enabling them to be employed in micro- and nano-
actuators without fracture failure under deformation. Based on
these developments, Ni–Mn–Ga films have already been suc-
cessfully implemented in prototype microvalves and micro-
scanners.[23,24]

For the Ni–Mn–Ga alloy to realize MIR, the key con-
ditions are: ferromagnetic behavior and the presence of
modulated martensitic phase (in the majority of cases, 5
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or 7 layered);[25] while for the alloy to be used for MIM
and magneto–caloric applications, a well-defined martensitic
transformation with transformation hysteresis as narrow as
possible is required. Hence, study of the transformation be-
havior of Ni–Mn–Ga film is very important for its applica-
tion. As in the Ni–Mn–Ga bulk, the transformation behavior
of Ni–Mn–Ga film is very sensitive to its composition. Not
only the martensitic transformation temperatures but also the
crystal structures of the martensitic phase are closely related to
the composition of the films. Wang et al.[14] achieved seven-
layered modulated martensitic phase with the martensitic start-
ing temperature up to 439 K in an Ni–Mn–Fe–Ga film. On
the other hand, the transformation behavior as well as the
structural and magnetic properties of Ni–Mn–Ga films were
thickness-[26,27] and substrate-dependent,[28] resulting from
the residual stress between the substrate and the film; it has
also been reported that martensitic transformation could be in-
duced by external magnetic field[29] and stress.[30,31] In addi-
tion, sputtering parameters, pressure,[32] and power,[33] have
significant influences on the transformation behavior of Ni–
Mn–Ga film.

In the present work, the effect of deposition temperature
on the structural and magnetic properties, especially the trans-
formation behaviors, of the Ni–Mn–Ga films is analyzed. The
film with a 7M martensitic structure is selected for further re-
search; its transformation process is observed by in situ evolu-
tion of magnetic domain structure. Further, two main actuation
modes with potential application as microactuators, magneti-
cally induced reorientation, and magnetically induced marten-
sitic transition, which coexist in this film, are studied.

2. Experiments
Ni–Mn–Ga films were prepared on MgO (001) single-

crystalline substrates at deposition temperatures of 673, 773,
873, and 923 K under 0.3 Pa by direct current magnetron
sputtering. A sputtering 2′′ target, with a nominal composi-
tion of Ni52Mn24Ga24, was wire-electrode cut from an ingot
which was induction-melted with high-purity elements three
times to become homogeneous. A base pressure of better than
2× 10−5 Pa was achieved to avoid the oxidation of the films,
high purity argon atmosphere was introduced during sputter-
ing; the substrate-to-target distance was 6.5 cm; and the sput-
tering power was maintained at 100 W, resulting in a growth
rate of 0.74 nm/s. The 900-nm thickness of the films was con-
trolled by sputtering time and confirmed by a step profiler.

The surface morphology of the films was observed em-
ploying a field emission gun scanning electron microscope
(SEM, Hitachi S-4800) with a Thermo System 7 EDS spec-
trometer. The compositions of the films were determined by
EDS with an accuracy of 0.5 at.%. X-ray diffraction (XRD,
Panalytical X’Pert PRO type) with Cu–Kα radiation was em-

ployed to analyze the crystallographic structure of the films by
means of grazing incidence in the range of 35∘–55∘. Magne-
tization curves were measured using a vibrating sample mag-
netometer (VSM, Lakershore) in the range of –1.4 T to 1.4 T.
Thermomagnetization curves were carried out by supercon-
ducting quantum interference device (SQUID, quantum de-
sign) to determine the transformation temperatures as well as
Curie temperatures of the films. The atomic force microscopy
(AFM) and magnetic force microscopy (MFM) observations
were performed with a commercial scanning probe micro-
scope (SPM, Veeco diDimension V). A permanent magnet was
attached to the bottom of the specimens to provide a magnetic
field of 0.12 T normal to the film plane. Topographic (height
contrast) and magnetic (phase contrast) images were obtained
in tapping and tapping-lift mode, respectively. All the AFM
and MFM images were obtained with the scan rate of 0.5 Hz
and scan range of 20 µm × 20 µm.

3. Results and discussion
Figure 1 shows the surface morphologies of the Ni–Mn–

Ga films deposited at temperatures from 673 K to 923 K.
Morphology of the films varies with deposition tempera-
ture. The film deposited at low temperature of 673 K is
found to be granular structured with oblate grains. When
deposition temperature increases to 773 K, grains are in-
stead spherical with a diameter of 100 nm. Whereas the
film deposited at the higher temperature of 873 K is found
to be continuous with a smooth surface; its surface maximum
height (Rmax) and mean roughness (Ra), obtained by AFM
(Fig. 5(a)), are approximately 15.5 nm and 2.1 nm, respec-
tively. The surface of film deposited at 923 K is coarse and
rough, with its grain size increasing with deposition temper-
ature, due to atomic consolidation starting from fine grain to
coarse grain when deposition temperature levels are moved
from low to high. This shows that the increase of deposi-
tion temperature induces coarsening in the thin films owing
to the increase of grain size and the interconnection of grains.

(a) (b)

(c) (d)

500 nm 500 nm

1 mm 1 mm

Fig. 1. SEM images of the microstructure of Ni–Mn–Ga films deposited
at (a) 673 K, (b) 773 K, (c) 873 K, and (d) 923 K on MgO (001) sub-
strates.
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The granular structure does not favor achieving large mag-
netic field induced strain (MFIS), since the motion of twin
boundaries would be constrained by the grain boundary, and
the coarse surface of the film deposited at 923 K also does not
favor obtaining MFIS.[34,35] It is expected that the continuous
and smooth film, the one deposited at 873 K, is structurally
favored to obtain a large MFIS.

XRD patterns, recorded at room temperature, of the films
deposited from 673 K to 923 K are shown in Fig. 2. To aid
clear inspection of the main peaks, the X-ray spectra range
of 35∘–55∘ is displayed. Low temperature deposition, 673 K,
produces an X-ray spectrum with a weak peak at 2θ = 44.2∘,
identified as (202)/(022) martensitic reflection. Considering
the low saturation magnetization of this film (of which mag-
netization curve is shown in Fig. 4), the film deposited at
673 K is not completely crystallized. Higher deposition tem-
perature, 773 K, gives rise to a considerable increase of the
intensity of the X-ray peaks. The X-ray diffraction spectrum
for this film exhibits a single sharp peak at 2θ = 44.2∘, which
has been observed previously,[36] indicating a [011]- and/or
[101]- oriented martensitic phase. Its crystal structure is ex-
tracted to be a = b > c, a tetragonal martensite with 5 lay-
ers modulation is expected.[37] When the deposition tempera-
ture is increased to 873 K, the martensitic peak at 2θ = 44.2∘

splits into three peaks, which are indentified as (220), (202),
and (022) martensitic reflections, respectively. The marten-
sitic {202} peak dominates the polycrystalline diffraction pat-
tern of the films deposited at 773 K and 873 K, suggest-
ing a considerable degree of texture, perhaps a (101) growth
mode. Thus, a film/substrate orientational relationship of
(011)[100]film ‖(100)[011]substrate is deduced. The three over-
lapping peaks can be indexed as a (pseudo-) orthorhombic
phase with the lattice constants a = 0.610 nm, b = 0.581 nm,
and c = 0.555 nm. As deposition temperature increases to
923 K, one can see a tetragonal structure with two peaks with
even larger peak splitting, giving a c/a ratio of 1.21, indicating
a nonmodulated martensite like that reported in bulk form.[37]

This nonmodulated martensitic structure is argued to exhibit
no MIR.[25]
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Fig. 2. (color online) XRD spectra, recorded at room temperature, for
Ni–Mn–Ga films deposited from 673 K to 923 K.

Thermomagnetization curves, measured under a low
magnetic field of 0.01 T parallel to the film plane, for the films
deposited from 673 K to 923 K are displayed in Fig. 3 to in-
vestigate the transformation behaviors. The martensitic trans-
formation starting (Ms) and finishing (Mf) temperatures during
cooling and the austenitic transformation starting (As) and fin-
ishing (Af) temperatures during heating as well as Curie tem-
perature are determined by a conventional tangential method
and summarized in Table 1. The film deposited at 673 K
has a wide martensitic transformation hysteresis, covering the
range from 328 K to 303 K. When deposition temperature in-
creases to 773 K, martensitic transformation hysteresis, from
338 K to 286 K, becomes extremely wide; close inspection of
the transformation region of the thermomagnetization curve
reveals the occurrence of an inter-martensitic transformation
(shown in the inset). For the film deposited at 873 K, the hys-
teresis is drastically reduced to 4 K, which is suitable for MIM
applications. As deposition temperature increases to 923 K,
magnetization changes abruptly in the vicinity of martensitic
transformation, indicating the existence of a large magnetic
entropy change, which has the potential to enable realizing
a giant magnetocaloric effect. Except for the film deposited
at 773 K, no inter-martensitic transformation is observed be-
tween 200 K and 400 K in these films. It should be noted that
the transformation hysteresis of all the films deposited from
673 K to 923 K are centered around 310 K. The deposition
temperature exercises only a minor influence on the marten-
sitic transformation temperature, which is consistent with the
fact that the compositions of the films differ little (Table 1),
i.e., the volatilization of manganese and gallium are not se-
vere even at high temperatures up to 923 K. However, trans-
formation behavior is profoundly affected by deposition tem-
perature; the evolution of transformation behavior can be as-
cribed to the atomic order, especially the existence of inter-
martensitic transformation.[38] Apparently, the mobility of the
atoms depends on the deposition temperature to achieve order-
ing, as has been reported in bulk.[38,39]
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Fig. 3. (color online) Thermomagnetization curves under a magnetic
field of 0.01 T parallel to the film plane for Ni–Mn–Ga films deposited
at 673, 773, 873, and 923 K on MgO (001) substrates. Inset: details of
martensitic transformation for the film deposited at 773 K.
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Table 1. Transition temperatures and magnetic properties of Ni–Mn–Ga films deposited at different temperatures.

Depositing temperature/K Film composition/at.% TC/K Ms/K Mf/K As/K Af/K SM/(emu/cc) µ0Hc/T

673 Ni52.5Mn23.8Ga23.7 354 328 303 310 329 211 0.0192

773 Ni52.8Mn23.6Ga23.6 356 – – – – 263 0.0178

873 Ni52.8Mn23.9Ga23.3 358 309 305 313 317 325 0.0204

923 Ni53.1Mn23.4Ga23.5 354 312 300 310 318 435 0.0116

Figure 4 demonstrates the magnetization curves, recorded
at 300 K, for the films deposited from 673 K to 923 K. These
loops were measured in the film plane to avoid the influence
of the demagnetization field. The saturation magnetization,
SM, increases with the increase of deposition temperature, re-
sulting from the fact that higher deposition temperature favors
crystallization of Ni–Mn–Ga films. The saturation magneti-
zation of the film deposited at 923 K achieves 435 emu/cc, a
value compared with bulk martensites. The films deposited
at 673, 773, and 923 K provide common single phase loops.
While for the film deposited at 873 K, the shape of its magne-
tization loop changes significantly, and its coercivity increases
drastically. Close inspection of the magnetization curve of the
film deposited at 873 K (details in the inset) reveals that be-
sides the sharp increase at first, a jump-like step increase oc-
curs at 0.085 T. It has been argued that this typical magneti-
zation behavior originates from MIR.[40–42] This step increase
takes place between the fields of 0.087 T and 0.115 T, denoted
as Hs and Hf, respectively, where the twin boundary motion
occurs. As the field decreases from saturation field, the mag-
netization goes through a jump-like decrease similar to pre-
vious path, but it occurs at lower field, resulting in another
hysteresis in the loop. This process indicates that the MIR is
reversible.
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Fig. 4. (color online) M (H) loops recorded at 300 K parallel to the film
plane for Ni–Mn–Ga films deposited at 673, 773, 873, and 923 K. Inset:
detail of the MIR region of magnetization curve for the film deposited
at 873 K.

The 7M martensitic phase, as in the film deposited at
873 K, exhibits an orthorhombic structure with one shortest
axis, c axis, which is the easy magnetization axis. When
high temperature austenitic phase transforms into martensitic
phase, the orientation of the martensitic c axis of this film

tends to lie within the film plane to minimize the demagneti-
zation energy, resulting in a featureless domain structure with
weak magnetic contrast by MFM for film in the as-deposited
state (Fig. 5(b)). On the other hand, direct observation of
twin microstructure requires an epitaxial film with an ultra-flat
surface.[40,43] For the polycrystalline Ni–Mn–Ga films without
surface treatment, twin microstructure could not be directly re-
vealed by surface probe means[14,36] such as AFM (Fig. 5(a))
or SEM (Fig. 1(c)). However, the martensitic c axis is prefer-
ably aligned along the direction of external field when the film
is cooled with a magnetic field applied. Thus, a magnetic field
perpendicular to the film plane is introduced to obtain the visi-
ble domain structure with bright and dark contrast by MFM. It
is well known that the magnetic domain structure is closely as-
sociated to the microstructure,[44,45] allowing us to investigate
the twinning structure of the Ni–Mn–Ga films by the evolution
of magnetic domain structure.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

30 nm

0 nm
4 mm

313 K 308 K

306 K 304 K

302 K 300 K

Fig. 5. (color online) (a) AFM and (b) MFM micrographs of the film
deposited at 873 K in the as-deposited state. In situ domain structure
evolution for the film cooling to (c) 313 K, (d) 308 K, (e) 306 K, (f)
304 K, (g) 302 K, and (h) 300 K with a magnetic field of 0.12 T normal
to the film plane. All images scanned in the range of 20 µm × 20 µm.

Figure 5 displays the domain structures in the temperature
range of 313 K–300 K for the film, deposited at 873 K, cooled
with a magnetic field of 0.12 T normal to the film plane. The
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magnetic field of 0.12 T is sufficiently high to force the c axis
of the nucleated martensite to align perpendicular to the film
plane during transformation. Domain structure rarely changes
above 309 K, where the film is in the cubic austenitic phase,
yielding a featureless MFM image (Fig. 5(c)). At 308 K, two
bright domains in the stripe shapes emerge (Fig. 5(d)), consis-
tent with the martensitic transformation starting temperature.
It is reasonable to determine that the martensite nucleates in
the form of stripe variant. With a decrease of temperature,
the number of stripe domains increases, also indicating that
the martensite nucleates continuously (Fig. 5(e)). When the
temperature decreases to 304 K (Fig. 5(f)), some stripe do-
mains start to grow and become wider. A further decrease of
temperature leads to continuous growth of the domains and
interconnection of stripe domains (Fig. 5(g)). When the tem-
perature decreases to 300 K, almost all stripe domains are in-
terconnected and the magnetic moments in the entire film are
perpendicular to the film plane (Fig. 5(h)). Based on the evolu-
tion of domain structure and the correlation between domain
structure and the microstructure, the martensitic transforma-
tion could be divided into two periods, i.e., nucleation and
growth.

M(H) loops for the film deposited at 873 K as a function
of temperature are shown in Fig. 6(a). As the M(H) loops are
measured in the film plane, the demagnetization factor is negli-
gible. At 360 K, the M(H) loop exhibits the linear response in-
volved with paramagnetic behavior. The slow approach to sat-
uration is ascribed to in the vicinity of the Curie temperature.
Cooling to 315 K, the loop is square-like with very small co-
ercivity, resulting in the soft magnetic phase of austenite. Af-
ter cooling to 308 K, the martensitic transformation starts and
the magnetization process changes, the typical step increase,
which indicates the occurrence of MIR as mentioned above,
is observed in the M(H) loop, giving rise to a two-hysteresis
loop. When temperature decreases to 300 K, the coercive force
increases by a factor of 3 compared with the austenite at 315 K
and further increases with decreasing temperature. This abrupt
increase of coercivity is due to the higher magnetocrystalline
anisotropy of martensite and the martensitic microstructure
which is responsible for stronger pinning of domain walls.
The MIR effect is first observed at the martensitic transforma-
tion starting temperature (Fig. 6(a)), 308 K. The switch field,
Hs, increases remarkably in the temperature range of 308 K–
300 K (Fig. 6(b)), resulting from the increasing volume of the
martensitic phase with the progress of the martensitic transfor-
mation. With a further decrease of temperature, the hysteresis
of the loop increases and the switching field is steadily shifted
to higher values, a response that is also observed in the single
crystal counterpart, consistent with an increase of the twinning
stress due to damped thermal activation. This MIR effect per-
sists down to 200 K.

To avoid the influence of thermal disturbance, magneti-
zation curves of the film deposited at 873 K in the marten-
sitic and austenitic state were recorded at the same temper-
ature, 311 K, during heating and cooling (see in Fig. 3), re-
spectively. Before measurements, the film was cooled and
heated to 280 K and 350 K to obtain the fully martensitic
and austenitic structure, respectively. Adopting the density of
Ni–Mn–Ga bulk,[46] 8.04 g/cc, as that of Ni–Mn–Ga film de-
posited at 873 K, the magnetization is extracted with the unit
of emu/g (Fig. 7(a)). The saturation magnetization of marten-
site under external field of 1.4 T is about 12% higher than that
of austenite and it reaches 40.42 emu/g. Thus, the martensitic
phase has a higher Zeeman energy than the austenitic phase at
the same temperature if the film is magnetically saturated, re-
sulting in a shift of martensitic transformation toward the high
temperature phase, austenite, under a large magnetic field.
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Fig. 6. (color online) (a) M(H) loops recorded at 360, 315, 308, 300,
and 200 K and (b) switching field, Hs, as a function of temperature for
the Ni–Mn–Ga film deposited at 873 K.

Figure 7(b) exhibits the relation of the moment and the
temperature for the Ni–Mn–Ga film deposited at 873 K un-
der 0.01, 3, and 6 T during cooling. The martensitic trans-
formation temperatures under magnetic fields of 0.01, 3, and
6 T are derived from thermomagnetization curves, as sketched
in Fig. 7(b). When applying larger external magnetic fields,
the martensitic transformation temperatures shift to higher val-
ues. A magnetic field stabilizes the martensite phase having
a higher saturation magnetization MM compared to austenite
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MA. This shift of transformation temperature ∆T can be calcu-
lated employing a generalized Clausius–Clapeyron equation,

dT/dH = µ0(MM −MA)TM/Q,

where Q is the latent heat of the transformation and TM =

(Ms +Mf)/2 is the average thermodynamic martensitic trans-
formation temperature. Using TM = 308 K and a latent heat
Q= 5.5 J/g,[47] a temperature shift is calculated to be 0.41 K/T,
which is consistent with the experimental results, 0.43 K/T.
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Fig. 7. (color online) (a) Magnetization curves recorded at 311 K dur-
ing cooling and heating for the Ni–Mn–Ga film deposited at 873 K. (b)
Relation of the moment and the temperature for the film deposited at
873 K cooling with magnetic fields of 0.01, 3, and 6 T.

4. Conclusion
In summary, ferromagnetic Ni–Mn–Ga films were pre-

pared by deposition on MgO (001) from 673 K to 923 K.
With deposition temperature increasing, the microstructure be-
comes denser and transforms from granular to integrated; a
deposition temperature of 923 K results in coarse and coher-
ent. The film deposited at 673 K is not fully crystallized; the
films deposited at 773, 873, and 923 K have 5 M, 7M, and
2M martensitic structures, respectively. The film with 7M
martensitic structure has the potential to realize MIR, which
is reflected in the magnetization curve by a typical step-like
increase. Deposition temperature has an only minor influence
on transformation temperature; however, it produces distinct
effects on transformation behavior as well as the crystal struc-
ture, which is attributed to the effect of the atomic order. An

inter-martensitic transformation is observed in the Ni–Mn–Ga
film deposited at 773 K. Transformation process could be di-
vided into two periods: nucleation and growth. Two actuation
modes, MIR and MIM, coexist in one film. The MIR occurs
even when martensitic transformation starts, and the switch
field increases with the decrease of temperature. The MIM
originates from the difference in saturation magnetization be-
tween martensite and austenite. A shift of martensite temper-
ature of dT /dH = 0.43 K/T is observed, consistent with the
value 0.41 K/T calculated from a Clausius–Claperyon equa-
tion.

MIR is based on a coupling between microstructure and
preferred magnetization direction. This coupling requires both
intrinsic properties: high magnetocrystalline anisotropy and
magnetization, and extrinsic properties, in particular a mi-
crostructure for the easy motion of twin boundaries. While
MIM arises on account of the coupling of spontaneous mag-
netization of the phases, the effect is of significant magnitude
only when the difference of the phases is large. No particu-
lar microstructure is required. The present film, deposited at
873 K, with continuous and smooth microstructure exhibits
low mechanical friction for the motion of twin boundaries. It
also displays high magnetization and noticeable difference of
saturation magnetizations between austenite and martensite,
allowing the coexistence of MIR and MIM.
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[45] Lai Y W, Schäfer R, Schultz L and McCord J 2010 Appl. Phys. Lett. 96

022507
[46] Righi L, Albertini F, Pareti L, Paoluzi A and Calestani G 2007 Acta

Mater. 55 5237
[47] Scheerbaum N, Heczko O, Liu J, Hinz D, Schultz L and Gutfleisch O

2008 New J. Phys. 10 073002

107502-7

http://dx.doi.org/10.1016/j.sna.2003.11.006
http://dx.doi.org/10.1016/j.sna.2003.11.006
http://dx.doi.org/10.1063/1.1452222
http://dx.doi.org/10.1063/1.125009
http://dx.doi.org/10.1063/1.125009
http://dx.doi.org/10.1063/1.1643199
http://dx.doi.org/10.1016/j.scriptamat.2005.12.020
http://dx.doi.org/10.1016/j.scriptamat.2005.12.020
http://dx.doi.org/10.1016/j.msea.2006.02.062
http://dx.doi.org/10.1016/j.msea.2006.02.062
http://dx.doi.org/10.1109/TMAG.2002.803567
http://dx.doi.org/10.1109/TMAG.2002.803567
http://dx.doi.org/10.1140/epjst/e2008-00673-3
http://dx.doi.org/10.1088/0964-1726/14/5/012
http://dx.doi.org/10.1088/0964-1726/14/5/012
http://dx.doi.org/10.1140/epjst/e2008-00660-8
http://dx.doi.org/10.1063/1.3117240
http://dx.doi.org/10.1063/1.3117240
http://dx.doi.org/10.1063/1.2931082
http://dx.doi.org/10.1063/1.2931082
http://dx.doi.org/10.1016/j.jmmm.2008.10.015
http://dx.doi.org/10.1016/j.jmmm.2008.10.015
http://dx.doi.org/10.1016/j.jmmm.2011.06.017
http://dx.doi.org/10.1038/nmat2527
http://dx.doi.org/10.1016/j.actamat.2010.03.031
http://dx.doi.org/10.1088/0964-1726/18/2/025019
http://dx.doi.org/10.1016/S1359-6454(00)00130-0
http://dx.doi.org/10.1016/S1359-6454(00)00130-0
http://dx.doi.org/10.1016/j.actamat.2006.10.025
http://dx.doi.org/10.1016/j.actamat.2008.05.034
http://dx.doi.org/10.1088/1367-2630/10/2/023040
http://dx.doi.org/10.1063/1.2883961
http://dx.doi.org/10.1063/1.2883961
http://dx.doi.org/10.1103/PhysRevB.81.054406
http://dx.doi.org/10.1016/j.actamat.2009.02.008
http://dx.doi.org/10.1002/adem.v14.8
http://dx.doi.org/10.1063/1.3292205
http://dx.doi.org/10.1063/1.3292205
http://dx.doi.org/10.1016/j.actamat.2007.05.040
http://dx.doi.org/10.1016/j.actamat.2007.05.040
http://dx.doi.org/10.1088/1367-2630/10/7/073002

	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusion
	References

