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Abstract

This work is concerned with the preparation and detailed characterization of epi-
taxial thin films of the Heusler compound Ni2MnGa. This multiferroic compound
is of both technological and scientific interest due to the outstanding magnetic
shape memory (MSM) behavior. Huge magnetic-field-induced strains up to 10
% have been observed for single crystals close to a Ni2MnGa composition. The
effect is based on a redistribution of crystallographic twin variants of tetragonal
or orthorhombic symmetry. Under the driving force of the external magnetic field
twin boundaries can move through the crystal, which largely affects the macro-
scopic shape. The unique combination of large reversible strain, high switching
frequency and high work output makes the alloy a promising actuator material.
Since the MSM effect results from an intrinsic mechanism, MSM devices possess
great potential for implementation in microsystems, e.g. microfluidics.

So far significant strains, in response to an external magnetic field, have been
observed for bulk single crystals and foams solely. In order to take advantage of
the effect in applications concepts for miniaturization are needed. The rather di-
rect approach, based on epitaxial thin films, is explored in the course of this work.
This involves sample preparation under optimized deposition parameters and
fabrication of freestanding single-crystalline films. Different methods to achieve
freestanding microstructures such as bridges and cantilevers are presented. The
complex crystal structure is extensively studied by means of X-ray diffraction.
Thus, the different crystallographic twin variants, that are of great importance
for the MSM effect, are identified. In combination with microscopy the twinning
architecture for films of different crystallographic orientation is clarified. Intrin-
sic blocking effects in samples of (100) orientation are explained on basis of the
variant configuration. In contrast, a promising twinning microstructure in (110)
oriented films is detected stimulating further research.

Taking advantage of the thin film geometry spectroscopic methods are applied
to the samples. The measurements provide the first experimental test for changes
in the electronic structure of the involved 3d metals during a martensitic transi-
tion. Exploiting the X-ray magnetic circular dichroism quantitative information
on the element-specific spin and orbital magnetic moments are accessed. In ad-
dition, angular-dependent experiments allow to trace the microscopic origin of
the magnetic anisotropy in Ni2MnGa improving the fundamental understanding
of this material.





Kurzfassung

Gegenstand dieser Arbeit ist die Präparation und die ausführliche Charakteri-
sierung epitaktischer Dünnschicht-Proben der Heusler Verbindung Ni2MnGa.
Diese intermetallische Verbindung zeigt einen magnetischen Formgedächtnis-Ef-
fekt (MFG), der sowohl im Bezug auf mögliche Anwendungen, als auch im Kon-
text der Grundlagenforschung äußerst interessant ist. In Einkristallen nahe der
Stöchiometrie Ni2MnGa wurden riesige magnetfeldinduzierte Dehnungen von bis
zu 10 % nachgewiesen. Der zugrundeliegende Mechanismus basiert auf einer
Umverteilung von kristallographischen Zwillings-Varianten, die eine tetragonale
oder orthorhombische Symmetrie besitzen. Unter dem Einfluss des Magnetfeldes
bewegen sich die Zwillingsgrenzen durch den Kristall, was eine makroskopische
Formänderung mit sich bringt. Die somit erzeugten reversiblen Längenänderun-
gen können mit hoher Frequenz geschaltet werden, was Ni2MnGa zu einem vielver-
sprechenden Aktuatorwerkstoff macht. Da der Effekt auf einem intrinsischen
Prozess beruht, eignen sich Bauteile aus MFG Legierungen zur Integration in
Mikrosystemen (z.B. im Bereich der Mikrofluidik).

Bislang konnten große magnetfeldinduzierte Dehnungen nur für Einkristalle
und Polykristalle mit hoher Porosität (“foams”) nachgewiesen werden. Um den
Effekt für Anwendungen nutzbar zu machen, werden allerdings Konzepte zur
Miniaturisierung benötigt. Eine Möglichkeit bieten epitaktische dünne Filme,
die im Rahmen dieser Arbeit hergestellt und untersucht werden sollen. Im Fokus
steht dabei die Optimierung der Herstellungsparameter, sowie die Präparation
von freitragenden Schichten. Zudem werden verschiedene Konzepte zur Her-
stellung freistehender Mikrostrukturen erprobt. Mittels Röntgendiffraktometrie
konnte die komplizierte Kristallstruktur für verschiedene Wachstumsrichtungen
verstanden und die genaue Verteilung der Zwillingsvarianten aufgedeckt werden.
In Verbindung mit Mikroskopie-Methoden konnte so die Zwillingsstruktur auf
verschiedenen Längenskalen geklärt werden. Die Ergebnisse erklären das Aus-
bleiben des MFG Effekts in den Proben mit (100) Orientierung. Andererseits
wurde für Schichten mit (110) Wachstum eine vielversprechende Mikrostruk-
tur entdeckt, die einen guten Ausgangspunkt für weitere Untersuchungen bie-
tet. Durch die spezielle Geometrie der Proben war es möglich, Spektroskopie-
Experimente in Transmission durchzuführen. Die Ergebnisse stellen den ers-
ten experimentellen Nachweis der Änderungen in der elektronischen Struktur
einer metallischen Verbindung während des martensitischen Phasenübergangs
dar. Durch Messen des magnetischen Zirkulardichroismus in der Röntgenabsorp-
tion konnten quantitative Aussagen über die magnetischen Momente von Ni und
Mn getroffen werden. Die Methode erlaubt überdies die Beiträge von Spin- und
Bahn-Moment separat zu bestimmen. Durch winkelabhängige Messungen gelang
es, die mikroskopische Ursache der magnetischen Anisotropie aufzuklären. Diese
Ergebnisse tragen wesentlich zum Verständnis der komplexen magnetischen und
strukturellen Eigenschaften von Ni2MnGa bei.





Contents

1 Introduction 1

2 Background 5
2.1 Heusler compounds . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Shape memory effect . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Phase transformation . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Twinning . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Thermal shape memory effect . . . . . . . . . . . . . . . . 15
2.2.4 Ferromagnetic shape memory effect . . . . . . . . . . . . . 16

2.3 Properties of the system Ni-Mn-Ga . . . . . . . . . . . . . . . . . 22
2.3.1 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.2 Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3.3 Phase transition and compositional dependence . . . . . . 27

3 Experimental details 31
3.1 Thin film sample preparation . . . . . . . . . . . . . . . . . . . . 31

3.1.1 Sputter deposition . . . . . . . . . . . . . . . . . . . . . . 32
3.1.2 Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.1.3 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.1.4 Optimized preparation parameters . . . . . . . . . . . . . 37

3.2 Freestanding films . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.1 Sacrificial substrate method . . . . . . . . . . . . . . . . . 40
3.2.2 Sacrificial buffer layer technique . . . . . . . . . . . . . . . 41
3.2.3 Focused ion beam etching . . . . . . . . . . . . . . . . . . 46

3.3 Standard characterization methods . . . . . . . . . . . . . . . . . 48
3.3.1 X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . 48
3.3.2 Reflectometry . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3.3 Magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3.4 Surface investigation . . . . . . . . . . . . . . . . . . . . . 55

4 Crystal Structure 57
4.1 Structural properties of the austenite . . . . . . . . . . . . . . . . 58
4.2 Structural phase transformation . . . . . . . . . . . . . . . . . . . 68

v



CONTENTS

4.3 Martensite crystal structure . . . . . . . . . . . . . . . . . . . . . 71
4.3.1 Films on Al2O3(112̄0) substrates . . . . . . . . . . . . . . 71
4.3.2 Samples on MgO(100) substrates . . . . . . . . . . . . . . 76
4.3.3 NaCl(100) substrates . . . . . . . . . . . . . . . . . . . . . 83

4.4 Magnetic field assisted XRD . . . . . . . . . . . . . . . . . . . . . 86
4.5 Key results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5 Surface morphology and twinning microstructure 89
5.1 (110)A oriented films . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2 (100)A oriented films . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3 Magnetically induced reorientation of variants . . . . . . . . . . . 100

5.3.1 Model for variant alignment . . . . . . . . . . . . . . . . . 100
5.3.2 Manipulation of twinning microstructure . . . . . . . . . . 104

5.4 Key results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6 Magnetic properties 113
6.1 Bulk magnetometry . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.1.1 Phase transformation . . . . . . . . . . . . . . . . . . . . . 113
6.1.2 Saturation magnetization . . . . . . . . . . . . . . . . . . . 119
6.1.3 Indication of MIR in hysteresis loops . . . . . . . . . . . . 121

6.2 XAS and XMCD . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6.2.1 Phase transformation . . . . . . . . . . . . . . . . . . . . . 128
6.2.2 Magnetic anisotropy . . . . . . . . . . . . . . . . . . . . . 133
6.2.3 Surface properties . . . . . . . . . . . . . . . . . . . . . . . 140

6.3 Key results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7 Conclusions 143

Bibliography 159

List of publications 161

Acknowledgments 163

vi



List of Figures

2.1 Representation of the L21 structure . . . . . . . . . . . . . . . . . 6
2.2 Temperature-dependence of the martensitic transformation . . . . 9
2.3 Gibbs free energy of austenite and martensite . . . . . . . . . . . 10
2.4 Mechanism of lattice deformation during a displacive transformation 12
2.5 Twin plane alignment . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.6 Representation of orthorhombic twin variants . . . . . . . . . . . 15
2.7 Thermal shape memory effect . . . . . . . . . . . . . . . . . . . . 17
2.8 Two-variant model . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.9 Model for twin boundary movement . . . . . . . . . . . . . . . . . 20
2.10 Illustration of reversible magnetostrain in MSM alloys . . . . . . . 21
2.11 Schematic of the 7M/14M structure . . . . . . . . . . . . . . . . . 23
2.12 Structure-composition correlation . . . . . . . . . . . . . . . . . . 24
2.13 Ni2+xMn1−xGa phase diagram . . . . . . . . . . . . . . . . . . . . 27
2.14 Ni2Mn1+xGa1−x phase diagram . . . . . . . . . . . . . . . . . . . 28

3.1 Deposition chamber and illustration of the sputter process . . . . 33
3.2 Influence of substrate temperature on saturation magnetization . 39
3.3 Composition dependence on the sputter pressure . . . . . . . . . . 40
3.4 Images of films prepared on NaCl substrates . . . . . . . . . . . . 42
3.5 Illustration of the patterning process . . . . . . . . . . . . . . . . 43
3.6 Optical microscopy image of a partly freestanding film . . . . . . 44
3.7 Images of a patterned and partially released sample . . . . . . . . 45
3.8 Redeposition of material during FIB etching . . . . . . . . . . . . 46
3.9 SEM image of a FIB etched cantilever . . . . . . . . . . . . . . . 47
3.10 Side view of the mircostructure . . . . . . . . . . . . . . . . . . . 47
3.11 Front view on a FIB cut cantilever . . . . . . . . . . . . . . . . . 48
3.12 Ni2MnGa powder diffraction pattern simulation . . . . . . . . . . 50
3.13 {hkl} reflection list for a Ni2MnGa powder sample . . . . . . . . . 51
3.14 Operating angles of the four circle diffractometer . . . . . . . . . 52
3.15 Determination of film thickness by XRR . . . . . . . . . . . . . . 53
3.16 XRR scan on a Al-Fe multilayer . . . . . . . . . . . . . . . . . . . 54

4.1 XRD fullscan on MgO . . . . . . . . . . . . . . . . . . . . . . . . 59

vii



LIST OF FIGURES

4.2 XRD rocking curve on MgO . . . . . . . . . . . . . . . . . . . . . 59
4.3 XRD fullscan on Al2O3 . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4 XRD rocking curve on Al2O3 . . . . . . . . . . . . . . . . . . . . 60
4.5 Reciprocal space maps for different film growth modes . . . . . . 62
4.6 Sketch of the in-plane orientation on MgO and Al2O3 substrates. . 63
4.7 Representation of chemical order of substrate and film . . . . . . 64
4.8 Illustration of the chemical order at the film substrate interface . 64
4.9 Unconventional growth on MgO(100) . . . . . . . . . . . . . . . . 65
4.10 Phi-scans of the {220} and {400} film peaks. . . . . . . . . . . . . 67
4.11 Illustration of the multi-variant growth on MgO . . . . . . . . . . 67
4.12 Reciprocal space maps of the martensite {400} peaks . . . . . . . 70
4.13 Temperature evolution of the (400)A peak . . . . . . . . . . . . . 70
4.14 Temperature evolution of the (202)A peak . . . . . . . . . . . . . 71
4.15 Model for twin plane alignment on Al2O3 substrates. . . . . . . . 72
4.16 Variant configuration and XRD peak splitting . . . . . . . . . . . 74
4.17 Twin variant alignment and modulation in (110)A oriented films . 75
4.18 7M structure probed by XRD line scans . . . . . . . . . . . . . . 76
4.19 XRD fullscan on MgO(100) + Cr buffer . . . . . . . . . . . . . . 77
4.20 Reciprocal space map of martensite peaks . . . . . . . . . . . . . 78
4.21 Variant distribution probed by XRD . . . . . . . . . . . . . . . . 79
4.22 Variant configuration before and after releasing the film . . . . . . 81
4.23 Modulation for different variants . . . . . . . . . . . . . . . . . . . 82
4.24 Modulated superstructure in a freestanding film . . . . . . . . . . 83
4.25 XRD fullscan on a film released from NaCl . . . . . . . . . . . . . 84
4.26 Rocking curve of a freestanding film released from NaCl . . . . . . 85
4.27 Phi-scan of the freestanding film . . . . . . . . . . . . . . . . . . . 85
4.28 Model for variant redistribution . . . . . . . . . . . . . . . . . . . 86

5.1 Light microscopy images of surface reliefs . . . . . . . . . . . . . . 92
5.2 Changes in the surface pattern upon thermal cycling . . . . . . . 94
5.3 SEM image of different twinning patterns . . . . . . . . . . . . . . 95
5.4 AFM image showing the tweed-like twinning pattern . . . . . . . 96
5.5 SEM image of the FIB cut cross section . . . . . . . . . . . . . . . 97
5.6 SEM image of etched film surface . . . . . . . . . . . . . . . . . . 98
5.7 AFM image of aged film surface . . . . . . . . . . . . . . . . . . . 99
5.8 Illustration of surface relief induced by twinning . . . . . . . . . . 99
5.9 Twinning pattern on freestanding microbridges . . . . . . . . . . 101
5.10 Model for twin variant alignment . . . . . . . . . . . . . . . . . . 102
5.11 Illustration of surface pattern induced by twin bands . . . . . . . 103
5.12 Sketch of twin band intersections . . . . . . . . . . . . . . . . . . 104
5.13 Indication of MIR in micro-cantilever . . . . . . . . . . . . . . . . 106
5.14 Model for MIR of variants . . . . . . . . . . . . . . . . . . . . . . 107
5.15 Manipulation of twinning pattern . . . . . . . . . . . . . . . . . . 109

viii



LIST OF FIGURES

5.16 Magnetically induced variant redistribution . . . . . . . . . . . . . 110
5.17 Indication of MFIS . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1 Temperature evolution of in-plane magnetization . . . . . . . . . . 114
6.2 T-Sweeps in high and low field . . . . . . . . . . . . . . . . . . . . 116
6.3 Shift of phase transformation due to crystallographic orientation . 116
6.4 T-Sweep for films with TC < TAs . . . . . . . . . . . . . . . . . . . 117
6.5 Assignation of the phase transformation temperatures . . . . . . . 118
6.6 Hysteresis loops for austenite and martensite phase . . . . . . . . 119
6.7 Difference in coercive field . . . . . . . . . . . . . . . . . . . . . . 120
6.8 In-plane M(H) curves for a film on Al2O3(112̄0) . . . . . . . . . . 122
6.9 Magnetization jumps . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.10 In-plane M(H) curves for a sample on MgO(100) . . . . . . . . . 124
6.11 Step-like increases in magnetization . . . . . . . . . . . . . . . . . 124
6.12 XAS function principle . . . . . . . . . . . . . . . . . . . . . . . . 126
6.13 2p→ 3d transition rules . . . . . . . . . . . . . . . . . . . . . . . 127
6.14 XAS and XMCD for T > TM and T < TM . . . . . . . . . . . . . 129
6.15 XAS comparison of theory and experiment . . . . . . . . . . . . . 131
6.16 Temperature evolution of Ni and Mn moments . . . . . . . . . . . 132
6.17 Hard-axis magnetization loops . . . . . . . . . . . . . . . . . . . . 134
6.18 Representation of the variant configuration in (101)A oriented films 135
6.19 Angular-dependent XAS and XMCD spectra . . . . . . . . . . . . 137
6.20 Angular dependence of Ni spin and orbital magnetic moments . . 138
6.21 Illustration of the changes in Ni d states . . . . . . . . . . . . . . 139

ix





Chapter 1

Introduction

What image comes to your mind when you think of a chemistry lab? A room
equipped with work benches, extractor hoods and shelves packed with chemicals
of all sorts? Do you see a huge variety of glass vessels and lab equipment? So how
about a lab that fits in your pocket, a lab on a chip? What sounds like a piece
of equipment from a science fiction movie is actually the vision of a promising,
interdisciplinary research field called microfluidics [1]. At the intersection of sci-
ence and technology this growing research field deals with systems that process or
manipulate small amounts of fluids, typically below 10−9 liters. The processing
is done in a network of channels with dimensions of 10 to 100 µm. By adding
functions like pumps, valves, sensors or electronics to the microchannel network,
a complex microsystem called lab-on-a-chip can be realized. The possible appli-
cations range from chemical synthesis to biological analysis, like portable medical
diagnostics. Besides the very small quantities of samples and reagents needed,
the unique fluid dynamics in microchannels enable completely new applications.
A challenging task in these microsystems is the implementation of the functional
groups. To achieve a compact design, new functional materials are needed, one
of which is investigated within this work.

The development of new technological concepts is closely connected with re-
search on new functional materials. These so-called smart materials are character-
ized by distinct properties such as mechanical, electrical or magnetical properties,
that can be significantly changed in a controlled way by an external field. The
control mechanism may be a change in temperature, applying a mechanical stress
or an electric or magnetic field. Coupling between different physical properties
can lead to an increased functionality. Such a multi-functional material is the
Heusler compound Ni2MnGa that exhibits coupling between magnetic and struc-
tural order. In response to a magnetic field mechanical strains up to 10 % can
be induced in single-crystals of this multiferroic compound. As the macroscopic
shape of the sample is altered by the reversible magnetic field-induced strains, the
effect is also referred to as “magnetic shape memory effect” (MSM effect). The
fascinating phenomenon was first observed by Ullakko and co-workers in 1996.
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They reported 0.2 % magnetic-field-induced strain (MFIS) in a sample close to
stoichiometric Ni2MnGa [2]. In the following years, the magnetically induced
strains have been increased considerably. In 1999 a field-induced strain of more
than 5 % was observed in the nearly tetragonal martensite phase of Ni48Mn31Ga21

[3]. The record value of almost 10 % was measured for a Ni49Mn30Ga21 single-
crystal in 2002 [4]. These huge strains are generated by a redistribution of crys-
tallographic variants in the material. Through the magnetocrystalline anisotropy
the external field produces an internal stress on the twin boundaries that sep-
arate the different variants. Moderate magnetic fields (< 1 T) can induce twin
boundary motion, which changes the variant distribution. The microscopic pro-
cess leads to a macroscopic strain, that can reach the aforementioned values for
single-crystalline samples. In contrast to conventional shape memory alloys like
NiTi, no phase transformation is involved in the magnetic field-controlled pro-
cess. As a consequence the slow heating and cooling process can be omitted.
Thus, the response time of MSM materials can be below a millisecond, while the
achievable strains exceed those of other active materials like Terfenol-D, Galfenol,
and piezoelectrics by more than an order of magnitude. The combination of high
switching frequency (up to the kHz range), large strains and high work output
makes Ni2MnGa a promising material for actuator applications [5]. Since the
magnetically induced strains are based on an intrinsic mechanism, devices ex-
ploiting the MSM effect possess great potential for miniaturization. Due to their
compactness and lightness, MSM components can be easily included in mechan-
ical devices of small dimensions. Among the possible applications are valves or
pumps for microfluidics systems. Using concepts of microelectronics one approach
in microfluidics deals with silicon-based devices that are by principle compatible
with MSM thin films. Other potential applications include positioning devices,
e.g. optical mirrors in a microscanner [6], switches, active vibrational dampers
and sensors that make use of the inverse effect. In principle, the inverse effect
can be used for harvesting waste mechanical energy utilizing the Villari effect
[7]. In addition to the magneto-elastic properties, another feature of the Ni-Mn-
Ga system is of technological interest: the magnetocaloric effect [8]. In general,
materials experiencing a structural phase transition in the ferromagnetic state
are promising operating agents in refrigerators. For some compositions in the
Ni-Mn-Ga system the structural and magnetic phase transitions appear at the
same temperature. This gives rise to a large magnetocaloric effect comparable to
the so-called giant magnetocaloric materials [9].

Currently, a number of potential magnetic shape memory compounds like Fe-
Pd, Fe-Pt, Ni-Mn-Z (Z=In, Sn, Sb) or Co-Ni-Al are investigated both experimen-
tally and theoretically [10]. To date the most promising candidate for applications
is the extensively studied Ni-Mn-Ga system. Decisive parameters that limit the
operation temperature, i.e. the Curie temperature and the phase transformation
temperature, can be tailored by changing the composition. The Ni:Mn:Ga ratio
has also a huge impact on the crystal structure of the active martensite phase in
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Ni-Mn-Ga. Large magnetic-field-induced strains have been observed solely in sin-
gle crystals with a modulated structure. In the non-modulated phase the twinning
stress is too high to allow MFIS. While large MFIS can be achieved for monocrys-
tals, polycrystalline bulk samples show almost no magnetostrain because of the
grain boundaries that effectively suppress the motion of twin boundaries.

In order to take advantage of the MSM effect in microactuator applications,
concepts for miniaturization are needed. Recently, several approaches including
Ni-Mn-Ga powders, fibers, ribbons and films have been explored. These elements
with one or more small dimension can be included in constructs such as compos-
ites, laminates or foams. A nice overview of different concepts was provided
recently by Dunand and Müllner [11]. Although encouraging results have been
achieved for fibers [12], foams [13] and compounds [14], the most promising and
straight-forward approach is based on thin epitaxial films. The first successful
attempt in growing epitaxial films was conducted by Dong and co-workers [15].
Using molecular beam epitaxy (MBE) they prepared epitaxial Ni2MnGa films
on lattice-matched GaAs(001) substrates with a Sc0.3Er0.7As interlayer. On the
basis of these samples the authors fabricated freestanding bridges and cantilevers
using a complex etching procedure and reported indication of the MSM effect
at T=135 K [16]. However, neither the used substrate materials nor the applied
techniques of this work are suitable for commercial applications. This is not the
case for sputter deposition, a preparation technique extensively used in semicon-
ductor industry. In general, films deposited by sputtering will be polycrystalline
or textured only [17].

The direct preparation of epitaxial Ni2MnGa films using sputter deposition
was pioneered in the preceding work [18]. Following these results the present
thesis explores different concepts to obtain freestanding Ni-Mn-Ga films that can
be used in microactuator application. The key focus of this work is not on the
technical implementation, but on the physical properties of the thin film sam-
ples. In this context, effort is put into film preparation and detailed characteri-
zation. The decisive structural and magnetic properties of substrate-constrained
and freestanding films are investigated by means of X-ray diffraction, surface
imaging, magnetometry and X-ray absorption spectroscopy. Taking advantage
of the unique properties of thin film samples, e.g. the fixed reference system pro-
vided by the substrate and the option to measure in transmission mode, elaborate
investigation methods are applied to tackle fundamental questions. Among them
are the influence of the film-substrate orientation relation on the microstructure
of the martensite phase and the microscopic origin of the magnetocrystalline
anisotropy. The first chapter provides an overview of the properties of Heusler
compounds in general and the Ni-Mn-Ga system in particular. The relevant
preparation techniques and characterization methods are reviewed in chapter 3.
The studies on the crystal structure of the austenite and the complex marten-
site are elaborated in chapter 4. The variant configuration and associated twin
plane alignment dictate not only the microstructure of the martensitic samples

3
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but are also reflected in the surface morphology of the films. Hence, microscopy
techniques can be applied to investigate the effect of twinning on different length
scales, which is discussed in chapter 5. The important magnetic properties of
the films are treated in chapter 6. This section presents the results obtained
with magnetometry measurements and X-ray absorption spectroscopy. The last
chapter provides an overview of the basic reults of this work that contribute to
an increased comprehension of the interesting Ni-Mn-Ga system.
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Chapter 2

Background

2.1 Heusler compounds

The prototype of the class of Heusler compounds, Cu2MnAl, was discovered in
1903 by the chemist Friedrich Heusler [19, 20]. Surprisingly, the alloy shows
ferromagnetic order, though none of the constituents does in the elemental form.
Even at room temperature Cu2MnAl is ferromagnetic. To date a large number
of these ternary intermetallic compounds has been discovered and extensively
studied, both experimentally and theoretically. The material class can be divided
in full- and half-Heusler compounds, described by the sum formulas X2YZ and
XYZ, respectively, where X and Y are transition metals while Z is a main group
element (group III.-V.). In contrast to conventional alloys, where the different
elements are statistically distributed, the different atomic species in a Heusler
“alloy” occupy defined lattice sites. The three constituents X, Y and Z are
arranged on four interpenetrating fcc sub-lattices as shown in Fig. 2.1. For the
fully ordered structure, referred to as L21 structure, this results in a cubic unit
cell containing 16 atoms. In case of the half-Heusler compounds one of the X sub-
lattices remains unoccupied and the crystal structure is designated C1b. For both,
half-Heusler and full-Heusler compounds, the structural order is accompanied
by magnetic order in many cases. Diverse magnetic phenomena like itinerant
and localized magnetism, antiferromagnetism or Pauli paramagnetism can be
studied when varying the constituents. In spite of similar chemical and physical
properties, the different members of the material class show a wide range of
properties including superconductivity [21] and semiconducting behavior [22].

A prominent feature of many Heusler compounds is a high spin polariza-
tion of the electrons near the Fermi level. This makes the material class highly
interesting for applications that make use of the intrinsic electron spin and the
associated magnetic moment to establish an additional information channel. This
new field of electronics based on the spin degree of freedom of electrons is called
spintronics [23]. After the discovery of the giant magnetoresistance (GMR) effect
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Ni

Ga

Mn

Figure 2.1: Representation of the L21 ordered Heusler structure X2YZ. The unit
cell is built from four interpenetrating fcc sub-lattices, two of which are occupied
by the atomic species X while Y and Z sit on the remaining sub-lattices.

in 1988 [24, 25] this new research field has been attracting massive attention.
In the experiment two ferromagnetic electrodes are separated by a non-magnetic
metal layer. The resistance along the layer stack reveals a strong dependence
on the relative alignment of magnetization direction of the magnetic layers. In
the parallel configuration the resistance is considerably lower than in the an-
tiparallel one. The GMR effect is based on the asymmetry of the majority and
the minority charge carriers at the Fermi level which is reflected by the spin po-
larization P. The maximum effect can be achieved for P=100 %, which means
a half-metallic ferromagnet [26]. These materials feature an energy gap in the
minority-spin band-structure, which then is semiconducting, while the majority-
spin band-structure is metallic. Though theoretical calculations predict a half-
metallic behavior for many Heusler compounds [27], experimental proof of the
high spin polarization remains a challenging task. A focus of scientific interest lies
on the Co2XY system that is well characterized by theory [28]. These Co-based
compounds are interesting for applications because of their high Curie temper-
ature, large magnetic moment and the predicted half-metalicity. A high spin
polarization has been experimentally confirmed, for example, in the quaternary
compound Co2Cr0.6Fe0.4Al [29].

In general, the magnetic properties of Heusler compounds are determined by
the electronic structure of their valence bands. In particular the Co-based alloys
obey a generalized Slater-Pauling rule, which states that the spontaneous mag-
netization can be derived from the accumulated number of valence electrons Nh

according to M = (Nv−24)µB/formula unit (f.u.) [30]. This rule of thumb holds
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for example for Co2FeSi, that possesses 30 valence electrons and accordingly a
saturation magnetization of 6µB/f.u. [28]. In spite of the identical number of va-
lence electrons, the compound Ni2MnGa shows only a saturation magnetization
of 4.2 µB/f.u. Likewise other members of the X2MnZ system, here the magneti-
zation is essentially confined to the Mn sublattice [31]. Additional magnetization
contributions appear at the X sites for X being Ni or Co. While Co2MnGa shows
a saturation magnetization following the generalized Slater-Pauling rule a strong
deviation from the rule is observed in the case of Ni2MnGa. In 1984 Webster
et al. reported on neutron diffraction studies of the magnetic order in Ni2MnGa
that revealed a moment of 4.17 µB/f.u. largely confined to the Mn sites [32]. By
means of temperature-dependent magnetization measurements the authors were
the first to detect the anomalous magnetization behavior due to the structural
phase transformation. According to this discovery, Ni2MnGa is one of the rare
magnetic materials undergoing a martensite transition.

The structural and magnetic properties that give rise to the exceptional
magneto-elastic characteristics of martensitic Ni2MnGa are reviewed in the fol-
lowing.

2.2 Shape memory effect

Conventional materials, such as steel or aluminum, can be deformed plastically
at room temperature. When heated the macroscopic shape resulting from the
deformation remains unchanged until melting starts. In contrast, some metal-
lic compounds possess the ability to recover a limited plastic deformation upon
heating and thus can regain their original macroscopic shape. This behavior,
described as shape memory effect, was first discovered by Chang and Read on
a gold-cadmium alloy in 1951 [33]. Though, in the following years, a few more
shape memory alloys (SMA) were found, research interest in both the metallurgy
and potential practical uses remained reserved. This was changed, when Buehler
and co-workers observed the shape memory effect in equiatomic Ni-Ti in 1963
[34]. First commercial applications exploiting the shape memory effect followed
soon.

The fascinating effect is based on a structural phase transformation between a
high-temperature phase (austenite) and a low temperature modification (marten-
site). In particular, the complex microstructure in the low-temperature phase is
responsible for the unique plastic deformation behavior. In the thermally or con-
ventional shape memory alloys the plastic deformation is reset by heating upon
the phase transformation temperature. Moreover, some materials allow magnetic
control of the shape in the martensite. This means no heating is required here,
which makes the process considerably faster. The direct manipulation of the
shape by an external magnetic field is referred to as magnetic shape memory
effect, or more precisely magnetically induced strain. Before reviewing the ba-
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sic function principle of the effect for both materials, magnetic and conventional
shape memory alloys, the characteristics of the phase transformation and the
martensitic crystal structure will be discussed.

2.2.1 Phase transformation

Thermally activated structure changes in solids, such as alloys or compounds,
usually result from diffusion of atoms. This is not the case for the structural
phase transformation observed in Ni2MnGa, which shows all characteristics of
a martensitic transformation. Here the high-temperature phase called austen-
ite transforms to the low-temperature martensite phase that features a reduced
symmetry. The phase change is displacive and diffusionless, which means many
atoms move in a cooperative, homogeneous way, but travel small distances only,
i.e. less than the interatomic distances. Thus, the atoms maintain their relative
relationships in the low-temperature phase. The most prominent alloy system
that undergoes an austenite-martensite transformation is steel (FeC). In the Fe-
rich austenite the crystal structure is cubic (bcc), while the martensite has a
body-centered tetragonal lattice symmetry (bct). The martensitic phase emerges
from the high-temperature modification by an athermal, cooperative shear pro-
cess. The tetragonal distortion in the martensite is caused by the interstitial
carbon atoms that amount to 0.2 - 2.0 % by weight depending on the steel type
[35]. The phase transformation is of technological importance because marten-
sitic steel features an increased hardness due to the characteristic microstructure.
The heat treatment used to harden the steel involves heating above the austenite
finish temperature (TAf ) and, subsequently, rapid cooling below the martensite
start temperature (TMs). At elevated temperatures (T > TAf ) the carbon atoms
can homogeneously distribute in the bcc Fe lattice by diffusion. The rapid cool-
ing (quenching) is necessary to inhibit formation of the thermodynamically stable
bcc ferrite (α-Fe) and Fe3C precipitates. As the martensitic transition requires
very little thermal activation, fast cooling below the transformation temperature
leads to suppression of carbon diffusion. The C atoms are then trapped in the Fe
bcc cell, when the a rapid rearrangement of atomic positions takes place, which
slightly deforms the lattice to tetragonal. The increased hardness does not result
directly from the crystal structure, but is a consequence of the microstructure.
The martensitic steel is built up from platelets of lenticular shape that spread
across the width of the individual crystallites. Adjacent platelets tend to grow
perpendicularly to the existing ones, which leads to a nested structure generating
the macroscopic hardness.

The complex microstructure clearly shows that the martensitic transformation
is a phase transition of first order proceeding by nucleation and growth. When
cooling below the martensite start temperature the collective shear process leads
to formation of martensitic regions in the austenite lattice. As the temperature
is further decreased, the martensite fraction increases. In the ideal case, like
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Figure 2.2: Illustration of the hysteretic behavior of the austenite-martensite
transformation. On cooling the nucleation of martensite starts at TMs (marten-
site start temperature). The fraction of martensite increases until the complete
sample is martensitic when reaching TMf (martensite finish temperature). On
heating the transition to the high-temperature phase is characterized by the re-
spective austenite start and finish temperatures TAs and TAf .

illustrated in Fig. 2.2, the transformation stops at TMf (martensite finish tem-
perature), as the complete volume features the martensitic lattice symmetry. On
heating austenite nuclei begin to form at TAs and the re-transformation proceeds
until at TAf the high-symmetry phase is totally recovered. The observed discrep-
ancy in start and finish temperature can be explained by internal friction of the
phase boundaries that move through the crystal. At these phase boundaries the
lattice mismatch of austenite and martensite causes an elastic deformation and
hence a strain energy. This energy term can be reduced by forming an invariant
lattice plane, a so called habit plane, at the phase boundary. The atoms of the
habit plane do not move during the phase transition, meaning that this plane
shows no distortion or rotation. The formation of such an invariant plane during
the shear process requires either slip or twinning of the adjacent lattice planes. In
particular, twinning is an effective mechanism to preserve the macroscopic shape
of the crystallites or even a bulk single crystal, as will be discussed in the next
section. Besides the occurrence of habit planes a characteristic feature of a dis-
placive transformation is the (approximate) conservation of the unit cell volume
upon phase change. The martensitic transition typically generates a symmetric
lattice deformation that does not change the austenite cell volume significantly.

Furthermore, the transformation process shows a characteristic hysteresis that
can be motivated by the thermodynamical description of the phase transition.
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Figure 2.3: Free enthalpy of austenite (GA) and martensite (GM) as a function
of temperature. At TMs (TAs, respectively) the difference in Gibbs free energy is
the driving force of the phase transition. The two curves intersect at T0 indicating
the phase equilibrium ∆G = 0.

To explain the occurrence of the phase transformation one has to consider the
changes in free enthalpy. Fig. 2.3 shows schematically the free enthalpy as a func-
tion of temperature for austenite (GA) and martensite (GM). The different slopes
of GA and GM result in two distinct regions of phase stability for T < TMf and
T > TAf , respectively, where a single phase is observed (in the ideal material).
Within the temperature interval TMf < T < TAf both phases coexist. When
cooling a completely austenitic specimen, nucleation of martensite starts at TMs

under the driving force of the difference in free enthalpy ∆GA→M |Ms = GM−GA.
Similarly, on heating the difference in G drives the transformation from marten-
site to austenite starting at TAs. At T0 where the curves intersect, the ther-
modynamical equilibrium between the two phases is reached (∆G = 0). The
equilibrium temperature can be estimated by T0 ≈ 1

2
(TMs + TAs) [36]. T0 is a

suitable parameter to characterize the phase transformation and is referred to
as the “phase transformation temperature” in the following. Because of the ob-
served narrow hysteresis of typically 6 K for our samples (s. chapter 6.1.1), the
difference between T0 and TMs is small. Hence, the martensite start temperature
can be used to generally characterize the transformation. In contrast to thermally
driven phase transitions, the martensitic transformation requires only little ther-
mal activation. Nevertheless, cooling below T0 is necessary to provide the energy
for the nucleation of martensite in the austenite matrix. The nucleation energy
involves contributions of the interface energy and the energy needed to deform
the surrounding lattice. In general, the change in free enthalpy during the phase
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transition can be divided in two contributions [36, 37]:

∆G = ∆Gc + ∆Gnc (2.1)

∆Gc is the chemical Gibbs free energy, whereas the non-chemical part ∆Gnc com-
prises all energy contributions associated with the nucleation. At temperatures
below TMs, where both phases coexist, and thus are in equilibrium (∆G = 0),
∆Gc is then exactly equal, but opposite in sign to ∆Gnc. Above TMs the chemical
Gibbs free energy is too small to compensate ∆Gnc. Hence, undercooling (∆T =
T0 − TMs) is necessary to start the transformation. Likewise, the nucleation of
austenite in the martensitic lattice requires superheating (∆T = TAs−T0), which
finally results in the observed hysteretic transformation behavior. In a real mate-
rial lattice imperfections will cause an additional broadening of the hysteresis. So
far, only the temperature induced phase transition has been discussed. For tem-
peratures slightly above TMs it is also possible to induce the transformation from
austenite to martensite by applying stress. The external stress field effectively
shifts the martensite start temperature to higher values. This can be explained
by the Gibbs free energy that takes the form:

∆G = ∆Gc + ∆Gnc − U (2.2)

where U is the additional energy contribution caused by the external stress field.
This contribution reduces the total energy, which means the transition can take
place at a lower value of ∆G, meaning at a higher temperature (s. Fig. 2.3).
The stress induced austenite-martensite transition is limited to a temperature
interval TMs < T < Tσ, where Tσ defines the maximum temperature, for which
a stress-induced transformation is observed. A direct relation between uniaxial
stress σ and temperature is provided by the Clausius-Clapeyron equation [38]:

dσ

dT
= ρ

∆h

εT
(2.3)

Here ∆h is the latent heat per atom, ρ the density and ε the strain during
transformation. Furthermore, in the vicinity of TMs the martensitic transition
can be induced by an external magnetic field. Due to the increased magnetic
moment of the martensite, TMs can be shifted to higher values by applying a
magnetic field [39]. The effect can be treated similar as the discussed case of
applied external stress.

A theoretical description of the phase transformation from the crystallo-
graphic point of view was developed by Wechsler et al. [40] and, independently,
by Bowles and McKenzie [41] in the 1950s. On basis of the lattice parameters
and symmetry of austenite and martensite this theory describes the structural
transition as a matrix product of rotation, shear and stretch operators. Assuming
minimization of strain energy the macroscopic shape change V can be represented
by a sequence of mathematical transformation applied to the parent phase lattice:

V = B ·R ·P (2.4)
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B describes the pure lattice deformation, that transforms the austenite to the
martensite lattice parameters. To fulfill the orientation relation between the
two phases, in addition, a rotation R and an inhomogeneous, lattice-invariant
deformation P are required. The last factor involves either twinning or slip. As
illustrated in Fig. 2.4, the homogeneous deformation (B) alone would result in a
massive lattice mismatch of parent and product phase. This can be avoided by
twinning or slip, which is described by P. The remaining operation, the rotation,
is required to form a habit plane, which is relevant to match the two phases.
If a lattice vector is increased in length by the pure deformation, it might be
correspondingly decreased in length due to the application of P and R. A vector
which remains invariant in length to these operations then defines a potential
habit plane.

(a)

(b) (c)

(d) (e)

Figure 2.4: Schematic representation of a displacive transformation. The parent
phase (a) can transform to the product phase by a homogeneous deformation (b),
which results in large lattice mismatch. This can be avoided by either twinning
(c) or slip (d). An increased matching of the two phases can be achieved by
additional rotation of the product phase (e).

For shape memory materials the formation of habit planes that reduce strain
energy between austenite and martensite is associated with twinning in the
martensitic crystal. By forming different crystallographic variants separated by
twin planes the product phase can adapt to the parent phase on both the micro-
scopic and the macroscopic scale.
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2.2.2 Twinning

Twinning occurs in a number of crystal systems and can lead to formation of
macroscopic crystal areas showing a characteristic symmetry. Hence, in mineral-
ogy the observation of twinning is a valuable diagnostics to identify the mineral
type. The individual twins can be described as separate crystals that share some
lattice points in a symmetrical manner. Because symmetry is added to the crystal
by twinning, the process of twinning can be defined by the symmetry operations
that are involved. If reflection across a mirror plane transforms the individual
crystals into another, the added mirror plane is called a twin plane. The sym-
metry operation might also be rotation about a line in the lattice that then
represents a twin axis. Furthermore inversion through a point, called twin cen-
ter, can characterize crystal twins. In any case, the individual twins only differ in
alignment, but feature identical lattice parameters and lattice symmetry. Hence,
the different crystals separated by a twin boundary are referred to as orientational
variants (also called crystallographic variants or briefly variants). In principle,
three different types of twinning can be distinguished, i.e. primary twins and two
basic types of secondary twins. Primary or growth twins form during crystal
growth, whereas secondary twins are introduced either in response to mechanical
stress (deformation twins) or result from a phase transformation. The latter type,
called transformation twins, occurs when a crystal of high symmetry is cooled
and converts to a lower symmetry structure, like during a martensitic transfor-
mation. The symmetry operation linking transformation twins is very frequently
a rotation through π [42]. Depending on the symmetry of parent and product
phase different twinning modes can occur. In NiTi, for example, the martensitic
transition leads to a monoclinic structure that features several twinning modes,
of which five are frequently observed [43]. However, in the case of Ni2MnGa the
martensitic transformation produces a crystal structure of tetragonal or (pseudo-
)orthorhombic symmetry. In general, for a tetragonal or orthorhombic crystal
the twin planes are considered to be commonly {110} planes [42]. Indeed, the
reported twin planes for martensitic Ni2MnGa basically follow {110} planes of
the austenite [44, 45, 46]. These close-packed planes in the cubic parent phase
can easily form an invariant plane that is simultaneously a twin plane separating
two orientational variants [47]. Brown et al. argued that starting from the cubic
parent phase the observed twin modes can be achieved by successive shear of
{110} planes along the respective directions (e.g. [11̄0] for a (110) plane) [48].
The resulting modulated martensite structure can be described as tetragonal or
(pseudo-)orthorhombic [49]. It is worth noting that a description of the twin
planes in the reference system of the martensite lattice is possible but due to
the reduced symmetry of this phase less comprehensible. Accordingly, in this
work the cubic austenite lattice is used to describe the twin plane alignment and
the associated variant configuration. Considering the symmetry of the austenitic
unit cell, one can distinguish six equivalent {110} planes as illustrated in Fig.
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2.5. Each twin plane will link two martensite variants that both emerge from the
parent phase, but differ in alignment of the crystal axes. The process of variant
formation by twinning can be visualized by inspecting the lattice plane perpen-
dicular to the twin plane (s. Fig. 2.6). For a (110)A twin plane the projection of
the (hk)-plane contains two variants that differ in orientation of the short c-axis
and the long a-axes. The third lattice vector, normal to the plane of projection,
is identical for both variants. As can be seen from the illustration, the twinning
process is accompanied by a lattice rotation needed to match the two variants
at the twin boundary. In this simplified construction the third lattice vector can
be considered as the rotation axis. Since each austenite {110} plane can gener-
ate two martensite variants, in total 12 crystallographic variants result from this
twinning mode. In addition, twin planes of lower symmetry might increase the
total number of variants. In case of a true orthorhombic martensite structure
(c < b < a) the occurrence of three principle twinning modes, a-b-, a-c- and b-
c-twins, can extend the number of possible variants. However, for the (pseudo-)
orthorhombic Ni2MnGa martensite only a-c-twinning has been reported so far.
In the following, only the discussed 12 variants resulting from (110)A type twin-
ning will be considered, as they will represent the major portion of the martensite
crystal for a cubic to tetragonal or (pseudo-)orthorhombic transformation.

H

K

L

(011) (110)

(011) (110) (101)

(101)

Figure 2.5: Illustration of the possible (110)A type twin planes that lead to a-c
twinning in martensitic Ni-Mn-Ga. Each of the twin planes separates two variants
that differ in alignment of a- and c-axis.
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Figure 2.6: A twin plane derived from a (110) austenite plane (a) generates
two martensite variants V1 and V2. The different orientation of the variants is
illustrated in the (hk)-plane projection (b). The third lattice vector points out
of the projection plane.

2.2.3 Thermal shape memory effect

As already mentioned, the thermal shape memory effect is based on the martensite-
austenite phase transformation. The plastic deformation of the sample has to
happen in the martensitic state, i.e. at temperatures below TMf . Subsequently,
the shape recovery starts as the sample is heated to TAs and the restoration is
finished at TAf . A key role in the process plays the twinned microstructure of
the martensite. The twin planes in a martensitic shape memory material are
highly mobile and can move under the driving force of the applied stress. The
macroscopic deformation of the SMA sample is in fact a redistribution of crystal-
lographic variants via twin boundary motion. In the ideal case a single-variant
state can be reached by detwinning. As the material is heated to TAs, the struc-
tural transformation affects all martensite variants and the twin planes vanish,
as the lattice changes to cubic symmetry. An illustration of the shape mem-
ory effect is given in Fig. 2.7. The described process is the so-called “one-way
memory effect”. This means the shape restoration is achieved upon heating,
whereas subsequent cooling below TMf leaves the shape unchanged. Under cer-
tain conditions a “two-way memory effect” can be achieved. Here the sample
spontaneously deforms on cooling to temperatures below TMs into the shape that
it had after the initial plastic deformation. This means the material remembers
two different shapes (s. Fig. 2.7). Analog to the one-way effect, on heating the
material remembers the shape of the parent phase. In addition, the shape of the
martensite can be recovered, if a training procedure is applied to the sample.

15



CHAPTER 2. BACKGROUND

The training involves successive heating-cooling cycles with (excessive) deforma-
tion in the martensitic state. During the deformation process dislocations in the
martensite lattice are introduced, which stabilizes the actual martensite platelet
configuration. These dislocations remain in the crystal lattice as the martensite
disappears upon heating. On cooling re-nucleation of martensite plates proceeds
in a similar way to accommodate the stress fields formed by the dislocations.
Hence, the macroscopic shape in the low-temperature phase can be reproduced.

Another feature of many shape memory alloys is the superelastic or pseudo-
elastic behavior. This effect is based on the stress-induced transformation to
martensite for temperatures TAf < T < Tσ. While for temperatures above Tσ
plastic deformation of the austenite is energetically favorable, below this temper-
ature limit the stress is compensated by a partial transformation to martensite in
combination with detwinning. Because the martensite fraction has been formed
above TMs, the martensite reverts immediately to undeformed austenite as soon
as the stress is removed. Thus, the sample shows a superelastic behavior. Similar
to superelasticity, but not based on the stress-induced martensitic transforma-
tion is the so-called rubber-like behavior [50]. In this case, the restoring force
for the deformation is not provided by the structural transformation, but by the
short-range order configuration of lattice imperfections. The effect is observed
for martensitic samples that have been aged in a stress-free state. During the
aging atomic rearrangement within the same sublattice of the imperfectly or-
dered martensite takes place. If now stress is applied, the variant configuration is
changed by moving twin boundaries. Similar to the martensitic transformation
the variant redistribution is a diffusionless process. For the new variant configu-
ration again atomic rearrangement in the sublattices would be required to reach
equilibrium state. If the stress is removed in the distorted system restoration
of the initial variant configuration appears, which explains the elastic behavior.
The effect is not observed, when the loaded sample is aged, meaning atomic
rearrangement is allowed to occur in the stressed sample.

2.2.4 Ferromagnetic shape memory effect

So far, only the thermally controlled shape memory alloys have been considered.
Compounds that possess the ability of shape memory and, in addition, are fer-
romagnetic offer a further control mechanism, that is by a magnetic field. In
principle, samples of this material class can be reversibly switched between two
shapes without any heating or cooling required. In this actuation mode the shape
manipulation completely takes place in the martensitic phase, which avoids the
slow heating and cooling process that limits the operation frequency in a con-
ventional shape memory alloy. In analogy to the described thermally driven
process the shape change is based on a twin variant rearrangement associated
with twin boundary motion. The difference is the driving force that is not an
applied mechanical stress but the external magnetic field. To control the variant
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Figure 2.7: Sketch of the thermal shape memory effect. The one-way memory
effect (green arrows) involves deformation of the martensitic sample by variant
rearrangement. On heating the sample transforms to the parent phase and thus
recovers the shape of the sample in the austenite. On subsequent cooling to the
martensite no shape restoration is achieved. For a trained sample showing the
two-way shape memory effect direct switching between two shapes, one in the
austenite and one in the martensite is possible (blue arrows). At temperatures
above TAf a stress-induced martensitic transformation leads to an effect known
as superelasticity or pseudo-elasticity. The deformation is based on variant rear-
rangement in the stress-induced martensite. As soon as the stress is removed the
sample transforms back to austenite and hence recovers the original shape (red
arrows).
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configuration by an external field, a key requirement is a strong magneto-elastic
coupling in the material. This means the compound has to have a considerable
magnetocrystalline anisotropy that constrains the magnetization vector. In con-
trast to a conventional ferromagnet, for the MSM material it is more favorable to
change the magnetization direction of a variant by twin boundary motion than
by magnetization rotation. This, of course, requires that the energy to move a
twin boundary is less than the magnetocrystalline anisotropy energy Ku of the
martensite. Generally, a twin boundary motion can occur, if the energy differ-
ence between two adjacent twin variants ∆E exceeds the elastic energy needed
to move the twin plane separating these variants:

∆E ≥ ε0σTW (2.5)

where σTW is the twinning stress and ε0 = 1− c/a is the martensitic distortion.
The excess energy can be an elastic energy due to an external stress, like in the
deformation step for the conventional shape memory effect. Accordingly, a purely
magnetic-field-induced twin boundary motion requires:

Ku ≥ ε0σTW (2.6)

where the anisotropy energy Ku represents the maximum magnetic energy avail-
able. For many applications a combination of external stress σext (e.g. from a bias
spring) and magnetic field may be favorable. The condition for twin boundary
motion then takes the form:

Ku ≥ ε0σTW + ε0σext (2.7)

To illustrate and explain the process from a microscopic point of view a sim-
plified two-variant model can be used (s. Fig. 2.8). The two variants emerge
from the cubic parent phase by elongation of one lattice parameter and simulta-
neous compression of the second. The short c-axis is the magnetic easy axis in
the system. Due to twinning the two variants, V1 and V2, are slightly rotated
with respect to the lattice of the parent phase. The symmetry operation that
transforms V1 into V2 is a rotation through φ = π± (arctan(a/c)− arctan(c/a))
(depending on the rotation direction). Even for a strong tetragonal distortion of
c/a=0.9 φ can be approximated by 90°, which simplifies considerations. In the
case of strong magnetocrystalline anisotropy the magnetization vector for each
variant will be aligned along the c-axis. For a system comprised of more than
one variant the total magnetization will be composed of the magnetization con-
tributions of the individual variants. In particular, the magnetization vector will
change direction at a twin boundary, where different variants meet. The effect is
indicated in Fig. 2.9 for the two-variant system with a single twin boundary. The
state of lowest energy is the head to tail configuration that, in principle, allows
flux closure. If now a magnetic field Hext is applied parallel (or approximately
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parallel) to the c-axis of variant 1, a Zeeman energy difference of ∆M · Hext

arises. If rotation of M2 is suppressed by the anisotropy energy, this difference in
Zeeman energy represents a magnetic pressure on the twin plane. This pressure
will induce boundary motion as soon as ∆M ·Hext ≥ ε0σTW is valid. Similar to
the process during the phase transformation a collective displacement of atoms
mediates the twin boundary movement. As illustrated in Fig. 2.9 the twin plane
moves through the crystal by sequential displacement of the atoms in the adjacent
lattice plane. The propagation speed is in the order of the velocity of sound in the
material, which makes the process much faster than the thermally induced shape
change. In the ideal case, the magnetically induced redistribution of variants will
result in a single-variant state. Moreover, the process is reversible, which allows
to reset the magnetically induced variant rearrangement. Macroscopically the
variant redistribution leads to an effective strain that can reach ε0 = 1 − c/a.
In a real crystal, however, more than two variants and, accordingly, a number
of twin planes will be involved. Nevertheless, considerable macroscopic strains
can result, if the fraction of variants with c-axis aligned parallel to the external
field can increase in response to the applied field. Fig. 2.10 depicts the effect of
magnetically induced strain based on variant redistribution. It is worth pointing
out that this type of shape control involves no phase transition. However, MSM
alloys also show the conventional shape memory effect and thus can be used in
applications using a combination of thermal and magnetic control. Moreover,
another pure magnetically controlled process is possible for temperatures slightly
above TMs. Here the shape change is triggered through the shift of the struc-
tural transition by the external magnetic field. When the field is applied, the
sample transforms from austenite to martensite, which is reversed as soon as the
field is removed. The process is called magnetic field-induced martensite (MIM)
and has to be distinguished from magnetic field-induced reorientation of variants
(MIR). Quite general, the macroscopically observed shape change in response
to an external field is described as magnetic field-induced strain (MFIS). In the
context of this work MFIS means the macroscopic strain that originates from the
microscopic MIR process in the martensitic state.

A quantitative treatment of the described two-variant model was presented
by O’Handley [51]. In addition to the Zeeman energy and uniaxial anisotropy
energy, the model incorporates an elastic-energy density Eel = Cε20, where C is
the effective stiffness of the material. This energy term accounts for the internal
resistance to twin boundary motion. Despite the effective two-dimensional ap-
proach, the model is able to describe the observed nonlinearities for both ε(H)
and M(H). Moreover, three regimes of magnetocrystalline anisotropy strength
are discussed. For Ku > ∆M · Hext the previously described variant rearrange-
ment occurs. In the case of weak anisotropy the model predicts a rotation of the
magnetization vector in those variants that are not oriented with their easy axis
parallel to the field. The driving force on the twin boundary is then the magnetic
anisotropy energy difference, which is to small to induce twin boundary motion.
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Figure 2.8: Two-variant model: Projection of the two martensite variants, V1 and
V2, that arise from deformation of the cubic parent phase. To link the variants
by a twin plane a slight rotation is required. For each variant the short c-axis is
the magnetic easy axis.
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Figure 2.9: Illustration of the magnetically controlled variant redistribution in a
MSM material. Under the driving force of the external field Hext the twin bound-
ary separating V1 and V2 moves through the crystal. The reversible process is
based on collective displacement of atoms adjacent to the twin boundary.
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Finally, an intermediate case with Ku ≈ ∆M · Hext is considered. Here, the
applied field produces both effects. In detail, the Zeeman pressure on the twin
plane dominates for low field values, as the field strength is not sufficient to rotate
the magnetization. At stronger fields a significant rotation of the magnetization
vector can reduce the pressure on the twin plane, which in some cases may cause
a reset of the variant reorientation. A model applicable to a MSM sample that
is simultaneously exposed to mechanical stress and a magnetic field is provided
by Murray et al. [52]. By calculating the balance between magnetic energy input
and mechanical work output the model provides predictions of the materials re-
sponse under both field and load. Besides the conventional axial actuation mode,
also shear actuation is considered. A quantitative model for magnetostrain ef-
fects based on thermodynamic considerations was published by Likhachev and
Ullakko [53].

a

a

c

c

H1

H2

V 1

V 2

ε

Figure 2.10: The variant redistribution associated with twin boundary motion
results in a macroscopic strain ε. When exposed to a magnetic field, the fraction
of variants with lower Zeeman energy increases in cost of the neighboring variants
of higher magnetic energy. This produces an effective alignment of the magnetic
easy axis that is the short crystallographic axis (c-axis) with the external field.
Image adapted from [54].
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Regardless of which model is used, the requirements for a MSM material to
show magnetically induced strains can be summarized as follows:

� A high magnetocrystalline anisotropy to avoid rotation of the magnetization

� A large saturation magnetization to increase the difference in Zeeman en-
ergy across a twin boundary at a given value of Hext

� A low twinning stress to promote twin boundary motion

� To achieve large strains a large martensitic distortion ε0 = 1−c/a is needed

� Concerning applications, a high martensite start temperature and a high
Curie temperature are of importance

In case of Ni2MnGa many of these characteristics can be manipulated by
changing the composition, which makes the compound an interesting candidate
for various applications.

2.3 Properties of the system Ni-Mn-Ga

The diverse structural and magnetic properties of Ni-Mn-Ga will be reviewed in
this section. In particular, results obtained on bulk samples and the treatment
by ab initio theory are discussed.

2.3.1 Crystal structure

In the high-temperature phase Ni2MnGa has the characteristic Heusler structure,
the cubic L21 structure (s. Fig. 2.11 (a)). The fully ordered structure can be ob-
tained from the melt directly or via the partially disordered B2’ phase [55]. For
the stoichiometric compound the austenite structure is stable down to a tem-
perature of ∼200 K, before the martensitic transformation sets in. For the low-
temperature modification a modulated tetragonal phase is observed [32]. How-
ever, high-resolution neutron diffraction experiments indicate that the martensitic
structure features an orthorhombic symmetry rather than a tetragonal one [56].
Hence, the crystal symmetry and space group of the martensite is still a subject
of controversy. The situation becomes even more complex for off-stoichiometric
Ni-Mn-Ga samples. Three martensitic crystal structures are frequently reported,
i.e. the non-modulated tetragonal phase (NM), the modulated tetragonal phase
(5M) and the modulated (pseudo-)orthorhombic structure (7M). As indicated
by the acronyms the modulated phases possess a periodicity of 5 and 7 atomic
layers, respectively. The construction of the 7M structure is illustrated in Fig.
2.11. The basal plane of the superstructure can be derived from the (110) plane
of the parent phase. Then the modulation appears along the [110] martensite
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Figure 2.11: Representation of the modulated orthorhombic structure with a
period of 14 layers. From the (110) plane of the cubic parent phase (a) the basal
plane of the superstructure can be derived (b). Along [110] in the martensite
lattice a periodic shuffling of the atomic layers occurs (c). The stacking sequence
of (52) results in a periodicity of 14 layers. Though the full symmetry is included
in the 14M cell only, the structure is referred to as 7M widely.

direction as symmetric shuffling of the atomic layers. As indicated the stacking
sequence is usually (52). Since the first and the seventh atomic layer are not
identical, the proper description is in fact 14M and not the widely used 7M.
Similar to the 14M structure the 10M structure follows from the 5M structure
by doubling the unit cell. The modulation plays an important role for the mo-
bility of twin planes. According to that, the largest strains have been observed
for bulk samples with 5M [3] or 7M/14M structure [4]. In the latter case the
sample composition was determined to be Ni48.8Mn29.7Ga21.5, whereas the 5M
specimen was close to a Ni48Mn31Ga21 composition. This demonstrates that the
crystal structure of the martensite is extremely sensitive to composition. A sys-
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Figure 2.12: Phase diagram of the Ni2±x±yMn1∓xGa1∓y martensite system. In
the (Mn, Ga)-composition plane the zones of tetragonal and orthorhombic lattice
symmetry are clearly separated. At the intersection a region of mixed symmetry
is observed. Solid lines indicate the martensite transformation temperatures,
broken lines denote the Ni content. Image taken from [9].

tematic study of the composition-structure relationship in bulk samples has been
conducted by Richard and co-workers [57]. The resulting phase diagram for the
system Ni2±x±yMn1∓xGa1∓y is shown in Fig. 2.12. This slightly modified version
was taken from the review article by Entel et al. [9]. The phase diagram reveals
two distinct regions, one of tetragonal and one of orthorhombic symmetry, as a
function of Mn excess and Ga deficiency. Where the two band-like regions meet, a
small zone of mixed symmetry is observed. Based on first principles calculations
a general trend for the structural stability as a function of e/a can be derived
[58]. With respect to the stoichiometric compound with e/a=7.5 a reduction of
the electron concentration stabilizes the modulated phases. In contrast, the non-
modulated tetragonal martensite is favored in compositions with increased e/a.
These trends are confirmed by experimental results from various samples (s. ref.
[58]).

It is worth noting, that the designation of the martensitic crystal structures
is not consistent in literature. In particular, the description of the tetragonal 5M
structure does not follow the standard notation in crystallography. Commonly,
the tetragonal unit cell is characterized by a = b 6= c with c being the long axis.
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In the case of Ni2MnGa, however, the c-axis denotes the short axis, while a is
the long lattice vector [59]. During the martensite transformation the cubic unit
cell is contracted along one 〈100〉 axis and extended along the other two resulting
in a tetragonal cell with c < a = b. In contrast, the common notation for the
non-modulated tetragonal phase is a < c.

For some samples the martensite structure shows a further reduced symmetry
that is described by a monoclinic unit cell. For example, compositions close to
Ni55Mn20Ga25 can exhibit a metastable tetragonal phase that transforms to a
modulated monoclinic structure after one heating-cooling cycle [60]. A slight
monoclinic distortion is occasionally observed for the orthorhombic structures as
well, but can be neglected in most cases. Furthermore, recent observations on thin
film samples of mixed NM and 7M/14M structure indicate that the modulated
phase is a metastable, adaptive phase that can be constructed from the non-
modulated tetragonal cell [61]. As a consequence, the 7M/14M structure has not
a true orthorhombic but a pseudo-orthorhombic symmetry. Nevertheless, the
(pseudo-)orthorhombic lattice that is derived from the cubic austenite is helpful
in the evaluation of diffraction experiments.

In any case, tetragonal, orthorhombic or monoclinic lattice symmetry, the
decisive prerequisite for large strains in response to a magnetic field seems to be
the modulation. Because of the high twinning stress, no magnetically induced
strains have been observed in the NM phase [59]. The large strains obtained for
the modulated martensites can be motivated by the previously described two-
variant model. For the (pseudo-)orthorhombic structure the 2D lattice in figures
2.8 and 2.9 represents a projection along the intermediate b-axis.

For the tetragonal martensite the situation is more complex, because of the
two equivalent long crystal axes. As a consequence, an untreated sample will
exhibit a variant ensemble that features two different a− c twin modes. To align
the short crystal axis a magneto-mechanical training may be required. As soon
as the short c-axis is fully aligned by mechanical load or magnetic field, the effect
can be treated by the model as indicated in Fig. 2.9.

2.3.2 Magnetism

The mechanical properties like the twinning stress σTW are essentially determined
by the crystal structure and variant configuration. The second basic requirement
for the MSM effect is the coupling of magnetization and crystal structure, in
other words the magneto-crystalline anisotropy. In austenitic Ni-Mn-Ga this
anisotropy is low, that means in the order of 103 J m−3. This is changed by
the transformation to the martensite phase that is accompanied by a magnetic
anisotropy increase of two orders of magnitude [62, 63]. For the tetragonal crystal
symmetry the anisotropy can be described by:

Eaniso = K1 sin2 θ +K2 sin4 θ +K3 sin4 θ cosφ (2.8)

25



CHAPTER 2. BACKGROUND

with θ and φ denoting the polar and azimuthal angle of the magnetization vector
with respect to the c-axis. In practice, the magnetic anisotropy of the 5M tetrag-
onal martensite can be considered as uniaxial. Heczko and co-workers reported
a ratio of K2/K1 ≈ 0.04 [64]. Accordingly, the second anisotropy constant is
negligible and the anisotropy can be approximated by

Eaniso = Ku sin2 θ (2.9)

with the uniaxial anisotropy constant Ku. Typical values for 5M bulk samples
are (1.2-2.0)×105 J m−3 at ambient temperature [59]. In a similar way, the
magnetization dependence in the orthorhombic phase can be characterized by two
anisotropy constants Kb and Kc related to the b- and c-axis. Again, the magnetic
easy axis is the short c-axis, while the long a-axis is hardest to magnetize. The
b-axis is of intermediate character. When considering a single-variant state, the
anisotropy energy takes the form:

Eaniso = Kc cos2 θ +Kb sin2 θ sin2 φ (2.10)

For bulk samples with 7M martensite structure the reported values are in the
order of Kc = −1.7× 105 J m−3 and Kb = −0.8× 105 J m−3, respectively [65] 1.
Likewise the 5M and 7M structure in the non-modulated martensite the longest
crystal axis is the magnetic hard axis. In contrast to the modulated phases this
is the c-axis in the NM phase. Thus, an easy plane of magnetization is present
in this structure.

Besides the magnetocrystalline anisotropy, the saturation magnetization is a
decisive parameter in the variant reorientation process. In the highly anisotropic
MSM material the driving force for twin boundary motion is the difference in
Zeeman energy across the twin plane. For a given value of the applied magnetic
field the driving pressure on the twin plane scales with the saturation magnetiza-
tion. Accordingly, a large saturation magnetization allows to reduce the external
field. Neutron diffraction experiments show that the magnetic moment is mainly
localized at the Mn sites [32, 66]. The total moment amounts to 4.2 µB per
formula unit, while the contribution of the Ni atoms is in the range of 0.2 to 0.4
µB only. Although the magnetic moment of Ni is considerably smaller, the mag-
netic anisotropy is governed by the Ni atoms. According to ab initio calculations
the magnetic coupling is mainly between atoms of the same species. While the
Mn sublattice carries the spin moment, the anisotropy is largely attributed to Ni
atoms [67]. The Ni sublattice also plays an important role in the structural sta-
bility of the L21 phase [58]. Accordingly, the changes in the electronic structure
that manifest in the martensitic transition affect mainly Ni related states.

1In this publication the othorhombic structure is characterized by an anisotropy constant Ka

assigned to the long a-axis, instead of Kc. Due to the crystal symmetry (a ⊥ c) this description
is equivalent with Kc = −Ka and a shift of the energy scale.
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2.3.3 Phase transition and compositional dependence

Among the major objectives of theoretical studies are explaining the structural
instability observed in Ni2MnGa and modeling the phase diagram of the complex
Ni-Mn-Ga system. There is interest in predicting the martensite structure and
the phase transformation temperature. Besides TMs, also the compositional de-
pendence of the Curie temperature is important. Two basic approaches can be
found in literature, namely first principle methods like density functional theory
[68] and phenomenological concepts using a Ginzburg-Landau expansion [69]. In
particular, studies based on the latter approach are able to reproduce the exper-
imentally observed phase diagrams. Figures 2.13 and 2.14 show two examples
taken from a review article that collected data from various publications [9].

irical dependence of T on the molar Mn conten
TM = (1960 − 21.1x Mn − 49.2x Ga) K.

Figure 2.13: Phase diagram of Ni2+xMn1−xGa in dependence of the Ni excess.
The region of paramagnetic (PM) and ferromagnetic (FM) order are separated
by the TC curve (green line). A strong compositional dependence is observed for
the martensite start temperature (TM , blue line). For samples close to Ni2MnGa
composition, in addition, a pre-martensitic transition is observed at TP . Image
taken from [9].

Obviously, both TC and TMs depend sensitively on the sample composition.
However, the martensite transformation temperature shows a more pronounced
composition-dependence. If Mn atoms are replaced by Ni, an increase in TMs

is observed (s. Fig. 2.13). The effect is more severe for high Ni-excess (x >
0.25), but the resulting martensite is not ferromagnetic. Furthermore, the Ni-
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Figure 2.14: Phase diagram of Ni2Mn1+xGa1−x as a function of the Mn excess.
While TC stays almost constant for 0 < x < 0.2 the martensite start temperature
considerably increases as a function of Mn excess. For small Mn deficiencies a
strong decrease of TM appears. Image taken from [9].

rich compositions possess a high valence electron concentration leading to the
non-modulated martensite structure. Consequently, these alloys are not suitable
for MSM applications. A high martensite start temperature can also be achieved
by substituting Ga by Mn atoms (s. Fig. 2.14). Not included in the displayed
phase diagrams is the case of replacing Ni by Mn while keeping the Ga content
fixed. In general, a combination of all three cases will result in the complex system
Ni2±x±yMn1∓xGa1∓y. An empirical rule that describes the behavior of TMs as a
function of e/a was established by Chernenko [70]. For e/a < 7.7 the transition
temperature increases with valence electron concentration with a coefficient of
roughly 900 K(e/a)−1. For compositions with an electron concentration of e/a ≥
7.7 this coefficient is in the order of 500 K(e/a)−1.

A first step in explaining the structural instability of the cubic parent phase
is calculating the equilibrium lattice parameters of the martensite. The stability
of the non-modulated phase is successfully explained by first principles atomistic
calculations within the density functional theory. These studies identify the NM
structure with c/a > 1 as the absolute energy minimum for low temperatures
[71]. To reproduce the minima leading to the modulated phases with c/a < 1
the modulated “supercells” (s. Fig. 2.11) have to be taken into account [72].
However, there is disagreement between different theoretical studies about the
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lattice constants of the martensitic phase.
In addition, ab initio calculations give valuable information on the source of

the instability of the cubic L21 phase in Ni2MnGa. In particular, the transition to
the modulated phases with c/a < 1 is ascribed to a band Jahn-Teller mechanism
[66]. The driving force for the phase transition is a redistribution of electrons
around the Fermi level that lowers the free energy of the system. The electron
redistribution is enabled by splitting of energy sub-bands, which are degenerate
in the high temperature phase. Electronic structure calculation show distinct
changes in the band structure arising from the reduced lattice symmetry [73].
In detail, the reduction of symmetry causes a peak splitting in the Ni related
minority density of states. For c = a the Fermi level lies just above a peak in
the Ni minority-spin band. For c/a < 1 this peak splits up, which leads to a
reallocation of states stabilizing the tetragonal distortion. A further approach
to explain the microscopic origin of the phase transition is studying the phonon
dispersion and lattice instabilities in the cubic parent phase. Inelastic neutron-
scattering experiments on Ni2MnGa found a significant softening in the TA2

phonon branch along the [110] direction [74]. This softening is considered to give
rise to the modulated crystal structure and precursor effects, i.e. pre-martensitic
transitions. The origin of the phonon softening is discussed in the context of
strong electron-phonon coupling and Fermi surface nesting [9, 75]. Since stable
Heusler compounds do not show softening of the TA2 shear mode, calculations of
the phonon spectrum are useful to identify new potential MSM materials. Zayak
and co-workers have studied chemical trends in the structural instability of the
cubic structure for several Heusler compounds [76]. These results indicate that
a number of Ni-based alloys feature an unstable L21 phase, such as Ni2MnX (X
= Al, Ga, In, Ge) or Ni2CoX (X =Al, Ge, Sb), while for example Co2MnGa is
stable against a martensitic phase transformation.
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Experimental details

In this chapter the essential experimental details will be summarized. Especially,
the preparation process of the thin film samples will be described. This includes a
brief description of the deposition method in general, specifications of the prepa-
ration chamber and the used materials, i.e. targets, substrates, etc. A key issue in
sample preparation is the feasibility of releasing the thin film from the substrate.
The different approaches pursued in this work will be presented. This includes
the fabrication process that gives access to partially freestanding structures like
micro-bridges and -cantilevers. Furthermore the standard characterization meth-
ods to investigate the sample properties are introduced. The epitaxial growth
of the Heusler compound is controlled by X-ray diffraction (XRD) in Bragg-
Brentano geometry. Low angle x-ray reflectometry is used to determine the film
thickness of selected samples. This allows to calculate the deposition rate with
reasonable accuracy. The saturation magnetization and the phase transformation
can easily be checked for a number of samples with magnetometry measurements.
The complex crystal structure of the martensite is studied using XRD in 4-circle
geometry. The techniques to image the film surface involve optical, atomic force,
and scanning electron microscopy.

3.1 Thin film sample preparation

When speaking of thin films the layer thickness is typically in the range of several
nm to few hundred nm. Films consisting only of a few monolayers are denoted as
ultrathin layers. These can show interesting features like ferromagnetic frustra-
tion [77]. It is very likely that the structural phase transformation in Ni-Mn-Ga
will be suppressed for films below a critical thickness due to the collective nature
of the phenomenon. Especially, for applications rather thick films can be advanta-
geous because of practical reasons. A film thickness of 0.5 to 2 µm makes handling
of freestanding Ni-Mn-Ga films possible. The samples investigated in the course
of this work have been prepared by sputter deposition onto heated single crys-
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talline substrates as MgO, Al2O3, and NaCl. The deposition technique enables
effective film preparation with high deposition rates and good reproducibility.
The film thickness is typically between 50 and 100 nm. This allows for X-ray re-
flectometry measurements to determine the thickness precisely. Thus, saturation
magnetization of the samples can be calculated from hysteresis loops. In addi-
tion, rather thin films make measurements in transmission possible. However,
the high deposition rates of the sputtering process allow for effective preparation
of thick films, too. These are suitable for experiments that require separation of
the film from the rigid substrate. To enable magnetically induced reorientation
of variants in the Ni-Mn-Ga film blocking effects of the rigid substrate have to
be eliminated.

3.1.1 Sputter deposition

The term sputter deposition describes a physical vapor deposition technique
where material is ejected from a target and condensed on a substrate surface.
The evaporation process is driven by ion bombardment of the target surface.
The target is mounted on a cathode that is electrically insulated against the vac-
uum chamber on the inner part. The outer part of the cathode, the shield, as
well as the chamber walls are grounded. An applied dc voltage leads to formation
of a plasma of the working gas that is introduced into the chamber. For metallic
compounds this is usually Argon. The ionized Ar atoms are accelerated towards
the cathode and finally hit the target surface. The result is a direct current (dc
sputtering) between target and the cathode shield. The Ar ions that hit the
target surface eject atoms and small clusters of the target material. The basic
principle is sketched in Fig. 3.1 (c). A more detailed description is provided by
[78, 79].

The energy distribution of the evaporated atoms has a wide range up to tens
of eV. Due to collision with the atoms of the sputtering gas the target atoms
move diffusively towards the substrate. Thus, impact of high energy atoms is
suppressed. The working pressure is an important parameter that affects the
deposition rate directly. A higher Argon pressure leads to a decreased deposition
rate since the effective travel distance for target atoms undergoing a random
walk is increased. For an alloy target the pressure of a given sputtering gas also
influences the stoichiometry of the deposited film. Since different elements can
have different diffusion rates the composition of the sample can be altered by the
working pressure. Furthermore the evaporation rates for the different elements of
the alloy target can differ. This is compensated by a period of pre-sputtering prior
to deposition. Different evaporation rates will lead to different concentrations of
the elements at the target surface. At some point a steady state is reached since
a high evaporation rate produces a lower surface concentration. Thus, the rate
is reduced for this element. For an electrically conducting target material, such
as Ni-Mn-Ga, a dc power supply can be used to drive the process. In contrast,
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a dielectric target will need a radio frequency power supply (rf sputtering). A
charge build-up at the insulating target surface is avoided by the alternating bias
voltage applied to the target. For high frequencies (MHz range) only the electrons
can effectively move and follow the electric field. The Ar+ ions can be considered
stationary due to their low charge to mass ratio. This leads to an accumulation
of electrons at the target that will consequently attract the Ar+ ions. For both
types of sputtering the deposition rate can be increased by introducing a set of
permanent magnets at the target back side. Two ring magnets create a radial field
at the target surface that forces the electrons on a helical path. This increases
the ionization yield and thus the sputtering rate. The technique is referred to
as magnetron sputtering. Typical deposition rates achieved with this method
applied to Ni-Mn-Ga targets are 1.0-1.5 nm/s, which enables fast preparation of
thick MSM layers.

pumpgas inlet

- U

heater

target

Ar+

plasma

gas inlet

N2 cold trap

Cr-target

Ni-Mn-Ga-
target

Ti-target

heater

(a) (b)

(c)

substrate

Figure 3.1: (a) Image of the deposition chamber equipped with different sputter-
ing guns. (b) Image of a Ni-Mn-Ga target mounted on cathode. The ring-shaped
erosion zone is produced by the magnets on the target back side (c) Sketch of the
sputtering process.

To prevent oxidation of the evaporated metals during the deposition process
low partial pressures of oxygen and water are necessary. For this reason sample
preparation is done in a high vacuum chamber. Fig. 3.1 (a) shows an image of
the used setup. The preparation chamber consists of two 6-way-crosses of tubes
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with 4 inch outer diameter. Two of the twelve 6 inch CF flanges are connected
forming the center of the chamber. At the bottom side a turbomolecular pump
and a pre-pump are attached. The lower cross contains the pressure sensors,
the Ar gas inlet, a liquid Nitrogen cold trap, a Titanium sputtering gun and a
control window. Another window to monitor the sputtering plasma is mounted
in the upper half, where the film preparation is done. Here three cathodes can
be equipped with different targets. The rotatable resistive heater unit seals the
chamber from the top. The base pressure of 10−7−10−8 mbar is measured with a
penning gauge, while the Argon gas pressure during sample preparation is mon-
itored with a capacitance vacuum gauge. After venting the chamber to load
substrates a base pressure of 3− 4 · 10−7 mbar is reached within 24 hours. This
proved to be sufficient for sample preparation. A lower base pressure of ∼ 5 ·10−8

requires a bakeout procedure or an extended evacuation time. During deposition
the cold surface of the liquid N2 cold trap in the lower chamber half effectively
decreases oxygen and water partial pressures. The gas molecules adsorb to the
cold surface and the water freezes out. Additionally, the highly reactive Ti atoms
evaporated from the sputtering gun facing the cold surface bind oxygen forming
TiO2. The surrounding chamber walls and the cooled surface act as a getter
pump, because they are permanently coated with Ti. Furthermore, the gas inlet
is designed such that the Ar gas passes the cold trap surface. Thus, residual wa-
ter and oxygen in the high purity (6.0) Argon is removed effectively. The three
cathodes in the upper cross are equipped with Ni-Mn-Ga targets of different com-
position and, if required, with a Chromium, iron or aluminum target. The Cr
and Fe is used for depositing a buffer layer while Al serves as capping layer to
prevent oxidation after removing the sample from the vacuum chamber. Samples
prepared for surface sensitive measurements like X-ray absorption spectroscopy
(s. Chapter 6) are protected by a 2-6 nm thick Al cap layer.

Preparation protocol:
The first step in the sample preparation process is filling the cold trap with liquid
N2. Subsequently, the substrates glued on the heater block with conducting silver
are heated to typically 500 °C. During the heating-up the pressure rises, as gas
molecules are desorbed from the heater and substrate surfaces. After a holding
time of 40 minutes the pressure reaches again the base level and the substrate
temperature is stable. Now the speed of the turbomolecular pump is decreased
from 57000 rpm to 12000 rpm and Ar gas is introduced into the chamber. With
a needle valve the Ar pressure is adjusted to typically 0.02 mbar and the Ti sput-
tering gun is started (I = 50 mA, U ∼ 250 V). A second dc power supply drives
the Ni2MnGa plasma with a current of 100 mA and a bias voltage in the range
of 300 V. After a pre-sputtering period of 10 minutes the heater unit holding
the substrates is rotated towards the cathode and the deposition process starts.
To stop deposition the power supply is switched off. The heater current is shut
down immediately, the Ti plasma switched off, the gas flow is stopped and the
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pump speed increased to 57000 rpm again. After a cooling time of 1.5 h the Al
cap layer is applied. The sample temperature is then in the range of 100-120 °C.
This cooling period is necessary to prevent interdiffusion of Al and Ni-Mn-Ga.
X-ray absorption spectroscopy (XAS) revealed the formation of NiAl at the film
surface when the Al layer is deposited at elevated temperature [80]. Further de-
tails on the XAS experiments are provided in chapter 6. To sputter the Al a rf
power supply is used. For a sputtering power of 20 W (reflected power = 0) a
deposition time of 40 s results in a 3 nm thick cap layer. In order to release the
films from the rigid substrate a sacrificial Cr layer was introduced for a num-
ber of samples prepared on MgO(100). Here the Cr layer is deposited on the
heated MgO first. As soon as the Cr plasma is switched off, the pre-sputtering
and, subsequently, the deposition of the Ni-Mn-Ga is started. To avoid cross-
contamination the Ni-Mn-Ga target is mounted opposite to the Cr cathode (180°
configuration). Thereby the heater unit covers the cathode not in use. The third
cathode is covered by a metal cap. A cathode configuration of only 90° would
cause mixing of the evaporated elements. Typical preparation parameters for the
Cr layer deposition are Tsubstrate = 500 °C, I = 100 mA, U = 260 V at an Ar
pressure of 0.015 mbar. The deposition time of 480 s results in a film thickness
of 500 nm. The pre-sputtering process of the Ni-Mn-Ga cathode can be started
while the Cr layer is deposited. This reduces the holding time until the second
layer can be sputtered on top. Consequently reaction time of the hot Cr layer
surface with residual oxygen is reduced. After the Ni-Mn-Ga layer is deposited
the samples cool down to room temperature in high vacuum. To remove the films
the chamber is vented with dry N2 gas vaporized from liquid nitrogen.

3.1.2 Targets

The starting point for thin film preparation is the target material. For deposition
of a metallic layer consisting only of one chemical element a disc of high purity
can be used as sputter target. This is the case for the Chromium, the iron and
the aluminum target that are commercially available 2 inch sputter targets in
our setup. For deposition of a compound the situation is more complex. In
the ideal case the composition of the target is transferred one by one to the
substrate. The target is usually a polycrystalline disk made from melt cast. Key
requirements are homogeneity and absence of impurity phases and pores in the
material. Differences in the evaporation rates of the constituent elements will then
level out while sputtering from the target. The element with lowest evaporation
rate will accumulate at the target surface and, thus, the rate will increase by
time. For Ni2MnGa the production of bulk polycrystals for target material is not
a trivial task. The ingot material Manganese is very sensitive to oxidation and
shows a strong tendency to evaporate during the melt process. To cope with these
problems one solution is sealing the ingots in a quartz glass tube. Since Ni2MnGa
polycrystals are hard and brittle the melt cast pieces are cut by spark erosion.
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After polishing of the surface the stripes can be glued onto the target holder
with conducting silver. Another possibility is centrifugal casting that results in
a disk-shaped target outright. The material for the two stoichiometric targets
used in this work was provided by Dr. S. Roth from IFW Dresden [81]. Target
1 is melt cast material cut by spark erosion, whereas target 2 is a disk produced
by centrifugal casting. The targets 3-5 are off-stoichiometric with a Mn excess.
Number 4 and 5 were purchased from Hauner company [82], whereas target 3 was
prepared by arc melting by Dr. B. Balke from Mainz University [83]. A list of
the targets used in this work is given in table 3.1. The actual composition of the
targets was checked by energy dispersive X-ray spectroscopy (EDX). For target
5 the composition was probed by x-ray fluorescence spectroscopy. Both methods
are considered to provide reliable results for bulk samples.

Target Composition Ni:Mn:Ga in atomic %
No. nominal EDX
1 50.0 : 25.0 : 25.0 50.8 : 23.4 : 25.9
2 50.0 : 25.0 : 25.0 48.5 : 24.6 : 26.9
3 49.0 : 30.5 : 20.5 44.5 : 30.6 : 24.9
4 49.0 : 30.5 : 20.5 49.0 : 30.5 : 20.5
5 48.1 : 30.1 : 21.8 52.1 : 28.3 : 19.5 1

Table 3.1: Composition of the used targets. 1Probed by x-ray fluorescence spec-
troscopy.

3.1.3 Substrates

The choice of the substrate material is crucial for the structural properties of the
deposited film. In general, a polycrystalline substrate will result in a polycrys-
talline or amorphous layer, since no preferential in-plane orientation direction is
present. In contrast a single-crystalline substrate possesses a symmetrically or-
dered surface that acts as a constraint to the film on top. The first atoms that
add to the surface will sit on the lattice sites of the substrate with attractive
interaction of the involved elements. In case of repulsive interaction interstitial
positions will be favored. The result in both cases is a duplication of the sub-
strate crystal lattice. This requires of course matching lattice parameters and
a compatible structure type. The lattice of the substrate is then a seed crystal
for the layer growing on top. This process is called epitaxial growth [79]. If the
substrate and the deposited material are chemically identical one speaks of ho-
moepitaxy. In contrast heteroepitaxy denotes a monocrystalline layer grown on
a seed crystal of different composition. Epitaxial growth of Heusler compounds
is possible on several mono-crystalline substrates, including semiconductors like
GaAs [15] and InAs [84], metal oxides as MgO and Al2O3 [85, 86] or SrTiO3 [87]
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and even halogenides like NaCl [88, 89]. The standard substrate materials used
in this work are (100) oriented MgO and Al2O3(11-20) (“a-plane sapphire”) in
either 10 x 10 x 0.5 mm3 or 10 x 5 x 0.5 mm3 size. Sapphire is inert under am-
bient conditions and, thus, requires no special treatment. The Al2O3 surface is
cleaned with acetone before glueing the substrates onto the heater unit. During
the heat up process residual water on the substrate surface is evaporated. MgO,
on the contrary, is hygroscopic and reacts with water when exposed to air. The
formation of Mg(OH)2 and MgCO3 leads to degradation of the surface [90]. By
annealing in an oxygen atmosphere the surface can be recovered [91]. Following
previous works [18, 92] the annealing treatment was applied to MgO substrates
in the early stages of this work. However, by using single-packed and sealed sub-
strates stored in an exsiccator and limiting the time exposed to air the procedure
could be omitted. To facilitate release of the Ni-Mn-Ga layer from the substrate
two different water soluble substrate materials were tested. First sodium chloride
and second barium fluoride. In spite of the large mismatch (s. table 3.2) it is pos-
sible to achieve epitaxial growth on BaF2 and NaCl. Since particularly the latter
is highly hygroscopic, these materials were exposed to air as short as possible.
To obtain a fresh NaCl surface cleaving from bulk single crystal was tested, but
did not prove to be a practicable method.

Substrate Crystal structure, Orientation Mismatch with respect
material lattice parameters to Ni2MnGa in %

MgO fcc, a = 4.21 Å (100) 2.2

Al2O3 hex, a = b = 4.76 Å (11-20) 0.1*

c = 13.0 Å

NaCl NaCl, a = 5.64 Å (100) 3.2

BaF2 CaF2, a = 6.20 Å (111) 6

Cr bcc, a = 2.91 Å (100) 0.1

Fe bcc, a = 2.87 Å (100) 1.5

Table 3.2: Overview of the structural properties of the used substrate and buffer
layer materials. Lattice mismatch calculated with Ni2MnGa a(Austenite) = 5.825
Å from [32]. * As calculated (s. chapter 4, Fig. 4.8)

3.1.4 Optimized preparation parameters

An important issue in sample preparation is the control of the film stoichiometry.
For bulk Ni-Mn-Ga crystals a strong variation of the Curie temperature and
the phase transformation temperature as function of the composition has been
calculated and experimentally observed (s. chapter 2). In the sputter deposition
process mainly two parameters will affect the film composition. On the one hand
the working pressure and on the other the substrate temperature. The latter is
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furthermore the decisive parameter for the structural and magnetic properties
of the resulting film. At low substrate temperatures (T < 300 K) no epitaxial
but polycrystalline growth is observed. High substrate temperatures, on the
contrary, enable epitaxial growth but will result in an increased surface roughness
as reported in [93] for Heusler films on Al2O3. To make use of the magneto-
mechanical properties of the magnetic shape memory material rather thick films
are advantageous. Thus, the surface properties play a minor role. This is not
the case for samples used for surface sensitive experiments like X-ray absorption
spectroscopy. To protect the film surface against oxidation by a thin Al cap layer
the roughness has to be confined. To find the optimum preparation temperature
besides structural properties the saturation magnetization of the samples was
used as an indicator. Figure 3.2 displays the saturation magnetization determined
by hysteresis loops at low temperature (i.e. 10 K for Al2O3 and 20 K for MgO
substrates) for various samples prepared at different substrate temperatures. All
other deposition parameters were fixed to allow direct comparison of the samples.
While films grown at substrate temperatures up to 300 °C show a low saturation
magnetization, the magnetization reaches values close to 4 µB per formula unit
for samples prepared at 500 - 700 °C. This is in good agreement with values
calculated by theory [94] and those reported for bulk samples [32, 66]. At a
substrate temperature of 400 °C a distinct increase in saturation magnetization
is observed. This coincides with structural properties of the samples probed
by XRD. Epitaxial growth results for film deposition temperatures above 400
°C. As a good compromise between optimizing structural and magnetic ordering
on the one hand and reducing surface roughness on the other hand a substrate
temperature of 500 °C is chosen for the majority of samples prepared.

At a given substrate temperature the decisive parameter to control the film
composition is the working pressure. A stable sputtering plasma with I = 100
mA, 250 V < U < 300 V was achieved for an Argon pressure in the range of 0.01
to 0.1 mbar. In general a low working pressure is favorable, since implantation
of Ar atoms is diminished. Furthermore a low Ar concentration in the chamber
results in less scattering of the evaporated atoms and, thus, the deposition rate is
higher. For Ar pressures below 0.01 mbar the plasma becomes unstable. Besides
the deposition rate the Ar pressure influences the film composition markedly. This
can be seen from the phase transformation temperature that is very sensitive on
the sample stoichiometry. Figure 3.3 shows the martensite start temperature
in dependence of the Ar pressure during film preparation. Other deposition
parameters were kept constant for these samples. The phase transformation
temperature, that was determined from magnetization measurements in low field
(s. chapter 6.1.1), decreases linearly as function of the working pressure. This
curve progression is attributed to changes in the film composition. However, an
EDX analysis of these samples revealed no systematic variation of any of the three
elements as can be gathered from table 3.3. As a consequence, the accuracy of
EDX analysis applied to thin film sample seems to be not sufficient - at least for
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Figure 3.2: Saturation magnetization as a function of the substrate temperature
during deposition. From hysteresis loops at 10 K (20 K for MgO substrates
respectively) the saturation magnetization was calculated. The samples were
prepared with identical conditions varying the substrate temperature only.

the available setup and used processing software. Hence, the composition of the
samples was controlled only indirectly by comparing phase transformation and
Curie temperature to theoretical calculations.

Sample Ar pressure Ni Mn Ga
(mbar) (atomic %)

A 0.02 51.1 22.4 26.5
B 0.03 51.2 22.5 26.3
C 0.04 50.3 22.0 27.7

Table 3.3: Compositional variation in samples prepared at different Ar working
pressures. The sample stoichiometry was measured by EDX for the samples A,
B and C displayed in Fig. 3.3.

3.2 Freestanding films

The simplest approach to release an epitaxial film from the substrate is peeling
it off mechanically. Because of the relative low adhesion this is possible for
several substrate materials. Though this seems to be a facile solution, problems
arise from the significant stress on the film introduced by this procedure. First
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Figure 3.3: Dependence of the phase transformation temperature on the working
pressure during film deposition. The displayed phase transformation temperature
is the martensite start temperature determined by magnetization measurements
in low field (s. chapter 6.1.1). Besides the Ar pressure for this set of samples all
preparation parameters were identical.

difficulties arise from finding a point to apply the forceps. By breaking the
substrate there is a bare chance to get delamination of the Ni2MnGa layer at
the edge. Pulling at the loose end of the film will then result in bending of the
released part of the layer. Thus, a curled or even coiled film forms during the
peel off process. In our experiments the flat geometry could not be recovered by
simply unrolling these films. Since the introduced stress can not be controlled the
method did not prove to be practicable. Another route to release the MSM layer is
removing the substrate completely by a chemical reaction instead of mechanical
treatment. If the substrate is soluble in any solvent that does not attack the
Ni2MnGa film, it is possible to eliminate the substrate. This is referred to as
sacrificial substrate technique. The same concept can also be applied to a buffer
layer that can be etched selectively. A third approach was a partial release of the
films by cutting with an focused ion beam (FIB) under various angles.

3.2.1 Sacrificial substrate method

Materials suitable as a sacrificial substrate for preparation of freestanding epi-
taxial Ni-Mn-Ga films have to fulfill basically three requirements. First of all
the lattice mismatch between substrate and film has to be low enough to allow
epitaxial growth. Second chemical reactions at the interface and interdiffusion
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of substrate elements into the layer should be restricted. Finally, a good sol-
ubility in a solvent that does ideally not react with the Ni-Mn-Ga layer is of
importance. This last requirement is met by the first substrate material tested:
sodium chloride. The (100) oriented NaCl single crystals can easily be dissolved
in demineralized water without damaging the MSM layer. The mismatch of the
Ni2MnGa and the NaCl lattice parameter is with 3.3 % reasonably low. Problem-
atic is the reactivity of the halogenide at high deposition temperatures. When
heating the NaCl substrates above 480 °C the deposited layer looks flat and gray
instead of metallic. This is a sure indication of a chemical reaction of the Heusler
compound with the substrate material. Since NaCl is highly hygroscopic a careful
bake-out process is necessary to evaporate the adherent water. Another draw-
back of this material is the severe difference of thermal expansion coefficients of
NaCl and Ni-Mn-Ga. The films deposited at temperatures between 450 and 480
°C show a distinct buckling when cooling to room temperature. Figure 3.4 (left)
shows an optical microscopy image of the Heusler layer on the NaCl substrate. A
wavy film surface and a partial delamination can be observed. Furthermore, the
surface of the film shows a line pattern that is induced by the substrate surface.
The scratches produced by the polishing process are visible on the NaCl surface
prior to deposition and transfer to the film surface during preparation. This is
evident from Fig. 3.4 (right) that displays the released Ni-Mn-Ga film. The lines
running under various angles clearly descend from the scratches of the substrate
surface. The major disadvantage of NaCl(100) crystals as sacrificial substrates is
the poor crystalline quality of the deposited films. The prepared samples show a
textured crystal structure only. Single-crystalline growth on the used substrates
could not be achieved, which is very likely a consequence of the degraded surface.
Results of the crystal structure analysis of these samples are presented in chapter
4. The second soluble substrate material tested within this work was barium flu-
oride. On the available (111) oriented crystals of this compound epitaxial growth
was achieved (s. chapter 4). In the literature (and in the product data sheet of
several distributors) different solubility values for BaF2 can be found. However,
the single-crystalline substrates did not prove to be soluble in water in the least.
Even a constant flow of demineralized water for over four hours did not affect
the BaF2 substrate. In order to increase the solubility of the barium fluoride
by chemical precipitation of BaSO4, addition of sodium sulfate was tried in the
following. Still the solubility remained to low to dissolve the substrate.

3.2.2 Sacrificial buffer layer technique

Instead of eliminating the substrate in total, a sacrificial buffer layer between
film and substrate can be introduced. This layer has to grow epitaxially on the
substrate and moreover enable mono-crystalline growth of the top layer. Fur-
thermore a selective removal of the buffer material is required. An element that
meets all these requirements is Chromium. It grows epitaxially on MgO(100)
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100 µm 100 µm

Figure 3.4: Optical microscopy images of Ni-Mn-Ga films deposited on NaCl(100)
substrates. The different thermal expansion coefficients of substrate and film
result in buckling of the layer after cooling to room temperature (left). After
releasing the film surface shows a line pattern that originates from scratches on
the NaCl surface due to polishing (right).

and facilitates epitaxial growth of Ni2MnGa on top. The selective etchant used
for the Cr layer is an acetic solution of cerium(IV) ammonium nitrate (20 g
(NH4)2Ce(NO3)6, 3.5 ml acetic acid and 100 ml demineralized water) [95]. In
contact to the reagent the Cr(0) is oxidized to Cr(+III) while Ce changes oxida-
tion state from +IV to +III. The resulting reaction product Cr(NO3)3 is water
soluble. The formation of a Cr metal complex makes the reaction highly selec-
tive. Nevertheless damages of the Ni-Mn-Ga layer like perforation was observed
for some samples. This is an indication of either inhomogeneities in the film com-
position or diffusion of Cr into the Ni-Mn-Ga layer. By limiting the etching time
this could be avoided. For an optimized Cr layer thickness of 100 nm an expo-
sure time of 300 min was necessary to release a film of 10 mm length and 5 mm
width. Surprisingly, thicker buffer layers (300 - 500 nm) required longer reaction
time, although the contact area is larger for a rather thick Cr layer. Since the
Cr etchant can attack the buffer layer on the side only, the process of completely
releasing the film is slow. For an exposed Cr surface the reaction time to dissolve
a 100 nm thick layer is just a few seconds. The relative slow process of etching
the Cr underneath the MSM layer provides the opportunity of partial release.
By limiting the exposure time to the Cr etchant only a small band along the film
edges becomes freestanding. In combination with photolithography this method
enables fabrication of freestanding microstructures. An illustration of the prepa-
ration process is provided in figure 3.5. In a first step, photolithography and wet
chemical etching is applied to pattern the Ni-Mn-Ga layer. Subsequently, the Cr
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buffer layer is etched until the designated regions are freestanding. Typical expo-
sure times for releasing a 100 µm wide beam are 30 to 60 minutes. The progress
of the etching process can be controlled by optical microscopy. Figures 3.6 and
3.7 show light microscopy images of patterned samples prepared by the sacrificial
layer technique. The penetration depth of the Cr etchant is clearly visible, since
the released film regions differ in reflectivity from the substrate-constrained area.
The part of the film that is still fixed to the substrate via the Cr layer looks
totally flat, whereas the freestanding regions appear to be strongly tilted. The
surface tilt is in fact not as severe as suggested by the image, but caused by the
normal incidence of the light. The released bands at the film edges are 75 µm
wide. Besides the Cr layer also parts of the MgO substrate are removed by the
etchant, as evident from the crater-like surface. Since substrate surface and the
Ni-Mn-Ga film surface are in the focus of the microscope the removed MgO layer
has to be less than 2 µm. The inclination of the released stripe is consequently
in the range of 2 °considering the Cr layer thickness of 500 nm for this sample.

MgO(100) substrate

Photolithography

Cr 
layer

Selective
chemical etching
of Cr layer

Ni2MnGa

Figure 3.5: Illustration of the preparation process of a freestanding microstruc-
ture. In a first step the Ni-Mn-Ga layer is patterned using photolithography.
Subsequently the Cr buffer is partially removed by selective chemical etching.
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MgO

Ni2MnGa

100 µm

Figure 3.6: In light microscope images the freestanding regions of the film are
clearly visible due to differences in reflectivity of the incident light. The Cr layer
is retained underneath the flat part of the film (upper third). The damages on
the MgO surface are caused by the Cr etchant.

Photolithography process:

� Spin-coating of the Ni-Mn-Ga film surface with positive photo resist (type:
ma-p 1215). After application of the resist with a pipette spinning at 300
rpm for 10 s, then 30 s at 4000 rpm.

� Bake-out: 2 minutes on a hot-plate held at 120 °C

� Exposing: With shadow mask 40 s in UV light.

� Developing: 90 - 120 s in ma-D 331 (until pattern is faintly visible). Stop
process by rinsing in demineralized water.

� Etching: 40 - 90 s in 12 % HNO3 solution (visual control: the etched Ni-
Mn-Ga becomes dark grey. When removed the metallic Cr gets visible). To
stop etching rinse in demineralized water.

� Removal of residual photo resist with acetone.
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(a) (b)

(c)

100 µm

1 mm

Figure 3.7: Light microscopy images of partly freestanding Ni-Mn-Ga film. The
MSM layer is patterned by photolithography (a). In a second step the Cr layer
is removed via selective chemical etching (b). By limiting the etch time the film
is released partially (c), since the etchant attacks the Cr layer at the side only.
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3.2.3 Focused ion beam etching

Freestanding microstructures such as cantilevers or bridges can also be fabricated
by etching an epitaxial film with a focused ion beam (FIB). The patterning by
FIB etching was done in cooperation with Professor M. Huth of Frankfurt Uni-
versity [96]. By cutting under an angle from both sides a freestanding triangular
beam was prepared. With a third, perpendicular cut one side of the structure is
released. Scanning electron microscopy (SEM) images are used to monitor the
progress of the etch process (s. Fig. 3.8). Once the beam is released on the sides
and one end completely, it is free to move. For a rather thin and long cantilever
bending up was observed (s. Fig. 3.9). This proofs that the 25 µm long and 2
µm wide beam is in fact mobile. Since no mechanical or magnetic force has been
applied yet, the curvature indicates that the substrate-constrained film was in a
stressed state. However, another cantilever on this sample with a lower aspect
ratio showed no curvature after releasing (s. Fig. 3.11). Problems associated with
the preparation technique are potential damages in the crystal lattice of the re-
gions around the FIB cut. Since gallium ions are used for the etching, changes in
the Ga content of the film are possible. An EDX analysis before and after pat-
terning revealed minor changes of the composition. Before treatment with the
gallium ion beam the film composition was determined to be Ni51.1Mn23.3Ga25.6.
After the etch process a composition of Ni49.7Mn22.8Ga27.6 was measured on the
cantilever and Ni50.9Mn22.4Ga26.6 far from this cantilever. These changes are at-
tributed to the limited accuracy of the method applied to thin film samples rather
than to changes in the stoichiometry associated with the FIB preparation. Nev-
ertheless, a higher gallium concentration at the surface of the cantilever as well as
defects in the lattice cannot be excluded. Further information on the preparation
procedure are provided in references [97] and [98].

1 µm

Figure 3.8: SEM image of a cantilever prepared by focused ion beam etching.
The first angular cut was done from the right side in the image. Subsequently,
the second cut under an angle is performed from the left. During the etch process
redeposition of material can occur, which is visible at the intersection of the two
cuts.
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2 µm

Figure 3.9: SEM image of a freestanding cantilever prepared by focused ion beam
etching. The dimensions of the beam are 25 µm x 2 µm. The curvature indicates
that the substrate-constrained film is in a stressed state. It is also possible that
the stress is induced by the preparation process. On the film surface a distinct
twinning pattern can be observed.

10 µm

Figure 3.10: In the side view the curvature of the released cantilever is clearly
visible. The structure was prepared by focused ion beam etching of a thick Ni-
Mn-Ga film on a MgO(100) substrate.
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2 µm

Figure 3.11: SEM image of a FIB cut cantilever of lower aspect ratio. On the
surface of the 6 µm long and 2 µm wide beam a distinct twinning pattern is
visible

3.3 Standard characterization methods

3.3.1 X-ray diffraction

The crystalline quality of the samples is controlled by X-ray diffraction (XRD)
in Bragg-Brentano geometry. The used set-up is a commercial diffractometer
(Philips Xpert) that utilizes Cu Kα1 radiation with a wave length of λ = 1.5406
Å. In addition, contributions of Cu Kα2, Cu Kβ and lines of W and Mo impurities
are visible in the diffraction pattern. The epitaxial growth of the film is checked
by a θ-2θ-scan. Here the angle between incident X-ray beam and sample surface
(ω) is varied in steps of typically 0.1° between 10 and 50°. At the same time
the detector and the sample surface enclose an angle of θ = ω, which means the
angle between source and detector is 2θ for each step. In the experiment the X-
ray source is fixed, while sample stage and detector can be rotated independently
(s. sketch of the 4-circle diffractometer in Fig. 3.14). The sample sits in the center
of the turning circle of the detector. When the angle of incidence θ meets the
Bragg condition:

2d sin(θ) = nλ (3.1)

constructive interference can be detected under the emergent angle θ and, thus,
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a peak occurs in the diffraction pattern. The peak position depends on the used
X-ray wavelength and the distance d of the lattice planes parallel to the crystal
surface. By this method only the out-of-plane lattice parameter d is probed. This
yields information about the lattice spacing along the film normal. For orthogonal
lattice systems with the lattice parameters a, b, c the following equation relates
lattice plane distance dhkl and lattice parameters:

1

(dhkl)2
=

(
h
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)2

+

(
k

b

)2

+

(
l

c

)2

(3.2)

To interpret the peaks, observed in the experiment, a comparison to a simulated
diffraction pattern is necessary. The program PowderCell [99] provides calculated
powder diffraction patterns for many elements and compounds. The database of
the software contains the atomic form factors fj of the individual elements. These
are basically the Fourier transforms of the electronic density of the ion [100]:

fj(K) = −1

e

∫
dr eiK·rρj(r) (3.3)

Besides the electron density ρ of the considered atom j the form factor depends
also on the difference K between incident and scattered wave vector. According
to the Laue theory of diffraction [100] elastic scattering of the incident plane
waves on the individual atoms located at dj in the lattice occurs. Constructive
interference results only, if the change of the wave vectors K = ki−kf is a vector
of the reciprocal lattice. The observed intensity IK is then:

IK ∝
n∑
j=1

fj(K) eiK·dj (3.4)

If the form factors of all constituent atoms and their lattice positions, as well
as the lattice parameters and the symmetry are known, all observable reflections
can be calculated. Figure 3.12 displays such a calculated diffraction pattern for
Ni2MnGa. Since the software is designed for powder samples, crystallites of all
possible orientations will contribute in the simulated scattering process. Thus, all
possible orientations - (100), (110) and (111) - will be observed simultaneously.
For a bulk single crystal or an epitaxial film this is not possible. When comparing
the simulated diffraction pattern 3.12 with the list of all calculated reflections
3.13 it strikes that some peaks have very low or even zero intensity. This is a
consequence of the different atomic form factors that can cause distinction of
particular reflections (e.g. (200), (222), etc.). For a film grown on a MgO(100)
substrate the incidence of the Ni2MnGa (400) reflection is used to verify epitaxial
growth. For non-stoichiometric samples the introduced chemical disorder leads to
occurrence of the (200) peak in addition. When preparing films on Al2O3(11-20)
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the epitaxial growth is confirmed, if the (220) peak appears while the (200) and
(400) reflections are absent.

Figure 3.12: Simulation of a Ni2MnGa powder diffraction pattern using the pro-
gram PowderCell 2.4. The peak intensities are normalized to the strongest re-
flection.

Besides the peak position further information on the structural properties
of the sample can be gained from the line broadening ∆(2θ) at half maximum
intensity. The size of the crystallites is related to the line width observed for a
peak at θ as follows:

L =
Kλ

∆(2θ) · cos(θ)
(3.5)

where K is the dimensionless shape factor and λ the wavelength of the used X-ray
light. Depending on the actual shape of the crystallites K is typically close to 1.
The equation known as Scherrer formula [101] is limited to grain sizes < 100 µm.

The second scan type used is the so-called “rocking curve” also referred to as
ω-scan. Here the detector is fixed in 2θ at a lattice reflection, while ω is varied
in the range of a view degrees around the value θ. For a perfect crystal this
scan would result in a single line at ω = θ, whereas a fine-grained polycrystalline
sample will show a Gaussian broadening of the intensity distribution around the
peak maximum. The individual crystallites will meet the Bragg condition for
different ω-values, which causes the peak broadening. This scan mode is only
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H   K   L     2 /deg        d/Å Irel/%.

1   1   1     26.496      3.36133      1.07

2   0   0     30.688      2.91100      0.00

2   2   0     43.953      2.05839      100.00

3   1   1     52.057      175540       0.66

2   2   2     54.559      1.68067      0.00

4   0   0     63.907      1.45550      15.17

3   3   1     70.440      1.33566      0.30

4   2   0     72.556      1.30184      0.00

4   2   2     80.808      1.18841      29.26

5   1   1     86.864      1.12044      0.18

3   3   3     86.864      1.12044      0.06

4   4   0     96.912      1.02919      9.86    

5   3   1     103.025    0.98410      0.28

6   0   0     105.094    0.97033      0.00

4   4   2     105.094    0.97033      0.00

6   2   0     113.606    0.92054      17.91

Figure 3.13: h k l reflection list for a Ni2MnGa powder sample simulated
with PowderCell 2.4 The peaks routinely used to confirm epitaxial growth on
MgO(100) and Al2O3(11-20) substrates are highlighted.

sensitive to the tilt of the crystallites with respect to the film normal. To get
insight on the in-plane orientation of the lattice unit cells probing with a 4-circle
diffractometer is required. In contrast to the 2-circle setup, here the sample
can be rotated orthogonally to the scattering plane (χ-angle) and around the
sample normal (ϕ-angle). The operating circles, as illustrated in Fig. 3.14, allow
scanning of arbitrary lattice planes. In principle the set-up enables scanning of
the entire reciprocal space. The control software (STADI 4 ) provides different
scan types in reciprocal space coordinates as well as variation of the angles in
real space. Thus, the precise orientation of the film lattice with respect to the
substrate lattice, that acts as a reference frame, can be determined. For mapping
the reciprocal space the software uses an orientation matrix of the crystal lattice
based on a structural model. After adjusting the sample surface with the aid of
a telescope and a reflected laser beam two geometrically independent reflection
are needed as input for the orientation matrix. Subsequently, iterative scanning
of a list of calculated reflections is performed. The measured peak positions are
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used to refine the matrix. A second matrix containing the parameter set of the
substrate lattice can be used as a reference system for specific scans.

source

det.

ω

2θ
φ

χ

χ

Figure 3.14: Schematic of the operating circles of the 4 circle diffractometer.
For a fixed ϕ-value and χ = 0 the geometry corresponds to that of the 2-circle
diffractometer.

3.3.2 Reflectometry

Besides investigation of the structural properties the 2-circle diffractometer of-
fers also an effective method to determine the layer thickness of the sample by
monitoring the intensity of the X-ray beam reflected by the film at grazing an-
gles. This measuring technique, called X-ray reflectometry (XRR), is fast, non
destructive and provides high precision for single and multi-layer thin films up to
200 nm thickness [102]. In the experiment the sample surface is aligned parallel
to the X-ray beam for θ = 0° blocking half of the maximum intensity observed
without sample in the beam. Then a θ − 2θ scan for 0.2° ≤ θ ≤ 4° is performed.
Below the critical angle θC of the topmost layer total reflection of the incident
X-ray beam occurs. For θ > θC the incident light partly penetrates the layer and
is reflected at the interface to the substrate, or next layer respectively. Interfer-
ence of the different partial beams results in oscillating intensity observed under
the reflection angle θ (“Laue oscillation”). The position of the intensity maxima
is sensitively depending on the layer thickness. To evaluate the experimental
data a fit routine is provided by the program PARRATT32 [103]. The database
contains basically the refraction indices of the different elements and numerous
compounds. The reflectivity can be calculated as a function of layer thickness
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and surface and interface roughness for a single layer on a substrate. Figure 3.15
shows XRR data collected on a Ni2MnGa film on MgO substrate in combination
with the calculated reflectivity using PARRATT32 software.

Figure 3.15: XRR scan measured on a thin Ni2MnGa film on MgO. The calcu-
lated reflectivity fits the data best for a layer thickness of 80.8 nm and a surface
roughness of 0.5 nm.

The software is also applicable to multilayer systems. This was of great ben-
efit, when determining the deposition rate of the aluminum target that is used
to cap the films. Due to the small difference of the refractive index of Al with
respect to MgO or Al2O3, an Al layer deposited on these standard substrates
gives no XRR signal. A better contrast is achieved, if the Al layer is enclosed
by two layers of an element of higher atomic number. A suitable element is iron,
that was available as target material for buffer layer deposition. The prepared
multilayer shows a distinct reflectivity characteristics that allows calculating the
thickness of the individual layers 3.16.

3.3.3 Magnetometry

Two different measurement techniques were applied to investigate the magnetic
properties of the samples. The first machine in use is a Vibrating Sample Mag-
netometer (VSM) [104] of the type Oxford Maglab. The sample is attached to
an oscillating sample holder and placed between two pick-up coils in the applied
magnetic field. The motion of the magnetized thin film sample causes an electro-
magnetic induction in the sensing coil. The induced voltage in the pickup coil is
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Figure 3.16: A multilayer system of Fe-Al-Fe on a Al2O3 substrate is used to
determine the Al layer thickness. The XRR signal (black circles) was fitted with
the program PARRATT32 (red line).

proportional to the sample’s magnetic moment. Since the signal has the same fre-
quency as the driver it can be extracted with a lock-in amplifier. In the standard
geometry the magnetic field is applied in the film plane along the long substrate
edge (for 10 mm x 5 mm substrates). To record a hysteresis loop the magnetic
field is varied between -4 and 4 Tesla and data is collected for each 10 mT step.
From such a hysteresis loop the in-plane saturation magnetization can be calcu-
lated if the film thickness and thereby the sample volume is known. A second
sample holder enables also probing the out-of-plane magnetization in the VSM.
In combination with hysteresis loops measured for different in-plane orientation
the magneto-crystalline anisotropy can be estimated. During the measurement
the temperature of sample and surrounding is controlled by a variable tempera-
ture inset in the helium cryostat. The temperature control allows for scanning at
a constant value as well as sweeping the temperature in the range of 2 - 300 K.
The second instrument available is a Quantum Design MPMS II SQUID (Super-
conducting Quantum Interference Device) magnetometer [105, 106]. Similar to
the VSM function principle the sample is moved linearly between a set of pick-up
coils. Exploiting the Josephson effect [107] in a superconducting loop the induced
current is converted to a voltage signal that is detected. Besides the increased
sensitivity of the measuring principle, the variable temperature inset of the in-
strument offers a larger operating range compared to the VSM. Accordingly, the
SQUID was mainly used to determine the Curie and the phase transformation
temperatures. For that purpose, a field of 10 mT is applied in-plane along the
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long substrate edge and the temperature-dependent magnetization of the film is
scanned for a temperature range of 150 to 400 K with a ramp rate of 2 K min−1.
For these low field measurements the contribution of the substrate to the signal
can be neglected. This is not the case if higher magnetic fields are applied. The
paramagnetic contribution of the MgO and the diamagnetism of the Al2O3 sub-
strates are clearly visible for fields above 1 T. By fitting a line to this part of the
hysteresis loop these contributions can be subtracted. For a quantitative evalua-
tion of the saturation magnetization of the sample it is necessary to calibrate the
instruments with a standard.

3.3.4 Surface investigation

Thin metallic layers grown epitaxially on a planar substrate are usually flat with
a certain surface roughness. For adsorbates that do not wet the substrate surface
completely the formation of islands during growth is likely. Furthermore, the sur-
face morphology depends on the deposition conditions, especially the substrate
temperature and the energy distribution of the evaporated material. When ex-
amining the film surface accurately defects like holes or on smaller scale lattice
imperfections can be located. In the case of Ni-Mn-Ga the formation of twinned
variants in the martensite leads to deviation of the surface from a flat geome-
try. The film grows at elevated temperature in the cubic austenite phase. Under
cooling the crystal structure changes from cubic to orthorhombic (or tetragonal),
when the sample transforms to the martensite. As the substrate-constrained film
cannot change the macroscopic shape, different crystallographic variants, sepa-
rated by twin planes, will form in the low temperature phase. The twinning pro-
cess involves tilting of the variants with respect to the cubic lattice of the parent
phase. This results in a buckling of the film surface, that can be observed by opti-
cal microscopy in some cases. From the millimeter scale down to some micrometer
the light microscope provides easy access to the surface pattern induced by the
martensitic microstructure. The observed “macroscopic” structure is a conse-
quence of the variant distribution and the twin plane alignment and, thus, allows
conclusions on the microstructure of the sample. The complex crystal structure
of the Ni-Mn-Ga martensite also involves hierarchical twinning that means the
formation of “twins within twins”. Therefore a mesoscopic twin configuration
can link the macroscopic structure and the atomically sharp twin boundaries. To
probe this mesoscopic scale a scanning electron microscope (SEM) and an atomic
force microscope (AFM) have been employed. The former operates with electrons
that are accelerated to energies of several keV and focused on the sample surface
in raster scan pattern. For imaging the secondary electrons generated by inelas-
tic scattering processes of the electrons on atoms near the surface are detected.
Since the emission characteristic is symmetric around the surface normal, inten-
sity variations can be used to create a plastic image of the surface topography. It
is also possible to use the back-scattered electrons, that stem from elastic scat-
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tering of high energy beam electrons on the specimen atoms, as signal. Atomic
force microscopy utilizes the forces between a probing tip attached to the end of
a cantilever and the specimen atoms to image the sample surface. The available
set-up can be used in contact or non-contact mode. In the first operation mode
the static tip deflection is directly observed. In non-contact mode the cantilever
is placed a few nm above the sample surface and is oscillated slightly above the
resonance frequency. The van der Waals forces between sample atoms and the
tip will cause a change of the resonance frequency, which allows determination of
the distance. In general, the achievable resolution of AFM exceeds that of SEM
and can in principle reach the atomic scale. Comparable resolution is also sup-
plied by transmission electron microscopy. Here the wave character of electrons
is exploited to image a thin specimen in transmission mode by a suitable electron
optics. A disadvantage of the method is the complicated preparation process of
the sample under investigation. To achieve a magnetic contrast in the surface
image the AFM can be equipped with a magnetized tip that interacts with the
stray field on the sample surface. This technique is referred to as magnetic force
microscopy (MFM).
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Crystal Structure

A key requirement for considerable magnetic-field-induced strains, as reported
for bulk Ni2MnGa samples, is the single-crystalline nature of the MSM alloy. In
polycrystalline samples, twin boundary motion is suppressed by the grain bound-
aries, or equivalently, neighboring grains have incompatible MFIS. To date, the
highest strains have been observed for bulk samples with 7M/14M structure [4].
Besides the modulation, the variant configuration and in particular the alignment
of the magnetic easy axis play a decisive role in the magnetically controlled vari-
ant redistribution process. Thus, the precise knowledge of the martensitic crystal
structure is of utmost importance.

In this section the structural properties of the samples are reviewed. This
involves the results of X-ray diffraction (XRD) in two- and four-circle geometry.
The former is used as the standard technique to control the epitaxial growth of
the samples. The 2-circle diffractometer facilitates fast access to the out-of-plane
orientation of the films and furthermore provides valuable information on the
“crystalline quality” of the samples. From the rocking curve width (FWHM)
the misalignment of individual crystallites can be estimated, while the FWHM
of the peaks in the θ-2θ-scan contains information on the size of the crystal-
lites. The in-plane alignment of the austenitic unit cell in the Ni-Mn-Ga films
is determined with a diffractometer that uses a 4-circle goniometer to adjust the
sample in the X-ray beam. This set-up also allows for detection of different crys-
tallographic variants in the martensite state and moreover determination of the
quantitative variant distribution. With a helium cryostat attached to the 4-circle
diffractometer the temperature evolution of selected Bragg peaks can be pursued.
For samples showing the martensitic phase transformation below room temper-
ature the changes in the crystal lattice associated with the phase transition can
be studied with the cryostat setup. To access the austenitic phase for the off-
stoichiometric Ni-Mn-Ga films a Peltier element was utilized to heat the samples.
To distinguish between the two structural phases the associated Bragg peaks are
indexed with A for the cubic austenite and M for the orthorhombic martensite in
the following. Finally, two different set-ups for XRD measurements with applied
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magnetic field were tested: a set of permanent magnets with suitable sample
holder and secondly a solenoid capable of generating a field of 400 mT.

4.1 Structural properties of the austenite

The structural phase transformation occurs well below room temperature at
about 202 K for stoichiometric Ni2MnGa samples [32]. The standard XRD scans
thus probe the austenite phase, if the film composition is in the vicinity of Ni-50
Mn-25 Ga-25. This is the case for our films prepared from the stoichiometric
Ni2MnGa targets. Epitaxial growth was achieved on different substrate mate-
rials including MgO(100) and Al2O3(112̄0) single crystals. In the first case the
lattice of the Heusler compound follows the (100) orientation of the substrate.
This is evident from the XRD diffraction pattern in Bragg-Brentano geometry
displayed in Fig. 4.1. Besides the intense (200) and (400) MgO peaks the respec-
tive Ni2MnGa reflections are visible. The additional lines are not due to impurity
phases, but are present in a reference scan on the blank substrate too. According
to the calculated reflection list (s. Fig. 3.13) the Ni2MnGa (400)A peak is detected
at a 2θ-value of 63.9°. For a completely L21 ordered Ni2MnGa sample the (200)A
reflection would have zero intensity due to extinction. The appearance of the
(200)A peak at 2θ = 30.7° clearly indicates a deviation of the sample’s crystal
structure from the L21 order. The reason for the disorder lies in the chemical
composition of the film that deviates from Ni-50 Mn-25 Ga-25.

The rocking curve measured at the intensity maximum of the (400)A Ni2MnGa
peak is shown in Fig. 4.2. A fit with a Lorentz profile yields a peak broadening
of 0.53° (FWHM), which is a typical value for films grown on MgO substrates.
The peak broadening is caused by deviation of the film lattice from being a
perfect single crystal. The X-ray spot probes a specimen volume that consists
of individual crystallites separated by grain boundaries. These crystallites can
slightly vary in alignment. The associated tilting of the lattice planes results in
the observed line broadening. As a reference value the rocking curve width of a
substrate reflection can be used. Here the ω-scan of the (200) peak shows a width
of ∆ω = 0.08°. This can be considered as the resolution of the diffractometer,
since the X-ray beam is not divergence-free.

For the films prepared on Al2O3(112̄0) substrates the θ-2θ-scan generates a
diffraction pattern as pictured in Fig. 4.3. The Ni2MnGa grows epitaxially on the
substrate surface with a (110)A orientation along the surface normal, as evident
from the observed (220)A and (440)A film peaks. The corresponding rocking
curve at 2θ = 44.25° shows a FWHM of ∆ω = 0.22° only (s. Fig. 4.4). In
combination with the high peak intensity, this demonstrates the highly mono-
crystalline character of the samples. Using equation 3.5 the observed peak width
∆(2θ)= 0.19° of the (220)A reflection results in a crystallite size of 50 nm for
films grown on Al2O3. The broadening of the (400)A peak for samples on MgO
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Figure 4.1: The XRD pattern (θ-2θ-scan) reveals the (100) out-of-plane orienta-
tion of the austenitic Ni2MnGa film grown on MgO(100). Besides the substrate
peaks (s) only the (200)A and (400)A Ni2MnGa reflections are visible.

Figure 4.2: At 2θ = 63.9 degree the ω-scan of the (400)A peak shows a FWHM of
0.5°, which is a typical value for Ni2MnGa films grown on MgO(100) substrates.
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Figure 4.3: θ-2θ-scan of a Ni2MnGa film grown on a Al2O3(112̄0) substrate.
Besides the substrate peaks (s) only the (220)A and (440)A Ni2MnGa reflections
are visible confirming epitaxial growth.

Figure 4.4: At 2θ = 44.25° the ω-scan shows a FWHM of 0.22°, which is a typical
value for the Ni2MnGa (220)A peak for films grown on Al2O3 substrates.
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leads to an estimated crystallite size of 15 nm only. In the calculation the shape
factor K was assumed to be 1. In combination with the increased peak width
of the rocking curve for samples on MgO(100), this leads to the conclusion that
Al2O3(11-20) substrates facilitate better epitaxial growth of the Ni2MnGa layer.

The in-plane orientation of the cubic Ni2MnGa austenite unit cell is probed
by scans in the reciprocal space with the 4-circle diffractometer. In case of films
prepared on MgO(100) substrates the orientation of the in-plane lattice parame-
ters is checked by scanning a (k,l)-plane at a constant h-value of 4. The contour
plot of the measured intensity (s. Fig. 4.5 (a)) exhibits four peaks symmetrically
arranged around the central (400)A peak. These {420}A peaks reflect the fourfold
symmetry of the MgO substrate. When comparing to the positions of the MgO
{220} reflections (not shown) a difference in ϕ-angle of 45° is observed. Conse-
quently the Heusler unit cell features an in-plane rotation of 45° with respect to
the MgO lattice (s. illustration in Fig. 4.6). This is in agreement with results
obtained for other Heusler compounds [108]. Fig. 4.5 (b) shows a (h,k,l) plane
scan performed for a film on Al2O3(112̄0). The plane is parallel to the film surface
and maps the reciprocal space around the Ni2MnGa (220)A peak. Following the
naming convention of the peaks observed in the 2-circle XRD pattern the out-of-
plane direction is (110) in reciprocal space coordinates. In order to scan a plane
perpendicular to the (220)A vector h and k are varied such that the condition
h+k = 4 is satisfied. In the experiment for each l-value a line in the h, k-plane is
scanned. The so-called reciprocal space map contains the (220)A, the (040)A and
(004)A Ni2MnGa peaks. With lower intensity the {311}A and {222}A reflections
are in evidence. Similar to the (200)A peak (observed for samples on MgO) the
appearance of the {222}A peaks indicate structural order (L21), but chemical
disorder. In contrast to the MgO(100) substrate surface the Al2O3(112̄0) plane
has a twofold symmetry only. The in-plane lattice parameters are defined by
the long c-axis of the hexagonal lattice in one direction and a lattice spacing of
2 cos(30°)·a = 8.245Å in the perpendicular direction. This value is close to that of
the long edge of the (110) plane in the Ni2MnGa austenite unit cell that measures
8.238Å. According to the low mismatch of only 0.08 % one would expect that the
Ni2MnGa[11̄0]A direction aligns under 90° to the Al2O3 c-axis, which is equiv-
alent with Ni2MnGa[001]||Al2O3[0001]. When examining the (22̄0)A Ni2MnGa
peak and the (116) Al2O3 peak (that determines the varphi-angle of the c-axis)
these reflections appear at the same ϕ-angle. Consequently the Ni2MnGa [11̄0]A
direction is in fact aligned along the c-axis contradicting the expectation. An il-
lustration of the in-plane alignment of the Heusler unit cell is provided by Fig. 4.6
(b) and (c). An explanation for this crystallographic orientation can be gained
by inspecting the atomic distribution at the film-substrate interface. The pro-
jection of the (110)A Ni2MnGa plane and the Al2O3(112̄0) surface is sketched in
Fig. 4.7. When superimposing the two atomic planes a certain match of atomic
positions can be achieved. For the Ni2MnGa[11̄0]||Al2O3[0001] orientation the
degree of congruence is increased, compared to the Ni2MnGa[001]||Al2O3[0001]
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Figure 4.5: Plane scans in the reciprocal space for Ni2MnGa films on (a)
MgO(100), (b) Al2O3(112̄0), and (c) BaF2(111) substrates. The detected peaks
indicate the in-plane orientation of the austenitic unit cell of the Heusler com-
pound as sketched on the right.
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configuration (s. Fig. 4.8). The driving mechanism is very likely the chemical
bonding between substrate and film elements. One scenario that would explain
the observed layer orientation is a preferential arrangement of Mn atoms at oxy-
gen sites of the Al2O3 surface. Manganese is known to be highly sensitive to
oxidation [109]. Another mechanism that could lead to a lowered free energy at
the interface is the coincidence of Ni and Al positions. The formation of NiAl was
observed on the surface of samples that were capped by an Al layer at elevated
temperature [80]. During film deposition the Ni atoms of the first layer possi-
bly adjust to the Al sites and are preferably attached there. With progressing
deposition the L21 Heusler structure forms on top of the interface. The absence
of additional phases in the XRD pattern signifies that such “chemical reactions”
are strictly limited to interface.

The third principle growth mode - the Ni2MnGa (111) plane aligned parallel
to the substrate surface - was realized on BaF2(111) single-crystals. Here, the
space map includes the three {200}A peaks that enclose an angle of 54.74° with
the surface normal (s. Fig. 4.5 (c)). According to that, the crystallographic
orientation of the shape memory film can be tailored by choosing the suitable
substrate. All three possible growth modes can be prepared with good epitaxial
quality.

a = 4.21 Å

aA = 5.825 Å

MgO
(100) 

Ni2MnGa

c = 13.0 Å

8.238 Å

8.245 Å

Al2O3
(11-20)
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(a) (b)
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Figure 4.6: (a) Illustration of the in-plane orientation of the Ni2MnGa austenite
unit cell on MgO(100). (b) Expected alignment of the (110)A film plane on the
Al2O3(112̄0) surface. Experimentally observed orientation on sapphire A-plane
substrates (c).
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Figure 4.7: Representation of the distribution of Al and oxygen atoms on the
Al2O3(112̄0) surface (left) and chemical order of the Ni2MnGa (110)A plane
(right).

Figure 4.8: Projection of the (110)A Ni2MnGa plane onto the Al2O3(112̄0) sur-
face. In a simple picture that considers the lattice parameters only an orientation
of Ni2MnGa[001]A||Al2O3[0001] is expected (left). Experimentally observed is the
Ni2MnGa[11̄0]A||Al2O3[0001] configuration (right) that increases atomic order at
the interface.
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For some films prepared on MgO(100) anomalous crystal growth was observed
[18]. Instead of the (400)A peak the (202)A reflection appears in the 2-circle
diffraction pattern as evident from the data presented in Fig. 4.9. This naming
convention sets the [0k0] direction parallel to the film surface and thus parallel to
the b-axis of the martensite as will be motivated later on. In the austenite phase a
disagreement with the conventionally observed orientation on MgO substrates is
in evidence for these samples. The alignment of the Ni2MnGa unit cell contradicts
the expected “cube on cube” growth as observed for the vast majority of samples
on this substrate material. To identify the orientation relation between film and
substrate lattice phi-scans of the {220}A and {400}A Ni2MnGa reflections and
the {111} MgO peaks have been carried out. The {220}A peaks enclose an angle
of 30° with the substrate surface, the {400}A peaks are detected under 45° to the
sample surface. For a single-crystalline film with the (101) plane perpendicular
to the ϕ-axis (= film normal) a single (400)A peak and under a rotation of ∆ϕ =
180° a single (004)A peak will appear. Instead of these two reflections the phi-scan
reveals 8 peaks that can be assigned to four different crystallographic variants (s.
Fig. 4.10). The additional lines, present in the scan between two {400}A peaks,
are tails of the strong MgO {220} reflections. These appear at similar values
of 2θ, θ and χ at this ϕ -position, as can be deduced from the phi-scan of the
MgO {111} reflections. The presence of four austenitic variants is confirmed by

Figure 4.9: For some samples unconventional growth of Ni2MnGa on MgO(100)
is observed by XRD. Besides the substrate peaks (s) the (202)A instead of the
(400)A film peak appears in the θ-2θ-scan. The inset displays the rocking curve
of the (202)A peak.

65



CHAPTER 4. CRYSTAL STRUCTURE

the peaks emerging in the phi-scan probing the {220}A reflections. In total the
four variants generate 16 peaks, instead of the four that would characterize a
mono-crystalline sample. In agreement with the positions of the {400}A peaks
the observed intensity maxima can be assigned to the four different variants as
indicated by the symbols in Fig. 4.10. Following the symmetry of the substrate
surface the variant configuration possesses a fourfold symmetry. Each variant
features a tilt of ± 8° with respect to the MgO in-plane crystal axes. Similar to
the in-plane alignment of the austenitic unit cell on Al2O3(112̄0) substrates this
can be motivated by inspection of the atomic distribution at the film-substrate
interface. The Ni2MnGa(101) plane has a rectangular symmetry with a diagonal
running under arctan(2/

√
2) = 54.74° to the [010] edge. Along this direction the

density of atoms on the surface is increased. Likewise, the interatomic distance
on the substrate surface is shortest for the [011] direction. Dense lines of oxy-
gen atoms run under ± 45° to the MgO unit cell edges. Assuming that these
directions of increased atomic density align parallel one expects four Ni2MnGa
variants with an in-plane rotation of ± 9.74° to the MgO [010] and [001] direc-
tion, respectively. This is in good agreement with the experimentally observed
variant alignment. However, the fact that this growth mode was observed only
for substrates exposed to air prior to deposition, implies that surface degradation
processes play an important role. For MgO(100) single-crystals stored in vacuum
or inert atmosphere at all times we found (100) oriented film growth exclusively.
Thus, the formation of magnesium hydroxide and carbonate seems to promote
the multi-variant growth.
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Figure 4.10: Phi-scans of the {220}A and {400}A reflections reveal the multi-
variant growth of Ni2MnGa on MgO(100) substrates observed for some films.
The peaks originate from four cubic variants as indicated by different symbols.
The lower line displays the phi-scan of the MgO {111} reflections.
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Figure 4.11: Model for the alignment of one Ni2MnGa variant on the MgO(100)
surface in the case of multi-variant growth. The diagonal of the sketched (101)
plane points along the MgO[110] direction. This results in an angle of 9.74°
between the Ni2MnGa and the MgO cell edges.
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4.2 Structural phase transformation

The samples prepared with the stoichiometric Ni2MnGa target allow studying
of the structural changes associated with the phase transition by cooling in the
4-circle diffractometer. At room temperature, in the austenite, all three lattice
parameters of the investigated samples are close to the reference value for bulk
samples, i.e. 5.825 Å [32]. Consequently, no indication of epitaxial stress is ob-
served. When the sample is cooled below the phase transformation temperature
the crystal structure changes from cubic to (pseudo-)orthorhombic or tetragonal.
Instead of the uniform austenite lattice parameter (aA) a short c-axis, a long
lattice parameter a and an intermediate b-axis arise. Due to volume conservation
the mean value of a-, b- and c-axis is approximately equal to aA. To preserve the
macroscopic volume twin variants will form, which leads to a tilt of the lattice
of the different martensitic variants with respect to the lattice of the cubic par-
ent phase. The macroscopic shape of the film cannot change considerably, since
the film is fixed to the substrate at the interface. The combination of contrac-
tion (elongation, respectively) and tilting of the crystal axes leads to significant
changes in the position of diffraction peaks. In general all three reciprocal space
coordinates will be altered. In the experiment the sample is mounted onto a
copper thread bar that is cooled by the helium gas cryostat, which is attached to
the goniometer. To prevent condensation of water the sample is shielded by an
evacuated beryllium cylinder. The attenuation factor of the Be cylinder for the
used X-ray light is in the range of a few percent only. With the helium cryostat
mounted the operation range of the χ-circle is limited to ± 35°. As a consequence
not all reflections are accessible without remounting the sample. By mounting
the film under an angle of 22.5° the specular reflection as well as peaks under
45° to the normal can be explored. To study the structural modifications in the
low temperature phase a film on MgO(100) is convenient. Changes in the posi-
tion of the (400)A peak can be monitored by plane scans in reciprocal space at
different h-values using the cubic coordinate system as a reference. Thereby dif-
ferent variants with a common out-of-plane lattice parameter can be detected. At
room temperature the sample is in the austenitic phase and consequently a single
(400)A peak is observed. At 180 K the intensity of this reflection is reduced, but
the peak does not vanish (s. Fig. 4.12). Besides this reflection no further intensity
maxima can be spotted in the plane at h=4.00. In contrast, new peaks arise at
h=3.85 and h=4.20, as can be seen in the contour plots of the scattered intensity
in the respective reciprocal space planes (Fig. 4.12). These peaks are aligned
symmetrically around the k=l=0 position and can be assigned to eight different
orthorhombic variants. At h=3.85 the four different variants with a-axis along
the h-direction contribute. These variants have the b- and c-axis aligned along
the MgO[011] and [11̄0] directions, respectively. The fourfold symmetry of the
substrate is thus reproduced by the variant distribution. Similarly, four variants
with a- and b-axis aligned in-plane form. These share the c-axis direction and
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contribute to the intensity detected at h=4.20. The lattice constants deduced
from the peak positions are a = 6.05 Å and c = 5.54 Å, resulting in c/a = 0.92.
The observed variants can be classified as four pairs, where each pair is connected
via a twin plane. Two adjoining variants feature a tilt of 4.7° and cause opposing
reflections in the planes at h=3.85 and h=4.20. Due to the twinning the a- and
c-axis of each individual variant show a tilt of 2.4° with respect to the surface
normal. The twin planes, separating two twin variants, form along (110)A planes.
In total six different twin planes will arise, but only the ones running under 45°
to the surface normal result in a tilt of the (400)M reflections. These are the
four twin planes that connect the observed eight variants. The residual intensity
at h=4.00 could be attributed to remaining austenite as well to the four vari-
ants with twin planes running along the film normal. In principle, another set
of four orthorhombic variants with b-axis pointing out-of-plane can form. Since
the length of the martensite b-axis is close to the lattice parameter of the austen-
ite, these variants will contribute to the peak detected at h=4.00. Therefore it
is impossible to distinguish between residual austenite and martensitic variants
with b ≈ aA aligned out-of-plane from the scan at h=4.00. To identify these
variants scans of the reflections with k 6= 0 or l 6= 0 like {220} are needed. A
comprehensive investigation of all possible variants was performed for a sample
that is in the martensite phase at room temperature (s. Chapter 4.3).

Temperature-dependent XRD is furthermore a suitable tool to determine the
phase transformation temperature of the sample under investigation. For that
purpose θ-2θ-scans of a cubic reflection are measured while slowly cooling down
the sample. The individual scans are performed at an almost constant temper-
ature. From the evolution of the XRD peak the transition temperature can be
ascertained directly. Fig. 4.13 shows the evolution of the Ni2MnGa (400)A peak
upon cooling from 300 to 200 K for a film on Al2O3(112̄0). At about 270 K the
intensity decreases significantly as the sample transforms to martensite. This
transformation temperature is in agreement with magnetometry data that indi-
cates a martensite start temperature of 270 K for this sample. When the film
transforms to the orthorhombic phase most reflections observed for the cubic par-
ent phase vanish, since the lattice plane distances are changed. This is not the
case for peaks that contain contributions from a- and c-axis like the (202). In
contrast to the (400)A the intensity of the specular (220)A peak does not decrease
considerably (s. Fig. 4.14). This means the distance between the atomic layers
along the film normal does not change significantly during the phase transition.
Thus, the arising martensite peak contains contributions of the short c- as well as
the long a-axis. Accordingly, the preferred naming convention is (202)M , which
sets (abc) parallel to (hkl). For a comparable film on MgO the lattice constants
are known to be aM = 1.038aA and cM = 0.952aA leading to nearly identical lat-
tice plane distances d202,M/d220,A = 0.992 in both phases. To achieve a consistent
description in reciprocal space for both phases it is useful to chose a right-handed
coordinate system with k-axis in the film plane. The specular reflection is then
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labeled (202) for austenite and martensite.
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Figure 4.12: Contour plot of the scattered intensity in a (k, l)-plane at h=3.85
(left), h=4.00 (center) and h=4.20 (right). The sample was cooled well below the
martensite start temperature. The intensity of the single (400) austenite peak at
h=4.00 is decreased in the low temperature phase. The arising martensitic peaks
can be assigned to eight different orthorhombic variants.

Figure 4.13: Temperature evolution of the cubic (400)A reflection of a Ni2MnGa
film on Al2O3(112̄0). Around 270 K the transformation to martensite starts,
which causes a clear drop in scattered intensity.
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Figure 4.14: In contrast to the (400)A reflection the temperature evolution of
the specular Ni2MnGa (202)A peak features only a slight intensity decrease. This
means the lattice plane distance along the film thickness is similar for both phases.

4.3 Martensite crystal structure

4.3.1 Films on Al2O3(112̄0) substrates

A detailed study of all different crystallographic variants in the martensite is
possible for samples that transform to the cubic phase above room temperature.
This is the case for films prepared with the off-stoichiometric targets 3-5 and
suitable deposition parameters. Without the limitations in the operating circles,
when the He-gas cryostat is attached, a comprehensive mapping of the reciprocal
space is feasible. For films grown on Al2O3(112̄0) substrates the XRD pattern
taken with the 2-circle diffractometer looks identical for all samples. In the θ-
2θ-scans the (202) peak appears around 2θ=44° for all films. This is only a true
(202)A reflection for the samples that are in the cubic phase at room temperature.
For the films that are martensitic at 300 K it is a pseudo (202)A peak as described
in the previous section. The formation of twin boundaries along the cubic [101̄]
direction allows for conservation of the out-of-plane lattice plane distance (s. Fig
4.15). The a- and c-axis of the two arising orthorhombic variants point roughly
under 45 °to the surface normal, while the twin planes are aligned parallel to
the film plane. Accordingly, the specular reflection for the martensitic films is
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labeled as (202)M , which sets (hkl) parallel to (abc). The b-axis of the martensite
is then aligned in-plane and ⊥ Al2O3[0001]. Along this [010]M direction the
lattice parameter is not expected to change significantly. The conservation of the
layer distance along the film normal requires lateral sliding of the atomic planes
as illustrated in the model displayed in Fig. 4.15. Depending on the c/a ratio the
[100]M and [001]M directions show a tilt of a few degrees with respect to the cubic
lattice. The macroscopic volume of the film can be preserved by the formation
of alternating twin variants with opposite direction of tilt. Starting from the
substrate-film interface a first orthorhombic variant (= variant 1) can emerge by
either sliding the atomic layers towards [1̄01]A or [101̄]A. The martensite unit
cell is then tilted with respect to [101]A depending on the sliding direction. After
some lattice planes a twin boundary is introduced that transforms variant 1 into

[101]A
[101]M

[101]M

Mn

Ga

Ni

Figure 4.15: Model for twin plane alignment in Ni-Mn-Ga films on Al2O3 sub-
strates. The b-axis points into the plane of projection for both variants. The
twin planes, separating variant 1 (gray) and variant 2 (blue) are aligned parallel
to the film surface. Thus, a habit plane can form at the film-substrate interface.
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variant 2. A second twin plane recovers variant 1. Depending on the stacking
sequence some of the twin planes will act as habit planes. In this plane the atomic
positions are not changed during the phase transformation. This is of importance
for the film-substrate interface, where the atoms cannot move easily. The variant
configuration proposed by the model in Fig. 4.15 approves a habit plane at the
interface. When looking at the [101]M direction it strikes that this vector is no
longer orthogonal to the (101) lattice planes. This contradicts intuition, since
all angles of the reciprocal lattice are preserved for an orthorhombic system.
Consequently the reciprocal lattice vectors with one index only are orthogonal to
the respective lattice planes. This is not the case for direction with more than
one index different from zero.

The proposed twin plane configuration is validated in the XRD experiment.
When scanning the plane around the (202)M peak (parallel to the film surface)
no further reflections are detected. If there is a fraction of variants with twin
boundaries running vertically (along [101]A), these variants will cause a splitting
of the (202)M peak. This is not in evidence in the XRD scan that shows a single
peak at h = l = 2 and k = 0. This means that vertically aligned twin planes
play only a minor role in the martensite structure of the investigated samples
on Al2O3(112̄0) substrates. The absence of further reflections in this recipro-
cal space plane is, in addition, an argument against twin planes running along
[110]A, [11̄0]A, [011]A, and [011̄]A directions. In agreement with twinning parallel
to the film plane a peak splitting is observed for the (220)A, (22̄0)A, (022)A, and
(02̄2)A reflections, since no compensation of a- and c-axis is present here. These
peaks appear two-fold split and can be assigned to two orthorhombic variants
with a1 = 6.14 Å, b1 = 5.76 Å, c1 = 5.44 Å and a2 = 6.12 Å, b2 = 5.75 Å,
c2 = 5.44 Å. The observed c/a = 0.89 leads to a rotation of the martensite unit
cells of ± 3.35° due to the twinning. For both variants the rotation axis is the
shared b-axis that is aligned in-plane, as illustrated in Fig. 4.16. In the side view,
i.e. along the k-axis, variant 1 (red) is tilted to the left, while variant 2 (green) is
rotated clockwise. To assign the measured XRD peaks to the two orthorhombic
variants, two right-handed coordinate systems in reciprocal space are used (s. Fig.
4.17). A rotation of 180° around the film normal transforms one coordinate sys-
tem into the other. A description that uses the mirror symmetry across the twin
boundary would result in a left-handed coordinate system for one of the variants.
A to scale model of the detected XRD peaks in reciprocal space is provided by
Fig. 4.17. In the experiment the contributions of the two variants can be dis-
tinguished clearly. Furthermore superstructure peaks are detected along [1̄10]M
and [1̄1̄0]M reciprocal space directions for both variants. These superstructure
reflections fit to a 7-layered modulated structure (7M/14M), that was previously
reported for bulk samples [49, 110]. The scattered intensity that is detected when
scanning along [1̄10]M in reciprocal space is plotted in Fig. 4.18. The line scan
includes the (202)M and (022)M reflections of variant 1. Between these strong
peaks six satellite peaks appear with a spacing of 1/7 of the total distance. The
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slight deviation in the peak position indicates that the structure is not fully com-
mensurate. This agrees with crystallographic studies on polycrystalline samples,
that revealed an incommensurately modulated phase [111]. In the vicinity of the
(202)M and (022)M peaks additional intensity maxima are visible. These peaks
can be attributed to the second variant or some residual austenite. As illustrated
in Fig. 4.17 the density of superstructure peaks is high around the shared (202)M
peak. Close to the (022)M reflection of variant 1 (red) the additional intensity
in the line scan (Fig. 4.18) is probably a tail of the (02̄2)M peak of variant 2
(green). The respective line scan in the coordinate system of the second variant
leads a similar diffraction pattern. As depicted in the model no satellite peaks
appear along [011̄]M and [01̄1̄]M , which is a consequence of the reduced symmetry
in the martensite. In contrast to the cubic parent phase these directions are not
equivalent for the modulated orthorhombic phase, since different lattice planes
are involved here.

Al2O3 substrate

c1
c2

reciprocal 
space

real space

variant 1 variant 2

(220)

(022)(022)

(220)

(202)
(202)

Figure 4.16: Illustration of the observed variant configuration in samples on
Al2O3(112̄0) substrates (left). The formation of two orthorhombic variants with
twin planes parallel to the film plane leads to a peak splitting of the {220}A
reflections as illustrated in the right half. The specular (202)M peak contains
contributions of both variants. The superstructure peaks observed in XRD line
scans are included in the reciprocal space model.
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(220)
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(220)
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(022)
(022)

(220)
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Figure 4.17: The observed XRD peaks can be assigned to two orthorhombic
variants that share the b-axis, which is aligned in-plane. Each variant is described
by a right-handed coordinate system in reciprocal space. The model contains
the {220}M reflections and the observed superstructure peaks along [1̄10]M and
[1̄1̄0]M directions.
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Figure 4.18: The 7-layered orthorhombic superstructure can be detected directly
in a line scan along [11̄0]M in reciprocal space. This line includes the (202) and
(022) peaks of one martensitic variant. The slight deviations of the superstructure
peaks from the calculated positions (grid lines) indicate that the structure is not
completely commensurable.

4.3.2 Samples on MgO(100) substrates

The crystalline quality of the Ni-Mn-Ga films prepared on MgO substrates can
be improved by introducing a Chromium buffer layer. The films deposited on this
sacrificial buffer layer show a reduced rocking curve width of typically 0.4°. Ana-
log to the Heusler compound the Cr grows epitaxially on MgO with a 45° in-plane
rotation of the unit cell with respect to the MgO lattice. In the θ-2θ-scan the
sharp Cr (200) peak appears at 2θ = 64.58° (s. Fig. 4.19). The associated ω-scan
of the Cr (200) Bragg peak has a FWHM of 0.28° only, which proves the good
epitaxial growth. Close to the Cr (200) peak a second reflection in the diffraction
pattern (Fig. 4.19) is visible at 2θ = 63.58°. The peak position is not far from the
expected 2θ-value of the Ni2MnGa austenite (400) peak. In fact, the investigated
sample is in the martensitic phase at room temperature. This is revealed by a
detailed study of the variant configuration with the help of the 4-circle diffrac-
tometer. It turns out that the peak observed in the θ-2θ-scan is caused by the
predominant variants that have the b-axis aligned along the film normal. To stick
to the naming convention the peak has to be designated as (040)M . That the film
is indeed in the martensite phase is proved by the reciprocal space scan that maps
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Figure 4.19: θ-2θ-scan of a Ni-Mn-Ga film grown on MgO(100) with a Chromium
buffer layer. Besides the substrate peaks (s) the (020)M and (040)M Ni-Mn-Ga
reflections (red) and the Cr (200) peak are visible.

the (h, l)-plane at k=2 (s. Fig. 4.20). The contour plot of the scattered intensity
clearly shows a peak-splitting of the cubic {220}A reflection group. Around the
central peaks that can be attributed to the Cr or austenitic Ni2MnGa four peaks
appear at position that are shifted in h and k by ± 0.1. These reflections can
be assigned to four orthorhombic variants with a- and c-axis aligned in-plane.
Figure 4.20 contains an illustration of the four variants that consist of two sets of
twins. The related twin boundaries run along [101]A and [101̄]A directions respec-
tively. Each of the variants features a tilt of ± 3° with respect to the austenite
lattice. In detail, the rotation direction is opposite for the two variants forming a
twin pair (in the model: variant I/II and III/IV respectively). Accordingly, the
c-axes of the adjoining variants enclose an angle of 51°. The lattice parameters
calculated from the peak positions are a = 6.10 Å, b = 5.85 Å, c = 5.51 Å.
Since a description of the four variants with four independent coordinate systems
would be confusing, we use the cubic system as a basis here. To check for fur-
ther variants (h, l)-plane scans at k=3.8, 4.0 and 4.2 were performed. At k=4.0
the described variants with a- and c-axis aligned in-plane can be observed, while
variants with c-axis pointing out-of-plane contribute at a higher k-value (≈ 4.2).
If the long a-axis is aligned along the film normal the related (400)M peak is
observed at a decreased k-value. As a consequence of the twinning the lattice of
the martensite variants is rotated with respect to that of the cubic parent phase.
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Figure 4.20: (h2l) scans of the {220}M reflections of a Ni-Mn-Ga film on
MgO(100) with a Cr buffer layer. On the right a close-up of the martensitic
(022) reflections is provided. The central peak is the Cr (011) reflection. The
surrounding intensity maxima can be assigned to four orthorhombic variants (I-
IV) as illustrated in the lower half. The twin planes separating these variants
run along [101]A and [101̄]A, so that a- and c-axis are in the film plane.

Thus, the martensitic {400} reflections are not observable in the Bragg-Brentano
scan (Fig. 4.19), as they differ not only in 2θ, but in χ too. Figure 4.21 shows
plots of the measured intensity at k=4.0 and k=4.2. The single peak at h=l=0,
k=4.0 contains intensity contributions of the four observed variants that feature
a normally aligned b-axis. The twin planes separating these variants run perpen-
dicular to the film plane and the rotation axis of the orthorhombic unit cells is
the b-axis. If the b-axis is aligned in the film plane, the twinning leads to a tilt of
the out-of-plane crystal axis. This is observed in the plane scan at k=4.2, where
four peaks are detected. In agreement with the lattice parameters, calculated on
basis of the {220}M peak positions, the reflections are shifted by ± 0.2 in h and l.
Consequently these peaks originate from four variants with a- and b-axis in-plane
and c-axis aligned along the film normal. The twin planes that intersect these
variants run under 45° with respect to the film surface. This is also the case for
the variants that have the a-axis perpendicular to the surface. The plane scan
at k=3.8 that probes these four variants looks similar to that at k=4.2. In total,
all twelve possible orthorhombic variants have been identified in this sample. By
comparing the integrated peak intensities the quantitative variant distribution
can be estimated. The evaluation of the {220}M peaks indicates that the four
variants with b-axis normal are uniformly distributed. Same is true for the four
variants with a-axis normal and the remaining four with c-axis normal. When
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Figure 4.21: The 3D contour plots of the intensity detected by (h, l)-scans at
k=4.0 (upper) and k=4.2 (lower) reveal the multi-variant character of the marten-
site. Likewise the scan at k=4.2 in the plane scan at k=3.8 (not shown) four
variants with b-axis aligned in-plane are detected. The four variants with b-axis
normal contribute to the single peak at k=4.0.

comparing the intensities of the {400}M peaks one notices a strong asymmetry.
The fraction of variants with b-axis normal amounts to 86 %, while these with
a- or c-axis normal add up to 7 % each. This is in contrast to observations
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on comparable samples prepared on MgO(100) substrates by other groups that
feature mainly variants with a- and c-axis aligned out-of-plane [112, 113]. The
b-axis that fits the MgO lattice best is then arranged on the substrate surface.
However, our samples prepared from off-stoichiometric targets exhibit only a mi-
nor fraction of variants with b-axis aligned in-plane. The mechanism that drives
this variant configuration presumably involves minimization of the magnetostatic
energy of the film. If the magnetic easy axis, which is the short crystallographic
axis, is aligned in the film plane the magnetic stray field energy is reduced. The
formation of domains with magnetization vector in-plane allows for flux closure
and thus low magnetic stray field energy. To fulfill the geometrical constraints at
the film-substrate interface the long a-axis is arranged parallel to the surface too.
Since (a+ c)/2 = 5.81Å ≈ aA, the stress at the interface is considerably lower for
variants with that combination of lattice parameters. The resulting mismatch of
the atomic positions associated with the rotation of the orthorhombic unit cell is
compensated by the formation of fine-twinned structure as described in chapter
5.2. The picture of a variant configuration that is controlled by magnetostatic
energy minimization is supported by observations of Thomas et al. on a free-
standing film [88]. After releasing the film from the NaCl substrate the variant
distribution was found to be changed. In contrast to the substrate-constrained
film the majority of variants in the released sample has the c-axis aligned in the
film plane. Before dissolution of the NaCl substrate only a small fraction of these
variants was observed. A change in the crystal structure is also reported for
Ni-Mn-Ga released from the MgO(100) substrates by the sacrificial buffer layer
technique [112]. Due to the low intensities in the XRD scans performed on the
released film a quantitative analysis of the variant distribution was not possible
in that case. In contrast, our sample under investigation shows distinct Bragg
peaks after releasing it from the substrate. Fig. 4.22 presents scans of the (220)M
reflection group before and after removing the Cr buffer layer by selective chem-
ical etching. The central peak before releasing the film is the Cr (110). At this
position the (220)A peak caused by a residual austenite fraction would also be
observable. Thus, the scattered intensity can contain contribution of both Cr
layer and Ni-Mn-Ga austenite phase. When repeating the measurement on the
released film, the intensity of this peak is decreased significantly. Assuming a
complete removal of the Cr the remaining austenite phase can be estimated to
be below 4 %. It is also possible that the Cr etch process is not complete and
the remaining intensity is the Cr (110) peak. Regarding the intensity maxima of
the (220)M reflections no changes due to the release process are observed. Still
the four predominant variants are uniformly distributed. The count rates at the
peak maxima are just affected marginally. This is also the case for the {400}M
peaks. Hence, the variant distribution in the freestanding film is the same as in
the substrate-constrained state.

In agreement with the results obtained for off-stoichiometric films prepared on
Al2O3(112̄0) substrates the comparable samples on MgO(100) exhibit a modu-
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Figure 4.22: Comparison of the (220)M reflection set before and after releas-
ing the film from the substrate. The central peak in the measurement on the
substrate-constrained film (upper) is the Cr(110) reflection. In addition, an in-
tensity contribution of residual austenite at this position is possible. After etching
the Cr layer this peak has almost vanished (lower). The remaining intensity can
be attributed to residual Cr or a small fraction of austenite. The intensity of the
(220)M peaks is not affected significantly by the release process.
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lated structure with a period of seven (or 14) layers. The 7M/14M superstructure
is evident in the four line scans in reciprocal space taken for the individual vari-
ants with b-axis perpendicular. These scans connect the intensity maxima of
the (022)M reflection group with the specular (040)M peak (s. Fig. 4.23). In
the reference system of the individual variants this represents a [1̄10]M direction
for variants I and IV, but a [011̄]M direction for variants II and III (compare to
the variant model in Fig. 4.20). Likewise the previous results the modulation
is only present along directions that contain a contribution of the a- and b-axis,
which is the case for variants I and IV. Analog to the variant distribution the
superstructure is not altered by the release process. Both, substrate-bound and
freestanding film, exhibit the 7M/14M structure (s. Fig. 4.24). The line scans
along [1̄10] reciprocal space direction for variant I look almost identical. This
means the crystal structure and variant distribution do not change during the
release process. In particular, there is no indication of relaxation of epitaxial
stress or variant redistribution due to magnetostatic energy reduction.

Figure 4.23: The 7M/14M modulation is observed for scans along [1̄10]M direc-
tions (variants I and IV), while no superstructure appears along [011̄]M (variants
II and III). The line scans connect the specular (040)M peak and the four marten-
sitic (220) reflections.
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Figure 4.24: The observed modulation is not altered by the release process that
involves chemical etching of the Cr layer. Both substrate-constrained (black
line) and freestanding (red broken line) film exhibit the 7M/14M structure along
[1̄10]M in reciprocal space coordinates.

4.3.3 NaCl(100) substrates

A crystallographic study of the films prepared on NaCl(100) substrates is prob-
lematic, because of the strong buckling of the Ni-Mn-Ga layer on the substrate.
The wavy surface decreases the intensity of the scattered X-ray light significantly.
The effect is less severe for the released film that is carried by a silicon substrate.
For such a sample the θ-2θ-scan reveals a (110) orientation, which disagrees with
the (100) orientation of the substrate (s. Fig. 4.25). Instead of the expected
Ni-Mn-Ga (400) peak the prominent (220) reflection appears in the diffraction
pattern. Fig. 4.25 also provides a calculated XRD pattern for a polycrystalline
Ni2MnGa powder sample. The comparison to the simulated powder pattern
shows that the film does not grow epitaxially, but features a (110) texture. This
is also confirmed by the profile of the ω-scan of the (220) peak that shows a
width of 4.5° (s. Fig. 4.26). The FWHM value clearly exceeds the ones typically
measured for films on Al2O3 and MgO substrates and indicates a certain mosaic
spread of the crystallites. To detect a preferential in-plane orientation of the crys-
tallites a phi-scan of the {400}A peaks was performed (s. Fig. 4.27). In agreement
with the observed out-of-plane texture two sets of {400}A peaks appear in the
scan. The peaks can be assigned to two variants that differ by 90° in phi (= film
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normal). The number of variants is in analogy to the samples on Al2O3(112̄0) a
consequence of the two-fold symmetry of the austenitic (110) plane. In summary,
the desired single-crystalline character of the MSM layer was not achieved for
the films deposited on NaCl substrates. Besides the problems in the preparation
process (s. chapter 3.2), the poor crystalline quality of the films released from
NaCl is a major drawback for this sacrificial substrate material.

Figure 4.25: The θ-2θ-scan indicates a strong (110) texture in freestanding films
that have been released from NaCl(100) (red curve). For comparison the cal-
culated XRD pattern for a polycrystalline powder sample is displayed (blue).
Besides a weak (400)A peak only the strong (220)A reflection is present. Hence,
the Ni2MnGa film features a (110) texture, though the substrate is (100) oriented.
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Figure 4.26: The ω-scan of the specular (220)A peak shows a Gaussian broadening
with a FWHM value of 4.5°. Accordingly, the sample is not single-crystalline,
but textured only.

Figure 4.27: The four peaks in the phi-scan of the {400} austenite reflections can
be assigned to two variants that differ by 90° in phi. The observed symmetry is
a consequence of the two-fold symmetry of the (110) plane.
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4.4 Magnetic field assisted XRD

Any magnetic field induced strains (MFIS) in shape memory alloys involve a re-
orientation - or more precisely redistribution - of variants. Such a magnetically
induced reorientation (MIR) of variants can be directly monitored by XRD on
a sample exposed to a magnetic field. The variants with magnetic easy axis (=
c-axis in the orthorhombic system) parallel to the external field will grow in cost
of those that have the c-axis approximately perpendicular to the field. The trans-
formation between the variants is moderated by twin boundary motion. To study
the variant redistribution under the driving force of a magnetic field the 4-circle
diffractometer was upgraded with a solenoid and a set of permanent magnets
within the scope of a diploma thesis [114]. Due to geometrical restrictions asso-
ciated with the beamline the setup allows only application of the magnetic field
parallel to the film plane. This is sufficient to manipulate the variant distribution
in the previously described sample on MgO. By applying the field along [100]A
or [001]A directions, respectively, a clear energy difference for two adjoining vari-
ants is provoked. If a redistribution of the four predominant variants occurs, the
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Figure 4.28: Expected changes in the {220}M peak intensities for application
of an magnetic field along [001]A. The peaks related to variant II (dark gray)
and variant III (dark blue) are expected to increase, while the peaks assigned to
variants I (light gray) and IV (light blue) should decrease in intensity.
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relative intensities of the {220}M reflections will change. The expected changes
are illustrated in Fig. 4.28. In the experiment the magnetic field was applied
along the [001]A direction, which should lead to an increase of variants II and
III and a respective decrease of variants I and IV. The observed changes in the
related {220}M were not consistent with the expected intensity variations. While
the small changes observed for the (220)M reflection group seemed to confirm the
proposed variant redistribution, the modifications in the (022)M peak set contra-
dicted the model. Here the intensity changes indicated an increase of variant I
and II and a reduction of variants III and IV, which cannot be explained by twin
boundary motion. All in all the produced changes were low and within the level
of fluctuation of the peak maxima. Moreover, heating effects complicated the
evaluation of the data. More details on the experimental approaches and results
are provided in [114]. To answer the question, why there is no MIR observable in
the studied samples, a more comprehensive picture of the twinning microstruc-
ture of the films is needed. The combination of the presented XRD analysis
with an investigation of the morphology of the surface and the cross section pro-
vides further insight on the mechanism that blocks MIR. The investigation of the
twinning microstructure is content of chapter 5.

4.5 Key results

Epitaxial growth has been achieved for different substrate materials, including
MgO(100), Al2O3(112̄0) and BaF2(111) single crystals, enabling a tailored crys-
tallographic orientation of the Ni-Mn-Ga films. The in-plane alignment of the
Heusler unit cell is dictated by the chemical order of the substrate surface, which
leads to unexpected orientation relations in the case of Al2O3(112̄0) monocrystals
and MgO(100) substrates that have been exposed to air. Using temperature-
dependent XRD the structural changes during the phase transformation have
been observed. In the martensitic state films of (110)A orientation are composed
of two orthorhombic variants that are separated by twin planes parallel to the
film surface. In contrast, the predominant twin plane configuration in samples on
MgO(100) is perpendicular to the film plane. In these films twelve different or-
thorhombic variants have been identified, of which four are strongly favored. For
both, (100)A and (110)A orientation the 7M/14M modulation was confirmed by
direct observation of the superstructure peaks. Freestanding films that have been
released from NaCl(100) substrates show a textured structure only. In contrast,
films prepared on MgO with a sacrificial Cr layer prove to be epitaxial. Moreover,
the crystal structure, i.e. the variant configuration is not altered by the release
process. This includes the modulation that is detected in a freestanding thin
film sample for the first time. In spite of these promising results, magnetically
induced variant redistribution could not be confirmed for these samples by means
of XRD with applied magnetic field so far.
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Chapter 5

Surface morphology and twinning
microstructure

The collective, diffusionless displacement of atoms in magnetic shape memory
materials is not only the basis for the large strains that arise in response to
an external magnetic field, but also leads to a complex microstructure of twin
variants in the martensite. In a bulk single crystal the twin microstructure is
dictated by the elastic and the magneto-static energy. The formation of different
crystallographic variants separated by twin planes can be explained in a sim-
plified picture considering only the elastic energy balance. The transformation
from the cubic phase to a single martensite variant would result in a huge elastic
energy increase due to the lattice misfit at the austenite-martensite phase bound-
ary. This energy can be decreased by the formation of different variants that are
connected via twin planes. Of course, introducing a twin boundary is associated
with an energy increase for the atoms in the vicinity of the boundary and hence
for the system in total. If the twin boundary energy is low compared to the
elastic energy due to the lattice misfit at the phase boundary the overall energy
can be minimized by decreasing the variant width. The result is a fine-twinned
microstructure with a regular twinning pattern. Considering also the magnetic
energy in the highly anisotropic Ni2MnGa system the situation becomes more
complex. In a compromise between the different energy contributions and ex-
ternal constraints a complex martensitic microstructure will form. This usually
involves different length scales starting from the atomic level and reaching the
millimeter range. The twin microstructure on different scales can form a hierar-
chy involving branching or “twins within twins” [115]. As a result of the twin
architecture the sample surface will show a characteristic relief. The local slope
of the surface is a function of the present twinning type and the variant sequence.
For example, the a-c twinning mode features (101)A twin planes that run paral-
lel to the b-axis in the orthorhombic system. Across the twin boundary the a-
and c-axis of the adjoining variants are interchanged. Depending on the actual
variant alignment the associated tilt angle α = arctan(a/c)− arctan(c/a) can be
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detected on the sample surface. Likewise, a-b and b-c twinning produces distinct
tilt angles that can contribute to the surface relief. A nice overview of different
relief types on a (100)A surface produced by different twin sequences is given in
ref. [116]. The calculated surface tilt is compared to AFM and MFM studies
on a bulk single crystal. The observed twinning mode strongly depends on the
thermomechanical treatment in that case.

However, in the case of thin films additional constraints arise, since the atomic
positions are fixed at the film-substrate interface. Hence, a strong tendency to
form a habit plane at the interface can be expected. Furthermore the symmetry
of the substrate surface determines the symmetry of the Ni-Mn-Ga film. Typi-
cally the film grows at elevated temperature in the austenite and then transforms
to the martensite, when cooling down to TM . Thus, the symmetry of the marten-
sitic crystal structure is influenced by the substrate constraints, too. Based on
the observed variant configuration probed by XRD, the arising twin planes es-
sentially form along (110)A and equivalent planes. In the orthorhombic system
the lattice plane distance is then preserved along the intermediate b-axis, since
b ≈ aA. The twin planes run along b and connect variants that differ in alignment
of a- and c-axis. Such a twin plane configuration directly allows for conservation
of the macroscopic shape, if (a+ c)/2 ≈ aA is satisfied, which is the case for the
films investigated within this work. The deformation of the cubic unit cell due to
the martensitic transformation is reflected by the c/a ratio that reaches values of
0.89 to 0.92 for our samples. This large lattice deformation is compensated most
efficiently by a-c twinning, which explains the preference for that twinning mode.
Considering only a-c twinning the transformation from cubic to orthorhombic will
generate six equivalent twin planes as discussed in chapter 2.2.2. Each of these
twin boundaries will connect two crystallographic variants that differ in align-
ment of two lattice parameters, i.e. a and c. In an unconstrained monocrystal all
twelve martensite variants should appear uniformly distributed. In case of the
substrate-fixed film the different twin planes are not equivalent any more, since
they feature different orientation relations to the substrate. Indeed, all possible
orthorhombic a-c twin variants have been detected for (100)A oriented films, but
as a consequence of the film-substrate interaction these variants are not uniformly
distributed. A strong preference for twin plane alignment perpendicular to the
substrate surface is observed. However, a small fraction of variants separated by
twin planes running under 45° to the surface normal is present, too. On the con-
trary, films of (110)A orientation feature twin planes aligned parallel to the film
plane. The different twin plane configurations, on the other hand, dictate the
surface relief that can be observed by means of microscopy, as will be explained
in the following.
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5.1 (110)A oriented films

The crystallographic studies on films with (110)A orientation clearly indicate that
the twin planes run primarily parallel to the film surface in these samples. On
Al2O3(112̄0) substrates two predominant variants with b-axis aligned in-plane are
observed. For both variants the a-axis encloses an angle of 48.35° with the surface
normal, while the c-axis points under 41.65° to the film normal. This symmetric
rotation around the shared b-axis allows for compensation of the different lattice
parameters a and c and hence leads to a conservation of the layer distance along
the thickness of the film. Parallel to the b-axis the interatomic distance remains
almost unaltered since b ≈ aA is valid. Along the third dimension, i.e. in-plane
and perpendicular to the b-axis, the compensation of a- and c-axis works similar
to that along the film normal (compare Fig. 4.15 and 4.16 in chapter 4.3). A
direct consequence of this variant configuration is the preservation of the macro-
scopic shape of the sample. As expected from the XRD results the surface of the
samples on Al2O3 shows no characteristic structure, when examined in the light
microscope. The surface appears basically flat without systematic corrugation.
This is confirmed by SEM and AFM scans that indicate a flat film surface with
a typical roughness of some nm (s. also [18]). In case of the (110) textured films
prepared on NaCl substrates the severe buckling of the surface is due to the huge
difference in the thermal expansion coefficients of Ni2MnGa and NaCl. In order
to prove this assumption the stoichiometric target was used to prepare a film on
NaCl that is in the austenitic phase for T > 280 K. During the cooling from
deposition temperature (480 °C) to ambient temperature the buckling started
around 200 °C, while the sample was still in the austenite.

5.2 (100)A oriented films

In contrast to the (110) oriented samples, the films deposited on MgO(100) single-
crystals show distinct surface patterns that can be examined in the light micro-
scope. On a length scale of some µm up to 0.3 mm rectangular line patterns are
observed for several samples. Depending on the precise preparation conditions
the films prepared with the off-stoichiometric targets 3-5 show different surface
morphologies (s. Fig. 5.1). Besides small variations in the film composition, the
different deposition rates as a function of the working pressure are expected to be
responsible for the variations in the surface pattern. Many samples exhibit rect-
angular lines that are aligned under 45° to the edges of the MgO unit cell, which
means parallel to [100]A and [001]A (Fig. 5.1, left). In addition to these lines,
scar-like trenches appear at some spots of the surface. These trenches have a tri-
angular profile with slightly curved edges. As described in chapter 3.3, the incline
of the trailing edges appears stronger than it actually is. In fact, the tilt angle is
in the range of a few degrees only. Some samples, prepared at a slightly different
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sputtering gas pressure, reveal a rectangular pattern consisting of fine lines that
span along MgO [010] and [001] (s. Fig. 5.1, right). The dimension of these lines,
that run along [101]A and [1̄01]A, varies between a few and several hundred µm.
In both cases the observed twinning pattern has to be described as “mesoscopic”
or even “macroscopic”, since it originates from twinned variants that form the
microstructure. If an intermediate level of variant arrangement exists, the ob-
served pattern has to be classified as macroscopic. To link the martensitic surface
pattern to the crystal structure a comparison to crystallographic studies is re-
quired. A detailed characterization of the variant distribution and associated
twin plane alignment was carried out for films showing the line pattern parallel
to MgO [011] and [01̄1]. As described in chapter 4.3 and [117] these samples
feature an asymmetric variant distribution with a majority of variants with a-
and c-axis aligned in-plane. Hence, the prevalent twin plane alignment is per-
pendicular to the film surface. Considering the 45° rotation of the Ni2MnGa unit
cell with respect to the MgO lattice the observed lines run under 45° to the twin
boundaries. Against all expectations, the samples with the second type of surface
pattern (lines along MgO [010] and [001]) have a similar variant distribution with
a predominant vertical twin plane configuration. Consequently, the line pattern
is parallel to the traces of the twin planes on the film surface in that case. This
leads to the conclusion that both surface patterns are of macroscopic character,

MgO [010]

MgO
[010]

100 µm 100 µm

Figure 5.1: Light Microscopy images of Ni-Mn-Ga films on MgO(100). Sample
A (left) shows long lines that run along MgO [011] and [01̄1] and scar-like cor-
rugations that extend up to 300 µm. In contrast, the line pattern of Sample B
(right) follows MgO [010] and [001] directions. In this case some of the fine lines
expand over hundreds of µm, while others are only a few µm long.
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since they are generated by a very similar microstructure. The difference lies
in the variant arrangement on a mesoscopic scale, that links the microstructure
to the observed pattern. This assumption is supported by results obtained for a
sample that was patterned and partially released from the MgO substrate. In the
as-prepared state the film surface shows the pattern type that runs along [101]A
and [1̄01]A. The short thin lines are visible on the whole surface, the substrate-
constrained and the freestanding parts of the patterned film (s. Fig. 5.2 (a)). In
order to determine the transformation temperature the sample was heated in the
light microscope in the following. When entering the austenite state the twinning
pattern on the surface vanishes, which is monitored with the microscope. Upon
cooling the pattern is recovered as the film transforms back to martensite. Figure
5.2 (b) shows the investigated microbridge after such a heating-cooling cycle. At
the right endpoint of the beam, where the bridge is clamped, the line pattern
has changed. Instead of short lines parallel to MgO [010] the scar-like features
along MgO [011] appear. Subsequently a second and a third martensite-austenite-
martensite transformation cycle was performed. The further cycling resulted in
a slight broadening of the region of modified surface pattern (s. Fig. 5.2 (c) and
(d)). After this observation the variant configuration in this sample was examined
with the 4-circle diffractometer. Likewise the results reported in chapter 4.3, the
observed peak splitting and intensity distribution indicate that the majority of
variants have the b-axis aligned parallel to the film normal. Consequently, both
surface patterns originate from a twin microstructure that connects basically four
orthorhombic variants with a- and c-axis oriented in the film plane.

The alternative twin variant configuration with a- and c-axis pointing ap-
proximately perpendicular to the film plane produces another surface pattern,
which can be imaged with the enhanced resolution of the AFM or SEM. A few
samples possess a tweed-like surface pattern that consists of wavy lines parallel
to the diagonal of the MgO unit cell. Figure 5.3 displays a SEM image taken on
a Ni-Mn-Ga film on MgO. Here the slightly curved lines forming a rectangular
pattern are clearly visible. As evident in the image, this type of structure can
coexist with the previously described straight lines along MgO [010] and [001].
In the upper right corner of the examined sample area this line pattern can
be spotted. Most of the sample surface under investigation is covered by wavy
lines that run vertically, but some areas show horizontal lines. At the boundary,
where the lines change in direction, a narrowing of the lines can be observed.
This is an indication of branching as described and sketched in [115] and [118].
In the context of the applied continuum model a branching of twin boundaries
connecting two variants of different orientation is expected when approaching
a habit plane. By the branching the elastic energy, that results from different
crystallographic alignment of long and short axis, can be decreased on cost of
an increased twin boundary energy. If the latter is low compared to the elastic
energy a fine-twinned microstructure will result. In the present case the line pat-
tern reflects the twin plane orientation, which is 45° away from the film normal.
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(a)

(b)

(c)

(d)

100 µm

MgO [010]

Figure 5.2: Optical microscopy images of a freestanding microbridge. In the
as-prepared state (a) a fine twinning pattern with short lines along MgO [100]
is visible. After heating the sample above the transformation temperature and
cooling back to room temperature the martensitic surface pattern has changed
at the right end of the bridge (b). Subsequently, a second (c) and a third (d)
martensite-austenite-martensite cycle was performed, which results in further
small variations of the pattern.
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Where the twin planes intersect the film surface a contrast between the adjacent
variants arises, which is visible in the SEM and AFM images (s. Fig. 5.3 and 5.4).
This picture is supported by the structure of the film’s cross section. Figure 5.5
displays a SEM image of a vertical cut through the Ni-Mn-Ga layer, prepared
with FIB etching. In the right half of the profile the twin lamellae separated
by twin planes under 45° to the surface are clearly visible. On the contrary, the
surface line pattern parallel to MgO [010] is related to variants that are separated
by twin planes running perpendicularly to the surface (s. left half of the cross

5 µm

MgO
[011]

Figure 5.3: A few samples feature different, coexisting twinning patterns. The
SEM image shows the tweed-like pattern, which covers most of the surface, but
in the upper right part also straight lines along MgO [010] are visible. In the
lower right, where the direction of the wavy lines changes, branching of twin
boundaries can be spotted. When approaching the transition region the variant
width decreases as the density of twin boundaries increases.
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section). For both twin plane configurations the strong contrast between the
crystallographic variants is very likely produced by differences in the etch rates
for the respective crystallographic orientation of the variant. This effect was also
observed for samples with AlOx cap layer. The surface pattern is hardly visible
through the 4 nm thick AlOx layer (s. Fig. 5.6). After removing the Al cap the
structure becomes visible, when etching approximately 8 nm deep into the Ni-
Mn-Ga layer. A further etch of 10 nm leads to an accumulation of particles along
the twin boundaries. Hence, the etch rate is lower in the vicinity of the twin
plane, which results in an increased contrast. After removing the cap layer and
the topmost layers of the MSM film the twinning pattern is clearly observable in
the AFM, too (s. Fig. 5.7). While the majority of samples prepared within the
scope of this work reveal a surface pattern consisting of straight lines, the wavy
twinning pattern is commonly reported for comparable Ni-Mn-Ga films grown
on MgO(100) [119, 120, 121, 122]. The related 45° twin plane configuration al-
lows for in-plane alignment of the b-axis. Along this direction the interatomic
distance can be preserved during the phase transition. Along the film normal a
sequence of variants with either a- or c-axis pointing out-of-plane minimizes the

Figure 5.4: The tweed-like surface pattern consisting of wavy lines along MgO
[011] can be imaged with the AFM. The variant width is well below a µm for the
investigated sample.
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4 µm

MgO
[011]

Figure 5.5: The FIB cut cross section reveals two different twin plane alignments
coexisting in a film on MgO(100). The straight lines in the left part of the film
surface originate from twin planes that are aligned perpendicularly to the film
plane (as illustrated on the right). In contrast the wavy surface pattern results
from twin planes that run under 45° to the film normal.

elastic energy. To connect these variants the twin planes have to run under 45°
to the film surface. Likewise the out-of-plane direction, a compensation of a- and
c-axis can be achieved in the film plane perpendicular to b. As a consequence of
this twin plane arrangement the film surface will differ from being flat. In agree-
ment with a simple geometrical model as illustrated in Figure 5.8), the surface
was found to be bent in a regular fashion. Height profiles measured by AFM
revealed a characteristic waveform, when scanning a line perpendicular to the
observed line pattern on the film surface [112, 120]. The wave profile is approx-
imately triangular with a periodicity of 110 nm in that case. The observed tilt
angles are in good agreement with the calculation using the geometrical model
α = 45◦ − arctan(c/a) and the martensite lattice parameters as determined by
XRD analysis. As illustrated by the model (s. Fig. 5.8) a completely martensitic
film would tend to delaminate from the substrate surface. Indeed, a low adhesion
of the Ni-Mn-Ga layer on MgO was observed (s. chapter 3.2). The weak bond-
ing to the substrate can be used to prepare freestanding films by peeling of the
MSM layer mechanically (s. also [123]). The major drawback of this method is
the severe mechanical stress imposed on the film during the process, which likely
results in plastic deformation.
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2 µm

MgO
[010]

(a) (b)

(c)

Figure 5.6: The FIB etch process clearly affects the visibility of the martensite
twinning pattern. Region (a) shows the untreated surface, that is capped by a
4 nm thick AlOx layer. Here the surface pattern is only faintly visible. This
is changed by removing a 8 nm thick layer (b). A further etch of 10 nm re-
duces the contrast that is due to differences in the etch rates for the different
crystallographic variants (c).
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Figure 5.7: Once the surface pattern is uncovered by the FIB treatment, it can be
imaged ex-situ by atomic force microscopy, too. Though the sample was exposed
to air, the twinning pattern is not altered significantly.

c
ca

a

|| MgO(100)

c
a c

a

2α

Figure 5.8: Model for variant alignment in the case of a 45° twin plane config-
uration. The b-axis points into the plane of projection. Along the film normal
and the remaining in-plane direction a-c-twinning leads to low elastic energy.
Consequently, the film features a wavy surface with a triangular profile. (Model
adapted from [120]).
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5.3 Magnetically induced reorientation of vari-

ants

The most promising approach to achieve freestanding films, that show magnet-
ically induced strains, is the sacrificial buffer layer technique. In the course of
this work, all samples prepared on MgO(100) with a Chromium interlayer feature
a prevalent twin plane alignment perpendicular to the film plane. The related
macroscopic twinning pattern that can be examined in the light microscope con-
sists of straight lines parallel to MgO [010] and [001], or [011] and [01̄1] respec-
tively. Likewise the curved lines of the tweed-like surface morphology in the case
of 45° twin planes, the fine lines parallel to MgO [010] and [001] can be directly
attributed to different variants connected by twin boundaries. The fine lines run
along [101]A and [101̄]A directions (k= out-of-plane direction) and can be inter-
preted as traces of the twin planes on the film surface. This agrees with the
variant alignment, as probed by XRD. The detected sets of orthorhombic vari-
ants are separated by twin boundaries along MgO [010] and [001] respectively.
However, this simple picture does not hold for the second type of line pattern that
runs along the diagonal of the MgO unit cell. These lines point along the Ni-Mn-
Ga [100]A and [001]A directions, which means under 45° to the intersections of
the twin planes with the film surface. In this case, a very similar microstructure
of predominantly (101)A and (101̄)A oriented twin planes leads to a completely
different twinning pattern on the macroscopic scale. A possible correlation of the
crystallographic studies and the observed macroscopic pattern is provided by a
simple model for the variant alignment, described in the following.

5.3.1 Model for variant alignment

As mentioned before, the majority of samples prepared on MgO substrates with a
Cr buffer layer show a surface pattern as imaged in figure 5.9. For the substrate-
constrained films the line pattern is only faintly visible in most cases, while a
distinct structure is apparent on the freestanding parts of the patterned samples.
Once the Cr layer is removed underneath the beam structure the microbridge is
completely freestanding between the endpoints and can move to some extent via
bending and tilting. To exclude changes in the variant distribution caused by the
release process a detailed crystallographic study was carried out for a reference
sample (s. chapter 4.3). The crystal structure and variant distribution of this film
was found to be nearly identical in both cases, i.e. the substrate-constrained and
the completely freestanding state. Though the surface pattern is more prominent
for the released film, no qualitative modification of the variant distribution was
observed. According to that, the enhanced contrast of the twinning pattern on the
freestanding parts of the film is likely caused by a slight buckling of the surface.
The optical effect is increased by the normal incidence of the light that leads to
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T=300 K

T=380 K

100 µm

(c)

(b)

1 mm

(a)

Figure 5.9: Light microscopy images of a patterned Ni-Mn-Ga film on MgO(100)
with Cr buffer layer. The overall view of the sample (a) shows the released micro-
bridges that are 550 µm long and 100 µm wide. In the martensite the freestanding
bridges and the released film edges exhibit a distinct twinning pattern (b). When
heated above the transformation temperature the lines along MgO [011] and [01̄1]
vanish, as the film transforms to the cubic parent phase (c).

a huge reduction in reflectivity for a slightly tilted sample surface. To determine
the phase transformation temperature the sample can be heated while observing
the twinning pattern in the light microscope. When the lattice transforms to
the cubic austenite modification, the surface structure nearly vanishes, as the
twin boundaries disappear (s. Fig. 5.9). The martensite start temperature for
the displayed sample lies around 365 K, while on cooling the twinning pattern
starts to recover at 357 K. The observed hysteresis is in agreement with the one
present in magnetization data (s. chapter 6.1.1).

To explain the origin of the martensitic surface pattern a simplified model,
that takes into account the predominant variants only, is useful. When consid-
ering only the four crystallographic variants with b-axis aligned along the film
normal, the possible variant configurations will look like illustrated in Fig. 5.10.
As calculated on basis of the XRD peak intensities the neglected 8 variants form
a minor fraction of 14 % in total. According to the model, the four different
variants that feature in-plane alignment of a- and c-axis constitute the entire film
volume. The layer surface is covered by the two sets of twin variants as sketched
in Fig. 5.10. All possible configuration exhibit twin planes along Ni-Mn-Ga [101]A
and [101̄]A directions connecting the variants I and II, and III and IV respectively.
This leads to a lattice mismatch along [100]A and [001]A, where variants II and
III or I and IV meet. Due to the different rotation directions the a- and c-axes
of the respective variants do not fit here. To compensate this mismatch a forma-
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Figure 5.10: Schematic top view on the prevalent crystallographic variants ob-
served for films on MgO(100). The two sets of twin variants are separated by twin
planes running normal to the film surface and parallel to Ni-Mn-Ga [101]A and
[101̄]A directions, respectively. All possible variant configurations lead to lattice
mismatch along [100]A and [001]A due to the opposing rotation direction of the
individual twin variants.

tion of fine-twinned bands consisting of [101]A microtwins (variants I and II) and
alternating [101̄]A twin bands (built up from variants III and IV) is beneficial (s.
Fig 5.11). Within the bands no lattice mismatch arises due to twinning. At the
band edges, parallel to [100]A and [001]A, the mismatch can be reduced by a low
width of the individual twin variants. Figure 5.12 illustrates the mechanism of
minimized lattice distortion for fine-twinned bands. With each twin boundary
the misalignment switches from diverging to converging lattice parameters and
vice versa. As sketched in Fig. 5.12 a symmetric twinning in adjacent bands effec-
tively reduces the misfit in the transition region. Such a symmetric “herringbone”
pattern will furthermore provide a strong coherence of the individual martensite
variants. This would explain the intense and narrow XRD peaks caused by the
four prevalent variants, although the volume of the individual twins is small.
Since the 7M/14M superstructure was detected in these samples, the lower limit
of the variant width is 7 unit cells. Probably, the actual variant size involves
much more unit cells. It is worth mentioning that there is no blank space in the
region of the twin band egdes as implied by the sketch (s. Fig. 5.12). At the
band intersections an increased level of lattice defects and stress will emerge as a
result of the lattice mismatch. For the suggested highly symmetric case the lines
separating the twin bands represent mirror planes, that means the twin bands
are connected via “twin boundaries” themselves. These “mesoscopic twin bound-
aries” are not atomically sharp, but diffuse since they expand over several atomic
planes. According to the concept of adaptive martensite [61, 115] even the twin
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planes within the fine-twinned bands are not atomically sharp. The seven-layered
modulation, observed for the individual crystallographic variants by XRD, leads
to incompatibilities at the twin boundaries. As a result, these have a diffuse char-
acter and hence have to be described as mesoscopic twin boundaries [115, 117].
To prove the proposed symmetric twinnig of the [101] and [101̄] twin bands a local
probe, like electron backscatter diffraction [124] or high-resolution TEM [46, 125]
is required. Despite this lack of information on the mesoscopic scale, the model
links the observed crystal structure to the macroscopic pattern that appears in
the optical microscope. The described twin bands run along [100]A and [001]A,
which is precisely the orientation of the macroscopic line pattern. To explain the
observed slight buckling of the surface a more complex model, including all vari-
ants, is needed. Any tilt of the film surface requires the presence of variants with
b-axis in the film plane. These variants are observed in the crystallographic study
and have to be taken into account for a comprehensive description. Nevertheless,
the simplified model explains the observed symmetry of the surface pattern on
basis of the variant alignment probed by XRD.

Figure 5.11: A reduced lattice mismatch can be achieved by forming a herring-
bone twinning pattern consisting of alternating [101]A and [101̄]A twin bands.
Each band is composed of a twin variant pair (variants I/II and III/IV). Where
the different bands meet (red lines) a lattice mismatch of the individual variants
occurs. The observed macroscopic lines (s. image of the freestanding bridge)
run parallel to the band edges and hence originate from the mesoscopic variant
configuration.
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Figure 5.12: To provide a low lattice misfit at the twin band intersections a high
density of twin boundaries is required. A symmetric twinning in adjacent bands
leads to a low lattice mismatch that follows a zig-zag pattern. With each twin
plane introduced the misalignment switches from diverging to converging lattice
parameters and vice versa. The transition zone is of course not empty space, but
a region of increased defect concentration and stress.

5.3.2 Manipulation of twinning microstructure

Besides the previously described attempts to directly observe a magnetically in-
duced variant redistribution via X-ray diffraction the rather indirect probe by
microscopy was applied to several samples. As the observable surface pattern is
directly related to the variant configuration, a change in the latter should mani-
fest in changes of the surface morphology. Since a rigid substrate will effectively
block a variant rearrangement, the studies of magnetically induced changes in the
twinning pattern was focused on the freestanding films. To enable in-situ obser-
vation with applied field in the light microscope a set of permanent magnets with
a suitable sample holder was used. This setup provides a field strength of 0.2 T.
To reach higher magnetic fields an electromagnet capable of 1.0 T was utilized.
The image of the sample is then recorded in the remnant condition. In case of
completely freestanding films handling is difficult, since the film needs to be fixed
while exposed to the magnetic field. Problems arise from any mechanical strain
due to handling. Thus, changes in the surface twinning pattern can be caused
by the sample treatment. These problems can be avoided by employing partly
freestanding structures as cantilevers or bridges. In the first approach such a mi-
crostructure was prepared by FIB etching. Figure 5.13 (a) shows a SEM image
of the freestanding beam that was released at one side. The long side of the can-
tilever is parallel to Ni-Mn-Ga [100]A and measures 6 µm. The image was taken
from an angle of 52° relative to the surface normal directly after the etch pro-
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cess. On the cantilever surface the characteristic line pattern induced by a twin
plane configuration as discussed in the previous section is in evidence. Hence,
the magnetic easy axis runs approximately under 45° to the beam. Nevertheless,
in the first step a magnetic field of 0.6 T was applied parallel to the long axis
of the cantilever at room temperature. The surface pattern on the freestanding
structure was then imaged by AFM (s. Fig. 5.13 (b)) in the remnant state. Sub-
sequently, the sample was exposed to a second field parallel to the short edge of
the cantilever. Figure 5.13 (c) displays the investigated part of the beam surface
after this step. When comparing the two images the different angles between
vertical and horizontal lines attract attention. After the field was applied along
the length of the cantilever the lines enclose an angle of 86.8°, whereas the second
field, applied perpendicular to the long axes of the beam, leads to a reduced angle
of 83.5°. Obviously, the observed tilt angles in the line pattern directly reflect
the rotation angles of the different martensite variants. The structural analysis
yields lattice parameters of a = 6.13 Å, b = 5.76 Å and c = 5.44 Å for this
sample. Hence, each variant features a rotation of α = 45◦ − arctan(c/a) = 3.4◦

to the austenite crystal lattice. The c-axes of adjacent twin variants enclose an
angle of 90◦ + 2α, while the a-axis of variant I runs under 90◦ − 2α to the a-axis
of variant II. According to the concept of fine-twinned bands of [101]A and [101̄]A
microtwins, as described in the model for the variant alignment, the observed an-
gles in the macroscopic pattern can be explained as follows. For the as-prepared
samples the line pattern is rectangular. This reflects a symmetric twinning in the
different twin bands, like illustrated in Fig 5.14 (a). Along [100]A and [001]A the
lattice mismatch of the predominant variants induces the observable rectangular
line pattern, when the adjacent bands are symmetric. If twin boundaries start
moving under the driving force of an external magnetic field, annihilation of twin
planes within the bands can occur. In the ideal case, this leads to a mono-variant
state for neighboring bands, as visualized in Fig. 5.14 (b). The band intersection
will then run under 3.4° to the [100]A direction that previously formed the inter-
band boundary. If the twinning along [001]A is preserved, the lines separating the
differently aligned bands enclose than an angle of 86.6°, which is close to the angle
observed in the experiment. The twin boundary annihilation can also proceed
along both directions, [100]A and [001]A, which creates a pattern as illustrated in
Fig. 5.14 (c) with a characteristic angle of 83.2°. This is again in good agreement
with the experiment. It is worth pointing out, that a variant arrangement as
suggested in Fig. 5.14 (c) will result in dislocation lines along [100]A and [001]A,
which is energetically unfavorable. Since the interband boundary is not a line,
but rather an expanded region, the lattice mismatch can be compensated without
forming a true dislocation line. As expected from the model, the induced changes
are irreversible. Later experiments with a magnetic field applied under 0, 90 and
± 45° to the cantilever axis failed to induce any effects.

By developing the sacrificial buffer layer technique freestanding microstruc-
tures are available with reasonable effort using photolithography and wet chemical
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5 µm

[100]A
(a)

(b)

(c)

Figure 5.13: (a) SEM image of a freestanding cantilever in the as-prepared state.
The beam structure was cut from a film on MgO(100) by FIB etching. The char-
acteristic twinning pattern on the cantilever surface was affected by an external
field of 0.6 T applied parallel to the long axis of the beam (b). The AFM image
reveals lines running under an angle of 86.6° in the remnant state. Application of
a second field perpendicular to the cantilever length results in a further reduction
of the enclosed angle (c).
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(a) (b) (c)

Figure 5.14: Following up the model for variant alignment the alternation in the
macroscopic line pattern can be explained by symmetric twinning along [100]A
and [001]A directions (a). This leads to a rectangular surface pattern indicated
by the red lines. Magnetically induced twin boundary motion in adjacent bands
can produce an annihilation of twin planes along one (b) or both (c) directions.
This changes the relative orientation of the lines from rectangular to 86.6° (b) or
83.2° (c), respectively.

etching. The possibly damaging treatment of ion beam etching is avoided by this
efficient preparation method that can be done in-house. Since most of the film
is still fixed to the substrate handling is uncomplicated. The twinning pattern
on the released parts of the film can be studied in the light microscope, while
heating the whole sample, that is the substrate and the film. Thus, the phase
transformation temperature can be determined easily, as the martensitic twin-
ning pattern vanishes, when the film transforms to the austenite (s. Fig. 5.9).
Upon cooling the surface pattern is recovered, when the MSM layer transforms
back to martensite. To check for changes in the twinning pattern such a transfor-
mation cycle was repeated for several samples. After each heating-cooling cycle
an image was recorded at room temperature in the martensite phase. Figure
5.15 shows one of the microbridges in the as-prepared state (a) and after three
transformation cycles (b). Obviously, only minor changes in the surface pattern
can be located. The macroscopic twinning pattern that originates from the mi-
crostructure is reproduced almost identically. Hence, the variant distribution and
twin plane configuration is not altered significantly by the transformation process.
Consequently, the austenite-martensite transformation proceeds in a very simi-
lar way for each heating-cooling cycle. This clearly indicates that the formation
process that leads to the martensitic twin configuration involves pinning effects
at lattice distortions. These lattice imperfections persist in the austenite phase
and control the austenite-martensite transformation process. This conclusion is
supported by observations on the surface of the freestanding microbridge. When
heated clearly above the phase transformation temperature, the surface pattern
does not vanish completely (s. Fig. 5.9 (c)). Some of the lines induced by the
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twin variant configuration remain on the film surface. As discussed previously,
these lines run along [100]A and [001]A, where a lattice mismatch of the predom-
inant martensite variants occurs. These distorted regions seem to persist, when
the crystal transforms to the cubic parent phase, as evident from the remaining
surface pattern on the austenitic sample.

As a consequence of the complex twin microstructure of the samples, no indi-
cation of magnetically induced variant rearrangement was detected on the surface
of the released microstructures. Before establishing the model for the variant con-
figuration, several attempts to manipulate the twinning pattern with magnetic
fields of 0.2 to 1.0 T were conducted. At room temperature no changes of the
martensitic surface pattern were observed, when applying a field of 0.2 T in the
film plane under ± 45° to the long axis of the bridge. In this geometry the
magnetic field is applied approximately parallel to the c-axes of two of the four
predominant variants. Besides these in-situ experiments, the samples were ex-
posed to a field strength of up to 1 T in the following. Again the field was pointing
along [100]A and [001]A respectively, i.e. parallel to the c-axes of two prevalent
variants. The sample surface appeared to be unaffected, when examined under
the light microscope in the remnant condition. Further experiments with a mag-
netic field parallel and perpendicular to the microbridges failed in producing any
changes in the twinning pattern. In contrast, cooling from austenite to marten-
site in a magnetic field induced a distinct modification of the line pattern (s.
Fig. 5.15 (c)). The sample was heated to 380 K and subsequently cooled in a
magnetic field of 0.5 T pointing under 45° to the length of the beam structure.
When reaching room temperature, the sample was transferred from the electro-
magnet to the light microscope and an image was taken in the remnant state.
The comparison to the initial state clearly shows that the line pattern in the
center of the freestanding bridge has changed. The lines parallel to the applied
field are more prominent now. This demonstrates that the nucleation of twin
variants during the phase transition can be controlled by an external field. To
test the reversibility of the effect the experiment was repeated with a magnetic
field rotated by 90°. Figure 5.16 shows a series of images of the microbridge taken
after subsequent heating-cooling cycles with alternating field direction. Close to
the center of the beam, where clamping effects are low, the line pattern can be
switched in part by the external field. The observations confirm that the modifi-
cations of the surface pattern are actually induced by the magnetic field. In order
to reduce potential clamping effects, microbridges with a higher aspect ratio have
been prepared. Instead of 550 µm long and 100 µm wide, these beams measure
2 mm x 25 µm (s. Fig. 5.17 (a)). On the freestanding parts of the investigated
sample the small-scale line pattern parallel to [101]A and [101̄]A is visible. As a
consequence of the high aspect ratio the long microbridges can twist along the
long axis. After one heating-cooling cycle, to determine the transformation tem-
perature of the patterned sample, some parts of the freestanding bridges feature
a tilted surface. Due to the normal sample illumination in the microscope, these
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tilted regions appear black (s. Fig. 5.17 (b)). In a first attempt the sample was
examined in the light microscope, while exposed to a field strength of 0.2 T pro-
vided by the set of permanent magnets. This field strength failed in altering the
twisted alignment of the microbridges. In response to a higher magnetic field
of 1.0 T, provided by the electromagnet and applied parallel to the beam, the
twist of the bridge was reduced, as evident from the optical microscopy image (s.
Fig. 5.17 (c)). The magnetically induced changes of the macroscopic shape of the
bridge involve no heating and hence no phase transformation like in the previous
case. Whether this effect is based on local variant rearrangement or driven by the
shape anisotropy of the structure remains questionable. Nevertheless, the combi-
nation of the sacrificial buffer layer preparation technique and the investigation
by optical microscopy is a promising method to detect MIR in thin film samples.

H

100 µm

(a)

(b)

(c)

Figure 5.15: Light microscopy images of a freestanding microbridge in the as-
prepared state (a), after 3 transformation cycles (b) and after cooling from austen-
ite to martensite in a magnetic field of 0.5 T (c). While the heating-cooling cycles
produce only marginal changes in the surface pattern, the application of an ex-
ternal field leads to clear modifications in the twinning pattern. The sample was
cooled from 380 to 300 K with the magnetic field applied as indicated by the
arrow. All images were taken at room temperature and in the remnant condition
for (c).
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B1

B2

B3(c)

(b)

(a)

Figure 5.16: Optical microscopy images of the released microbridge after subse-
quent heating-cooling cycles. The beam was exposed to a magnetic field of 0.5
T during cooling from 380 to 300 K. As indicated by the arrows the field was
applied under ± 45° to the length of the bridge. Close to the center of the beam
the twinning pattern can be manipulated by the external field. Here the line
pattern is changed depending of the field direction (a)-(c).
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B= 1 T T= 300 K

B= 0

(a)

(b)

(c)

1 mm

Figure 5.17: Microbridges with a high aspect ratio can be prepared using the
pattern imaged in the overall view of the sample (a). The freestanding beams in
the center are 2 mm long and 25 µm wide. After one transformation cycle the
lower bridge is slightly twisted near the left endpoint (b). This twist is partly
eliminated after a magnetic field of 1.0 T was applied parallel to the length of
the bridge. This shape modification can originate from MIR of variants within
the beam structure.
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5.4 Key results

The surface morphology of films with different crystallographic orientation has
been studied by optical microscopy in conjunction with AFM and SEM. For
martensitic samples of (100)A orientation three different regular surface patterns
generated by twinning are observed. In contrast, no twinning pattern is visi-
ble on the surface of (110)A oriented films, because different martensite variants
are separated by twin planes running parallel to the surface in that case. Us-
ing a combination of FIB etching and SEM two basic twin plane configurations
have been identified for films prepared on MgO(100). Twin planes can either be
aligned under 45° or perpendicular to the film surface. The different microstruc-
tures manifest in distinct surface reliefs that can be distinguished in the light
microscope. The observed macroscopic twinning patterns are explained on the
basis of the variant configuration as probed by XRD. The majority of films with
(100)A orientation are composed of four orthorhombic variants that are separated
by (101)A type twin planes aligned along the film normal. A simple model to link
the microscopic variant arrangement with the macroscopic surface pattern was
derived. The absence of magnetically induced reorientation of variants in films
released from MgO(100) substrates is explained in the context of this qualitative
model. The failed attempts to directly observe magnetic-field-induced changes in
the twinning pattern is motivated by the highly symmetric, fine-twinned marten-
site structure. In addition to optical microscopy with applied magnetic field, a
custom heater stage was used to study the martensite-austenite transformation
for samples with TMs > 300 K. The phase transformation can be directly followed,
as the surface pattern starts to vanish at TAs. On cooling the twinning pattern
is recovered at TMs. Accordingly, this methods provides fast identification of the
structural transformation temperatures.
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Chapter 6

Magnetic properties

The magnetic properties of the Ni2MnGa system are of utmost importance for
the appearance of the magnetic shape memory effect. A crucial prerequisite
for magnetically induced strains is a high magneto-crystalline anisotropy that
couples the magnetization to the crystal lattice. Furthermore a high saturation
magnetization (MS) is beneficial, since the introduced magnetic energy is directly
proportional to MS. The saturation magnetization of the thin film samples is de-
duced from hysteresis loops measured with a VSM and a SQUID magnetometer.
Magnetometry is, moreover, a suitable tool to determine the phase transforma-
tion temperature of the samples. For that purpose the temperature evolution of
the magnetization in low field is scanned.

To gain insight on the microscopic origin of the magneto-crystalline anisotropy
some films were investigated with polarized X-ray light facilitated by a a syn-
chrotron light source. The spectroscopy method exploits the magnetic circular
dichroism and provides element-specific information on spin and orbital magnetic
moments. The combination of two detection modes, the surface sensitive total
electron yield signal and the measurement of the transmitted X-ray light inten-
sity, allows comparing the moments at the film surface and in the sample volume.
Moreover, X-ray absorption spectroscopy is a sensitive probe for the electronic
structure of the involved 3d metals. The absorption spectra contain information
about the unoccupied local density of states (LDOS) involving hybridized d states
of Mn and Ni near the Fermi level. Hence, changes in the electronic structure of
Ni2MnGa during the phase transition can be detected by XAS.

6.1 Bulk magnetometry

6.1.1 Phase transformation

The structural phase transformation in Ni2MnGa is accompanied by a drastic
change in the magnetic properties. In the austenitic phase, below TC the com-

113



CHAPTER 6. MAGNETIC PROPERTIES

pound is ferromagnetic and almost isotropic, since the crystal lattice is cubic.
This does not hold for the martensite phase, where the lattice distortion leads
to a considerable magneto-crystalline anisotropy. In the orthorhombic system
the short c-axis is the magnetic easy axis, while in the non-modulated tetrago-
nal phase the c-axis denotes the crystallographic long axis that is the hardest to
magnetize. For the two modulated phases, i.e. 5M and 7M, the magnetic easy
axis is the short c-axis, though 5M is described as a tetragonal structure [59].
Due to the change in anisotropy the phase transition can easily be detected in
temperature-dependent magnetization measurements in low field. Fig. 6.1 shows
the temperature evolution of the in-plane magnetization for a Ni-Mn-Ga film on
a Al2O3(112̄0) substrate. The sample is exposed to a magnetic field of 0.01 T
applied parallel to the film plane. This field strength is not sufficient to saturate
the sample. Starting from room temperature the magnetization increases to a
peak-like maximum at 360 K. With increasing temperature a sharp drop in the
magnetization occurs, as the Curie temperature of 370 K is approached. On cool-
ing the magnetization is recovered until a distinct decrease sets in at T=340 K.
This is the martensite start temperature. As the structure changes from cubic
to orthorhombic the magnetization is dictated by the forming variant configu-

Figure 6.1: Temperature evolution of the in-plane magnetization in low field for
a Ni-Mn-Ga film on Al2O3(112̄0). Under cooling a clear drop in magnetization
indicates the phase transition. In the martensitic phase, below T=330 K, a
strong uniaxial anisotropy leads to the reduced in-plane magnetization. The
phase transformation shows a characteristic hysteresis of 6 K.
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ration. Qualitatively the magnetization vector is rotated from in-plane towards
out-of-plane alignment. According to the XRD analysis of the martensite struc-
ture (s. chapter 4.3), (110)A oriented films essentially feature twin planes that
run parallel to the film surface and separate two orthorhombic variants. The
c-axes of these variants point roughly under 45° to the film surface. Considering
a complete alignment of the local magnetization vector along the easy axis, a
decrease of 50 % in the total magnetization is expected. This is in good agree-
ment with the observation. In fact, the macroscopic in-plane magnetization in
the martensite is even less than half that of the austenite. This can be motivated
by looking at the martensite crystal structure in detail. As a consequence of the
rotation of the martensite lattice the c-axes of both variants are aligned under
α = arctan(a/c) ≈ 48.4° to the film surface. Hence, the in-plane projection of
the magnetization vector of each variant is reduced by |m‖| = cosα · |m|, while
the out-of-plane component is increased to |m⊥| = sinα · |m|. The result is an
effective out-of-plane anisotropy that is reflected in the measured macroscopic
magnetization of the martensitic sample.

On re-heating the in-plane magnetization jumps back to the original value,
as the film transforms from martensite to austenite (s. Fig. 6.1). The curve
progression of the austenite-martensite transition is reproduced with a slight
shift in the transformation temperature. A thermal hysteresis of 6 K is observed,
which is a typical value for the (110)A oriented films prepared within this work.

For stoichiometric Ni2MnGa bulk samples an increase of the saturation mag-
netization at the austenite-martensite transformation was observed by Webster
et al. [32]. If the external field strength is sufficient to saturate the sample this
increase is observable when cooling below TM . Fig. 6.2 displays the temperature
evolution of in-plane and perpendicular magnetization for three different values of
the applied magnetic field. The characteristic change of the easy axis direction is
evident in the low field measurement (red curve). At T=270 K the sample enters
the martensitic phase that features a strong uniaxial anisotropy, which causes
the described drop in the in-plane magnetization. In contrast, measurements in
high field reveal an increase of the total magnetic moment in the martensite. For
both measurement geometries, with magnetic field applied in-plane (black line)
and perpendicular to the film plane (blue line), the total magnetization increases
at the austenite-martensite transition. This is in agreement with observations on
bulk samples [32, 66] and theoretical calculations [73].

The phase transformation temperature in Ni-Mn-Ga depends sensitively on
the composition (s. chapter 2.3.3). While for bulk Ni2MnGa single crystals the
phase transformation occurs at T=202 K [32], values up to 625 K have been
calculated for Ni-rich compositions [126]. Our thin film samples prepared with
the stoichiometric target show martensite start temperatures in the range of 220
to 280 K. Besides the strong influence of the actual film composition the crystal-
lographic orientation significantly affects the transformation temperature. Fig.
6.3 shows magnetization vs. temperature curves for two films that were prepared
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Figure 6.2: Magnetization vs. temperature for a thin Ni-Mn-Ga film on
Al2O3(112̄0) substrate. The high field data have been corrected with a constant
diamagnetic contribution of the substrate.

Figure 6.3: Temperature evolution of the in-plane magnetization in low field
for Ni2MnGa films on MgO(100) (black triangles) and Al2O3(112̄0) (red circles)
that have been prepared simultaneously. The phase transformation temperatures
differ significantly for the two different crystallographic orientations.
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simultaneously and hence have the same composition. The characteristic drop of
the in-plane magnetization appears at 275 K for the film on Al2O3(112̄0), while
the (100)A oriented sample on the MgO(100) substrate has a martensite start
temperature of 220 K. As described in chapter 4.3 the different crystallographic
orientations result in different variant configurations. The (110)A oriented sam-
ples feature twin planes that are aligned parallel to the film surface, whereas
films on MgO(100) possess twin planes running predominantly along the sur-
face normal. This discrepancy in twin plane alignment yields a difference in
interaction between twin boundaries and substrate. In the case of Al2O3(112̄0)
substrates the twin planes do not intersect with the substrate surface, which is
not the case for the films on MgO(100). Furthermore the variant configuration
observed for (110)A oriented samples facilitates a habit plane forming at the film-
substrate interface. In combination with the favorable twin plane alignment with
reduced substrate interaction this leads to a stabilization of the martensite for
(110)A oriented films. The different variant configurations motivate not only the
discrepancy in the austenite start temperature, but also the size of the mag-
netization drop. The change of the in-plane magnetization is comparably low
for the films on MgO(100) substrates, where the phase transformation leads to
martensitic variant configuration with an effective in-plane alignment of the c-
axis. Consequently, the magnetization vector remains parallel to the film plane,
as the anisotropic martensite forms.

Figure 6.4: In the case of Ni-rich samples the structural phase transition cannot
be detected in temperature-dependent magnetization measurements, since TC is
lower than the austenite start temperature.
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It is worth mentioning that the structural phase transformation in Ni-Mn-Ga
can occur above the Curie temperature. Theoretical calculations indicate that
this is the case for Ni2+xMn1−xGa with a Nickel excess of 0.2 and higher [58].
For samples prepared with the off-stoichiometric targets at low working pres-
sure (≤ 0.01 mbar) such a behavior is observed. The temperature evolution of
the sample magnetization exhibits no step-like changes in the temperature inter-
val of 100 to 400 K (s. Fig. 6.4). In accordance with the previously described
samples of different composition (s. Fig. 6.1 to 6.3) TC is approximately 375 K.
High temperature XRD reveals a structural phase transition from martensite to
austenite at TAs=410 K for this sample (s. also [18]). Hence, it is not possible to
detect the structural phase transformation in temperature-dependent magneti-
zation measurements, as the ferromagnetic-paramagnetic transition occurs below
TMs.

Figure 6.5: A linear extrapolation of the experimental data is used to determine
the start and finish temperatures of the austenite and martensite, respectively.

As described in chapter 3.1 the film composition and thus the phase transfor-
mation temperature can be tuned by adjusting the Argon pressure during sputter
deposition (s. Fig. 3.3 in chapter 3.1). For the samples with TMs < TC the evolu-
tion of the phase transformation can be studied by scanning the magnetization
as a function of the sample temperature. To determine the start and finish tem-
perature of the phase transformation upon heating and cooling an extrapolation
of the linear parts of the magnetization curves can be used (s. Fig. 6.5). In par-
ticular, the martensite start temperature and the austenite finish temperature
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can be deduced directly from the magnetization curve, since a sharp change of
slope is visible here. This is not the case for the martensite finish and the austen-
ite start temperature. On cooling the martensite start temperature shows as a
defined drop in magnetization. This linear curve progression is followed by a
temperature interval with rather continuous gradient of magnetization variation.
On heating the described curve progression is reproduced.

6.1.2 Saturation magnetization

The observed increase of the saturation magnetization at the austenite to marten-
site transition can also be detected in hysteresis loops measured for different
temperatures in the vicinity of TM . The samples prepared with the stoichiomet-
ric target show a narrow hysteresis in the magnetic polarization in the austenite
phase (s. Fig. 6.6). The saturation magnetization of the displayed sample is calcu-
lated to MS=2.94 µB/formula unit (f.u.) in the austenite at T=282 K. The scan
at T=255 K yields a value of 3.31 µB/f.u. for the martensitic film. The start and
finish temperatures for austenite and martensite of this sample were determined
by T -sweeps in low field (s. Fig. 6.5). At 10 K, which is the typical tempera-
ture to determine the saturation magnetization of our samples on Al2O3(112̄0),
MS reaches a value of 3.43 µB/f.u. Hence, the considerable increase in MS from
T=282 K to T=255 K is basically caused by the phase transformation. When

Figure 6.6: Hysteresis loops measured above (black line) and below the martensite
start temperature (red line) for a sample on Al2O3(112̄0). In the martensitic
phase the saturation magnetization is considerably increased.
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Figure 6.7: While the cubic parent phase exhibits a narrow hysteresis loop with
a coercive field of 8 mT (black line), the martensitic phase shows an increased
coercivity of 50 mT (red line).

comparing the low field region of the hysteresis loops (s. Fig. 6.7) the difference
in coercive field strength for austenite and martensite stands out. While the
cubic parent phase shows a coercivity of 8 mT, the martensitic phase exhibits
an increased value of 50 mT for this sample. As discussed in chapter 3.1 the
saturation magnetization is sensitive on the substrate temperature during film
deposition. For the films with near-stoichiometric composition a maximum value
of MS=3.86 µB/f.u. was deduced from hysteresis loops. The deviation from the
reported value of 4.2 µB/f.u. for bulk single crystals indicates atomic disorder in
the thin film samples. In particular, disorder at Mn sites can lead to antiferro-
magnetic coupling of Mn atoms and thus to a reduction of the magnetic moment
[94]. For the Mn-rich off-stoichiometric targets 3 and 4 with e/a ≈7.65 theoretical
calculations predict a saturation magnetization of 3.5 µB/f.u. [71]. Experimental
results on bulk material provided in ref. [71] vary between 3.2 and 3.4 µB/f.u.,
while our thin film samples typically possess a saturation magnetization of 3.0 µB
per formula unit at low temperature. In case of target 5 X-ray fluorescence spec-
troscopy reveals a composition of Ni2.1Mn1.1Ga0.8 (s. chapter 3.1), which means
e/a ≈7.8. In accordance with theoretical calculations and observations for bulk
samples [71] our films prepared from this target show saturation magnetization
values slightly below 3 µB/f.u.
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6.1.3 Indication of MIR in hysteresis loops

For some of the Mn-rich samples (sputtered from target 5) an anomalous shape
of the hysteresis loops was observed. At room temperature, that means in the
martensitic phase, a step-like increase appears, when applying the field parallel
to Ni-Mn-Ga [101̄]A for films on Al2O3(112̄0) (s. Figs. 6.8 and 6.9). Starting at
zero field the sample magnetization increases linearly with increasing external
field strength. When reaching µ0Hext=60 mT the slope of the polarization curve
suddenly changes and becomes steeper. Above µ0Hext=100 mT the slope con-
tinuously decreases as the magnetization approaches saturation. The described
sudden increase in sample magnetization was observed in bulk Ni-Mn-Ga sin-
gle crystals and identified as signature of magnetically induced reorientation of
variants [127]. As soon as the difference in magnetic energy of adjacent, but
differently aligned variants exceeds the elastic energy needed to move a twin
boundary, a change in the variant distribution occurs. The redistribution effec-
tively increases the variant fraction with magnetic easy axis aligned parallel to
the external field, which leads to a rise in magnetization. This scenario could
explain the observed increase for the magnetization curve with H ||[101̄]A. Ac-
cordingly, the steps in the hysteresis loops are not present, if the magnetic field
is applied parallel to [010]A, i.e. along the b-axis of the martensite. In contrast to
the magnetization curve with field applied along Ni-Mn-Ga [101̄] this hysteresis
loop reveals the “hard” axis character of the intermediate b-axis. As known from
measurements on bulk material [4], the long a-axis of the 7M structure is the
magnetic hard axis, while the short c-axis is the easy magnetization axis. The
b-axis shows an intermediate magnetization behavior. When comparing directly
the in-plane magnetization curves with H ||[101̄]A to those with H ||[010]A, the
second configuration reveals a hard axis behavior, as no contribution of the c-axis
is included here.

A similar discrepancy in the magnetization curves for different in-plane direc-
tions of applied field is present for films on MgO(100) substrates (s. Figs. 6.10
and 6.11). While no indication of MIR of variants is detected for scans with H
||[001]A, the hysteresis loops with H ||[101]A exhibit jump-like increases in the
magnetization. Likewise the samples on Al2O3(112̄0) the magnetization jumps
appear, if the external field is applied parallel to the twin plane. According to the
phenomenological model for strain and magnetization in MSM alloys suggested
by O’Handley [51] this field configuration produces the highest pressure on the
twin plane. Counter to what one would expect, the magnetic driving force is
greatest for a field orientation parallel to the twin plane for a two-variant system
with strong anisotropy. Nevertheless, similar steps in magnetization have been
observed for the H ||[001]A configuration by other groups [128, 129]. For these
films on MgO(100) the hysteresis loops for both in-plane field configurations (H
||[001]A and H ||[011]A) show sharp changes in slope that have been interpreted as
indication of MIR. In contrast, our samples on MgO substrates show no signature
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Figure 6.8: In-plane magnetization curves for a Ni-Mn-Ga film on Al2O3(112̄0)
substrate. The field orientation parallel to [010]A reveals the “hard-magnetic”
character of the b-axis (blue line), while for H ‖[101̄]A the a- and c-axis of the
two prevalent variants contribute (black line). A zoomed view of the low-field
region is provided by Fig. 6.9.

Figure 6.9: For an external field applied parallel to Ni-Mn-Ga [101̄]A a step-
like increase in magnetization occurs around µ0Hext=60 mT. The sudden rise of
sample magnetization can be explained by MIR of variants.
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of MIR, if the magnetic field is applied parallel to [100]A or [001]A. For this field
configuration two different regions in the polarization curve can be distinguished.
In the region of low external field strength a soft-magnetic contribution dominates
the magnetization curve, while above µ0Hext=100 mT a hard-axis magnetization
behavior appears. These two contributions can be assigned to differently aligned
martensite variants. As identified by XRD the martensitic films on MgO(100)
basically feature four different variants, two of which have the c-axis oriented
almost parallel to [001]A. This variant fraction (that constitutes roughly 40 %
of all variants) causes the soft-magnetic contribution, if the field is applied along
the [001]A direction. For the other two variants the magnetic field is then almost
parallel to the a-axis, which is the magnetic hard axis. This explains the shape
of the hysteresis loops for µ0Hext ≥ 100 mT, where the external field strength
is sufficient to rotate the local magnetization from c- towards a-axis direction
for the respective fraction of variants (≈ 40 %). However, this two-component
model does not explain the shape of the magnetization curve for H ||[101]A. For
both crystallographic orientations, i.e. films on Al2O3(112̄0) and MgO(100), the
steps in magnetization occur, if the external field is applied parallel to the twin
planes. Such a magnetization curve was also observed for freestanding films that
were released from MgO substrates. Though the observations are a strong in-
dication for MIR of variants (compare refs. [128, 129]), the results of magnetic
field assisted XRD contradict this interpretation. None of the investigated sam-
ples showed any change in the martensite variant distribution, when exposed to
a field strength of 200 mT and higher. The variant configuration was directly
probed by scans of the XRD peaks, that can be assigned to the different variants.
Consequently, these results indicate that no field induced variant redistribution
takes place. Since no structural changes in response to a magnetic field have
been deteced, the interpretation of the magnetization data remains questionable.
Probably the sudden increase in magnetization is caused by a complex saturation
process of the multi-variant film that involves rotation of the local magnetization
of microscopic domains. For the samples on MgO substrates (as well as films
released from MgO) the proposed mesoscopic twinning pattern might affect the
shape of the hysteresis loop. Further investigations with a technique capable of
mapping the small-size domains are needed to identify the origin of the anomalous
magnetization behaviour.
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Figure 6.10: In-plane magnetization curves for a Ni-Mn-Ga film on MgO(100)
substrate with magnetic field applied along [101]A (black line) and [001]A (blue
line). For a zoomed view of the low-field region s. Fig. 6.11.

Figure 6.11: Likewise the samples on Al2O3 the films on MgO show jump-like
increases in magnetization in response to an external field applied parallel to the
twin planes of the predominant variants.
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6.2 XAS and XMCD

Complementary to the magnetometry measurements some samples have been
investigated with X-ray absorption spectroscopy (XAS). This rather new analyt-
ical method [130, 131] is based on resonant excitation of electrons from a defined
ground state to vacant states close to the Fermi level. When using circularly po-
larized light, the X-ray magnetic circular dichroism (XMCD) effect can be used
to obtain element-specific information on spin and orbital magnetic moments.
In contrast to magnetometry measurements, these experiments allow to discrim-
inate between surface and bulk properties, as both are determined separately.
For surface sensitive measurements the so-called total electron yield (TEY) is
detected. Here the Auger electrons and the secondary electron cascades, created
by the absorbed X-ray light, are directly measured as electric current between
sample and a conducting shield. The information depth of this signal is limited
by the characteristic escape depth of the electrons, which is typically a few nm. In
addition, the intensity of the transmitted light is detected via x-ray luminescence
in the MgO or Al2O3 substrate. The transmission signal (TM) yields informa-
tion on the magnetic properties integrated along the thickness of the thin film
sample. The XAS experiments were performed in collaboration with the group
of professor Elmers of Mainz University [132]. All spectra were measured at the
UE56/1-SGM beamline of the BESSY II synchrotron light source. Experimental
details can be found in refs. [133] and [134].

The function principle of XAS is illustrated in Fig. 6.12 (a). The absorbed
X-ray light excites electrons of the 2p core level into vacant states above the
Fermi level (EF ). For that purpose, the energy of the incident light is varied
around the characteristic absorption edge of the investigated element in the com-
pound (s. Fig. 6.12 (b)). For transition metals the resulting absorption spectrum
features two peaks corresponding to the 2p3/2 → 3d transitions (L3 edge) and
the 2p1/2 → 3d transitions (L2 edge). In fact, the absorption spectrum contains
contribution from both p→ d and p→ s transitions. The latter can be removed
by subtracting a step function. When exciting the 2p electrons with light of left
or right circular polarization, an effective spin polarization of the photoelectrons
occurs. The measured intensity then depends on the number of vacant d-states
with the respective spin direction. Hence, the spin polarized photoelectrons act
as a detector for the spin-resolved local density of states for electrons above EF .

In general, dichroism denotes the effect of polarization-dependent differences
in optical absorption. For a magnetic material the peak intensities in the absorp-
tion spectra will depend on the relative orientation of the light polarization vector
P and sample magnetization M, which is utilized in the XMCD technique. The
observable intensity difference is strongest for parallel vs. antiparallel alignment
of P and M. For a fixed sample magnetization the spectrum recorded with right
circularly polarized light (σ+) is labeled µ+, while µ− denotes the spectrum taken
with light of left circular polarization. The difference µ+ − µ− is the XMCD sig-
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Figure 6.12: (a) Illustration of the XAS and XMCD function principle. X-ray
light of circular polarization excites electrons from a spin-orbit split inner shell
to vacant d states above the Fermi level. (b) Typical XAS spectrum recorded at
the Co L2,3 edges for parallel (µ+) and antiparallel (µ−) alignment of polarization
and magnetization vector. After subtracting the p → s background (black line)
the XMCD spectrum results from the difference µ+ − µ−. Taken from [134].

nal (s. Fig. 6.12 (b)). In the experiment X-ray light of fixed polarization is used
and the sample magnetization is switched from parallel (µ+) to antiparallel (µ−)
orientation by an external field.

To describe the process that creates the XMCD effect a simplified one-electron
model can be used [136]. Neglecting the degeneracy of the fully occupied 2p states,
the spin-orbit splitting of the core shell is described as an initial state here. The
proper description makes use of the configuration picture that involves a ground
state and an excited state of the atom [135]. The photon induced transition
between initial (i) and final state (f) can be described by Fermi’s golden rule:

I(~ω) ∝
∑
i,f

∫
BZ

d3k M2
fi δ(Ef (k)−Ei(k)−~ω) F(Ei(k)) [1−F(Ef (k))] (6.1)

where M2
fi is the transition matrix element and F the Fermi function that de-

scribes the occupation of initial and final states. The Delta function (δ) ensures
energy conservation, when summing over all initial and final states and inte-
grating all k-points of the Brillouin zone (BZ). This comprehensive description
takes correlation effects into account and is able to describe multiplet structures
observed in the XMCD spectra of oxides [137]. However, for 3d metals the one-
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Figure 6.13: Possible 2p→ 3d transitions for excitation with right circularly po-
larized light. The transitions between states with respective quantum numbers
|ml,ms〉 have to satisfy ∆ms = 0 and ∆ml = +1. Considering the different tran-
sition probabilities as calculated from the angular matrix elements an effective
spin polarization of the photoelectrons occurs. The scheme is taken from ref.
[135].

electron picture, described in the following, is sufficient to explain the process
that leads to the observed spectra. When exciting the 2p electrons with circu-
larly polarized light the possible transitions to 3d states are polarized concerning
spin and orbital moment. Fig. 6.13 depicts the initial 2p states sorted by quan-
tum number mj = ml+ms. The spin-orbit coupling is l−s for 2p1/2 states, while
the opposite interaction (l + s) is true for 2p3/2 states. All possible transition to
3d states have to obey the transition rules, that is ∆ml = +1 and ∆ms = 0 in
the case of right circularly polarized light. The probabilities for the individual
transitions can be derived from the respective angular matrix elements [138]. By
looking at the possible final states and the transition probabilities, one obtains
a spin polarization of -0.5 for the L2 edge (2p1/2 → 3d). The transitions from
2p3/2 → 3d result in 62.5 % in final states with spin-up. Hence, the spin polar-
ization is 0.25 at the L3 absorption edge. For left circularly polarized light the
effective spin polarization changes sign. For both transitions also an orbital po-
larization occurs, as 60 % of the final states feature a magnetic quantum number
ml=2. In the experiment some of the d-states of the transition metal are occu-
pied, whereas the unoccupied, exchange split states at the Fermi energy act as a
spin detector for the excited electrons. The opposing spin polarization at the L2
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and L3 edges leads to the characteristic dichroism signal (s. Fig. 6.12 (b)). With
the help of sum rules quantitative information of spin and orbital moment can
be gained [139, 140]. Following the description in [135], for parallel/antiparallel
alignment of P and M the spin and the orbital magnetic moments (µs and µl)
can be derived from:

µs = − (A− 2B)

I(L2) + I(L3)
µB Nh (6.2)

µl = −2

3

(A+B)

I(L2) + I(L3)
µB Nh (6.3)

where A is the area under the L3 difference peak, while B denotes the re-
spective area of the L2 difference peak (blue curve in Fig. 6.12 (b)). The area
under the averaged spectrum, I(L2) + I(L3), is calculated from (µ++µ−)/2 after
subtracting the step function (black line in Fig. 6.12 (b)). The only input param-
eter required is the number of d holes Nh that can be derived from theoretical
calculations.

6.2.1 Phase transformation

As described in the previous section, temperature-dependent magnetization mea-
surements present a convenient way to determine the phase transformation tem-
perature for Ni-Mn-Ga samples. The observed changes of the in-plane mag-
netization appear in the same temperature interval where the structural phase
transition is identified by XRD. This implies that the modified magnetic order
is directly related to the reduced lattice symmetry of the martensitic phase. For
the involved 3d metals the magnetic properties are mainly determined by their
d valence electrons [141]. Consequently, the different magnetization behavior
for martensite and austenite indicates that changes in the electronic structure
of the Ni-Mn-Ga valence bands occur. Another method to determine the phase
transformation temperature is studying the temperature evolution of the sam-
ple resistivity, as described in [142] and utilized in the previous work [18]. The
observed jumps in magnetization and resistivity at the martensite start tempera-
ture are a clear indication of changes in the electronic structure during the phase
transition.

The electronic structure, magnetic properties and equilibrium crystal struc-
ture of the Ni-Mn-Ga system is subject of several theoretical studies starting from
the microscopic point of view. These ab initio calculations identify an electronic
instability as the cause for the martensitic phase transformation [72, 73, 143].
The change in electronic structure mainly involves Ni related minority d states
with 3dz2 and 3dx2−y2 symmetry. These states are degenerated in the cubic parent
phase, but split up in the tetragonal/orthorhombic martensite state. According
to calculations of Ayuela et al. [73] the modifications in the band structure at
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Figure 6.14: X-ray absorption coefficients measured at the Mn (a) and Ni (b) L2,3

edges for T < TM (broken, blue line) and T > TM (red line). The difference of
the spectra is plotted in green. The lower panel shows the XMCD signals derived
from the Mn (c) and Ni (d) spectra for the respective temperatures. Originally
published in [86].

the phase transition should be observable in experiments probing the density of
Mn and Ni hybridized d states around the Fermi level. A suitable experiment
to explore these states chemically resolved is energy-dependent X-ray absorption
spectroscopy at the Ni and Mn L2,3 edges. In the experiment we measure the
intensity of the transmitted X-ray light via luminescence of the Al2O3(112̄0) and
MgO(100) substrates for various temperatures above and below TM . The ab-
sorption coefficient for parallel (+) and antiparallel (−) alignment of P and M
is given by k±(hν) = µ±(hν)d = − ln [I±(hν)/Iref (hν)]. The XAS and XMCD
spectra measured on a 83 nm thick Ni2MnGa(110) film prepared on Al2O3(112̄0)
are presented in Fig. 6.14. When scanning the Mn L2,3 edges for T < TM and
T > TM , the resulting spectra look almost identical. This is not the case for
the Ni spectra, where a clear discrepancy can be spotted at a photon energy of
859 eV. Here a distinct satellite peak (A) is present in the cubic parent phase,
while for the distorted martensite this feature is almost completely suppressed.
The detailed temperature dependence of feature A is shown in Fig. 6.15 (c),
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where the intensity increase ∆IA = IA(T )− IA(202 K) on heating is plotted. For
comparison the temperature evolution of the XRD (400) austenite peak inten-
sity is displayed. At low temperatures (T <270 K) the film is in the martensite
phase, where the lattice symmetry leads to suppression of the (400)A reflection.
On heating a sharp increase in the XRD peak intensity indicates the structural
phase transition to the cubic parent phase. A similar temperature behavior is
observed for the intensity variation of XAS peak A confirming the correlation to
the structural phase transition. Moreover, the observed intensity change of peak
A is in full agreement with theoretical predictions [73]. On basis of density func-
tional theory calculations Ayuela et al. predict an observable spectral variation at
the Ni L2,3 edge for Ni2MnGa austenite compared to martensite. A comparison
between calculated and measured spectra is provided by Fig. 6.15 (b). When
plotting the difference between the data measured at T < TM and T > TM ,
the agreement with theory is striking (s. Fig. 6.15 (b)). Besides the mentioned
variation of feature A (at Eph = 859 eV), a second predicted change at lower
energy (855 eV) is reproduced by the experiment. According to the ab initio
calculations this spectral variation is caused by a Ni 3d state of dz2 character in
the minority LDOS just above the Fermi level. As the crystal structure changes
from cubic to tetragonal or orthorhombic (c/a < 1) this peak is narrowed, which
leads to the observed increase for T < TM . The experimentally observed intensity
change of peak A can be attributed to changes in hybridized Ni 3d-Ga 2p states.
These states are degenerated in the cubic austenite, whereas their degeneracy
is lifted for the martensitic lattice symmetry. This results in a reduced density
of states at the respective energy position for the martensite. In the calculated
X-ray absorption spectrum (s. Fig. 6.15 (a)) these changes in the band structure
lead to a considerably decreased intensity of peak A. Our experiment precisely
reproduces the predicted intensity reduction. In contrast to the discussed Ni L2,3

spectra, no significant changes are visible in the respective Mn spectra, which is
in agreement with the theoretical calculations. For c/a < 1 only little changes in
the Mn bands near the Fermi level are calculated. This is different for the case
c/a > 1, where the reduced atomic distance in the ab-plane causes larger changes
in the Mn related LDOS.

In addition to the described qualitative evaluation of the absorption spectra,
a sum rule analysis of the XMCD spectra results in quantitative spin and orbital
magnetic moments for Ni and Mn. Fig. 6.16 summarizes the temperature depen-
dence of effective spin and orbital magnetic moments for both atomic species.
In the whole temperature range the orbital to spin moment ratio of Mn stays
close to zero indicating that the magneto-crystalline anisotropy is mainly caused
by Ni states. In contrast, the Ni orbital moment is clearly altered by the phase
transformation. In the martensite the Ni orbital to spin moment ratio amounts to
0.15, while in the austenite we calculate a value of 0.05. In the transition region
a maximum of µorb/µspin=0.18 is observed. The increased orbital moment in the
martensitic phase can be motivated by the reduced lattice symmetry compared
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Figure 6.15: (a) Comparison of measured (upper curves) and calculated absorp-
tion coefficient for T < TM (blue dashed line) and T > TM (red line). (b) Differ-
ence of the spectra taken at the respective temperatures (green line) compared
to the difference of the calculated spectra (red dashed line). (c) Temperature
dependence of the intensity increase of feature A (open circles) and the XRD
(400) peak intensity (full circles) indicating the structural phase transition. The
values have been normalized to their respective room temperature values. Image
taken from ref. [86].
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Figure 6.16: Temperature dependence of Ni (blue circles) and Mn (black trian-
gles) spin and orbital magnetic moments. (a) The orbital to spin moment ratio
for Ni shows a distinct maximum around TM (vertical line), while the Mn orbital
moment is constantly small in the whole temperature range. (b) The effective
Mn spin moment per d hole, Nh, decreases slightly with increasing temperature,
whereas the Ni spin moment stays almost constant. (c) Calculated sum moment
per f.u. For comparison the magnetization data measured by magnetometry is
shown (red line). Originally published in ref. [86].
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to the cubic parent phase. In the transition region the maximum of µorb(Ni) indi-
cates a strong variation in the interatomic distances and consequently a reduced
symmetry of the local crystal field.

For the effective spin moment per open d-electron state (Nh) a contrary behav-
ior is observed. The Ni spin moment stays constant, while the Mn spin moment
slowly decreases, as the sample is heated from 200 to 300 K. In the transition re-
gion no significant variations are visible for both spin moments. In particular, we
cannot confirm the predicted drop of the Ni moment at the phase transformation
[143]. In fact, a slight increase of µspin(Ni) occurs around T=280 K. To calculate
the sum magnetic moment per formula unit we consider the different numbers of
d-holes, i.e. Nh(Ni)=1.3 and Nh(Mn)=4.3 and a correction factor of 1.5 for Mn
because of the jj mixing. The total moment calculated from the XMCD results is
in good agreement with respective magnetization data collected by magnetome-
try (s. Fig. 6.16 (c)). The analysis of the XMCD data indicates that the observed
decrease in magnetization upon transformation to the austenite is essentially due
to the Mn spin moment behavior. On the other hand, the crystal anisotropy is
exclusively caused by Ni related electronic states.

6.2.2 Magnetic anisotropy

The ability to discriminate spin and orbital magnetic moments for Ni and Mn
atoms separately makes XMCD spectroscopy an ideal tool to investigate the
origin of the magnetic anisotropy in martensitic Ni2MnGa. For that purpose we
evaluate the angular dependence of the X-ray absorption spectra measured for
an epitaxial Ni2MnGa film of (101)A orientation. In the martensitic state we
find a clear uniaxial anisotropy that originates from the crystal anisotropy. As a
consequence of the variant configuration, the crystal anisotropy features an easy
axis pointing out-of-plane, which is discussed in the following.

First, the out-of-plane magnetic anisotropy of the martensite is probed by
using the magneto-optical contrast of XMCD at the Mn L3 absorption edge that
provides largest contrast. Fig. 6.17 displays the magnetization loops measured
at constant circular polarization and an external magnetic field applied perpen-
dicular to the film surface. The signal was normalized to the maximum value
(for maximum applied field) after subtracting the value measured at zero exter-
nal field. Neglecting interface effects the total uniaxial anisotropy is described
by the anisotropy energy f(θ) = L cos2 θ, where θ is the angle between mag-
netization vector and surface normal (s. inset in Fig. 6.17). The anisotropy
constant L comprises two contributions: the shape anisotropy and the crystal
anisotropy, i.e. L = J2

s /2µ0 + Kv. From the extrapolated hysteresis curve one
obtains the saturation field µ0Hs that is related to the out-of-plane anisotropy
via HsJs = ∂2f(π/2)/∂θ2 = 2L, where Js is the saturation magnetization. In
combination with the previous equation this results in Hs = Js/µ0 + 2Kv/Js.
Hence, one can determine the bulk anisotropy constant Kv from the experimen-
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Figure 6.17: The X-ray absorption µ(H) is used to measure hysteresis loops
with external field applied perpendicular to the film plane. By extrapolation of
the small field susceptibility the saturation field is determined (black line). The
saturation magnetization can be deduced from the respective fit for the in-plane
magnetization curve (red line).

tal values µ0Hs = 0.537 T and Js = 0.675 T. The saturation magnetization of the
sample was determined by in-plane hysteresis loops recorded with the VSM. The
calculated value of Kv = −3.7 × 104 J m−3 is in agreement with previously re-
ported results for epitaxial Ni2MnGa films [144, 145], but an order of magnitude
smaller than values measured for bulk single crystals [63]. The negative sign of
Kv indicates that the easy axis of the crystal anisotropy is directed perpendicular
to the film surface.

This can be explained on basis of the variant distribution in the (101)A ori-
ented sample. As described in chapter 4.3, films of that crystallographic orienta-
tion feature basically two orthorhombic variants with the b-axis aligned in-plane.
In contrast to the (100)A oriented films, the twin planes are not aligned along the
film normal, but parallel to the surface. Hence, the variant configuration does not
promote an in-plane alignment of the magnetization, but generates an effective
easy axis that points out-of-plane. Fig. 6.18 recapitulates the variant configura-
tion model for films of (101)A orientation. For this twin configuration the c-axes
of the two orthorhombic variants enclose an angle of β = 2 arctan(a/c). For the
observed martensitic deformation of c/a ≈ 0.9 this results in β=96° which means
an effective c-axis pointing out-of-plane. Consequently, one can expect a uniaxial
anisotropy, as the magnetization in the individual variants tends to align par-
allel to the c-axis. Since the magnetic exchange length is much larger than the

134



CHAPTER 6. MAGNETIC PROPERTIES

[101]A
[101]M

[101]M

Mn

Ga

Ni

M

c

n

θc
θ

Ψ

Figure 6.18: Representation of the variant configuration in (101)A oriented films.
The intermediate b-axis points into the plane of projection, while a- and c-axis
are aligned under roughly 45° to the film normal. The structure involves two
orthorhombic variants that are separated by twin planes parallel to the film sur-
face. For an individual variant the magnetization vector tends to align along the
c-axis. Without external field the sample magnetization M is generated by the
variant configuration, whereas in the experiment M is aligned by the external
field applied under θ to the film normal.

length scale of the individual twins, a homogeneous magnetization within the film
arises. The macroscopic magnetization is then dictated by the variant structure
that results in an averaged magnetic anisotropy.

The investigated sample was prepared on MgO(100) and exhibits a multi-
variant growth involving four austenite variants rotated azimuthally by ±8° with
respect to the MgO lattice (s. Figs. 4.10 and 4.11 in chapter 4.1). Hence, eight
variants have to be considered in the martensitic state. For an individual variant
the anisotropy can be described by:

fv(θc, φ) = Kc cos2 θc +Kb sin2 θc sin2 φ (6.4)

with θc and φ denoting the polar and azimuthal angle of the magnetization
vector with respect to the c- and a-axis of the variant. The crystal anisotropy
is characterized by the two anisotropy constants Kb and Kc related to the b-
and c-axis. After averaging over all eight variants the anisotropy energy can be
transformed into:
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fv(θ, 0) =

[
Kc(cos2 ψ − 1

2
sin2 ψ)− 1

2
Kb

]
cos2 θ (6.5)

The thorough description including the derivation of equation 6.5 is provided
in this article: [146]. The polar angle θc has been substituted by θc = θ±ψ, where
ψ is fully determined by the martensitic distortion c/a. For the investigated sam-
ple XRD reveals martensite lattice parameters of a = 0.607 nm and c = 0.551
nm leading to c/a=0.91. Hence, we obtain fv(θ, 0) = (0.32Kc − 0.5Kb) cos2 θ,
which results in the relation Kv = 0.32Kc − 0.5Kb between the experimentally
determined anisotropy constant Kv and those related to the axes in the individual
variant. Due to volume conservation the intermediate axis in the orthorhombic
martensite satisfies b ≈ (a + c)/2 in most cases and thus Kb = 0.5Kc is a rea-
sonable assumption. Furthermore, such a ratio of Kb and Kc was experimentally
observed for comparable samples by Kaufmann et al. [61]. With this assump-
tion the averaged crystal anisotropy constant is Kv = 0.07Kc, which explains the
factor of ten between expected and experimentally observed value.

Information on the microscopic origin of the crystal anisotropy can be gained
from XAS and XMCD measured for different angles θ between surface normal
and incident X-ray beam. In the experiment the sample magnetization is aligned
parallel (or antiparallel) with respect to the X-ray polarization vector by an ex-
ternal magnetic field, while the sample surface is tilted. Fig. 6.19 displays the
absorption spectra and corresponding XMCD spectra measured at the Ni L2,3

edges for different θ values. The presented absorption coefficients are calculated
from the transmitted X-ray intensity. Thus, interface effects can be excluded. As
expected, in the cubic parent phase no systematic variations are observed in the
absorption spectra for different θ values. In particular, the characteristic satellite
peak slightly above the Ni L3 edge indicates the symmetry of the L21-ordered
austenite [86]. The corresponding XMCD spectra do not vary as a function of
θ. In contrast, distinct changes are visible in the respective spectra measured
below TM . Here the reduced symmetry of the martensite leads to changes in the
electronic structure of the Ni related states that are observable as spectral varia-
tions. The corresponding measurements at the Mn L2,3 edge (not shown) reveal
no spectral variations for different θ values above and below TM . Accordingly, the
Mn effective spin and orbital magnetic moments, as derived by the sum rule anal-
ysis, show no dependence upon rotation of the magnetization vector with respect
to the crystal lattice. Confirming previous results, this leads to the conclusion
that the magnetic anisotropy is mainly caused by the Ni related electronic states
(s. also chapter 6.2.1 and ref. [86]). The angular dependence of the Ni spin and
orbital magnetic moments is presented in Fig. 6.20. For the austenitic sample no
significant changes in both µspin and µorb are observed. In contrast, for T < TM
the orbital moment decreases with increasing angle between magnetization vec-
tor and surface normal, according to µorb = µorb(0) − ∆µorb sin2 θ. At the same
time, the spin moment stays almost constant indicating a minor effect from the
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Figure 6.19: X-ray absorption spectra measured at the Ni L2,3 edge for different
angles of incidence θ in both phases. In the austenite the characteristic satellite
peak A is visible (b), whereas the martensitic distortion leads to suppression of
this feature (a). The corresponding XMCD reveals distinct changes in the spectra
of the martensitic sample (c), as θ is varied. These changes are not observed for
the austenitic film (d).
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Figure 6.20: Angular dependence of the Ni spin moment (a) and the orbital
to spin moment ratio (b) as calculated by sum rule analysis. In both phases
the effective spin magnetic moment shows no systematic variation with θ. In
contrast, the evolution of the orbital moment can be described by µorb = µorb(0)−
∆µorb sin2 θ in case of T < TM . Originally published in [146].

magnetic dipole anisotropy in the martensitic phase.

If the crystal anisotropy is exclusively caused by the Ni related states, the
anisotropy energy per atom eNi is calculated to eNi = Kva

3
A/8 = −5.7µeV. Here

the volume of the martensitic unit cell is approximated by a3A with the austenite
lattice parameter aA known from XRD. Considering the reduction factor (Kv =
0.07Kc) that results from averaging over the different variants, we obtain Kvar =
−5.3× 105 J m−3 for a single variant corresponding to a single atom anisotropy
of eNi,var = −81 µeV. This value is in good agreement with results on other
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Ni-Mn-Ga thin film samples [61].

An explanation for the observed uniaxial anisotropy can be achieved by com-
paring the spectral changes in XMCD to the density of states (DOS) at the
Ni site as predicted by calculation [73]. In a simplified picture the experiment
probes directly the changes in the DOS that arise upon magnetization rotation.
The density functional theory calculations presented in ref. [73] predict two dis-
tinct peaks in the DOS close to EF , that are related to Ni dz2 and dxy states,
respectively. At the respective energy positions we observe a strong variation in
the XMCD spectra for different angles of incidence that can be explained by a
reallocation of the Ni dz2 and dxy states. For θ = 0◦ the magnetization is aligned
parallel to the effective short crystallographic axis. In this case the long axis of
the dz2 state that aligns with the external field points out-of-plane (s. Fig. 6.21),
which is parallel to the effective c-axis. Hence, the atomic distance is reduced
along this direction and hybridization is large. This causes a small peak of large
bandwidth in the DOS. If the magnetization is now rotated towards θ = 90◦

hybridization of the dz2 states is reduced, which leads to a larger DOS peak with

θ = 0° = 90°

M M

M M

Ni – Mn
t2g dxy

Ni – Ni
eg dz

2

θ

Figure 6.21: Illustration of the alignment of the dz2 and dxy orbitals for perpen-
dicular (left) and in-plane (right) magnetization. The two cases result in changes
in the DOS due to hybridization effects. Adopted from [146].
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low bandwidth. As the dz2 states are nearly half filled, the decreased bandwidth
in the case of θ = 90◦ results in a reallocation of occupied states to higher kinetic
energies (s. Fig. 6.21). Thus, a rotation of the magnetization towards in-plane
alignment increases the total energy of the system, which explains the observed
magnetic anisotropy that features an easy axis along the perpendicular direction.
However, these changes in occupation does not explain the observed increase of
µorb, because the magnetic quantum number of the dz2 state is zero. This is
not the case for the dxy states. For these states the situation is opposite to the
previously discussed states of dz2 symmetry. Here the increased bandwidth for
θ = 90◦ results in an increase of occupied states below EF , which reduces the
total energy. As the peak maximum is located at a higher energy this competing
energy contribution is much smaller than that of the dz2 states. The additional
occupied states for θ = 90◦ generate an increase of minority orbital moment. As
the spin-orbit interaction favors parallel spin and orbital moments this increase
in the minority states presents a decrease in total orbital moment in agreement
with the experiment. A detailed description of the considerations and results can
be found in reference [146].

6.2.3 Surface properties

The results discussed in the previous sections are all based on X-ray absorption
spectroscopy in transmission mode (TM) that probes the volume of our thin film
samples. Commonly, XAS experiments exploit the surface sensitive total electron
yield (TEY) signal. This method provides a moderate surface sensitivity because
of the characteristic electron escape depth of 2-3 nm. Due to the much higher
penetration depth of the X-ray light, also buried surfaces can be investigated.
To prevent oxidation of the film surface the Ni2MnGa layer is capped by a 4 nm
thick Al protection layer in situ. During deposition the substrate temperature is
typically 773 K, which is approximately the surface temperature, when deposition
is finished. To minimize the reaction time of the hot film surface with residual
oxygen, direct capping of the Heusler film is advantageous. On the other hand,
interdiffusion and chemical reactions at the interface are promoted by elevated
temperatures. To avoid these effects a first approach was depositing the Al layer
after the sample is cooled down to 670 K. The combined investigation with XAS in
transmission and TEY mode allows then to detect changes of the chemical state
of the 3d metal constituents at the surface. When comparing the volume and
surface sensitive signals, we find clear discrepancies in the spectra that indicate
a solid state reaction at the film cap layer interface [80]. At the Ni L2,3 edges
characteristic shoulders are indicative for NiAl formation. These features are
not present in the spectrum measured in transmission mode confirming that
interdiffusion plays only a minor role. For samples that are capped at a lower
temperature of 520 K the NiAl features are less pronounced, but still visible. In
the following, the Al protection layer was deposited at a further decreased film

140



CHAPTER 6. MAGNETIC PROPERTIES

temperature of 370 K suppressing the surface reaction.
As mentioned the enhanced cooling time likely results in an increased oxi-

dation of the topmost film layers. In particular, Mn is highly reactive and thus
sensitive to oxide formation. Again XAS in TEY and TM mode is a suitable
probe to detect changes in the chemical states of Mn and Ni, like oxidation, via
spectral variations. The comparison of our experimental results to the fully oxi-
dized state leads to the conclusion that approximately 10 % of the Mn atoms at
the surface are oxidized. In addition, the TEY signal at the Mn L2,3 edges shows
a considerably lower intensity than the corresponding TM measurement, which
is not the case for the respective Ni spectra. The large reduction of the Mn TEY
signal cannot be explained by oxide formation alone, but indicates a reduced Mn
concentration in the surface region [147]. A scenario that can explain these Mn
deficiencies is a selective evaporation of Mn atoms directly after the deposition
process. While the sample cools down the high vapor pressure of Mn could result
in a considerable Mn loss due to evaporation. The decreased Mn concentration in
the surface region also affects the magnetic moment. The surface spin moments
calculated from the TEY data are smaller for both Mn and Ni, but the effect is
more severe for the Mn atoms.

When comparing the Ni TEY and TM spectra a difference in the previously
described satellite peak A is visible. This peak is well pronounced in the volume
sensitive experiment, while hardly visible in the corresponding measurement lim-
ited to the surface. As described in section 6.2.1 this feature A is indicative for
the cubic L21 symmetry and suppressed in the martensitic phase and thus can
be used to detect the phase transition. On heating the satellite peak shows a
sharp intensity increase as the sample enters the cubic austenite. Such a tem-
perature evolution is only observed for the TM mode, while the characteristic
increase is missing in the data derived from the TEY signal. Hence, we observe
a suppression of the austenite-martensite phase transition in the surface region
as a consequence of the reduced chemical order.

The surface sensitive XAS experiments provide a valuable feedback for the
sample preparation. To avoid the observed chemical reactions between cap layer
and Ni2MnGa film an enhanced cooling period prior to aluminum deposition
has been established. Furthermore the combination of TEY and TM measuring
mode revealed a reduced Mn concentration in the surface region. This might be
avoided by decreasing the sample cooling time, that means introducing active
cooling. It is worth pointing out that concerning the MSM effect the surface
properties play only a minor role. In the film volume we clearly see the phase
transformation that manifests in significant changes in the electronic structure.
In addition, the transmission XAS measurements on epitaxial films represent
a true bulk measurement, because any interface related effects are suppressed.
According to that, angular-dependent XAS in TM mode allows us to trace the
microscopic origin of the bulk magnetic anisotropy in the material.
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6.3 Key results

Key features such as the saturation magnetization and the phase transformation
temperatures of the Ni-Mn-Ga samples can be determined by magnetometry
measurements. The characteristic change in anisotropy is reflected in the tem-
perature evolution of the magnetization in low field. These measurements reveal
a strong influence of the crystallographic orientation and associated twin plane
configuration. A shift in TMs of roughly 50 K is observed for samples of the same
composition, but different orientation. In the case of (110)A oriented films, twin
planes are predominantly aligned parallel to the film plane, which stabilizes the
martensite phase. In contrast samples of (100)A orientation feature twin planes
that run along the film normal or under 45° to the film plane. This configuration
increases the interaction of twin boundaries with the substrate and complicates
the formation of a habit plane. The hysteresis loops for substrate-constrained
and freestanding films show characteristic steps in the magnetization that can
be interpreted as MIR of variants. However, the results of XRD with applied
magnetic field contradict a magnetic-field-induced variant redistribution process.

Quantitative information about the element-specific spin and orbital magnetic
moments have been obtained from XMCD experiments. The spin moment is
largely confined to the Mn sites, while the crystal anisotropy of the martensitic
phase is almost exclusively caused by the orbital moment of the Ni atoms. At the
martensitic phase transition we found a distinct change in the X-ray absorption
spectra confirming theoretical predictions. According to ab initio calculations the
reduced crystal symmetry of the martensite phase is associated with considerable
changes in the Ni related minority DOS. These calculated band structure changes
are detected in the XAS experiment representing the first experimental test for
changes in the electronic structure during a martensitic transition. Moreover,
angular-dependent XAS experiments provide informations on the microscopic
origin of the magnetic anisotropy in Ni2MnGa. The measurements show that the
reallocation of electrons in the Ni related minority spin states is responsable for
the increased bulk magnetocrystalline anistropy of the martensitic phase.
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Conclusions

This work was concerned with the preparation and detailed characterization of
epitaxial Ni2MnGa thin films. A focus was put on the investigation of structural
and magnetic properties of the films with regard to the applicability in devices
utilizing the magnetic shape memory effect. Exploiting the unique characteristics
of thin film samples a second central objective was exploring the microscopic
magnetism in the Ni-Mn-Ga system.

For sample preparation conventional dc sputter deposition proved as an effec-
tive and reliable technique. A systematic variation of the deposition parameters,
i.e. working pressure, sputtering power and substrate temperature, revealed that
the structural and magnetic order of the samples are largely determined by the
substrate temperature. The working pressure, however, has a strong effect on the
sample composition. By varying the Argon pressure for a given alloy target the
film composition can be adjusted, which enables tuning the phase transforma-
tion temperature. For off-stoichiometric targets the martensite start temperature
of our films lies well above room temperature, which is important for potential
applications.

To eliminate blocking effects of the rigid substrates three different strategies
have been pursued. A first approach was film deposition on a sacrificial substrate.
The samples grown on NaCl(100) single crystals can easily be released by dis-
solving the substrate in water. Since the resulting crystal structure is not single-
crystalline but textured only, these samples are not suitable for applications or
further sophisticated investigations. The second, rather direct attempt was pat-
terning epitaxial films by focused ion beam etching. By using that technique the
fabrication of freestanding cantilevers has been demonstrated. The most promis-
ing results have been achieved by the sacrificial buffer layer technique developed
within this work. The combination of photolithography and selective chemical
etching allows the preparation of freestanding microstructures, such as bridges or
cantilevers while maintaining the substrate as a carrier. Thus, the surface relief
that is induced by the twinned microstructure can be studied in the light micro-
scope. On heating the twinning pattern disappears as the film transforms to the
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cubic parent phase and is recovered as soon as the sample is cooled below TMs.
Hence, a fast access of the structural transformation temperatures is provided by
optical microscopy.

A key requirement for a large MSM effect is the single-crystalline nature of the
material. The crystal structure of the films prepared during this work has been
extensively studied by X-ray diffraction in two- and four-circle geometry. Epitax-
ial film growth was confirmed for different substrate materials, including MgO,
Al2O3, and BaF2 demonstrating fully tunable crystallographic orientation of the
Ni-Mn-Ga layer. For films of (100) and (110) orientation the structural changes
during the phase transformation have been studied by temperature-dependent
XRD. The structural investigation of the martensite phase revealed that the vari-
ant alignment and distribution is dictated by the film-substrate interaction. This
results in different variant configurations and associated twin plane alignments
for films on Al2O3 and MgO, respectively. However, in both cases a modulated
superstructure (7M/14M) is present. The modulation that plays an important
role in the MSM effect was also confirmed for freestanding films released from
MgO substrates. Despite the promising crystal structure of the samples, no
magnetic-field-induced variant redistribution was observed. The suppression of
the MSM behavior in these films is explained by a model of the complex variant
structure. On basis of the XRD studies in combination with microscopy the fine-
twinned, symmetric martensite variant structure was recognized to be responsible
for blocking of twin boundary movement.

While conventional magnetometry served as a valuable tool to analyse the
magnetization behavior of the samples, more elaborate techniques are needed to
study the microscopic magnetism in Ni2MnGa. Taking advantage of the thin
film geometry X-ray absorption spectroscopy (XAS) experiments in transmission
mode have been accomplished in a joint cooperation. Exploiting the magnetic
circular dichroism effect these measurements yield quantitative information on
the spin and orbital magnetic moments of the constituent atoms. The results
clearly show that the bulk spin moment is carried by the Mn atoms, while the
magnetic anisotropy is caused by the Ni related electronic states. Using angular-
dependent XAS the bulk magnetocrystalline anisotropy is traced back to changes
in the minority Ni d-states explaining the macroscopic magnetization behavior.
The applied method opens up new perspectives on true bulk measurements of the
electronic and magnetic anisotropies in materials with itinerant electron states.
Moreover, a remarkable change in the Ni absorption spectra during the marten-
site phase transition was observed. The detected spectral changes are in excellent
agreement with predictions based on band structure calculations. The observa-
tions represent the first experimental test of changes in the electronic structure
upon a martensitic transition, which is in the case of Ni2MnGa a transition be-
tween two ferromagnetic phases.

Regarding the MSM effect a future work is recommended to focus on films of
(110) orientation. The advantageous twin plane configuration observed for these
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samples offers a great potential for direct observation of magnetic-field-induced
variant redistribution. According to recent results, the complex twin microstruc-
ture of (100) oriented films effectively blocks magnetically induced twin boundary
motion. The findings of this work clearly demonstrate that the martensitic mi-
crostructure in Ni2MnGa films is largely dictated by the substrate symmetry. The
presented concepts used for layers grown on MgO(100) substrates can, in princi-
ple, be applied to films prepared on Al2O3(112̄0). In particular, with a suitable
sacrificial buffer layer on sapphire substrates freestanding films with a beneficial
variant microstructure could be realized, while avoiding blocking effects due to
an entangled twinning structure.

In addition to the relevant results on the electronic structure and the micro-
scopic magnetism in Ni2MnGa, these findings improve the basic understanding
of this interesting material and represent an important step towards potential
applications based on MSM thin films.
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