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This paper reports a special magnetic field-controlled
shape memory behavior in single crystalline Ni52.5Mn23.5Ga24

upon the martensitic transformation. The sample exhibits a
stress-free two-way shape memory with a strain of ±1.2 %
and a small heat hysteresis of 6 K. Based upon the sponta-
neous strain, the shape deformation can be enhanced more
than three times, up to ±4.0 %, by applying a bias field of
1.2 T. By selecting the strength and the direction of the mag-
netic field, the magnitude and direction of the shape defor-
mation can be changed optionally, showing a ªmulti-free-
domº shape deformation. Especially, the sample shows a
10 % unsymmetrical two-way shape deformation, when the
strain of the sample is suppressed by an applied field on cool-
ing. All shape memory behaviors are completely two-way
without the assistance of an external stress. The mechanism
of field-enhanced shape memory is the driving force from the
magnetic field to the twin boundaries of the variants based
on the anisotropy of the martensite.

Ni2MnGa with cubic L21 structure[1] is unique Heusler
alloy having both ferromagnetic property and martensitic
phase transition. With this special property, it has been
attracting interest as potential actuator material. This
material exhibits shape-memory effect associating with the
martensitic transformation[2±4] and magnetic field-induced
strain (MFIS)[5±8] in martensite. Some micro-magnetic

models and phenomenology have been established based
on the experimental observation,[9,10] and expected a large
strain comparable with conventional shape memory materi-
als, such as NiTi and CuZnAl alloys. In previous work, an
external stress was usually used to promote a large shape
memory strain.[8,11] This is a traditional way to obtain the
shape memory with large strains, which might cause some
difficulties for the application, such as reproducibility of
the shape deformation, the energy output, and the device
size. Our material, single crystals of Ni52.5Mn23.5Ga24,
shows the spontaneous shape memory effect. Its two-way
deformation does not need assistance by any external
stress.

The single crystals of Ni52.5Mn23.5Ga24 were grown in [001]
direction of the cubic parent phase by the Czochralski meth-
od.[5] The composition was slightly deviated from a stoichio-
metric Heusler alloy, Ni2MnGa, to have the martensitic trans-
formation temperature close to room temperature. The
samples were cut having thickness in the [100], [010], and
[001] directions of 9, 2, and 12 mm, respectively. The metal
strain gages were utilized to measure the shape deformation
of the sample. Figure 1 shows the orientation of samples and
the relative directions for strain measuring and magnetic field
applying. In the present work, the single crystals were grown
in {100}-type orientations. We define the growth direction as
[001] in order to distinguish it from the other two orientations
of the {100} family.

The strain as a function of temperature (k±T curve) has
been measured from the single crystalline sample with the
configuration a) shown in Figure 1. Figure 2 shows the k±T
curves measured in the [001] (a) and [100] (b) directions,
respectively. On cooling, the martensitic transformation
occurs at about 286 K. The sample shrinks about 1.2 % in the
longitudinal [001] direction, while expanding about 0.6 % in
its lateral [100] direction. On heating, the reverse martensitic
transformation occurred at about 292 K and the deformation
is completely recovered. The Heusler alloy Ni52.5Mn23.5Ga24

exhibits a complete two-way shape memory effect with a
quite large strain of 1.2 % and a narrow temperature hyster-
esis of 6 K, notably without the assistance of external stress.
For comparison, Figure 2 also shows the k±T curve from a
polycrystalline sample (curve c). This result indicates that the
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Fig. 1. Orientation of the samples and the relative alignment of strain gauge with the
applied field.
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macro shape memory effect can be obtained only in single
crystalline samples.

The longitudinal [001] and lateral [100] directions of the cu-
bic structure are crystallographically equivalent for martensi-
tic variants and both with respect to nucleation and growth.
No shape memory treatment, such as cold drawing or hot
rolling was deliberately adopted for our samples. As shown
in Figure 2, however, the sign of shape deformations in these
two directions are opposite. Furthermore, we have found that,
the shrink invariantly occurred in the growth direction of
crystals upon the martensitic transformation.[12] It implies that
an extrinsic or technical factor might have been imposed on
the sample, which worked as a shape memory treatment for
reducing the intrinsic self-accommodation and establishing a
preferential orientation for the variants. It is analogous to
some mechanical treatments to induce some directionally in-
ternal defects or stress in some shape memory alloys.[13]

Figure 3 shows the optical micrographs of surface relief on
{100} planes of the single crystals, with the long axis of the
samples parallel to [001] (a) and [100] (b) directions, respec-
tively. The relief is caused by the martensitic transformation,
showing the alignment of the variants.[14] On the (100) plane,
the twin boundaries are straight lines perpendicular to the
growth direction. However, the twin boundaries are quite
curvy on the (001) plane. One may also find that the volume
ratio of variants at both sides of the twin boundaries is not
equal on the (100) plane. It indicates the preferential orienta-
tion of the variants. The different morphology of martensite
on the equivalent crystalline planes reveals the different
states of the internal stress, because the only difference be-
tween these two planes is their solidification direction. The
[001] is growth direction and the [100] is perpendicular to the
growth direction. Therefore, it is reasonable to believe that
some directional internal stress is the origin for the pref-
erential orientation of the variants on the (1001) plane. This
observation is consistent with the shape deformation shown
in Figure 2. The largest strain occurred in the [001] direction.
Further work will investigate the internal stress orientation
by X-ray diffraction.

Figure 4 shows strains measured in [001] direction using
different magnetic fields. When a bias field was applied
along [001] direction and the strains were measured in
[001] as the configuration b) in Figure 1. The shrink of the
sample increases with the increase of the magnetic fields
(Fig. 4b). As long as the applied field stays below 0.8 T, the
strains are about linearly dependent on the fields. At field
of about 1.2 T, the strain saturates. Superimposing a field of
1.2 T, the maximum strain of the sample can be enhanced
more than three times. When a bias field was applied along
[100] direction and the strain was measured still in [001] di-
rection as the configuration c) in Figure 1, an opposite
shape deformation can be obtained, as shown in Figure 4a.
One can see that, applying the lateral field, the shape defor-
mation of the sample change to expansion upon the mar-
tensitic transformation, rather than shrink. These expanding
deformations also increase with the increase of the field, as
the field was higher than 0.3 T. In the lateral field of 0.3 T,
the sample shape almost does not change during the mar-
tensitic transformation, because the sign of the strain
caused by field is opposite to that of the spontaneous strain
upon the transformation. Therefore, a shape memory device
made from this material can be controlled in expanding,
shrinking or non-deformation upon the martensitic trans-
formation by selecting the corresponding strength and di-
rection of the magnetic field. Thus, a six-stroke shape-mem-
ory device may become possible by using a multi-pole
electromagnet.
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Fig. 2. Strain-versus-temperature curves of Ni52.5Mn23.5Ga24 sample measured in
[001] (a) and [100] (b) directions of single crystal and polycrystal (c).

Fig. 3. Optic micrographs of single crystal sample on (100) (a) and (001) (b) planes.



Fig. 4. Strain-versus-temperature curves measured in [001] direction with the different
bias field applied in [001] direction (a), and [100] direction (b), respectively.

Above enhancement effect of the shape memory can be at-
tributed to the driving effect of field to the martensitic variant
boundaries. It has been confirmed that a magnetic field could
drive the twin boundaries between martensitic variants based
on the magnetic anisotropy of the martensite of Ni2MnGa.[10]

This results in some variants re-aligning in the field direction
and exhibiting a macro-strain for the sample. Our earlier
work has reported that an applied field of 1.2 T could solely
create a field-induced strain of 0.6 % in the martensite of this
material.[6] Murray and O'Handley et al. reported a field-
induced strain of 6 % from a compressed sample at room tem-
perature.[8] Deducting the spontaneous strain upon the trans-
formation, the net strain enhanced by the field of 1.2 T in this
work is about 2.8 %. This value indicates that the field-driven
motion of the twin boundary works as a leading effect for
more variants orienting to the field direction upon the mar-
tensitic transformation.

A stronger field-leading unsymmetrical two-way shape
memory with a huge strain up to 10 % has been obtained. It is
related to a martensite to martensite transformation as shown
in Figure 5. Cooling the sample with an applied field of 0.1 T
in [100] direction, a strain of ±0.12 % in [001] direction shows
the martensitic transformation (marked as A±M) at about
275 K. Continually cooling the sample, a martensite to mar-
tensite transformation (marked as M1±M2) occurred, exhibits
a further deformation of ±0.2 % at about 150 K. Then heating
the sample, this martensite to martensite transformation

(marked as M2±M1) reverses at about 250 K and creates an
expanse of 10 % in [001] direction. Continually heating the
sample, the sample recovers its deformation with a shrink of
±10 % upon the reversed martensitic transformation at about
285 K (marked as M±A). One can see that the sample still un-
dergoes a two-way shape memory in the whole temperature
cycle, but the shape deformation becomes unsymmetrical.

In Ni2MnGa single crystal, the martensite to martensite
transformation (M±M) has been observed in pre-stress sam-
ples.[15] In our recent work, we have found that this transfor-
mation also causes a macro strain for the sample. That means,
the variants can be re-aligned upon this transformation. As
shown in Figure 5, the macro deformations of the sample
upon the martensitic transformation and the M±M transfor-
mation were suppressed by the bias field of 0.1 T in [100]
direction in the cooling run. Thus, the elastic deformation
energy generated by these two transformations was stored in
a self-accommodation state. This state is not so stable like that
in a deformed sample. Therefore, the reversed M±M transfor-
mation resulted in the release of the elastic energy. At this
moment, the field-driving effect from a low field of 0.1 T
could lead the variants to align in field direction and created
the strain of 10 %. In this way, the shape memory effect occurs
between the reversed M±M transformation and reversed mar-
tensitic transformation in a single temperature run, other than
between the martensitic transformation and reversed marten-
sitic transformation in two (cooling and heating) runs.

In conclusion, single crystals of Ni52.5Mn23.5Ga24 have been
grown as shape memory material. The single crystalline sam-
ples exhibit spontaneous two-way shape memory with a
strain of ±1.2 % and a narrow hysteresis of 6 K. The shape de-
formation can be enhanced more than three times, up to ±
4.0 %, by field of 1.2 T. The strain can also be controlled in
magnitude and sign by setting the strength and direction of
the applied field. By cooling the sample to undergo the mar-
tensitic transformation and the further martensitic±martensi-
tic transformation with a low bias field of 0.1 T, a huge defor-
mation up to 10 % can be obtained and the strain becomes
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Fig. 5. Strain-versus-temperature curves measured in [001] direction with the bias
field of 0.1 T applied in [100] direction. The lower martensitic transformation tempera-
ture is due to the higher cooling rate used.



unsymmetrical. Such field-controlled shape memory effect
can be contributed to the driving force from the magnetic
field to the twin boundaries of the variants based on the mag-
netic anisotropy of the martensite.
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Micromechanical and
Microtribological Properties
of Thin CNx and DLC Coatings

By Thorsten Staedler* and Kirsten I. Schiffmann

Diamond-like carbon (DLC) can be used as a tribological
coating in mechanical engineering to reduce friction and wear
(for drilling and cutting tools). This system, as well as the

amorphous carbon nitride system (CNx), is also interesting
with respect to various applications in the hard-disk and mi-
crosystems industries.[1±4] The typical film thicknesses for
these applications range from a few nanometers up to a cou-
ple of hundred nanometers.

The influence of the substrate in the case of a mechanical
characterization of thin films is well known but not fully
understood. Different approaches are described in the litera-
ture.[5±10] It is reasonable that the substrate should also have
an effect on the tribological response of the film/substrate
system. In this communication, examples of the influence of
film thickness and substrate on the mechanical and tribologi-
cal properties of thin CNx and DLC films in the low-load
regime are analyzed and discussed.

As already mentioned, DLC and CNx are both candidates
for hard-disk and microsystems industries. Both coatings are
widely used today due to their high tribological potential.
Therefore, these two systems were chosen for a study of the
mechanical and tribological response of a film/substrate sys-
tem on the nanometer scale.

The DLC films characterized in this communication were
deposited via a plasma-enhanced chemical vapor deposition
(PECVD) process on Si(100). Details of the deposition condi-
tions are reported elsewhere.[11] Aside from the film thick-
ness, the influence of bias voltage on the mechanical and
tribological behavior is of interest. That is why two sample
series were prepared: One with a fixed film thickness (250±
350 nm) at different substrate bias voltages between 300 and
800 V, and one series at a constant bias voltage of 500 V and
film thicknesses between 19 and 400 nm.

The CNx films analyzed in this work were deposited via
reactive DC-magnetron sputtering on Si(100). Details of the
process conditions are reported elsewhere.[12] For the CNx

system the two parameters of interest were the nitrogen con-
centration of the film and the film thickness. Therefore two
series were prepared. One series had different nitrogen con-
centrations between 0 and 20 at.-% at a constant film thick-
ness (200±250 nm). The other series contains different film
thicknesses (6±226 nm) at a constant nitrogen concentration
of about 9 at.-%.

The nanomechanical properties of the substrate and the
coated systems were determined by nanoindentation using a
Hysitron Nanoindenter/TriboScope in combination with a
Park Universal atomic force microscope (AFM). The sample
surface is loaded by a diamond indenter (Berkovich indenter;
100 nm tip radius) and, after holding at a constant load, the
load is reduced again. During the whole process the load and
indenter position are measured resulting in a load±displace-
ment curve. The unloading segment of these curves is ana-
lyzed with the model proposed by Oliver and Pharr in order
to obtain the mechanical properties.[13] Beside these single
indents multiple indents were carried out. During a multiple
indentation there are unloading segments at 10, 20, 30 % of
the maximum load down to a load of about 50 % of the actual
load. By this means it is possible to determine the mechanical
properties, hardness, and Young's modulus for various in-
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