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Abstract 

The purpose of this work was to develop a growth pathway for synthesis of high-quality 

ferromagnetic Ni-Mn-Ga shape memory thin films and to understand their functional prop

erties. 

Two groups of Ni-Mn-Ga films were prepared using the pulsed laser deposition tech

nique. One group was grown on (100) YSZ ((Zr,Y)02 with Zr02:Y202=92:8) and was 

used to study the thermal, magnetic, and magnetocaloric properties. The other group was 

deposited on (100) MgO. These films were fabricated into free-standing micro-bridges. 

These Ni-Mn-Ga films were synthesized in a previously unexplored high temperature 

deposition regime. The temperatures employed encouraged the development of the desired 

micrometer-size highly twinned martensite grain structure while the general problem of 

preferential evaporation of the volatile elements at elevated temperatures was solved by 

using a manganese and gallium enriched target. 

The films grown on ( l 00) YSZ exhibit a self-reversible, magnetically induced reorien

tation of the martensite variants (MIR), which is temperature dependent. The mechanism 
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associated with the self-activated reversibility in the MIR effect was established through a 

detailed characterization of the texture, microstructure, and magnetic domain structure of 

the films. 

The synthesized films also show a large magnetocaloric effect (MCE), which is par

ticularly strong at low magnetic fields. The effect is associated with an overlapped ferro

magnetic and martensitic phase transition. Detailed characterization of these transitions 

allow for an understanding of the role each phase transition plays in determining the level 

of enhancement to a standard MCE governed only by the ferromagnetic phase transition. 

Ni-Mn-Ga free-standing micro-bridges were fabricated using photolithography followed 

by wet chemical etching. Microstructural evolution of the martensitic variants resulting 

from changes to the stress field in the detached areas was studied in the context of potential 

film applications for micro-actuators. 
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Chapter 1 

Introduction 

The shape memory effect (SME) is a phenomenon whereby a material restores its previ

ously defined shape or size when subjected to an appropriate thermo-mechanical treatment. 

The shape recovery, as shown in figure 1.1, is accomplished in three steps: (1) the sample 

is cooled so that it transforms from the cubic to a crystal structure with lower symmetry 

(e.g. tetragonal structure); (2) it is then mechanically deformed in the tetragonal phase; (3) 

the shape is recovered during a subsequent heating process where the sample transforms 

back to the initial cubic structure. 

Since its first discovery within a Au-Cd alloy in 1951, the SME has been studied and 

utilized for a wide variety of applications, such as actuators, sensors, coupling devices, 

dental braces, and vascular stents (Anson, 1999; Mavroidis, 2002; Tung et al., 2008). Re

cently, the SME was observed in a group of ferromagnetic alloys in which the shape change 

is induced by an external magnetic field (Ullakko et al., 1996), an effect now referred to 
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Figure 1.1: Schematic depiction of the shape memory process 

as the magnetic shape memory effect (MSM). This finding opens the door to a new field 

of applications where fast actuation and energy generation become possible. Among these 

MSM alloys the most promising results have been obtained with the Ni-Mn-Ga ternary 

system which exhibits magnetic field induced strains of rv9.5% (Sozinov et al., 2002b), a 

value significantly larger than the strains observed in other fast-response actuation mate

rials such as piezoelectric and magnetostrictive materials (Park & Shrout, 1997; Li et al. , 

2008; Pasquale, 2003). Operating frequencies of several thousand hertz have been achieved 

with ferromagnetic Ni-Mn-Ga actuators (Suorsa et al., 2004; Marioni et al., 2003). These 

distinctive features make the Ni-Mn-Ga alloys an intriguing system to study. 

Ni-Mn-Ga alloys, in addition to their shape memory effect, show a strong magne

tocaloric effect (MCE) while being magnetized or demagnetized. The effect is associated 
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with a large adiabatic temperature change and thus can be applied to potential refrigera

tion technologies. Such a technology may eliminate the need for energetically inefficient 

compressors and volatile liquid refrigerants which are ozone-depleting and linked to global

warming. Therefore, Ni-Mn-Ga alloys may provide more environmentally friendly cooling 

technologies as compared to the conventional gas compression technology (Gschneidner & 

Pecharsky, 2000). Figure 1.2 depicts a typical magnetic refrigeration cycle. An isolated 

magnetic refrigerant element is subjected to a magnetic field which is ramped up from a 

low to a high value. The field aligns the magnetic dipoles in the refrigerant element and 

lowers its magnetic entropy. Since the material is isolated, the drop in the magnetic entropy 

is compensated for by the increase of the lattice entropy, leading to an increase in temper

ature of the refrigerant element. The generated heat is then removed by attaching to the 

refrigerant a cooled water sink. During the heat transfer the magnetic field is kept constant 

to prevent the dipoles from being misaligned. Once the refrigerant element is sufficiently 

cooled, the coolant is removed, leaving the refrigerant isolated. Switching off the magnetic 

field disorders the magnetic dipoles through the consumption of thermal energy and lowers 

the temperature of the magnetic refrigerant material. The cooled refrigerant element is then 

thermally linked to the environment to be cooled where it absorbs heat. The whole process 

benefits from a large magnetic entropy change or an adiabatic temperature change in the 

magnetic refrigerant substance during the magnetization and demagnetization process. 

One of the most broadly investigated magnetic refrigerant materials is gadolinium which 

shows a magnetic entropy change of approximately -12 J/kg-K near room temperature for 

a magnetic field change from 0 to 5 T (Gschneidner & Pecharsky, 2000). The gadolinium

based compound, Gd5(Si1-xGex)4, has been recognized as the best material available today 

for magnetic refrigeration. The Gds(Si 1-xGex)4 with x=0.25 demonstrates a giant magnetic 
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Figure 1.2: Refrigeration cycle of a magnetic refrigerant element showing the mechanism for mag
netic refrigeration. 

entropy change of -70 J/kg-K at 140 K for a field change of 5 T (Pecharsky & Gschneid

ner, 1997), a value seven times larger than gadolinium. Recently, a giant magnetic entropy 

change of -86 J/kg-K for fields ramped to 5 T has been reported for a magnetic shape mem

ory Ni-Mn-Ga single crystal at 312.75 K (Pasquale et al., 2005), which is comparable to 

that observed for Gds(Si1 -xGexk In addition, a direct measurement of the adiabatic tern

perature change has been carried out on a Nh.19Mno.s1 Ga polycrystalline sample, which 

yields a temperature change of 1.1 K!T at 336 K (Khovaylo et al. , 2008). These results 

demonstrate the incredible potential of the Ni-Mn-Ga system as a magnetic refrigerant 

substance. 

While progress has been considerable in terms of the bulk Ni-Mn-Ga alloys, advances 

in thin film properties and devices have been slow. This is despite the fact that such films 
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are excellent candidates for micrometer-scale applications. Compared with the bulk mate

rial, thin films have the advantages of having better ductility (Kohl et al., 2006), a higher 

power density, and a lower driving field. Various techniques have been applied for film 

preparation, including sputtering (Thomas et al., 2008a; Porsch et al., 2008), pulsed laser 

deposition (Hakola et al., 2004a; Golub et al., 2004; Zhang et al., 2009), molecular beam 

epitaxy (Dong et al., 2000), and flash evaporation (Dubowik et al., 2004). However, the 

quality of the films produced thus far has varied widely. Although shape memory and 

micro-actuation behavior has been demonstrated in free-standing films (Dong et al., 2004; 

Ohtsuka et al., 2006), a vast majority of the results available in the literature reveal that 

films affixed to a rigid substrate show no discemable magnetically induced strain. In terms 

of the magnetocaloric effect, there exists only one report describing this effect for Ni-Mn

Ga thin films, which was published very recently (Recarte et al., 2009). The challenge is 

therefore to grow uniform, defect-free, and highly textured films with a grain size large 

enough to accommodate internal twinning, a microstructure important for obtaining the 

shape change in this material. 

In an effort to address these challenges, the current research had the objective of devel

oping a growth pathway that allowed for the optimization of both the crystallinity and mi

crostructure of the films and achieve MSM and/or MCE functionalities for these films. This 

objective has been fulfilled through a high temperature in-situ deposition process where the 

loss of the volatile elements (i.e. Mn and Ga) at elevated temperatures due to their high 

vapour pressure is compensated for by using a target enriched with these elements. The 

films prepared in this manner show a high degree of crystallinity with micrometer-sized 

grains, a well-controlled texture, and a heavily twinned microstructure which is highly 

desired for the MSM effect. Systematic characterization of the thermal, magnetic, and 
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transport properties reveals that these films can transform freely between the high and low 

temperature phases associated with the MSM effect. The films' saturation magnetization is 

comparable to that of the bulk Ni-Mn-Ga crystals. The most important is the fact that the 

as-grown films show evidence of a reduced magnetic field induced strain (MFIS), indicative 

of a MSM capability. Distinctive to the films is the fact that the MFIS shows self-activated 

reversibility, a feature circumventing the need for an external stimulus, and thus, greatly 

enhancing the compactness and affordability of the micro-scale devices. While the phe

nomenon was first observed by a German group in 2008 for films deposited on (001 )MgO 

and (OOl)SrTi03 using a sputtering method (Heczko et al., 2008; Thomas et al., 2008a), 

the contribution of this thesis work is to provide a systematic study of the effect, character

ize its temperature dependency, correlate the behavior to the observed crystallographic and 

magnetic domain structure, and propose a mechanism for the self-reversibility. 

Another significant contribution of the present work is the understanding of a large mag

netocaloric effect (MCE) in the aforementioned films, which is an important step towards 

the development of the magnetic devices to be used for micro-length-scale refrigeration 

applications. The effect is attributed to the concurrent structural and magnetic phase tran

sitions. The MCE observed here is particularly strong at low fields, yielding a magnetic 

entropy change of -1.4 J/kg-K at 355 K for a magnetic field change of only 0.5 T. Detailed 

characterization of the temperature dependent magnetic, structural, and transport properties 

indicate that the maximum magnetic entropy change occurs at the temperature where the 

austenitic and martensitic phases coexist at equal volume fractions, rather than at the Curie 

or martensitic transformation start temperatures as reported in the literature (Gschneidner 

& Pecharsky, 2000; Zhou et al., 2005a). Consistent with this finding is the temperature 

dependence of the magnetic entropy change where the position of the peak is dependent 
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upon whether a heating or cooling sequence is used. A 3 K temperature hysteresis has been 

observed between the two thermal paths. An in-depth study of these features allows for an 

understanding of the role each phase transition plays in determining the level of enhance

ment to a standard MCE which is governed only by a ferromagnetic phase transition. 

To help readers to get a better understanding of the topics discussed in this thesis, a 

review of the fundamentals of the magnetic shape memory effect, the magnetically in

duced strain, and the magnetocaloric effect, as well as the basic properties of the Ni-Mn-Ga 

ternary system is provided before introducing any experimental results; this will be done in 

the next chapter. The acronyms and abbreviations used in this work are listed in table 1.1. 

Table 1.1: Listing of the acronyms and abbreviations used in the body of this thesis. 

AFM 
BF 
DF 
DP 
MCE 
MESP 
MFIS 
MFM 
MIR 
MPMS 
MSM 
PLO 
RC 
SEM 
SME 
SPM 
SQUID 
TEM 
XEDS 
XRD 
XRD3 

atomic force microscopy 
TEM bright-field image 
TEM dark-field image 
diffraction pattern 
magnetocaloric effect 
metal coated etched silicon probe 
magnetic field induced strain 
magnetic force microscopy 
magnetic field induced reorientations of martensitic twin variants 
magnetic property measurement system 
magnetic shape memory effect 
pulsed laser deposition 
refrigerant capacity 
scanning electron microscopy 
shape memory effect 
scanning probe microscopy 
superconducting quantum interference device 
transmission electron microscopy 
X-ray energy dispersive spectroscopy 
X-ray diffraction 
three-dimensional X-ray diffraction 
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Chapter 2 

Literature Review 

This chapter provides fundamental knowledge regarding the magnetic shape memory ef

fect (MSM) as well as the structure and properties of Ni-Mn-Ga bulk materials, which 

will help readers understand the characteristics of the Ni-Mn-Ga shape memory thin films 

described in subsequent chapters. The first part of the chapter describes the mechanism be

hind the MSM effect, which is followed by a review of the physical properties of Ni-Mn-Ga 

ternary alloys. The third section details a specific feature of the magnetic shape memory al

loys, which relies on the interaction between twin-related structural domains in an external 

magnetic field. This feature appears to be an important prerequisite for the MSM effect. 

The fourth section is dedicated to the underlying physics of the magnetocaloric effect, a 

property that can be used in various magnetic refrigeration applications. The last section 

introduces the progess achieved in the development and the understanding of the Ni-Mn-Ga 

thin films. 
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2.1 Ferromagnetic Shape Memory Alloys 

The shape memory effect (SME) is reliant upon a reversible structural phase transforma

tion, where the material transforms from a high temperature cubic phase to a low tempera

ture tetragonal phase followed by plastic deformation at a low temperature. Upon heating, 

the deformed material transforms back to the cubic phase through reverse phase transfor

mation and recovers its original shape. The structural phase transformation responsible for 

the SME is a martensitic transformation; the high and low temperature phases are referred 

to as the austenitic and martensitic phase. 

The martensitic transformation is a special structural phase transformation. It is dif

fusionless and proceeds through a cooperative displacement (shear) of the atoms in the 

austenitic phase. The amount of the atomic displacement is quite small, usually less than a 

single atomic spacing (Christian, 1987). Due to the shearing process, there exists a rigor

ous crystallographic relationship between the lattices of the martensitic and the austenitic 

phases. The degree of transformation is temperature dependent and the whole process is 

characterized by four critical temperatures Ms, MJ, As, and A1, which correspond to the 

start and finish temperatures for the martensitic and austenitic transformations. These tem

peratures can be determined at the position where the temperature dependence of some 

physical properties, e.g. electrical resistivity or heat capacity, exhibit deviation from their 

normal behaviour, as shown in figure 2.1. 
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Figure 2.1 : Resistance versus temperature curve for a polycrystalline Cu-15 .OZn-8.2Al (at. %) sam
ple showing a reversible martensitic phase transformation. The characteristic temperatures are de
termined at the position where the slope of the resistance curve starts to change (Zhang, 2003). 

2.1.1 Thermoelastic Martensitic Phase Transformation 

Not all materials that go through the martensitic phase transformation show a shape mem

ory effect. The effect is only achievable through a particular type of martensitic transfor

mation, i.e. a thermoelastic martensitic transformation, which has a number of distinctive 

features (Christian, 1987): 

• For a thermoelastic martensitic transformation, the martensite grows and vanishes 

continuously with changing temperature, while it grows almost instantaneously to its 

final size for the general martensitic transformation. 
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• The martensite crystals shrink along the same path when they transform back to the 

austenitic phase during the reverse thermoelastic martensitic transformation, which 

is usually not achievable in the general martensitic transformation. 

• Materials that undergo a thermoelastic transformation have an ordered austentic crys

tal structure while those that go through the general martensitic transformation often 

have a disordered austenitic phase. 

• Due to the ordered structure, the interfacial energy between the martensitic and 

austenitic phases generated during the thermoelastic martensitic transformation is 

much smaller by comparison to the general martensitic transformation. A smaller 

driving force is therefore associated with the thermoelastic transformation. 

2.1.2 Shape Memory Effect 

The mechanism behind the shape memory effect has been introduced in Chapter 1. Here, 

the shape recovery process is discussed in more detail. As shown in figure 2.2, the shape 

memory effect is accomplished in three steps: (1) the sample is firstly cooled to trans

form from a high symmetry austenitic phase to a low symmetry martensitic phase; (2) the 

material is then deformed in the martensitic phase under an external load; (3) the shape 

recovery ensues as the sample is transformed back to the austenitic phase upon heating 

through the reverse martensitic transformation. As mentioned previously, there exists an 

inherent and precise crystallographic relationship between the lattices of the martensitic 

and the austenitic phase. The relationship is established during the small shuffling of the 

neighboring atoms in the forward martensitic transformation in step (1). This lattice cor

respondence guarantees the shape recovery in the reverse phase transformation during step 
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Figure 2.2: Schematic representation of the mechanism governing a shape memory effect. (Adapted 
from (Ryhanen, 1999)) 

(3). The deformation of the sample is usually performed in the martensitic phase because 

it is more ductile and more easily deformed than the austenitic phase due to its heavily 

twinned nature. 

When the transformation from the cubic austenitic to the non-cubic martensitic phase 

initiates, small martensitic crystals form within an austenitic matrix. These crystals, which 

have identical structures but different orientations, are referred to as variants. As shown in 

figure 2.2, the adjacent variants are twin-related to accommodate the transformation strain. 

Sometimes four variants will exist in a side-by-side arrangement to form a diamond-shaped 

structure where the twinning relationship is established between any two adjacent variants 

(Funakubo, 1987). The heavily twinned structure effectively reduces the elastic energy 
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resulting from the phase transformation. Due to the large elastic limit of the martensitic 

phase a plastic strain is seldom induced in the phase transformation process (Vasil' ev et al., 

1999). Upon application of an external load, the differently oriented martensitic variants 

transform between one another through twin boundary motion, which gives rise to a large 

shape change in the martensitic phase. 

2.1.3 Magnetic Shape Memory Effect 

Recently, the shape memory behaviour was observed in ferromagnetic Heusler alloys where 

the shape-changes could be induced by a magnetic field, giving rise to a magnetic shape 

memory (MSM) effect. 

The MSM effect is also dependent upon a reversible thermoelastic martensitic transfor

mation, as is the case for the conventional SME. However, during MSM the deformation 

in the martensitic phase is stimulated by a magnetic field, rather than a mechanical load, 

although the latter can also be used to induce the shape memory effect. The deformation is 

accomplished through a process where the magnetic-field-favourable variants grow at the 

expense of the unfavourable ones by means of twin boundary motion, i.e. the magnetically 

induced martensitic variant reorientation (MIR). The effect is strongly dependent upon the 

coupling between the structural and magnetic subsystems. To realize MSM function, the 

materials have to have a high saturation magnetization, a high magnetic anisotropy, and a 

low twinning stress (Wilson et al., 2007). A key feature of the MSM is the MIR effect; the 

effect will be discussed separately in Section 2.3. 
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2.1.4 Large Magnetic Field Induced Strain 

As described previously, a detwinning process is triggered when the martensitic variants 

are subjected to an external magnetic field where the variants transform from one to the 

other leading to a deformation strain. Optimization of the effect has yielded magnetic field 

induced strains of 9.5% in a single crystal martensite in a magnetic field of less than 1 

Tesla (Sozinov et al., 2002b). The mechanism for the large magnetic field induced strain 

(MFIS) is shown in figure 2.3. The sample is initially mechanically loaded such that it 

contains a single martensite variant (i.e. Variant A). The variant has a tetragonal unit cell 

with a tetragonality smaller than one ( c/a <1). Its magnetic easy axis is oriented along the 

short c-axis (i.e. crystallographic [001] direction) of the unit cell. When a lateral magnetic 

field (H) is applied, the variants whose c-axis is along the field direction (i.e. Variant 

B) nucleate inside the original variant (i.e. Variant A) to reduce the magnetic Zeeman 

energy. The newly generated variants form a twin relationship with the original variants. 

When the magnetic field strength exceeds a critical value, the new variants grow at the 

expense of the original ones through twin boundary propagation. Finally, the entire sample 

transforms to the newly generated variants. Since the unit cells of Variant A and Variant 

B are perpendicular to one another, the total effect is analogous to rotating the sample 

by 90° to create a strain of e=a/c-1 in the vertical direction. Apparently, the magnitude 

of the field-induced strain is dependent upon the tetragonality of the martensitic unit cell, 

which is typically several percent, a value significantly larger than the strains observed 

in fast-response piezoelectric (Park & Shrout, 1997; Li et al., 2008) and magnetostrictive 

materials (Pasquale, 2003). 
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Figure 2.3: Mechanism for the large magnetic field induced strain in ferromagnetic shape memory 
alloys. The application of a lateral magnetic field converts martensitic Variant A to Variant B and 
induces an elongation of fl.l = (a/ c - 1) l in the vertical direction. Here a and c are the lattice 
constants of the unit cell of the martensite and l is the vertical dimension of the crystal. The direction 
of the external magnetic field and the magnetic easy axes of Variants A and B are denoted by arrows. 

2.2 Ni-Mn-Ga Ternary System 

In 1984, Webster and co-workers observed a reversible martensitic transformation in a 

Ni2MnGa compound which was accompanied by an abrupt change of magnetization (Web

ster et al. , 1984). This discovery allowed for the possibility of achieving SME in this mate

rial. Ten years later, Ullakko and his co-workers obtained a strain of 0.2% in an unstressed 

Ni2MnGa single crystal using an external magnetic field of 8 kOe (Ullakko et al. , 1996). 

This finding introduced the concept of the ferromagnetic shape memory effect and initiated 

the intensive studies on Ni-Mn-Ga ternary alloys which followed over the course of the 

next decade. 
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2.2.1 NhMnGa Intermetallic Compound 

The NizMnGa intermetallic compound is the prototype for the Ni-Mn-Ga ternary alloys. It 

has been found that all the off-stoichiometric Ni-Mn-Ga alloys that show a shape memory 

effect have compositions close to NizMnGa. Thus, understanding the crystal structure, 

phase transformation, and magnetic properties of the stoichiometric NizMnGa compound 

is helpful when studying the various properties of the non-stoichiometric Ni-Mn-Ga alloys. 

Therefore, the NizMnGa compound is introduced first in this subsection which is followed 

by a more general discussion of the Ni-Mn-Ga alloys. 

2.2.1.1 Phase Transitions 

The melting temperature of the NizMnGa compound is 1382 K (Overholser et al., 1999). 

Solidified from liquid, the material forms a partially disordered B2' structure. Upon further 

cooling, it experiences three structural phase transformations. The first one is a disorder

order phase transformation where the partially disordered B2' phase transforms to an or

dered austenitic phase at 1071 K (Khovailo et al., 2001). This phase transition is followed 

by a pre-martensitic transformation at 260 K and a martensitic transformation at 200 K 

(Khovailo et al., 2001; Brown et al., 2002, 2008). The martensitic phase is stable over a 

wide range of measured temperatures down to as low as 4 K. 

In addition to the structural phase transformations, the Ni2MnGa compound also under

goes a paramagnetic to ferromagnetic phase transition in the austenitic phase. The Curie 

temperature is 376 K (Khovailo et al., 2001). The ferromagnetic NizMnGa unit cell has a 
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Figure 2.4: Phase transformations in NizMnGa compound. 

saturation magnetic moment of 4.05 µB , where the moment is localized primarily on the 

manganese atoms (Webster et al., 1984; Ayuela et al. , 1999; Kulkova et al. , 2006) due to 

the entirely unoccupied manganese spin-down 3d-states (Kubler et al., 1983). The local 

moments for manganese and nickel are 3.35 µB and 0.35 µB , respectively (Kulkova et al. , 

2006). The sequence of all phase transformations is plotted on the temperature axis shown 

in figure 2.4. 

2.2.1.2 Crystal Structure 

Ni2MnGa belongs to a group of materials referred to as the Heusler alloys. Its austenitic 

phase has a cubic L2 1 structure with the lattice constant of a=5.82 A (Brown et al. , 2002; 

Webster et al., 1984; Vasil'ev et al. , 2003). The structure, shown in figure 2.5, can be 

considered as four interpenetrating f.c.c. sublattices each offset by (1/4, 1/4, 114) (Webster 

et al., 1984). Within each f.c.c . sublattice, the nickel atoms are located at the atomic site 

(0,0,0) and (1/2, 112, 112) while gallium and manganese atoms occupy the sites (1/4, 1/4, 

1/4) and (3/4, 3/4, 3/4), respectively. 
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Figure 2.5: Cubic L2 1 structure of the Ni2MnGa austenitic phase. The Ni (cyan), Mn (orange), 
and Ga (purple) atoms are located at the atomic sites (1/4, 114, 114), (0, 0, 0), and (112, 1/2, 112), 
respectively. 

The martensitic phase, which is stable below 200 K, has an orthorhombic crystal struc

ture with a=4.2152 A, b=29.3016 Aand c=5.5570 A (Brown et al., 2002). Neutron diffrac

tion reveals that the structure is a superlattice with a 7-fold modulation. The lattice cor

respondence between the martensitic and the austenitic phases is given as (Brown et al. , 

. - I
2002). (lOO)[OlO]martensite//(l lO)[l lO]austenite• where amartensite = y'zaaustenite and 

bmartensite = }ibaustenite . Figure 2.6 shows the orthorhombic unit cell of the 7-layer 

martensite and figure 2.7 illustrates the lattice correspondence between the martensitic and 

the austenitic phase. 
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y 

zJ_X 
Figure 2.6: Crystal structure of the NiiMnGa martensitic phase, showing an orthorhombic unit cell. 
The Ni, Mn, and Ga atoms are depicted in cyan, orange, and purple, respectively. 

A precursor phase has been observed in the temperature range of 200.-v260 K which 

occurs before actual martensitic transformation. Associated with this premartensitic trans

formation is a superlattice structure which shows a 3-fold stacking periodicity along the 

b-axis (Brown et al. , 2002). The lattice correspondence between the austenitic and the pre
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Figure 2.7: Lattice correspondences between the (a) austenitic and (b) martensitic phase for the 
NizMnGa compound as projected from the cubic [001] direction. Miller indices at the lower left 
comer show the orientation of the cubic austenitic phase (Adapted from Brown et al. (2002)). 

Table 2.1: Crystal structure and the temperature range where the various phases exist for Ni2MnGa 
compound. 

Phase Temperature range Crystal structure Lattice parameter (A) 

austenite 260-1071 K Cubic L21 a=5.825 * 
pre-martensite 200-260 K Orthorhombic a=4. l 19, b=12.357, c=5.825** 

(3-fold modulation) 
marten site 4-200 K Orthorhombic a=4.2152, b=29.3016, c=5.5570*** 

(7-fold modulation) 

*(Webster et al., 1984) **(Brown et al., 2008) ***(Brown et al., 2002) 

martensitic phase is aortho = }iacubic• bortho = }ibcubic• cortho = ccubic· The crystal 
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structure and the temperature range of each phase is summarized in table 2.1. 

2.2.2 	 Ni-Mn-Ga Alloys with Off-Stoichiometry Composition 

Due to the wide range of accessible compositions, the physical properties of the off

stoichiometric Ni-Mn-Ga alloys are more complicated than the prototypical NiiMnGa 

compound. However, predicting the main properties for a given alloy composition is still 

possible since many of the properties are dependent upon the valence electron concentra

tion (e/a), i.e. the number of valence electrons per formula unit divided by the number 

of atoms. For Ni-Mn-Ga alloys, the e/a ratio is calculated using the following electronic 

configurations: Ni (3d84s2), Mn (3d54s2), and Ga (4s24p1). These give rise to 10, 7, and 

3 valence electrons for Ni, Mn, and Ga, respectively (Chernenko, 1999; Jin et al., 2002; 

Tsuchiya et al., 2000). 

2.2.2.1 	 Dependence of Martensitic Transformation on Valence Electron 

Concentration 

Experimental observations reveal that the martensitic transformation temperature (i.e. the 

Ms temperature) deviates substantially with the alloy composition (Tsuchiya et al., 2000). 

Analysis of the data in terms of valence electron concentration (e/a) reveals that the Ms 

temperature is nearly a linear function of the e/a ratio (Chernenko et al., 2002; Chernenko, 

1999; Jin et al., 2002; Vasil'ev et al., 1999), as shown in figure 2.8 and 2.9. Jin et al. 

(Jin et al., 2002) established an empirical formula for the Ms temperature using the atomic 
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Figure 2.8: Valence electron concentration (e/a) dependencies of the martensitic transformation 
temperature (Ms) and Curie temperature (Tc) for Ni2+x+yMn1-xGa1-y alloys (Chernenko, 1999). 
The diamonds represent the Tc temperature while all the other symbols correspond to the Ms tem
perature. 

percentage of manganese and gallium: M5 =1960-21.1Mn%-49.2Ga%. The formula makes 

it possible to design a Ni-Mn-Ga alloy which functions at a chosen working temperature, 

i.e. the Ms temperature. It has also been pointed out that the martensitic transformation 

temperature can be further tuned by adjusting the preparation route through alteration to 

such variables as annealing or deformation procedure (Soderberg et al., 2008). 

2.2.2.2 Composition Dependence of the Ferromagnetic Transition 

Unlike the martensitic transition temperature, the Curie temperature (Tc) is not strongly de

pendent upon the composition and e/a ratio (Vasil'ev et al., 2003; Chernenko, 1999). As is 

shown in figure 2.8, the Tc temperature is nearly constant in thee/a interval of 7.3::;e/a::;7.6, 

22 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

700
1 linear y:702.5x-5087 

Error fot linear fit/STD;44.7/Max:140.2I 
o Chemenlcos a 
0 Chetnenko5·9fot mgi. C~I 

600~ 

I + M.inay4
* VuilJ 
<I Ullako' 

(,) 200·-rll 
C>-... c 

100 
tlS 

+ 

...~ ,, ....... . .. : .·, .0 

-100 
7.4 	 7.5 7.0 7.7 7.8 7.9 8 8.1 

valence-electron-per-atom (e/a) 

Figure 2.9: Relationship between the martensitic transformation temperature (Ms) and the valence 
electron concentration (e/a) based on a linear regression: Ms=702.5(e/a)-5067 K (Jin et al., 2002) 

whereas it slightly decreases at higher e/a values. Jin et al. (Jin et al., 2002) examined a 

variety of compositions and found that the Tc temperature is relatively stable over a wide 

range of compositional variation (i.e. Mn: 20rv35 at.%, Ga: l6rv27 at.%). 

Systematic characterization of the phase transformations in two composition series 

Nii+xMn1-xGa (O<x:S0.2) and Nii-xMn1+x;2Gal+x/2 (O<x:S0.1) indicates that any Ni

Mn-Ga alloys having a composition deviating from the stoichiometric composition will 

show a Curie temperature which is lower than that for the NhMnGa compound (Vasil' ev 

et al., 1999; Bozhko et al., 1999; Wang et al., 2001 b). When Ni is substituted for Mn the 

saturation magnetization decreases due to the magnetic dilution effect as well as a weaken
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ing of Mn-Mn exchange interaction caused by the increased Mn-Mn distance (Wang et al., 

2001 b ). While Mn replaces Ni or Ga, the nearest Mn-Mn distance in the off-stoichiometric 

Ni-Mn-Ga alloys is shorter than that in NizMnGa compound. This induces an antiferro

magnetic coupling among the neighboring Mn atoms, and thus, also deteriorates the fer

romagnetism (Kanomata et al., 1987; Wang et al., 200lb). It has been found that the Tc 

temperature decreases at a lower rate in the Niz-xMn1+x;2Ga1+x;2 system as compared to 

the Niz+xMn1-xGa series, a response indicative of the conduction electrons provided by 

Ga and Ni also playing an important role in determining the magnetic properties (Wang 

et al., 200lb). 

The existence of both a structural and a magnetic transition enriches the nature of the 

magnetic and magnetoelastic phenomena for the Ni-Mn-Ga alloys. Specific physical be

haviours for a given alloy composition depends to a large extent on which transformation 

occurs first. Since the transformation temperature for both transitions are dependent upon 

the valence electron concentration, Chernenko et al. (Chernenko, 1999) classified the Ni

Mn-Ga alloys of various compositions into three categories according to their e/a ratio, 

where the sequence of the two phase transformations varies for each category. As shown 

in figure 2.8, for small e/a ratios (i.e. e/a<7.7) the martensitic transformation tempera

ture is far below the Curie temperature while the reverse tendency occurs for larger ratios 

(i.e. e/a>7 .7). The two transitions overlap within the intermediate range (i.e. e/a~7 .7). 

The above behaviours are corroborated by the experimental observation of Borisenko et al. 

(Borisenko et al., 2005) who pointed out that the martensitic transformation takes place in 

the ferromagnetic state for e/a<7.6 and in the paramagnetic state fore/a>7.7, as shown in 

the Ni-Mn-Ga ternary phase diagram (figure 2.10). 
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Figure 2.10: Ternary phase diagram of Ni-Mn-Ga alloys showing three distinctive regions where 
the martensitic transformation takes place above, close to, and below the ferromagnetic ordering 
temperature (Borisenko et al., 2005) 

As a final note, it is pointed out that the Curie temperature could be different for the 

austenitic and martensitic phase due to the difference in the intensity of the spin interaction 

stemming from the various interatomic distances in the two crystal structures (Chernenko 

et al., 2003). 
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2.2.2.3 Magnetic Properties 

As mentioned in Section 2.1.3, a large magnetocrystalline anisotropy is a prerequisite for 

attaining the magnetic shape memory effect. The magnetization in a magnetic material 

prefers to lie along a particular crystallographic axis (i.e. magnetic easy axis). It is, thus, 

easy for the material to be magnetized if the external magnetic field is applied along this 

axis. Magnetizing the material from all other directions will be more difficult than from 

the direction of the easy axis. Magnetocrystalline anisotropy is the energy density needed 

to align the magnetization from the non-easy to easy axis. It arises from the interaction 

between the spins and the crystal lattice and thus is different for different crystal structures. 

The ferromagnetic austenite has three equivalent magnetic easy axes that superimpose 

on the crystallographic < 100> directions. The martensitic phase, however, has only one 

easy magnetization axis that, in most cases, points along the [001] direction of the lat

tice (Webster et al., 1984). However, it has also been reported that the martensite crystal 

having a 2-fold modulation shows a [100] oriented easy-axis (Okamoto et al., 2006). The 

martensite, thus, has a much larger magnetocrystalline anisotropy, a value two orders of 

magnitude higher than that of the austenite (Tickle & James, 1999). The value of the mag

netocrystalline anisotropy for the martensitic phase is usually obtained experimentally by 

estimating the area enclosed by the two magnetization curves measured along the easy and 

hard magnetic axes, respectively (i.e. along the crystallographic [001] and [100] directions, 

respectively) (Okamoto et al., 2006; Tickle & James, 1999). A typical value of 105 J/m3 has 

been reported for martensite having various compositions and structures (Okamoto et al., 

2006; Tickle & James, 1999; Heczko et al., 2000; Shanina et al., 2001; Albertini et al., 

2001; Heczko et al., 2002). The magnetocrystalline anisotropy is a function of tempera
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Figure 2.11: Temperature dependence of the AC magnetic susceptibility, x. for a polycrystalline 
Ni49_7Mn24.1 Ga26.2 alloy. The drop in the susceptibility at the onset of the martensitic phase transfor
mation is due to the higher magnetocrystalline anisotropy of this phase (Gomez-Polo et al., 2009). 
The data plotted is the real part of the AC susceptibility. 

ture, which increases as the temperature is lowered (Okamoto et al., 2006; Heczko et al., 

2002). 

Due to a larger magnetocrystalline anisotropy, the martensitic phase is more difficult 

to magnetize under a weak magnetic field than the austenitic phase. Figure 2.11 shows 

the temperature dependence of the magnetic susceptibility (Gomez-Polo et al., 2009). The 

drop of the susceptibility at the onset of the martensitic transformation is associated with 

the increase in the magnetocrystalline anisotropy in the martensitic phase. In addition to 

large anisotropy, the martensitic phase has been reported to have a much larger saturation 

magnetization regardless of the compositions (Zhou et al., 2005a). 
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2.3 	 Magnetically Induced Martensitic Variant 

Reorientation 

Magnetically induced martensitic variant reorientation (MIR) is a magneto-mechanical pro

cess that depends upon the interplay between the differently oriented martensitic variants 

in an external magnetic field. In the absence of an external field, the magnetic moments 

of the martensitic variants are pinned to the easy magnetization axis which, in many cases, 

is the short c-axis of a tetragonal or orthorhombic unit cell (Pasquale, 2003; Jiang et al., 

2002). When a magnetic field is applied, the moment of each variant tends to align with the 

field to reduce the Zeeman energy, Ezeeman = M ·H. The alignment is achieved through the 

growth of the variants whose easy magnetization axis is close to the field direction at the 

expense of their twin-related counterparts by means of twin boundary motion. The motion 

occurs when the magnetic field strength reaches a critical value where the variation in the 

magnetic energy between differently oriented twin variants exceeds the mechanical energy 

needed for the displacements of the atoms in the vicinity of the twin boundary (Ullakko 

et al., 1996). To activate such a process, two conditions have to be satisfied: (i) a strong 

magnetocrystalline anisotropy and (ii) a low twinning stress. The first condition ensures 

the pinning of the magnetic moment of an individual variant to the magnetic easy axis. The 

second condition, combined with the first one, ensures that the twin boundary motion is 

activated in a moderate field which is much smaller than that needed for the alignment of 

the magnetic moment solely by moment rotation. Further evidence has shown that the twin 

boundary motion is energetically more favourable than the magnetic domain wall move

ment since the latter has been found to be absent during the MIR process (Lai et al., 2007). 

For single crystals, a single variant state can be obtained at the end of the process, which is 
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retained even after the field is removed. 

This reorientation process can give rise to both an abrupt increase in the magnetiza

tion and shape changes (Heczko, 2005). Figure 2.12 shows a typical magnetization loop 

together with a strain-field curve of a Ni-Mn-Ga martensite single crystal undertaking the 

MIR process. Before the magnetization measurement, the sample is loaded under a vertical 

stress to form a single variant state with the magnetization (or the crystallographic c-axis) 

pointing to the vertical direction. Application of a lateral magnetic field with increasing 

strength initially causes the magnetization of the variant to deviate from the easy axis and 

then initiates the MIR process when the field strength reaches a critical value, HMIR· At this 

critical activation field, the magnetic energy exceeds the elastic energy associated with the 

twin boundary motion. The excess energy drives the nucleation of new variants in the mate

rial, which form a twin-relationship with the original variant. The easy magnetization axis 

(i.e. crystallographic c-axis) of the newly generated variants is along the external magnetic 

field direction, which is orthogonal to the c-axis of the initial variant. The growth of the 

newly formed variants results in an abrupt increase in magnetization due to the high degree 

of alignment of the magnetization of the new variants with the field. As shown in figure 

2.12, a magnetization increment (~) of about 50% of the saturation magnetization has 

been induced in the MIR process. Simultaneously observed is a strain of 5.5% generated 

in the vertical direction, which is attributed to the mechanism described in Section 2.1.4. 

For the subsequent reduction of field strength, the magnetization reversal does not follow 

the initial path, but instead takes the path where the easy magnetization axis aligns in the 

direction of the field. This indicates that the sample retains the structure after reorientation, 

which does not change when subjected to an inverse magnetic field as shown in the third 

and second quadrant of the magnetization and strain curve, respectively. 
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Figure 2.12: Typical magnetization loop (top) together with a strain-field curve (bottom) for a Ni
Mn-Ga martensite single crystal undergoing the MIR process. The magnetization takes the path 
with the hard and easy magnetization axis before and after the MIR process, respectively, which 
gives rise to a magnetization increment of ~. The unit cell of the initial and newly generated 
variants with respect to the magnetic field direction are depicted and labeled as (I) and (II) in the 
magnetization and strain curves (Heczko, 2005; Wilson et al., 2007). 

To obtain a fully reversible strain, a compressive restoring force has to be applied or

thogonal to the field direction (Heczko, 2005). Such a stress can nucleate the original 

variant with the c-axis in the stress direction and cause a drop in both magnetization and 
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strain. The magnitude of the restoring force is required to be larger than the twinning 

stress, but smaller than the stress exerted by the magnetic field (Straka & Heczko, 2006). 

If the force is low compared to the twinning stress, the reverse MIR is partially fulfilled 

and the sample contains variants with c-axis along both vertical and lateral directions at 

zero field. When the field is applied in the opposite direction, only those variants whose 

c-axes are perpendicular to the field experience the MIR effect while those with c-axes par

allel to the field are unaffected. This results in a smaller magnetization hysteresis and less 

strain. When the external force is higher than the stresses exerted by the magnetic field, 

the field-favourable variants are not able to nucleate. As a consequence, the MIR process 

is suppressed. The three cases are illustrated in figure 2.13 where the sample shows a fully 

reversible, partially reversible, and absent MIR effect under a 1.4 MPa, 0.6 MPa, and 3 

MPa compressive stress, respectively. Of note is the fact that even for a fully restored MIR 

process, hysteresis has been observed in the activation fields between the magnetizing and 

demagnetizing processes, bringing extra hysteresis in both magnetization and strain curves. 

The source of the hysteresis can be understood from the following inequalities: 

MIR 
(]mag ?: c:J1w + c:Jext (2. la) 

(], > a.Reverse-MIR+ o;
ext - mag tw (2.lb) 

Here a!:f1: and a/::i~erse-MIR are the stresses exerted by the magnetic field in the forward 

and reverse MIR processes, which are proportional to the magnetic field strength. a1w and 

aext are the twinning and external restoring stresses, which do not depend upon the mag

netization path. Inequality (2.la) is responsible for the forward MIR process where the 

magnetic force has to be large enough to overcome the twinning and the external stresses 

to activate the MIR process. Inequality (2.1 b) describes the reverse MIR process in which 
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a large external stress is needed to nucleate and enlarge the variants whose c-axes are or

thogonal to the magnetic field. Rewriting the above inequalities one obtains: 

(2.2a) 

(]Reverse-MIR < (J _ (J 
mag _ ext tw (2.2b) 

It is apparent from inequalities (2.2a) and (2.2b) that a!:::i~erse-MIR is smaller than af;[lf, a 

situation indicative of a lower magnetic field strength for the reverse MIR compared with 

the forward MIR and, thus, a hysteresis between the two processes. 

It has also been determined that the minimum magnetic field required to activate the 

MIR process increases with decreasing temperature and that the MIR effect can only occur 

in a limited temperature range (Pasquale et al., 2002; Liu et al., 2002; Heczko & Straka, 

2003; Peterson et al., 2008; Wang et al., 2001a). Liu et al. (Liu et al., 2002) reported a MIR 

effect for Ni50Mn27_5Ga22.s (at.%) for temperatures as low as 166 K while Cui et al. (Cui 

et al., 2005) observed a magnetically induced actuation for a Fe-doped Ni-Mn-Ga alloy in 

the temperature range of 100rv265 K. These observations indicate decreased twin boundary 

mobility at low temperatures due to the augmented twinning stress and weakened thermal 

activation (Heczko & Straka, 2003; Straka et al., 2006; O'Handley et al., 2006). Heczko 

and Straka argued that the influence from the other temperature dependent magnetic and 

elastic properties, such as tetragonality (c/a) and the anisotropy constant (Ku), are of less 

significance (Heczko & Straka, 2003; Straka et al., 2006). 
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Figure 2.13: Magnetization loops and field-induced strain for a Ni-Mn-Ga martensite single crys
tal under various loads at room temperature. The sample goes through a partially reversible, fully 
reversible, and the absence of a MIR process for the 0.6 MPa (black), 1.4 MPa (red), and 3 MPa 
(green) external restoring stresses, respectively. The sense of application and removal of the mag
netic field is denoted by the arrows (Heczko, 2005). 
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2.4 Magnetocaloric Effect 

The magnetocaloric effect (MCE) is a phenomenon related to the change of entropy and 

temperature of a solid due to a varying magnetic field, which is usually used to reach low 

temperatures in a condition of adiabatic demagnetization. The effect is intrinsic to any 

magnetic material but is more pronounced in ferromagnets. Adiabatic application of a 

magnetic field to an isolated ferromagnet aligns the spins in the magnet and, thus, reduces 

the magnetic entropy. Since the entropy of an isolated system has a constant value, the 

drop in the magnetic entropy is compensated for by an increase in the lattice entropy. On 

the contrary, adiabatic removal of the magnetic field increases the magnetic entropy but 

decreases the lattice entropy, resulting in a drop in the magnet's temperature. 

Two processes will occur when a magnet is subjected to a magnetic field with varying 

strength: an adiabatic temperature change and an isothermal entropy change (Gschneidner 

& Pecharsky, 2000). Both occur at a constant pressure and are involved in a full refriger

ation cycle (see figure 1.2 in Chapter 1 ). The first process occurs for an isolated magnet 

where the total entropy remains constant when the magnetic field is altered. The adiabatic 

temperature change of the magnet is then characterized as: 

(2.3) 


Where T(S)HF and T(S)H, are the temperature of the magnet at the initial and final magnetic 

field, respectively. 

During the second process the magnet is connected to an outside environment and stays 
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at a constant temperature when the magnetic field changes from the initial field strength to 

the final strength (i.e. from H1 to HF). The magnetic entropy change resulting from this 

process is defined as: 

~M(T)w = (S(T)HF - S(T)H1 )r (2.4) 

where Ml =HF - H1 is the change in the magnetic field strength and S(T)HF and S(T)H1 

are the initial and final magnetic entropy of the magnet. The total heat transfer, q, between 

the cold and hot ends of a refrigerator is, thus, calculated as: 

(2.5) 


where T1 and T1 correspond to the temperatures of the cold and hot ends, respectively. The 

negative sign before the integral indicates that the heat is transferred from the hot end to 

the cold end. 

In terms of the experimental measurements, the adiabatic temperature change tiTad is 

measured directly while the isothermal entropy change ~Mis usually estimated from the 

magnetization isotherms using Maxwell relation (Morrish, 1965): 

(asM(T,H)) = (aM(T,H)) (2.6)aH T aT H 

which after integration gives (Pecharsky & Gschneidner, 1999a): 

1
HF aM(T H) 

~(T,H)w = ( a ' )HdH (2.7) 


H1 T 

For magnetization measurements made at discrete field and temperature intervals, the 
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above equation can be numerically solved using the approximate equation (McMichael 

etal., 1993): 

(2.8) 

where the temperature interval liT and the average midpoint temperature (To) of the interval 

are given by: 

(2.9) 


(2.10) 


From equation (2.8) it is apparent that the entropy change occurring over the liT tempera

ture interval, which is assigned to the temperature To, is the area between the magnetization 

isotherms obtained at T1 and T2 divided by liT. 

It is known from the above equations that liSM is a function of temperature and mag

netic field change, as well as being material dependent. Since liSM is proportional to the 

derivative of the magnetization with respect to temperature, i.e. ~fl:/. (equation (2.7)), the 

largest magnetic entropy change is usually observed in the vicinity of the magnetic order

ing where the magnetization is changing rapidly with temperature. This is the reason why 

most ferromagnetic materials show MCE behaviour when they undergo a ferromagnetic 

phase transition upon cooling. The effect has also been observed for materials that undergo 

a first-order structural phase transformation where the high and low temperature phases 

show different magnetic properties. The MCE could be greatly enhanced if the structural 

and magnetic phase transitions coexist (Pareti et al., 2003; Long et al., 2005; Khan et al., 

2006). This has been shown to be the case for Ni-Mn-Ga single crystals exhibiting a giant 
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MCE response of ~S=-86 J/kg-K for ~H=5 Tat 312.75 K (Pasquale et al., 2005). 

2.5 Ni-Mn-Ga Thin Films 

Since the magnetic field induced strain of 0.2% was first reported in Ni2MnGa single crys

tals in 1996 (Ullakko et al., 1996), Ni-Mn-Ga alloys have been intensively studied as mag

netic shape memory materials. In order to introduce the magnetic shape memory effect to 

micro-scale applications considerable efforts have been made to fabricate Ni-Mn-Ga thin 

films (Ohtsuka & ltagaki, 2000; Wuttig et al., 2000; Isokawa et al., 2001; Tello et al., 2002; 

Dubowik et al., 2004). Progress in this direction, however, has been slow. Initial efforts 

resulted in films with poor crystallinity which had no epitaxial relationship with the under

lying substrates (Ahn et al., 2001; Golub et al., 2004; Hakala et al., 2004a; Rumpf et al., 

2006). The poor quality was attributed to low deposition temperatures (T ::::; 450 °C) which 

limited crystallization and grain growth. At high temperatures, the volatility of Mn and Ga 

led to their preferential loss, giving rise to Ni-rich films. 

The first sign of progress was achieved through a deposition pathway where films 

were produced by a low temperature deposition followed by a high temperature anneal 

(Chernenko et al., 2005b; Liu et al., 2008). The films prepared using such techniques 

showed superior magnetic properties and were able to transform between the martensitic 

and austenitic phase. This early success in film fabrication stimulated an interest in studies 

of a broad range of films' properties, which included the crystal structure of the martensitic 

phase (Suzuki et al., 2002), thickness dependence of the martensitic phase transformation 

(Chernenko et al., 2005b), magnetoresistance (Koike et al., 2007), magnetic domain struc
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ture (Chernenko et al., 2005a), magnetic susceptibility (Chernenko et al., 2007), and elastic 

modulus (Liu et al., 2008). The fabrication of free-standing structures was also made pos

sible by these higher qulity films. The magnetic shape memory effect was observed in a 

free-standing bridge derived from an epitaxial Ni-Mn-Ga single crystal film (Dong et al., 

2004). A microactuator prototype which was designed as a part of a microscanner has been 

fabricated from the Ni-Mn-Ga free-standing bridges using a micromachining technique 

(Kohl et al., 2004, 2006; Khelfaoui et al., 2008). These results demonstrate the possibility 

of fabricating shape memory devices on a micrometer length scale using Ni-Mn-Ga thin 

films and provide the motivation for optimizing the shape memory effect through improve

ments to the films properties. 

Recently, high temperature in-situ deposition was employed to synthesize high qual

ity Ni-Mn-Ga thin films using de sputtering (Jakob & Elmers, 2007; Porsch et al., 2008; 

Jenkins et al., 2008) and pulsed laser deposition (Zhang et al., 2009) techniques. Growth 

temperatures between 500 °C and 650 °C have been applied. The high growth tempera

tures facilitated the development of films with improved crystallinity and a homogeneous 

composition (Zhang et al., 2009; Jenkins et al., 2008). The loss of manganese and gallium 

at high temperatures was compensated for by appropriate enrichments to the target material 

(Zhang et al., 2009). 

Another significant improvement in the development of the functional properties of the 

Ni-Mn-Ga films was achieved in terms of the effect of the magnetic field induced marten

sitic variant reorientation (MIR). Very recently, a partial MIR effect was observed in Ni

Mn-Ga polycrystalline films affixed to a rigid substrate (Thomas et al., 2008a; Heczko 

et al., 2008; Jenkins et al., 2008; Zhang et al., 2009; Buschbeck et al., 2009). This devel
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opment represents a substantial improvement to the films quality and provides a positive 

step toward real applications for these materials, since the complex rnicromachining could 

potentially be avoided. It has been shown that the MIR phenomenon is reversible (Thomas 

et al., 2008a; Heczko et al., 2008; Zhang et al., 2009; Buschbeck et al., 2009) where the re

versibility is not reliant on an external stimuli. This is in contrast to single crystals, where 

an external stress applied perpendicular to the magnetic field direction is required to in

duce the reorientation of twin variants (Murray et al., 2000; Straka & Heczko, 2005; Straka 

et al., 2006). The critical magnetic field used to activate the effect is only one third the field 

strength required for single crystals (Heczko & Straka, 2003; Straka et al., 2006). Such 

a small activation field is attractive from a device perspective, especially in the applica

tions where strong magnetic fields are considered undesirable due to possible interference 

between the field and the other electronic components. However, the mechanism behind 

the self-activated reversibility is still the subject of debate. Thomas et al. (Thomas et al., 

2008a,b) proposed a theory based on the {100} oriented orthorhombic Ni-Mn-Ga films. 

In their theory, the self-reversibility was facilitated by substrate-imposed stresses that de

veloped during the reorientation of the in-plane lattice constants of an orthorhombic unit 

cell. While this provides an explanation to the { 100} films, the same description cannot be 

applied to the behavior observed for the [ 101] textured films studied in the current thesis 

project. A detailed discussion of this topic and an alternative mechanism of the MIR effect 

are provided in Chapter 5. 

In summary, ferromagnetic Ni-Mn-Ga shape memory alloys are a group of multifunc

tional materials. They exhibit a number of peculiar properties which make them attractive 

candidates for high-frequency actuation-based applications. Ni-Mn-Ga thin films introduce 

a large number of new possibilities owing to their small length scale. The thin films are 
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more likely to show distinct physical properties than bulk samples since the dimension nor

mal to the surface of the film is significantly less than the biaxial dimensions within the 

surface. The rest of the thesis will focus on demonstrating the unique nature of Ni-Mn-Ga 

thin films and providing physical pictures behind these distinctive properties. 
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Chapter 3 

Experimental Methods and Techniques 

3.1 Synthesis of Ni-Mn-Ga Thin Films 

A number of techniques have been reported within literature for Ni-Mn-Ga film fabrication, 

including sputtering (Thomas et al., 2008a), pulsed laser deposition (Golub et al., 2004; 

Hakala et al., 2004a), molecular beam epitaxy (Dong et al., 2000), and flash evaporation 

(Dubowik et al., 2004). For the current thesis work, the pulsed laser deposition (PLD) 

technique was applied as it has the advantages of having an accurately controlled growth 

rate, yielding epitaxially grown films, and allowing congruent transfer of material from 

target to film. 
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3.1.1 Deposition Mechanism for the PLD Technique 

The elementary physical picture of laser deposition is illustrated in figure 3.1. As the 

aligned laser beam strikes the target surface the photon energy from the laser pulse is trans

ferred to the kinetic energy of the target's conduction electrons. By electron-phonon inter

action, a fraction of the absorbed energy passes to the motion of the atoms or ions in the 

metallic lattice, causing the target temperature to rise. In the meantime, heat conduction 

occurs between the surf ace and the interior of the target. This heated volume has the shape 

of an elliptical cylinder where the thickness is defined by the thermal diffusion length (L1) 

of the metal target and the cross-section is given as the projected area (DA) of the laser 

beam. If the laser energy is high enough, the solid material within the heated volume melts 

and evaporates, generating a large pressure gradient. Due to this pressure gradient, the 

evaporant expands out of the shallow crater at a large flow velocity and forms a plume 

(Mahan, 2000). The expansion is in the direction normal to the target surface, which is 

toward the substrate. It ceases at a terminal flow velocity when the density of the plume 

falls sufficiently. The vapor particles then fly to and condense on the substrate in a style of 

free molecular flow. The laser pulse may also photoemit electrons from the target surface 

or photoionize atoms in the plume, giving rise to a plasma. 

3.1.2 PLD Instrument 

A pulsed laser deposition system is typically made up of five parts: (i) vacuum chamber, 

(ii) target rotator, (iii) substrate heater, (iv) laser, and (v) laser optics. Background gases are 
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vapor plume 

target 

Figure 3.1: An elementary physical picture of laser deposition. A heated volume of size (8A x L1) is 
generated when a laser pulse strikes the target surface. The solid material within the heated volume 
melts and evaporates, forming a plume which expends in the direction normal to the target surface 
(Adapted from (Mahan, 2000)). 

often introduced into the chamber during the deposition to either compensate for or reduce 

the vapour pressure of volatile elements emerging from the surface of the film. The gases 

can also react with target elements to grow compound thin films . The laser system used in 

this thesis work is an IPEX-848 excimer laser with a wavelength of 248 nm and a spot size 

of 2 x 3 mm2 . The laser lab is affiliated with McMaster University Superconductor Film 

Group. Figure 3.2 depicts a typical KrF excimer laser system. 

3.1.3 Laser Parameters 


There are many parameters such as laser fluence, repetition rate, substrate-target distance, 

and deposition temperature, which can influence the deposition process. Optimization of 
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Figure 3.2: (a) Schematic depiction of a pulsed laser deposition system and (b) photograph of the 
IPEX-848 excimer laser used for Ni-Mn-Ga film growth. 

these parameters yields high quality films. A series of deposition temperatures and laser 

repetition rates have been tested in the current project, through which an optimum exper

imental condition was attained. The deposition parameters associated with this optimum 
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Table 3.1: Listing of the deposition parameters used in the current project. 

Laser fluence repetition rate substrate-target distance substrate temperature 
(J·cm-2 ) (Hz) (mm) oc 

350 575"-'650 


condition is listed in table 3.1. By using these parameters, a deposition rate of 500 nm h- 1 

or 375 nm h- 1 has been achieved for films grown on the YSZ or MgO substrate. 

3.1.4 Target Development 

Laser targets of 1" diameter and 0.25" thickness were prepared (in sample preparation 

lab affiliated with Brockhouse Institute for Materials Research) through the arc-melting of 

pure Ni, Mn, and Ga under a protective argon atmosphere. The targets were re-melted sev

eral times to improve homogeneity. Figure 3.3 shows the energy dispersive X-ray (EDX) 

mapping of each constituent element in the prepared Ni-Mn-Ga laser target. The uniform 

contrast shown in each mapping indicates the uniform spatial distribution of these elements 

within the target. 

During the deposition process, the target surface was vaporized by the high-energy 

laser beam. To avoid deep cratering at any individual spot, the target was rotated. A 

progressively deeper circular groove was thus formed over time which led to the deflection 

of the plasma plume from the vertical path between the substrate and the target, resulting 

in films with a significant thickness gradient. To avoid this undesirable effect, the target 

was polished before each deposition. Although the polishing accelerated the erosion of 

the target material, considerable deposition capacity was still achieved under the current 
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Figure 3.3: SEM image of the surface of the prepared Ni-Mn-Ga laser target and the EDX map
ping of each constituent element in the target. The uniform contrast in each mapping indicates the 
uniform spatial distribution of these elements. 

experimental condition, yielding about 200 films per target. 
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3.2 Thin film Characterization 

3.2.1 Phase Identification and Texture Analyses 

The crystal structure and texture information are studied with the traditional e- 20 powder 

X-ray diffraction technique (XRD) and three-dimensional X-ray diffraction (XRD3) tech

nique (provided by McMaster Analytical X-ray Diffraction Facility). The e- 20 XRD 

is carried out using a Bruker D8 X-ray diffractometer with Cu Kai radiation. The XRD3 

is performed with a Rigaku RU-200 rotating anode Cu Ka x-ray generator, on a Bruker 

3-circle D8 goniometer with parallel-focusing mirror optics and a Bruker Smart 6000 CCD 

detector. -w and -</> scans were used to generate the three-dimensional diffraction pat

tern. The unit cells of the martensitic and austentic phases were indexed using SMART 

and RLATT programs from Bruker-AXS (Bruker-AXS, 2009) and the MAX3D (Britten & 

Guan, 2007) software package. Pole figures were generated with Bruker GADDS (Bruker

AXS, 2009) software. 

The principle of the X-ray diffraction is described as follows. When an atom is im

pacted by an X-ray beam, the electrons around it will oscillate with the same frequency 

as the incoming X-ray beam, which gives rise to electron waves occurring in various di

rections. These waves interfere destructively in nearly all directions and will not leave the 

solid sample. However, since the atoms in a crystalline sample are arranged in a regular 

pattern, there are several directions where the electron waves can have constructive inter

ference. A large number of the mutually reinforced rays combine into what is called a 

diffracted beam. The diffracted beam contains the information of the atomic arrangement 
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1 

Figure 3.4: Diffraction of X-rays by a crystal at the Bragg condition 

in a crystal since it is built up of rays scattered by atoms of the crystal that lie in the path of 

the incident X-ray beam. 

This physical mechanism can be described with Bragg's law. The X-ray beam, rep

resented by rays 1 and 2 in figure 3.4, incidents on a pair of parallel planes separated by 

an interplanar spacing, d. The diffracted beam results only when the angle between the 

reflected beam and the transmitted beam is twice the incident angle, 8. That is, the incident 

angle has to satisfy the following relationship: 

2dsin8 = n.A (3.1) 

where A is the wavelength of the incident X-ray beam and n is an integer number. At this 

condition, the two reflected rays I' and 2' are completely in phase. Bragg's law is the basis 

of the 8 - 28 powder XRD technique. 
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Figure 3.5: Schematic of a e- 28 setup associated with the powder diffraction equipment (adapted 
from (Bruker-AXS, 1999)). 

In terms of the 8 - 28 XRD technique, the X-ray tube is stationary while the sample 

and detector moves by the angle 8 and 28, respectively (figure 3.5). A diffraction spectrum 

is formed from the measured X-ray signals. It consists of a plot of the reflected intensities 

(I) versus detector angle (28). The 28 value is determined from the shape and size of the 

unit cell, while the intensities of the reflections depend on the type and location of the atoms 

in the unit cell. Thus, the crystallographic information of the specimen can be determined 

exclusively from the I versus 28 plot. 

Although the powder XRD is ideal for characterization and identification of the poly

crystalline samples, it gives limited information on single crystals or the highly textured 

specimens. This is because in powder diffraction, only crystallites having reflecting planes 

parallel to the specimen surf ace will contribute to the reflected intensities. For a powder 

specimen, this is not a problem since all the crystallites are randomly distributed. Each 

possible reflection from a given set of atomic planes will have an equal probability to be 

parallel to the sample surface. It is thus possible to detect all the likely reflections. How
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ever, for a single crystal, there is only one set of atomic planes that are parallel to the 

sample surface. Therefore, the powder X-ray spectrum cannot be used as the "finger print 

identification" for a single crystal specimen. A similar situation is applied for the epitaxial 

films where all the grains grow along the films' surface normal. In this case, the films are 

more like a single crystal. Their 8 - 28 X-ray spectra contain only information of one set 

of atomic planes that are parallel to the films' surface. 

To circumvent this problem, texture analyses with the help of XRD3 technique were 

carried out. For the XRD3 technique, the area detector is not confined to the diffractometer 

plane as the case for point detector (figure 3.5), but intersects the diffraction cone to form a 

conic section as shown in figure 3.6. Therefore, the diffraction data out of the diffractometer 

plane can also be detected, which are defined by an angle, X. The rotational scan associated 

with a two-dimensional area detector, thus, provides a three-dimensional crystallographic 

information of the material, which is precise enough to determine the structure and texture 

of the specimen. 

The texture is usually described by means of a pole figure which is generated by in

tegrating the diffraction intensity of a given reflection (constant 28) at a large number of 

different angular orientations of the specimen. It is plotted as a contour map of the intensity 

as a function of the specimen's angular orientation. Since the intensity of a pole (h k 1) is 

proportional to the number of the (h k l) planes in the reflecting condition, the pole figure 

gives the probability of finding a given crystal plane in a certain specimen orientation. 

The radial angle, a, of an (h k I) pole is defined as the angle between the normal to the 

reflecting plane (h k I) and a physical reference plane in the sample which, in most cases, 
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Figure 3.6: Schematic of the detector plane of an area detector. The detector plane intersects the 
diffraction to form a conic section (adapted from (Bruker-AXS, 1999)). 

is the surface plane. The azimuthal angle, /3, of an (h k 1) pole refers to the angle between 

the normal to the (h k 1) plane and a second reference direction. Figure 3.7(a) illustrates 

the definition of the radial and azimuthal angle in a pole figure. Figure 3.7(b) shows how 

an (h k 1) plane in a given crystallite is represented in a pole figure. The plane normal 

is projected onto the pole sphere around the crystallite and intersects the sphere at point 

A. The connection between the intersecting point A and the south pole will intersect the 

equatorial plane at point B. This intersecting point Bis the pole of plane (h k 1) in the pole 

figure. 
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Figure 3.7: The definition of the radial angle, a , and the azimuthal angle, {3 , in a (a) pole figure and 
(b) stereographic projection (adapted from (Bruker-AX:S, 1999)). Figure 3.7(b) also shows how an 
(h k 1) plane in a crystallite is represented in the pole figure. The plane normal is projected onto the 
pole sphere around the crystallite and intersects the sphere at point A. The connection between the 
intersecting point A and the south pole will intersect the equatorial plane at point B. This intersecting 
point B is the pole of plane (h k l) in the pole figure . 
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3.2.2 Surface Morphology 

The surface morphology of the thin films was observed using the atomic force microscopy 

(AFM) and the scanning electron microscopy (SEM) provided by Canadian Centre for 

Electron Microscopy (CCEM). The two techniques are based on different working princi

ples. But both could reach nanometer resolution. 

The imaging process within the SEM involves complex interactions of electrons with 

the atoms of the specimen. When a fine beam of high-energy electrons is scanned across the 

surface of the specimen, a large amount of backscattered electrons and secondary electrons 

are generated. These backscattered and secondary electrons are collected by a detector, 

amplified and displayed on a cathode ray tube or a computer monitor that scans in synchro

nism. 

Topographic contrast arises because the number and trajectory of the backscattered 

electrons and the number of the secondary electrons depend on the incident angle of the 

electron beam with respect to the sample surface. Since the electron beam is effectively 

parallel, the incident angle is only affected by the local surface features of the specimen. 

Taking secondary electrons as an example, the contrast, C, in the SEM image could be 

estimated as (Goldstein et al., 2003): 

c rv tan( 8)d8 (3.2) 

where e is the tilt angle of the local specimen surface and de is the difference in the tilt 

angle, e' between two local surface regions. 
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For AFM, the topographic information of the specimen is collected using a microscale 

cantilever with a sharp tip (Veeco-Instruments, 2003). When the tip is brought into proxim

ity of the sample surface, the force between the tip and the sample causes the cantilever to 

bend. Since this locally varying deflection directly represents the corrugation of the speci

men surface, the surface morphology of the specimen is probed. Such a working mode is 

referred to as contact mode. It has the advantage of high scan speeds and high resolution. 

However, a lateral shear force is generated when the tip scans across the sample surface, 

which could bring distortions to the features in the image and scrape the sample surface. 

To avoid the surface damage to the soft specimen, a non-contact mode can be applied. The 

tip does not touch the sample, but oscillates above it at a frequency which is slightly larger 

than the resonance frequency of the cantilever. The oscillation amplitude is modified by 

the interaction forces between the tip and the sample. However, a constant oscillation is 

maintained at each data point through a feedback loop when the sample is scanned. The 

feedback system leads the scanner to move vertically where the moving distance is used 

to form the topographic image of the sample surface. Drawbacks of the non-contact mode 

are low lateral resolution and scan speed. The tip could be trapped by a layer of absorbed 

fluid on top of the sample surface. Due to these disadvantages, applications for non-contact 

mode are limited while an intermittent mode, i.e. tapping mode, is applied instead. For tap

ping mode, the cantilever is oscillated at a frequency which is slightly below its resonance 

frequency and the tip gently "taps" the sample at the bottom of its swing. 

The AFM and SEM facilities used in the current project are the JEOL JSM-7000F 

SEM and the Digital Instrument scanning probe microscope working at tapping mode with 

a NanoScope Illa controller. 
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3.2.3 Microstructure and Composition 

The microstructure of the films were characterized using a Philips CM 12 transmission elec

tron microscope (TEM) operating at 120 kV and a JEOL 2010 FEG TEM operating at 200 

kV. The composition of the films was measured with X-ray energy dispersive spectroscopy 

(XEDS) associated with JEOL 2010 FEG STEM. The facilities were supplied by Canadian 

Centre for Electron Microscopy (CCEM). 

The TEM can be compared with an optical microscope where the electron source re

places the light source and the magnetic lens replaces the optical lens. Figure 3.8 shows 

a typical TEM image system. The electron beam is made into parallel by a condenser 

lens. The parallel beam, after passsing through a thin specimen, is projected as an enlarged 

image onto a fluorescent screen by an objective lens. 

When the electron beam is passing through a crystalline sample, it is diffracted by the 

crystal planes of the specimen to various well-defined directions. The scattered electron 

waves from successive parallel planes are subjected to constructive interference if the an

gle of incidence satisfies the Bragg's law, which produces a diffraction pattern (DP). The 

DP is brought to a focus at the back focal plane of the objective lens. Since the positions 

and intensities of the diffracted beam are strongly affected by the crystal structure of the 

specimen, the DP provides the crystallographic information of the specimen. The diffrac

tion contrast is the major source of contrast in TEM images. A bright-field (BF) image is 

generated when the direct beam is selected to form the image while a dark-field (DF) image 

is produced when a diffracted beam is used. For the BF image, the area that appears bright 

in the image corresponds to the specimen region which scatters electrons slightly while the 
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Figure 3.8: A typical TEM system which is made up of four parts: (i) electron source, (ii) magnetic 
lens, (iii) apertures, and (iv) fluorescent screen (Adapted from FEI, www.fei.com). 

dark area corresponds to the region where the electrons are scattered to higher angles and 

blocked by an aperture. In contrast to the BF image, the bright area in a DF image is the 

area where the selected diffraction spot is at the Bragg' condition. Therefore, the DF image 

contains specific orientation information and typically shows a higher contrast than the BF 

image. 

The above mentioned electron-specimen interaction describes the elastic scattering of 

the electron beam where the incident electron loses no energy in the scattering process. 
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However, there exists a considerable amount of inelastic scattering when the electron beam 

passes through the specimen. The inelastic scattering also provides important information. 

One of them is the characteristic X-ray. The generation of X-rays can be understood from 

the schematic drawing shown in figure 3.9. The high-energy electrons impinge the speci

men atom and knock out a core electron from the inner-shell. The ejected electron escapes 

the attractive field of the nucleus and leaves a hole in the inner shell. The atom is now in a 

high energy state and will return to its stable stage by filling the missing electron with one 

from the outer-shells. This electron transfer process results in a release of surplus energy 

in the form of X-rays. Since the surplus energy is the difference in energy of the two elec

tron shells involved and is unique to each element, the characteristic X-ray can be used for 

elemental identification. Attaching an X-ray detector and the associated processing elec

tronics to the TEM equipment, the X-ray signals can be collected and processed for both 

qualitative and quantitative analyses. 

The quantitative composition analyses using the X-ray signals are based on the Cliff-

Lorimer equation (Williams & Carter, 1996): 

(3.3) 


where CA, CB, IA, and IB are the weight percentage and the X-ray intensities of the ele

ment A and B in a binary system AB. The term kAB is a correction factor which is related 

to the atomic-number, absorption, and fluorescence effect. The kAB factor can in general 

be determined with considerable accuracy by using standards or first-principle calcula

tion (Williams & Carter, 1996). In the current work, the k-factor was determined with 

first-principle calculations (Cliff Lorimer thin ratio section) integrated in the INCA soft
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Figure 3.9: The generation of the characteristic X-ray. 

ware (Oxford Instruments). The X-ray line used was Ka line. To improve the accuracy 

of absorption and fluorescence correction, the density of the films (p =7.8 g/cm3) and the 

thickness of the TEM specimen (t ~ 50 nm) were input into the software. The film 's com

position listed in the remaining part of the thesis is an average composition of ten to fifteen 

measurements carried out at different regions. A maximum standard deviation of 0.4% (in 

atomic percentage) has been observed for each individual element (e.g. the concentration 

of Ni is within the range of 51 % ± 0.4% for films deposited on YSZ substrate), which 

indicates that the compositional gradient in the films is not significant. 
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3.2.4 Phase Transformation 

The martensitic and ferromagnetic phase transformations were characterized through tern

perature dependent DC electrical resistivity and magnetization measurements. The resistiv

ity was measured with an in-house developed four-point van der Pauw resistivity apparatus 

capable of operating between 4 and 410 K. The magnetization measurements were carried 

out using a Quantum Design MPMS SQUID system (provided by Brockhouse Institute for 

Materials Research). 

In typical resistivity measurements, four electrical leads are attached to a rectangular 

sample in a manner shown in figure 3.lOa. The voltage between leads 1and2 is recorded 

when current is fed between leads 3 and 4. The resistance can be estimated as R = v12 
• To134 

get sufficient accuracy, the distance between Contact 1and Contact 2 has to be large enough 

to guarantee that the lines of the current flow are parallel between 1 and 2. This condition, 

however, is not satisfied for the square shaped thin film samples where the current distri

bution is unknown. In such a case, van der Pauw method has to be applied. Theoretically, 

the van der Pauw technique is applicable to specimens in any shape as long as the sample's 

thickness is uniform and much less than the width and length of the sample. 

Figure 3. lOb shows the experimental geometry for the van der Pauw measurements. 

Four tiny gold contacts are attached to the four comers of the films. A current is fed along 

one edge of the film (e.g. /12) and the voltage is measured across the opposite edge (e.g. 

Vi4). A horizontal resistance (i.e. R12,34) is then calculated as: 

V34 
Rh =R1234 = - (3.4)

' /12 
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Figure 3.10: Four probe electrical resistance measurement for (a) long rectangular sample and (b) 
flat sheet sample with a square or rectangular shape. The experimental geometry shown in (b) is 
based on the van der Pauw method (Adapted from Van der PAUW (1958)). 

Taking the same measurements on the other two edges will give a vertical resistance (i.e. 

Rv = Ri4,23 = j;;). The actual resistance of the film (Rf) can be derived using the van der 

Pauw equation (Van der PAUW, 1958): 

(3.5) 


To improve accuracy and cancel out the Seebeck effect, additional measurements can be 

made for Rh and Rv by using the reciprocity theorem (i.e. R12,34 = R34,12) and switching 

the polarity of the current source and the voltage meter. The average horizontal and vertical 

resistance obtained in this manner is: 

Rh= R34,12 +R12,34+R43,21 +R21,43 
(3.6)

4 
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Rv = R14,23 + R13,14 + R41,32 + R32,41 (3.7)
4 

3.2.5 Magnetic Properties 

A Quantum Design magnetic property measurement system (MPMS) associated with the 

superconducting quantum interference device (SQUID) was used to investigate the mag

netic properties of the as-grown Ni-Mn-Ga films. The SQUID magnetometer is designed 

according to the Josephson effect where superconducting electrons are tunneling, across a 

very narrow insulating link (i.e. Josephson junction), between two superconductors (Cul

lity & Graham, 2009). 

The form of the device is shown in figure 3.11. Two pieces of semi-circular shape 

superconductors are connected by two insulating links and form a superconducting ring. 

A measuring current flows through the ring from Point I to Point 0 where an equivalent 

amount of current passes through each of the two links. If the ring is subjected to a chang

ing magnetic flux from the specimen, induction current is generated inside the ring. The 

induced current adds to the measuring current in one link but subtracts in the other. Due 

to the addition of the induction current, the current flowing through the link could exceed 

a critical value where tunneling of the electrons across the link becomes impossible. A 

voltage is then developed across the link. Since the flux enclosed by the superconducting 

loop must be an integral number of the flux quanta, <l>o( = 2.067 x 10- 15 Wb), the super

conducting ring prefers to increase the enclosed ftux to <l>o by switching the polarity of the 

induced current if the external ftux, <I>, is less than <l>o but exceeds ~0 (i.e. ~0 < <I> < <l>o). 

Therefore, the induced current changes direction every time the ftux increases by ~0 • If 
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Figure 3.11: Flux sensor of a superconducting quantum interference device (SQUID) (Adapted 
from (Cullity & Graham, 2009)). 

the current is more than the critical current of the superconducting ring, the ring operates 

in a resistive mode. The developed voltage is a function of the applied magnetic flux and 

oscillates in a period of <l>o. Thus, no matter how large the external flux is, the result is a 

periodic appearance of a voltage between points I and 0. Each voltage step is associated 

with the passage of a single flux quantum <l>o across the superconducting loop. The flux 

from the sample is then estimated from the pulse voltage. 

3.2.6 Magnetic Domain Observation 

A number of techniques, such as ferromagnetic colloidal solution (Williams et al., 1949), 

Kerr optical method (Rave et al., 1987), Lorentz microscopy (Lodder, 1983), neutron 

diffraction topography (Baruchel et al., 1981), and atomic force method (Saenz & Garcia, 
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1987), can be used for magnetic domain observation. The method used in the current work 

is magnetic force microscopy (MFM). MFM is a non-destructive technique through which 

special sample preparation is not necessary. With MFM the magnetic and the topographical 

information can be collected simultaneously. 

An MFM, just like an AFM, is a branch of scanning probe microscopy. The speciality 

rests with a magnetized tip which is coated with a thin film of a hard or soft magnetic 

material. The magnetic interaction between the tip and the stray field above the sample 

leads to a change in the cantilever's resonant frequency and phase. Measurements are 

taken in two passes across each scanline (Digital-Instruments, 1996). The cantilever is first 

scanned over the specimen surface in a tapping mode to record the topographical data. It 

is then raised above the sample surface to perform the second scan. During the second 

scan, a constant separation between the tip and local surface topography is maintained 

while the influence of sample's magnetic forces is monitored. Since the amount of shift in 

the cantilever's resonant frequency is proportional to the vertical gradients in the magnetic 

forces on the tip, a magnetic microstructure of the sample is thus imaged. 

The MFM apparatus used here (provided by Canadian Centre for Electron Microscopy 

(CCEM)) is a Digital Instrument (Digital-Instruments, 2008) scanning probe microscope 

(SPM) and a NanoScope Illa controller. A Veeco Instruments (Veeco-Instruments, 2009) 

produced metal coated etched silicon probe (MESP) is utilized as the cantilever tip. The 

lift scan height for the measurements of the magnetic force gradient is 50 nm. 

63 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

3.3 Fabrication of Free-Standing Ni-Mn-Ga Films 

It has been reported in the literature that the Ni-Mn-Ga films deposited on MgO substrates 

showed large in-plane strains due to the substrates' constraint (Thomas et al., 2008b). Such 

observation inspired our idea of using the substrate-imposed stresses to study the effect of 

the mechanically induced martensitic variants reorganization. The plan was to compare the 

microstructure of a released film with the one that is affixed to the substrate. A key issue 

of this study was to design a processing method through which the Ni-Mn-Ga film could 

be effectively released from the MgO substrate. A common way to do so is to mechani

cally peel the film off the substrate (Rumpf et al., 2006). This simple method, however, 

is not applicable to our films since the film clamp the substrate very tightly. Mechanically 

peeling is thus very likely to destroy the film. Another generally used scheme is to etch off 

the substrate with a chemical solution, which involves the photolithography technique and 

the wet chemical etching (Dong et al., 2004; Khelfaoui et al., 2008). A sacrificial-buffer 

layer at the film-substrate interface is usually required (Dong et al., 2004; Khelfaoui et al., 

2008). When this sacrificial layer is etched off the film is freed from the substrate. Difficul

ties involved in this technique are finding: (i) an appropriate buffer-layer material whose 

lattice matches the lattices of both Ni-Mn-Ga film and MgO substrate; (ii) a proper solution 

which can effectively attack the buffer layer. To circumvent these problems, we designed 

an alternative approach where the sacrificial layer was avoided. The etching solution we 

employed preferentially attacks the MgO substrate rather than the Ni-Mn-Ga film. Thus 

the film is undercut without being chemically damaged. 

The entire micromachining process employed in the current project is illustrated in 

figure 3.12. The surface of the Ni-Mn-Ga I (100) MgO composite is first covered with a 
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layer of photoresist. A photolithographic shadow mask, with a bridge pattern, is placed 

over the sample and exposed to ultraviolet light. The sample is then placed in a developer 

(sodium hydroxide water solution) where the photoresist is removed only from the areas 

exposed to the ultraviolet light. This leaves behind a microbridge pattern. The sample 

is placed in dilute nitric acid where the photoresist protects the patterned area while the 

exposed Ni-Mn-Ga film is etched away. The net result is that the bridge pattern becomes 

imprinted into the film. Following this step, the sample is placed in dilute hydrochloric acid. 

Because this acid preferentially attacks the MgO, the Ni-Mn-Ga bridge will be undercut. 

Over time, such a process will result in the bridge arm being detached from the substrate 

while the abutment is still attached and supported by the substrate. Finally, the photoresist 

is removed with acetone and methanol. The photolithographic processing and associated 

wet-chemistry was equipped in the Centre for Emerging Device Technologies (CEDT) at 

McMaster University. 
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Figure 3.12: Fabrication process for a Ni-Mn-Ga free-standing bridge patterning. 
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Chapter 4 

Synthesis of the Ni-Mn-Ga Films 

4.1 Substrate Selection 

It has been mentioned in the first chapter that the fabrication of uniform, defect-free, and 

highly textured films with a grain size large enough to accommodate internal twinning is the 

prerequisite for achieving magnetic field induced strain and shape memory functionalities 

in the films. The first consideration for significant improvement in film's microstructure 

is focused on highly textured epitaxial films deposited on lattice matched substrates. A 

number of substrates whose lattice parameters are close to that of the Ni-Mn-Ga films were 

tested. These substrates include (100) NaCl, (100) InP, (100) GaAs, (100) YSZ ((Zr,Y)02 

with Zr02:Y202=92:8), (100) MgO, (110) MgO, (100) MgAlz04, and (1120) Alz03. The 

as-grown films were measured with 8 - 28 powder XRD. The XRD results indicate that 

only those films deposited on ( 100) MgO and ( 100) YSZ show good epitaxial relation
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ship with the underlying substrate, exhibiting single growth orientation and high-intensity 

Bragg reflections in the XRD spectra. Therefore, ( 100) MgO and ( 100) YSZ were selected 

in the current project as the epitaxial templates for film growth. Films grown on those un

selected substrates either have undesired crystallographic structures indicated by the XRD 

measurements or random grain orientations shown as multiple peaks in the powder X-ray 

profiles. 

4.2 Optimization of the Deposition Parameters 

The next step toward the fabrication of a high quality film is to optimize the deposition 

parameters. A wide range of laser repetition rates (i.e. from 10 to 40 Hz) and growth 

temperatures (i.e. 400"'650°C ) were tried out. Our results indicate that a low repetition 

rate (i.e. "'10 Hz) and a high growth temperature (i.e. ;::::500°C ) are favourable for Ni-

Mn-Ga system. At high repetition rate, the incoming adatoms do not have enough time 

to migrate on the substrate surface and thus attach to the larger atomic clusters, which 

gives rise to small islands at the initial film growth and polycrystalline films at the end. 

Furthermore, porosities usually form in the films deposited at relatively high repetition 

rates since the atomic clusters are not able to fully coalesce between two laser pulses. 

Figure 4.1 shows an SEM image of a Ni-Mn-Ga film deposited on ( l 00) YSZ at a repetition 

rate of 30 Hz. A puzzle like surface morphology with a high degree of porosity has been 

observed due to a high laser repitition rate. Similarly, a low substrate temperature can 

also lead to poor crystallinity since the mobility of the adatoms and atomic clusters is low. 

The SEM image in Figure 4.2 was taken from a Ni-Mn-Ga film deposited at 400°C . As 

shown in the imaging, the grain size of the films is extremely small, which is within the 

68 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

Figure 4.1: SEM image for a Ni-Mn-Ga film deposited on (100) YSZ at 550°C using 30 Hz repeti
tion rate. The film shows a puzzle like surface morphology with a high degree of porosity. 

nanometer length scale. These SEM observation reveals that the laser repetition rate and 

the substrate temperature are two crucial factors for the film growth. A low repetition rate 

and a high substrate temperature favor both crystallinity and surface morphology of the 

deposited films. It should be noted that high growth temperatures have also been proved 

necessary in order for the films to exhibit ferromagnetism (Rumpf et al., 2006; Hakola 

et al., 2004b ). 
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Figure 4.2: SEM image for a Ni-Mn-Ga film deposited on ( 100) YSZ at 400°C using I 0 Hz repeti
tion rate. The grain size of the film is much less than one micrometer. 

4.3 	 Solution to the Loss of Volatile Elements at Elevated 

Temperatures 

By recognizing the effect of the high growth temperature on the quality of the as-grown 

films, we deposited our Ni-Mn-Ga films in · a previously unexplored high temperature 

regime (557°C ::;;T:s;650°C ). The SEM observation indicates that the films ' grain struc

ture has been significantly improved (figure 4.3). 

Unfortunately, the XEDS measurements on these films reveal a significant loss of the 

volatile elements, such as manganese and gallium. The film composition of Ni6sMn20Ga12 

(at.%) deviates significantly from the target composition (i.e. Ni49Mn2gGa23 (at.%)). Such 

a Ni-rich phase is, in fact, associated with the cubic L12 phase (Tello et al., 2002; Colinet 

& Pasturel, 2002) instead of the desirable L21 phase (Webster et al., 1984). The powder 
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Figure 4.3: SEM image for a Ni-Mn-Ga film deposited at 650°C on (100) YSZ using 10 Hz rep
etition rate. The film shows a considerable improvement to the grain structure due to the elevated 
growth temperature. 

XRD and XRD3 measurements indicate that the obtained L12 phase is highly textured and 

grows along the [111] direction. Figure 4.4 shows the powder X-ray spectrum of the film. 

In addition to the X-ray peaks associated with the substrate, the spectrum exhibits a single 

sharp film peak at 28 = 43.5° which corresponds to the (l 11) reflection of the cubic Ll2 

phase. The XRD3 dataset is consistent with the powder XRD result. It shows a [111] 

oriented Ni-Mn-Ga film comprised of four in-plane grain orientations, each separated for 

90° in the film plane. The lattice parameter derived from the XRD3 dataset is a=3.6 A. 

Figure 4.5 presents the { 111} pole figure of the generated L 12 film. To understand this 

pole pattern, a { 111} pole figure of a single crystal is first considered. Simply stated, a 

single crystal { 111} pole figure should consist of four poles: a pole in the center of the 

figure, corresponding to the ( 111) planes, and three poles at a 71 ° radial angle separated 

by an azimuthal angle of 120° which correspond to the (11 I), (1I1) and (I 11) planes. The 
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Figure 4.4: 8 - 28 X-ray spectrum for a Ni68Mn20Ga12 (at.%) film deposited at 650°C on (100) 
YSZ. The single sharp peak at 28 =43.5° corresponds to the (111) reflection of the Ni-Mn-Ga film. 
The absence of the other film peaks indicates that the film is highly textured and grows along [111] 
direction. 

fact that the {111} pole figure shown in figure 4.5 consists of twelve equally spaced poles 

in the 71 ° outer ring instead of three, as is the case for a single crystal, indicates that the 

film is comprised of four identical orientation domains (12-;.-3 = 4) with in-plane rotations 

of 0°, 90°, 180°, and 270°. 

The L1 2 phase does not have the Heusler type structure and is not known to exhibit a 

shape memory effect. This phase is originated from the Mn and Ga deficiency at elevated 

growth temperatures and thus has to be circumvented. The method used in the literature 

is to produce Ni-Mn-Ga films by a low temperature deposition followed by a high tern

perature anneal (Chernenko et al., 2005b; Liu et al., 2008; Ohtsuka et al., 2006). This 
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Figure 4.5: (a) { 111} pole figure for a Ni68Mn20Ga12 (at.%) film deposited at 650°C on (100) YSZ, 
and (b) the schematic depiction of the { 111} pole figure shown in (a). The observed pole pattern is 
characteristic of a [111] oriented film with four in-plane domain orientations, where a single domain 
is characterized by the central pole and three poles from the outer ring separated by 120° (denoted 
by the white triangle in (a)). Note the entire pole figure can be reproduced from four 90° rotations 
of the single domain pole pattern, as shown in (b). 

procedure allows the encapsulation of volatile components at low temperatures while the 

elevated anneal temperatures promote grain growth. Although the post-deposition anneal

ing yielded Ni-Mn-Ga films with acceptable quality, it is less superior to the method of 

high temperature in situ deposition. A number of factors favor in situ processes for cases 

where a high degree of crystallinity is desired. In this case, the substrate can be a much 

more effective template, as it allows increased mobility of surface adatoms, compared to 

bulk diffusion processes. This results in enhanced crystallization at reduced temperatures. 

In situ film depositions at temperatures where elemental volatility is high have often 

relied on the arrival of adatoms in non-stoichiometric proportions at the substrate's sur

face (Panish & Temkin, 1993). With the proportions chosen to compensate for the loss of 

volatiles, the correct stoichiometry is preserved. Moreover, in a properly designed process, 
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Table 4.1: Listing of the target and resulting film compositions as obtained from XEDS measure
ments. Note that the composition of Target 1 is near that of the film derived from Target 2. 

Target composition (at. % ) Film composition obtained (at. % ) 

Target 1 Ni49Mn2sGa23 Ni6sMn20Ga12 

Target 2 Ni32M044Ga24 Nis 1Mn29Ga20 


this stoichiometry is uniform throughout the film, a result that is difficult to achieve with 

post-growth processing. 

To take the advantage of the in situ depositions but overcome the problem of the Mn and 

Ga deficiency at elevated temperatures, we prepared a Ni- and Ga- enriched target. By using 

such an enriched target, the loss of the volatile elements can be effectively compensated for 

through excess addition of these elements to the target material. The composition of the 

enriched target was determined through a fine tuning process where additional Mn and Ga 

were added to the target until the composition of the resulting films was in the range of the 

desired composition. Through this process, the composition of Ni32M1144Ga24 (at.%) was 

finally employed in the enriched target. 

Films deposited using the enriched Ni32M"44Ga24 target also show a significant Mn 

and Ga loss, but due to the initial enrichment of these volatile elements, the resulting film 

composition (Nis1Mn29Ga20 (at.%)) lies in the region corresponding to the Heusler L21 

structure in the ternary Ni-Mn-Ga phase diagram (Tello et al., 2002). In order to better 

appreciate the impact of the enrichments one should examine table 4.1, which lists the 

compositions of the original and the enriched targets and the films obtained from them. It 

should be noted that even though Target 1 has the desired composition for shape memory 

effects, a film near this composition is only obtained through the use of Target 2. 
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Figure 4.6: 0 -20 X-ray spectrum for a Nis1Mn29Ga20 (at.%) film deposited on (100) YSZ using 
a enriched Ni32Mn44Ga24 (at.%) target. The single prominent (202) peak at 20 =44.1° indicates a 
[101] oriented film. 

B - 2B X-ray spectra for those films derived from the enriched Nb2M1144Ga24 (at.%) 

target show a single prominent film peak at 2B = 44. l 0 (figure 4.6), consistent with a 

[ 10 I] oriented martensitic phase. Evident from the SEM imaging (figure 4.7) are the well-

connected micrometer-size grains made possible by the elevated deposition temperatures. 

Atomic force microscopy (AFM) yielded a root mean square (RMS) surface roughness of 

5nm. 

The crystallographic information for a Nis1Mn29Ga20 (at.%) film was also investigated 

using XRD3 measurements. The measurements were taken at a series of temperature from 

293 K to 380 K so that the information for both martensitic and austenitic phase could 
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Figure 4.7: SEM image for a Nis1Mn29Ga20 (at.%) film deposited on (100) YSZ using an enriched 
Nb2Mn44Ga24 (at.%) target. The film shows well-connected micrometer-size grains made possible 
by the elevated deposition temperatures 

be recorded. The film was first heated above the austenitic transition temperature and 

then cooled back to room temperature. The room temperature lattice parameters indicate 

an orthorhombic martensitic phase with a=6.112(4) A, b=5.885(3) A, and c=5.527(2) A, 

while those obtained at 380 K indicate a cubic austenite phase with a=b=c=5.846(3) A. 

To extract the texture information from the XRD3 dataset, the { 400} pole figure was 

generated for both phases. The { 400} pole figure for the austenitic phase is illustrated in 

figure 4.8 and the (400) and (004) pole figures for the martensitic phase is given in figure 

4.9. It should be understood that a [101] oriented single crystal cubic material will give rise 

to a { 400} pole figure with two peaks at a 45° radial angle separated by an azimuthal angle 

of 180°. A (101] oriented single crystal orthorhombic material with lattice parameters 

a=/= b =Jc,on the other hand, exhibits (400) and (004) peaks slightly deviated from the 45° 

radial angle due to the nonequivalent lattice constants. The fact that the high temperature 
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austenitic phase shows four peaks at 45° instead of the two expected for a single crystal is a 

clear indication that the film is comprised of two in-plane orientation domains offset by 90°. 

The multiple in-plane orientations are also observed in the martensitic phase. As shown 

in figure 4.9, the (400) and (004) pole figures for martensitic phase also comprise four 

reflections for each pole figure. In the ( 400) pole figure (figure 4.9a), the four poles at 42.2° 

radial angle (i.e. four poles connected with dashed lines) are associated with the film, while 

remaining poles originate from the YSZ substrate. The pole configuration indicates that the 

film is composed of four crystallographic orientations, where each orientation gives rise to a 

single pole near 42°. The (004) pole figure (figure 4.9b) shows four poles corresponding to 

these same orientations, except in this case the poles are at a radial angle of approximately 

48°. The reason why the martensitic phase consists of four in-plane orientations instead of 

the two as stated for the austenitic phase will be discussed in chapter 5. The experimental 

(040) pole figure (not shown here) exhibits no poles because the (040) plane of the film 

is perpendicular to the surface plane of the substrate. Thus, the poles that do exist lie 

at the experimentally inaccessible edge of the pole figure (i.e. a radial angle of 0°). It 

should be noted that the two room temperature results measured before and after heating 

the sample above 380 K are identical, indicative of a completely reversible martensitic 

phase transformation. 

The microstructure of the Nis 1Mn29Ga20 (at.%) film was examined with cross-sectional 

TEM. The bright field image in figure 4.10 shows a highly twinned microstructure. The 

plate-shaped variants, with widths of 25-100 nm, are distributed throughout the film. Ev

ident from the expanded view (figure 4.lOb), showing the straight interface between ad

jacent variant plates, is the striation contrast from the slip-steps inside each plate. These 
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Figure 4.8: {400} pole figure for the austenitic phase of a Nis1Mn29Ga20 (at.%) film measured at 
380 K. The four poles connected with dashed lines are associated with the {400} reflections from 
the Ni-Mn-Ga film while the rest are associated with the {222} reflections from the YSZ substrate. 
The fact that there exist four film peaks at 45° instead of the two expected for a single crystal is a 
clear indication that the film contains two in-plane orientations offset by 90°. 

subfeatures form in the course of the martensitic phase transformation to further relieve the 

transformation strains generated within the martensitic grains (Bhadeshia & Honeycombe, 

2006). 

Figure 4.11 shows the room temperature in-plane magnetization loop of the films. As it 

can be seen from 4.11, the films exhibit a saturation magnetization of4.2 x 105 Nm, which 

is comparable to that of a bulk martensitic Ni-Mn-Ga crystal (Sozinov et al. , 2002a). Also 

observed in the loop is a low coercive field of µoH=0.005 T, indicating the high film quality. 

In summary, the Ni51Mn29Ga20 (at.%) films deposited using the Mn and Ga enriched 

target demonstrate good structural and magnetic properties. The films show the desired 
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Figure 4.9: Room temperature (a) (400) and (b) (004) pole figures for the martensitic phase of a 
Ni51 Mn29Ga20 (at.%) film. In (400) pole figure, the four poles connected with dashed lines are 
associated with film while the rest are associated with the YSZ substrate. The (400) and (004) poles 
are slightly deviated from the 45° radial angle, consistent with the orthorhombic crystal structure of 
the martensitic phase. 

(a 

Figure 4.10: TEM bright field images of a Nis1Mn29Ga20 (at.%) film showing (a) plate-shaped 
martensite variants containing, (b) micro-twinned slices. The image in (b) was taken at high mag
nification from the region in (a) denoted by the rectangle. 

shape memory alloy properties of having a well-defined reversible martensitic transforma

tion, a room temperature martensitic phase, and a micrometer-size grain structure. This 
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Figure 4.11: The in-plane magnetization of a Nis1Mn29Ga20 (at.%) film measured at room temper
ature showing a saturation magnetization of 4.2 x I 05 Alm. 

significant improvement in film quality is attributed to the previously unexplored high tern

perature in situ growth regime and the enriched target. 
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Chapter 5 

Magnetically Induced Martensitic 

Variant Reorientation (MIR) in 

Ni-Mn-Ga Thin Films 

The magnetic shape memory effect relies upon twin boundary motion within a martensitic 

structure. The motion occurs when the difference in the magnetic energy, due to the vari

ous orientations of the magnetic moments in twin related variants, exceeds the mechanical 

energy needed for the displacements of the atoms in the vicinity of the twin boundary. 

The optimization of MIR effect has yielded bulk materials exhibiting magnetic field in

duced strains of"'"' 9.5% (Sozinov et al., 2002b), a value significantly larger than the strains 

observed in fast-response piezoelectric (Park & Shrout, 1997; Li et al., 2008) and magne

tostrictive materials (Pasquale, 2003). 
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While considerable progress has been made in understanding the MIR effect in bulk 

Ni-Mn-Ga materials, advances in thin film properties have been slow. A vast majority of 

the results available in the literature reveal that films affixed to a rigid substrate show no 

discemable MIR effect, even though they exhibit a well-defined martensitic transformation. 

Recent advances, however, have resulted in the deposition of films exhibiting a partial MIR 

effect (Thomas et al., 2008a; Heczko et al., 2008; Jenkins et al., 2008; Zhang et al., 2009; 

Buschbeck et al., 2009). In contrast to single crystals, the MIR effect in these films showed 

reversibility even in the absence of external stresses (Thomas et al., 2008a; Heczko et al., 

2008; Zhang et al., 2009; Buschbeck et al., 2009). Such observations provide possibilities 

for broad-based thin film applications. However, the physical origin of the self-activated 

reversibility is still not well understood. 

The only explanation available in the literature is presented by Thomas et al. (Thomas 

et al., 2008a), where the unique nature of the response was attributed to the fact that films 

are clamped to the substrate. Because of this, a film, unlike its single crystal counterpart, 

must reorient in a manner which preserves its overall in-plane dimensions. Based on this 

consideration, Thomas et al. described a mode by which the observed reorientation could 

take place for orthorhombic films with a grain structure containing {100} oriented grains. 

In their mode the variant reorientation was facilitated by having the fraction of unit cells 

with the b-axis parallel to the field increased at the expense of the unit cells with the a

axis and c-axis in the field direction. In this manner, the overall size would be conserved 

since two b-axis lattice parameters are approximately equal to the sum of the a- and c-axis 

lattice parameters. The reorientation was attributed to an overall energy reduction in the 

applied field due to the fact that the measured anisotropy energy along the a-axis is more 

than four times as high as that along the b-axis. The self-reversibility was facilitated by 
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substrate-imposed stresses which resisted the reorientation process (Thomas et al., 2008b). 

In the course of this thesis work, we have observed a partial self-reversible MIR effect 

similar to that observed by Thomas et al. (Thomas et al., 2008a). The effect was detected 

in the Ni51Mn29Ga20 (at.%) films grown on the (100) YSZ substrate, which show a [101] 

texture. Through a detailed analysis of the MIR response, combined with a thorough char

acterization of the film's crystallographic texture, microstructure, and magnetic domain 

structure, it is concluded that the aforementioned mechanism presented by Thomas et al. 

(Thomas et al., 2008a) for their {100} oriented Ni-Mn-Ga films cannot be applied to the 

present situation. An alternative mechanism has to be considered for our [101] oriented 

films. The rest of the chapter will dedicate to this topic. 

5.1 	 Magnetic Field Induced Martensitic Variant 

Reorientation 

The crystallography of the Nis 1Mn29Ga20 (at.%) films grown on (100) YSZ has been de

scribed in Chapter 4. The three-dimensional x-ray (XRD3) diffraction carried out at room 

temperature reveals the presence of four orientations of the orthorhombic martensitic phase 

in the films with lattice parameters a= 6.112(4) A, b = 5.885(3) A, and c = 5.527(2) A. The 

diffraction dataset obtained at 380 K (figure 4.8) indicates a cubic austenitic phase with a 

= b = c = 5.846(3) A. The as-grown films show a strong [101] texture. The temperature 

dependent x-ray measurements also reveal that films undergo reversible martensitic trans

formation between 300 K and 370 K. The phase transition temperatures Ms, Mf, As, and 
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Af, determined by the temperature dependent DC resistivitiy measurement, are Ms= 361 

K, Mf = 307 K, As= 312 K, and Af = 370 K (Section 6.1). Coinciding with the structural 

phase transition was ferromagnetic ordering occurring over a temperature interval ranging 

from 359 K to 352 K upon cooling (Section 6.2). The room temperature magnetization 

curve shows a saturation magnetization of 4.2 x 105Alm (figure 4.11), a value comparable 

to the bulk Ni-Mn-Ga sample. Also noticed in the magnetization loop but not shown in 

chapter 4 is an abrupt change in slope near 0.04 T. This phenomenon is a strong indica

tion of the magnetically induced structural reorientation (MIR) of the martensitic variants 

(Heczko et al., 2008) and will be discussed in detail in this subsection. 

5.1.1 MIR Phenomenon 

The in-plane magnetization hysteresis loops, i.e. M(H) curves, were measured at a series of 

temperatures when the films are cooled from the paramagnetic austenitic to the ferromag

netic martensitic phase. Figure 5.1 shows the M(H) curves corresponding to temperatures 

where there exists (a) pure austenite (372 K), (b) a mixture of austenite and martensite but 

where the austenite phase dominates (358 K), (c) a mixture of austenite and martensite 

but where the martensite phase dominates (340 K), and (d) pure martensite (300 K). At 

372 K the magnetization curve exhibits the linear response associated with paramagnetic 

behavior. As the temperature is lowered to 358 K the film undergoes a ferromagnetic transi

tion (Tc = 359 K), which is accompanied by a significantly broader austenite-to-martensite 

structural phase transition (figure 6.3). Although the ferromagnetic transition leads to a 

marked increase in magnetization at 358 K compared to the 372 K data, an even greater in

crease would have been observed if not for the fact that the observed increase is associated 
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with only a partial ferromagnetic ordering. Complete ordering occurs once the sample is 

cooled to 352 K (figure 6.4). In the presence of a weak martensitic component the result

ing magnetization at 358 K is thus dominated by the austenitic phase. The film shows the 

typical ferromagnetic loop with the small coercive field expected for a magnetically soft 

austenitic phase that exhibits low magnetic anisotropy (Tickle & James, 1999). At 340 K 

the ferromagnetic ordering is complete and the martensite phase has become dominant. At 

this point, the magnetization loop shows a wider hysteresis and a larger coercive field, a re

sponse consistent with the high anisotropy of the martensitic phase (Tickle & James, 1999; 

Jiang et al., 2004). Also observed from the 340 K magnetization curve are abrupt changes 

in slope for magnetic fields near 0.025 T, which are apparent in both the magnetizing and 

demagnetizing processes. Such slope changes are easily recognized since the data points 

are evenly spaced in the magnetic field (µoH). The changes in slope, which are even more 

pronounced for the 300 K magnetization data (i.e., for pure martensite), have previously 

been attributed to the MIR effect (Thomas et al., 2008a; Heczko et al., 2008; Zhang et al., 

2009). Of note is that 340 K is the highest temperature where he MIR effect is observed in 

the films. 

During the magnetization process, the 300 K magnetization curve (figure 5.1 (b )) shows 

a steeper slope in a field range of 0.04 to 0.05 T. These magnetic field values, denoted as 

Hs and Hf, span a range of fields, H, where twin boundary motion occurs. Such a rise in 

magnetization slope is analogous to the far more abrupt rise observed for single crystals 

(Straka et al., 2006; Heczko & Straka, 2003). The difference is likely attributed to the 

crystallographic texture associated with the film, which adds a polycrystalline character to 

the response (Gutierrez et al., 2006). In order to quantize the critical field (HMIR) needed 

to activate the MIR process, while avoiding the ambiguity associated with the range of 
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magnetic fields over which the effect occurs, we define HMIR as the average of the fields 

corresponding to the onset and endpoint of the transition: 

(5.1) 

The magnetization increment, ~ M, induced in the entire MIR process is about 17% of the 

saturation magnetization of 4.2 x 105 Nm. Also evident from the figure is a rapid drop 

in the magnetization during the demagnetization process. This drop, which corresponds 

to the restoration of the initial twinning state, also spans a range of magnetic fields, but 

with an onset that is somewhat lower than Hf. The same phenomenon is also apparent 

in the third quadrant of the magnetization loop where the magnetic field is applied in the 

reverse direction. The symmetry in the MIR process implies high twin mobility and a 

lack of defect pinning sites. Important is the fact that the observed recovery is not reliant 

on external stimuli as is the case for single crystals, where an external compressive stress 

applied perpendicular to the magnetic field direction is required to induce reorientation of 

the twin variants (Murray et al., 2000; Straka & Heczko, 2005; Straka et al., 2006). 

5.1.2 Temperature Dependence of the MIR Effect 

The temperature dependence of HMIR for the Nis1Mn29Ga20 (at.%) films is presented in fig

ure 5.2. The MIR effect is first observed in the magnetization data at 340 K, where the film 

contains a significant amount of the martensitic phase. As the temperature is lowered fur

ther, the activation field HMIR steadily increases, suggesting that it becomes progressively 

more difficult to activate the MIR process. Such behavior is consistent with that observed 
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Figure 5.1: The in-plane magnetization hysteresis loops measured through the structural and mag
netic phase transitions at (a) 372 K, 358 K, 340K and (b) 300 K, which correspond to pure austenite 
(blue circles), a mixture of austenite and martensite but where the austenitic phase is dominant (red 
triangles), a mixture of both phases but where martensitic phase dominates (black squares), and pure 
martensite (half white and half black diamonds). The MIR phenomenon, characterized by an abrupt 
increase in the magnetization, is observed at both 300 K and 340 K, where the martensitic phase is 
either phase-pure or predominating. The change in slope is easily recognized as the data points are 
evenly spaced in the applied magnetic field. The 300 K magnetization data is shown separately in 
figure 5.1 (b) so as to clearly denote the onset (Hs) and completion (Hf) of the activation fields, as 
well as the magnetization increment(~) induced by the MIR process. Note that the MIR effect 
is fully reversible. The inset to figure 5.l(a) gives an enlarged view of the magnetization in the 
vicinity of the origin (i.e. near µ0H =0). The sense of application and removal of the magnetic field 
is denoted by the arrows on figure 5.l(b). 
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Figure 5.2: The critical magnetic field required to activate the MIR process as a function of tem
perature for a Nis1Mn29Ga20 (at.%) film. HMIR decreases with increasing temperature, a response 
consistent with a reduction in the twinning stress due to enhanced thermal activation. The dashed 
line is a guide for the eye. 

for single crystals and has been attributed to a drop in the twinning stress at elevated tem

peratures as well as the increased thermal activation of twin boundary motion (Straka et al., 

2006; Heczko & Straka, 2003; Peterson et al., 2008; O'Handley et al., 2006). It has been 

suggested that the latter effect facilitates the shuffling of atoms in the vicinity of the twin 

boundary to positions favored by the magnetic field (O'Handley et al., 2006), which would 

account for the accelerated reduction in the activation field in the range of temperatures be

tween 280 K to 340 K. Straka and coworkers (Straka et al., 2006; Heczko & Straka, 2003) 

argued that the influence from the other temperature dependent magnetic/elastic properties, 

such as tetragonality (c/a) and the anisotropy constant (Ku), are of less significance. 
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5.2 	 Mechanism for the Self-Activated Reversibility 

in the MIR Effect 

To fully understand the mechanism behind the MIR phenomenon, a comprehensive knowl

edge of the texture, microstructure and magnetic substructure is required. 

5.2.1 	 Texture 

The { 400} pole figures of both martensitic and austentic phase are presented in chapter 4. 

The pole configuration indicates that the film is composed of four crystallographic orienta

tions, where each orientation gives rise to a single pole in the {400} pole figures (4.9). 

In order to obtain a more complete understanding of the crystallographic information, 

the {220} pole figures were also generated, which are shown in figure 5.3. The (202) 

pole figure exhibits a single pole at a 90° radial angle while no such poles are observed 

for the {220} and {022} pole figures. This indicates that the film is exclusively LlOlJ 

oriented. The {220} and {022} pole figures each show a ring of eight poles where the 

rings are at slightly different radial angles due to the orthorhombic nature of the unit cell. 

The fact that there are eight poles instead of the two expected for a single crystal (shown 

schematically forthe {220} pole figure in figure 5.3(b)) indicates that the film is comprised 

of four unique in-plane orientations. The azimuthal angle between these orientations is 

90° as is depicted schematically in figure 5.3(c). The resulting fourfold symmetry is a 

reflection of the underlying symmetry of [ 100] cubic YSZ substrate. In such a pole pattern, 
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the two {220} poles from orientation 2 (i.e. those labeled as "2" in figure 5.3(a)) can 

be rotated 180° into the two {220} poles from orientation 1, indicating the existence of 

a mirror relationship between these two orientations (i.e. (101) is the mirror plane). If 

these two orientations form two sets of martensite variants, then twin pairs will form when 

one variant lies on top of the other. Such an orientational relationship also exists between 

orientations 3 and 4. Because no such mirror symmetries exist between other orientations 

(i.e. those offset by 90° azimuthal angle) they cannot share a twinning relationship. It 

should be noted that the four orientations show similar XRD intensities, a clear indication 

of the equivalent volume fractions occupied by each orientation. Also noteworthy is the 

fact that the XRD3 dataset reveals the presence of residual volumes of the austenite phase 

(see figure 6.1 ). 

5.2.2 Microstructure 

Figure 5.4 shows a cross-sectional TEM image of the Ni51 Mn29Ga20 (at.%) film. The 

image shows three distinct grains, each of which is highly twinned and comprised of plate-

shaped variants. The two rightmost grains are quite similar in appearance, showing in

clined thin slices within each martensite plate. These features likely originate from the 

micro-twins or slip-steps formed during the martensitic phase transformation. Such a mi

crostructure results in a further reduction of the transformation strain while maintaining 

the martensitic crystal structure (Bhadeshia & Honeycombe, 2006). The leftmost grain is 

quite distinctive in appearance, showing no obvious substructures inside the stacked plates. 

The observation of grains having two distinct morphologies is consistent with the { 220} 

pole figure result (figure 5.3) which shows in-plane crystallographic orientations offset by 
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Figure 5.3: (a) The {220} set of pole figures for the martensitic phase of a Ni51Mn29Ga20 (at.%) 
film. The observed patterns are consistent with a [101] oriented film with four in-plane orientations 
(poles originating from each orientation numbered 1 through 4). (b) A schematic depictions of 
the 220 pole figure expected for a [101] oriented single crystal. (c) A schematic depiction of the 
observed {202} pole figure showing four in-plane crystallographic orientations offset from one 
another by 90°. The Miller indices at the lower right comer of figure 5.3(c) show the orientation of 
the YSZ substrate relative to all the pole figures shown. 

90°. Under such circumstances it is not unexpected for the slip-steps to be observed for 

one crystallographic orientation while being absent in a secondary orientation where the 

diffraction condition is not met. Also apparent in the image is a 2-3 nm interfacial layer 

which extends across the entire cross-section. If such a layer were of the austenite phase, 

which persists at room temperature due to substrate clamping effects, it would account for 

the residual levels of austenite detected in the XRD3 measurements. 
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100 nm 


Figure 5.4: Bright-field TEM cross-sectional image showing the martensitic microstructure of the 
Ni51 Mn29Ga20 (at.%) film. The image shows three distinct grains each of which is comprised of a 
series of horizontal plates. Of note is the 2-3 nm thick feature at the film-substrate interface which 
is assigned to the austenite phase. The image was taken with the electron beam parallel to the [ 110] 
direction of the YSZ substrate (i.e. E .B.11 [l lO]rsz). The Miller indices indicating the orientation of 
the substrate is also provided. 

5.2.3 Magnetic Domain Structure 

Figure 5.5(a) shows a room temperature MFM image of the surface of the film. The image 

shows a spatially intricate magnetic domain structure where the out-of-plane component 

of the magnetization switches from being "in" or "out" of the surface of the film. Figure 

5.5(b) is an atomic force microscopy (AFM) image simultaneously collected from the same 

area. The results indicate that the maze-like pattern represents the magnetic microstructure 

of the film as no similar topological patterns are observed in the film's surface morphology. 

Thus, it is expected that the small length-scale spatial undulation is a manifestation of the 

magnetization ripples associated with the various variants of this magnetic shape memory 

alloy. Similar MFM patterns of a rippling of the out-of-plane magnetization component 
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Figure 5.5: (a) MFM and (b) AFM images for a Nis1Mn29Ga20 (at.%) film showing the magnetic 
force gradient and surface topography, respectively. The Miller indices at the lower right comer of 
figure 5.5(b) show the orientation of the YSZ substrate relative to both the images shown. 

have been observed for (110) textured Ni-Mn-Ga films grown on Alz03 (Chernenko et al., 

2005a) and MgO (Chernenko et al., 2008) substrates as well as for epitaxial (001) Cu/Ni/Cu 

multilayers (O'Handley, 2000) and Ni-rich Ni-Fe thin films (Saito et al., 1964). 
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5.3 Discussion 

As previously noted, the Ni51 Mn29Ga20 (at.%) films studied here exhibit a MIR effect 

which is different from the corresponding effect observed in single crystals in that: (1) 

the activation field of 0.03rv0.07 T is approximately one-third of the amplitude required 

in single crystal (Straka et al., 2006; Heczko & Straka, 2003), (2) the resultant increment 

in magnetization is only about 17% of the saturation magnetization whereas for a single 

crystal it is typically 50% (Straka et al., 2006; Heczko & Straka, 2003) and (3) the MIR 

process is self-reversible whereas for single crystals it is reversible only under an external 

stimuli (Murray et al., 2000; Straka & Heczko, 2005; Straka et al., 2006). It has also been 

noted that the film microstructure and texture is strongly influenced by the crystallographic 

orientation of the substrate material, exhibiting a character that is quite different from that 

observed for single crystals. The present results suggest that these microstructural prop

erties give rise to a unique magnetic domain pattern which, in tum, manifests itself in a 

distinctive MIR response, as discussed below. 

A detailed understanding of the film's microstructure can be ascertained from a com

parison of the crystallographic texture results and the TEM images. The texture indicates 

that the film is comprised of four different crystallographic orientations, where each orien

tation has its [ 101] direction normal to the surface of the substrate but offset by 90° in the 

film plane. These orientations exhibit a fourfold in-plane symmetry and are of significance 

since orientations offset by 90° have no single crystal analogue. This arrangement is, in 

fact, inherited from the crystallographic texture associated with the austenite parent phase 

formed during the deposition process. The parent phase adapts to the underlying four-fold 

symmetry of the substrate's (001) cubic surface through the formation of two geometri
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cally equivalent grain orientations characterized by ( 110) [001 ]film II (001 )[l lO]substrate and 

(110) [001 ]Jiimll (001) [lTO]substrate, as displayed in figure 5.6(a). The subsequent austen

ite to martensite phase transformation results in martensite twin variants forming in both 

grain orientations which gives rise to two additional crystallographic orientations. Variants 

within the individual grains form twins as shown in figure 5.6(b). This twinning relation

ship is characterized by a pair of martensitic variants connected by a twin boundary, where 

the variants appear in the { 220} pole figures (or alternatively { 400} pole figures shown in 

figure 4.9) as poles separated by a 180° azimuthal angle (i.e. denoted as orientation 1 and 

2 or orientation 3 and 4 in figure 5.6(a)) with the twin boundary corresponding to the (101) 

mirror plane. Of crucial importance is the fact that the variants formed within one grain 

orientation do not share a twinning relationship with variants formed within the other grain 

orientation because the two sets of perpendicularly oriented grains are inherited from the 

austenitic phase rather than formed through the martensitic transformation. Such an argu

ment is consistent with the texture results indicating that the crystallographic orientations 

offset by a 90° azimuthal angle do not show mirror symmetry. This description is consis

tent with the two unique grain-types observed in the TEM cross-sectional image. Also in 

agreement with this description is the fact that the TEM image shows well-defined straight 

interfaces between the martensite plates running parallel to the surface of the substrate (see 

figure 5.4), a feature indicative of the high degree of atomic coherency achieved through 

a twinning relationship. The fact that these boundaries are parallel to the substrate surface 

is consistent with the texture results which allow for an inter-variant (101) twin-plane as is 

schematically depicted in figure 5.6(b). 

The two distinct grain types give rise to unique grain boundaries as is shown in figure 

5.4. The leftmost grain boundary, which is somewhat jagged in appearance, occurs when 
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{a) Grain structure for the austenitic phase 

(b) Grain structure for the martensitic phase 

Variant 1 Variant 2 

Variant 3 Variant 4 

Figure 5.6: Schematic representation of the grain structure for the (a) austenitic phase and (b) 
martensitic phase in a Ni51 Mn29Ga20 (at.%) film. For the austenite phase two equivalent grain 
orientations offset by an in-plane angle of 90° are formed through the adaptation to the substrate's 
(001) cubic surface. The subsequent martensitic transformation leads to twin variants generated in 
each grain orientation. Variant 1 and 2 form a twin pair within Grain I while the variant 3 and 4 share 
a twinning relationship within Grain II. The twin boundary which connects the two twin variants is 
the (101) plane of the unit cell. The crystallographic orientation of each individual variant is also 
shown. Unique to each orientation is its c-axis direction as is emphasized in red. The variants are 
numbered 1 through 4 in (b). The direction of the applied magnetic field as well as the magnetization 
direction for each variant is denoted by an arrow. The Miller indices at the lower right corner of 
both (a) and (b) show the orientation of the YSZ substrate relative to all the martensitic variants 
shown. 
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two grains off set by a 90° azimuthal angle meet. The rightmost grain boundary, on the 

other hand, forms a sharp interface normal to the surface of the substrate. This feature 

is likely the result of a small angle grain boundary formed between the two like-oriented 

grains. 

With the present understanding of the crystallographic texture and microstructure, it is 

possible to gain insight into the magnetic microstructure of these films. It should, however, 

be first mentioned that the easy magnetic axis in an orthorhombic martensite is along the 

shortest c-axis of the unit cell (i.e. along [001]) (Sozinov et al., 2002a). In this scenario, 

it is apparent from figure 5.6(a) that the direction of the magnetization direction for each 

variant is neither parallel nor perpendicular to the film's surface, but instead forms the an

gle ( 8). For this arrangement the normal component of the magnetization for any particular 

variant can point either towards the film's surface or away from it. The maze-like appear

ance of the MFM image (figure 5.5(a)) is consistent with these arguments as an undulation 

in the magnetization could form closure domains and thus effectively reduce the magne

tostatic energy (O'Handley, 2000; Muller, 1961) through the formation of a ripple domain 

structure (Saito et al., 1964; Hubert & Schafer, 1998). It should be noted that although 

the magnetization of these variants are denoted by an upward pointing arrow, it is equally 

likely that the magnetization direction could also point downward, as is apparent from the 

ripple domain structure. One can expect that to avoid generating poles at the twin bound

ary, the two twin-related variants within Grain I or Grain II should have their magnetization 

directions pointing both up or both down. 

The in-plane magnetization hysteresis loops, shown in figure 5.1, reveal that the films 

exhibit a reversible MIR effect, which is similar to that observed for { 100} oriented or
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thorhombic Ni-Mn-Ga films (Thomas et al., 2008a). For this effect to be observed, there 

must exist a mechanism for promoting reversibility as well as a means by which a reorien

tation of variants can occur while keeping the film clamped to the underlying substrate. 

As mentioned previously, the self-reversibility for the MIR effect in a { 100} oriented 

film was attributed to substrate-imposed stresses that developed during the reorientation 

of the in-plane lattice constants of an orthorhombic unit cell (Thomas et al., 2008a,b). 

These stresses force the film back to its initial state once the field is removed. While 

this provides a description of the MIR effect in the {100} oriented films presented by 

Thomas et al. (Thomas et al., 2008b), the same description cannot be applied to the be

havior observed for the [101] films studied here. This is a consequence of the fact that 

the two variants which convert from one to the other, have an identical epitaxial relation

ship with the substrate (i.e. (101)[010]1umll(OOl)[llO]substrate for Variant 1 and 2, and 

(101)[010]Jiimll(001)[1TO]substrate for Variant 3 and 4, as shown in figure 5.6(b)). Thus, 

when Variant 1 and 2 (or alternatively Variant 3 and 4) switch from one to the other, no 

change is required in the in-plane lattice parameters and, as a result, no substrate-imposed 

stresses will develop. The presence of the 2-3 nm thick austenite layer at the substrate-film 

interface (figure 5.4) should also help facilitate the MIR process as the layer disconnects 

the martensite variants from the underlying substrate. As a result, the stresses imposed by 

the substrate on the martensite grains above the austenite layer are expected to be signifi

cantly smaller. In the absence of the substrate-imposed stresses a r1011 single crystal film 

should behave exactly as a single crystal, showing a complete MIR effect which does not 

display self-reversibility. The fact that a reversible MIR effect is observed requires that a 

different mechanism comes into play for these [101] oriented Ni-Mn-Ga films. An analy

sis of the response of the individual variants to an externally applied field reveals that the 

microstructure itself is the most likely origin of the reversibility. 
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Labeled on figure 5.6(a) is the direction of the externally applied magnetic field (i.e. 

HJI [1 lO]ysz) relative to the four crystallographically oriented variants. Immediately evident 

is the fact that the magnetic field direction relative to the magnetization direction varies 

between variants and in no case are the two directions ever parallel. It is apparent from 

an examination of the magnetization directions labeled on the individual variants that the 

magnetization of only one of the twin variants in Grain I has a component parallel to the 

external field. This component makes this variant more favorable than its twin related 

counterpart whose same magnetization component is anti parallel to the field. A preferential 

field selection, however, is not expected to occur between Variants 3 and 4 since neither 

shows a magnetization component in the direction of the magnetic field. The arrangement 

described will inevitably lead to a spatially varying MIR response which is dependent on 

the local microstructural and crystallographic environment. 

For the scenario where there exists a twin boundary between Variants 1 and 2 (Grain I 

in figure 5.6(b)), there will exist a difference in the Zeeman energy between these variants 

which is given by, 

(5.2) 

where µo is the magnetic permeability of free space and Ms is the saturation magnetization, 

H is magnetic field and 8 is an angle between the magnetization direction for a variant 

and the magnetic field. This difference in energy results in the application of a pressure 

on the twin boundary which, for fields in excess of HMIR, can drive the twin boundary 

motion in a manner that favors Variant 1 at the expense of Variant 2. A similar situation 

has been discussed by O'Handley who pointed out that the field-induced twin boundary 

motion occurs when strong magnetic anisotropy is present (Handley, 1998). If the Zeeman 

energy is much smaller than the magnetic anisotropy (i.e. MsHl2Ku << 1) then the effect 
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of the field is to move the twin boundaries rather than to rotate the magnetization within 

unfavorably oriented variants. In an effort to examine whether the films presented here 

belong to this category, we estimated the Zeeman energy, MsH, for a MIR-activation field 

of uoHMJR = 0.045 T and a saturation magnetization of 4.2 x 105 Alm at 300 K. For this 

scenario, the value of the Zeeman energy is of the order of 104 J/m3 . This value is an 

order of magnitude smaller than the magnetic anisotropy energy, 2Ku, which is on the 

order of 105 J/m3 (Soderberg et al., 2005). This result indicates that the strong anisotropy 

assumption used for the films presented in this report is reasonable. The elastic energy 

introduced by the twin boundary motion, a£12, is also estimated for a twinning stress 

of 2 MPa (Soderberg et al., 2005) and a 5% strain. While a 10 % strain is predicted 

theoretically for a single crystal with similar lattice parameters (i.e. c/a =0.9) upon the 

completion of the MIR process from the single variant state with a field applied parallel to 

the hard [100]-axis, the 5% value used here is a more reasonable estimation. This reduced 

value takes into account such factors as the twin variants existing in these textured films 

before the onset of the MIR process and that the magnetic field was applied parallel to the 

twin boundary instead of being parallel to the magnetization direction of one of the two 

variants. The calculation indicates that the elastic energy density is also on the order of 

104 J/m3, as is the case for the Zeeman energy. This implies that with an applied field of 

0.045 Tit is possible to induce twin boundary motion. O'Handley has determined that the 

magnetic driving force on the twin boundary is strongest when the external field is applied 

parallel to the twin boundary and bisects the angle between the magnetization of the twin 

variants under consideration (Handley, 1998). This geometry accurately describes the case 

presented here. It is also evident that magnetic domain wall motion is absent during the 

magnetic field-induced twin boundary motion in the Ni-Mn-Ga system (Lai et al., 2007). 

Considering all these aspects, the MIR effect observed here is very likely induced by the 
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Zeeman energy difference between the two twin-related variants. 

It should be understood that the aforementioned reorientation mechanism is not possible 

in the second scenario (i.e. for variants in Grain II) shown in figure 5.6(b). In this case, both 

variants (i.e. Variant 3 and 4 in Fig. 7b) have their c-axes perpendicular to the magnetic 

field direction and, hence, do not experience any difference in Zeeman energies. As a result, 

there is no incentive to convert from one orientation to the other through twin boundary 

motion. It is also considered unlikely that the variants in Grain II experience any MIR effect 

as a result of being in contact with a variant from Grain I, because there is no twinning 

relationship between them. Thus the geometrical arrangement of the grain orientations 

results in 50% of the film's grains being able to participate in the MIR process (i.e. MIR

active) and 50% of the film's grains being MIR-inactive. It should be understood, however, 

that the inactive variants possess all of the material properties necessary to become MIR

active, as the inactivity arises solely from their crystallographic orientation relative to the 

applied magnetic field. For the MIR-active grains, one of the two variants will be oriented 

favorably with respect to the field while the other will have an incentive to reorient when the 

magnetic field is applied, resulting in a maximum of 25% of the film variants reorienting. 

The presence of these MIR-inactive variants also accounts for the small increase in 

magnetization during the reorientation process when compared to single crystals. The fact 

that the magnetic reorientation is confined to preexisting twin-related variants within indi

vidual grains also accounts for the relatively small MIR activation field compared to the 

field reported for single crystals. By contrast, the samples used in the single crystal ex

periments were magnetically or mechanically forced to become a single variant in order to 

achieve the maximum possible strain from the MIR effect (Murray et al., 2000; Straka & 
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Heczko, 2005; Straka et al., 2006). In this case the activation field must be large enough to 

provide the nucleation energy to first produce the twins and then to overcome the stresses 

induced by the twin boundary motion. The experiments with thin films described here are 

more akin to stress-induced elastic twinning observed for calcite, where the initial nucle

ation step was bypassed, which resulted in the deformation being realized using a much 

smaller load (Williams & Cahn, 1963). The small activation field for the MIR effect ob

served here is attractive from a device perspective, especially for applications where strong 

magnetic fields are considered undesirable due to possible interference between the field 

and other electronic components. 

While only 50% of the grains are active in the magnetic reorientation process, the other 

50% are not considered to be completely passive in nature. During the process of twin 

boundary motion, the atoms in those variants undergo twinning shear along the [101] di

rection, a lateral direction parallel to the substrate's surface. The twinning shear in the 

active grains must be accommodated by the elastic distortion of inactive grains. This will 

lead to the development of large elastic stresses in the inactive grains, making them plasti

cally hard elements within the substructure of the film. With no effective means by which 

to relieve these stresses it is expected that the atoms in active grains are forced back to 

their initial positions when the external magnetic field is removed. Such a partition of 

stress between a "hard" parent phase and a "soft" twin, has recently been observed using 

three-dimensional x-ray diffraction in magnesium alloys subjected to compressive loading 

(Aydiner et al., 2009). In addition, reversibility of the twinning transformation has been ob

served in bulk polycrystalline samples of Ni-Mn-Ga where the phenomenon was attributed 

to a restoring force arising from differently oriented crystallites (Gutierrez et al., 2006). 

In contrast to the polycrystalline material, the highly textured films appear to be far more 
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effective in the reorientation process, displaying a larger magnetization increment that is 

induced by a smaller magnetic field. Within this framework a fl 01] oriented film without 

MIR-inactive grains should be capable of producing a more complete MIR effect, but the 

effect would not be completely self-reversible. 

Present results suggest that the substrate plays a crucial role in determining the initial 

crystallographic texture and microstructure of the films, but plays a more passive role in 

controlling the MIR response. The existence of the in-plane grain orientations offset by 

90° is a consequence of the adaptation of the [110] oriented Ni-Mn-Ga parent phase to 

the fourfold symmetry of the YSZ substrate's (001) cubic surface. During the subsequent 

austenite to martensite phase transformation, the substrate constraints to the austenite lat

tice lead to a 2rv3 nm residual austenite layer at the film-substrate interface. It suggests 

that, while the substrate must hinder the degree of atomic shuffling during the martensitic 

phase transformation the stresses imposed on the martensitic grains above the austenitic 

layer are significantly weakened. Interfacial stresses are sufficiently relieved through vari

ous strain relaxation mechanisms such as dislocations and the grain boundaries. Once the 

stresses are relieved the substrate becomes less of a factor. This, combined with the fact 

that each of the four crystallographic orientations share an identical epitaxial relationship 

with the substrate, makes it highly unlikely that the substrate is producing any appreciable 

stresses as one variant converts to the other. On the contrary, the shearing of the atoms dur

ing twin boundary movement is strongly inhibited at grain boundaries due to the presence 

of MIR-inactive grains. It is the initial formation of these structures during film growth 

where the substrate must play a decisive role. This leads to the intriguing possibility of en

gineering a desired response based on an appropriately chosen substrate material, through 

graphoepitaxy, or through the promotion of a step-flow growth mode facilitated by a mis
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cut substrate. Successful implementation of such strategies could lead to the ability to tune 

the film's structural and magnetic microstructure towards a particular application where, for 

example, MIR-inactive grains could be included or excluded to achieve either self-activated 

reversibility or allow a more complete, but irreversible, MIR effect. 
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Chapter 6 

Magnetocaloric Effect in Ni-Mn-Ga 

Thin Films 

The shape memory effect in ferromagnetic shape memory alloys is reliant upon two phase 

transitions: (1) an austenite to martensite structural transition and (2) a paramagnetic to 

ferromagnetic transition. Once the alloy is cooled to temperatures where it is both ferro

magnetic and martensitic, it can exhibit a large deformation when exposed to an external 

magnetic field. Shape recovery ensues if the sample is subsequently transformed back to 

the austenitic phase upon heating through the reverse structural phase transition. In addi

tion to the ferromagnetic shape memory effect, the magnetic transition can also induce a 

negative magnetic entropy change near the Curie temperature, a phenomenon commonly 

referred to as the magnetocaloric effect (MCE) (Gschneidner & Pecharsky, 2000). 

The strength of the MCE effect in the Ni-Mn-Ga system is highly dependent on the rel
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ative positions of the characteristic temperatures associated with the aforementioned struc

tural and magnetic phase transitions (Pareti et al., 2003). It has been determined that the 

characteristic temperatures are related to the electron to atom ratio (e/a) corresponding to 

a particular alloy composition. For small ratios (i.e. e/a < 7.7) the start temperature for 

the martensitic transition (Ms) is far below the Curie temperature (Tc) while the reverse 

tendency occurs for larger ratios (i.e. e/a > 7.7) (Chernenko, 1999). The behavior in the 

intermediate range (i.e. e/a ~ 7 .7), where the two transitions overlap (Chernenko, 1999; 

Borisenko et al., 2005), is by far the most distinctive and complex. It is for these com

positions, and within the temperature interval where the phase transitions occur, that give 

rise to the largest MCE (Pareti et al., 2003; Zhou et al., 2004; Long et al., 2005; Khan 

et al., 2006). The considerable changes to the entropy that occur during the magnetizing 

or demagnetizing of MCE materials can be utilized in refrigeration cycles (Wood & Potter, 

1985). The refrigeration process takes advantage of the fact that the entropy of the spin sys

tem will increase as it undergoes adiabatic demagnetization, whereby cooling occurs as the 

required entropy is extracted from the crystalline lattice. Giant MCE responses with ~S = 

-86 J/kg-K have been reported (Pasquale et al., 2005) in bulk Ni-Mn-Ga crystals at 312.75 

K for magnetic fields ramped to 5 T, demonstrating the promise of these alloys as mag

netic refrigerant materials. While research in this direction has progressed considerably for 

bulk Ni-Mn-Ga alloys, there exist no reports characterizing the effect for thin films. This is 

despite the fact that films are excellent candidates for micro-length-scale magnetic refriger

ation applications such as spot cooling in microelectromechanical systems (MEMS) (Gass 

et al., 2008) and micro energy storage devices (Morelli et al., 1996). 

In our Nis1Mn29Ga20 (at.%) films, an overlap of the magnetic and martensitic phase 

transformations was observed, suggesting the possibility of a large MCE. In this chapter, we 
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make a systematic characterization of the coexisting magnetic and structural phase trans

formations as well as the magnetic entropy change associated with these transitions. An 

understanding of the role each phase transition plays in determining the level of enhance

ment to a standard MCE governed only by the ferromagnetic phase transition is given. 

6.1 Martensitic Phase Transformation 

The structural phase transition for the Ni51 Mn29Ga20 (at.%) films was directly observed 

using the three dimentional XRD technique (XRD3). The analysis of the intensities of the 

(400) and (004) martensite and the (400) austenite reflections during the heating and cool

ing sequence allows for the characterization of the structural phase transitions based on the 

relative intensities of these diffraction peaks. Figure 6.1 shows the progression of the peak 

intensities as the film is heated from 233 to 371 K and then cooled back down to 233 K. Ob

served at the high and low temperature extremes of the sequence is a response dominated 

by the cubic austenitic and orthorhombic martensitic phases, respectively. Between these 

two extremes there exists a mixed response of varying degree which characterizes the phase 

coexistence, a feature typical for a first-order phase transition. The back and forth trans

formations between the martensitic and austenitic phases, and the associated hysteresis, 

are quite apparent. Noteworthy is the fact that even at the lowest temperature there exist 

residual amounts of the austenitic phase. This observation is consistent with the room

temperature transmission electron microscopy images which show a 2-3 nm thick austenite 

layer at the film-substrate interface (figure 5.4). Also evident from the data is the complete 

reversibility of the martensitic transformation. 
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Figure 6.1: XRD3 data showing the structural phase transition for a Ni51 Mn29Ga20 (at.%) film as 
the temperature is cycled back and forth through the martensite-austenite phase transition. The data 
at 371 K shows only a single ( 400) peak for cubic austenitic phase while the 233 K data shows 
the (400)/(004) peak splitting expected for the orthorhombic martensitic phase. Occurring between 
these two temperature extremes is a first-order martensitic phase transformation where one phase 
gradually transforms into the other. In this temperature regime, all three peaks are visible due to the 
austenite-martensite phase coexistence. Note that the phase transition is completely reversible and 
exhibits a hysteresis. Also noteworthy is the existence of an extremely weak peak between the two 
martensite peaks at 233 K, a feature consistent with residual levels of the austenitic phase. 

Extracted from the data in figure 6.1 were the volume fractions for the austenitic and 

martensitic phases over the entire heating-cooling cycle. The values were determined by 

comparing the integrated peak intensities in the two-phase regions to those obtained at 

high and low temperatures where a single phase dominates (i.e., 371 K and 299 K). This 

methodology yields temperature dependent volume fractions for the austenitic (JA) and 

martensitic UM) phases which are given by: 

(6.1) 
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Figure 6.2: Temperature dependence of the volume fractions for the martensitic (circles) and 
austenitic (triangles) phases during the heating (top) and cooling (bottom) processes. The dashed 
lines denote the temperatures corresponding to T50°1 =355 K and T~0at =358 K (i.e. where the 
volume fractions for the two phases are equal) . The fact that these values are offset by about 3 K is 
a clear indication of the hysteresis in the phase transformation. The line connecting the data points 
is a guide for the eye. 

where IA and IM are the integrated intensities of the ( 400) pole from the austenitic phase 

and the (040) pole from martensitic phase, respectively. Figure 6.2 shows the temperature 

dependence of the austenite and martensite volume fractions as obtained from the XRD 

measurements for both the heating and cooling sequences. The data reveal a hysteresis in 

the first-order martensitic phase transformation and allows for the extraction of the values 

T50°1 =355 Kand T~0at =358 K, which define the temperatures where the film is comprised 

of equal amounts of the austenitic and martensitic phases during the cooling and heating 

sequences, respectively. 
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Figure 6.3: Temperature dependent DC resistivity measured using the van der Pauw technique. The 
characteristics show a reversible martensitic transformation in the temperature range of 307 to 370 
K. All values were normalized to the resistivity (Po) of the films at 7 K. 

The temperature dependence of the resistivity for the Nis 1Mn29Ga20 (at.%) films was 

measured for temperatures between 7 and 400 K. The results shown in figure 6.3 reveal a 

well defined hysteretic feature extending from 307 to 370 K which is consistent with the 

martensitic phase transformation observed with XRD3. Using the deviation from linearity 

in the slope of the resistivity-temperature characteristics as a criterion for the beginning 

and ending of the phase transformation, the martensite to austenite transformation start 

(Ms) and finish (Mf) temperatures, as well as the austenite to martensite transformation 

start (As) and finish (AJ) temperatures, were determined to be Ms= 361 K, MJ = 307 K, 

As= 312 Kand At= 370 K. With no other resistivity anomaly present in the data down to 

7 K it is likely that films have no inter-martensitic transformations. 
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6.2 Ferromagnetic Phase Transition 

Temperature dependent DC magnetization measurements, carried out in a magnetic field of 

µ0H =0.005 T, were used to probe the ferromagnetic phase transition. The results, shown 

in figure 6.4, reveal the existence of a ferromagnetic transition in the temperature range be

tween 352 and 360 K, which shows a hysteresis between the cooling and heating sequences 

as well as a Hopkinson-like peak (Chernenko et al., 2005b). The peak, centered around 352 

K, has a lower maximum value in the heating process than it does in the cooling sequence. 

There does exist, however, a cross-over point at 356 K demarcating a 7 K temperature in

terval where the observed magnetization during the heating sequence is somewhat higher. 

Of the utmost importance is the fact that the magnetic phase transition overlaps with the 

structural transition observed in the XRD3 and resistivity measurements. This scenario, 

while only rarely reported for Ni-Mn-Ga films, has been attributed to the composition of 

the alloy (Jin et al., 2002) and is responsible for the observed hysteresis in the temperature 

interval of the magnetic transition. 

While the overlap in the structural and magnetic phase transitions complicates the mag

netization data considerably, it is still possible to extract the Curie temperature, (T: ), 

through suitable processing of the dataset. This temperature is typically obtained from 

the inflection point in the magnetization's temperature dependence, but such a procedure 

is ineffective here due to the complex shape of the magnetization curve (figure 6.4). An 

alternative method relies on an Arrott plot (Arrott, 1957) which determines the Curie tem

perature from the measured magnetization isotherms. The method requires that the mag

netization be plotted in the form of M2 versus HIM where a linear extrapolation of the high 
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Figure 6.4: Temperature dependent DC magnetization for a Nis1Mn29Ga20 (at.%) film in an ex
ternal magnetic field of 0.005 T, for both the cooling (black) and heating (red) sequences. The 
magnetization curves show a Hopkinson-like peak near 352 Kand a hysteresis between the cooling 
and heating sequences due to the concurrent structural and magnetic phase transitions. The inset 
shows an expanded view for the temperature interval across the magnetic phase transition, which 
reveals a cross-over in the magnetization curves at 356 K. 

field data to the zero magnetic field yields the square of the spontaneous magnetization, 

MJ. In the ferromagnetic region (i.e. T <Tc), M6 is positive (Aharoni, 1996) while in the 

paramagnetic region (i.e. T > Tc) it is negative (i.e. the M2 versus HIM curve intercept the 

HIM-axis) (Aharoni, 1996). At T =Tc the spontaneous magnetization is zero and, thus, the 

M2 versus HIM curve passes through the origin. The low field data is excluded from the 

extrapolation because it represents an averaged response over differently oriented magnetic 

domains (Aharoni, 1996). 

In this study, the magnetization isotherms used to generate the Arrott plots were mea
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sured in a cooling sequence (figure 6.5) since the onset of ferromagnetism is more accu

rately determined than is its disappearance (Arrott, 1957). It is also noted that the Curie 

temperature of the martensitic phase, T~, differs significantly from that of the austenitic 

phase (Chernenko et al., 2003; Khovaylo et al., 2005) due to the different crystal structure 

of the two phases. This is not surprising since the spin exchange interactions, responsi

ble for the magnetic ordering, are dependent upon the Mn-Mn interatomic distances in the 

unit cell. And the Mn-Mn interatomic distances are different for the austenitic and marten

sitic lattices (Chernenko et al., 2003). The Tc temperature determined here through the 

Arrott plots is the Curie temperature of the austenitic phase, T:, since the magnetization 

isotherms used are measured at the temperatures where austenite is the predominant phase 

(i.e. those measured at T > 355 K). In fact, for the films studied here, the Curie tem

perature of the martensitic phase, T~, is a virtual temperature since it is well above the 

temperatures where the martensitic phase persists. This is apparent from the temperature 

dependent DC magnetization (figure 6.4) which does not show any anomalies below the 

martensitic transformation finish temperature of 307 K. Such a virtual transition temper

ature can still be estimated through orthodox Landau theory (Chernenko et al., 2003) but 

this aspect is beyond the scope of this paper. The important point being made here is that 

the two phases spontaneously magnetize at different temperatures and the magnetic transi

tion that overlaps with the martensitic transformation is the one exhibited by the austenitic 

phase. To determine the Curie temperature of the austenitic phase, T:, the M2 versus HIM 

curves were measured in the temperature range of 356 "" 362 K, where the austenitic phase 

predominates (T50°1 =355 K ), as shown in figure 6.6. At 360 and 362 K, the linear extrap

olation of the high field data (Jl-OH > 0.4 T) intercepts the HIM-axis while at 356 and 358 

Kit intercepts the M2-axis. This indicates that the T: temperature is around 359 K. This 

value is consistent with that observed for bulk Ni-Mn-Ga samples of similar composition 
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(Ullakko et al., 2001). For the purpose of comparison, the 352 Kand 354 K isotherms, 

where the response is dominated by the martensitic phase, are also presented in figure 6.6. 

The fact that these two curves exhibit very different curvatures at high fields as compared 

to the 356 ,....., 362 K data is consistent with the argument that the martensitic and austenitic 

phase each has a different magnetic response and Curie temperature. 

It should be noted that the Arrott plot is based on the equation of state (Arrott & Noakes, 

1967): (H/M) 11r = (T-Tc)/T1 + (M/M1) 11f3. By plotting M2 versus HIM, it is assumed 

that the critical exponents y and /3 follow mean field theory (i.e. y = 1, /3 = 1/2). The 

356 ,....., 360 K plots shown in figure 6.6, however, display curvature even at high fields, 

indicating that the actual critical exponents for the austenitic phase of the Ni-Mn-Ga sys

tem deviate from mean field values. The degree of deviation is not significant since these 

plots are still parallel at higher fields (µoH > 0.4 T). To estimate the deviation between the 

actual Curie temperature and the one derived from the mean field model, various critical 

exponents have been examined in the range defined by the mean field (y = 1, /3 = 1/2) 

and Heisenberg model (y = 1.386, f3 = 0.365) (Pramanik & Banerjee, 2009). These two 

models, for the most part, define the range of y and f3 values for crystalline ferromagnets. 

From this examination it is found that the Tc values obtained always fall within the tem

perature range of 357 ,....., 359 K. This indicates that mean field theory does not significantly 

overestimate the Curie temperature and validates the 359 K onset for the ferromagnetic 

ordering of the austenitic phase. It is noted that this trial-and-error process is not the stan

dard method used for determining the critical exponents. The correct method requires a fit 

of the experimental data to the equation of state (Arrott & Noakes, 1967) and power-law 

dependence (Stanley, 1971) using the iterative approach described by Pramanik and Baner

jee (Pramanik & Banerjee, 2009). Unfortunately, such an iterative process is not possible 
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Figure 6.5: The isothermal magnetization curves for a Nis1Mn29Ga20 (at.%) film measured at dif
ferent temperatures, which extend through the magnetostructural phase transformation. 

here due to the coexistence of the martensitic transformation. As a result of the overlapped 

structural and magnetic transition, nearly all of the magnetization isotherms measured be

low the Tc temperature contain a strong signal from the martensitic phase and, thus, cannot 

be used in the fitting procedure for the estimation of the Curie temperature of the austenitic 

phase. While it is not customary to use the trial-and-error process described above, it does 

provide a means by which to evaluate the mean field value. 
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Figure 6.6: M2 versus HIM plots for a Ni5 1Mn29Ga20 (at.%) film derived from isothermal magne
tization data for temperatures between 352 K and 362 K. A linear extrapolation of the high field 
data for 356 ,..., 362 K curves were used to estimate the Curie temperature of the austenitic phase. 
The fact that M6 is positive at 358 K but negative at 360 K indicates the onset of the ferromagnetic 
transition of the austenitic phase near 359 K. 

6.3 	 Summary of the Martensitic and Magnetic 

Phase Transitions 

The previous two subsections presented the measurements and procedures used for the de

termination of the critical temperatures of the two overlapped phase transitions in the films. 

For clarity, these parameters are summarized in table 6.1. From table 6.1, it is possible to 

construct the sequence by which the structural and magnetic phase transitions unfold upon 

transforming from the paramagnetic austenite (PA) to the ferromagnetic martensite (FM) 
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phase or vice versa. These two sequences given by: 

(6.2) 

(6.3) 

allow for an understanding of the temperature dependent magnetization shown in figure 

6.4. With T1 and Ms being extremely close to one another, the cooling sequence through 

the phase transition begins with the nearly simultaneous emergence of the martensitic phase 

and the onset of the austenite's ferromagnetic transition. At this point, the magnetization 

of the film is dominated by the paramagnetic austenitic phase rather than the ferromagnetic 

martensitic phase and, thus, shows a small value. As the temperature is lowered, but while 

still remaining above T50°1, the austenitic phase continues to dominate due to its larger 

volume fraction. This dominance manifests itself as the steep rise in the magnetization, 

a consequence of increased ferromagnetic ordering in the austenitic phase. This tendency 

continues upon the further cooling of the sample down to 352 K, whereupon the ferromag

netic transition of the austenitic phase completes. Due to the completion of the austenite's 

ferromagnetic ordering and the increasing dominance of martensite volume fraction (T50°1 

=355 K), the magnetic signal from the martensitic phase becomes quite pronounced as is 

evident from the drop in magnetization below 352 K. Such a drop in magnetization is at

tributed to the high magnetocrystalline anisotropy of the martensitic phase as compared to 

the austenitic phase (Tickle & James, 1999), which makes it significantly more difficult for 

the martensitic phase to be magnetized in the small magnetic field of µoH = 0.005 T used 

for this measurement. This rapid decrease of the magnetization continues until the volume 

fraction of the martensitic phase approaches 100%. A further reduction to the tempera

ture, once all the phase transitions are complete, results in the monotonically increasing 
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Table 6.1: The critical temperatures associated with the structural and magnetic phase transitions 
for a Nis1Mn29Ga20 (at.%) film. 

Tcool Theat 
so 50 

361 K 307 K 312 K 370 K 359 K >>361 K 355 K 358 K 


magnetization expected for a pure ferromagnetic phase. When the film is heated from 2 

K through the reverse transitions, the magnetization behavior is changed due to the higher 

volume fraction of the martensitic phase in the film, producing the hysteresis in the struc

tural phase transition region. The lower magnetization peak at 352 K is a consequence of 

the smaller volume fraction of the austenitic phase at that temperature upon heating. For 

temperatures higher than T~0at (table 6.1 ), where there exists a significant volume fraction 

of the austenitic phase, the phase has lost much of its ferromagnetic ordering. The marten

sitic phase, on the other hand, remains ferromagnetic as long as it exists, due to its much 

higher Curie temperature. The occurrence of the crossover between the heating and cool

ing magnetization curves at 356 K (see inset to figure 6.1) is a manifestation of the low 

level of ferromagnetic ordering of the austenitic phase at temperatures above 356 K and 

the presence of the high volume fraction of the ferromagnetic martensitic phase in the film 

upon heating. 

6.4 Magnetic Entropy Change 

The overlapping magnetic and structural phase transitions provide the prerequisite condi

tion for the occurrence of a large magnetocaloric effect. The effect, which depends upon 

both the magnitude of the applied magnetic field (H) and the temperature (T), gives rise to 
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a change in magnetic entropy, which in tum provides a measure of the cooling capacity. 

A magnetic field induced entropy change, ~S(T,H)Aff, produced under isobaric conditions 

can be estimated from the magnetization isotherms using the Maxwell relationship given 

by (Pecharsky & Gschneidner, l 999b): 

{H aM(T,H)
t:..S(T,H)MI =Jo ( ar )HdH (6.4) 

For magnetization measurements made at discrete field and temperature intervals the above 

equation can be numerically solved using the approximate equation (McMichael et al., 

1993): 

(6.5) 

where the temperature interval (~T) and the average midpoint temperature (T 0) of the in

terval are given by: 

To= T1+T2 ~T = T2-T1, (6.6)
2 

From equation (6.5) it is apparent that the entropy change occurring over the (~T) tempera

ture interval, which is assigned to the temperature To, is the area between the magnetization 

isotherms (figure 6.5) obtained at T1 and T1 divided by ~T. Figure 6.7(a) shows a plot of 

the temperature dependent magnetic entropy change, calculated in this manner, as the sam

pie is cooled through the phase transitions for magnetic field intervals ranging from 0.1 to 

0.5 T. For each interval the negative of the magnetic entropy change shows a narrow peak 

with a maximum at 355 K and a peak width characterized by a full width at half maximum 

(FWHM) of approximately 6 K. Figure 6.7(b) shows the corresponding plot for the case 

where the sample is heated through the transition instead of being cooled. In this case, 

the negative of the magnetic entropy change shows a similar response except that the peak 
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Figure 6.7: The negative magnetic entropy change as a function of temperature for a Ni51 Mn29Ga20 
(at.%) film derived from magnetization data using magnetic field intervals ranging from 0.1 to 0.5 
T upon (a) cooling and (b) heating through the phase transitions. Note that upon cooling the peaks 
in -~S are significantly larger and are shifted to a lower temperature. The dataset is also given in 
units of (mJ/(cm3 K)) to facilitate comparisons with data obtained for other magnetic refrigerant 
materials reported in the literature. 

position is shifted to 358 Kand the height of the maximum is significantly reduced for each 

value of the magnetic field. 

A second, more important, criterion for magnetocaloric materials is the refrigerant ca
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pacity (RC). The RC value is a direct measure of the heat transferred from the cooled 

volume to the hot reservoir in a refrigeration cycle (Wood & Potter, 1985). The RC values 

for the Ni51 Mn29Ga20 (at.%) thin films described here can be estimated using standard pro

cedures. The two most commonly used procedures (Gorria et al., 2008; Provenzano et al., 

2004) involve: ( 1) the numerical integration of the area under the .i1S versus T peak over the 

integration limits Tc1 and Thi (i.e. the temperatures associated with the peak's FWHM): 

!
Thi 

RC= Af(T,H)dT (6.7) 
Tc1 

and (2) by the maximum area under the .i1S versus T peak which can be confined to a rect

angular box extending from temperatures denoted as Tc2 and Thz· Figure 6.8 graphically 

depicts the areas used for both procedures for a film which has undergone either a cooling 

(figure 6.8(a)) or heating (figure 6.8(b)) sequence at a field of 0.5 T. From the data it is 

apparent that the refrigerant capacity depends upon the sequence used. During cooling, the 

first and second procedures yield RC values of 7.6 J/kg and 7 .3 J/kg, respectively, while for 

the heating sequence the same procedures yield values of 9.1 J/kg and 7 .1 J/kg. The values 

presented are not adjusted for hysteresis losses, as is customary for MCE materials such 

as Gd2Ge2Siz where losses can account for as much as 20% of the response (Provenzano 

et al., 2004). Based on our magnetization data, the hysteresis losses do not exceed 3% 

for the Nis1Mn29Ga20 (at.%) films. While there is a considerable spread in the RC values 

obtained, all of these values are somewhat smaller than the established values for typical 

MCE materials under similar magnetic fields (Gschneidner & Pecharsky, 2000). The lower 

values stem not from the amplitude of the .i1S vs. T peak, but from a smaller FWHM. 

A closer examination of the magnetization data reveals that the magnetic entropy change 
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Figure 6.8: The entropy change as a function of temperature for the (a) cooling and (b) heating 
sequences where the densely and sparsely shaded areas under each curve provide a measure of the 
refrigerant capacity using the two methodologies defined in the text. The temperature limits for the 
two integration areas are labeled as Tc and Th. 

shows positive values at extremely low magnetic fields (,LJ-OH < 0.07 T), as is shown in 

figure 6.9. As it can been seen from figure 6.9(a), the temperature dependent change in 

entropy displays a prominent peak originating from the MCE. The expanded view in figure 
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6.9(b), makes it apparent that -8S becomes negative (i.e. 8S has a positive value) at lower 

temperatures for field values smaller than 0.07 T. The value of the positive 8S is signifi

cantly smaller than the negative magnetic entropy change associated with the MCE effect 

(see figure 6.7). An examination of equation (6.5) reveals that a positive response of the 

magnetic entropy change originates from a smaller magnetization at lower temperatures. 

Because 8 T ( =T 2 - T1) is negative upon cooling (i.e. T 1 is greater than T 2) the sign of 8S 

must be determined fr6m the amplitudes of the magnetization at T1 and T1, showing posi

tive values for M(T2) < M(T1) and negative values for M(T2) > M(T1). For the case of a 

standard MCE the latter is expected (figure 6.7) and, as a consequence, the negative values 

for -8S (i.e. 8S > 0 ) shown in figure 6.9(b) are not anticipated. This suggests that the 

positive entropy observed in figure 6.9(b) must be related to some other effects. A possible 

source of the positive entropy change could be the magnetic field induced reorientations 

(MIR) of the martensitic twin variants. Since the MIR effect was also observed at low 

magnetic fields (µ.oH < 0.07 T for T > 100 K) in the films studied, it is very likely that this 

effect causes some changes in the entropy due to the coupling between the magnetic and 

crystalline lattices (Planes et al., 2009). Another possible reason for the positive entropy 

change could be the difference in the magnetic anisotropy energy between the austenitic 

and martensitic phases as such difference is more pronounced at low magnetic fields. For 

the convenience of discussion, we use MIR effect as an example to address the positive 

magnetic entropy change in figure 6.9(b). 

To fully appreciate the negative values for -8S associated with the MIR effect, a closer 

inspection of individual isotherms within the context of a MIR-induced phenomenon is 

required. In the MIR process there exists an activation magnetic field whereupon the mag

netic energy is able to overcome the mechanical energy needed to initiate twin boundary 
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Figure 6.9: Temperature dependence of the magnetic entropy change for a Nis1Mn29Ga20 (at.%) 
film using small magnetic field intervals (~H::; 0.08T). The prominent peak is associated with MCE. 
(b) Expanded view of the change in negative magnetic entropy (-~S) which highlights the sign
change at low temperatures and fields (The dashed line denotes -~S =0). This increase in magnetic 
entropy (i.e. decrease in -~S) likely originates from the magnetically induced reorientation of 
martensitic twin variants. The legend of (a) also applies to (b). 

motion. It has been previously determined that the activation field spans a small range of 

magnetic fields, extending from an onset value of Hs to an endpoint value of Hf, whereby 

these values tend toward smaller fields as the temperature is increased (Straka et al., 2006). 

As an illustration ofthis behavior, the Ti= 300 Kand T2 = 320 K magnetization curves are 
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shown in figure 6.10. The 330 K data exhibits a rapid increase in the slope of the magne

tization due to MIR, which extends from an onset field of µoHf1 =0.025 T to an endpoint 

field of µoH~1 =0.04 T. The 320 K data, on the other hand, shows higher onset and end

point fields which extend over the µoHf2 =0.03 T to µoH~2 =0.047 T range. The observed 

differences can be attributed to the increased twinning stress at lower temperatures (Straka 

et al., 2006; O'Handley et al., 2006; Peterson et al., 2008). Therefore, for any given mag

netic field below µoH? =0.047 T, the MIR process is complete when the film is at T 1, but 

incomplete when the film is at T 2· Above this field value, the MIR process is complete for 

both temperatures as is characterized by the cross-over in the two magnetization isotherms 

in figure 6. I O(a). The overall behavior can be summarized by the following inequalities: 

(6.8)M(T2,H) < M(T1 ,H) H[i < H < HJ2 

The first inequality is approximate since Ni-Mn-Ga alloys exhibit a strong magnetic crys

talline anisotropy in the martensitic phase, which is a function of temperature and often 

leads to a lower initial magnetization at reduced temperatures. This effect, however, is neg

ligible for the small temperature intervals (i.e. ~T =-10 K) used here, as is evident from 

figure 6.1 O(a), which shows nearly overlapping magnetization curves for fields below Hf1 • 

Nevertheless, a conclusive result can be deduced from equation (6.8) which is given by: 

It M(T2,H)HdH - It M(T1 ,H)HdH ~ 0 

IoH M(T2,H)HdH - IoH M(T1 ,H)HdH < 0 (6.9) 
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These expressions in combination with equation (6.5) can be used to obtain the relation

ships: 

O<H<HT1~S( Ti °iT2 ,H) = t.j [Jcf M(T2,H)HdH - foH M(Ti ,H)HdH] ~ 0 - - s 

1 1~S(T );T2 ,H) = t.T[Jcf M(T2,H)HdH- fcf M(Ti,H)HdH] > 0 

(6.10) 

where for the data shown in figure 6.10, 

Ti + T2 = 325 K ~T = 320- 330 = -10 K (6.11)
2 ' 

The above analysis accounts for the positive entropy change (i.e. -~S < 0 ) observed 

at 325 Kin figure 6.9(b) for ~H = 0.04 T (H < H? where H? = 0.047 T). It can also be 

predicted from the data that the maximum positive entropy change will occur for ~H=0.047 

T, since this value yields the maximum negative integration area (denoted as A 1 in figure 

6.10). For ~H > 0.047 T, where M(T2,H) > M(T 1,H), the sign of the entropy change could 

be either positive or negative, since it is determined from the additive contributions of the 

negative integration area Al obtained for H < H? and positive integration areas obtained 

for H > H? (i.e. the areas A2, A3, and A4 corresponding to 0.05 T, 0.06 T, and 0.07 T, 

respectively). The sign for any given field interval will depend on whether the accumulated 

positive areas exceed the negative ones. In simple terms the sign-change, for a given pair of 

isotherms such as those shown in figure 6.10, occurs at a field value where the area between 

the isotherms below the cross-over at H? (i.e. Al) is equal to area after the cross-over. As 

fields are increased further the area below the cross-over will progressively be dominated 

by the much larger integration area above the cross-over. For example, when considering 
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the total area (Al+A2+A3+A4), the sign of the integration area will switch from negative 

to positive for fields exceeding 0.06 T, since the total positive area (A2+A3+A4) is greater 

than the negative area A 1. 

It should be noted that the MIR phenomenon is associated with a detwinning process, 

which occurs only for the martensitic phase. That is, the effect of the MIR on the en

tropy change can only be observed for temperatures where a significant percentage of the 

martensitic phase exists which, for the thin films under study, corresponds to temperatures 

below 340 K. Thus, the negative -~S observed above 340 K for fields of 0.04 T and 0.05 

T (figure 6.9(b)) cannot be associated with the MIR process. A closer examination of the 

entropy data reveals that this non-MIR response occurs only for magnetic fields smaller 

than 0.05 T, where the austenitic phase has a relatively large magnetization compared to 

the martensitic phase due to its smaller magnetic anisotropy energy which makes it more 

amenable to magnetization at low fields. Since the amount of austenitic phase decreases 

with temperature, the lower values for the magnetization will ensue. The resulting process 

will, then, very likely fall under the inequality M(T2 ,H) < M(T1,H) and be characterized by 

a positive entropy change (negative -~S). This behavior no longer exists for temperatures 

lower than 340 K due to the extremely low levels of the austenitic phase present (see figure 

6.2). 

On a final note, it should be recognized that the above discussion represents a phe

nomenological interpretation of the magnetic entropy change. It does not reveal the struc

tural source of M(T2,H) < M(T1,H), which is directly responsible for the positive entropy 

change, as indicated by equation (6.5). There could very well be some unknown effects, 

other than the MIR effect and/or magnetic anisotropy difference between the two structural 

127 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

(a) 3.0 

2.5 


E 2.0 

~ 

Hn"'0 1.5 s 
T'" 

1.0:E -•-T1=330 K 
HT2 

s -•- T2=320 K0.5 

0.0 
0.00 0.02 0.04 0.06 


(b) 2.8 

2.6 

E 
<( 2.4 

"'0 
T'" 2.2 
:E 

2.0 

1.8 

µ
0
H (T) 

A4 

A3 

-•-T =330 K
1

-•- T2=320 K 

0.04 0.05 0.06 0.07 

µ
0
H (T) 

Figure 6.10: (a) Magnetization isotherms measured at T1 =300 K (black) and T2 =320 K (red) for 
low fields where the magnetic induced reorientation of twin variants is observed. Both isotherms 
show a rapid increase in the slope due to this reorientation with onset and endpoint activation fields 
labeled at Hs and HI , respectively. (b) Expanded view of the magnetization curves in the magnetic 
field range of 0.03 ,.._, 0.07 T where the integration areas Al , A2, A3, and A4 between the two 
isotherms correspond to the entropy change under various fields. Of significance is the fact that 
Al will give rise to an integration area of opposite sign to that of areas A2, A3 and A4 due to the 
crossover at H?. 

phases, which may contribute to the positive entropy change. To unambiguously inter

pret this phenomenon, further and more comprehensive studies are required and these are 

beyond the scope of the present work. 
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6.5 Discussion 

The results presented show a large MCE in Nis1Mn29Ga20 (at.%) films which is charac

terized by a maximum magnetic entropy change of IASmaxl =-1.4 J/kg-K at 355 K for a 

magnetic field interval of 0.5 T. While it is often difficult to directly compare this value to 

other results in the literature due to the widely varying field intervals used, it is possible to 

make such comparisons if appropriate estimates are made. Using the conservative assump

tion that the magnetization is saturated at 0.5 T one obtains a maximum magnetic entropy 

change (IASmaxl) of 2.4, 4.5, 10.8, 12.2 J/kg-K for fields of 1, 2, 5, and 6 T respectively. 

While the 5 T value is smaller than what has been observed in single crystals of Ni-Mn-Ga 

(Pasquale et al., 2005; Zhou et al., 2005b), the 6 T value of 12.2 J/kg-K is 40% larger than 

the only reported value of 8.5 J/kg-K for Ni-Mn-Ga films observed at 346 K (Recarte et al., 

2009). Also of significance is that the observed magnetic entropy change of 4.5 J/kg-K 

for a 2 T magnetic field change is two times larger than the 2 J/kg-K value reported for 

Ni-Mn-Ga particles (Tang et al., 2005). It is noteworthy that the 1 T value of 2.4 J/kg-K 

is quite comparable to the established values for low field magnetic refrigerant materials 

(Sarkar et al., 2008). Thus, any micro-length-scale refrigerant devices produced from such 

films could be operated at significantly lower fields. Contradistinctive to the large entropy 

change exhibited by these films is the somewhat low refrigerant capacity which results 

from the narrow nature of the magnetic entropy peak which is due to the small temperature 

interval associated with the overlapped structural and magnetic phase transitions. 

The temperature dependent magnetic and transport properties of the Nis1Mn29Ga20 

(at.%) films unequivocally show that the MCE is maximized where there exists signifi

cant overlap between the structural and magnetic phase transformations. The effect of the 
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overlap is most evident in the fact that the hysteresis in the structural transition manifests 

itself in the ferromagnetic phase transition due to the dissimilar magnetic properties of the 

structural phases. Distinctive to the behavior of the film is a temperature hysteresis in the 

entropy peaks between the heating and cooling sequences. A close examination of the peak 

positions indicates that the peaks occur at the temperature T 50, where the austenitic and 

martensitic phases show equal volume fractions, a relationship followed for both the heat

ing and cooling sequences. Since the T 50 temperature is different for both sequences (i.e. 

T50°1 = 355 Kand T~0at = 358 K), the difference in peak position is related to the tempera

ture hysteresis in the forward and reverse martensitic phase transitions. It is not surprising 

that the vertex point appears at the T 50 temperature, since this is the temperature where the 

differences in the overall magnetization contributed from each phase are largest. While this 

finding appears in contradiction to the single crystal results which exhibit an entropy peak 

at the martensitic start temperature (i.e. the Ms temperature) (Zhou et al., 2005b), it should 

be recognized that data presented here describe a somewhat more complex situation. The 

difference originates from the fact that the MCE in single crystals occurs when the sample 

transforms directly from the paramagnetic austenite to the ferromagnetic martensite state 

where the ferromagnetic ordering in the austenite phase does not participate in the MCE 

effect. This, however, is not the case for the films described here, as the ferromagnetic 

transition of the austenitic phase occurs in the temperature range associated with the MCE 

and has been shown to play an important role. 

Another unique feature associated with the magnetic entropy change versus temperature 

plots (figure 6.7) is the fact that the peak height also depends upon whether the film has 

undergone a heating or cooling sequence. In order to understand this variation, one must 

bear in mind that the Curie temperature for the martensitic phase (T~ > > 361 K) is well 
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above the -~S peak positions for both the heating and cooling sequences. Thus, it is 

expected that the ferromagnetic ordering is firmly established for the martensitic phase 

for both sequences at the peak position. Thus, the response from this phase at the peak 

positions, where 50% of the film is martensite, should be identical for both sequences. It 

should be recognized that this is not the case for the austenitic phase since its ferromagnetic 

transition, which starts at 359 K (T~ =359 K) and ends at 352 K (figure 6.4), overlaps with 

the temperature ranges associated with the magnetic entropy peak. This overlap, however, 

is to a lesser extent for heating than it is for the cooling sequence. For the heating sequence, 

which exhibits a magnetic entropy peak at 358 K, there exists only a small amount of 

austenite that has transformed from the paramagnetic to the ferromagnetic phase. The 

cooling sequence, on the other hand, has significantly more austenite that has gone through 

its ferromagnetic transition due to the fact that the end of the transition, which occurs at 352 

K, is closer to the cooling sequence's entropy maximum at 355 K. It is this higher degree 

of ferromagnetism in austenite that is the likely source of the enhanced peak height for 

the cooling sequence. The significant asymmetry associated with the -~S peak during the 

cooling sequence is consistent with a rapid development of ferromagnetic ordering within 

the austenite component. 

The above analysis reveals that the enhancement to the MCE from the overlapping 

structural and magnetic phase transition is far more intricate than a simple addition of the 

contributions from each transition. The martensitic transformation contributes through an 

overall difference in the magnetization between the austenitic and martensitic phase, while 

the ferromagnetic transition contributes through the ordering in the magnetic subsystem. 

Improving the latter weakens the former since the overall magnetization difference be

tween the two structural phases is reduced as the total magnetization associated with the 

131 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

austenitic phase increases at the more complete ferromagnetic ordering. A reduction of 

the ferromagnetic ordering in the austenitic phase, on the other hand, also deteriorates the 

MCE as is corroborated by the 30% reduction to magnetic entropy peak height observed 

for the heating process (figure 6.7). It should also be recognized that, while the first-order 

structural phase transition augmented the MCE observed here, this is not always the case. A 

weakened MCE can occur if the martensitic phase shows a magnetization which is smaller 

than that of the austenitic phase. In this scenario, the austenite to martensite transition 

gives rise to a positive magnetic entropy change (Sharma et al., 2007), which decreases 

the strength of the MCE governed by the magnetic phase transition when the two phase 

transitions coexist. 

132 




Chapter 7 

Ni-Mn-Ga Micro-Bridges 

In Chapter 5, the rearrangement of the martensitic variants under an external magnetic 

field, i.e. MIR effect, has been discussed. This effect is the prerequisite for the existence of 

the ferromagnetic shape memory effect in Ni-Mn-Ga alloys. It should be noted, however, 

that the Ni-Mn-Ga system can exhibit shape memory behaviour not only in a magnetic 

field, but also under external stresses, as observed in conventional shape memory materi

als. For stress induced SME, detwinning occurs when twin variants are subjected to an 

external load. The variants which give rise to the largest transformation strain are usually 

favoured by the stress and grow at the expense of the other variants. This phenomenon 

which has been intensively investigated in the conventional thermally driven shape mem

ory alloys, such as Ni-Ti and Cu-Zn-Al, is seldom studied for Ni-Mn-Ga system since most 

of the attention has been paid to the MIR effect due to the ferromagnetic nature of the Ni

Mn-Ga alloys. Recently, the stress-field-induced selection of variants in Ni-Mn-Ga alloys 

was explored by Wang et al. (Wang et al., 2007). Their experimental results indicate that 
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the spatial distribution of variants in the structure can be dramatically disturbed when the 

material is subjected to a small uniaxial stress. This finding provides the impetus for in

vestigating the microstructural evolution of the twin variants under stress in the Ni-Mn-Ga 

system and for developing a mechanical "training" mechanism. 

Experimental studies of the mechanical properties of thin films are challenging. The 

generally applied mechanical testing methods, such as tensile testing and hardness inden

tation, are not applicable to thin films, although they work quite well on bulk materials. 

For thin films, mechanical measurements require special tools and equipment. Loading 

has to be carefully applied and strains are typically measured by optical methods. Impor

tant is the fact that films are affixed to rigid substrates, which makes strain measurement 

more difficult. Therefore, developing a simple, yet efficient, method to test the mechanical 

behaviour of the Ni-Mn-Ga films is essential. In this chapter, we will demonstrate an ap

proach for detecting the mechanically induced microstructure evolution in the Ni-Mn-Ga 

films by utilizing the substrate imposed stresses. The method involves the patterning of the 

films into free-standing bridges where the arm of the bridge is released from the substrate. 

Some striking detwinning phenomena have been observed in the detached regions of these 

bridges. 

7.1 Ni-Mn-Ga Films Deposited on (100) MgO 

To effectively release the Ni-Mn-Ga films from the underlying substrates, proper etching 

solutions are required. An ideal etching solution should be able to preferentially etch the 

substrate while not attacking the film. Thus, the film is released from the substrate without 

134 




PhD Thesis-Yuepeng Zhang-McMaster University-Materials Science and Engineering 2009 

being damaged. A number of acids, such as HCl, H2S04, C2H402, and HN03, have been 

tested on the two substrates which gave rise to the highest quality Ni-Mn-Ga films: ( 100) 

YSZ and ( 100) MgO. It has been found that only the hydrochloric acid (HCl) satisfied 

the requirements of a preferential etch. It can attack the MgO substrates effectively while 

leaving the Ni-Mn-Ga films intact. This preferential-etch-substrate combination was then 

used to fabricate the Ni-Mn-Ga free-standing bridges. 

7.1.1 Crystallography 

The Ni-Mn-Ga films grown on the MgO substrates have a composition of Ni52Mn24Ga24 

(at.%). The three-dimensional X-ray diffractometry (XRD3) measurements indicate that 

the films have an orthorhombic crystal structure at room temperature with lattice parameters 

of a=6.2 A, b=5.8 A, c=5.4 A. 

Figure 7.1 shows the {400} pole figures extracted from the XRD3 dataset in which the 

{400} poles can be found at a radial angle close to 90° for all three pole figures. Those pole 

patterns indicate a <100> oriented film where there exist three grain growth orientations: 

[100], [010], and [001]. For those grains growing along the [100] or [001] orientations, 

their ( 100) or (001) plane is not quite parallel to the surface of the substrate but instead 

tilts from it by a small angle, as is indicated by the fact that the peaks for both the ( 400) 

and (004) pole figures split into four rather than showing a single peak at the center of the 

pole figure. For the (400) pole figure the tilt angle is 4° while for (004) pole figure the tilt 

is 3°. The fact that the (400) and (004) pole pattern shows fourfold symmetry indicates 

that the films are comprised of four sets of [100] oriented grains and four sets of [001] 
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oriented grains. Any two of the four [100] oriented martensite crystals have the possibility 

of forming twins when they are adjacent to one another. Similar argument can also be 

applied to the martensite crystals oriented along [001] direction. No twinning relationship 

has been observed between grains growing along the [100] and [001] orientations. Such 

a polytwinned structure is not unexpected since twinning is a common means by which 

martensitic grains accommodate the strains associated with the diffusionless martensitic 

phase transformation. Of note is the fact that the (040) pole figure, unlike the ( 400) and 

(004) pole figure, shows no peak-splitting. Instead, it demonstrates a single pole at a 90° 

radial angle. Such a pole pattern indicates that some of the martensite grains grow along 

the [010] direction and the (010) plane of these grains is parallel to the substrate surface. 

These observations are consistent with what has been reported in literature (Thomas et al., 

2008a,b; Mahnke et al., 2008). The powder X-ray spectra for these films show a broad 

peak at the 28 angle of approximate 64 °, which is consistent with the (040) reflection of 

the martensitic phase. The ( 400) and (004) orientations are not observed since the 8 - 28 

XRD is only sensitive to periodicities normal to the surface of the substrate. 

7.1.2 Surface Morphology and Microstructure 

A weave-like surface morphology was observed for the Nis2Mn24Ga24 (at.%) films. The 

entire pattern contains numerous wavy lines approximately 30 to 50 nm in width and typ

ically extending for 5 to 20 µm. These wavy lines propagate along the [011] or [Oll] 

direction of the (100) oriented substrate, as shown in figure 7.2. The regions covered by 

"parallel" wavy lines are divided into rectangular blocks where the border region between 

the blocks (denoted by the white arrows in figure 7.2) is typically 100 nm wide and quite 
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Figure 7.1: Room temperature (400), (040), and (004) pole figures for a Nis2Mn24Ga24 (at. %) 
martensite film where only the central portion of the pole figure (between 80° and 90°) is shown. 
Both the (400) and (004) pole figures show a fourfold peak-splitting near the 90° radial angle, 
indicating a polytwinned rnicrostructure for the martensitic phase. The growth direction of these 
twin-related martensitic variants is not parallel to the normal of the substrate, but instead tilts away 
from it by a small angle. The (040) pole figure only shows a single peak at the center of the 
pole figure, indicating the existence of the [O l O] oriented martensitic variants whose (010) plane is 
parallel to the substrate surface. 

smooth. 

In order to obtain a better understanding of the weave-like surface morphology of the 

Nis2Mn24Ga24 (at. %) films, the cross-section of the films were probed with TEM. Figure 

7.3(a) shows a TEM bright field image of the films' cross-section. It displays two types of 

martensite plates which are denoted by white arrows. The Type I martensite plates, labeled 

as "A" and "B" in figure 7.3(a), tilt approximately 43° from the substrate surface. The Type 

II martensite plates, labeled "C", show weak contrast since they are rotated by an in-plane 

angle of 90° relative to the Type I plates. The boundary between any two sets of Type I 

plates could be narrow or broad, depending on where these plates meet. When the two sets 

of Type I plates intersect at the surface of the film, they demonstrate a narrow boundary 

(i.e. the boundary "D" in figure 7.3). Conversely, a wide boundary is exhibited if the two 

sets of Type I plates meet at the substrate-film interface (e.g. the boundary "E" in figure 

7.3(a)). The Type I and Type II plates encounter each other at "F". By comparing the 
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Figure 7.2: SEM image of a Nis2Mn24Ga24 (at.%) film grown on (100) MgO showing a weave-like 
surface morphology. The film surface is comprised of a large number of wavy lines propagating 
along the [011] or [Oll] directions of the [100] oriented MgO substrate. The regions covered by 
"parallel" wavy lines are divided into rectangular blocks where the border regions between the 
blocks are marked by white arrows. Miller indices at the lower left corner show the orientation of 
the MgO substrate relative to that of the film. 

TEM image with the SEM observation, the surface morphology shown in figure 7 .2 can be 

explained. It appears that the wavy lines in the SEM image originate from the surface relief 

of the martensite plates. The two groups of perpendicular surface reliefs are associated 

with the two types of martensite plates. Surface relief from plates belonging to the same 

type occurs as "parallel" lines while those from plates belonging to a different type are 

"perpendicular" to one another. The boundaries between the like plates appear as sharp 

edges (i.e. boundary "D") or wide bands (i.e. boundary "E"), as pointed in figure 7.3(b). 
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Figure 7.3: The correspondence between the (a) TEM and (b) SEM observations for a 
Nis2Mn24Ga24 (at.%) film. The TEM image displays two types of martensite plates, as denoted 
by the white arrows in figure 7.3(a). The Type I plates (i.e. "A" and "B") tilt away from the sub
strate surface at an angle of approximately 43°. The Type II plates (i.e. "C") have a similar geometry 
but where they are rotated in-plane by 90°. The wavy lines in the SEM image are associated with 
the surface relief of the martensitic plates. Surface relief from plates belonging to the same type 
occur as "parallel" lines while those from a different type are "perpendicular" to one another. The 
boundaries between the like plates appear as sharp edges (i.e. boundary "D") or a wide band (i.e. 
boundary "E"). The Type I and Type II plates meet at "F". 

When plates of a different type encounter one another, the surface relief of one type of plate 

either stops at or penetrates into the surface relief of the other. 
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7 .1.3 Martensitic Phase Transformation 

The martensitic phase transformation in the Ni52Mn24Ga24 (at.%) films is characterized 

through temperature dependent DC resistivity measurements. The resistivity versus tem

perature curve, p(T), is shown in figure 7.4. The martensitic transformation occurs in a 

wide temperature range between 350 and 445 K, where the four characteristic tempera

tures are determined as Ms= 430 K, Mt= 350 K, As= 351 K, and At= 445 K. Compared 

with the data reported in the literature, it is found that the Ms temperature is approximately 

160 K higher than that of the bulk Ni-Mn-Ga sample having the same valence electron 

concentration (Vasil' ev et al., 1999; Jin et al., 2002). Since the compositional gradient in 

the film is not significant (see section 3.2.3), the wide transition temperature range together 

with the increased Ms temperature indicates a high internal stress level in the film accompa

nying the phase transformation. Such behavior has been attributed to the constraints arising 

from the underlying substrate (Thomas et al., 2008b). 

7 .2 Ni-Mn-Ga Micro-Bridges 

Ni-Mn-Ga micro-bridges were prepared using photolithographic techniques followed by 

wet chemical etching. Details of the fabrication process are presented in Section 3.3. 
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Figure 7.4: Temperature dependent DC resistivity for a Nis2Mn24Ga24 (at.%) film measured using 
the van der Pauw technique. The characteristics show a reversible martensitic transformation in the 
temperature range of 350 to 445 K. All values were normalized to the resistivity (po) of the film at 
300 K. 

7 .2.1 Ni-Mn-Ga Bridge Pattern 

The produced Ni-Mn-Ga micro-bridges have a typical length, width, and thickness of 50 

µm, 20 µm, and 0.2 µm, respectively. Figure 7.5 shows a bridge pattern containing three 

individual micro-bridges. The bridges were released from the substrate using wet chemical 

etching. On each released bridge, a plaid pattern is observed (figure 7.6(a)), a feature 

indicative of a free bridge arm. The contrast becomes more evident when the sample is 

tilted by a large angle relative to the electron beam. Figure 7 .6(b) shows an SEM image of 

a bridge being tilted by 70° (i.e. the angle between the surface normal of the film and the 

electron beam is 70°). A strong contrast can be viewed between the released and affixed 
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Figure 7.5: SEM image of a bridge pattern made from Nis2Mn24Ga24 (at.%) films (Left) and the 
corresponding schematic depiction (right). The typical dimension of a single bridge is 50 x 20 x 0.2 
µm3. 

region, which reveals that all the film areas contiguous to the exposed substrate are free of 

substrate constraints. To provide readers a stronger visual impact, the SEM images for a 

non-released bridge are also displayed in figure 7 .6. 

7.2.2 Detwinning on the Detached Bridge Arm 

Figure 7.7 displays an expanded view of the border between the detached and affixed re

gion at high magnification. It indicates that one orientation of the surface relief (i.e. the 
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Figure 7.6: SEM image of an attached (top) and a released (bottom) bridge viewed at high mag
nification from the (a) top and (b) a 70° tilt angle. A plaid pattern is observed on the detached 
bridge. 
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surface relief that propagates along Orientation 2 in figure 7.7b) has disappeared in the 

detached areas. The retained surface relief is perpendicular to the edge of the bridge end, 

e.g. the surface relief which propagates along Orientation 1 is perpendicular to the bridge 

end denoted "A" while the surface relief along Orientation 2 is perpendicular to the bridge 

end denoted "B". Such modifications in the microstructure are likely caused by changes 

to the stress-field within the released areas. The situation at the detached bridge arm is 

more complex, as is evident by the plaid pattern on the arm which is comprised of surface 

relief propagating along both directions. A clear understanding of this detwinning behavior 

requires further experimental investigations. 

7.3 Future Work 

Additional features were found in figure 7.7. There exists some difference between the 

surface relief in the suspended regions and the affixed areas, even though the two are along 

the same orientation (i.e. surface relief along Orientation 1 ). The surface relief in the 

detached area is straight while those formed during the deposition process are wavy. No 

obvious boundaries, such as those denoted "D" and "E" on figure 7.3, can be found in 

the detached areas. Such phenomena are attributed to the reorientation of the martensitic 

variants under stresses. If figure 7.3(a) is used to explain the situation, then Orientation 

1 and Orientation 2 in figure 7.7 is assigned to the martensite plates Type I and Type II, 

respectively. The disappearance of the surface relief along Orientation 2 indicates that the 

Type II martensite plates are consumed by the Type I plates. The absence of the boundary 

type "D" and "E" in the detached bridge end indicates that only one of the two sets of Type 
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Figure 7.7: SEM image of a single bridge showing (a) a contrast change in the suspended region 
and (b) the disappearance of surface reliefs which propagate along orientation 2 in the released area. 
The image in (b) was taken at high magnification from the region in (a) denoted by the rectangle. 
The retained surface reliefs for the two opposite ends (e.g. end A and B) are oriented differently. 
Miller indices at the lower left comer of (b) show the orientation of the MgO substrate relative to 
that of the surface relief for the film. "O 1" and "02" are the abbreviations of the terms "Orientation 
l" and "Orientation 2". 

I plates remains (e.g. either plates "A" or plates "B" but not both). To verify the above 

hypothesis, several questions have to be addressed: 

affixed area 

1. Do the martensite plates in the suspended areas belong to the same type as the 

martensite plates which provide the surface relief propagating along Orientation 1 in 
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the attached regions? 

2. 	 Do martensite plates in the detached regions belong to one of the two sets of Type I 

plates? What do they look like? 

3. 	 What happens at the interface between the detached and attached regions? 

To answer these questions, some further experimental work is required. Useful ex

perimental tools are electron backscattered diffraction (EBSD) and TEM with atomic res

olution. The former should have the ability to address the first question. If the EBSD 

measurements taken in the detached and affixed regions show the same pattern, we would 

conclude that the martensite plates in these two areas have the same structure. The second 

and the third question could be studied using TEM and high resolution TEM as they are 

ideal for microstructure and interface observation. The focused ion beam (FIB) technique 

should be employed to prepare the TEM specimen because the general TEM sample prepa

ration methods are not applicable to such delicate micro-bridges which are only 20 µm in 

width. 

Other attractive research aspects for these micro-bridges include in-situ observations 

on the microstructure evolution in a series of physical processes, such as thermally induced 

shape memory effect and the magnetically induced martensitic variant selection. Without 

substrate constraint, a free standing film should be able to exhibit more discemable macro

scopic shape/size changes and is, thus, ideal for demonstrating the shape memory effect. 
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Chapter 8 

Conclusions 

Ferromagnetic Ni-Mn-Ga shape memory thin films are promising candidates for actuation

based applications and magnetic refrigeration applications at the microscopic length scales. 

To understand the properties of these materials we have synthesized thin films of Ni-Mn

Ga on different substrates and have studied their thermomagnetic and magnetomechanical 

properties. The films grown on (100) YSZ were used to understand the phase transforma

tion, MIR effect, and the magnetocaloric effect. The films deposited on ( 100) MgO were 

fabricated into free-standing micro-bridges, followed by an examination of the microstruc

ture evolution of the martensitic twin variants due to the altered stress field. 

A new fabrication pathway for film growth has been developed which allows for syn

thesis of Ni-Mn-Ga films in a previously unexplored high temperature deposition regime. 

The temperatures employed allowed the development of the desired micrometer-size highly 

twinned martensitic grain structure. The loss of the volatile elements, such as manganese 
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and gallium, at high temperatures was compensated for through enrichments to the target 

material. The as-grown Ni51 Mn29Ga20 (at.%) films show a high degree of [101 l texture and 

the desired shape memory alloy properties with a well-defined reversible martensitic trans

formation centered around 340 K, a room temperature martensitic phase with an in-plane 

saturation magnetization of 4.2 x 105Nm, and a coercive field as small as µoH =0.005 T. 

A room-temperature magnetically induced reorientation of the martensite variants (MIR) 

has been observed at a low magnetic field of µoH = 0.04 T. 

The MIR effect displayed by the films shows some distinctive features. It is reversible, 

self-activated, and is characterized by a small increase in the magnetization, which is quite 

different from what has been observed in single crystals. These features are attributed to a 

unique magnetic domain structure comprised of MIR-active and MIR-inactive grains. The 

degree of grain-activity during field-induced microstructure reorganization depends on the 

relative orientations of the externally applied magnetic field and the easy axis of the mag

netization of the variants. The MIR-active and MIR-inactive grains occupy approximately 

the same volume fraction (i.e. rv50%) of the film's microstructure. The MIR-active grains 

are responsible for the detwinning while the MIR-inactive grains facilitate the reversibility 

in the MIR process. The MIR-inactive grains block the displacive movement of the atoms 

in the MIR-active variants during their reorientation and exert stress on the film. The stress 

acts as restoring force and shears the atoms in the MIR-active grains back to their initial 

positions when the magnetic field is removed. 

The substrate plays a crucial role in determining the initial crystallographic texture of 

the film. The texture is inherited by the magnetic microstructure which accordingly con

tains MIR-active and MIR-inactive grains. The existence of the in-plane grain orientations 
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offset by 90° in the martensitic phase is the consequence of the adaptation of the [ 11 O] ori

ented Ni-Mn-Ga parent phase to the fourfold symmetry of the YSZ substrate's (100) cubic 

surface. 

Except for the aforementioned distinctive features, the MIR effect observed here dis

plays a temperature dependency similar to that reported for single crystals. The magnetic 

field required to activate the MIR effect decreases at higher temperatures. Such behavior is 

attributed to a drop in the twinning stress at elevated temperatures as well as the increased 

thermal activation of twin boundary motion. 

In addition to the MIR effect, the Ni51 Mn29Ga20 (at.%) films also show a large mag

netocaloric effect (MCE). The MCE is particularly strong at low magnetic fields, yielding 

a negative magnetic entropy change as large as 1.4 J/kg-K for a magnetic field interval of 

only 0.5 T at 355 K. The maximum magnetic entropy change occurs at the temperature 

where the austenitic and martensitic phases coexist at an equal volume fraction. Consistent 

with this finding is the temperature dependence of the magnetic entropy change where the 

position of the peak is dependent upon whether a heating or cooling sequence is used. A 

3 K temperature hysteresis has been observed between the two thermal paths. Associated 

with this hysteresis is a peak height which is significantly larger for the cooling sequence. 

The large magnetic entropy change results from a concurrent ferromagnetic and marten

sitic phase transformation where the ferromagnetic ordering of the austenitic phase occurs 

in the temperature range of 359 to 352 K while the reversible martensitic transformation 

takes place between 307 K and 370 K. The contributions from the two phase transitions 

cannot be described through a simple addition. In fact, the total magnetic entropy change 

at a given temperature depends on the overall magnetization difference in the austenitic and 
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martensitic phases, and thus, is dependent on both the volume fraction of each phase and 

the percentage of austenite which has transformed from the paramagnetic to ferromagnetic 

phase. Maximizing the latter would weaken the former, since the overall magnetization 

difference between the two structural phases is reduced when the total magnetization of 

austenitic phase increases as a result of the completion of the ferromagnetic transition. 

The temperature associated with the maximum magnetic entropy change is determined 

by the first-order martensitic transition. The ferromagnetic transition, while not playing 

a role in determining the position of the maximum, does augment the MCE by providing 

a contribution derived from the ordering of the magnetic subsystem. This enhancement 

is significant since the films show a nearly 30% greater magnetic entropy change for the 

cooling sequence over that of the heating sequence due to a larger ferromagnetic signature 

of the austenitic phase upon cooling. Taken together, the work presented here shows an 

intricate interdependence between the MCE and the concurrent structural and magnetic 

phase transformations of Ni-Mn-Ga, where the effect is optimized through a compromise 

between the relative contributions obtained from each transformation. 

The Ni-Mn-Ga films deposited on the (100) MgO substrate also show a highly twinned 

microstructure at room temperature. The observed grain structure has three possible ori

entations normal to the substrate ([100], [010], and [001]) where each has two in-plane 

orientations offset by a 90° azimuthal angle. Such a grain structure results in a weave

like surface morphology, comprised of an intricate surface relief with features propagating 

along either the [011] or the [Oll] direction of the (100) MgO substrate, corresponding to 

the two perpendicularly oriented martensite plates. 

The films were fabricated into free-standing micro-bridges using photolithography fol
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lowed by wet chemical etching. A plaid pattern has been observed in the detached bridge 

arm, which is attributed to the change in the local stress field which occurs when a film is 

released from its substrate. Evident from the detached bridge abutment is the disappearance 

of one of the two sets of surface relief patterns, a phenomenon indicative of a microstruc

tural reorganization in these areas. However, a thorough understanding of the phenomena 

requires further experimental investigations. 

In summary, we have successfully fabricated Ni-Mn-Ga films with the correct compo

sition and a high degree of crystallinity. The films have been examined using a number of 

different experimental techniques. The main focus of these studies was to characterize the 

texture, microstructure, phase transformations, and magnetic properties. Major functional 

properties, i.e. martensitic variant reorientation induced by an external magnetic field or 

a changed stress field and the magnetocaloric effect, have been studied. The mechanisms 

governing these effects have been proposed. 
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