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Magnetic shape memory alloys, such as Ni2MnX (X=Ga, In, Sn, Sb), are multifunctional 

materials [1,2,3,4,5]
, with a great potential for the fabrication of microdevices based on novel 

actuation and sensing mechanisms.[6,7] Giant strains, one order of magnitude higher than the 

typical magnetostriction and state-of-the-art piezoelectric values, can be obtained by a 

magnetomechanical effect based on twin variant reorientation induced by magnetic field 

(MIR). Furthermore, the possibile exploitation of the martensitic distorsions to create tiny 

machines while keeping simple design[8] and high actuation frequencies makes them 

particularly appealing for the integration in active microsystems.[9] 

Twin variant reorientation was firstly observed and well-assessed in bulk materials[10], where 

a direct evidence of strains up to 12% in moderate magnetic fields was reported.[11] In the last 

years a great effort has been done in the investigation of constrained epitaxial thin films 

grown on different substrates, (i.e. MgO, STO, YSZ)[12-14] and free-standing films.[15-117]  
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Despite that, very limited MIR effects were found and, although demonstrated, a full 

comprehension and exploitation of the effect is still lacking. The martensitic microstructure 

was found to be affected principally by thickness[18,19] and composition[19,20] and  a variety of 

different microstructural and magnetic patterns were obtained. However the role of the 

martensitic microstructure in determining the MIR has not been fully understood, yet.  

In this work, we demonstrate that microstructure can be finely tuned and MIR effect can be 

accordingly enhanced or suppressed. In particular a giant reversible MIR effect characterized 

by huge magnetization jumps (up to 55%) is reached in 200 nm thick epitaxial films. 

Remarkably, such an effect is also dependent on the applied field direction. To deeply 

investigate its origin, the interplay between crystal structure, orientation and twinning 

microstrucutre has been established by a multiscale approach, taking advantage of several 

experimental techniques, including high resolution electron microscopy, electron holography 

and in-field magnetic force microscopy.  In the light of the obtained results, we will 

demonstrate that the MIR effect in constrained films can be controlled in intensity and 

anisotropic response by the large scale arrangement of the microstructural twinning patterns. 

 

Films of Ni53,7Mn22.1Ga24.2 of thickness 200 nm were grown at T= 350 °C in the austenitic 

phase on MgO (001) single crystal substrates on top of a 50 nm Cr underlayer. The epitaxial 

relationships, verified by TEM analysis, are (001)[100]Ni-Mn-Ga// (001)[100]Cr// (001)[110]MgO 

and (001)[010]Ni-Mn-Ga// (001)[010]Cr// (001)[-110]MgO. The martensitic transformation from 

high temperature cubic austenite into low temperature monoclinic martensite occurs at T=320 

K, as shown by resistivity measurements (supplementary information).  The crystal structure 

of the martensite is compatible with the 7M modulated monoclinic structure reported for bulk 

samples of similar composition.[21] The measured lattice parameters are a’= 4.23 Å, b’=5.52 

Å, c’ = 4.32 Å, with a monoclinic angle β=93°, b’ being the unique axis. In the austenitic 

setting, the martensitic axes are  a= 6.20 Å,  b=5.88 Å, c = 5.52 Å with γ=91°, c being the 
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unique axis in this setting. Upon transformation, the martensitic phase shows a polytwinned 

system characterized by a complex microstructure. Among all the possible martensitic 

twinning systems, involving {110}-type twin planes, only a-c twins were found in epitaxial 

thin films.[12,15] These types of twinning give rise to a typical microstructure, characterized  by 

twin lamellae only oriented at 45° or at 90° with respect to the substrate plane and intersecting 

the surface of the film along the [110] and [100] MgO directions.[22,23] According to the 

nomenclature introduced in ref. 24, we will label the two different types of twinned areas as X 

(45°) and Y (90°) zones. These two differently twinned zones are contemporary present, as 

can be clearly identified in the scanning transmission electron microscopy high angle annular 

dark field (STEM-HAADF) images, obtained in cross (Figure 1a) and plan geometry (Figure 

1b). Figure 1c,d reports the Fast Fourier Transforms (FFTs) of the high resolution (HR) 

images (Supporting Information) taken in the X and Y zones showing the involved twin 

planes. The two deduced twinning configurations are sketched in Figure 1e,f. The twinning 

planes involved in X-type and Y-type zones are respectively {101} and {110} in the 

austenitic reference. In X-type regions the twinning planes induce a flipping of the short c-

axis from the in-plane to the out-of-plane direction switching orientation with a-axis only, b-

axis remaining in the film plane. In Y-types regions, the twinning planes induce the short c-

axis to assume two symmetric in-plane directions, corresponding approximately to the 

diagonal of the substrate, exchanging its orientation with a-axis only, b-axis always remaining 

perpendicular to the film plane. The peculiar aspect emerging from the analysis of this family 

of twin variants is that the twinning planes are of type-II (see Supporting Information). Out of 

the two possible twins found in modulated martensites and involved in MIR, type-II are 

characterized by the lowest twinning stress and can be activated at low values of magnetic 

field. [25]  

The magnetic configuration and its correlation with the twin structure has been directly 

visualised, for the first time in ferromagnetic shape memory thin films, by means of electron 
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holography experiments that provide the direct evidence of the magnetic patterns inside the 

twinned regions. Figure 1g,h shows that the easy magnetization direction of martensite 

coincides with the c-axis. The easy-axis character of magnetocrystalline anisotropy was found 

also in 7M modulated bulk alloys.[26]The magnetic induction map of the X-type zones, 

observed in cross section, shows the magnetization vector (sketched by white arrows) 

pointing alternatively out of plane and in plane at each lamella. In the Y-type zone, observed 

in plan view, the magnetic vector is always in plane, switching along the two [110] directions 

of MgO.  

The relationship between microstructure and magnetic domain structure was investigated  by 

atomic and magnetic force microscopy (AFM/MFM) experiments (Figure 2a, b). AFM image 

(Fig 2a) shows the two regions distinguished by the different twinned structures. In X-type 

zones, twin planes form at the surface the typical angle of 45° with respect to the [100] MgO 

direction. On the other hand in Y-type zones, characterized by internal twins with twin planes 

running parallel to the MgO [100], the internal structure can be scarcely observed by height 

contrast, because of the very small surface corrugation it gives rise to. 

The corresponding MFM image (Figure 2b) highlights the different magnetic configurations 

of the two zones. In the X-type zones, a high magnetic contrast, can be observed, consistently 

with the electron holography results, which show magnetization components perpendicular to 

the film plane. The fine details of the magnetization pointing alternatively in and out of the 

film plane cannot be resolved by the MFM technique. In the Y-type zones the in-plane 

magnetization orientation can be confirmed by the lack of any MFM signal, except for the 

contribution of the Bloch domain walls that display an out of plane component.  

Actually, the two types of twins described before are the fine structure of larger martensitic 

plates as demonstrated by the large-scale SEM image of the film surface, recorded by 

backscattered electron detector (BSED) (Figure 2c). The surface of the as-grown film is 

composed of the two different martensitic zones mixed together in the entire area, as shown 
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by the bright or dark contrast. The bright plates display approximately rectangular shape with 

one edge several times longer than the other and aligned along the {100} directions of the 

substrate. A higher magnification image (Figure 2d) of these plates highlights the internally 

twinned structure, with twin lamellae of approximately 20 nm width, running along {100}-

directions.  

Following the previous structural analysis, the twinning in these zones is of type Y, i.e. twin 

planes are perpendicular to the substrate.  On the other hand, plates with dark contrast exhibit 

twinning microstructure with lamellae that intersect the surface at 45° with respect to the 

edges of the substrate, relating them to (101) twinning planes, corresponding to X-zone of the 

TEM cross section measurements. It is noteworthy that Y-zones, in this sample, show a strong 

preferential orientation of the microstructure. As can be seen in Figure 2c, that is 

representative of the whole sample, these long plates are invariably oriented along one edge of 

the substrate, only. As reference we will indicate this direction as the [100] direction of the 

MgO, as indicated in Figure 2a-d. Such a microstructure plays a pivotal role on the 

anisotropic response of the film to the applied magnetic field. 

In fact, as shown in Figure 2e, by applying the field along the [100] direction of MgO a 

substantial metamagnetic behavior, with a jump of magnetization outreaching 55% of the 

saturation value, is achieved. This jump, identified as the fingerprint of the MIR [12-14], shows 

here an unprecedented value. The magnetization jump ΔM=28 Am2/Kg is achieved in a field 

increment of just 11 mT; the entire MIR process is completed at relatively low field (Hmax=82 

mT) and is highly reversible, the inverse process starting around 58 mT.  

Another remarkable behaviour is the anisotropic character of such effect: by applying  the 

field along the other notable directions, such as [110], or [010] of the MgO substrate, a regular 

magnetization curve is recorded, as can be seen in Figure 2e. The anisotropic behavior of 

magnetization reflects the microstructural preferential orientation of the martensitic plates, 

indicating that the large scale arrangement of the twinning patterns is the key element to 
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achieve the outstanding MIR effect that we report here. This can be proved by measuring the 

magnetic behaviour of other films with the same thickness but different morphologies. Two 

additional 200 nm thick films on 50 nm Cr have been prepared with different growth 

conditions giving rise to different martensitic microstructures.   

The sample morphology was recorded in different areas of the samples and at different 

length-scales to check for the homogeneity of the microstructure all over the sample at all 

magnifications. By this analysis we have been able to confirm that the images we report can 

be considered representative of the entire films. Figure 3 shows SEM images of the other two 

samples, hereafter called B and C, while we will refer to the first sample as A. Sample B has a 

microstructure similar to sample A, with two different X-type and Y-type zones, internally 

twinned in the same way as for sample A, but they are homogeneously distributed, being the 

Y zones equally oriented along both [100] and [010] directions of the MgO (Figure 3a,b). 

The hysteresis loops, measured along the two [100] and [010] edges of the substrate, shows 

the MIR effect occurring in both directions; the jump in magnetization has almost the same 

value along the two directions, while its absolute value is lower than the one achieved by 

sample A (ΔM=15 Am2/Kg) (Figure 3c). Finally, sample C shows only one kind of zone (X-

type) with the very well-known 45°-type twinning, oriented in the two directions of the film 

plane and homogeneously mixed down to a short length scale (Figure 3d,e). The hysteresis 

loops do not show any differences between these directions and, more importantly, MIR 

effect has been completely suppressed (Figure 3f).    

From these data the crucial role of microstructure in the control and substantial enhancement 

of the MIR effect has been demonstrated for the first time. The experimental evidence 

suggests that there are two key features for achieving the MIR effect in epitaxial thin films; 

firstly Y-type twinning regions must be present and, secondly, the field has to be applied 

along the long direction of the Y-regions. 

In order to achieve a better understanding of the MIR effect we have performed a magnetic 
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field dependent MFM study of sample A. Figure 4 provides a series of images collected 

while applying a magnetic field along both in-plane [010] (Figure 4a,b) and [100] (Figure 

4c,d) directions. While the magnetic contrast inside the X- and Y-regions changes sensitively 

with increasing field, the MFM images immediately show that no identifiable change in the 

size and distribution between the two regions occurs. It can be concluded that the MIR effect 

is mainly achieved by a twin variant rearrangement involving the Y-type zones.  

By recalling the transmission electron holography measurements (Figure 1f), inside the Y-

type regions the magnetization vectors alternate along two <110> substrate directions in a 

“head-to-tail” configuration, as sketched in Figure 4e. This 90° change of the magnetization 

direction occurs at the twin boundaries parallel to [100] MgO (i.e. parallel to the long edge of 

the Y-regions). On the other hand 180° domain walls are aligned along [010], that is the 

short edge of the Y-regions. Since  [010] is the easy magnetization direction of the film 

(Figure 2e) in order to describe the magnetization process we can simplify the magnetic 

configuration by a resulting magnetic vector following the [010] direction of the substrate, as 

drawn in  Figure 4e. By applying the magnetic field along such [010] direction the domain 

wall movement provides the growth of the domains inside the Y-regions aligned with the 

external field. Coherently, the in-field MFM images show the disappearance of the Y-regions 

domain walls at very low applied fields. 

On the contrary, the magnetization curve along [100] direction at low field has a hard-

direction character, consistently with a rotation of the resulting moment towards the applied 

field direction up to a critical field where the sudden jump occurs. In this case, the partial 

magnetization rotation gives rise to a discontinuity of the [010] magnetization component 

across the twin boundaries (i.e. charged twin planes) that, thanks to the low twinning stress 

of  type–II boundaries, is at the basis of the magnetic field induced reorientation. 

In conclusion, we have demonstrated that huge reversible MIR due to type-II twin boundary 

motion, can be obtained in a two-region martensitic thin films and its intensity and anisotropic 
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character can be easily controlled. Martensitic microstructure and its large scale arrangement 

emerge as the key elements for controlling MIR effect in ferromagnetic shape memory thin 

films, allowing the possibility to tune a desired response by microstructure engineering.  

 

 

Experimental Section  

Ni-Mn-Ga thin films of thickness of 200 nm were grown at T=350° C by r. f. sputtering at 

different sputtering rates, in the range 65-73 Å/min , on a 50 nm Cr (001) underlayer grown 

on MgO (001) at the same temperature. Ni-Mn-Ga films were deposited using a target with a 

composition of Ni49.3Mn27.8Ga22.9 (at.%). The obtained film composition was 

Ni53,7Mn22.1Ga24.2 , as determined by energy dispersive X-ray spectroscopy (EDXS), with an 

uncertainty of about 0.8 at.% for each element.  

The sample microstructure was studied by means of scanning electron microscopy (SEM, FEI 

Inspect – F) in conventional and backscattered mode. The microstructure at the nano and 

atomic scale was investigated by a JEOL JEM 2200FS transmission electron microscope, 

working at 200 kV. To perform cross-sectional transmission electron microscopy (TEM), a 

thin lamella has been cut from the film along the [100]-direction of the substrate using the 

focused-ion beam lift out technique, while for the in-plane analysis a thin foil has been 

prepared using dimple grinder and ion mill. 

In order to study the magnetic configuration of the samples at the scale length of the 

martensitic twin variants, we have performed electron holography experiments. In particular, 

medium resolution electron holography was performed using a FEI Titan3 microscope 

working at 300 kV, equipped with a spherical aberration corrector by CETCOR and fitted 

with a Lorentz lens and an electrostatic biprism. 

Atomic force and magnetic force microscopy (AFM/MFM) images have been acquired by a 

Dimension 3100 microscope equipped with Nanoscope IVa controller. MFM images were 
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acquired in the interleave mode in zero field and by applying a magnetic field (0H=75 mT) 

along [010] and [100] directions of MgO substrate.  

Room-temperature magnetization curves have been measured by an alternating gradient force 

magnetometer (AGFM), applying the magnetic field in different directions of the film plane. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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Figure1. a), b) STEM-HAADF images obtained in cross section and plan view. c), d) FFTs of 

the high resolution images (supplementary information) taken in the X- and Y-type zones. e), 

f) Sketches of the two different twinning configurations. g), h) Magnetic induction colour 

maps obtained by electron holography for X and Y-type  zones, taken in cross section and 

plan view, respectively. The colours indicate the magnetization direction, as schetched by 

white arrows, while the colour saturation is related to the magnetization intensity.  
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Figure 2. Microstructure, magnetic domain structure and magnetization processes of the 

sample A. a) AFM and b) MFM. c) SEM image on large scale and d) magnification of a 5x5 

2 area. e) Hysteresis loops measured by applying the magnetic field along different 

directions in the film plane. 

 

 

 

 

Figure 3. Microstructure, magnetic domain structure and magnetization processes of sample 

B (top row) and sample C (bottom row). a), d) SEM on large scale and b), e) magnification of 
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a 5x5 2 area. c), f) Hysteresis loops measured by applying the magnetic field along different 

directions in the film plane. 

 

 

Figure 4. Magnetic field dependent MFM study carried out by applying a magnetic field 

along [010] direction a), b) and [100] direction c), d). f) Schematic sketch of the magnetic 

configuration in X-type (bottom) and Y-type (top) zones. DW:180° domain walls (red dashed 

lines), TB: type-II twin boundaries (black full lines). The superimposed blue arrows represent 

the resulting magnetic vectors along [010] MgO direction. 
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Giant magnetically induced twin variant reorientation, comparable in intensity with 

bulk single crystals, was obtained in epitaxial magnetic shape memory thin films. It was 

found to be tunable in intensity and spatial response by the fine control of microstructural 

patterns at the nanoscopic and microscopic scale. A thorough experimental study (including 
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electron holography) has allowed a multiscale comprehension of the phenomenon. 
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1. Electrical measurements 

Figure S1. Resistance as a function of temperature of sample A. The dashed lines indicate the 

slope below and above the transition. 
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The transformation behaviour was characterized by the temperature dependence of the 

electrical resistance determined by the four-probe method. It is well known that the electrical 

resistance of Heusler alloys has a metallic character: it increases by increasing temperature. 

At the Curie transition, a decrease of slope is expected by increasing temperature, while at the 

martensitic transformation an abrupt change of intensity together with a thermal hysteresis 

between the heating and cooling curves are expected.[18] The results of electrical 

measurements are shown in Figure S1 where only one transition, characterized by hysteresis, 

is present. This behaviour can be attributed to the merging of the aforementioned martensitic 

and Curie transitions, resulting in a first-order transition between a ferromagnetic martensite 

and a paramagnetic austenite, as found in several bulk materials of similar composition.[26] 

The transformation temperatures on heating and cooling are TA=325 K and TM=319 K 

respectively. The slope in the martensitic state (i.e. below the transition) is greater than in the 

austenitic state (i.e. above the transition).  

 

2. TEM characterization of the twinning configuration  

 

                              

a)                                                                                               b) 

Figure S2. 

a) HRTEM cross sectional image taken in the X region b) HRTEM plan view image taken in 

the Y zones, showing the twin planes involved inside the two zones. The FFTs of the two 

images are shown in Figure 1c and 1d, respectively.  

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



     

18 

 

The peculiar aspect emerging from the analysis of twin variants in the Y-type regions is that 

the twinning plane, described as {101} in austenitic reference, is a type-II twinning plane  

characterized by irrational indices. The experimental proof is provided by the following 

HREM images and corresponding FFTs. 

In Figure S3 and Figure S4 two HREM images of the twin variants of the Y region are 

shown in cross-sectional and planar view, respectively. The zooms of the rectangular areas 

across the twin boundaries, indicated in the figures by the white dashed square, are 

superimposed to the images. 

Since the two twinned crystals in type-II twin boundaries are related by a rotation of π around 

the η1 axis, the diffraction pattern acquired orienting the sample along the η1 direction must 

display only a single pattern; this is indeed verified in the in cross-sectional view (Figure 

S3a) and related FFT (Figure S3b), where only a single diffraction pattern is observed along 

the [101] direction. A scheme of the twinning elements in this projection is given in Figure 

S3c). 

It is worth to note that even in the enlargement of the HREM image in Figure S3a) a clear 

continuity of the atomic planes across the twin boundaries is visible, proving that in this zone 

axis the twinned crystal is perfectly generated by a rotation of one twin variant of an angle π 

around the twinning direction. 

The complementary geometry can be explored in planar view: the FFT (Figure S4b) of the 

HREM image view (Figure S4a) shows that, if the sample is oriented along a zone axis 

perpendicular to the twinning direction, a mirror plane normal to η1 is observed in reciprocal 

lattice. A scheme of the twinning elements in this projection is given in Figure S4c). The 

enlargement of the twin boundary reported in Figure S4a) also highlights how in HREM 

observations along an axis that differs from the twinning direction an overlap of the twinning 

crystals in is unavoidable at the type-II twin interface, because of an irrational K1 plane. 
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Fig. S3. 

a) HREM images of 90° lamellae in cross-sectional view. An enlargement of the square area 

(marked by the dashed line) across the twinning plane is given. b) FFT of the HREM image; 

no noticeable effect of the twin is visible in this projection. c) Schematic representations of 

the typical twinning elements characterizing a type-II twin in the direct space, when observed 

along the twinning direction η1. 

 

 

Figure S4.  

a) HREM images of 90° lamellae in planar view. An enlargement of the square area (marked 

by the dashed line) across the twinning plane is given. b) FFT of the HREM image; a clear 

effect of the twin is visible in this projection. c) Schematic representations of the typical 

twinning elements characterizing a type-II twin in the reciprocal space, when observed along 

a direction normal to the twinning direction η1. 
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