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palavras-chave 

 
ligas ferromagneticas com memoria de forma, Ni-Ma-Ga, magnetoelectrico, 
multiferroico, filmes finos, pulverização catódica . 
 

resumo 
 

 

Ligas de forma ferromagnética em sistemas Ni-Mn-Ga são uma classe recente de 
materiais activos que podem gerar deformações de até 10% induzidas por um campo 
magnético por um rearranjo de maclas. Esta e outras propriedades físicas destas ligas 
têm importância tecnológica.  Este trabalho investiga as propriedades de filmes finos 
de ligas de Ni-Mn-Ga sobre diferentes substratos, incluindo substratos activos 
(piezeléctricos). Para estudar as propriedades de filmes finos da liga, heteroestruturas 
sob a forma de Ni-Mn-Ga/substrato foram produzidas por RF sputtering com 
magnetrão utilizando temperaturas de deposição de 3200C, 3700C, 4000C sobre 
substratos de Al2O3, MgO, SrTiO3 e PMN-PT. A influência da temperatura do 
substrato durante a deposição nas propriedades estruturais e magnéticas de filmes finos 
foi estudada. Além disso, o acoplamento magnetoeléctrico entre Ni-Mn-Ga como filme 
fino material ferromagnético e PMN-PT como material piezoeléctrico foi investigada. 
O efeito magnetoeléctrico foi investigado apenas em filmes depositados a temperatura 
do substrato de 3700C e 4000C. As propriedades estruturais foram estudadas por 
difração de raios-X, as propriedades magnéticas foram investigadas por VSM, SQUID, 
e MFM, e o efeito magnetoeléctrico foi estudado por técnica lock-in. A medida 
estrutural mostrou que os filmes depositados são parcialmente cristalinos e o grau de 
cristalinidade aumenta como o aumento da temperatura do substrato. Fases austenita e 
martensita foram observadas nesses filmes. Os resultados da medição magnética 
mostram que todos os filmes depositados exibem comportamento ferromagnético e o 
comportamento ferromagnético é favorecido com o aumento da temperatura do 
substrato. Todos os filmes depositados na temperatura do substrato de 400ºC 
apresentam temperaturas dev Curie acima da temperatura ambiente: 337K para Ni-Mn-
Ga/PMN-PT, 345K para Ni-Mn-Ga/STO e 348K para Ni-Mn-Ga/Al2O3. Nenhuma 
evidência separada de temperatura de transição estrutural foi observada para nos 
filmes. Os resultados das medições magnetoeléctricas mostram que as heteroestruturas 
multiferróicas Ni-Mn-Ga/PMN-PT apresentam efeito magnetoelétrico. O valor 
máximo medido para a tensão magnetoeléctrica induzida para filmes depositados à 
temperatura do substrato de 3700C e 4000C são 3.16mV/cmOe e 3.02mV/cmOe, 
respectivamente. 
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abstract 

 
Ferromagnetic shape memory alloys (FSMAs) in Ni-Mn-Ga systems are a 
recent class of active materials that can generate large magnetic field induced 
strains up to 10% by twin rearrangement. This and other physical properties 
these alloys have many technological importance.  This work investigates the 
properties of Ni-Mn-Ga alloy thin films on different substrates including active 
substrate (piezoelectric). To study the properties of thin films of the alloy, the 
heterostructures in the form of Ni-Mn-Ga/substrate were produced by RF 
magnetron deposition system using substrate deposition temperatures of 
3200C, 3700C, and 4000C, where the substrates used were Al2O3, MgO, SrTiO3 
and PMN-PT. The influences of deposition substrate temperature on structural 
and magnetic properties of sputtered thin films on the aforementioned 
substrates were studied. Moreover, magnetoelectric coupling between Ni-Mn-
Ga thin film as ferromagnetic material and PMN-PT as piezoelectric material 
was investigated. The magnetoelectric effect was investigated only on films 
deposited at substrate temperature of 3700C and 4000C. The structural 
properties were studied by x-ray diffraction, magnetic properties were 
investigated by VSM, SQUID, and MFM, and the magnetoelectric effect was 
studied by lock-in technique. The structural measurement has shown that as-
deposited films are partially crystalline and degree of crystallinity increases as 
substrate temperature increase. Austenite and martensite phases have been 
observed in these films. The magnetic measurement results show that all films 
as-deposited display ferromagnetic behaviour and ferromagnetic behaviour 
improvements are observed as substrate temperature increases. All films 
deposited at substrate temperature of 4000C exhibit Curie temperatures above 
room temperature which are 337K for Ni-Mn-Ga/PMN-PT, 345K for Ni-Mn-
Ga/STO, 348K for Ni-Mn-Ga/Al2O3. No separate signature of structural 
transition temperature was observed for all these films. The magnetoelectric 
measurement results show that a heterostructure of Ni-Mn-Ga/PMN-PT 
multiferroic exhibit magnetoelectric effect. The measured maximum induced 
magnetoelectric voltage for films deposited at substrate temperature of 3700C 
and 4000C are 3.16mV/cmOe and 3.02mV/cmOe, respectively. 

 



   

 i 
 
   
 

1 INTRODUCTION ....................................................................................................... 1 

1.1 PIEZOELECTRICITY ..................................................................................................... 4 

1.2 FERROMAGNETISM ................................................................................................... 10 

1.2.1 Magnetostriction .............................................................................................. 13 

1.2.2 Shape memory Alloys (SMAs) ......................................................................... 15 

1.2.3 Ferromagnetic Shape Memory Alloys (FMSAs) .............................................. 18 

1.2.4 Ni-Mn-Ga Crystal structure ............................................................................ 19 

1.2.5 Straining Mechanisms of FSMAs .................................................................... 21 

1.2.6 Martensitic and magnetic phase transition in ferromagnetic shape memory Ni-

Mn-Ga alloys: Ni2+xMn1-xGa ....................................................................................... 22 

1.3 MULTIFERROICITY .................................................................................................... 26 

1.3.1 Magnetoelectric Multiferroics ......................................................................... 28 

1.3.2 Thin Film Multiferroics ................................................................................... 31 

2 EXPERIMENTAL METHODS ............................................................................... 36 

2.1 SUBSTRATE CHOICE AND PREPARATION .................................................................... 36 

2.2 SPUTTERING DEPOSITION ......................................................................................... 37 

3 CHARACTERIZATION TECHNIQUES .............................................................. 42 

3.1 STRUCTURAL CHARACTERIZATION ........................................................................... 42 

3.1.1 X-Ray Powder Diffraction ............................................................................... 42 

3.2 MAGNETIC AND PIEZORESPONSE MEASUREMENTS ................................................... 43 

3.2.1 Magnetic Force Microscopy and Piezoresponse Force Microscopy .............. 43 

3.2.2 Vibrating Sample Magnetometer (VSM) ......................................................... 46 

3.2.3 Superconducting Quantum Interference Device (SQUID) Magnetometer...... 49 

3.3 MAGNETOELECTRIC (ME) MEASUREMENT .............................................................. 51 

4 RESULTS AND DISCUSSION ................................................................................ 54 

4.1 STRUCTURE .............................................................................................................. 54 

4.1.1 XRD Result for Ni-Mn-Ga/Al2O3(0001) film ................................................... 54 

4.1.2 XRD Result for Ni-Mn-Ga/PMN-PT thin film ................................................. 55 

4.1.3 XRD Results for Ni-Mn-Ga/MgO thin film ...................................................... 56 



   

 ii 
 
   
 

4.1.4 XRD Results for Ni-Mn-Ga/STO thin film ....................................................... 57 

4.2 MAGNETIC AND PIEZORESPONSE MEASUREMENTS .................................................. 59 

4.2.1 Vibrating Sample Magnetometer and Superconducting Quantum Interference 

Device Magnetometer ................................................................................................. 59 

4.2.2 Magnetic Force Microscopy (MFM) ............................................................... 67 

4.2.3 Piezoresponse Force Microscopy (PFM) ....................................................... 73 

4.3 MAGNETOELECTRIC EFFECT .................................................................................... 74 

5 CONCLUSION AND OUTLOOK .......................................................................... 79 

6 REFERENCE ............................................................................................................ 82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 iii 
 
   
 

LIST OF FIGURES 

Figure 1. 1 Direct and converse Piezo-effect [13]. ................................................................ 4 

Figure 1. 2 Classification of crystals showing the class with piezoelectric, pyroelectric, and 

ferroelectric effects ................................................................................................................ 6 

Figure 1. 3 Typical Hysteresis loop of ferroelectrics [15]. .................................................... 8 

Figure 1. 4  BaTiO3 unit cell showing displacement of Ti+4 and O-2 and viewing from one 

face [16]. ................................................................................................................................ 9 

Figure 1. 5 Ferromagnetism (a) spin lattice , (b) Magnetization versus magnetic field, (c) 

temperature dependence of  !", and (d) spontaneous magnetization versus temperature 

[19]. ..................................................................................................................................... 11 

Figure 1. 6  (a) some example of domain structure, (b) change in domain structure with 

applied field, and (c) plot of  the magnetization versus applied field [20]. ......................... 13 

Figure 1. 7 Joule Magnetostriction produced by magnetic field.  (a) Magnetic field (H) is 

proportional to the current in the solenoid when voltage is applied to it, (b) the rotation of 

magnetic dipoles change the length of the sample, (c) M versus H and (d) #$%$ versus H 

[21]. ..................................................................................................................................... 14 

Figure 1. 8 SMA transformation between high and low temperature transformation [24]. 15 

Figure 1. 9 Schematics of phase transformation [24]. ......................................................... 16 

Figure 1. 10 Stress-strain behavior of shape memory alloys for (a) below Mf and (b) above 

Af [24]. ................................................................................................................................. 17 

Figure 1. 11 Ni-Mn-Ga crystal structure (a) Cubic Heusler structure, (b) tetragonal 

structure under martensite finish temperature. Blue: Ni, Red: Mn, Green: Ga. .................. 19 

Figure 1. 12 The crystal structure of austenite and tetragonal variants.  The arrows in the 

variants are used to show the magnetization direction along the easy axis of the variants 

[32]. ..................................................................................................................................... 20 

Figure 1. 13 Schematic of strain mechanism in Ni-Mn-Ga FMSAs.  (a) Two variants 

without magnetic field and (b) Redistribution of variants in an applied magnetic as shown 

[22]. ..................................................................................................................................... 22 

Figure 1. 14  Martensitic and Curie phase transition temperatures determined from  DSC 

and low-field magnetization measurements as function of Ni excess x in Ni2+xMN1-xGa 



   

 iv 
 
   
 

alloys  FT= ferromagnetic tetragonal Martensite, PC= paramagnetic cubic (austenite), PT= 

paramagnetic tetragonal (martensite), and FC= ferromagnetic cubic (austenite) [33]. ...... 24 

Figure 1. 15 Temperature dependence of spontaneous magnetization of Ni2+xMn1-xGa 

alloys.  Ms was determined from the field dependence of magnetization measured up to 

10T [33]. .............................................................................................................................. 25 

Figure 1. 16  The compositional dependence of saturation magnetic moment Ms(0) and 

effective magnetic moment &'(()of the Ni2+xMn1-xGa alloys [33]. ................................... 26 

Figure 1. 17 (a)  Relationship between Multiferroic and magnetoelectric materials, and (b) 

schematic illustrating different types of coupling [34]. ...................................................... 27 

Figure 1. 18 the sketches of ferroelectric and ferromagnetism integration as well as the 

mutual control between them in multiferroic [1]. ............................................................... 28 

Figure 1. 19 Schematic of a multiferroic composite for stain-mediated magnetoelectric 

coupling ............................................................................................................................... 33 

Figure 1. 20  Schematic structure of sample comprising a conducting film on PMN-

28PT(001)[48] ..................................................................................................................... 33  

Figure 2. 1 (a) Schematics of Magnetron sputtering system [49] and (b) a photo of 

Magnetron sputtering deposition system. ............................................................................ 38 

Figure 2. 2 The schematic structure of the device after deposition. .................................... 41 

Figure 3. 1 (a) The schematic view of 4-circle diffractometer, (b) the diffraction of x-ray 

beam by plane of atoms [60]. .............................................................................................. 42 

Figure 3. 2 Block diagram of Atomic Force Microscope [61] ............................................ 45 

Figure 3. 3 Schematic illustration of magnetic force microscopy: Red arrows show the 

direction of spontaneous magnetization direction in each domain and the white arrows 

show the directions of motion of the cantilever [62]. ......................................................... 45 

Figure 3. 4 Sign dependence of piezoresponse of piezoelectric material [63] .................... 46 

Figure 3. 5 Photo of VSM. .................................................................................................. 48 

Figure 3. 6  M(H) hysteresis loop (a) from the original data and (b) after removing 

substrate contribution for the sample of Ni-Mn-Ga/Al2O3. ................................................ 49 

Figure 3. 7 (a) A Schematic illustration of SQUID magnetometer [64] and (b) Photo of 

SQIUD. ................................................................................................................................ 51 

Figure 3. 8 (a) Schematic [65] and (b) Photo of Experimental set up. ................................ 53 

 



   

 v 
 
   
 

Figure 4. 1 XRD * + ,* scan of bare Al2O3 substrate and Ni-Mn-Ga films deposited at 

substrate temperature of 3700C and 4000C. ......................................................................... 55 

Figure 4. 2 XRD * + ,* scan of bare PMN-PT substrate and Ni-Mn-Ga/PMN-PT films 

deposited at substrate temperature of 3200C, 3700C and 4000C.......................................... 56 

Figure 4. 3 XRD * + ,* scan of bare MgO substrate and Ni-Mn-Ga/MgO thin films 

deposited at substrate temperatures of 3200C and 3700C. ................................................... 57 

Figure 4. 4 XRD * + ,* scan of bare STO substrate and Ni-Mn-Ga/STO thin films 

deposited at substrate temperatures of 3200C, 3700C and 4000C. ....................................... 58 

Figure 4. 5 M-H loops of Ni-Mn-Ga thin film measured at room temperature and deposited 

on different substrates at substrate temperature of 3200C. .................................................. 60 

Figure 4. 6  M(H) hysteresis loops for films deposited at substrate temperature of 3700C: 

(a) for all films measured at room temperature, (b) for Ni-Mn-Ga/STO and Ni-Mn-

Ga/Al2O3 films measured at 5K and, (c) for Ni-Mn-Ga/MgO film measured at 5K.. ........ 61 

Figure 4. 7 M-H loops of Ni-Mn-Ga thin film measured at temperature of  a) 304K and b) 

5K on different substrates deposited at substrate temperature of 4000C ............................. 63 

Figure 4. 8 The temperature dependence of magnetization for Ni-Mn-Ga/Al2O3 (a), Ni-

Mn-Ga/PMN-PT (c), and Ni-Mn-Ga/STO films.  Straight line fitted to the linear range of 

M2(T) for Ni-Mn-Ga/Al2O3 (b), Ni-Mn-Ga/PMN-PT (e), and   Ni-Mn-Ga/STO (f) films. 67 

Figure 4. 9 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/MgO film 

deposited at 3200C substrate temperature ............................................................................ 68 

Figure 4. 10 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT 

film deposited at 3200C substrate temperature .................................................................... 69 

Figure 4. 11 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO film 

deposited at 3200C substrate temperature ............................................................................ 69 

Figure 4. 12 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/Al2O3 

film deposited at 3700C substrate temperature .................................................................... 70 

Figure 4. 13 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/MgO film 

deposited at 3700C substrate   temperature .......................................................................... 70 

Figure 4. 14 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT 

film deposited at 3700C substrate temperature .................................................................... 71 

Figure 4. 15   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO 

film deposited at 3700C substrate temperature .................................................................... 71 



   

 vi 
 
   
 

Figure 4. 16   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT 

film deposited at 4000C substrate temperature .................................................................... 71 

Figure 4. 17   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO 

film deposited at 4000C substrate temperature .................................................................... 72 

Figure 4. 18 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/Al2O3 

film deposited at 4000C substrate temperature .................................................................... 72 

Figure 4. 19  a) topography, b) PFM amplitude, and c) hysteresis loop of PMN-PT 

substrate under Ni-Mn-Ga film deposited at substrate temperature of 4000C .................... 74 

Figure 4. 20 Variation of output Voltage as function of DC bias field for Ni-Mn-Ga/PMN-

PT composite multiferroic deposited at a temperature of 3700C and 4000C (a) including 

none active substrate Al2O3 and (b) with only active substrate. ......................................... 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 vii 
 
   
 

LIST OF TABLES 

Table 2. 1 Types and orientation of substrate ...................................................................... 36 

Table 2. 2 Deposition condition for each sample ................................................................ 41 

Table 4. 1 Curie temperature, saturation magnetization and coercive fields at 300K and 5K 

of Ni-Mn-Ga on different substrates. .................................................................................. 63 

Table 4. 2  Summery of magnetoelectric coupling coefficient for some structures ............ 78 

 

 

 

 





   
                                                                                                          Introduction 

 1 
 
 Development of Multiferroic Heterostructures of 
                         Thin Film of Ni-Mn-Ga alloy and PMN-PT   
   
 

1 Introduction 

It is known that functional magnetic and electronic materials form an important part of 

modern technology.  For instance, ferroelectric materials (materials with spontaneous 

electric polarization that can be switched by applied electric field) are widely used as 

tunable capacitors and ferroelectric random access memory (FRAM) in computers.  On the 

other hand, ferromagnetic materials (materials with spontaneous magnetic polarization that 

can be switched by magnetic field) are used in hard disk drive, in data recording and 

storing.  However, the current technological trend is towards device miniaturization, which 

led to an ever-increasing interest in combining of several order parameters (ferroelectric, 

ferromagnetic, and ferroelastic) in to multifunctional materials to produce a single device 

component that can perform more than one task.  What is known as multiferroic materials 

are materials that possess at least two or more order parameters that can have potential 

applications in such multifunctional device.  These materials not only have their parent 

compounds property but also they cross-interact between magnetic and electric order 

which leads to additional functionalities. 

From the view point of constituent materials, multiferroics can be divided in to two types: 

single phase [1, 2] and composite [3, 4].  Single phase multiferroic materials are materials 

having at least two of the ferroic orders in a single phase while composite multiferroic are 

those materials having ferroic orders in multiphase.  In a two phase composite 

multiferroics the order parameters exist separately in the two phase (e.g. ferromagnetic 

order in ferromagnetic phase and ferroelectric order in ferroelectric phase).  The coupling 

interaction between different order parameters could produce a new effect.  The 

magnetoelectric (ME) response is the appearance of electric polarization up on applying 

magnetic field (i.e. direct ME effect) and/or the appearance of magnetization by up on 

applying electric field (i.e. converse ME effect).  Magnetoelectric effect may arise directly 

between two order parameters (ferroelectric and ferromagnetic) as in single phase 

multiferroic, or indirectly via stress/strain as in multiferroic composite heterostructures.  It 

is known as a product tensor property in composite multiferroics.  In the case of single 

phase for most materials, the magnetoelectric effect is observed far below room 
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temperature and the magnetoelectric output is low.  This limits their application in practical 

devices.  However, ferro/ferromagnetic and ferro/piezoelectric composite or 

nanostructured composites may reveal magnetoelectric coupling several hundred of 

mV/cm Oe [3, 5] stronger than single phase materials.  

As outlined by Boomgaard et al. [6], high ME output can be obtained if the composite 

fulfils certain requirements.  These requirements are: two phases should be in equilibrium, 

no chemical reaction between piezoelectric and magnetic phase, the Magnetostriction 

coefficient of magnetic phase and piezoelectric coefficient of piezoelectric phase must be 

high, and the resistivity of both phases should be high so as to avoid a leakage path of the 

accumulated charges during poling and proper poling strategy should be adopted to get a 

large ME effect in composite.   

The search for combination of ferromagnetic and piezoelectric materials that can give high 

magnetoelectric output is a hot ongoing area of research.  Various composites have been 

reported in literature Ni (Co, Mn) Fe2O4-BaTiO3 [6], Ni0.93Co0.02Mn0.05Fe1.95O4- 

Na0.5Bi0.5TiO3 [7], Ni0.98Co0.02Fe2O4-PZT [8], Terfenol-D/lead magnesium niobate-lead 

titanate (PMN-PT) [9], and so on. 

Ferromagnetic shape memory alloys (FSMAs) are known to have high magnetic field-

induced strain.  As a result they are promising candidates to be used as magnetic material 

in the multiferroic composite (ferromagnetic/piezoelectric structure).  Since these alloys 

have ferromagnetic and structure orders, they can be changed from ferromagnetic state to 

paramagnetic state or from one phase to another phase by changing magnetic field and 

temperature.  Among the known FSMAs, Ni-Mn-Ga alloys have received a considerable 

interest and they have high magnetostriction coefficient which is one of the requirement to 

be fulfilled in multiferroic composite [10].  The additional advantage of these alloys is 

their properties like magnetization, Curie temperature, and martensite structural transitions 

which are composition dependent opening a room to change their properties by changing 

their composition. 

Many bulk ME composites have been found to exhibit such a stained mediated ME effect 

above room temperature.  However, multiferroic ME structured films, in comparison with 

bulk ME composite, have some unique advantages.  For example, piezoelectric phase and 
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magnetic phase could be tuned and controlled at the nanoscale, representing a new scale 

for exploring ME coupling mechanisms.  The bond between the two phases at interface in 

bulk is usually loss while at nanoscale different phase can be combined at atomic level 

which leads to reduce interface loss significantly.  Availability of new approaches or 

developments on thin film growth techniques provides the opportunity to produce high 

quality thin films in thin film ME composites.  Moreover, the growth technique allows in 

producing ferroelectric oxides (or their solid solution) with large piezoelectric properties 

like PMN-PT.  Thus, by combining different phases with similar crystal lattices, epitaxial 

composite thin films can be designed, which facilitates the understanding of ME coupling 

at the atomic scale.  Multiferroic ME thin films are therefore promising candidates for use 

in integrated magnetic/electric devices, such as sensors, micro-electromechanical systems, 

high density memories and spintronics [2, 3, 11]. 

In this work, Ni-Mn-Ga alloy thin films as magnetic material and single crystal PMN-33PT 

as piezoelectric material for substrate were used.  In addition, other substrates like Al2O3, 

SrTiO3, and MgO were used for comparison purpose.  These materials (the alloy and 

PMN-PT) were selected because of their good property to be used in ME composites: 

PMN-33PT because of its superior piezoelectric property and Ni-Mn-Ga alloy because of 

their large magnetic field-induced strain.  Using sputtering deposition, the compositions of 

the alloys were tailored by using different deposition conditions to achieve the required 

properties to be used in ME composite.  The required properties are high saturation 

magnetization value, structural, and ferromagnetic transition temperatures above room 

temperature so that the Ni-Mn-Ga alloys thin films are ferromagnetic martensite at room 

temperature.  

This thesis is organized in to five chapters.  A brief overview of general concepts of 

ferroelectric and ferromagnetic materials and their description is given in the first chapter 

of this thesis.  Moreover, about properties of shape memory alloys and ferromagnetic 

shape memory alloys, compositional dependence of structural and magnetic properties of 

Ni-Mn-Ga alloys, and the interaction of ferroelectric and ferromagnetic materials in 

magnetoelectric multiferroic are discussed in this chapter.  The second chapter of this 

thesis presents a brief discussion about the sputtering deposition technique.  It also includes 
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experimental deposition conditions, type of substrates used to deposit Ni-Mn-Ga films.  

The third chapter includes a brief description of all the characterization techniques used in 

this work.  These techniques are x-ray diffraction to study phase (or structure) of the Ni-

Mn-Ga alloy thin films;  Vibrating Sample Magnetometer (VSM), Super Conducting 

Quantum Interference (SQUID) Magnetometer, and Magnetic Force Microscopy (MFM) 

to study the magnetic property of the film; and  Lock-in technique to study the 

magnetoelectric coupling.  The fourth chapter presents the results and discussion part of 

the thesis.  It includes the results of structural, magnetic, and magnetoelectric coupling and 

their discussions.  Finally, the fifth chapter includes the conclusion of the work and outlook 

for further study.                                   

1.1 Piezoelectricity   

Piezoelectricity was first discovered by Jacques and Pierre Curie in certain crystals such as 

quartz, zinc blend, and Rochelle salt (Potassium-sodium tartrate-tetrahydrate, 

KNaC4H4O6.4H2O) [12].  Since then, it is a term used to describe the ability of materials 

to generate electricity (or electric charge) when mechanical stress is applied it. These 

materials can also exhibit the converse effect, produce deformation (strain) when electric 

field is applied.  Figure 1.1 below shows the direct piezoelectric effect in the left, tensile or 

compression stress produce polarization and converse Piezo-effect in the right, electric 

field produce strain.  For the occurrence of piezoelectric effect, the material should lack a 

center of symmetry.  

 

Figure 1. 1 Direct and converse Piezo-effect [13]. 
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It is know that on basis of the symmetry of elements of translational position and 

orientation, there are 230 space groups.  However, without considering translational 

repetition, these 230 space groups reduce to 32 space groups among which 21 of them 

are noncentrosymmetric point groups and 11 of them are centrosymmetric. Thus, 20 

noncentrosymmetric groups possess piezoelectricity while centrosymmetric groups do 

not.  As shown in the Figure 1.2 below, the 21 noncentrosymmetric classes can be 

further divided in to one class which posses other combined symmetry elements, 10 

classes which can be polarized by mechanical stress and other 10 classes which possess 

spontaneous polarization, so they can be permanently polar and can thus have 

piezoelectric as well as pyroelectric (generation of electricity from heat or its converse, 

generation of heat from change of the state of polarization) effects.  In other words, 

ferroelectric materials belong to pyroelectric family, which in addition has a 

spontaneous polarization that can be reversed by the external electric field, i.e. it has 

more than one equivalent direction for spontaneous polarization.  Thus, it is clear that a 

ferroelectric material must be simultaneously Piezoelectric and Pyroelectric material. 
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Figure 1. 2 Classification of crystals showing the class with piezoelectric, pyroelectric, and ferroelectric effects 
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            -./ 0 1./23423 5 67./87 597:./878:,                                                        (1.1)  

where -./)are components of elastic strain tensor, 1./23 is elastic compliance tensor, 

423are the stress component, 67./ are piezoelectric tensor component, 97:./ is the 

electrostrictive tensor, 87 and 8: are the components of an external electric field.  The 

Electrostriction effect for most practical cases is extremely small or negligibly thereby 

equation 1.1 can be reduced to  

 )-./ 0 1./23423 5 67./87;                                                                               (1.2) 

Under zero stress, the converse piezoelectric effect deformation as shown in the right 

side of Figure 1.1 can be written as  

  )-./ 0 67./87.                                                                                                      (1.3)  

On the other hand, the direct piezoelectric effect shown on the left side of Figure 1.1 

can be written mathematically as  

          <7 0 67.4.,                                                                                                (1.4) 

where <7 is the component of electric polarization.  

Since ferroelectricity is very fascinating properties of single or polycrystalline dielectric 

solids, it is good to discus at this point general features of ferroelectric phenomena.  

Ferroelectric crystals show a reversible spontaneous electric polarization and a 

hysteresis loop that can be observed in certain temperature regions, delimited by a 

transition point called Curie temperature, Tc.  At temperature above Tc, the crystal is no 

longer ferroelectric, instead it exhibits normal dielectric or paraelectric behavior.  These 

ferroelectric crystals have anomalously high dielectric constant especially near the 

Curie temperature.  The dielectric constant increases very rapidly to a peak value at Tc.  

At any temperature greater than Curie temperature, the dielectric constant is given by 

Curie-Weiss relation 

 => 0 )
?

@A@B
,                                                                                           (1.5) 

where C is Curie constant.  Below and above Tc, the response of ferroelectric material to 

an applied electric field is not similar.  Below Tc a typical non linear variation of 

polarization with electric field is found as shown in the Figure 1.3 below.  As it is 

shown, in a typical hysteresis loop for small electric field, the polarization is nearly 
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linear (from 1 to 2).  This is due to the fact that the field is not large enough to cause 

orientation of the polarization of domains. 

 

 

Figure 1. 3 Typical Hysteresis loop of ferroelectrics [15]. 

 

 At higher fields, polarization increases nonlinearly as the field increases, since all 

domains, which have a polarization directed differently from field direction, start to orient 

toward the direction of the field (nearly from 2 to 3).  Further increase of the field above 

coercive field, Ec, (from point 3 above), will lead to saturation value of polarization (Ps) 

and the sample will be mono domain.  Now if the field starts to decrease, the polarization 

generally decreases but will not be zero or does not follow the same path.  At zero electric 

field the material will have a polarization called remnant polarization, Pr.  Usually Pr is 

smaller than Ps, since some domains may return to their original position or a direction 

different from their direction at point 4.  This process, switching of all domains in to a 

single orientation, is called poling.  To reverse the orientation of this polarization, an 

electric field in opposite (or negative) direction should be applied and the complete 
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hysteresis loop looks like as shown in the above figure.  Indeed, the shape of the hysteresis 

and the values Pr, Ps and Ec for a given material depend on the temperature.  

Ferroelectric materials 

Among four possible types of structures of ferroelectric materials, the most extensively 

studied and widely used structure in practical application is the perovskite structure.  A 

general formula for a perfect perovskite structure is ABO3, where A is a divalent or 

trivalent metal cation and B is tetravalent or trivalent metal cation. The ideal structure of 

the perovskite structure is with a spacial group Pm-3m.  The larger A cations occupy the 

corners of the cube while the smaller B cations occupy at the body center and oxygen ions 

occupy at the face center position.  For example, BaTiO3 is a well known ferroelectric and 

piezoelectric with distorted perovskite structures.  The tetravalent Ti+4 ions occupy the B 

site of the BaTiO3 perovskite structure and are surrounded by O-2 in octahedral 

configuration.       

     

      
Figure 1. 4  BaTiO3 unit cell showing displacement of Ti+4 and O-2 and viewing from one face [16].  

 

At a temperature T > Tc, although the open octahedral structure allows Ti+4 ion to move 

from one position to another position, there is no net dipole moment.  This is due to 

random thermal vibration of Ti+4.  In this cubic structure, the material is paraelectric.  

However, when the temperature T < Tc, the structure changes from cubic to tetragonal due 

to the displacement of Ba (A) and Ti (B) ions with respect to O ions as shown in the Figure 

1.4.  This gives a net dipole moment (spontaneous polarization).  At lower temperature a 

sequence of phase transformation is found in BaTiO3: from tetragonal to orthorhombic 



   
                                                                                                          Introduction 

 10 
 
 Development of Multiferroic Heterostructures of 
                         Thin Film of Ni-Mn-Ga alloy and PMN-PT   
   
 

with a <110> spontaneous polarization, and from orthorhombic to rhombohedral with 

spontaneous polarization <111>. The spontaneous polarization direction is coupled to 

lattice structure through electrostriction and the differential of electrostrictive strain over 

applied field gives rise to piezoelectricity.  In Perovskite family, it is not only Titanium 

cation but a large number of cations can be accommodated in the cages created by oxygen 

anions which gives rise to wide varieties of materials.  Moreover, substitution of A and B 

cation perovskite lattice sites is possible without drastically changing the perovskite 

structure. Thus, it is possible to manipulate properties of materials such as Curie 

temperature, piezoelectric constant, coercive field and so on which are much desired from 

technological point of view.  Among many functional materials with perovskite structures, 

lead based and other materials such as Lead Titanate (PbTiO3-PT), Lead Zirconate Titanate 

(PZT), Lead Lanthanum Zirconate Titanate (PLZ), Lead Magnesium Niobate (PMN), 

Strontium Titanate (SiTiO3-ST), Potassium Niobate (KNbO3-KN), Potassium sodium 

Niobate (KxNa1-x TiO3-KNT), are some of technologically important materials [17].  It is 

also possible to produce solid solution of these compounds and control their macroscopic 

properties.  PMN-PT is the solid solution of PMN and PT.  The properties of PMN-PT can 

be tailored by varying the composition of the alloying compound (or value of x in (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3) [18].  M.H. Lente et al. have studied the effect of 

composition (or x) on PMN-PT material for instance on their structural and coercive 

electric fields [18].  This relaxor is known to have excellent ferroelectric properties.  In this 

work, it was used as a single crystal substrate for ferromagnetic thin film of alloy of Ni-

Mn-Ga.  

1.2 Ferromagnetism  

Ferromagnetism is a phenomenon used to describe materials which possess spontaneous 

magnetization.  The Spin of electron together with Pauli principle is the physical origin of 

ferromagnetism.  Atoms with partially filled shells and with unpaired electron can exhibit a 

net magnetic moment in the absence of external field.  Ferromagnetic materials, unlike 

paramagnetic materials, have magnetic atoms which interact with each other due to 

molecular field or exchange interaction and, they try to align each other along the same 
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direction as shown in the Figure 1.5 a below.  This interaction is dominant up to certain 

temperature 

 

Figure 1. 5 Ferromagnetism (a) spin lattice , (b) Magnetization versus magnetic field, (c) temperature 

dependence of  ! "C , and (d) spontaneous magnetization versus temperature [19].  

 

called Curie temperature, Tc.   However, above Curie temperature the thermal agitation (or 

energy) overcomes this interaction and the magnetic moments orient in random fashion 

which results material to behave like paramagnetic materials.  The susceptibility of 

ferromagnetic materials becomes infinity at Curie temperature instead of being infinity at 

temperature of 0 K and the inverse of susceptibility increases linearly for any temperature 

greater than Curie temperature as shown in Figure 1.5 (c).  Because of parallel alignment 

of moments the material possesses spontaneous polarization (or magnetization) below the 

Curie temperature.  As shown in Figure (b) and (d) the spontaneous polarization increases 

as the temperature decrease and it reaches maximum value at 0 K.  At 0 K all moments 

align in the same direction.  

Even though, ferromagnetic materials with Curie temperature above room temperature 

have spontaneous polarization at room temperature, they may not show up a magnetic 

moment with north and south poles (or they may not have global magnetization) at room 

temperature.  If a ferromagnetic material is in such state, it is said to be in demagnetized 

state. This paradox was explained by Pierre Weiss through the formation of structures what 

he called domains which are separated by domain walls.  Each domain contains large 

number of atoms with their atomic moments pointing in the same direction (along the easy 

axis of magnetization) which locally give spontaneous magnetization for each domain, for 

example, as shown in the Figure 1.6 (a).  Since the directions of local spontaneous 

magnetization of domains are randomly oriented, the vector sum of the magnetizations of 
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all domains of the entire specimen is zero.  However, it is possible to magnetize the 

material by applying an external magnetic field which modifies the distribution of 

domains. Consider a ferromagnetic material with a very simple domain structure as shown 

in Figure 1.6 (b).  When an external magnetic field is applied to the material, the increases 

of total magnetization of the material occur in two stages.  In the first stage when the 

applied magnetic field is small, domain whose magnetization vector is closest to the field 

direction grows at the expense of that with less favorably oriented. In the second stage (at 

large magnetic fields) the magnetization involves the rotation of domain magnetization 

vectors away from the easy axis of magnetization. After the two stages saturation 

magnetization will be maintained.  

Figure 1.6 (c) shows the plot of magnetization versus magnetic field for ferromagnetic 

materials.  As it can be seen from the figure after saturation magnetization has been 

maintained, the original magnetization curve is not retraced if the applied field decreases; 

instead the magnetization remains at higher value than expected for a particular field value 

give rise to the phenomenon of the magnetic hysteresis.  At the value of zero field, the 

material has a magnetization value, called remnant magnetization (Mr), which is lower than 

that of the saturation magnetization value.  To return the magnetization of the material to 

zero, a field Hc has to be applied in opposite direction to the initial applied field. This field, 

called coercive field, causes the domains to return back to their original position and the 

material to its demagnetized state.  
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Figure 1. 6  (a) some example of domain structure, (b) change in domain structure with applied field, and (c) 
plot of  the magnetization versus applied field [20].   

1.2.1 Magnetostriction     

Magnetostrictive materials are a class of smart materials that can convert between 

magnetic and elastic states. Magnetostrictive materials are similar to ferromagnetic shape 

memory alloys (FMSAs) in that both of them show stain when they are exposed to 

magnetic fields and produce magnetization when stress is applied.  However, the straining 

mechanisms for both materials are not the same.  In the case of Magnetostriction materials, 

straining mechanisms occurs due to spin-orbital coupling or the interaction between the 

spin and the orbital motion of each electron.  When external field is applied to 

Magnetostrictive materials, the spin tries to orient to the direction of the field and the orbit 

of that electron also tends to be reoriented.  As a result, there will be considerable 

distortion of crystal lattice which produces large macroscopic stain [21].  To illustrate the 

straining mechanism clearly, consider a Magnetostrictive material which is pre-compressed 

in order to magnetize as shown in the Figure 1.7 below.   When voltage is applied to the 

coils to produce magnetic field, the produced magnetic field along the longitudinal 

(a) 

(b) 

(c) 
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direction changes the orientation of the dipole moments along the field.  This re-orientation 

of the moments generates stain and the plot of  

        

Figure 1. 7 Joule Magnetostriction produced by magnetic field.  (a) Magnetic field (H) is proportional to the 
current in the solenoid when voltage is applied to it, (b) the rotation of magnetic dipoles change the length of 
the sample, (c) M versus H and (d) #$%$ versus H [21]. 

 

 stain #D%D versus the field looks like butterfly shaped which is proportional to the square 

of magnetization curve as shown in the bottom part of the figure.  The magnetization 

direction can be changed to its original direction either by applying external magnetic field 

or stress.  For instance, applying magnetic field perpendicular to the longitudinal direction 

can change the magnetization to its original direction.  Moreover, such Magnetostrictive 

materials respond to an external stress by changing magnetization orientation which can be 

detected by measuring the induced voltage in a pickup coil.   Some example of 

mgnetostrictive materials in addition to Ni-Mn-Ga alloys are Terfenol-D, Fe, Ni, Co and 

others.  For kwon ferromagnetic materials for instance Fe and Ni, the strains associated to 

magnetostriction are of the order of EFAGH while exceptional large magnetostriction, for 

example Terfenol-D alloy, shows the strain of order of 0.1% [22].  
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1.2.2 Shape memory Alloys (SMAs) 

Since behavior of Ferromagnetic shape memory alloys (FMSAs) such as Ni-Mn-Ga is 

similar to the behavior of shape memory alloys, it is relevant to review the properties or 

behaviors SMAs to understand the behavior of Ni-Mn-Ga FMSAs.  The traditional shape 

memory alloy effect was originally discovered in a Au-Cd alloy in 1951.  Later, in 1963, 

the effect was also observed in Ti-Ni alloys which exhibit a prominent shape-memory 

performance [23]. Since then because of interest in smart materials (used as sensors and 

actuators), research on shape memory alloys became very active. 

It is known that SMAs have two phases each with different crystal structure and therefore 

they have different properties. One is high temperature phase called austenite (A) and the 

other is low temperature phase called martensite (M).  Austenite has a cubic structure and 

martensite have tetragonal, orthorhombic or monoclinic structure.  The transformation 

from one structure to the other does not occur by diffusion of atoms rather by shear lattice 

distortion.  Such transformation is known as martensite transformation.  Martenstic crystal 

structure can have structures with different orientation called variants and these variants 

can exist in two forms called twinned (left bottom) and detwinned (right bottom) as show 

in the Figure 1.8 below.  When the material is cooled from high temperature austenite 

(called forward transformation) in the absence of applied load, 

                                                       

 

Figure 1. 8 SMA transformation between high and low temperature transformation [24].  
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the twinned Martenstic structure is formed.  At low temperature when stress is applied to 

the material, the twins reorient so that they all lie in same direction and this process is 

called detwinning.  When the material is heated from detwinned martensite phase, the 

crystal structure transforms back to austenite phase and this transformation is called 

reverse transformation. The material finally remembers its original shape for this reason 

the effect is known as shape memory effect. 

The transformation from one phase to another follows hysteresis loop as shown in the 

Figure 1.9 below. 

                                
                               Figure 1. 9 Schematics of phase transformation [24]. 

 Suppose that I is the amount of volume fraction of martenstic phase in the material. Then 

E + I will be volume fraction of austenite phase. There are four characteristics temperature 

associated with phase transformation.  During the forward transformation, without load the 

austenite begins to transform at Martenstic start temperature (Ms) and completes 

transformation to martensite at martensite finish temperature (Mf). Above Ms I 0 F and 

below Mf I 0 E and the transformation is complete and then the material is fully in the 

twinned structure.  Similarly, during heating, the reveres transformation starts at austenite 

start temperature (As) and finishes at the austenite finish temperature (Af).  Below As)I 0 E  

and above Af I 0 F.  
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Phase transformation can also be induced through applied loads.  Figure 1.10 below shows 

the stress-strain curves at a temperature below Mf and at a temperature above Af.  Consider 

first for any temperature less than the martenstic finish temperature (Mf), the stress-strain 

curve is shown in Figure 1.10 (a).  When the twinned structure is subjected to an external 

stress lower than the detwinning start stress (!s) (the minimum stress required for 

detwinning initiation), the material shows an elastic behavior (region from O to A).  In the 

region between A and B, the reorientation process starts which will result in the growth of 

certain favorably oriented Martenstic variants that grow at the expense of other less 

favorable variants.   The detwinning of martensite process completes at a stress level called 

detwinning finish stress (!f).   After detwinning process is completed (in the region 

between B and C), the material again deforms elastically.  Increasing the stress  

   

Figure 1. 10 Stress-strain behavior of shape memory alloys for (a) below Mf and (b) above Af [24]. 

 

further above C deforms the material plastically.  When the material is unloaded in the 

region between C and D, the material does not come back to its original shape rather there 

will be residual strain.  Only the elastic deformation is recovered.  However, the residual 

strain can be recovered by heating the material above Af and allow it to cool. 

For any temperature above the austenite finish temperature (Af), the stress-strain curve is 

shown in Figure 1.10 (b).  In the region between O and a, the material exhibits a linear 

stress-strain relation as the stress is increased until !M (the stress at which the detwinned 

martensite phase commences). In the region between a and b, stress-induced martensite is 

formed and this region is followed by elastic region (region b and c).  Further increasing 
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the stress beyond c deforms the material plastically.  Up on Unloading (from c to e), the 

stress-induced martensite goes through elastic unloading, which is followed by the 

transformation to the austenite phase.  Finally the material returns to its original phase and 

shape.  This behavior is known as supperelasticity. For shape memory alloy effect, 

temperature and stress are responsible for the phase transformation.  The order of 

magnitude of this effect is EFAJ [25].   

1.2.3 Ferromagnetic Shape Memory Alloys (FMSAs)     

Ferromagnetic shape memory alloys (FSMAs) was first discovered by Ullakko et al. in 

1996 [26] as a hypothetical new class of active materials up on the observation of a 0.2% 

magnetic field-induced strain in a single crystal of Ni2MnGa.  This class of materials 

shows up to 10% magnetic field- induced strain [27] which is higher than the strain that 

can be obtained from magnetostrictive materials. Not only the values of strains obtained 

are different from magnetostrictive materials but also the straining mechanisms.   

Various alloys such as Nickel-manganese-gallium (Ni-Mn-Ga), iron-palladium (Fe-Pd), 

Co-Ni-Ga, La-Sr-CuO4 and cobalt-nickel-aluminum (Co-Ni-Al) show ferromagnetic shape 

memory effect.  Among these alloys Ni-Mn-Ga is the most studied FSMA, which is also 

commercially available.  Many studies have been conducted on off-stoichiometric Ni-Mn-

Ga that demonstrated larger strains at higher temperatures.  Studies conducted by Tickel 

and James on Ni51.3Mn24.0Ga24.7 [28] at temperature of -150C which was exposed to fields 

of less than 10Oe showed strains of up to 0.2% due to cyclic application of an axial field 

magnetic field and strains 1.3% when fields were applied transverse to rod shape of sample 

that started from a stress biased state.  For Ni-Mn-Ga alloys, theoretically strains up to 6% 

for tetragonal martensitic structure with five-layered (5M) and 10% for seven-layered (7M) 

can be obtained which of course makes these materials as attractive materials. 

The basic requirements for the appearance of the ferromagnetic shape memory effect are 

the material should be (ferro) magnetic and exhibit martensite transformation and the 

magnetic anisotropy energy must be higher than the energy required to move a twin 

boundary.  Moreover, from the point of view of practical applications the material should 

be in the martensitic phase at room temperature.  Since Ni-Mn-Ga alloys have shown these 

properties, they are the most promising materials for practical application. This work is 
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concerned on thin film of Ni-Mn-Ga alloys; most of the discussions will be on these alloys, 

even though most of the discussions are also valid for other alloys too. 

1.2.4 Ni-Mn-Ga Crystal structure        

The stoichiometric Ni2MnGa alloy is an intermetallic compound that displays Heusler 

structure.  At high temperature, Ni2MnGa in particular or Heusler alloys in general exhibit 

cubic austenite structure (L21, KLMNM) as shown in the Figure 1.11 (a) below.  The eight Ni 

atoms are located at the center of each of the eight cubic sub-units while Ga and Mn atoms 

are located on the remaining sites.  At low temperature, it exhibits a martensite tetragonal 

(l4/mmm) structure as shown in the Figure 1.11 (b) below.  This compound not only show 

martensite transformation but also shows paramagnetic/ferromagnetic transition with Curie 

temperature of 373K [29, 30].  The martensite structure is usually described as a face 

centered tetragonal cell related to austenite cubic KLMNM by a simple contraction along the 

c-axis forming a tetragonal structure with a relation)O
P
Q E.  In this case the maximum 

theoretical strain that can be obtained is then given by  

 =7PR 0 E + O
P
.                                                                  (1.6) 

 

 

 

Figure 1. 11 Ni-Mn-Ga crystal structure (a) Cubic Heusler structure, (b) tetragonal structure under 
martensite finish temperature. Blue: Ni, Red: Mn, Green: Ga.  

(a) (b) 

Ga 

Mn 

Ni 
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Most commonly observed value of 
O
P
 ratio is 0.94 in which maximum strain of 6% can be 

obtained.  However, as the composition deviates from the stoichiometric the martensite 

structure begins to change as well.  For example, tetragonal and orthorhombic have been 

found for Ni-rich compositions [31].  In other way round, the ratio  
O
P
 is also composition 

sensitive. 

In martensite phase with tetragonal structure, there are three possible variants in which two 

of them are identical with respect to the axis of the samples.  For convenience a simple 

representation of these crystal structures are show in the Figure 1.12 below.  The 

undeformed austenite phase has cubic edge length of ST whereas the tetragonal structure 

has a short and two long edge length of c and)ST, respectively.  

 

 

Figure 1. 12 The crystal structure of austenite and tetragonal variants.  The arrows in the variants are used to 
show the magnetization direction along the easy axis of the variants [32]. 

 



   
                                                                                                          Introduction 

 21 
 
 Development of Multiferroic Heterostructures of 
                         Thin Film of Ni-Mn-Ga alloy and PMN-PT   
   
 

1.2.5 Straining Mechanisms of FSMAs 

One of the requirements for Ni-Mn-Ga alloys in particular and ferromagnetic shape 

memory alloys in general to show ferromagnetic shape memory effect is the material 

should have large magnetic anisotropy. Martensite structure of off-stoichiometric Ni-Mn-

Ga typically shows strong magnetocrystalline anisotropy.  The simplest and most 

commonly observed magnetic anisotropy is uniaxial anisotropy in which magnetization 

vector align along the easy axis of magnetization in the absence of magnetic field as shown 

in the Figure 1.12 for different variants.  In this case the magnetic anisotropy energy for the 

tetragonal martensite is given by  

                      UP 0 VWT 5 VWJ1XYZ[ 5 VWZ1XYG[ 5 \    ,                                              (1.7) 

where [ is the angle between the easy axis of magnetization and magnetization vector, and 

Kui are the magnetic anisotropy coefficients (measure of energy required to rotate the 

magnetization to align with the field direction away from the easy axis).  If this energy is 

large enough to align the magnetization vector along the magnetic field, then the physical 

orientation of the unit cell changes thereby creating strain in the material.  One can 

summarize the energy requirement for a general case as 

  UP ] 9^_ ] àR=T ] T̀=T,                                                                   (1.8)   

where 9^_ is the magnetic input energy due to applied field H ,) àR=T is the input 

mechanical energy due to external applied stress àR,  T̀=T is the required energy to move 

twin boundary, T̀ is called the twinning stress (the stress level at which deformation by 

twin boundary motion initiates), and =T is the residual or twinning strain.  This 

phenomenon is the primarily straining mechanism in FMSAs.  The mechanical properties 

of FMSAs in martensite phase are the same as SMAs, see Figure 1.10 (a).   

The local crystallographic structure controls the easy axis of magnetization, so that each 

variant has different direction of easy axis of magnetization.  To understand straining 

mechanisms, consider that the martensitic structure has two variants with different easy 

axis of magnetization in absence of magnetic field as shown in the Figure 1.13 (a) below.  

When  
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Figure 1. 13 Schematic of strain mechanism in Ni-Mn-Ga FMSAs.  (a) Two variants without magnetic field and 
(b) Redistribution of variants in an applied magnetic as shown [22]. 

 

an external magnetic field is applied, variants (Variant A) favoured by the applied field 

increase in size through twin reorientation.  This applied field will favour variants with 

their magnetization of unit cells along its direction.  Thus, unit cells along the twin 

boundary switches their magnetization orientation such that their short c-axis is aligned 

along the field direction.  The global effect is then the growth of favourable variant 

(Variant A) as the expense of unfavourable ones (Variant B) through twin boundary 

motion which in turn results overall axial lengthening of the bulk sample.  As the field is 

increased to the point where no further twin boundary motion is possible, the field energy 

is sufficiently large to overcome the magnetic anisotropy energy and thus resulting 

alignment of magnetization vectors along the field direction. 

Up on the removal of applied magnetic field, the reorientation of unit cell and change of 

size of the sample will not occur since there is no driving force for these reverse processes.  

However, twin boundary motion and reversible strain can be induced by applying 

perpendicular field, axial compressive stress, or transverse tensile stress, all of which 

favour the nucleation and growth of the other variants (Variant B).  In the case of applied 

external stress, it should be greater than the twinning stress to induce the nucleation and 

growth of the other variant.      

1.2.6 Martensitic and magnetic phase transition in ferromagnetic 

shape memory Ni-Mn-Ga alloys: Ni2+xMn1-xGa     

From the point of view of most practical applications, shape memory alloys should be in 

martensite phase at room temperature.  In addition to this, for ferromagnetic magnetic 

Variant B 

Variant A 
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shape memory alloys, the magnetic transition from ferromagnetic state to paramagnetic 

state must be higher than room temperature.  In other words, both martensite 

transformation (structural) temperature (Tm) and Curie temperature (Tc) should be higher 

than room temperature.  These are the two requirements that need to be achieved in this 

work for Ni-Mn-Ga thin film on piezoelectric substrate for magnetoelectric effect 

observation.  The first requirement is not stratified by the stoichiometric Ni2MnGa but the 

second requirement is satisfied, since Tm=200K and Tc=373K for x=0 [33].  However, both 

martensite and Curie temperature are composition dependent and thus they can be tailored 

by varying the value of x (or composition).  In this section, a brief review for the 

dependence of martensite and Curie temperature on composition for bulk Ni-Mn-Ga alloys 

is presented.  For Ni-Mn-Ga alloys thin film, studies are still ongoing and thus there is no 

well documentation of its dependence of Curie and Martensite temperature on composition 

like the bulk alloy.    

Bulk Ni-Mn-Ga alloys properties are discussed hereafter.  A N. Vasiliev et al. have studied 

the effect of variation of composition on Curie and martensitic temperature for the 

Ni2+xMn1-xGa alloys [33].   In their study, they have identified three distinctive regions 

from the plot of Tm and Tc versus composition x.  Figure 1.14 below shows the plot of 

martensite and Curie temperature versus composition for Ni2+xMn1-xGa alloys.   
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Figure 1. 14  Martensitic and Curie phase transition temperatures determined from  DSC and low-field 
magnetization measurements as function of Ni excess x in Ni2+xMN1-xGa alloys  FT= ferromagnetic tetragonal 
Martensite, PC= paramagnetic cubic (austenite), PT= paramagnetic tetragonal (martensite), and FC= 
ferromagnetic cubic (austenite) [33].  

 

As it can be seen clearly from the plot, for  F b - b F;Ec , Tm <Tc which implies the 

transformation from martensite to austenite takes place in ferromagnetic state.  Both 

martensite and austenite phases are ferromagnetic state.  For alloys with compositional 

values in this region, it is possible to change from low ferromagnetic tetragonal martensite 

phase to ferromagnetic cubic austenite phase and to paramagnetic cubic austenite phase up 

on heating or in the reverse direction up on cooling.  In this region, as the composition x 

increases the martensitic temperature increases nearly linearly while the Curie temperature 

linearly decreases as shown in the figure.  In the second region, for))F;Ed b - b F;ef, 

alloys with these values of x are characterized by a coupled magnetostructural transition, 

i.e. the two temperatures merge or)g7 h gO.   In this region, the transformation from 

martensite to austenite is accompanied by a transition from ferromagnetic to paramagnetic 

state.  The temperature in this region has non- monotonous dependence on x.  The third 

FT 

PT PC 

FC 
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region, for)- i F;MF, the Curie temperature is lower than the martensitic transformation 

temperature.  For alloys with values x in this region, martensite transformation takes place 

in the paramagnetic state. 

The spontaneous magnetization of Ni2+xMn1-xGa alloys like martensite and Curie 

temperature depends on composition.  V.V. Khovailo et al. have studied the magnetization 

dependence for different composition of Ni2+xMn1-xGa alloys, Ni atom excess alloys [33] 

as shown in Figure 1.15 below.  As it can be seen from the figure for compositional values 

of)- Q F;Ec, the  

 

Figure 1. 15 Temperature dependence of spontaneous magnetization of Ni2+xMn1-xGa alloys.  Ms was 
determined from the field dependence of magnetization measured up to 10T [33]. 

 

magnetization decrease smoothly as temperature increase and then shows a jump when 

approaching to the structural transition temperature.  However, for)- 0 F;Ej, the 
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transformation from martensite to austenite is accompanied by a transition from the 

ferromagnetic to the paramagnetic state.  The variation of the structural and Curie 

temperature on composition which is extracted from the above magnetization curves 

showed the same behaviour like the previous one from DSC measurement.  The magnetic 

moment of these alloys (Ms(0)), determined by extrapolating of Ms(T) to 0K, decreases as 

x increases like the Curie temperature does as shown in the Figure 1.16 below.  The 

effective magnetic moment decreases with substitution of Mn by Ni atoms.      

      

Figure 1. 16  The compositional dependence of saturation magnetic moment Ms(0) and effective magnetic 
moment &'(()of the Ni2+xMn1-xGa alloys [33]. 

 

1.3 Multiferroicity 

As it is mentioned in the introductory section both ferromagnetic and ferroelectric 

materials have many applications in modern technology.  For instance, ferroelectric 

materials are widely used as tuneable capacitors and form the basis of ferroelectric random 

access memory (FRAM) for computers, and ferromagnetic materials used for recording 

and storing data in hard drive.  However, the current technology is following a trend 

towards device miniaturization, which has led to the interest in combination of these and 

other properties in a multifunctional materials.  The coexistence or combination of several 
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order parameters will bring out novel physical phenomena and offers possibilities for new 

device functions.  Multiferroic materials are materials that possess two or more of the so 

called ferroic order parameters (ferromagnetic, ferroelectric, and ferroelastic) that have 

potential application as multifunctional devices.  In this section only ferromagnetic 

ferroelectric multiferroic materials are addressed.  Figure 1.17 depicts different possible 

couplings present in materials and relationship between Multiferroic and magnetoelectric 

materials.  As shown in the figure only a small subgroup of  

 

 

Figure 1. 17 (a)  Relationship between Multiferroic and magnetoelectric materials, and (b) schematic 
illustrating different types of coupling [34]. 

 

all magnetically and electrically polarizable materials are either ferromagnetic or 

ferroelectric and fewer still simultaneously exhibit both order parameters.  In this type of 

multiferroic materials, there is a possibility to control magnetization and/or polarization by 

an electric field and/or magnetic field.  Figure 1.18 below shows the hysteresis loop of 

these materials.  As it is shown in the Figure 1.18, these materials not only have excellent 

polarization and magnetization hysteresis but also high quality of polarization-magnetic 

field hysteresis and magnetization-electric field hysteresis.   
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Figure 1. 18 the sketches of ferroelectric and ferromagnetism integration as well as the mutual control between 
them in multiferroic [1].  

 

The most general definition of the coupling between electric and magnetic fields in mater, 

i.e. the induction of magnetization (M) by the electric field (E) or polarization (p) 

generated by a magnetic field (H) is known as magnetoelectric.  Magnetoelectricity is an 

independent phenomenon that can arise in any material with both magnetic and electronic 

polarizability, regardless of whether it is multiferroic or not as it is shown in Figure 1.17 

(a).  By definition, a magnetoelectric multiferroic must be simultaneously both 

ferromagnetic and ferroelectric [5].  Magnetoelectricity has been observed as an intrinsic 

effect in some materials at low temperatures for example, TbMnO3, DyMnO3, YMnO3, 

[35-37]. 

1.3.1 Magnetoelectric Multiferroics 

A real interest in magnetoelectric (ME) lies on a strong coupling between the order 

parameters and the possibility to create new functionalities in materials. This requires 

better understanding of magnetoelectric coupling.  Indeed, the magnetoelectric coupling 
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can be understood by Landau theory framework, approached by the expansion of free 

energy for a magnetoelectric system.   

The free energy expansion [2] is given by 

 +Kk8l_m 0 KT 5 <.
^8. 5 9.

^_. 5
J
Z
=T=./8.8/ 5
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))))))))))))))))))))))))o./8._/ 5))
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where KTis the ground state free energy, subscripts (i, j, k) refer to the three components of 

a variable in spatial coordinate,  8. and _. are the components of electric and magnetic 

field, respectively, <.
^and 9.

^are the components of the spontaneous polarization and 

magnetization, =Tand nT are the dielectric and magnetic susceptibilities of vacuum, =./ and 

n./ are the second-order tensors of dielectric and magnetic susceptibilities, p./2 and q./2 

are the third-order tensor coefficients and o./is the components of the tensor o which is 

known as linear magnetoelectric coefficients.  The linear magnetoelectric coefficient tells 

us the induction of magnetization by electric field or polarization by the magnetic field.  

The higher order terms like q and p tells higher order magnetoelectric effects and they are 

very small.  Using equation (1.9), the polarization is then given by 

          <.k8l _m 0 + rs
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and magnetization is given by  
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The magnetoelectric effect for intrinsic single phase multiferroic materials is usually small 

and is limited by)o./
Z b =./n./. This implies that to observe magnetoelectricity in single 

phase the large dielectric constant and magnetic susceptibility are important.  However, in 

two phase multiferroic composite there is a possibility that this effect can be large.  For 

instance, in multilayer composite structure composed of piezomagnetic layer (e.g. nickel 

ferrite) and piezoelectric layer (e.g. lead zirconate titanate), large magnetoelectric effect 

(1500mV/cm Oe) was observed [38-40].  In composite material, magnetoelectric property 

is product property, which is originating from cross interaction between two phases.  

Neither the piezoelectric nor the ferromagnetic phase has the intrinsic ME effects, but the 

composite of the two phases have remarkable ME effect.  Thus the ME effect is a result of 
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the product of the magnetostrictive effect (magnetic/mechanical effect) in the magnetic 

phase and the piezoelectric effect (mechanical/electrical) in the piezoelectric phase.  One 

can then write these product properties as          

 

                    wxxyzzy{|)0 }
x~y{|�Ä{

wy{ÅÇÉÄ{Ç~
Ñ Ö }wy{ÅÇÉÄ{Ç~

wÇÜÉy|Ä{
Ñ                                                        (1.12) 

and                 
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As the above two equation can tell, the coupling between electrical and magnetic 

phenomenon is through elastic interaction.  The first equation tells us that when an electric 

field is applied to the composite, the piezoelectric phase deforms because of piezoelectric 

effect. The deformation (or strain) is passed to the magnetic phase resulting change in 

magnetization of magnetic phase. This effect is known as converse magnetoelectric effect 

(MEE).  The second equation tells us that when magnetic field is applied to the magnetic 

phase, the magnetic phase deforms magnetostrictivily.  The strain is passed along to the 

piezoelectric phase, resulting in electric polarization in piezoelectric phase.  This effect is 

known as direct magnetoelectric effect (MEH)  

For magnetoelectric effect to be observed in a single phase multiferroic materials (or 

intrinsic multiferroics), ferroelectric and ferromagnetic property must exist in the single 

phase simultaneously.  It is not only ME effect is small in these materials, but also it is 

hard (or naturally rare) to find materials that have both of the order parameter 

simultaneously.  The reason is as follows: most ferroelectric are insulators (and 3d 

transition metals based oxide typically having empty d shells) while itinerant ferromagnets 

need conduction electrons; even in double exchange ferromagnets such as the manganites, 

magnetism is mediated by incompletely filled 3d shells.  Thus, the weak multiferroic (or 

ME) response and the paucity of single phase Multiferroic materials is attributed to 

seemingly contradiction between the conventional mechanism of off-centering in a 

ferroelectric and the formation of magnetic order in ferromagnetism. Because of this and 

the technological importance of ME response in multiferroic materials, the focus of many 

researchers has been in designing and identifying new mechanisms that lead to ME 

coupling and multiferroic behavior.  ME effect on composite (two phase) has been 
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investigated in different material systems such as (1) bulk ceramics ME composite of 

piezoelectric ceramics and ferrites, (2) two-phase composite of magnetic alloys and 

piezoelectric materials, (3) three phase ME composites, and (4) thin films (nanostructure 

composites) of ferroelectric and magnetic oxides.  To get ME effect in two-phase 

composite, both materials should be integrated or connected in some way.  Newnham et. 

al. have introduced concept that describes the connectivity of these two-phase [41].  

Accordingly, the structure of a two-phase composite are described by 0-3, 2-2, 1-3, etc-

type, each numbers denote the connectivity of the respective phase.  For example, a 0-3-

type particulate composite means the one phase particle (denoted by 0) embedded in the 

matrix another phase (denoted by 3).  These structures have been studied for bulk 

composite magnetoelectric multiferroic materials.  Moreover, nanostructured composite of 

thin films of magnetic materials and ferroelectric oxides have been proposed.  It is 

mentioned in Li Yan et al. that Zheng et. al. reported a pioneering experiment on 

nanostructured films of the BaTiO3/CoFe2O4 system with series of experiments [42].   

1.3.2 Thin Film Multiferroics  

The new approaches or developments on thin film growth techniques and discovery of 

ferroelectric oxides with large piezoelectric effect have opened interests on multiferroic 

thin films. The availability of techniques provides the opportunity to produce high quality 

multiferroic materials and a path way to discover new multiferroic materials.  Among the 

thin film deposition techniques that have been used to produce multiferroic thin film 

materials are sputtering, pulsed laser ablation, spin coating, sol-gel processes, metal-

organic chemical vapour deposition, molecular beam epitaxy, and so on.   

1.3.2.1 Single phase multiferroic thin films 

Nowadays there are a number of ways that can be used to create multiferroic materials.  

However, to date the only single phase multiferroic thin films available are the hexagonal 

manganites and Bi- and Pb-based perovskites.  Some examples of such materials are 

YMnO3 [43-44], BiMnO3 [45, 46], BiFeO3 [47, 3].  For the reasons mentioned in the 

previous section, the abundance of single phase multiferroic materials in nature is rare, and 

the multiferroic property for such materials is observed for low temperatures and high 
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magnetic field which question their applicability at room temperature (or feasibility for 

practical application).  Moreover, single phase materials involve expensive materials and 

processing techniques.  In the case of magnetoelectric multiferroics, the magnitude of 

magnetization or polarization is much smaller than in conventional ferromagnets or 

ferroelectric.  The solution to these limitations is offered by shifting to composite of 

ferromagnets and piezoelectric materials with high magnetic and ferroelectric Curie 

temperature, respectively, which are favorable candidate at room temperature.  

1.3.2.2 Composite Multiferroic thin film materials  

A lot of progresses have been shown in the areas of composite magnetoelectric systems.  

These systems, which are composed of (anti)ferromagnetic and ferroelectric, are promising 

candidate to show high magnetoelectric effect other than single phase magnetoelectric 

multiferroics.  The systems operate by coupling between a (anti)ferromagnetic material and 

ferroelectric material through strain.  In a composite of ferromagnetic and ferroelectric 

material, the converse and direct magnetoelectric effect can be achieved in two ways.  For 

example, in converse magnetoelectric effect, an applied electric field on ferroelectric 

material creates a converse piezoelectric effect (strain) in the ferroelectric material.  The 

strain of the ferroelectric is transferred to the magnetic component with efficiency 

depending on the geometry of the composite and elastic coupling at their interface between 

the layers.  For the epitaxial grown films, good mechanical coupling may be anticipated, if 

a small density of defects at the interface is present.  The strain transferred to the magnetic 

materials changes the magnetization or magnetic anisotropy of this material because of 

piezomagnetic effect.  Figure 1.19 below depicts the schematics of multiferroic thin film 

composite mediated by strain.  In such type of configuration magnetoelectric effect does 

not exist in the separately ferromagnetic or piezoelectric material but it is the property of 

the composite.   In direct magnetoelectric effect, the distortion of ferromagnetic layer is 

achieved by applying magnetic field on it which can be transferred to piezoelectric layer 

and results electric response (polarization) in piezoelectric layer.  In general, one can say 

that the two layers can affect each other through (i) mechanical coupling and (ii) electric or 

magnetic field strays. 
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          Figure 1. 19 Schematic of a multiferroic composite for stain-mediated magnetoelectric coupling 

 

One way of creation of strain in magnetic films has been introduced by Lee et al. and Dale 

et al. as it is mentioned K. Dorr et al. [48].  They used piezoelectric monocrystalline 

substrate of BaTiO3 (001) for magnetic thin film growth.  As it is mentioned in K. Dorr et 

al, Thiele et al. have suggested a replacement of BaTiO3 (001) piezoelectric by 

feãå çwÜE
MC
éåe

MC
è êÄëMíedãåêÄëMkFFEm (PMN-28PT) [48].  This substrate is close to 

cube ferroelectric with sufficiently uniform substrate lattice parameter to allow 

quantification of the applied piezoelectric strain.  This substrate is also known for having 

well-defined polarization versus electric field hysteresis and superior piezoelectric 

properties. 

Figure 1.20 below shows more specific sample geometry for magnetic thin film on a 

piezoelectric substrate as compared to the one shown in Figure 1.19.  In this device 

configuration, voltage is applied between the magnetic film and a counter-electrode on the 

opposite crystal face which creates strain in piezoelectric substrate.  If the magnetic film is       

    

Figure 1. 20  Schematic structure of sample comprising a conducting film on PMN-28PT(001)[48] 
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insulating, there should be a conducting buffer layer between the film and substrate that 

function as the upper electrode.  In this type of configuration, it is also possible to apply 

magnetic field on the magnetic thin film and measure voltage across the piezoelectric 

material (PMN-PT). 

The search for combination of materials that can give high ME coefficient is currently hot 

activity and there are a number of reports in this regard.  Some of the materials used as 

magnetic phase and ferroelectric phase are CoFe2O4, NiFeO3, Terfenol-D, La1-xSrxMnO3, 

La1-xBaxMnO3 and BaTiO3, Pb(Zr, Ti)O3 (PZT), BiFeO3, PbTiO3, PMN-PT, respectively 

[49-55].  Magnetoelectric coefficient (oàt 0 nT
ìà
ìt

) in La0.7A0.3MnO3/PMN-PT (001) 

(where A=Sr, Ca) composite was found to be as high as 60Oe cm/KV [55].  It is not only 

metal oxides that are used as magnetic materials but also ferromagnetic shape memory 

alloys (FSMAs/piezoelectric) [56, 57, 10].  Magnetoelectric coefficient (oàt 0
ìî
ìv
) 

and)oàt 0 nT
ìà
ìt

 ) in Ni2MnGa/PZT and Ni2MnGa/PMN-PT composite was found to be as 

high as 180mV/cmOe and 41 Oe cm/kV [56, 57]. 

Among FSMAs, Ni-Mn-Ga alloys have received considerable interest as FSMAs and they 

are also well studied alloys.  Theses alloys are known to have large magnetic-field induced 

strain (MFIS) in martensitic state which provides a room to be incorporated in multiferroic 

composite structure where magnetic field induced elastic deformation in the Heusler alloys 

may result in a large magnetoelectric coupling coefficient.   In Ni-Mn-Ga alloys, the MFIS 

can be considered as an equivalent magnetostrictive effect.  The magnetostrictive 

coefficient (or MFIS), for example in bulk single-crystalline stoichiometric Ni2MnGa, in 

martensitic state is more than one order of magnitude that the normal magnetostrictive 

coefficient.  As it is discussed in section 1.2.6, the martensite and ferromagnetic 

transformation temperatures can be tuned by varying the composition of Ni and Mn atoms.  

In other words, it is possible to produce off-stoichiometric Ni-Mn-Ga alloy thin film with 

martensite and ferromagnetic transition temperature above room temperature so that the 

magnetoelectric coupling of Ni-Mn-Ga FMSA thin film on the piezoelectric substrate 

(PMN-PT) can operate at room temperature.  This work is aimed at producing and 
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studying magnetoelectric effect of Ni-Mn-Ga/PMN-PT multiferroic thin film composite 

heterostructure that can function or operate at room temperature.     
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2 Experimental Methods     

2.1 Substrate choice and preparation 

It is well know that substrate plays a vital role in controlling and getting a good quality thin 

film.  In general properties of substrate affect the quality of a film in many ways.  Thus, to 

produce a quality thin film, substrate should have smooth and flat surface, high thermal 

conductivity, good stability, good adhesion property, low cost and ease of handling during 

processing (or deposition of a film), and others.  In this work commercially available 

different substrates with thickness of 0.5mm and with different crystal orientation as 

shown in the table 1.1 below were used to deposit Ni-Mn-Ga alloy thin films.  Even though 

different substrates for film deposition were used, this work is mainly concerned to the 

PMN-PT substrate, and others substrates were used for comparison. 

Table 2. 1 Types and orientation of substrate 
   

Substrate F;ccãå çwÜE
MC
éåe

MC
è êÄëMíF;MMãåêÄëMm 

(PMN-PT) 

SrTiO3 

(STO) 

MgO Al2O3 

Crystal 

orientation 

 

(100) 

 

(100) 

 

(100) 

 

(0001) 

 

In addition to good choice of substrates, preparation of substrate is critical to produce 

quality thin film.  Prior to the deposition of Ni-Mn-Ga (NMG) alloy thin film, the 

substrates should be cleaned, polished, and appropriate size for testing.  Firstly, the 

substrates as they were bought were cut in to a number of small pieces of dimensions)F;ï Ö

ï Ö EFLLñ and)F;ï Ö EF Ö EFLLñ.  Different batches (or series) were prepared in this 

way in which all of them were one sided polished except only one SrTiO3 substrate in the 

last batch (see the next section).  And then after, all substrates were cleaned for 15 minutes 

with acetone PA and another 15 minutes with ethanol PA in ultrasound bath.  The cleaned 

substrates were dried and ready for deposition. 
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2.2 Sputtering Deposition  

Sputtering deposition is one of the most widely used physical vapour deposition techniques 

that is used to deposit thin films [58].  It is the ejection of particle species from a solid 

called target and deposit a thin, firmly bounded film on adjacent surface called substrate.  

The process involves bombarding the surface of the target with inert gaseous ions by using 

high voltage acceleration. In the first step to sputter atoms from the target surface, plasma 

has to be created. This can be done by introducing atoms of inert gases (Ar gas) in a 

vacuum chamber and holding the target at negative bias while the shield around the target 

and the chamber are grounded. This potential accelerates electrons in the inert gas 

environment (Ar) in which they can collide in-elastically with Ar atoms.  The collision of 

an electron with Ar atom creates Ar+ and second electron.  Electrons produced in this way 

repeat the above process and causing the gas to breakdown the discharge to glow (or form 

plasma).  The second electrons help to sustain the discharge.  The created Ar+ ions in this 

way are accelerated towards the target and sputter the target.  The target atoms that are 

knocked out from the target will be transported to the substrate due to momentum transfer 

but not by evaporation.  The incident argon ions lose some energy during collision with 

target atoms.  Thus, heating the target should be controlled by water cooling system 

attached to it.  

The basic principle of sputtering as briefly described in the above paragraph is the same for 

all sputtering technologies.  The difference lies on the manner in which the ion 

bombardment of the target is realized.  Thus, based on the type of power used we have 

different types of sputtering which are called DC or RF sputtering, DC or RF Magnetron 

sputtering.  DC sputtering is used to deposit conducting materials but it cannot be used for 

depositing  
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Figure 2. 1 (a) Schematics of Magnetron sputtering system [49] and (b) a photo of Magnetron sputtering 
deposition system. 
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insulating materials.  The reason is because there will be charge build up during Ar+ 

bombarding at the insulating cathode.  Thus, to eliminate this problem AC power should be 

used, that developed the RF Sputtering technique. 

Magnetron sputtering is a sputtering deposition system where permanents magnets located 

behind targets are used to create magnetic field as shown in the Figure 2.1 above.  This 

magnetic field helps the electrons trajectory to be confined immediately to the vicinity of 

the target as result electrons bombard the target and increase of target temperature.  In 

addition to this, the magnetic field allows the plasma to ignite with less concentration of Ar 

atoms (lower processing Ar pressure) which intern enables higher deposition rate and 

improved control of film growth.  

Sputtering is usually characterized by sputter yield, S, which is define as the mean number 

of atoms removed from the target per incident argon ions and is given by    

                                    ó0 ò|ôöõ))�yöôúyù)
ûÉ{ÄùyÉ|))ÄôÉõ

.                                                                           (2.1) 

This quantity depends on many factors among which power, gas pressure, target material, 

and angle of incidence are some of the factors that are addressed here.  

The energy of bombarding ion and discharge current strongly depends on the power used 

which strongly affects the sputter rate. The sputtering yield is proportional to the 

bombarding argon ion energy.  The sputter rate increase as power increases. 

Gas pressure is another factor affecting the yield.  The collision of sputtered atoms with the 

gas atoms results deflections of the sputtered atoms, sometimes cause the atom re-deposit 

on the target, so that the re-deposition rate increases as the gas pressure increase.  On the 

other hand, increasing the working pressure increases the discharge current for constant 

power due to increasing plasma potential.  Thus, there is a working pressure at which the 

sputtering rate is maximum.    

The nature of target material affects the sputter yield.  This is because different materials 

require different amount of energy to sputter or they have different binding energy.  The 

higher binding energy the target material has, the lower sputter yield will be since it 

requires higher energy to remove the atoms from the target surface.  On the other hand, 

targets with lower binding energy have higher sputter yield.   

Sputter yield is also dependent on the angle of incident where angle of incidence is defined 

as the angle between the trajectory of the incident ion and an imaginary line perpendicular 
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to the target surface.  It was experimentally found that sputter yield increases until around 

700 and then rapidly decrease with increasing angle of incidence [58].  

In general by varying or controlling the deposition conditions, it is possible to control the 

structural and magnetic property of any magnetic thin film using sputtering deposition 

systems.  In this work, since the fundamental precondition (or requirement) for most 

technical applications in general and magnetoelectric effect in particular is that the films 

should be ferromagnetic and martensitic with different variants at room temperature, we 

tried to control the magnetic and martensitic property of Ni-Mn-Ga alloy thin films on 

different substrates by small variation of power on targets, varying substrate temperature 

and keeping gas pressure constant in radio-frequency (RF) sputtering deposition system as 

shown in the table 2.2 below.  In other words, we aimed to find the best condition of 

deposition that will lead to observe of magnetoelectric effect in Ni-Mn-Ga/PMN-PT thin 

film multiferroic composite and ferromagnetic martensite in the other films.  Prior to 

deposition the chamber base pressure was maintained below EFAüg†°° for all series of 

samples.  Different deposition conditions used for different series of samples are shown in 

the table 2.2 below.  To produce the films with these deposition conditions, magnetron RF 

co-sputtering of two targets with 2inch in diameter and composition of Ni50Ga50 and 

Ni50Mn50 which were located at a distance of 150mm from the substrates were used.  The 

final structure of the films on substrates after deposition looks like as shown in Figure 2.2. 
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Table 2. 2 Deposition condition for each sample 

 

Series 

 

Sample 

Power(W) Ar 

Pressure(mbar) 

Temperature 

(0C) 

Time 

(minutes) 

Ar 

flow(Sccm) Ni50Ga5

0 

Ni50Mn50 

 

 

14 

NMG/STO  

 

16 

 

 

18 

 

 

 

c Ö EFAñ 

 

 

320 

 

 

20 

 

 

10 

NMG/MgO 

NMG/ 

PMN-PT 

 

 

15 

NMG/Al2O3  

 

9 

 

 

11 

 

 

c Ö EFAñ 

 

 

370 

 

 

150 

 

 

10 

NMG/MgO 

NMG/ 

PMN-PT 

NMG/STO 

 

 

16 

NMG/STO  

 

12 

 

 

16 

 

 

c Ö EFAñ 

 

 

400 

 

 

150 

 

 

10 

NMG/ 

PMN-PT 

NMG/Al2O3 

 

 

 

 

 

Figure 2. 2 The schematic structure of the device after deposition. 
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3 Characterization Techniques 

3.1 Structural characterization 

3.1.1 X-Ray Powder Diffraction 

X-ray diffraction technique is a technique often used to study the crystal structure and 

lattice parameter of materials.  The diffraction of the x-ray is the result of interaction 

between x-rays and periodic array of atoms of a crystal or films. The x-rays are produced 

by the interaction of electrons with matter such as Copper, Molybdenum and others.  In 

this work XRD system of X´Pert PRO MRD from PANALYTICAL which uses Copper to 

produce x-rays with characteristics wavelength Cuk! of)¢ 0 E;ï£Fc§T were used.  The 

schematic of this system is shown in the Figure 3.1 (a) below.  The technique in general 

includes [%e[)scan, •)scan, and rocking curve (¶ scan).  In this work we used the [%e[ 

scan were used to identify the phase of the magnetic alloy thin film grown on different 

substrates. 

   

 

Figure 3. 1 (a) The schematic view of 4-circle diffractometer, (b) the diffraction of x-ray beam by plane of 
atoms [60]. 

 



 
                                                                                               Results and Discussion 

 43 
  
 Development of Multiferroic Heterostructures of 
                         Thin Film of Ni-Mn-Ga alloy and PMN-PT   
 

The basic working principle in simple way can be described as follows.  If parallel and 

monochromatic x-ray beams with wavelength ¢)and wave vector ki are diffracted by atoms 

in parallel planes with plane distance dhkl then the diffracted beams with wave vector kf 

will interfere constructively or destructively as shown in Figure 3.1 (b).  According to 

Bragg´s law of diffraction, constructive interference occurs when the path difference 

between two beams shown in the Figure 3.1 b is an integral multiple of)¢), that is, 

   ß1 0 e6â231XY[ 0 Y¢,                                                               (3.1)      

where [ is the angle between incident rays and the sample surface, hkl are the Miller 

indices of atomic planes and n is the order of diffraction.  The source ([) and the detector 

(2[ is the angle between the diffracted beam and the incident beam) angles are 

synchronized to each other, so that the Brag´s condition is satisfied for planes parallel to 

the film plane.  The angles can be varied generally in two ways: detector and the sample 

can rotate or detector and the source can rotate.  During [%e[ scan as the detector rotates, 

the detector records the intensity of diffracted beams ®ke[m as function of)e[.  Thus, from 

the result one can calculate dhkl for each peaks and lattice parameters.   

3.2 Magnetic and Piezoresponse Measurements 

3.2.1 Magnetic Force Microscopy and Piezoresponse Force 

Microscopy 

Atomic force microscopy (AFM) is an important characterization technique which can be 

used to study top surface of thin films or any material with nano-scale resolution.  It is so 

flexible that it can be used to image various forces by changing the tip and scanning mode. 

In this work, piezoresponse force microscopy (PFM) and magnetic force microscopy 

(MFM) are used to study ferroelectric and magnetic domains, respectively.  MFM 

technique was used to check whether the deposited magnetic films on different substrates 

are ferromagnetic (have magnetic response) or not while the PFM technique was used to 

check whether the ferroelectric property of the PMN-PT substrate is maintained after 

deposition or not.   

The basic working principles of these techniques are similar except the interaction between 

the tip and the sample are different.  Basic components of AFM are a tip, a cantilever, and 

a laser beam, a photodetector, feedback electronic system, a display system that converts 
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the measured data in to an image, and mechanical scanning system.  A tip which interacts 

with the sample by either repelled or attracted to the sample surface is mounted on one end 

of a cantilever and used to scan the sample.  The cantilever is critical part of AFM device 

in which one of its ends is attached to the tip and the other end is attached to a rigid 

substrate that can be held fixed. Because of attractive or repulsive interaction of the tip 

with the sample surface, there will be a positive or negative bending of the cantilever.   The 

deflection of the cantilever caused by the interaction between the tip and the sample should 

be detected in some way.  It is detected by photodetector as shown in Figure 3.2 below.  

The photodetector detects the relative position of the laser on photodiode.  The 

photodetector has four compartments which are divided by vertical and horizontal line and 

are used to detect the lateral and vertical deflection of the cantilever.  The controlled 

movement of the cantilever is done by expanding and contracting piezocrystal due to 

applied voltage on it.   

Magnetic force microscopy is a variation of AFM which is used to study magnetic 

materials equipped with a special tip coated with magnetic layer.  As the tip scans on the 

sample surface, it interacts with magnetic domains on the surface of the sample that results 

to the deflection of a cantilever.  MFM measures these influences using the principle of 

force gradient detection.  The force gradient contains information from both surface 

structure and surface magnetization (K 0 K̂ W>©POa 5 K7P™:aä.Owhere K̂ W>©POais the surface 

component of the gradient and K7P™:aä.Ois the magnetic component of the gradient).  

Signals from the surface dominate at a distance close to the surface while at a distance 

further away from the sample the magnetic signals dominate.  Thus, depending on the 

distance between the tip and the sample surface, MFM images may contain both 

topographic image and magnetic image.  In other words, information about the sample can 

be obtained by using lift (or non contact mode) and tapping mode.  Figure 3.3 below 

depicts the measurement method of MFM. Indeed, the magnetic information depends on 

the nature or strength of magnetic interaction  
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 Figure 3. 2 Block diagram of Atomic Force 

 

between the tip and the sample.  Thus a cantilever should be coated with a magnetic 

material having small magnetic signal.

The vertical gradient force on the tip shifts the resonance frequency (

amount,#´, where T́ is the resonance frequency of

Figure 3. 3 Schematic illustration of magnetic force 
magnetization direction in each domain and the white 
[62].  
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Block diagram of Atomic Force Microscope [61] 

e sample.  Thus a cantilever should be coated with a magnetic 

material having small magnetic signal. 

The vertical gradient force on the tip shifts the resonance frequency (

is the resonance frequency of the tip in the absence of magnetic field.   

illustration of magnetic force microscopy: Red arrows show the direction of spontaneous 
magnetization direction in each domain and the white arrows show the directions of motion of the cantilever 

Results and Discussion 

Development of Multiferroic Heterostructures of 
  

e sample.  Thus a cantilever should be coated with a magnetic 

The vertical gradient force on the tip shifts the resonance frequency ( T́) by some small 

the tip in the absence of magnetic field.               

 

: Red arrows show the direction of spontaneous 
of motion of the cantilever 
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This frequency shift can be detected by three ways: phase detection which measures or 

detects the cantilever´s phase of oscillation relative to the Piezo drive, amplitude detection 

which tracks the variation in oscillation of amplitude, and frequency modulation which 

directly tracks the shift in resonance frequency.  In this work MFM phase image was used 

to study the magnetic property of the thin film on top of piezoelectric substrate and other 

substrates.   

Since our aim is to make a device composed of composite of piezoelectric and magnetic 

film, we should maintain ferroelectric property of the substrates.  Thus, PFM was used to 

check the piezoresponse of the substrates.  Its working principle is as follows.  The PFM 

measurement works in contact mode.  When an AC or DC electric field is applied between 

a conductive tip (top electrode) and the sample (bottom electrode), the Piezo material 

generate strain because of converse piezoelectric effect. The response depends on sign of 

the applied field and the orientation of local electric polarization of the sample under study.  

When the positive voltage is applied on the domains with vertically upward polarization, 

then the sample will expand locally.  If the polarization is vertically downward 

polarization, sample contracts locally.  Figure 3.4 below demonstrates this situation.  The 

phase of electromechanical response of the surface yields information about the orientation 

of polarization.   For upward orientation of polarization, the phase is zero and for the 

downward orientation the phase is 1800        

     

           Figure 3. 4 Sign dependence of piezoresponse of piezoelectric material [63] 

 

3.2.2 Vibrating Sample Magnetometer (VSM)  

Vibrating Sample Magnetometer (VSM) was used to measure the magnetic properties of 

the Ni-Mn-Ga thin film deposited on different substrates using sputtering deposition. The 

working principle of this instrument is based on the Faraday´s law of induction.  The 
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sample to be measured is suspended by non magnetic rod that is attached to a vibrating 

head in a homogenous magnetic field where maximum signal can be detected.  The sample 

in this field is made to undergo mechanical vibration by the vibrator which is attached at 

the other end of the rod.  The photo of VSM magnetometer used in this work is shown in 

the Figure 3.5 below.  As a result of the vibration of sample in the field, there are magnetic 

flux changes which are converted to electrical signal (or voltage) by picking up coils.  

According to Faradays law of induction, the induced voltage is proportional to the rate of 

change of flux (¨ 0 ì≠
ìä

).  Thus, it is possible to extract the magnetic moment of the sample 

as a function of magnetic field.  The VSM instrument used in this work is capable of 

producing magnetic fields up toÆEFg using a superconducting magnet.   From this 

measurement one can get the magnetization versus magnetic field M(H) or temperature 

M(T) in the range of 2 to 320K.  From both curves magnetic parameters like saturation 

magnetization, coercive field and others can be extracted.  To avoid the movement of the 

samples inside a plastic tube, the samples were fixed by a plastic plaster to the tube in 

which both the plaster and the tube have weak diamagnetic signal. However, there is one 

difficulty with VSM measurement, that is, it has low resolutionEFAØ∞L±)†°)EFA≤∞L±.   
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Figure 3. 5 Photo of VSM.  

 

For thin films with small signals lower than this resolution, the VSM is not preferred for 

magnetic measurement since it will not detect the hysteresis loop, because of diamagnetic 

properties of substrates.  The presence of the diamagnetic substrates give the measured 

magnetization curves from VSM or SQUID magnetometer a negative slope like the one 

shown in the Figure 3.6 (a) below.  For further analysis of the magnetization hysteresis 

curves, the substrate contribution should be removed from the curve.  This was done by 

subtracting the substrate contribution from the original data, that is,)9O≥>>aOäaì 0

97aP^W>aì + ¥ì.P_, where ¥ì.P is the high field slope after saturation.  The corrected 

M(H) hysteresis loop show horizontal curve after saturation as shown in the Figure 3.6 (b) 

below.  Some of Ni-Mn-Ga alloy thin films on some substrates we produced were so thin 

that they did not give enough magnetic signals using VSM.  Thus, for these films 

Superconductor Quantum Interference Device Magnetometer (SQUID) at the University of 

Porto were used to obtain their hysteresis loops and magnetization versus temperature 

curves.  

Computer 

Electronics  
Sample chamber 
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Figure 3. 6  M(H) hysteresis loop (a) from the original data and (b) after removing substrate contribution for 
the sample of Ni-Mn-Ga/Al2O3.  

 

3.2.3 Superconducting Quantum Interference Device (SQUID) 

Magnetometer  

Superconductor Quantum Interference Device (SQUID) Magnetometer can be used to 

measure a magnetization (M) of a sample with high precision as a function of parameters 

such as external magnetic field (H) or temperature (T).  This system is equipped with 

SQUID which is a very sensitive device that can detect magnetic flux as small as 

µEFAJG)g∞1∂S by superconducting loops containing Josephson junctions.  In fact, SQUID 
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magnetometer consists of the following basic components: a superconducting magnet, a 

superconducting detection coil (pick-up coil), a SQUID and a superconducting magnetic 

shield. The magnetic sensitivity the SQUID magnetometer is aboutEFAü + EFA∑∞L±.   A 

schematic of a SQUID magnetometer is shown in the Figure 3.7 below.  The sample to be 

measured is inserted inside the pick-up coils.  When this sample moves it produce an 

alternating magnetic flux in the pick-up coils which leads to an alternating output voltage 

in the SQUID.  The output signal is then amplified and read out by the magnetometer 

electronic.  The output signal is proportional to the magnetic moment of the sample which 

can be magnetized by a magnetic field produced by the superconducting magnet.   

The Quantum Design MPMS Magnetometer which was used to measure some Ni-Mn-Ga/ 

substrate thin films in this work can operate in temperature range between 2 and 400K and 

magnetic fields up to 5.5T.  However, magnetic fields used for M(H) measurement were 

up to Æeg and for M(T) measurement was at 0.1T.  Its picture is shown in Figure 3.7 

below.  As in VSM, to avoid the movement of the samples inside a plastic tube, the 

samples were fixed by a plastic plaster to the tube in which both the plaster and the tube 

have weak diamagnetic signal.     

    SQUID Pick-up 

Josephson 

junction 

(a) 
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Figure 3. 7 (a) A Schematic illustration of SQUID magnetometer [64] and (b) Photo of SQUID. 

 

3.3 Magnetoelectric (ME) Measurement 

To study magnetoelectric effect different measurement methods (techniques) by many 

researcher groups have been used such as using SQUID, VSM, AFM and Lock-in 

technique.  As a result of using these different techniques, results may differ even for the 

same materials.  In this work, a lock-in technique was used to study the magnetoelectric 

effect in composite of FMSAs, Ni-Mn-Ga film and piezoelectric substrate PMN-PT.  The 

detailed description about the experiment can be found in paper written by G.V. Duong et 

al. [65]. The schematic of experimental set up and the photo of the equipment are shown in 

the Figure 3.8 (a) and (b), respectively, below.  A power supply provides current to coils in 

the electromagnets.  The electromagnetic in the set up is used to produce a DC magnetic 

field up to 15kOe.  Near to this electromagnet, Helmholtz coils are used to produce AC 

magnetic field which is superimposed with the DC field.  The frequency of the AC signal 

can be changed up to 100 kHz and its amplitude can be up to 10Oe.  In such kind of 

experimental set up, the direct magnetoelectric effect is observed very easily, that is 

(b) 
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measuring voltage or electric field by applying magnetic field.  The sample to be measured 

is placed in the field with its surface perpendicular or parallel to the field direction, 

according to the longitudinal and transverse measurement, respectively.  The DC field 

between the electromagnets is measured by using Hall probe.  The magnetoelectric voltage 

can be measured by the lock-in amplifier which has an input resistance of 100M".  The 

measured signal is processed by transferred the signal to a computer interfaced with 

Labview program.   

When the magnetoelectric material is exposed to an external magnetic field, the voltage V 

appears in these materials and this voltage can be written as  

                           ¨k_m 0 ´k_m 0 ∏†Y1π; 5o_ 5 p_Z 5 q_ñ 5 ∫_G 5 

              ª ìº
ìv
0 o 5 ep_ 5 Mq_Z 5 £∫_ñ 5\.                                                (3.2) 

If the external magnetic field is filed due to bias DC field from electromagnet and a small 

AC field (Ω 0 ΩT1XY¶π) from Helmholtz coils, then the total field can be written as  

                                       _ä≥äP3 0 _ 5 ΩT1XY¶π.                                                             (3.3) 

Up on substituting  _ä≥äP3 in the V expression, we can obtain  

¨ 0 ∏†Y1π; 5ok_ 5 ΩT1XY¶πm 5 pk_ 5 ΩT1XY¶πmZ 5 qk_ 5 ΩT1XY¶πmñ 5  

        ∫k_ 5 ΩT1XY¶πmG 5 \;                                                                                            (3.4) 

After expanding the powers, simplified form of equation 3.4 is given by  

    )

¨ 0 æk∏†Y1π; 5£pΩTZ 5 M∫ΩTG 5 do_ 5 EeqΩTZ_ 5 dp_Z 5 e£∫ΩTZ_Z 5 dq_ñ 5 d∫_G)mø                 

        kdoΩT 5 cqΩTñ 5 Ecp_ΩT 5 e£∫_ 5 e£qΩTΩTñ_Z 5 Me∫ΩT_ñ1XY¶πm 5     

        øk+£pΩTZ + £∫ΩTG + EeqΩTZ_ + e£∫ΩTZ_Zm∏†1e¶π 5 \ ¿                                        (3.5)                                                        

The output Voltage from the lock-in amplifier is then given by  

≥̈Wä 0
E
d
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v
çâ≈
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è 5 Me∫ çâ≈

v
è…;   (3.6) 

When)ΩT   _, higher order terms can be neglected and the voltage output can be written 

as 

               ≥̈Wä 0 ΩTko 5 ep_ 5 Mq_Z 5 £∫_ñm 0 ΩT ç
ìº
ìv
è.                                          (3.7)  
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Therefore, the magnetoelectric voltage coefficient is given by 

                 98)∏†∞´´X∏X∞Yπ 0 oàt 0
ìt
ìv
0 J

ì
çìº
ìv
è 0 ºÀÃÕ

â≈ì
,                                             (3.8) 

 where d is the effective thickness of the piezoelectric phase.  This technique allows us to 

measure voltage ( ≥̈Wä) that appear across the sample as a function of DC bias field.    

 

           

 

Figure 3. 8 (a) Schematic [65] and (b) Photo of Experimental set up. 
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4 Results and Discussion 

In the present work, Ni-Mn-Ga alloy thin films were deposited on different substrates as 

mentioned in the experimental part of this report using different deposition conditions by 

means of RF magnetron co-sputtering of two targets namely Ni50Ga50 and Ni50Mn50.  

Knowing the calibrated deposition rates, thicknesses of Ni-Mn-Ga thin films are calculated 

as 35nm, 70nm, and 210nm for the films deposited at deposition temperature of 3200C, 

3700C, and 4000C, respectively.  The area of all samples was measured by scanning the 

samples using scanner.   The area and thickness later are used to calculate the volume of 

the films and magnetization in emu per unit volume.  The samples structural properties 

were characterized by XRD and magnetic properties were characterized by VSM, SQUID, 

and MFM.  Moreover, ME measurements on samples with PMN-PT substrate were done to 

see the coupling between the film of Ni-Mn-Ga FSMA and piezoelectric substrate PMN-

PT.  The results of these measurements are presented and discussed as follows. 

4.1 Structure   

4.1.1 XRD Result for Ni-Mn-Ga/Al2O3(0001) film 

Figure 4.1 shows the XRD [ + e[ scan from bare Al2O3 (0001) substrate and other two 

Ni-Mn-Ga/Al2O3(0001) films deposited at substrate temperatures of 3700C and 4000C.  As 

it can be seen from the figure, strong reflection from the Al2O3 substrate was obtained 

at)e[ h £M;MdT, indicating that this single crystal substrate is highly (000l) oriented.  The 

film deposited at substrate temperature of 3700C exhibits peak at e[ h ££;EMT which can 

be indexed as (220)c cubic which correspond to austenite phase of the alloy [66].  A small 

peak at the shoulder of this peak at e[ h ££;eET  with smaller intensity is observed for the 

film which can be indexed as (202)t of martensite phase of the alloy [67].  Two phases 

coexist in the film.  The film deposited at substrate temperate of 4000C has also two peaks 

at the angle of diffraction of )e[ h £M;MdT and))e[ h ££;EMT but with different values of 

intensities which implies that the amount of martensite phase of the alloy in this case is 

more than that of the austenite phase.  Though, it is very difficult to determine the amount 

of each phase present in the films, we can roughly speak the amount of phases present by 

assuming that only these two phases exist.  Indeed, the x-ray showed that the films are 
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partially crystalline but from the two phases we can have rough estimation about the 

amount of the two phases present by neglecting the amorphous part.  In the first case the 

amount of austenite phase (72.8%) is roughly two and half times the martensitic phase 

(27.2%) and in the second case the austenite phase (34.7%) is almost half of the martensite 

phase (65.3%).  Thus, one can say that the increase of substrate temperature increase the 

amount of martensite phase.        
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Figure 4. 1 XRD * + ,* scan of bare Al2O3 substrate and Ni-Mn-Ga films deposited at substrate temperature 
of 3700C and 4000C. 

 

4.1.2 XRD Result for Ni-Mn-Ga/PMN-PT thin film 

Figure 4.2 depicts the XRD [ + e[ from bare PMN-PT(100) substrate and from thin films 

of Ni-Mn-Ga/PMN-PT(100) deposited at substrate temperatures of 3200C, 3700C, and 

4000C.  Three very pronounced and sharp peaks as shown in the measured x-ray diffraction 

originates from the single crystalline PMN-PT (l00) (for l=1, 2, 3) substrate.  Because of 

the high intensities of the peaks from the substrate, it is very difficult to identify peaks 

from the film unambiguously.  In spite of this difficulty peaks from the film at the shoulder 

of the middle high peak of the substrate are observed with angle of diffraction e[ h

£M;e£T for films deposited at substrate temperatures of 3200C and 3700C which can be 
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indexed as (220)c cubic austenite phase of the alloy [68] or as (112)t martensite phase of 

the alloy [68, 10] , see part b in the figure.  Moreover, for the film deposited at the 

substrate temperature of 4000C another peak appears at the angle of)e[ h ïF;ïdT which 

cannot be assigned unambiguously. 
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Figure 4. 2 XRD * + ,* scan of bare PMN-PT substrate and Ni-Mn-Ga/PMN-PT films deposited at substrate 
temperature of 3200C, 3700C and 4000C. 

 

4.1.3 XRD Results for Ni-Mn-Ga/MgO thin film 

Figure 4.3 depicts the XRD [ + e[ from bare MgO (100) substrate and from thin films of 

Ni-Mn-Ga/MgO (100) deposited at substrate temperatures of 3200C and 3700C.  Strong 

peak from the substrate at e[ h £e;feT))is observed.  For the film deposited at substrate 

temperature of 3200C two distinctive convolutions of peaks close to (200)c austenite lines 

are observed.  These peaks are due to martensite phase.  However, a peak observed at  

e[ h cc;fdT which close to (400)c  austenite phase line does not show convolution of 
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peaks [69, 66].  The film deposited at substrate temperature of 3700C exhibits more 

additional peaks.  Peaks observed at e[ h Md;ïï for the two films correspond to Œ«- 

radiation.  The films showed broad diffraction peaks which indicate partially crystalline 

nature of the films.  Because of the broadness of the peaks at)e[ h cc;fdT, it is difficult to 

associate a phase to this peak unambiguously.  However, if the peak is due to austenite 

phase, then the film posses mixed phases of martensite and austenite.    
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Figure 4. 3 XRD * + ,* scan of bare MgO substrate and Ni-Mn-Ga/MgO thin films deposited at substrate 
temperatures of 3200C and 3700C. 

 

4.1.4 XRD Results for Ni-Mn-Ga/STO thin film 

The XRD pattern of bare STO substrate and Ni-Mn-Ga/STO thin films deposited at 

substrate temperatures of 3200C, 3700C, and 4000C are show in the Figure 4.4 below.  As it 

can be seen from the figure strong reflections from the bare substrate is observed at)e[ h

£c;eMT.  For the film deposited at substrate temperature of 3200C, there is no peak 

observed.  But for the film deposited at substrate temperature of 3700C very small peaks 

)e[ h ££;EjT)from the film are observed which can be indexed as (202)m or (112)t 

martensite phase of the alloy or (220)c austenite phase of the alloy [68, 70].  This peak is 

dominated by the peak from the substrate.  Moreover, the intensity of this peak is very 
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small which may indicate that small amount of crystalline phase exits or the film is 

dominantly amorphous phase.           
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Figure 4. 4 XRD * + ,* scan of bare STO substrate and Ni-Mn-Ga/STO thin films deposited at substrate 
temperatures of 3200C, 3700C and 4000C. 

 

However, if we compare crystalline phase (or amorphous phase) between the two films, 

the film deposited at substrate temperature of 3700C has more crystalline phase.  For the 

film deposited at 4000C peaks at))e[ h Md;eET)and  )e[ h c£;££T are observed.  Peaks 

observed at )e[ h £E;dET corresponds to Œ«-radiation.  The XRD data showed that degree 

of crystalline increases as the substrate temperature increases.  

In general, the above XRD data from all the films showed that the films deposited on 

different substrates at different substrate temperatures are partially crystalline.  The angular 

position of peaks for different substrates are different which may indicate that an influence 

of the substrates on the films microstructure.  Moreover, overall results suggest that the 

phases present in the films vary with substrate and its deposition temperature.  However, 

reasonable interpretation of the crystallographic state of the films at room temperature can 

be suggested taking into account the whole set of experimental results obtained in this 

work.  In any case, one or two peaks in XRD pattern are not enough for rigorous 

crystallographic analysis.  Thus, it is hard to identify unambiguously the martensite 
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structure in these films and additional characterizations (or measurements) such as 

magnetization versus temperature, electrical resistivity versus temperature are needed to 

indentify clearly the phases present at room temperature in the films.    

4.2 Magnetic and Piezoresponse Measurements 

4.2.1 Vibrating Sample Magnetometer and Superconducting Quantum 

Interference Device Magnetometer 

 The magnetization versus magnetic field hysteresis loops of all films as-deposited were 

measured by using Vibrating Sample Magnetometer (VSM) and superconducting quantum 

interference device (SQUID) magnetometer. All the hysteresis loops were obtained for 

magnetic field applied parallel to plane of direction of films.  The magnetization curves for 

some films were measured by using SQUID since it was very difficult to get measurable 

signals by VSM.  The measured hysteresis loops at room temperature and 5K are presented 

as follows according to substrate deposition temperature.  

The magnetizations versus magnetic field curves for films deposited at substrate deposition 

temperature of 3200C at room temperature are shown in the Figure 4.5 below.  At this 

substrate deposition temperature all the films showed ferromagnetic behavior except the 

film with STO substrate.  For this group of films, magnetization values are very small as 

compared to other batches, see table 4.1.  The substrate temperature was not enough to get 

crystalline films; instead films are dominantly amorphous as it is confirmed by the XRD 

results. 
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Figure 4. 5 M-H loops of Ni-Mn-Ga thin film measured at room temperature and deposited on different 
substrates at substrate temperature of 3200C. 
 

The hysteresis M(H) loops for films deposited at substrate temperature of 3700C are shown 

in the Figure 4.6 below.  These magnetization curves have been obtained at 5K and room  
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Figure 4. 6  M(H) hysteresis loops for films deposited at substrate temperature of 3700C: (a) for all films measured 
at room temperature, (b) for Ni-Mn-Ga/STO and Ni-Mn-Ga/Al2O3 films measured at 5K and, (c) for Ni-Mn-
Ga/MgO film measured at 5K..  

 

temperature.  As it can be seen in the Figure 4.6 (a), all films are ferromagnetic at room 

temperature.  However, the saturation magnetization values obtained from all the curves in 

the above figure for these films at room temperature and at 5K are different as shown in 

table 4.1.  Moreover, as shown in the Figure 4.6 b and c the behaviors of M(H) hysteresis 

curves at 5k for the films are different.  In the case of Ni-Mn-Ga/MgO thin film, close 

inspection of its M(H) curve showed hysteresis loop and the magnetization saturates at 

higher fields.  When the magnetic field reaches 0.99T the change in magnetization 

becomes less and a steeper jump like magnetization occurs.  When the field decreases from 

saturation, the magnetization does not follow the previous path but a jump like decrease 

occurs at lower field, resulting in increased hysteresis in the first quadrant of magnetization 

loop.  The same type of behavior is observed in the fourth quadrant with small hysteresis. 

The jump like behavior may be associated to the reorientation or redistribution of 

martensite variants, which occurs at fields sufficiently high to move twin boundaries.  The 

differences in magnetization curves clearly show that the magnetic characteristics of Ni-

Mn-Ga films depend on nature of substrate which may affect the crystallography, 

substructure, and residual stress of the films.  The saturation magnetization value and 
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saturation magnetic field for the film with MgO substrate as shown in the Figure 4.6 c are 

strange values.  Because of these strange values the measurement was done two times and 

the results were more or less the same.  The saturation magnetization value is four times 

greater than the magnetization value of other Ni-Mn-Ga films in the same batch.  This 

happens probably due to the composition of the film may be different or due to 

contamination of the film.  There is no any clear experimental evidence that justifies the 

strange values (high saturation magnetization and saturation field) so far done in this work.        

The measured hysteresis loops for samples deposited at substrate temperature of 4000C are 

shown in the Figure 4.7 below.  The measurements of the magnetization curves were done 

at room temperature and 5K.  As it can be seen from the curves and their analysis,  
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Figure 4. 7 M-H loops of Ni-Mn-Ga thin film measured at temperature of  a) 304K and b) 5K on different 
substrates deposited at substrate temperature of 4000C 

Table 4. 1 Curie temperature, saturation magnetization and coercive fields at 300K and 5K of Ni-Mn-Ga on 
different substrates. 
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films deposited at different substrates exhibit soft ferromagnetic properties which is 

characterized by low coercive fields and narrow hysteresis loops.  The soft magnetic 

property may be an indication that magnetic property comes from a single phase.  The 

value of coercive fields and saturation magnetizations for these samples are tabulated as 

shown in table 4.1 above.  The saturation magnetization values vary from 120emu/cm3 to 

250emu/cm3 which shows the role of substrate type on the magnetic property of the Ni-

Mn-Ga thin films.  Even though the difference is not very exaggerated, film with SrTiO3 

substrate showed the least saturation magnetization value among all the films while films 

with PMN-PT and Al2O3 substrate showed more or less the same value.  The saturation 

magnetization of Ni-Mn-Ga film on STO(100) substrate has showed value of 120emu/cm3 

at room temperature.  The saturation magnetization values obtained for the film with STO 

substrate is less than the others may be due to its roughness.  The STO substrate was used 

on the non-polished side during sample preparation as it also confirmed by the AFM 

measurement presented in the next section.  Hence, the film microstructure and its 

magnetic properties are affected accordingly.  The magnetization of the film with PMN-PT 

substrate at room temperature attains 30emu/g while the bulk Ni-Mn-Ga alloy has 

magnetization of 65emu/g at room temperature [71].  The saturation magnetization values 

30emu/g and 65emu/g were obtained by using density)œ 0 d;Ec–%∏Lñ.  Not only of 

difference in magnetization of films on different substrates is observed but also some 

differences in coercive field of films which are 154Oe for STO, 88Oe PMN-PT substrate 

and 96Oe Oe for Al2O3 substrate is observed.   

The M-H hysteresis loops for the same set of samples measured at temperature of 5K are 

shown in the Figure 4.5 b) above.  Magnetic parameters (saturation magnetization and 

coercive field) for these films are extracted from these curves and are listed in table 4.1.  

As one can see from the table and the graph, film with PMN-PT and Al2O3 substrate 

showed highest and almost the same saturation magnetization while film with SrTiO3 

showed the lowest value saturation magnetization among the samples.  But the saturation 

magnetization values for these films at this temperature are higher as compared to its value 

at room temperature as expected.  Magnetization value varies from 340emu/cm3 to 

405emu/cm3, which shows that the saturation magnetization at this temperature is also 
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dependent on the nature of substrate like the above case.  But for films with substrate 

PMN-PT and Al2O3, the saturation magnetization has almost the same value.  Not only the 

magnetization values at 5K with respect to magnetization at room temperature are 

increased but also the coercive fields for all of these films are increased. 

In general from the observation of M(H) hysteresis measurement, the magnetic (or 

ferromagnetic) properties of the films dependence on the nature of substrate and growth (or 

substrate) temperature.  Interestingly, the saturation magnetization per unit volume for all 

the films increases significantly on increasing the substrate temperature with some minor 

inconsistency that may be due to measurement problems, see table 4.1.  The nature of 

substrate and substrate deposition temperature are seemingly main factors determining the 

degree of crystalline state of the films.    

The temperature dependence of magnetization measurements, M(T), for the films 

deposited at substrate temperature of 4000C were carried out with SQUID magnetometer.  

This measurement was done to identify the structural (martensite to austenite if possible) 

and magnetic transition (Curie) temperature.  These magnetization curves are shown in the 

Figure 4.8 below.  The magnetization curves can provide signature of structural transition 

(Tm) by showing an anomaly (a sudden increase or decrease) in magnetization and 

magnetic transition (Tc) by showing a drop in magnetization upon heating.  However, the 

observation of magnetization curves reveals that they reflect only magnetic transition and 

no separate signature of structural transition was noticed in contrast to stoichiometric 

Ni2MnGa, where gO 0 MfMV and g7 0 eFFV[33].  The Curie temperature is very clear to 

observe in the curves and it is extracted from the curves in the following way.  
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Figure 4. 8 The temperature dependence of magnetization for Ni-Mn-Ga/Al2O3 (a), Ni-Mn-Ga/PMN-PT (c), 
and Ni-Mn-Ga/STO films.  Straight line fitted to the linear range of M2(T) for Ni-Mn-Ga/Al2O3 (b), Ni-Mn-
Ga/PMN-PT (e), and   Ni-Mn-Ga/STO (f) films.  

 

For these films, following the mean field approximation the square of magnetization 

9Zkgm is approximately linear in temperature range near below Tc.  Thus, the value of Tc 

has been determined by extrapolating the linear part of 9Zkgm to))9 0 F.  The values of 

the Curie temperature for these films are found to be above room temperature and the 

values are 337K, 345K, and 348K.  Even though, the ferromagnetic to paramagnetic curie 

transition was clearly observed for these films, the absence of a separate observation of 

martensite transition in the magnetization curves may be due to the small change in the 

magnetization value during the occurrence of martensitic transition in the films or may be 

due to occurrence of magneto-structural transition.  Indeed, this needs further study to 

understand the structural transition.             

4.2.2 Magnetic Force Microscopy (MFM) 

The magnetic property of three batches of samples deposited at different substrate 

temperatures was also characterized by magnetic force microscopy (MFM).  This 

characterization technique is more sensitive for samples with magnetic moments which are 

oriented along the perpendicular direction to the surface (out-of-plane direction).  The 
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results of this measurement are organized in to three groups in the following sections based 

on the deposition substrate temperature.        

4.2.2.1 The MFM Result for films deposited at substrate temperature of 

3200C 

The AFM topography and MFM image of Ni-Mn-Ga thin films deposited on different 

substrates at substrate temperature of 3200C are depicted in the Figures 4.7-4.9 below.  The 

thickness of the films for this batch is calculated to be 35nm.  The topography image of the 

Ni-Mn-Ga thin film on the PMN-PT shows smooth surface with peak-to-valley roughness 

of 2nm and RMS roughness of 0.49nm.  On the other hand, the Ni-Mn-Ga/MgO and Ni-

Mn-Ga/STO films have roughness of 10nm and 17nm, respectively, and their RMS 

roughness is almost the same that is 2.89nm.  The MFM image for Ni-Mn-Ga/MgO thin 

film show magnetic contrast which testifies very small magnetic signals.  However, Ni-

Mn-Ga/PMN-PT and Ni-Mn-Ga/STO thin films do not show observable magnetic contrast.  

Lack of clear observable magnetic contrast (or domains) in these films may be due the in-

plane alignment of magnetic moments because of film thickness [72].  The two films 

showed ferromagnetic properties as it is also confirmed by VSM and SQUID measurement 

except Ni-Mn-Ga/STO film.                   

 

Figure 4. 9 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/MgO film deposited at 3200C 
substrate temperature 

a b 
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Figure 4. 10 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT film deposited at 
3200C substrate temperature 

 

Figure 4. 11 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO film deposited at 3200C 
substrate temperature 

 

4.2.2.2 The MFM Result for films deposited at substrate temperature of 

3700C 

The AFM topographic and MFM images of Ni-Mn-Ga thin films deposited at substrate 

temperature of 3700C on different substrates are depicted below in the Figure 4.12-4.16.  

The thickness of the films for this batch is calculated to be 70nm.  For the films Ni-Mn-

Ga/Al2O3, Ni-Mn-Ga/MgO, Ni-Mn-Ga/PMN-PT, Ni-Mn-Ga/STO the roughness is 6nm, 

2nm, 7nm, 10nm, respectively and the RMS is 1nm, 0.33nm, 1.38nm, and 2.23nm, 

respectively.  Among the films, Ni-Mn-Ga/MgO has the smoothest surface.  From the 

MFM images for these films, there is no observed color contrast.  However, from the 

SQIUD measurement these films have showed ferromagnetic,    

a b 

a d 
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Figure 4. 12 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/Al2O3 film deposited at 3700C 
substrate temperature 

 

behavior.  Thus, absence of color contrast may be again due to smallness of magnetic 

signal from the films to interact with the magnetic tip.  

 

Figure 4. 13 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/MgO film deposited at 3700C 
substrate   temperature 

 

  

 

b a 

a b 

a b 
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Figure 4. 14 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT film deposited at 
3700C substrate temperature 

 

Figure 4. 15   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO film deposited at 3700C 
substrate temperature 

 

4.2.2.3 The MFM Result for films deposited at substrate temperature of 

4000C 

Figure 4.16-4.18 show the AFM topography and MFM phase images of the films under 

zero applied magnetic field.  As it can be seen from figures the AFM images show 

different  

 

Figure 4. 16   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/PMN-PT film deposited at 
4000C substrate temperature 

a b 

a b 
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Figure 4. 17   a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/STO film deposited at 4000C 
substrate temperature 

 

Figure 4. 18 a) AFM topographic image and b) MFM phase image of Ni-Mn-Ga/Al2O3 film deposited at 4000C 
substrate temperature 

 

microstructure for films with different substrates.  The thickness of the films for this batch 

is calculated to be 210nm.  In the case of Ni-Mn-Ga/PMN-PT and Ni-Mn-Ga/Al2O3 films, 

the RMS roughness and the maximum peak- to-valley range have almost similar values 

which are 2nm and 10nm, respectively.  However, for the film Ni-Mn-Ga/STO, the RMS 

roughness and the maximum peak-to-valley are 4.5nm and 20nm, respectively.  The film 

with STO substrate shows the higher roughness while the other films show almost the 

same and lower roughness.  High roughness of film with STO substrate is due to the 

unpolished surface of the substrate STO used.  Thus, small value of roughness of the 

substrate used in this work could contribute to more perfect microstructural state of the 

film which in turn affects the properties of the films.  All MFM images reveal a magnetic 

contrast produced by magnetic domains forming a complex type of pattern.  The magnetic 

domains represent regions of uniform magnetization.  The bright and dark regions in the 

MFM images are associated with the magnetization being parallel and antiparallel to the 

a b 

b a 
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in- plane direction which, in general, can be along to in plane of the film or tilted position 

to it.  Comparing the MFM images, one can say that there is a dependence of magnetic 

properties on microstructure of (roughness) the films or nature of substrate.   

4.2.3 Piezoresponse Force Microscopy (PFM) 

To observe magnetoelectric effect, the ferromagnetic thin film in the thin film multiferroic 

composite should be in ferromagnetic state and the piezoelectric substrate should be in 

piezoelectric state at room temperature.  Thus, the state of the piezoelectric substrate 

should be checked after the deposition of the ferromagnetic film.  The piezoresponse (or 

ferroelectric state) of the substrate was studied by piezoresponse force microscopy (PFM).  

The PFM mode was made with External Lock-in SR830, ac voltage of amplitude 10V 

and)´ 0 ïFŒ_—. Tip was used as top electrode and silver paste under the PMN-PT 

substrate was used as lower electrode.  Figure 4.19 below shows the topographic, the phase 

image and hysteresis loops of the PMN-PT substrate.  The measurement was at room 

temperature done on the samples of Ni-Mn-Ga/PMN-PT which was deposited at substrate 

temperature of 4000C.      
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Figure 4. 19  a) topography, b) PFM amplitude, and c) hysteresis loop of PMN-PT substrate under Ni-Mn-Ga 
film deposited at substrate temperature of 4000C 

 

Because of the presence of Ni-Mn-Ga film on PMN-PT substrate, the PFM contrast seems 

unclear.  However, the piezoresponse was distinguished and confirmed by the hysteresis 

loop as shown in the Figure 4.19 (c).  Therefore, the piezoelectric property of the PMN-PT 

substrate at substrate deposition temperature of 4000C was maintained. 

4.3 Magnetoelectric Effect     

The ferroelectric behaviors and ferromagnetic behaviors are basic requirements for a 

composite to exhibit ME voltage output.  The characterization of substrate PMN-PT in the 

composite showed ferroelectric behaviors, and the characterization of the thin films of Ni-

Mn-Ga alloy in the composite showed ferromagnetic behaviors. To see ME effect in the 

(a) (b) 

 (c) 
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composite of Ni-Mn-Ga/PMN-PT multiferroics, the experimental set up discussed in the 

experimental part was used.  In the experiment for this composite, DC magnetic field was 

superimposed with AC magnetic field.  An increasing DC bias magnetic field in the range 

between ïF“∞ b _ b EFŒ“∞ was applied.  The applied AC magnetic field had small 

amplitude of 10Oe and its frequency was chosen to be 100 kHz.  This frequency was 

chosen to optimize the maximum output voltage.  All measurements were done at room 

temperature.  The multiferroic composite explored here was allowed to operate in the L-T 

ME coupling mode, i.e. longitudinal magnetized (field direction is along the surface 

direction) /voltage is measured in the transverse direction as it is mentioned in section 

1.3.2.2.  

Figure 4.20 shows the ME output voltage as a function of DC bias magnetic field for Ni-

Mn-Ga/PMN-PT composite heterostructures deposited at substrate temperature of 3700C 

and  
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Figure 4. 20 Variation of output Voltage as function of DC bias field for Ni-Mn-Ga/PMN-PT composite 
multiferroic deposited at a temperature of 3700C and 4000C (a) including none active substrate Al2O3 and (b) 
with only active substrate. 

 

4000C.  The ME output voltage for non active substrate (Al2O3) was measured and is used 

as a reference level as shown in the Figure 4.20 (a).  As we expected the ME output 

voltage for the sample with active (piezoelectric) substrate is much higher as compared to 

the ME output voltage of the sample with non-active (non-piezoelectric) substrate (µM Ö

EFAZ mV/cm Oe). 

The thickness of the films deposited at substrate temperature of 3700C and 4000C are 70nm 

and 210nm, respectively.  For the composite heterostructure deposited at 3700C, the 

maximum ME voltage output is found to be 3.16mV/cmOe while for the composite 

heterostructure deposited at 4000C the maximum ME voltage output is 3.02mV/cmOe.  
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The ME output shows a slight decrease with increase in DC magnetic field.   Its value 

decreases up to 2.9mV/cmOe for the film deposited at the temperature of 4000C and up to 

3.08mV/cmOe for the film deposited at the temperature of 3700C.  The appearance of ME 

output voltage is due to the change in magnetization of the film which resulted in 

magnetostriction and development of electric polarization owing to piezoelectric effect, 

when stress applied by film over ferroelectric phase(PMN-PT).  Beyond a certain magnetic 

field bias field, the magnetostriction gets saturated, and hence would produce a constant 

electric field in the piezoelectric phase.  This leads to a decrease in the ME output at higher 

magnetic fields.  As it is shown in the plot, the composite deposited at 3700C is observed to 

have higher ME Voltage than the composite deposited at 4000C.  This difference may be 

due to large amount magnetic phase in film deposited at substrate temperature of 4000C 

than the one deposited at 3700C which may lead to result discharge process or leakage 

current.   

Different groups use different measuring techniques to study the ME effect.  Thus, it is 

difficult to compare results obtained by different research groups, even on similar 

materials.   Even though, the comparison is not on the same materials, measuring 

technique, and processing technique, some results for different structures are shown in the 

table 4.2 below.  As it can be seen from the table, the value of ME output voltage obtained 

in this work is less than by a factor of ten from some of the results but still it is better result 

than some other results. The most probable reason for this low value is the Ni-Mn-Ga films 

are partially crystalline.  W. H. Wang et al. have reported that single crystal Ni-Mn-Ga 

sample has very large MFIS [73].  Two orders of magnitude larger than the traditional 

magnetostrictive materials have been reported.  Since the samples produced here are 

partially crystalline, the MFIS is much smaller than single crystal samples. Thus, the value 

of ME output voltage is affected accordingly.  However, significant ME coefficient 

enhancement may be achieved by improving the degree of crystallinity of Ni-Mn-Ga alloy, 

for example, using polycrystalline or single crystal sample.  Moreover, the thickness ratio 

(thickness of the Ni-Mn-Ga thin to the thickness of PMN-PT) must be also taken into 

account to make the comparison since ME output voltage is dependent on this ratio.  The 

effect of thickness ratio on ME output voltage needs further investigation.  The 

magnetoelectric measurement was done at room temperature.  But, it is known that the 
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crystal structure of Ni-Mn-Ga alloys depends on its temperature and then the MFIS and 

ME output voltage are affected accordingly.  This implies that good ME coupling may be 

possible at other temperature values.   Thus, higher ME output voltage may be obtained.       

Table 4. 2  Summery of magnetoelectric coupling coefficient for some structures     

Structure Materials Magnetoelectric 

Coefficient (Oe cm/kV 

or mV/cm Oe) 

Temperature  Reference 

Laminated 

Composite 

heterostructure 

Thick film of 

La0.7Sr0.3MnO3 on PZT 

60 mV/cm Oe RT [74] 

Composite 

heterostructure 

Thin film of Fe3O4 on  

PMN-PT 

67 Oe cm/kV RT [75] 

Composite 

Heterostructure  

Ni2MnGa/PMN-PT 41 Oe cm/kV RT [57] 

composite BaTiO3 and CoFe2O4 50  mV/cm Oe RT [76] 

2-2 horizontal 

heterostructure 

CFO and  BTO matrix 66 mV/cm Oe RT [77] 

Composite CoFe2O4-BaTiO3 0.1 to 2.23mV/cm Oe RT [78] 

Composite 

heterostructure 

Thin film of Ni-Mn-Ga on 

PMN-PT 

3.2 mV/cm Oe RT Present 
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5 Conclusion and Outlook  

Series of Ni-Mn-Ga thin films deposited on different substrates using three different 

deposition conditions have been fabricated using Magnetron sputtering deposition system.  

The main varying parameter of the deposition condition was the substrate deposition 

temperature which ranges from 3200C to 4000C.  The substrates used to deposit the films 

were Al2O3, MgO, STO, and PMN-PT.  Structural and magnetic properties of these films 

were studied.  In addition, magnetoelectric effect for multiferroic composite structure of 

Ni-Mn-Ga/PMN-PT was studied.  

The structural measurements on Ni-MN-Ga thin films using XRD diffraction have showed 

that as-deposited films are partially crystalline or they are composed of amorphous and 

crystalline phase.  Moreover, the degree of crystallinity and the phases present vary with 

substrate deposition temperature.  It is known that increasing substrate temperature 

promotes the growth of coarser (or larger grain) microstructure or single crystal.  Thus, 

increasing the substrate temperature of the films from 3200C to 4000C have shown an 

increase of grain size or improved the degree of crystallinity.   Moreover, the XRD 

measurements for some films have shown that the martensite and austenite phases coexist 

in the films.  An increase of substrate temperature for these films promoted formation or 

evolution of martensite phase. 

 The magnetic measurements done using VSM, SQUID, and MFM have shown that the 

films deposited on different substrates under different deposition conditions are 

ferromagnetic at room temperature.  On increasing the substrate temperature from 3200C to 

4000C, the magnetization values from the magnetization versus magnetic field 

measurements have show an increment from the least value 10emu/cm3 to the maximum 

value 250 emu/cm3.  Even though, the magnetization has shown an increase in value with 

substrate temperature, the increase differs from substrate to substrate.  The magnetic 

properties of the films depend not only on the growth temperature but also on the nature of 

substrate.  The magnetization versus temperature or (thermo-magnetic) measurements for 

the films deposited at the substrate temperature of 4000C, which have showed best 

ferromagnetic properties among the produced sample under different conditions, reflect 

only magnetic transition.  The value of Curie temperatures for batch of films is found to be 
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337K for Ni-Mg-Ga/PMN-PT, 345K for Ni-Mn-Ga/STO and 348K for Ni-Mn-Ga/Al2O3 

which are all above room temperature.  No signature of structural transition temperature 

was observed in the measured range of temperature.  The values of Curie temperature 

extracted from M(T) curves for the films did not show significant differences. 

The magnetoelectric measurement using lock-in technique was done on a heterostructure 

Ni-Mn-Ga/PMN-PT multiferroic composite.  It was found that Ni-Mn-Ga alloy films 

deposited at substrate temperature of 3700C and 4000C have shown ferromagnetic 

behaviour and the PMN-PT has shown piezoelectric behaviour or response, which are the 

basic requirements to see magnetoelectric effect in the composite.  By changing the applied 

DC magnetic field on Ni-Mn-Ga alloy thin film to change films magnetization, we 

measured an induced voltage across the surface of PMN-PT.  The maximum induced ME 

voltages for films deposited at substrate temperature of 3700C and 4000C are 

3.16mV/cmOe and 3.02mV/cmOe, respectively.  This investigation demonstrates that Ni-

Mn-Ga/PMN-PT multiferroic composite are found to exhibit magnetoelectric coupling or 

effect at room temperature.         

Future out Look                              

1. The structural analysis from XRD data have shown that the Ni-Mn-Ga alloy thin films 

deposited using different deposition conditions on different substrates are partially 

crystalline.  Moreover, the results have also shown that austenite and martensite phase 

on some substrate coexist.  Thus, to crystallize the films fully, either post heat 

treatment (annealing) of films or higher growth temperatures should be used.  In 

addition to crystallizing the film, post heat treatment can also help to understand the 

evolution of phases with annealing temperature.  However, either the annealing 

temperature or the growth temperature should not be large enough to allow reaction of 

the substrate with the film. 

2. The thermo-magnetic (magnetization versus temperature) measurements didn´t show 

noticeable signature on the structural transition.  Thus, further study, for example 

electrical resistivity versus temperature measurements on the films, should be 

conducted to understand the structural transition. 

3.  In the view of exhibiting magnetoelectric coupling between ferromagnetic Ni-Mn-Ga 

alloy thin film and the piezoelectric PMN-PT substrate, further investigation to 
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improve the magnetoelectric coupling should be done.  The improvement can be done 

in many ways:  

• Fully crystallize the films as it mentioned in number one.   The 

structural transition temperature is easily noticeable in crystalline state 

that in partially crystalline state.    This helps to us check whether the 

films are in martensite state at room temperature or not.  Moreover, 

crystalline films have large strain than partially crystalline films under 

external magnetic field because of twin boundary motion.  Thus, higher 

magnetoelectric voltage output is expected.      

• The magnetoelectric out voltage dependence on the thickness ratio 

between the magnetic and piezoelectric phase.  Thus, investigation of 

effect of thickness ratio on the magnetoelectric output voltage should 

be done to find the thickness ratio that will give maximum voltage 

output. 

• The magnetoelectric output voltage dependence on temperature should 

be also done. 
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