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Summary
In recent years there has been an increased demand for the development of
smart and functional materials for integration into actuators, sensors and energy harvesting devices. Magnetic shape memory alloys represent a new type
of multifunctional materials, which display a strong coupling between structural and magnetic degrees of freedom, accompanied by a strong magnetocrystalline anisotropy. Thus, exposed to sufficiently high magnetic fields, they
show a macroscopic shape change. The effect arises from the reversible rearrangement of the martensitic microstructure. To date, Ni-Mn-Ga based alloys
have demonstrated many remarkable properties, like 10 % magnetic field induced strain and operating frequencies up to the lower kHz range, thus being
of particular technological interest. In order to perform their rational design,
the microscopic origin of their functional properties must be understood.
Since the discovery of the magnetic shape memory effect in Ni-Mn-Ga a
strong effort has been first of all invested into improvement of the performance
of bulk materials. However, the fundamental microscopic properties of these
multifunctional materials were not intensively investigated from the experimental point of view. This thesis is devoted to the implementation of surface
sensitive techniques for the investigation of structural and electronic properties
of Ni-Mn-Ga magnetic shape memory alloys. There is also an emphasis on the
fabrication of freestanding Ni-Mn-Ga thin film microstructures, relevant for
device applications.
A fabrication process was developed to prepare freestanding single crystalline Ni-Mn-Ga film microstructures. This process is based on electron beam
lithography, focused ion beam milling and wet chemical etching. A thermally
induced change of the martensitic twin variant configuration was observed.

i

Temperature dependent scanning tunneling microscopy was used to investigate the surface structure of Ni-Mn-Ga alloys in both austenitic and martensitic phases. Film samples epitaxially grown on MgO(001) substrates and single
crystal samples were studied. The microscopic surface structure was addressed
from the micrometer scale down to the atomic level. Measurements revealed a
well-ordered surface exhibiting a Mn-Ga termination. In the martensitic phase
a distinct surface corrugation feature originating from the modulated nature
of martensite was observed. Topography measurements demonstrate that martensitic Ni-Mn-Ga exhibits two distinctly different martensitic phases with
respect to the nature of the modulation. On the one hand, sinusoidal modulation with incommensurate five-fold period was found for stoichiometric alloys.
The periodic lattice distortion is accompanied by a charge density wave. On the
other hand, a nearly seven-fold nanotwinned configuration with random stacking faults was identified for alloys with off-stoichiometric compositions. The
structural modulation appears to be similar to the hierarchical microstructure
predicted by the concept of adaptive martensite.
Electronic properties of the stoichiometric Ni2 MnGa compound have been
studied by means of angle-resolved photoemission spectroscopy. Fermi surface
topology has been examined in the austenitic state. A nesting feature, which
has been previously identified in theoretical calculations, has been observed.
The nesting vector matches the modulation period of the martensitic structure. Spectra, obtained in the martensitic state, provide a convincing proof of
the a pseudogap formation for the nested parts of the Fermi surface. These
results are in line with the observation of a charge density modulation by
STM and support the assumption of a Peierls like instability. Temperature dependent ultraviolet photoemission spectra demonstrate a similar transfer of
spectral weight near the Fermi level across the martensitic transformation for
off-stoichiometric and stoichiometric alloys.
It can be consistently accounted for the seemingly conflicting observations of
two different Ni-Mn-Ga martensitic microstructures if a strong electron-lattice
coupling scenario is considered.
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Zusammenfassung
In den letzten Jahren hat es eine erhöte Nachfrage nach der Entwicklung von
intelligenten und funktionellen Werkstoffen für die Intergration in Aktoren,
Sensoren und in den sogenannten Energy Harvesting Anwendungen gegeben.
Magnetische Formgedächtnislegierungen repräsentieren eine neue Art multifunktioneller Materialien, welche eine starke Kopplung zwischen strukturellen
and magnetischen Freiheitsgraden aufweisen, die zusätzlich von einer starken
magnetokristallinen Anisotropie begleitet wird. Wenn man die magnetischen
Formgedächtnislegierungen einem ausreichend starken Magnetfeld aussetzt,
zeigen diese Werkstoffe also makroskopische Formänderungen. Dieser Effekt
ist eine Folge der reversiblen Umordnung der martensitischen Mikrostruktur. Da Ni-Mn-Ga-basierte Legierungen bis heute viele bemerkenswerte Eigenschaften, wie z.B. 10 % magnetfeldinduzierte Dehnung und Arbeitsfrequenzen
bis in den Bereich einiger kHz, demonstriert haben, sind diese Materialien von
besonderem technologischem Interesse. Um deren Weiterentwicklung varanzutreiben, muss der mikroskopische Ursprung derer funktionellen Eigenschaften besser verstanden werden.
Seit der Entdeckung des magnetischen Formgedächtniseffektes wurden große Anstrengungen unternommen, um vor allem die Leistung der Ni-Mn-GaBulkmaterialien zu verbessern. Vom experimentellen Standpunkt aus hat man
sich jedoch nur bedingt der Untersuchung der fundamentalen mikroskopischen Eigenschaften dieser nultifunktioneller Werkstoffe gewidmet. Diese Arbeit befasst sich mit der Implementierung oberflächensensitiver Techniken zur
Untersuchung struktureller und elektronsicher Eigenschaften magnetischer
Ni-Mn-Ga Formgedächtnislegierungen. Ein Schwerpunkt bildet auch die Herstellung anwendungsrelevanter freistehender Ni-Mn-Ga-Mikrostrukturen aus
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dünnen Filmen.
Es wurde ein mikromechanischer Prozess zur Herstellung freistehender einkristalliner Ni-Mn-Ga Mikrostrukturen aus Filmen entwickelt. Dieser Prozess
basiert auf Methoden der Elektronen- und Ionenstrahllithografie und des nasschemischen Ätzens. Eine thermisch induzierte Änderung der martensitischen
Variantenkonfiguration wurde beobachtet.
Die Oberflächenstruktur von Ni-Mn-Ga-Legierungen wurde unter Verwendung temperaturabhängiger Rastertunnelmikroskopie sowohl in der austenitischen und als auch in der martensitischen Phase untersucht. Dazu wurden
einkristalline Proben und auf MgO(001)-Substraten epitaktisch gewachsene
Filmproben verwendet. Die mikroskopische Oberflächenstruktur wurde von
der Mikrometerskala bis hin zur atomaren Ebene analysiert. Diese Messungen
haben eine wohlgeordnete Mn-Ga-terminierte Oberfläche gezeigt. In der martensitischen Phase wurde eine ausgeprägte Oberflächenkorrugation, die auf
Grund der modulierten Struktur des Martensits entsteht, beobachtet. Topographische Messungen beweisen, dass beim martensitischen Ni-Mn-Ga hinsichtlich der Modulationsart zwei deutlich unterschiedliche martensitische Strukturen vorliegen. Einerseits wurde eine sinusförmige Modulation mit einer inkommensurablen fünffachen Modulationsperiode bei stöchiometrischen Legierungen idenitfiziert. Die periodische Gitterverschiebung wird dabei von einer Ladungsdichtewelle begleitet. Andererseits wurde eine ungefähr siebenfach modulierte Überstruktur, die aus Nanozwillingsstrukturen mit zufällig verteilten
Stapelfehlern aufgebaut ist, für Legierungen mit einer nicht-stöchiomterischen
Zusammensetzung gefunden. Die Strukturmodulation erscheint ähnlich der
hierarchisch aufgebauten Mikrostruktur zu sein, die durch die Theorie der
adaptiven Martensite vorhergesagt wird.
Mittels winkelaufgelöster Photoemissionsspektroskopie wurden die elektronischen Eigenschaften der stöchiomterischen Legierung Ni2 MnGa untersucht.
In der austenitischen Phase wurde die Struktur der Fermifläche vermessen. Es
wurde ein Nesting der Fermifläche beobachtet, das in theoretischen Studien
identifiziert worden war. Der Nestingvektor stimmt mit der Gittermodulation der martensitischen Struktur überein. Spektren, die in der martensitischen
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Phase gewonnen wurden, liefern einen überzeugenden Beweis der Bildung
einer Pseudoenergielücke für die Anteile der Fermifläche die vom Nesting betroffen sind. Die Ergebnisse gehen Hand in Hand mit der Beobachtung einer
Ladungsgdichtemodulation in STM Messungen und unterstützen die Annahme einer Peierlsartigen Instabilität. Temperaturabhängige Spektren der Ultraviolettphotoemissionsspektroskopiemessungen demonstrieren eine ähnliche
Veränderung der spektralen Intensität nahe des Ferminiveaus als Folge des
martensitischen Phasenübergangs sowohl für nicht-stöchiometrische als auch
für stöchiometrische Legierungen.
Die sich scheinbar widersprechnden Beobachtungen von zwei unterschiedlichen martensitischen Mikrostrukturen in Ni-Mn-Ga können unter Berücksichtigung eines Szenarios einer starken Elektron-Phonon-Kopplung in Einklang
gebracht werden.
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Introduction
Sensors and actuators have been and are forecast to remain a fast growing
market segment, driven especially by new intelligent multi-sensor portable
platforms. An increased demand for the design of smart and multifunctional
materials for incorporation into actuators, sensors, or energy harvesting devices is linked to this evolution [1]. Magnetic shape memory (MSM) alloys, with
Ni2 MnGa being the prototype system, represent a new type of multifunctional
materials, which display a strong coupling between structural and magnetic
degrees of freedom, accompanied by a strong magnetocrystalline anisotropy.
And thus they can show a macroscopic shape change in moderate magnetic
fields well below one Tesla, which can be conveniently generated [2–4]. The effect arises from the reversible rearrangement of the martensitic microstructure
[2, 5, 6]. To date, Ni-Mn-Ga based alloys have demonstrated remarkable operating properties, like nearly 10 % magnetic field induced strain (MFIS), 3 MPa
magnetic field induced stress, and operating frequencies up to the lower kHz
range [7]. This motivates the considerable research and development attention this material class is receiving, which has led to the development of MSM
devices for intelligent mechatronic systems [8–11].
The MSM behavior arises in the so-called martensite1 phase, which evolves
from the high-symmetry high-temperature austenite2 phase through a symmetry lowering structural phase transition. Due to the lower symmetry of
the martensite crystallographic structure, martensite can exist in several variants. These have different orientations to the parent austenite. The MSM alloy Ni2 MnGa undergoes a martensitic transformation within the ferromag1
2

Named after the German metallurgist Adolf Martens (1850-1914)
Named after the English metallurgist Sir William Chandler Roberts-Austen (1843-1902)
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netic phase and has a strong magnetocrystalline anisotropy [12]. These are the
prerequisites for the magnetic shape memory effect which arises from the reversible growth of martensitic twin variants. Those variants with the magnetic
easy axis oriented along the external magnetic field direction grow on the expense of other variants. The magnetic field couples to the lattice through magnetocrystalline anisotropy. The rearrangement of the martensitic microstructure is only possible if the interfaces separating differently oriented twins are
highly mobile. Compared to non-magnetic shape memory materials, whose
actuation principle requires heating and cooling through a martensitic transformation, structural changes induced by an external magnetic field make possible
fast actuation.
In its stoichiometric composition Ni2 MnGa undergoes the martensitic transformation on cooling below 202 K, which renders the practical application of
the MSM effect at room temperature impossible [12]. However, the transition
temperature is very sensitive to sample composition Ni2+x+y Mn1−x Ga1−y and
can be tuned to be well above room temperature. To date, MFIS attributed
to the motion of twin boundaries has been measured in Ni-Mn-Ga alloys
at temperatures of up to 353 K [13–15]. The phase diagram of Ni-Mn-Ga is
also characterized by a number of martensitic phases having different crystallographic symmetries [16–19]. Another difference between the phases is the
existence/non-existence of a layered superstructure, that exhibits diverse periodicities. Since large MFIS was observed almost exclusively in martensites
with modulated structure, the existence of a layered superstructure in the martensitic phase appears to be a prerequisite [3, 20–22].
The achievement of field-induces strains in Ni-Mn-Ga and the improvement
of MSM performance properties has occurred in spite of the absence of an
established microscopic understanding of the martensitic transformation in
Ni-Mn-Ga. Also a lively debate is still going on with respect to the nature of the
modulation character of the martensitic phase. In this context, experimental
observations and theoretical studies suggest a scenario of electron-phonon interaction together with Fermi surface nesting to be driving the (pre)martensitic
phase transition, which leads to a layered superstructure in the martensitic
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phase [16, 23–28]. However, it was also argued, that the different modulated
structures can be interpreted as nanotwinned structures [29–31]. This so-called
adaptive martensite scenario is based on the consideration of elastic energy
and defect energy saving arguments and has recently received considerable
attention [29, 30, 32].
This thesis is devoted to the implementation of surface sensitive techniques
for the investigation of structural and electronic properties of Ni-Mn-Ga magnetic shape memory alloys, in order to determine which theory gives a more
appropriate physical picture of the phase transition in Ni-Mn-Ga. While temperature dependent scanning tunneling microscopy (STM) provides a direct
access to the surface structure of Ni-Mn-Ga alloys, the photoemission spectroscopy techniques are particularly useful for studying the electronic properties.
Chapter 1 gives an introduction to the magnetic shape memory effect and its
possible practical applications, which motivates this work. Chapter 2 provides
necessary background information about the crystallographic, magnetic and
electronic properties of the Ni-Mn-Ga MSM system. Current state of research
is reviewed and discussed.
Chapter 3 introduces the the basic principles of the experimental techniques
used within the presented work. To obtain information about structural properties scanning tunneling microscopy (STM), low energy electron diffraction
(LEED) and X-ray diffraction (XRD) were used. Electronic properties were studied by means of angle-resolved and angle-integrated methods of photoemission spectroscopy as well as scanning tunneling spectroscopy (STS). Magnetic
properties were studied using superconducting quantum interference device
(SQUID) magnetometry. Energy-dispersive X-ray spectroscopy (EDX) and Xray photoemission spectroscopy (XPS) were applied to determine the chemical
composition of the studied samples. Chapter 4 provides general information
about the samples used in this work. Procedure of preparation of clean wellordered Ni-Mn-Ga sample surfaces in ultra-high vacuum (UHV) conditions is
described.
A fabrication process developed to prepare freestanding single crystalline
Ni-Mn-Ga film microstructures is presented in Chapter 5. The martensitic
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twin variant distribution of freestanding microstructures was studied using
scanning electron microscopy (SEM). Chapters 6 and 7 present results obtained
for structural properties of stoichiometric respectively off-stoichiometric NiMn-Ga alloys. Chapter 8 provides information on electronic properties of NiMn-Ga MSM alloys. An overall interpretation and discussion of the obtained
results is given in Chapter 9.

4

Part I.
Background
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Chapter 1.
Magnetic Shape Memory Effect
The shape memory effect (SME) and the related magnetic shape memory
(MSM) effect are based on a thermally driven crystalline phase transformation, the martensitic phase transformation. The origins of the studies on martensitic transformations date back to the late 19th century and are related to the
most prominent industrial application in metallurgy, the hardening of steel. It
was found that besides the chemical composition, the microstructure of the
material is essential. The martensitic phase transformations were observed
in various metals, alloys, ceramics and biological systems [33]. They are now
defined as lattice-distortive, diffusionless first-order transformations from a
high-symmetry high-temperature austenitic phase to a low-temperature martensitic phase with lower symmetry [16, 34].
Among the large group of materials which exhibit the martensitic phase
transformation, only a small group belongs to shape memory alloys (SMAs).
They motivated the study of the martensitic transformation in recent years
since they show the technologically interesting shape memory effect. These
materials are distinguished by the fact that martensitic phase transformation
is reversible with a small hysteresis. The most prominent representative of this
material class is an alloy called Nitinol (Ni-Ti), which was developed in 1962
[35, 36]. The SME will be discussed in more detail in section 1.2.
Materials which exhibit a reversible martensitic phase transformation together with a ferromagnetic order build a subgroup of SMAs and referred
to as ferromagnetic shape memory alloys (FSMAs) and are the object of the
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presented study. Much attention has been given to this material class due to
the magnetic shape memory (MSM) effect, which was discovered in Ni2 MnGa
by Ullakko et. al in 1996 [2]. The MSM effect is based on the combination of
ferromagnetism in the low-symmetry martensitic phase, high magnetocrystalline anisotropy and a high twin boundary mobility. The strong coupling of
structural and magnetic degrees of freedom gives rise to giant magnetic field
induced strain (MFIS) of up to 12% [2, 3, 37]. The macroscopic length change of
the material is triggered by moderate magnetic fields (typically ≥ 0.2 T) and, in
contrast to the SME, does not involve a phase transition. All these characteristics of the MSM effect make the ferromagnetic shape memory alloys potential
candidates in various industrial applications in actuators, sensors and energy
harvesters [38, 39]. The MSM effect, its theoretical description and the existing
and possible industrial applications of the FSMAs will be reviewed in section
1.3.

1.1. Martensitic Phase Transition
The shape memory effect is in principle a manifestation of the reversible martensitic phase transformation. This is a crystalline solid to solid phase transformation where the lattice of the material changes abruptly at a critical temperature. This is illustrated in Fig. 1.1. At a certain temperature the crystal
structure shows a high symmetry and the atoms are arranged in a square (cubic) lattice (Fig. 1.1a). Upon cooling, at a certain critical temperature TM , the
crystal lattice changes abruptly to a lower symmetry rectangular (tetragonal)
lattice (Fig. 1.1b-d). There is no diffusion of atoms and also no change of the
relative positions of the atoms occurs, even though the relative change of the
lattice parameters is quite significant (see 2.1). This characterizes the martensitic phase transformation. This transformation is first-order (abrupt changes
of the crystal parameters), lattice-distortive and also displacive (no atom diffusion occurs). The high temperature phase of the material is called the austenite
phase and the low temperature phase is referred to as the martensite phase.
The SME requires not only the austenite to martensite transformation, but
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1.1. Martensitic Phase Transition

T>TM

a)

e)
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Figure 1.1.: A schematic representation of a martensitic phase transition from
(a) a high-temperature austenitic phase (T > TM , cubic crystal structure) to (b-d)
a low-temperature martensitic phase (T < TM , tetragonal crystal structure). All
three possible variants are shown. (e) Martensitic microstructure consisting of a
coherent arrangement of alternating twin variants of martensite. Different twin
variants are highlighted by different colors. Twin boundaries are marked as red
dotted lines.

also the reversibility of this effect. Upon heating the material reaches another
critical point T > TA . At this point the crystal structure changes again abruptly
to the parent high-symmetry austenite phase. Fig 1.2 shows schematically the
temperature behavior of the lattice for a reversible martensitic transformation.
The difference between the two transformation temperatures TM and TA is
known as thermal hysteresis, which is small for typical SMAs.
A characteristic property of the martensitic transformation is the resulting
microstructure. In a typical martensitic transformation the high-temperature
austenitic phase has a higher crystallographic symmetry than the resulting
martensitic phase (e.g. Fig. 1.1). Starting from the cubic (square) lattice of the
austenitic phase (Fig. 1.1a) the crystal can transform to the tetragonal (rect-
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aA

cM

aM

Temperature

Figure 1.2.: Temperature dependence of the crystal lattice parameters during
a cubic to tetragonal reversible martensitic phase transition. Diagram adapted
from [32].

angular) lattice of Fig. 1.1b or Fig. 1.1c or 1.1d. Consequently the martensitic
transformation results in multiple symmetry-related variants of martensite
[33]. The number of possible variants depends on the change of symmetry
during the transformation.
Since the martensitic transformation starts at multiple nucleation sites in
the crystal and the square lattice of austenite can not dictate the orientation of
the resulting variant, the entire crystal does not transform to a single variant
of martensite. The mixture of different variants leads to the martensitic microstructure. Since the crystal can not tear apart during the transformation, the
variants must be connected with interfaces with continuous rows of atoms (see
Fig. 1.1e). The different variants on each side of the interface are called twin
variants and the interface connecting them are referred to as twin boundaries.
The length scale of the martensitic microstructure can range from nanometers
to millimeters and depends on the material, crystal dimensions, defect density
and history of the material.
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T>TM

a)

cool
b)

heat

T<TM

c)

T<TM

stress

Figure 1.3.: Illustration of the shape memory effect. (a) The parent phase of
the sample, which is in a certain shape, is the austenite phase with a cubic
crystal lattice. (b) As the sample is cooled below TM it preserves is shape, while
a martensitic microstructure of different twin variants (marked by blue and
yellow) connected by twin boundaries develops. (c) Upon applying an external
load the sample is deformed by twin boundary motion and rearrangement of
twin variants. The deformation recovers upon heating above TM with resulting
reverse phase transformation (c)7→(a).

1.2. Shape Memory Effect
The shape memory effect is a manifestation of the martensitic phase transition.
The ability of SMAs to form microstructures and the ability to change it gives
this materials their unique properties. The operation of the SME is schematically explained in Fig. 1.3. The material is in its initial shape in the austenitic
phase at high temperature (Fig. 1.3a). As the material is cooled below TM , it
transforms to martensite. During the transformation different twin variants
are formed in a way that there is no macroscopic shape change of the crystal
(Fig. 1.3b). This transformation from austenite to martensite with no change
of shape is known as self-accommodation.
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If external load1 is applied to the material, the stress is accommodated by
twin variant rearrangement and leads to a macroscopic deformation (Fig. 1.3c).
This is provided by the high mobility of twin boundaries and the fact that different twin variants have the same energy. Therefore twin variant rearrangement
leads to a macroscopic shape change without changing the energy of the crystal. Further, if the load is removed, there is no reason why the crystal would go
back to its previous martensitic microstructure and the the material will keep
its shape.
The actual shape memory effect occurs when the crystal is heated above TA .
The crystal lattice transforms back to the austenitic phase and since there is only
one way to arrange the cubic lattice (no twin variants), the crystal has to return
to its original shape shown in Fig. 1.3a. The SME is a demonstration of a link
between the microscopic properties as crystallography and the microstructure
and the macroscopic property of material shape.
The SME has important technological relevance and a great application potential. However the incorporation of SMAs into applications is limited by the
a thermally driven and therefore slow phase transition and a narrow temperature range where the SME can be used [33]. Materials which give the possibility to change martensitic microstructure by external controllable influences
and without a slow phase transformation, allow for much faster actuation frequencies. One important class of these materials are the ferromagnetic shape
memory alloys. The magnetic SME will be described in the following section.

1.3. Magnetic Shape Memory Effect
Let us start this section with a clarification of the terms magnetic SME and
ferromagnetic shape memory alloys to avoid any misconceptions. This effect
is not a modification of the previously described shape memory effect, i.e. the
ability to recover a specific shape by application of a magnetic field. Strictly
speaking, the magnetic shape memory effect is the ability of a material to show
1

The load applied for the rearrangement of twin variants must remain below the plastic deformation limit.
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macroscopic strain by changing the twin variant arrangement in the martensitic
state in a presence of an external magnetic field, the so called magnetic field
induced strain (MFIS). Since such properties as a reversible martensitic phase
transformation and a martensitic microstructure together with a high mobility
of twin boundaries (key properties of SMAs) are some of the prerequisites of
the MFIS, the term for this effect and this materials is based on the term of the
SME.
The first observation of MFIS was reported by Ullakko et al. in 1996 [2]. They
discovered recoverable length changes of nearly 0.2 % in Ni2 MnGa single crystal, which were induced by a magnetic field of 0.8 T at 265 K [38, 39]. They proposed that this strain is associated with twin boundary motion in the martensitic phase. In the following years the values for the observed MFIS in Ni-Mn-Ga
alloys increased rapidly. For the modulated five-layered (5M) martensitic phase
a giant MFIS of approximately 6 % at room temperature was observed experimentally in 2000 [6, 38]. In 2002 the effect was shown even to be larger in a
modulated seven-layered (7M) martensitic phase with a value of 9.5 % for a
magnetic field of roughly 0.7 T [3, 39]. The largest MFIS value of 12 % was reported very recently also for the third martensitic crystal structure observed
in Ni-Mn-Ga alloys2 , the non-modulated (NM) martensitic structure [37]. The
MSM effect was improved not only in the sense of larger MFIS values, but also
the martensitic transformation temperature and thus the temperature range of
this effect was increased to 353 K [13–15]. It is also worth mentioning, that the
effect of magnetic field induced variant switching produces deformations two
orders of magnitude larger than the magnetostriction mechanism. MFIS has
been also studied and reported in other alloys than Ni-Mn-Ga. For example
the iron based non-Heusler Fe-Pt and Fe-Pd alloys have shown MFIS [38, 40].

2

An overview of the crystallographic structures referred to in this paragraph is given in section
2.1.
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1.3.1. Twin Variant Reorientation
The magnetic shape memory effect is a macroscopic magnetic field induced
strain induced by the rearrangement of martensitic twin variants. It is based
on the magnetostructural coupling present in the martensitic state due to large
magnetocrystalline anisotropy (typical values are in the range of 2 × 105 J/m3 ,
see Table 2.2) of the low-symmetry martensite phase. The functionality of the
MSM effect and the energies contributing to the driving mechanism shall be
discussed in the following using the schematic illustrations in Fig. 1.4.
Let us consider a single crystalline MSMA sample with an equal distribution
of differently oriented twin variants of two orientations (variant 1 and 2). The
easy axis of variant 1 is oriented along the z-axis and the easy axis of variant
~ is applied along
2 is along the x-axis (Fig. 1.4(a), Step 1). A magnetic field H
~ = MS (sin θe~x + cos θe~z ) encloses an angle
the z-axis and the magnetization M
~ (Fig. 1.4b). Now we will monitor the sample’s net
θ with the orientation of H
magnetization along the z-axis (as shown in Fig. 1.4c) and its length along the
x-direction. When no magnetic field is applied, the magnetization follows the
direction of the magnetization axis and due to magnetic domain formation
the net magnetization is vanishing (Fig. 1.4c, Step 1). If an external magnetic
field is applied, then the magnetic energy of the two variants, which is the sum
of the Zeeman energy and the magnetocrystalline anisotropy energy, changes
and can be written as
!
~
~
e
·
M
ea
~ ·H
~ − Ku
Emag = −M
.
(1.1)
MS
~eea denotes the unit vector in the direction of the easy axis c. Since the orien~ is parallel to the orientation of the easy axis of
tation of the magnetic field H
variant 1, the magnetic energy for this variant is
1
Emag
(θ) = −MS H cos θ − Ku cos2 θ.

(1.2)

~
For variant 2, for which the orientation of the easy axis is perpendicular to H,
we obtain
2
Emag
(θ) = −MS H cos θ − Ku (1 − cos2 θ).
(1.3)
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Figure 1.4.: Illustration of the magnetic shape memory effect. (a) With increasing magnetic field the fraction of twin variants with the their easy axis (cM ) orientation parallel to the direction of the magnetic field increases by twin boundary
~ forms an angle θ with the magnetic field H
~ and is determined by
motion. (b) M
the interplay between the Zeeman energy and the magnetocrytsalline energy.
(c) Magnetization and strain as a function of an applied magnetic field. Both
quantities were measured simultaneously. The sudden change in magnetization and strain indicates the MFIS due to the redistribution of twin variants.
Measurement is taken from [41].

The angle θ, which determines the equilibrium orientation of the magnetization
for each variant, is given by the minimum of the two energy terms. For variant 1
the situation is simple and the minimum is obtained for θ = 0. The orientation
of the magnetization does not change for this variant with magnetic field. For
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variant 2, the minimum is obtained at cos θ = MS H/2Ku (for 2KU ≥ MS H). In
the limit of high anisotropy (Ku  MS H) the orientation of the magnetization
~ and is pinned by the direction of the magnetic
changes only slightly with H
anisotropy θ ≈ 90◦ . There is an energy difference between the two variants of
2
1
∆Emag = Emag
− Emag
= MS H −

(MS H)2
,
4Ku

(1.4)

which reduces to ∆Emag = MS H for the limit of high anisotropy. With increasing magnetic field the magnetization of the sample increases due to the
reorientation of magnetic domains (Fig. 1.4c, Step 2) and the magnetization
~ results in
rotates only slightly for variant 2. However, a further increase of H
an increasing ∆Emag , which can not be effectively minimized by a common
magnetization rotation mechanism. In this case the rearrangement of variant
2 is an alternative mechanism for energy minimization. At this point the fraction of variant 1 increases by twin boundary motion, which results in a sudden
change of the magnetization (Fig. 1.4c, Step 3) and a macroscopic length change
(Fig. 1.4a, Step 3). A further increase of the magnetic field leads to a magnetic
saturation of the sample (Fig. 1.4c, Step 4). In an ideal case a single-variant state
with a maximum theoretical length change ∆l/l is achieved, which is given by
the ratio of the crystallographic parameters of the martensitic unit cell:
aM − c M
∆l
=
.
l
cM

(1.5)

Twin boundary motion requires that the energy difference between two
u
neighboring differently oriented twin variants Emag
exceeds the mechanical
energy needed to move the twin boundary separating these two variants [5].
This condition can be expressed by the following equation
u
∆Emag
> 0 σTW ,

(1.6)

where 0 is the twinning shear or lattice distortion and σTW is the twinning
stress needed to induce twin boundary motion [39]. If the sample is magnetized
to saturation then the magnetization is parallel to the easy axis of one variant
and nearly perpendicular to the easy axis of other twin variant. There is no
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difference in Zeeman energy between both variants and according to Eq. 1.1
u
∆Emag
is equal to Ku . Thus the condition for twin boundary motion when no
external stress is applied can be written as [42, 43]:
Ku
> σTW .
0

(1.7)

A magnetic field induced twin variant rearrangement is therefore favored by
a high magnetocrystalline anisotropy Ku and a low twinning stress σTW .

1.3.2. Applications Based on the Magnetic Shape Memory
Effect
The application potential of MSM alloys was recognized straight after the discovery of the magnetic field induced strain in Ni2 MnGa. Most applications
are expected in the field of ACTUATION, i.e. generation of force and motion.
Using the possibility of MSM alloys for twin variant reorientation at moderate magnetic fields of < 1 T producing shape changes of up to 12 % energy
efficient actuators can be designed with short response times and work output exceeding that of other actuator materials [1, 14, 44]. For the large potential application field of SENSING, the property of magnetization changing
during a mechanically induced twin variant reorientation is utilized. Using
this principle various types of sensors, i.e pressure or strain sensors, can be
designed [9]. The large changes of magnetization during the stress induced
variant rearrangement can provide the means for ENERGY HARVESTING
from mechanical vibrations [45, 46]. For thermomagnetic energy harvesting
applications, MSM materials with a coinciding ferromagnetic and structural
transformations can be used [47, 48]. Also the combined MSM effect properties
allow the application of MSM alloys as variable stiffness materials for active
and passive VIBRATION DAMPING. The twin boundary motion in MSM
materials can be used for energy absorption and can be controlled by external
magnetic fields [49, 50].
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Chapter 2.
Properties of Ni-Mn-Ga Based
Magnetic Shape Memory Alloys
The most intensively studied materials among the MSM alloys today and the
materials studied in the scope of the presented study are the Heusler type
stoichiometric Ni2 MnGa and related off-stoichiometric alloys. Ni2 MnGa is the
only Heusler alloy which shows a martensitic transformation in the stoichiometric composition and also exhibits large magnetic field induced strains
[2, 39]. Full Heusler alloys in their stoichiometric composition are composed
according to the formula X2 Y Z (see Fig. 2.1). Here, X and Y are transition
metals (Ni respectively Mn in the case of Ni2 MnGa), and Z is an element of
the III-V group (Ga).
Magnetic field induced effect in MSM alloys rely on the interplay between
the martensitic transformation, martensitic microstructure and the magnetic
properties. Therefore within the past period of almost two decades, Ni-Mn-Ga
based MSM alloys have been the target of a vast number of studies. This materials show a strong coupling between the structural, magnetic, vibrational
and electronic degrees of freedom. Also it was demonstrated that this materials show a high sensitivity of these properties to the chemical composition of
the alloy. This chapter provides an overview over the structural, magnetic and
electronic properties of Ni-Mn-Ga based MSM alloys from the perspective of
the current state of research.
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2.1. Crystal Structure
Austenite state Ni-Mn-Ga MSM alloys belong to the class of Heusler alloys
which are intermetallic compounds with a L21 atomic order [22]. Below the
ordering temperature of about 800-900 ◦C the cubic L21 Heusler structure of
the austenitic state of Ni-Mn-Ga is formed as demonstrated in Fig. 2.1 [12]. The
Heusler L21 structure can be considered as four interpenetrating fcc sublattices
of four atom species A, B, C and D located at positions (0, 0, 0), (1/4, 1/4, 1/4),
(1/2, 1/2, 1/2) and (3/4, 3/4, 3/4) respectively [12]. In the case of Ni2 MnGa, Ni atoms
occupy the B and D sites, and Mn and Ga the C and A sites, respectively. The
lattice parameter aA was determined to be around 5.825 Å for a stoichiometric
Ni2 MnGa bulk sample measured at room temperature [12, 51]. The lattice
parameter aA depends on chemical composition and temperature [18, 52].

[001]

aA=5.825 Å
aA /2=2.91 Å

[100]

Å

[100]
[010]

Ni

Mn

4.
1

2

[010]

Ga

Figure 2.1.: Cubic Heusler L21 structure with space group F m3m shown for
the case of stoichiometric Ni2 MnGa in the high temperature austenite state with
relevant crystallographic directions and distances.

Martensite state When the temperature is decreased, Ni-Mn-Ga undergoes
a transformation to the martensite state with a crystallographic unit cell of
lower symmetry. Ni-Mn-Ga based compounds show a variety of martensitic
phases and the transformation path from austenite to martensite strongly de-
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pends on the chemical composition, atomic order, applied mechanical stress
and the thermomechanical history of the material [19, 51, 53, 54]. Additionally intermartensitic transformations between different martensitic phases can
occur for certain chemical compositions and temperatures [55, 56]. In general
three different martensitic phases were identified for Ni-Mn-Ga MSM alloys
[17–19, 55, 57]. There exist reports of additional phases in Ni-Mn-Ga which
differ mainly in the period of the superstructure modulation. Most probably
these phases can be regarded as an average of coexisting basic phases. The
three basic martensitic phases are described in the following overview:
5M

Cubic austenitic unit cell is distorted to a (pseudo)tetragonal unit cell
with a5M u b5M , a5M , b5M 6= c5M and c5M/a5M ≈ 0.94; 5 layered modulated superstructure; named either 5M or 10M1

7M

Cubic austenitic unit cell is distorted to an orthorhombic unit cell with
a7M > b7M > c7M and c7M/a7M ≈ 0.89; 7 layered modulated superstructure; named either 7M or 14M1

NM Cubic austenitic unit cell is distorted to a tetragonal unit cell with
aNM = bNM , aNM , bNM < cNM and cNM /aNM ≈ 1.2; non-modulated
martensite
In summary, the crystallographic symmetry for the martensitic phases can be
described either by a tetragonal (5M and NM) or an orthorhombic (7M) unit cell.
The difference between these 3 phases is besides the crystallographic symmetry
the existence (for 5M and 7M) and the period of a long period superstructure. This
very important crystallographic property of the so-called layered martensites
is reviewed in detail in the next section.
From the crystallographic point of view the basic martensitic unit cells can be
described in two different coordinate systems. In the presented work, the coor1

A modulation period consists of 5 respectively 7 lattice planes. Consequently the phase can
be labeled as 5M respectively 7M. Since in the Ni2 MnGa unit cell Ni- and Mn-Ga-planes
alternate, this modulation sequence must be doubled to obtain a periodic building block,
which reflects the chemical order (see also Fig. 6.8). Consequently the phases can be labeled
as 10M respectively 14M. In this work we will use the 5M/7M notation.
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dinate system based on the L21 austenitic unit cell is used [58]. This definition
is of advantage since the principle crystallographic directions of martensite correspond to the directions of the austenitic unit cell. The twin boundary plane
orientation, the maximum strain and the orientation of the magnetic easy axis
are directly apparent in this coordinate system.
The ratio of the shortest and the longest crystallographic axes, is important
for the magnitude of the MFIS strain. The maximum theoretical strain theo
max
induced by the twin variant rearrangement is given by
c
theo
max = 1 − ,
a

(2.1)

with c and a being the shortest respectively longest axis of the unit cell. The
maximum MFIS exp
max experimentally observed for the 5M martensitic phase is
approximately 6 % and 10 % for the 7M structure2 [6, 38, 39, 60]. These values
are very close to the maximum theoretically possible strain (see Table 2.1).
For the NM structure the maximum experimentally achieved MFIS values
were far below those of the 5M and the 7M structure despite the very huge
theoretically possible strain of around 20 % since the condition σTW < σMAG =
Ku −1
0 (see Eq. 1.7) was never fully satisfied in this martensitic phase. Very
recently a giant MFIS of 12 % was reported for a Ni-Mn-Ga based quinary
alloy Ni46 Mn24 Ga22 Co4 Cu4 exhibiting non modulated tetragonal structure by
significant lowering of the value σTW [37]. This is so far the largest value for
MFIS reported in literature to date. For the time being the 5M structure shows
the lowest MFIS values, but has proven to be the most suitable one for practical
applications due very low twinning stress values, high working temperatures
and high work output values [14, 61, 62].
An overview over the possible phases for Ni-Mn-Ga MSM alloys and the
corresponding lattice parameters is given in Table 2.1.

2

The c/a-ratio of the 5M phase with transformation temperatures above room temperatures is
strongly temperature dependent and can be also < 0.94. For this samples, exp
max values also
larger than 6 % were achieved [59].
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Lattice parameters (Å)
Austenite

Premartensite

L21

3M

5M

7M

NM

a-axis

5.825

5.819

5.90

6.14

5.52

b-axis

5.825

5.819

5.90

5.78

5.52

c-axis

5.825

5.820

5.54

5.51

6.44

1

≈1

0.94

0.90

1.17

[12]

[63]

[51]

[64]

[51]

c/a
reference

Martensite

Table 2.1.: Lattice parameters of the austenitic, the premartensitic and different
martensitic phases in Ni-Mn-Ga alloys according to the cited references. For the
alloy compositions the reader is referred to cited references.

2.1.1. Modulated Martensite
In the case of 5M and 7M martensites X-ray and electron diffraction experiments have shown, that the structure of martensite is actually more complex.
Satellite reflections were observed in diffraction patterns between the main reflections defined by the non-modulated structure [51, 65]. For the 5M structure
four satellites were observed between the main reflections and the 7M martensitic structure is characterized by a diffraction pattern with six satellites. These
observations were interpreted in terms of a superstructure constituted by five
(five-fold modulation, 5M) respectively seven (seven-fold modulation, 7M) unit
cells of basic structure. These martensitic superstructures exhibit a periodic
shuffling of the (110) atomic planes along the [11̄0] direction (see Fig. 2.2).3
Static Wave Approach The description of the displacive modulation of the
atomic layers has been the object of several structural investigations [51, 65, 67–
70]. In the general approach of static displacement a wave-like function is used
3

The coordinate system is referred to crystallographic directions of the austenitic L10 unit cell.
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Figure 2.2.: Modulated martensitic structure for the 5M phase of Ni2 MnGa. The
supercell was obtained by first-principles calculations by Zayak et. al. Image
taken from [66].

to model the displacement of the atomic layers [64, 68]. In this approach the
general position of the ith atom in the basic structure is given by:
xi = x̄i + ui (x̄4 ),
ui (x̄4 ) =

inf
X

Ain sin(2πnx̄4 ) + Bni cos(2πnx̄4 ),

(2.2)
(2.3)

n=1

where ui defines the modulation function which depends on the x4 superspace
coordinate, and index nindicates the order of the Fourier series. From the experimental side only terms up to third order are considered [51, 68].
The 5M martensitic structure was extensively investigated by elastic neutron
scattering and high resolution diffraction experiments performed on powder
and single crystal samples [16, 68, 69, 71]. These studies have demonstrated
that the five-fold modulation in Ni-Mn-Ga alloys can be commensurate or
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incommensurate. It was demonstrated that the modulation function for all
three elements has the same phase and periodicity. A maximum amplitude of
the modulation in the range of 0.28-0.31 Å was found. It is of particular interest
that the modulation amplitudes differ for all three elements, being minimal
for Mn and maximal for Ni atoms [68].
The five-layered modulated 5M structure was also obtained by first principles calculations performed by Zayak et al. (Fig. 2.2) [66]. A tetragonal crystal
structure lattice-distortive strain is stabilized around c/a = 0.94 with respect
to the L21 structure when, in addition, modulation shuffles with a period of 5
atomic planes are taken into account. Also the modulation amplitudes of the 3
elements were found to be different and in good agreement with experimental
data: 0.29 Å for Mn and Ga atoms, and 0.32 Å for Ni atoms.
Stacking Approach Another model than the modulation approach can be
used to to explain the diffraction patterns with additional superstructure spots.
It describes the displacement of the atomic planes with a long-order stacking
sequence [65, 70, 72]. As in the previous approach, the (110) atomic planes
are shifted along the [11̄0] direction, so that the modulation propagates along
the [110] direction (Fig. 2.3). The stacking sequences can differ and the most
frequently reported sequences are (32̄)2 for 5M and (52̄)2 for 7M martensitic
phases4 [67, 70]. This stacking approach is well known for martensitic materials and is used to describe the modulated structure of Ni-Al and Ni-Mn-Al
alloys [65, 73]. It shall be pointed out that the stacking approach is restricted to
commensurate structures and uniform long range order stacking periodicity.
A distinction between the two approaches in experimental studies is difficult
since most experiments are probing integral properties (e.g. X-ray and electron
diffraction). An exact pattern of atomic displacements can not be identified
definitely in this way. Whenever an atomic modulation pattern is proposed, it
is a fit of the experimental data to some theoretical model. Local experimental
4

More precise names for the 5M and the 7M stacking sequences are 10M or 14M, respectively.
This is due to the fact that the L21 chemical Heusler order is identical every 10, respectively,
14 atomic planes. However, we will hang on to the 5M/7M notation in this work.
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methods which probe the structure on the atomic scale in real space give a
direct evidence of the modulation pattern [67].

Figure 2.3.: The stacking-like 14M structure of Ni2 MnGa with a (53̄51̄) (a) and
a (52̄)2 (b) stacking sequence. The directions are shown according to the conventional cubic Heusler structure of Ni2 MnGa. Image taken from [74].

Origin of the Modulated Structure
Both presented approaches to describe the modulated structures observed
in Ni-Mn-Ga are discussing the martensitic phases as stable thermodynamic
phases. The justification for this point of view comes from the observation that
the modulated phases often show precursor behavior. For the case of stoichiometric nearly stoichiometric Ni2 MnGa a three-layered modulated 3M phase is
observed (see Table 2.1) [63]. Premartensitic phenomena were also observed
for martensitic transformations in many other (magnetic) shape memory alloys
showing modulated martensitic phases such as NiTi or NiAl [75, 76]. The occurrence of the modulated structures can be related to a specific behavior of an
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acoustic branch in the phonon dispersion of austenite. This becomes soft with
decreasing temperatures when approaching the martensitic transformation.

TA2

Figure 2.4.: (a) The phonon dispersion of stoichiometric Ni2 MnGa sample for
the high symmetry directions of the L21 structure. The symbols indicate the experimental results obtained at room temperature by means of neutron scattering
measurements. The lines represent the first-principles phonon dispersion calculations. (b) The TA2 [ξξ0] phonon modes of Ni2 MnGa for different temperatures.
Image adapted from [77].

In the case of Ni2 MnGa it is the transverse acoustic TA2 [ξξ0] branch (Fig. 2.4).
The softening behavior and its locations in reciprocal space reveal the martensitic transition mechanism and temperature dependence. The austenite L21
structure transforms to the tetragonal modulated martensite structure by shuffling the (110) planes in the [11̄0] direction [16, 24, 77, 78]. Figure 2.4(b) clearly
shows that the frequency (or energy) lowering of the [ξξ0] TA2 phonon branch
is restricted to a very narrow range between ξ = 0.2 and ξ = 0.5 and remains unchanged for higher values of ξ. The frequency softening reaches its minimum
for a temperature of 260 K, before the transformation to the 3M premartensitic
state, at ξ = 1/3. This value corresponds to the inverse period of the premartensitic modulation. First-principles calculations, which refer to the hypothetical
0 K properties of the austenitic L21 structure, even exhibit imaginary frequencies for this phonon branch (solid lines in Fig. 2.4(a)). As a result an instability
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of the austenite shows up towards lower temperatures. As a consequence, a
phase transition must occur and the resulting low temperature modulated
phase can be considered as the condensation of the soft phonon mode [79].
The occurrence of soft phonon mode related modulations are frequently
connected to the specific nesting behavior of the Fermi surface and/or the
presence of a charge density wave (CDW) in the crystal. The impact of these
phenomena, which have their origin in the electronic properties of the material,
on the martensitic phase transition will be discussed in section 2.3.

2.1.2. Adaptive Martensite Concept
In this section an additional concept describing the modulated structures of
martensite is presented. This concept of adaptive martensite was pioneered
by Khachaturyan et al., who argued that the modulated structures observed
in materials with lattice instabilities should be understood as ultrafinely nanotwinned metastable microstructures and not as thermodynamically stable
phases [32].
The Concept of Adaptive Martensite
A diffusionless martensitic transformation from a high-symmetry austenitic
phase to a martensitic phase with lower crystallographic symmetry requires a
propagating phase boundary which connects the parent and the product phase.
In a case of a displacive transition, the phase boundary must form an (invariant)
habit plane where both phases have to be compatible (see Fig. 2.5) [79]. The
cubic austenitic unit cell can transform into equivalent orientations of the lowsymmetry martensitic unit cell. Therefore martensitic nanotwin variants will
be formed with different orientations of the martensitic unit cell with respect
to the habit plane. These nanotwin variants are connected by atomically sharp
nanotwin boundaries, which are sketched as blue dotted lines in Fig. 2.5. Since
the martensitic phase has a unit cell with a low symmetry (e.g. tetragonal for
NM) a single nanotwin variant orientation is only compatible to austenite at
the habit plane if a severe deformation of the crystal structure of the parent
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Figure 2.5.: Formation of adaptive martensite. (a) During the martensitic transformation, the austenitic unit cell (red) can transform into three equivalent orientations of the tetragonal NM martensitic unit cell (blue). (b) During a diffusionless martensitic transition, the number of the unit cells must be kept constant on
each side of the phase boundary. The system avoids the increase of elastic energy
by the introduction of a high number of atomically sharp nanotwin boundaries.
The habit plane (drawn as a diffuse gray region) is not atomically sharp and is
accompanied by a distortion of the lattice. (c) and (d) A coarsening of the NM
nanotwin variants may occur to reduce the density of energetically unfavorable
nanotwin boundaries. Image taken from [30].

and the product phase takes place. Another possibility is the introduction of
a high number of nanotwin boundaries and the formation of an alternating
orientation of nanotwin variants at the habit plane. This scenario corresponds
to the formation of an adaptive martensitic phase.
The formation of this nanotwinned martensitic microstructure is defined
by two energy contributions: defect energy from interfaces (nanotwin surface
energy) and energy contribution caused by the transformation strain (elastic
energy). During the formation of adaptive martensite the increase of defect
energy is counterbalanced by the reduction of elastic energy. The ratio of this
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energy contributions defines the characteristic size of generated nanotwins. In
the case of very low nanotwin surface energy the material will tend to introduce
a maximum density of nanotwin boundaries. The size of the nanotwin variants
will therefore decrease to size of several martensitic unit cells. Such an adaptive
martensitic phase is the same martensitic phase on the scale of a unit cell only
realized as a microstructure with a high defect density.
Continuum Theory of the Adaptive Concept
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Let us consider how the compatibility at the habit planes (Fig. 2.6) during the
martensitic transformation determines the geometrical relations and lengths of
the adaptive martensitic phase. Along the habit plane the martensite-to-parent

W
Figure 2.6.: Schematic representation of the martensitic phase plate of width
W . It is composed of twin-related lamellae of two orientation variants with
corresponding widths d1 and d2 (adapted from [32]).

phase macroscopic transformation strain mismatch must be accommodated
by an appropriate d1 /d2 -ratio of twin-related lamellae [32]. In the case of cubic austenite (lattice constant: aA ) as the parent phase and the tetragonal NM
martensite (lattice constants: aNM and cNM ) as the product phase this ratio is
given by:
d1
aA − aNM
=
(2.4)
d2
cNM − aA

30

2.1. Crystal Structure
[29, 30]. However this phase compatibility does not determine the modulation
period λ = d1 + d2 . The modulation period is mainly defined by the defect
energy of the nanotwin boundaries, the twin surface energy γtw . The smaller
γtw , the higher will be the number of nanotwin boundaries along the habit
plane. The miniaturization of the adaptive martensitic structure has a natural
crystallographic limitation that the lamellae thickness cannot be less than the
distance between two atomic planes. Consequently the widths of the nanotwin
lamellae (d1 and d2 ) should be a multiple of this distance. The modulation
period λ can be estimated by considering the balance between the twin surface
energy γtw and the elastic energy µ20 generated by the crystal-lattice mismatch
between the parent and product phases, where  is a typical crystal-lattice
rearrangement strain characterizing the phase mismatch and µ is a typical
shear modulus [32]. This consideration then yields the modulation period λ
as:
1/2

γtw
λ∝
W
,
(2.5)
µ20
a dependence similarly found for various instances of shape-like domain patterns like magnetic and ferroelectric domains. In this case the twin lamellae
can be regarded as elastic domains.
Coarsening of Martensitic Variants Considering the adaptive modulated
structure as a metastable phase constructed as a nanoscale martensitic microstructure with a high defect density, the question arises, how this microstructure evolves once the influence of the habit plane is less present. With increasing distance from the habit plane, when the lattice mismatch related elastic
energy contribution decreases, the overall nanotwin boundary energy can be
reduced by annihilation of the nanotwin boundaries. As shown in Fig. 2.7, the
coarsening can be achieved in a branching pattern [30, 79]. The twinned structure can be reproduced with a fixed d1 /d2 -ratio by doubling the period length
and terminating finer twin variants at certain distances from the habit plane.
The required compatibility of the martensite with the remaining parent phase
at the habit plane acts as a macroscopic constraint which fixes the d1 /d2 -ratio
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product phase

parent phase

habit plane

Figure 2.7.: Schematic view of the continuum model describing the the branching of two differently oriented twin variants when approaching a habit plane
marked in gray (adapted from [30]).

[30]. From a simple period doubling the stacking period follows the relation:
λn = 2n × λ0 , with n = 0, 1, 2, ... being the coarsening generation.
Beyond a certain coarsening generation the crystallographic structure cannot
be regarded as modulated phase, since the nanotwins consisting of building
blocks of NM unit cells then reach typical widths of more than several unit cells.
At this point the crystallographic structure can be regarded as NM also at the
macroscopic scale. This scenario of coarsening of the NM nanotwin variants
can be also regarded as an irreversible 7M to NM phase transition, which is
indeed observed for Ni-Mn-Ga [57, 80].
First Principles Calculations
Atomistic ab initio calculations can be used to model the phase diagram and
calculate the different crystallographic structures of magnetic shape memory
alloys. It was shown that the L10 phase with c/a ≈ 1.25 represents the ground
state of Ni2 MnGa and lowers the energy of the system by about 20-30 meV per
formula unit (f.u.) compared to the cubic L21 structure (see Fig. 2.8) [74, 81,
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82]. If the energy contributions from vibrational and magnetic excitations are

Figure 2.8.: Total energies of non-modulated (NM) and modulated structures
(3M, 5M, (32̄)2 , (52̄)2 ) of stoichiometric Ni2 MnGa relative to the L21 (c/a = 1)
structure obtained from high-precision ab in-initio calculations. Image taken
from [82].

added to the free energy, the sequence of phase transitions NM martensite ↔
3M modulated premartensite ↔ austenite is very well reproduced [83]. The
complete variation of the total energy as a function of tetragonality c/a for the
non-modulated structure of stoichiometric Ni2 MnGa is presented in Fig. 2.8
[82]. The cubic L21 structure (c/a = 1) forms a local minimum, while the L10
structure represents the ground state at c/a = 1.26. For tetragonality ratios of
c/a < 1 the energy increases monotonously. However, if a modulation with
a realistic periodicity is included in the calculations, the total energy can be
reduced below the level of the L21 structure for c/a < 1 [74, 82, 84].
For the cubic L21 structure of the austenitic Ni2 MnGa it was found, in accordance with the soft acoustic [110] phonon branch (see section 2.1.1), that
modulations lower the energy in the order of 4 meV/f.u. The energy gain is
dependent on the modulation periodicity and is slightly higher for the fivefold than for the three-fold modulation. The reduced symmetry induced by
the modulation distorts the cubic unit cell and yields a gain in energy in the

33

Chapter 2. Properties of Ni-Mn-Ga Based Magnetic Shape Memory Alloys
spirit of a band Jahn-Teller effect, whereby the Ni d-states close to the Fermi
energy, which are degenerate due to the cubic symmetry, are redistributed
[24, 26, 85]. Consequently, minimum energy is achieved for tetragonal lattice
parameters at c/a = 0.985 for the 3M and at c/a = 0.92 for the 5M structure,
respectively5 [82]. The pseudo-tetragonal 5M structure is subject to residual
stress and further relaxation effects lead to a five-layered structure with a (32̄)2
sequence and a monoclinic cell shape with a significantly reduced overall energy, as shown in Fig. 2.8. The internal atomic superstructure diverges from the
nanotwinned adaptive model [82] and is rather similar to the modulated crystallographic structures found experimentally by Righi et al. in references [69]
and [70]. Though the energy is close to the absolute minimum of the energy corresponding to the non-modulated tetragonal L10 structure, it can be lowered
by stacking five and two L10 unit cells into the simulation cell as represented by
the green downward triangle in Fig. 2.8 [82]. This (52̄)2 -structure corresponds
to an adaptive structure built of NM nanotwins. The energy of this twinned
configuration is only 0.4 meV/f.u. higher than that of the L10 structure. This energy difference originates from the defects which consist of < 101 > nanotwin
boundaries connecting the NM nanotwins. For the (52̄)2 -structure a nanotwin
surface energy γtw of 0.06 meV/Å2 can be calculated, which is in a reasonable
agreement with 0.5 meV/Å2 obtained from the transformation enthalpy from
7M to NM [29]. This extremely low value of the nanotwin boundary energy is
a prerequisite for the formation of adaptive martensite.
From first principles calculations modulated structures can appear according to the following scenario: starting in the high-temperature austenitic L21
phase, soft phonons and possibly competing magnetic interactions can induce
a modulation of the structure above the martensitic start temperature with
decreasing temperature. This modulation can be (eventually depending on the
magnetization) either three-fold (3M, premartensite) then transforming to fivefold (5M, martensite), or directly five-fold. The change of the cell parameters is
directly induced by these modulations. More energy can be gained by a further
5

These results are in a good agreement with experimentally obtained lattice parameters presented in Table 2.1
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decrease of the c/a-ratio and a change to a (32̄)2 -structure. Finally, a plane shifting can rearrange the stacking sequence and period to a nanotwinned (52̄)2
7M adaptive structure [82].

2.2. Magnetic Properties
Stoichiometric Ni2 MnGa undergoes a phase transition from a paramagnetic
to a ferromagnetic order at a Curie temperature of TC = 376 K, which only
slightly changes for off-stoichiometric compounds [12]. The magnetic moment
is around 4.17 µB . Numerous experimental and theoretical studies have shown,
that it is largely confined to the Mn sites (µMn ≈ 3.4 − 3.7µB ) and only a small
amount is associated with Ni (µNi ≈ 0.16 − 0.4µB ) and Ga (µGa ≈ −0.04 −
−0.13µB ) atoms [12, 86, 87]. The origin of the ferromagnetic order in Ni-Mn-Ga
alloys and their relevant magnetic properties are discussed in the following
sections.

2.2.1. Origin of Magnetism
In general, the ferromagnetic ordering is a consequence of the magnetic interaction, mainly between Mn atoms [87] The interaction is strongly dependent
on the Mn-Mn distance, which in the case of an austenitic cubic unit cell of
Ni2 MnGa is ≈ 4.12 Å (see Fig. 2.1) [88]. This dependency was demonstrated
by Kanomata et al., who have shown that the pressure derivative of the Curie
temperature dTC /dp is positive for a series of Ni2 MnZ alloys6 (see Fig. 2.9) [88].
This behavior demonstrates an increasing ferromagnetic exchange interaction
for decreasing Mn-Mn distance.
For a stoichiometrically ordered Ni2 MnGa alloy Mn atoms are not next neighbors in the crystallographic unit cell and are largely separated (≈ 4 Å). Due
to this large distance it is very unlikely that a direct exchange interaction is
responsible for the magnetic interaction between Mn atoms [87]. An exchange
interaction mediated by Ni and Ga atoms between the Mn atoms is a more
6

(Z=Al, Ga, In, Sn and Sb)
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a)

b)

Figure 2.9.: (a) The dependance of the Curie temperature TC and martensitic transformation temperature Tt on hydrostatic pressure for Ni2 MnGa.
(b)Experimental Curie temperatures as a function of the Mn-Mn distance for
L21 - and C1b -type alloys in which the main carriers of the magnetic moment
are the Mn atoms. The upward arrows attached to the marks express the rise of
the Curie temperature with increasing pressure (Images from [88]).

likely scenario. Magnetic interactions mediated by conduction electrons (like
Ni d and Ga p states for the case of Ni2 MnGa), characterized by an effective exchange parameter having an oscillatory behavior, have long been known as the
Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction [87]. The RKKY interaction is caused by the polarization of free electrons, which in turn arises from
the presence of a magnetic impurity (Mn atom). When the polarization reaches
other impurities it results in a magnetic interaction between them. Treating the
localized Mn d electrons as a periodic array of ’magnetic impurities’ and the Ni
d and Ga p electrons as mediating conduction electrons, a magnetic interaction
of RKKY type can be expected in Ni2 MnGa [87]. However, as pointed out by
Himmetoglu et al., the situation in an alloy is more complicated. Especially the
conduction electrons that mediate the magnetic interactions are not free and
therefore the strength of the interaction depends on the nontrivial topology of
the Fermi surface, which is dominated by Ni states in both spin channels (see
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section 2.3) [87, 89].
The saturation magnetization of austenite is lower than that of martensite
[12, 14, 22]. This can be attributed to changing interatomic distances in the
distorted unit cell accompanied by changing magnetic interactions between
the Mn atoms. Also the redistribution of electronic charges, due to the structural transition, affects the absolute magnitude of atomic moments [22]. Since
the main contribution to the magnetic moment is given by the Mn atoms, the
variation of Mn content in off-stoichiometric alloys has a high impact on the saturation magnetization. Consequently it decreases with decreasing Mn content.
Somehow counterintuitive is the behavior for Mn-rich alloys. The saturation
magnetization decreases with increasing Mn content for alloys with a Mn content > 25%. This is ascribed to an antiferromagnetic ordering of the excess Mn
atoms with respect to the original Mn atoms [90]. This interaction occurs since
the extra Mn atoms residing on the Ni- or Ga sites of the unit cell are nearest
neighbors to the original Mn atoms instead of being separated by Ni and Ga
atoms (see Fig. 2.1). As a consequence the saturation magnetization has its
maximum for a stoichiometric composition with a Mn content of 25 %.
The study of magnetic interactions in Ni-Mn-Ga and related Heusler alloys
is important not only for the knowledge of the magnetic properties of the system. Recent ab initio calculations have demonstrated that competing ferro- and
antiferromagnetic interactions govern the complex magnetic behavior and exchange parameters of Mn-Ni and Mn-Ga interactions determine the magnetic
energy as a function of the tetragonality c/a [82, 87]. Due to a strong magnetoelastic interaction and a pronounced correlation between the magnetic and
electronic properties in these materials a precise account of magnetism and
magnetic interactions is essential to predict the relative stabilities of different
phases.

2.2.2. Anisotropy
The existence of the MSM effect, i.e. the reorientation of the martensitic twin
variants, is based on a high magnetocrystalline anisotropy of the low-symmetry
martensitic phase. The magnetocrystalline anisotropy of the cubic austenite is
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very low of order of 103 Jm−3 [91]. After the transformation to martensite, the
magnetocrystalline anisotropy increases by two orders of magnitude. It can
be determined by measuring the field-dependent magnetization in different
crystallographic directions of a martensitic bulk sample which is in a single
variant state. The anisotropy constant can be determined as the area between
these curves. Fig. 2.10 displays the magnetization curves measured for 5M,
7M and NM martensitic phases [20]. These measurements indicate a strong

Figure 2.10.: Magnetization curves for 5M (a), 7M (b) and NM (c) martensite of
Ni-Mn-Ga. The measurements were performed at room temperature for different crystallographic directions of single crystals being in a single variant state.
(Image from [20]).

anisotropy for the 5M phase with the magnetic easy axis oriented along the
short c-axis. In the case of orthorhombic 7M martensite, the short c-axis is
the magnetic easy axis, the crystallographic a-axis is the hard axis and the baxis is the magnetic mid-hard axis. For the tetragonal NM martensite there
exists an easy a- plane and a hard c-axis, which is the longest crystallographic
parameter of the NM unit cell. The calculated anisotropy constants for the three
martensitic phases are summarized in Table 2.2.
Temperature behavior of the magnetic anisotropy has an important effect
on the magnetic shape memory effect. The temperature dependance of an
anisotropy constant Ku for the case of an uniaxial anisotropy can be conveniently described by the relation:
Ku (T )
Ku (0)
=
∝ const.,
MS (T )3
MS (0)3
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Type of

5M

7M

NM

Tetragonal

Orthorhombic

Tetragonal

K1 (105 Jm−3 )

1.65

1.7

-2.3

K2 (105 Jm−3 )

<0.07

0.9

0.55

martensite

Table 2.2.: Anisotropy parameters for the different martensitic phases of
Ni-Mn-Ga obtained at room temperature (Values from [91]).

where MS (T ) is the saturation magnetization at temperature T [22]. Therefore with decreasing temperature Ku saturates and rapidly decreases when
approaching the Curie temperature TC . This behavior is shown in Fig. 2.11 for
the 5M and 7M martensites. This characteristic of the magnetic anisotropy can
a)

b)

Figure 2.11.: Temperature dependance of the saturation magnetization MS and
the anisotropy constants K1 and K2 of five-layered tetragonal 5M (a) and sevenlayered orthorhombic 7M (b) martensite. Dotted vertical lines mark the phase
transition temperatures. (Image from [91]).

have a large impact on high-temperature applications of the MSM effect. For
MSM alloys which have martensitic structural transformation temperature in
the vicinity or higher than the Curie temperature, the rapid decrease of Ku can
drastically lower the temperature limit of the MSM effect.
The microscopic origin of the magnetocrystalline anisotropy was studied
within the density-functional theory and by means of x-ray circular dichroism

39

Chapter 2. Properties of Ni-Mn-Ga Based Magnetic Shape Memory Alloys
[92, 93]. Calculated orbital moment anisotropies have shown that the magnetic
anisotropy energy results from Ni and Mn atoms, with 80 % of the anisotropy
energy coming from Ni atoms. This results is remarkable, because Ni atoms
contribute only about 10 % to the magnetic moment in Ni2 MnGa, as outlined
in the beginning of this section [92]. Experimental studies have confirmed the
importance of Ni atoms for the magnetocrystalline anisotropy [93]. However,
Klaer et al. argue for a simple model of magnetic anisotropy in Ni2 MnGa based
on the anisotropy of atomic orbitals in a tetragonally distorted system in combination with spin-orbit coupling. Their results illustrate that the bulk magnetocrystalline anisotropy in Ni2 MnGa is caused by a reallocation of electron
states with 3dz2 symmetry located predominantly at the Ni atom [93].

2.3. Electronic Properties and instability of
Ni-Mn-Ga
A necessary prerequisite for the MSM alloys to exhibit their functional properties is the occurrence of a martensitic transformation in the ferromagnetic
phase. Although great achievements in the field of material design were made
reaching large magnetic-field induced strains and high martensitic transformation temperatures, an established microscopic understanding of the driving
forces leading to the martensitic transformation is absent. First of all, the electronic properties should be considered, since typically in Ni-based alloys the
martensitic transformation is accompanied by changes of the electronic structure close to the Fermi energy [26, 27, 94]. In this context, the band structure
of Ni-Mn-Ga obtained by theoretical calculations and experimental measurements will be discussed along with the Fermi surface topography and the importance of charge density wave formation. However, the complicated phase
diagram of Ni-Mn-Ga MSM alloys arises not only from the electronic contributions. It was argued, that in these strongly correlated systems competing
electronic, (ferro- and antiferro)magnetic and vibrational interactions induce
an instability of the austenitic cubic structure and lead to the martensitic trans-
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formation. Those martensitic driving forces and their impact on the structural
phase transformation will be described in the last section.
Band Structure
There exists a number of theoretical calculations of the electronic structure of
Ni-Mn-Ga shape memory alloys [23, 26, 74, 86, 89, 95, 96]. Figure 2.12 presents
the spin and element resolved band structure of the ferromagnetic cubic L21
austenitic phase of stoichiometric Ni2 MnGa. Gallium atoms mainly contribute

Figure 2.12.: Majority- and minority-spin band structure of Ni2 MnGa obtained
from first principles calculations [89]. The color coding corresponds to the
element-specific contributions. (Image from [89]).

to states which are located several eV below the Fermi energy and are important to stabilize the Heusler structure [89]. Contributions from Mn 3d states
are predominately found below the Fermi energy for the majority spin channel. In the minority spin channel they are located above the Fermi level. In the
vicinity of the Fermi energy the band structure is dominated by Ni 3d states (except for a small portion in the spin-down channel). This means that the Fermi
surface is dominated by Ni states in both spin channels. Around the Fermi
energy the band structure shows also a considerable difference between the
two spin channels. For the minority spin channel the band structure is more
populated in this energy region by flat Ni 3d bands. This leads to an increased
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electronic density of states (DOS) in the minority spin channel at the Fermi
level. This situation is presented in Figure 2.13(b). The electronic DOS in the

Figure 2.13.: Spin-projected electronic density of states curves of the cubic L21
structure for two stoichiometric Heusler alloys obtained from first principles
calculations: Co2 MnGe (left) and Ni2 MnGa (right). The black line corresponds
to the total density of states and the color coding refers to the contributions of
the specified elements. (Image from [96]).

majority spin channel is featureless down to 1 eV below the Fermi energy (EF ).
However the spin-down channel shows the formation of a gap at an energy of
0.75 eV below EF . Also a pronounced peak originating from Ni-eg states arises
right below EF . This significantly increases the electronic DOS at the Fermi
energy and represents a highly unstable situation. The system can lower its
energy by a redistribution of the electrons in lower energy states. This happens
if the systems undergoes a slight tetragonal distortion, e.g. a martensitic transformation, which shifts the large Ni-eg peak above EF [74, 96]. The change of
the electronic structure as a result of the martensitic transition is shown in Figure 2.14. In this figure the calculated electronic DOS for two stable tetragonal
martensitic phases, the modulated 5M (c/a < 1) and the non-modulated (NM)
L10 (c/a > 1), are presented. The tetragonal structures are stabilized due to
the formation of a gap around the Fermi energy in the minority-spin channel
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Figure 2.14.: Spin-projected electronic density of states for two martensitic
phases of stoichiometric Ni2 MnGa: 5M tetragonal (c/a = 0.94) and nonmodulated L10 tetragonal (c/a = 1.26). In both cases the Fermi energy is located at a relatively favorable position compared to the austenitic L21 structure.
(Image from [96]).

of Ni 3d states. This is highlighted by comparing these electronic DOS curves
with the DOS curves of the unstable austenitic L21 structure of Ni2 MnGa. This
electronic scenario describes a band Jahn-Teller like effect and it is believed that
it plays a dominant role for the structural instability (formation of martensite)
in the ferromagnetic Ni2 MnGa-based Heusler alloys [74, 86, 96].
The importance of this electronic scenario becomes more evident if the electronic DOS of a similar Heusler alloy Co2 MnGe is considered, which does not
undergo a structural phase transition (see Fig. 2.13(a)). This ferromagnetic alloy shows the formation of a broad gap in the minority-spin channel and the
pronounced peak is shifted above the Fermi energy in this case due a different filling of the bands [96]. Co2 MnGe has one electron per formula unit less
compared to Ni2 MnGa. Compared to Ni2 MnGa the electronic structure of this
half-metal represents a more stable situation.
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Figure 2.15.: Calculated spin-polarized Fermi surface for the stoichiometric composition of Ni2 MnGa.7 The Γ point can be found in the center of the displayed
cubes as well as in each corner of the cubes. The Fermi surface is dominated by
Ni states in both minority- and majority-spin channels (see Fig. 2.12). Different
colors correspond to different bands crossing EF . Strong nesting is found for
11
the 14th minority electron sheet (orange) with a wave vector of ~q0 = 2π
a [ 3 3 0].
For the majority-spin channel nesting behavior is found for the 17th hole sheet
(pink) in [110] direction as well, although it is less pronounced compared to the
one of minority-spin carriers [85]. (Image from [82]).

Fermi Surface
When discussing the electronic properties of Ni2 MnGa-based shape memory
alloys and their importance for the martensitic instability, careful attention
must be paid to the topology of the Fermi surface (FS). In metals, screening due
to electron-phonon coupling involving states near the Fermi level can give rise
to anomalous dips in the phonon dispersion, which are called Kohn anomalies.
The occurrence of these anomalies mainly depends on the geometry of the FS,
as well as on the ~q dependence of the electron-phonon matrix elements and
the electron-phonon coupling strength. If the Fermi surface has flat portions
which can be nested into each other by a nesting vector ~q0 , there will be very
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strong screening of potential perturbation due to atomic displacements at that
wave vector. As a consequence, this will lead to a pronounced softening highly
localized in ~q-space [24]. Softening of particular phonons can evolve into a
well-defined minimum in the dispersion, induce a lattice instability and lead
to a phase transition of the system.
Velikokhatnyi and Naumov were the first who pointed to the importance of
FS features as a possible driving force for the martensitic transition [23]. Their
numerical calculations have shown, that FS nesting exists in the ferromagnetic
phase at two wave vectors which might give rise to the experimentally observed
5M and 7M martensitic phases. In a subsequent study Lee et al. emphasized the
importance of reduced magnetization on the FS topology, since the martensitic
transition occurs at finite temperatures [85]. They were able to show that the FS
geometry and consequently the FS nesting features change as the spin moment
is reduced by finite temperature. They found that FS nesting is optimized at
80 % of full magnetization with a nesting vector of ~q0 = 2π
[ 1 1 0] for the spin-up
a 33
channel. This magnetization value corresponds to a temperature region where
the premartensitic transformation occurs and the obtained nesting vector is
in excellent agreement with the wave vector of the phonon anomaly observed
in neutron scattering experiments for the austenitic phase [16]. A further firstprinciples study of phonon-dispersion relations and FS topology by Bungaro et
al. revealed the presence of a Kohn anomaly due to strong electron-phonon coupling and FS nesting [24]. In this study a nesting vector of ~q0 = 2π
[0.34, 0.34, 0]
a
was found at zero temperature in the minority-spin channel.
An example of a calculated spin-polarized FS obtained by Entel et al.7 is displayed in Figure 2.15 [82]. All calculations of the FS of Ni2 MnGa strongly support the scenario that phonon softening in austenite and the resulting premartensitic transformation is driven by strong FS nesting. However it is important
to note that this scenario does not explain the strong composition dependence
of the martensitic transformation temperature for off-stoichiometric alloys. It
7

The presented Fermi surface geometry is very similar to those given in Refs. [23, 24, 28, 85] and
should serve as an example for the FS geometries of the L21 phase of stoichiometric Ni2 MnGa
obtained by first principles calculations.
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is also important to point out, that not all ferromagnetic SMA’s exhibit FS nesting behavior, but show a martensitic transformation (for example Co2 NiGa)
[97]. Also direct experimental measurements of the FS which support the theoretical predictions are still very rare. The impact of chemical disorder and
magnetism on FS nesting as a driving force for the martensitic transformation
will be discussed in section 2.3.3.
Experimental Studies of Electronic Structure
Although direct experimental measurements of the electronic structure are
still very rare, a number of recent experiments provided support for the theoretical predictions. By performing X-ray absorption spectroscopy (XAS) and
X-ray magnetic circular dichroism (XMCD) measurements on Ni2 MnGa correlation of electronic structure and martensitic transformation has been discussed in References [98] and [99]. Two peaks in the minority-spin density
located in the unoccupied region at 1.5 eV and 4.5 eV above EF originating
from Ni-d states could be resolved as satellite peaks in Ni-XAS spectra in the
austenitic state. It was also shown that the second peak nearly vanishes in the
martensitic state, which can be well assigned to characteristic features in the
electronic DOS. However, this technique is not suited to detect the changes in
the DOS below the Fermi level. There were some ultraviolet photoemission
studies (UPS) which addressed this topic: [26, 27, 100, 101]. In their work Opeil
et al. have demonstrated drastic changes of the electronic structure close to
EF at the premartensitic and the martensitic transformation in Ni-Mn-Ga [26].
Their measurements have shown a dramatic depletion of states at 0.3 eV below
EF . This can be related to the Ni-d peak in the minority-spin DOS just below
EF , which is present in the austenitic state but vanishes in the martensitic state
as a result of the band Jahn-Teller effect (compare Figs. 2.13(b) and 2.14).
Direct experimental measurements of the Fermi surface for Ni-Mn-Ga are
even more rare. In a combined experimental and theoretical study Haynes et
al. determined the 14th minority and the 17th majority FS sheets (see Fig. 2.15)
from two-dimensional angular correlation of electron-positron annihilation
radiation for the austenitic state of Ni2 MnGa [28]. These measurements sup-
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port the nesting features observed in the ab initio calculations. The nesting
vector ~q0 = 2π
[0.47, 0.47, 0] was identified for the spin-down channel. Further
a
evidence for the presence of FS nesting were provided indirectly by UPS measurements [26]. UPS measurements revealed formation of a pseudogap in the
occupied DOS region for energies between 0.3 eV and EF , which was associated
with gapping of part of the FS.
This summary of existing experimental studies of the electronic properties
of Ni-Mn-Ga based shape memory alloys shows that further work is necessary
to resolve the puzzling phenomena of the martensitic transformation. The analysis should be extended into the other parts of the phase diagram of Ni-Mn-Ga
to observe how the electronic properties change with stoichiometry. Attention
should be also paid to the correlation between electronic properties and the
superstructure of different martensitic phases. These analyzes could help to
answer the intriguing questions related to the formation of an adaptive phase
in this class of smart materials.

2.3.1. Charge Density Waves
So far the description and the discussion of electronic properties of Ni-Mn-Ga
focused on the austenitic state of Ni2 MnGa and the importance of the electronic
contribution as the driving force for the (pre)martensitic transition. Since the
structural phase transition of Ni-Mn-Ga is often accompanied by a periodic
modulation of the lattice, it should be taken into account that a periodic modulation of the lattice’s ions is always accompanied by the rearrangement of
the electron distribution as well [102]. As the new arrangement of the lattice
has to represent an energetic minimum of the system, both the ionic and the
electronic systems are contributing to the new equilibrium configuration. This
scenario leads to a strong electron-phonon coupling in the system.
In order to demonstrate the consequences of the described scenario an example of a linear ion chain and a 1D electron gas performing a transition to a
modulated state shall serve as a simplified example. Figure 2.16(a) schematically depicts the band structure of an ion chain with the lattice parameter a
for the case of a half-filled conduction band. Let us assume that the lattice per-
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Figure 2.16.: (a) Lattice structure of a linear ion chain, the corresponding charge
density and the band structure of a half-filled conduction band. (b) Periodic
modulation of the lattice results in a spatially modulated charge density ρ(x).
The band structure changes in a way that at new Brillouin zone boundaries a
gap of width ∆ opens. This lowers the energy of the energy states in the vicinity
of EF .

forms a transition to a periodically modulated configuration (see Fig. 2.16(b)).
Consequently the unit cell increases and the Brillouin zone reduces. If the wave
vector of the lattice modulation coincides with the Fermi wave vector kF , then
the new Brillouin zone boundary will be shifted to kF and the energy of the occupied electronic states in the vicinity of the Fermi level will be lowered. This
happens due to the opening of an energy gap ∆ at the new BZ boundaries.
This is due to the fact that the free electrons are transformed into Bloch states
in an underlying modified lattice potential. For the presented case of a half
filled conduction band with kF = 2π/a the periodicity of the ion chain will be
doubled to 2a, but depending on the position of the Fermi level other modulation periodicities will occur. This transition is known as the Peierls transition
and leads to an instability of the electron-phonon system.
The consequence that arises for the lattice is the renormalization of the
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Figure 2.17.: Kohn anomaly of a phonon mode at a wave vector q = 2kF according to the mean field (MF) theory. (a) Acoustic phonon dispersion relation of a
one dimensional metal at various temperatures above the transition temperature. (b) The image illustrates the strong dependency on the dimensionality of
the system T = T0 . (Image from [89]).

phonon frequency, which is dependent on the susceptibility χ(q, T ) (see [89]
for a detailed description). The Fermi surface topology has a leading influence
on χ(q, T ). The susceptibility has its maximum for the nesting wave vector,
e.g. the wave vector which connects two parts of the FS, and is dependent on
the strength of the nesting behavior. The temperature dependance of χ(q, T )
in turn defines the transition temperature T0 . The resulting phenomenon of
phonon softening for temperatures T > T0 is known as Kohn anomaly8 and is
shown for different temperatures and dimensionalities in Fig. 2.17.
After the transition below T0 the ions and the electronic system form a new
equilibrium state, where both the position of ions and the electronic charge
density ρ(x) are periodically modulated (see Fig. 2.16(b)). In this new state,
which is referred to as the charge density wave (CDW) state, the lattice and
the electronic subsystems are strongly coupled and stabilize the new equilibrium [103]. If the system is disturbed in this CDW state, the strong correlation
8

The reader should note that this phenomenon was already mentioned in connection with the
discussion of the FS of Ni2 MnGa in the previous section.
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leads to both single particle excitations at the electronic gap ∆ and a collective
excitation of the two subsystems. These excitations are described by a phason
mode and an amplitudon mode, respectively.

CDW in the context of Ni-Mn-Ga
As it was already pointed out in section 2.1, numerous experiments revealed
a significant softening of the [ξξ0] TA2 phonon branch at a wave vector of
2π
[0.33, 0.33, 0] for the austenitic phase when approaching the the premartena
sitic transformation temperature TPM [16, 77]. The origin of this anomaly has
been intensively studied and its importance for the martensitic phase transition
and the appearance of the lattice modulation along [ξξ0] was the subject of debate over the past years. In their theoretical work, Velikokhatnyi and Naumov
were the first to maintain that the martensitic transformation is of the Peierls
type [23]. Other groups identified the instability through examination of the
FS nesting and electron-phonon coupling as a Kohn anomaly [24, 85]. Further
experiments connected the anomalous thermal properties of Ni-Mn-Ga alloys
near TM to the nesting of the Fermi level DOS, which is appropriate for the
Peierls transition [104].
In more recent experiments the observation of phasons for the three-layered
martensitic phase of Ni2 MnGa by means of inelastic neutron scattering was
reported [25]. Using time-resolved optical reflectivity Mariager et al. measured
coherent optical phonons in the pre-martenstic phase and characterized them
as an amplitudon [105]. UPS measurements have demonstrated the presence
of a pseudogap below the Fermi energy, which appears at the onset of the
premartensitic phase and survives in the martensitic phase [26, 27]. These observations were interpreted in terms of a CDW state formation which persists
also in the martensitic state. These findings indicate the Ni2 MnGa alloy as a
3-D metallic CDW compound and a system where a CDW and ferromagnetic
order coexist [27].
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2.3.2. Phase Diagram and Martensitic Instability
So far the discussion of the Ni-Mn-Ga properties considered only the (near)stoichiometric composition Ni2 MnGa and the influence of the composition
changes have not been taken into account. However, the physical properties of
Ni-Mn-Ga depend strongly on changes of the chemical composition.
The martensitic transformation temperature of the stoichiometric composition Ni2 MnGa of TM ≈ 200 K is too low for the industrial application of the
MSM effect. In MSM materials, the maximum operation temperature is limited
mainly by the austenite to martensite transformation temperature. The development of MSM alloys demonstrating a TM above room temperature has been
the research target of several studies over the past two decades. It was found
out that TM is extremely sensitive to composition changes and the compositional dependence of the physical properties was investigated for numerous
Ni-Mn-Ga compositions. These studies have empirically established that the
compositional dependence of the martensitic transition temperature is related
to the average valence electron concentration per atom, e/a. e/a is the concentration weighted sum of the number of 3d and 4s electrons in Ni and Mn and
4p and 4s electrons in Ga: 10 electrons for Ni (3d8 4s2 ), 7 for Mn (3d5 4s2 ) and 3
for Ga (4s2 4p1 ) [106]. The obtained phase diagram of Ni- and Mn-rich alloys
as a function of e/a is presented in Figure 2.18
A linear increase of TM is observed with increasing number of valence electrons. For alloys with e/a < 7.6 TM increases with electron concentration with
K
a coefficient of roughly 900 e/a
. For these alloys there is also an almost linear
decrease of the Curie temperature. As a consequence, for alloys in the region of
e/a ≈ 7.65 there is a coupling of the martensitic and ferromagnetic transition.
These alloys are interesting for the magnetocaloric effect [82]. Premartensitic
transitions have been observed only for Ni-Mn-Ga alloys with small deviations
from stoichiometry with TM < 270 K [107]. From Fig. 2.18 it can be seen that
the premartensitic transition temperature TP is only weakly dependent on the
composition and has values between ≈ 200 K and ≈ 260 K.
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Figure 2.18.: Experimentally obtained phase diagrams of Ni2 Mn1+x Ga1−x and
Ni2+x Mn1−x Ga. For x = 0 the phase diagrams merge. TC , TM and TP are the
Curie, the martensitic and premartensitic transition temperatures, respectively.
PM L21 and FM L21 denote the para- and ferromagnetic austenitic L21 phases,
5M and 7M the modulated martensitic phases. (Figures taken from [94]).

Doped Ni-Mn-Ga Alloys A high martensitic temperature is not the only requirement MSM materials must fulfill to achieve MFIS at conditions suited
for industrial application. In addition, a high Curie temperature, large magnetocrystalline anisotropy, high saturation magnetization, low twinning stress
along with mechanical properties suitable for the practical applicability are
necessary at desired temperature. Since a simple change of the stoichiometry
to increase the valence electron concentration and therefore also the TM can
lead to undesired effects like the decrease of the Curie temperature, the properties of the Ni-Mn-Ga system are often altered by adding additional elements.
Different elements were used for doping in Ni-Mn-Ga, including 3d transition
metals Fe, Co and Cu as well as rare earth metals. The effects of doping have
been studied intensively by experimental and theoretical techniques and have
been summarized in several reviews [82, 108–111]. For example, doping with
Co and Cu in alloys deficient in Mn or Ga increases TM , but it decreases the
martensitic transformation temperatures if these elements replace Ni atoms
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[37, 108, 111]. On the other hand the addition of Co instead of Ni increases the
TC . This approach facilitated the highest MFIS reported in literature so far of
12 % [37]. This was enabled by lowering the twinning stress in a NM martensite, which seems to be related to the reduced value of (c/a)NM in this doped
alloy. The effect was achieved by simultaneous doping by 4 % of Cu (for Ga
and Mn to increase TM ) and Co (for Ni to increase TC ) resulting in a quinary
alloy composition Ni46 Co4 Mn24 Ga22 Cu4 [37].

2.3.3. Martensitic Driving Forces
Phase Diagram In the previous section an overview over the structural, magnetic and electronic properties of Ni-Mn-Ga based MSM alloys and their relevance for the martensitic phase transition was given. At this point the following
question arises: What drives the martensitic transition and determines the martensitic transformation temperature?
Several studies have addressed the phase diagram of Ni-Mn-Ga and related
alloys by means of first-principles calculations (see, for example, [74, 81–83,
86, 111–114] and references therein). In a general approach the total energy at
zero temperature is calculated as a function of the tetragonal distortion c/a at
constant volume, which describes the tetragonal deformation of the austenitic
phase with L21 structure (c/a = 1). All studies have demonstrated that the
global minimum of the total energy landscape is located at a value of c/a > 1,
in the region of c/a ≈ 1.2 − 1.3 (see black data points in Fig. 2.19a), with a
small local minimum (possibly) arising for c/a < 1. These findings point to the
fact that from theoretical calculations the NM tetragonal martensitic phase is
the most stable configuration for Ni-Mn-Ga at zero temperature. The energy
difference between the austenite and the non-modulated martensite phase
∆EA−N M is closely related to TM . Comparisons with experimentally obtained
TM show that a larger ∆EA−N M corresponds to a higher TM [111].
The phase diagram for Mn-rich alloys calculated in this way is shown in
Fig. 2.19b (MS (∆E)). The overall agreement between theoretical and experimental values is satisfactory, however MS (∆E) is systematically smaller than
the experimental values. Additional information from the energetic scenario
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Figure 2.19.: (a) Calculated total energy of Ni2 MnGa for the ground state magnetic moment of 4.07 µB /f.u. ∆E 1 and fixed spin moment value of 3.60 µB /f.u.
∆E 2 . ∆E α is plotted as a function of tetragonality c/a and relative to its energy minimum at c/a > 1. The calculation for the reduced magnetization
of 3.60 µB /f.u. simulates the behavior for finite temperature. In addition, the
1
phonon free energy at two different temperatures, Fph
= Fph (200 K) and
2
Fph = Fph (300 K), is shown. (Image taken from [112]) (b) The theoretical phase
diagram of Ni2 Mn1+x Ga1−x marked by the blue and violet circles and lines.
For comparison, the experimentally obtained data (orange circles and lines) is
shown. The martensitic transformation temperature MS (∆E) is obtained from
structural energy differences of total energy calculations that have been converted to a temperature scale. MS (∆Fph ) refers to a calculation where also the
phonon free energies where taken into account to approximate MS . TCA (MC)
and TCM (MC) refer to the Curie temperature of austenite and martensite, respectively, obtained from Monte Carlo calculations (Image taken from [115]).

involved in the structural transformation may be obtained when the phonon
contributions to the free energy are taken into account [112, 114]. The phonon
free energy as a function of c/a for two different temperatures is shown in
Fig. 2.19a. The temperature influence on the magnetization was also included
by the calculation of the free energy ∆E 2 for a reduced magnetization value of
3.60µB /f.u. From these calculations we can infer that the contributions from lattice vibrations help stabilize the austenitic phase (minimum of Fph at c/a = 1),
while total energy favors martensite (minimum of ∆E at c/a ≈ 1.25). This com-
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petition governs the transition from austenite to martensite with decreasing
temperature. The sum of different energy contributions shows that the MT occurs somewhere between 200 K and 300 K9 . The transformation temperatures
obtained from these calculations are shown in the phase diagram in Fig. 2.19b
as MS (∆Fph ). Moreover, Uijttewaal et al. have shown that additional contributions from magnetic excitations further lower the MT temperature of Ni2 MnGa
[83]. Only the combined approach of including both vibrational as well as magnetic excitations reproduces the complex sequence of phase transformations
(martensite↔premartensite↔austenite) for stoichiometric Ni2 MnGa as a function of temperature.
Origin of the Martensitic Phase Transformation These results presented in
the preceding paragraph have shown that electronic, vibrational and magnetic
contributions and their competition have to be considered in order to access
the phase transformation sequence and the phase diagram of Ni-Mn-Ga alloys. The phase transformation sequence could be satisfactorily reproduced
for the stoichiometric composition Ni2 MnGa. However, it is obvious that the
influence of chemical disorder for the off-stoichiometric or doped samples on
the martensitic transformation can only with difficulty be taken taken into
account.
For the case of the stoichiometric composition Ni2 MnGa, however, the situation is more simple. As already outlined in this section the origin of the
premartensitic and martensitic transformation is related to a number of effects
connected to the electronic properties of this system. The band Jahn-Teller effect originating from a peak of Ni d-states in the minority DOS which is moved
above EF when the system undergoes a structural transformation has been
proposed as responsible for the structural instability of the austenitic phase
[74, 81, 86, 95, 109, 114, 116]. This effect is closely related to Fermi surface nesting since these states form flat extended sheets on the FS [24, 26, 28, 85, 94]. In reciprocal space these sheets can be connected through a single wave vector along
the [110] direction. The redistribution of states residing next to the Fermi energy
9

The experimental transformation temperature of stoichiometric Ni2 MnGa is 202 K.
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can gain sufficient energy to stabilize the modulated structural arrangement
[117]. Only for near-stoichiometric compositions a modulated premartensitic
phase is observed, which is indicated by a soft phonon mode in the austenitic
phase. The wave vector of the soft phonon mode corresponds to modulation of
the premartensite shuffle on the one hand and on the other hand to the nesting
vector connecting the FS sheets [74, 79, 110, 113]. Due to FS nesting the electron density correlation function is enhanced and, provided a strong electronphonon interaction, renormalizes the main shear phonon mode, which leads
to the observed dip in the phonon dispersion (Kohn anomaly) [114]. Recent
experimental observations support a charge density wave ground state with
the periodic lattice modulation driven by electronic instability [25–27]. In this
context the character of the modulation in the premartensitic and the martensitic phase of the stoichiometric Ni2 MnGa was considered as a sinusoidal
modulation of the undistorted lattice positions [17, 51, 117].
The overall picture of martensitic driving forces is getting more complex
when considering the off-stoichiometric and doped samples. A number of different martensitic phases were reported (see section 2.1) and the character of
the modulation is still under debate for these type of Ni-Mn-Ga based alloys.
Meanwhile the interpretation of the 7M martensitic phase as a nanotwinned
adaptive structure is widely accepted [29–31, 67, 70, 117]. However, there is an
ongoing debate about the nature of the 5M martensitic phase in the context of
the adaptive phase concept. Also the driving forces for the martensitic instability and their temperature behavior in off-stoichiometric and doped samples
have not been resolved yet.
The role of the chemical disorder and the influence is difficult to implement
in theoretical calculations, which is why only few works have been carried out
[82, 109, 111, 113, 118–120]. Experimental studies of the electronic structure
for this group of Ni-Mn-Ga alloys are almost completely missing [101]. Calculations of the electronic structure of off-stoichiometric and doped alloys have
demonstrated a change in the DOS near the Fermi energy compared to the
stoichiometric composition Ni2 MnGa [109, 111, 113]. It has been pointed out,
that the position of the peak in the DOS related to the Jahn-Teller instability
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with respect to the Fermi level is influenced by the composition and doping
elements. Siewert et al. argued that band Jahn-Teller effect becomes less pronounced for the off-stoichiometric compositions and consequently should be
regarded only as an accompanying feature, and not as the origin, of the martensitic transformation in Ni-Mn-Ga composition range which supports the
formation of 7M modulated martensite [113]. Calculations of the evolution of
the Fermi surfaces of Ni2 Mn1+x Ga1−x demonstrated that the nesting behavior
prevails in the alloys with extra Mn [82]. This means that charge susceptibility
and Kohn anomaly are still enhanced in off-stoichiometric alloys and extra
valence electrons of Mn atoms only increase the volume of the FS. In contrast,
calculations performed by Siewert et al. contradict these [113]. They claim that
the FS plain sheets which are connected to the nesting features partly vanish
as the valence electron concentration e/a is increased for Ni2 MnGa. Recent investigations emphasize the importance of the complex magnetic behavior as a
martensitic driving force arising from competing ferro- and antiferromagnetic
interactions with increasing chemical disorder in the super cell [82, 113, 115].
The antiferromagnetic tendencies have their origin in the magnetic interaction
of nearest neighbor Mn-Mn pairs in off-stoichiometric (Mn-rich)10 compositions. The possible influence of magnetism on phase diagrams, the topology
of the FS and the formation of modulated martensitic phases was recently
discussed by Entel et al. [82, 115].
In summary, the existing investigations identify the Ni-Mn-Ga alloy as a system with competing vibrational, electronic and magnetic interactions which
were all identified as important for the microscopic origin of the martensitic
transformation. The individual contributions of the different properties and
their dependency on temperature, composition and chemical disorder are still
10

The magnetic Mn-Mn interaction becomes of antiferromagnetic type if one of the Mn atoms
resides on the regular Mn site of the L21 unit cell and the other Mn atom occupies the regular
Ni or Ga sublattice. This causes the nearest-neighbor distance to shrink and leads to antiferromagnetic interaction between these Mn-Mn pairs (See 2.2.1). This situation occurs not only for
Mn-rich sample composition but also for doped and off-stoichiometric samples when atoms
occupy the Mn sublattice and displace the Mn atoms from their regular places (see for instance
[109] an references therein).
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elusive. In order to bring more clarity in this discussion more experimental
studies are missing in first place. The study of structural, electronic and magnetic properties as a function of composition and temperature for both the
austenitic and the martensitic phase can help to solve the puzzling issue of
driving forces of the martensitic instability in Ni-Mn-Ga Heusler alloys.
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Chapter 3.
Experimental Techniques
In this chapter a broad range of experimental techniques used for the characterization of film and bulk sample will be presented. The most import ones, which
were implemented under ultra high vacuum (UHV) conditions (base pressure:
10−10 −10−11 mbar), will be discussed in detail: scanning tunneling microscopy
and spectroscopy (STM/STS) and several methods of the photoemission spectroscopy family: X-ray photoemission spectroscopy (XPS), ultraviolet photoemission spectroscopy (UPS) and angle-resolved photoemission spectroscopy
(ARPES). Other measurement techniques, which were used rather frequently
(LEED), and also standard analysis methods (SQUID magnetometry, XRD and
SEM) will be introduced only briefly.

3.1. Scanning Tunneling Microscopy (STM)
Scanning tunneling microscopy (STM) is one the most crucial analysis technique inventions in surface physics in the last decades and rapidly developed
to one of the most important and most often used methods for structural
characterization[121–124]. The reason for its success is that the STM and related scanning probe techniques offer the possibility to study the structural
and electronic properties in real space at length scales down to the atomic level.
This analysis technique is based on the quantum mechanical tunneling effect.
Therefore a bias voltage UG in the range between few mV and several V is applied between a sharp metallic tip and samle and the tip is slowly approached
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in z direction towards the sample by piezoelectric drives (see Fig. 3.1). At a
certain distance (typically in the range of around 1 nm) the wave functions of
the tip and the sample overlap and a tunneling current IT (typically between
few pA and few nA) can be detected. A classical treatment would not allow

Figure 3.1.: Sketch of the working principle of STM on macroscopic and atomic
scale. (a) A sharp metallic tip is positioned over the sample surface by piezodrives at a certain sample-tip distance. Two basic operation modes are used for
scanning. (b) In the constant height mode the tip is scanned over the surface
at a constant z position. The recorded tunneling current signal contains the topography information. (c) In the constant current mode the tunneling current
is kept constant. The recorded z position resembles the surface topography.

the electrons to overcome the isolating vacuum region between the tip and the
sample surface. Though, a quantum mechanical treatment gives rise to a non
vanishing tunneling current which strongly depends on the distance d between
the tip and the sample. The one-dimensional calculation of the transmission
probability of an electron through an energy barrier, which is larger than the
electron kinetic energy, with width d yields a tunneling current
IT ∝ exp(−2κd) .

(3.1)

√
The decay constant κ = 2me φ/~ depends on the free electron mass me (appropriate for vacuum tunneling conditions) and the work function φ of the sample.
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Equation 3.1 demonstrates the strong dependance of the tunneling current on
the barrier tip sample distance d. With a typical work function value of several
eV a distance change of 1 Å results in a variation of IT of approximately of one
order of magnitude. This is the reason for the ability of the high direct space
resolution of the STM technique, even down to the atomic scale.
By detecting the tunneling current it is possible to obtain height information
and if the tip is also driven in x- and y-direction one gets a three-dimensional
topography information of the surface. In the constant height mode (Fig. 3.1b)
the z-position of the tip remains constant during the scan and the changing
tip-surface distance leads to the variation in the recorded IT -signal. Using the
equation 3.1 one can reconstruct the surface topography. In contrast in the constant current mode (Fig. 3.1c) the tunneling current signal is kept constant while
the z-position is continuously readjusted by a feedback circuit. The recorded
variation of the z-position directly represents the surface topography information.

tip
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Figure 3.2.: Density of states ρ(E) of tip and sample in a STM experiment.
The applied voltage UG displaces the fermi levels EF of the tip and the sample
relative to each other. In the shown situation (UG > 0) the occupied states (grey
shaded area) of the tip can tunnel into the unoccupied states of the sample.
Only the states within an energy range [EFtip , EFtip − eUG ] on the tip side and the
unoccupied states of energy [EFs , EFs + eUG ] contribute to the tunneling current
IT .
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For the correct interpretation of STM images as surface topographies, the
STM principle needs to be considered in greater detail, e.g. the wave functions
of the tip and the sample have to be taken into account [125]. In the case of weak
coupling between tip and sample, which is given for moderate displacements,
an alternative treatment of the tunneling current is a time dependent firstorder perturbation approach [126]. Here the electron transition rate, which is
proportional to the tunneling current IT , from a surface wave function ς to a
tip wave function τ is given by Fermi’s golden rule
Tς7→τ =

2π
|M | δ(Eς − Eτ ),
~

(3.2)

with |M | as the tunneling matrix element. The tunneling current can be calculated by integration over all possible states and is found to be proportional to
the convolution of the density of states (DOS) of sample ρs and tip ρtip
Z
IT ∝
0

eV

ρs (EFs − eUG + )ρtip (EFtip − eV + )d.

(3.3)

In this equation EF represents the Fermi level of sample and tip, which differ by
the applied bias voltage UG (Fig. 3.2). According to this equation the electronic
structure of both, tip and sample, influence the tunneling current. However,
under the assumption of a point-like tip with a s-type orbital it can be shown
that ρs has the dominant influence on the tunneling current [125, 127]. Following this argumentation the dependence of IT on the bias voltage has to be taken
into account during the interpretation of the STM images. Since sample’s DOS
is energy dependent different bias voltages can result in different images of the
same sample surface. This fact can be used for the extraction of spectroscopic
information from STM measurements.
For the presented work two types of STM setups were used. The first system was the Omicron variable temperature scanning probe microscope (VT
SPM), which can be operated in the STM or the AFM/MFM regime depending
on the type of the used probe. The setup can be operated in a temperature
range of ≈ 25 − 400 K by means of a liquid helium flow cryostat and radiative
heating. The second setup used was the Omicron Cryogenic STM equipped
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with a liquid helium bath cryostat and is operated at cryogenic temperatures
(from 2.5 K). For all STM measurements tungsten tips were used. The tips
were electrochemically etched and cleaned in UHV by electron bombardment
flash-annealing.

3.1.1. Scanning Tunneling Spectroscopy (STS)
As it was shown in the previous section, the tunneling current shows a dependance on the bias voltage, since the electronic density of states of the sample
influences the tunneling current. This means that apart from obtaining spatial
information, the STM technique can be used to obtain spectroscopic information. In particular samples local density of states can be probed. Equation 3.3
implies that the this information can be obtained only in the case of a well-know
or a constant DOS ρtip of the tip. Under the last assumption and according to
3.3 the first derivative of the tunneling current is proportional to the local DOS
of the sample:
dIT
∝ ρs (EFs − eUG ).
(3.4)
dUG
The measurement of the spectroscopic information can be carried out by different experimental approaches [128]. In the constant spacing regime the tip
is placed at certain distance from the sample surface, which is determined by
the feedback current IT , at a selected xy-position. Then the feedback loop is
switched off, the bias voltage UG is swept and the tunneling current is recorded.
Subsequently the dIT/dUG -signal is obtained by numerical differentiation.
A more advanced STS measurement method provides the differential conductance signal directly by using a lock-in technique. This is used in general
to access a small signal which is locked in a strong noisy background signal.
The principle of the experiment is shown in Figure 3.3.
A sinusoidal modulation voltage Vm (t) of high frequency ω provided by a
function generator is superimposed on the bias voltage UG . As a result a time
dependent tunneling current IT (UG + Vm (t)) can be detected. This signal is
multiplied with a reference signal sin(ωt + φ) of the same frequency ω as the
modulation voltage but with a phase shift φ in the lock-in amplifier. Then the
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Figure 3.3.: Sketch of the working principle of an STS experiment. The main
components for a lock-in detection are a function generator and an lock-in amplifier which consists of a phase sensitive detector (PSD) and a low pass filter.
The bias voltage UG is modulated with a modulation voltage Vm (t) of frequency
ω provided by the function generator. The bias voltage UG is swept on a time
scale τ 0 much larger than ω −1 . As a result a time dependent tunneling current
is recorded in the lock-in amplifier. Multiplication with a reference signal and
time integration finally yields the differential conductance dIT/dUG as the output
signal.

resulting signal is integrated over a specific time τ , which gives:
Z
1 τ
sin(ωt + φ) · IT (t)dt.
S=
τ 0

(3.5)

It can be shown that for tunneling experiments with small bias voltages the
output signal S is proportional to the first derivative of the tunneling current
dIT /dUG [128]. If the bias voltage is swept in the desired range on a time scale
τ 0 which is larger then the time constant τ , then the differential conductance
is finally obtained as a function of UG .
Within the presented study a SR830 lock-in amplifier (Standford Research
Systems) was used for the STS measurements. In our experiments the tip did
not undergo any special treatment to satisfy the assumption of a featureless tip
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DOS made previously. Thus the atomic configuration of the tip was unknown
and its influence on the obtained spectra can not be excluded [129].

3.2. Photoemission Spectroscopy
A wide range of experimental techniques uses the electromagnetic radiation to
probe the electronic properties of solid surfaces. With increasing energy of the
radiation it is possible to probe deeper energy levels of the electronic bands
and the atoms. In X-ray photoelectron spectroscopy (XPS) X-ray radiation is
used to study the core level binding energies in atoms. Photon energies hν in
the ultraviolet spectral region are applied to analyze the valence band structure
in ultraviolet photoemission spectroscopy (UPS) experiments. The occupied
electronic band structure, which mainly determines the properties of the solids,
is of particular interest. In contrast to other experimental techniques which can
provide access only to parts of the electronic structure like the Fermi surface
(e.g. De Haas-van Alphen effect) or the local density of states (e.g. STS, see
section 3.1.1) photoemission spectroscopy can also be utilized to study the full
momentum-resolved electronic band structure. This experimental technique
is called angle-resolved photoemission spectroscopy (ARPES).

3.2.1. X-ray Photoemission Spectroscopy (XPS)
X-ray photoemission spectroscopy or photoemission spectroscopy (XPS) is a
spectroscopic technique based on the photoelectric effect, which was theoretically explained by Albert Einstein in 1905 [130]. If a photon hits the sample
surface, then it can be totally absorbed by an electron in a occupied electronic
state. In the case of sufficiently low binding energies the photon energy hν is
larger than the sum of the electron binding energy EB and the work function
of the sample Φ, the electron can be lifted to higher energies above the vacuum
level Evac . The excited electrons travel to sample surface and leave the sample
having the kinetic energy Ekin , which is given by the energy conservation as:
Ekin = hν − EB − Φ.

(3.6)
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With the knowledge of hν and Φ, the kinetic energy of the photoelectrons Ekin
has to be detected in the experiment to calculate the binding energy EB of
the initially excited electronic state. Finally the intensity distribution N (Ekin )
images the core levels and the occupied valence band DOS of the sample
(see Fig. 3.4b). The measurement requires a photon source (X-ray gun or synchrotron radiation facility), a sample and an electron energy analyzer. Also the
experiment must be carried out in high vacuum conditions since it is based on
the detection of free electrons. The principal setup is illustrated in Fig. 3.4a. The

Figure 3.4.: (a) Schematic illustration of an experimental setup in a photoemission experiment including a radiation source, sample and an energy analyzer.
The analyzer consists of electrostatic lenses, entrance and exit slits,a hemispherical analyzer, which is comparable with the principle of a capacitor, and electron
multipliers as a detector. (b) Basic physical concept behind photoemission spectroscopy. Electrons with binding energy EB are excited above the Fermi level EF
and leave the sample having the kinetic energy Ekin = hν −EB −Φ, with Φ being
the work function. The intensity spectrum as a function of kinetic energy shows
the element specific core level peaks and the valence band spectrum broadened
by excitation line width, thermally and by analyzer resolution.

energy distribution of the core level peaks is characteristic for each element. As
a result an XPS measurement allows the determination of the elemental composition of the sample. Moreover the binding energy shifts caused by chemical
bonds can be resolved by this method. The width of the measured spectra is
described by a convolution of thermally broadened line width of the observed
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energy level, excitation line width and analyzer resolution.
Photoemission spectroscopy is a very surface sensitive technique, since the
mean free path of the excited photoelectrons limits the information depth in the
experiment. In solids the mean free path is determined by electron-phonon and
electron-electron interactions. In Fig. 3.5 it is shown as a function of electron
kinetic energy. In the energy range relevant for photoemission experiments
(10-2000 eV) the escape depth is only 20 − 3 Å. This means, that electrons from
only few topmost atomic layers are probed in these experiments. A reliable
study of the bulk properties of the samples requires an atomically clean surface
during the whole photoemission experiment. This in turn demands for ultrahigh vacuum (UHV) conditions to keep the solid surface free from adsorbed
contaminants.

Figure 3.5.: Inelastic mean free path of electrons as a function of their kinetic
energy for different materials. Diagram from [131].

For the presented study a dual-anode X-ray source providing Mg Kα with
~ν=1253.6 eV or Al Kα with hν = 1486.6 eV radiation and an Omicron EA 125
hemispherical energy analyzer were used.
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3.2.2. Ultraviolet Photoemission Spectroscopy (UPS)
In the previous section it was presented, that with the use of high energy excitation sources it is possible to study the binding energies of the core level
electrons. However the electrons with binding energies 10-20 eV below the
Fermi energy determine the properties of solids, particularly of metals, in a
great way. Therefore the study of valence electrons is of major importance. For
this purpose ultraviolet (UV) light is used in UV photoemission experiments.
UV light is generated usually by helium discharge lamps and the characteristic He lines (He Iα with hν = 21.2 eV or He IIα with hν = 40.8 eV) are used.
According to equation 3.6 only valence band energy levels can be excited with
these photon energies. Compared to XPS UPS has the advantage of a significantly higher energy resolution due to the very small line width of the He
lines.
In this study an Omicron HIS 13 UV source, operated with He gas, and an
Omicron EA 125 hemispherical energy analyzer were used.

3.2.3. Angle-resolved Photoemission Spectroscopy (ARPES)
In this section the ability of the photoemission spectroscopy to obtain electrons
energy-momentum relation, i.e. the band structure E(~k), in solids is reviewed.
More specifically the principle of angle-resolved photoemission spectroscopy
(ARPES) is discussed. This section is adopted from [131] where a more detailed
introduction is given.
As it was already discussed, the electrons can escape from the solid if they
absorb a photon of sufficient energy (eq. 3.6). By measuring the energy and the
momentum of the photoelectrons outside the solid and considering energy and
momentum conservation laws it is possible to obtain the electron dispersion
relation (band structure). The electron momentum in vacuum |K| is related to
kinetic energy Ekin of the photoexcited electron by the following equation:
|K| =

2mEkin
,
~

(3.7)

where m is the free mass of the electron and ~ is the reduced Planck constant:
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h/2π .

The momentum of the electron in vacuum is a sum of two components,
~ k and perpendicular K
~ ⊥ to the sample surface:
the momentum parallel K
~ =K
~k + K
~ ⊥,
K

(3.8)

~k = K
~x + K
~ y, K
~⊥ = K
~ z.
K

(3.9)

with
According to the emission angles θ (polar angle) and φ (azimutal angle) of the
photoelectrons, the individual momentum components and the kinetic energy
are related as it follows:
√
2mEkin sin(θ) cos(φ)
Kx =
,
(3.10)
~
√
2mEkin sin(θ) sin(φ)
,
(3.11)
Ky =
~
√
2mEkin cos(θ)
Kz =
.
(3.12)
~
~
These equations allow one to calculate the energy-momentum relation Ekin (K)

K||
K⊥

hu

k

Q

K

vacuum
solid

Q‘
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Figure 3.6.: Momentum relation at the transition of the excited electron between
solid and vacuum with conserved momentum component parallel to the surface
~k|| = K
~ || . The momentum component perpendicular to the surface is changed
~k⊥ 6= K
~ ⊥.

of the photoexcited electrons in vacuum. However the energy dispersion relation of the electrons in the sample is of particular interest. Therefore the
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electron momentum inside the crystal (denoted as ~k, see Fig. 3.6) has to be
determined.
During the process of transition from solid into vacuum only some components of the electron momentum are conserved, since the electron is refracted
at the crystal surface. The momentum component parallel to the surface is
conserved, due to the absence of a potential in surface plane direction. This
momentum component can be possibly only altered by a reciprocal surface
~k , which leads to: K
~ k = ~kk + G
~k . Following this interpretation and with
vector G
the assumption, that the momentum of the photon is small compared to the
momentum of the photoelectron, which is valid for typical photon energies
used in ARPES experiments (20-200 eV), the parallel component of the photoelectron momentum inside the solid ~kk can be calculated. With notation of
Fig. 3.6 it can be written as:
! √
!
~kkx
p
cos(φ)
2m
~kk = K
~k =
Ekin sin(θ)
.
(3.13)
=
~kky
~
sin(φ)
In contrast, the situation with the perpendicular component of the momentum
k⊥ is more complex, since the momentum conservation does not hold in this
case (Fig. 3.6). Upon the photoemission process it is changed at the solid surface
due to the presence of a surface potential. To obtain k⊥ different approaches
can be made [131]. In the so called “free-electron final-state model”, where freeelectron like dispersion relation of the final state is assumed, the final states
outside the solid are shifted by an inner potential V0 with respect to the final
states inside the solid. The absolute value of the perpendicular component of
~k can be written in terms of V0 as:
√
√ r
2m
~2 2
2m p
kk =
k⊥ =
Ekin + V0 −
Ekin cos2 (θ) + V0 .
(3.14)
~
2m
~
Since the inner potential V0 is an unknown parameter, the measurement of
Ekin and the emission angle θ does not necessarily provides the knowledge of
~k. V0 has to be assumed based on theoretical calculations or it can be obtained
experimentally. By tuning the photon energy hν the band dispersion in the
k~⊥ -direction can be measured. Subsequently a fit to the data provides the value
of V0 .

72

3.2. Photoemission Spectroscopy
The accuracy of an ARPES experiment depends mainly on the following aspects: the energy and angular resolution of the photoelectron energy analyzer,
the quality of the photon source, the quality of the the UHV conditions and the
quality of the sample surface. The two last aspects have already been discussed
in section 3.2.1 in the context of general photoemission experiments. However for ARPES experiments these become more important, since according to
Fig. 3.5 the minimum of the mean free path function occurs for kinetic energies
from 20 to 200 eV. This energy range is most frequently used in ARPES experiments. Therefore it has to be ensured, that the contamination of the sample
surface has to be prevented during the measurement. Synchrotron radiation
sources undoubtedly provide the best radiation for ARPES experiments: polarized, coherent, highly brilliant, of high intensity and with a with continuous
spectrum(microwave to hard X-ray). This radiation is produced by acceleration
of relativistic electrons and therefore accessible only at large research facilities.
For a more detailed review the reader is referred to [132].
The most important component of an ARPES experiment is the photoelectron spectrometer. In modern experiments hemispherical deflections analyzers
equipped with an 2D electron detector (channelplate detector) are used to detect energy distribution curves at a wide angular range at low acquisition times.
Simultaneously high energy and angular resolution ensure the high accuracy
of the measurements. In Fig. 3.4a schematic drawing shows the principle of a
hemispherical analyzer. Photoelectrons coming from the sample surface are focused by an electrostatic lens system and enter the the hemispherical capacitor.
Due to an applied voltage between the two plates of the capacitor UA only electrons having a certain kinetic energy can pass through the analyzer, without
colliding with the inner walls of the capacitor, and finally reach the electron
detector. This energy, at which the electrons can pass through the analyzer
and which is therefore called pass energy EP , is determined by the radii of the
analyzer hemispheres (Rin and Rout ) and the applied voltage UA by:
EP =

eUA
Rout
Rin
−
Rin
Rout

.

(3.15)
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Figure 3.7.: (a) Construction of the six-axis (three translation and three rotation
axes) manipulator head. The emission angle can be varied by the rotation of
the sample (e.g. x-axis, angle β). (b) Principle arrangement of the manipulator
head with the spherical energy analyzer. The electrons enter the analyzer as a
focused beam at the entrance slit. After the pass of the hemispherical capacitor
the electrons are spread in vertical direction depending on the kinetic energy.
Image from [133].

Since electrons can be easily decelerated by using electric fields, most instruments use a retardation stage to decelerate electrons to the pass energy before
they enter the analyzer (Fig. 3.7). This technique is used due to energy resolution reasons. The intrinsic resolution of an analyzer linearly depends on the
energy of the analyzed electrons E0 as: ∆E(E0 ) = cE0 [131]. An unretarted
photoelectron arriving at the analyzer with Ekin could be only resolved with
an accuracy of ∆E(Ekin ) = cEkin . A deceleration of the electrons would yield
a resolution enhancement of ∆E(Ekin )/∆E(E0 ) = Ekin /E0 . It also leads to a
constant energy resolution for electrons with different energy. In general the
energy resolution of a hemispherical analyzer is given by the following equation:


x1 + x2
∆E = EP
,
(3.16)
2R0 + α2
where R0 is the inner radius of the analyzer, x1 x2 are the radii of the entrance
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and exir slits and α is maximum angle of the deflection of the the electron
trajectories and is determined by the lens system.
An electron analyzer setup as shown in Fig. 3.4a can detect an EDC for only
one emission angle per scan. This means that the determination of an energymomentum relation needs a change of the emission angle for every energy scan.
A simultaneous detection of the emission angle and the kinetic energy of the
photoelectrons greatly enhances the acquisition time. This can be performed
by the use of a 2D electron analyzer, which is schematically pictured in Fig. 3.7b.
In this setup the photoelectrons enter the analyzer through an entrance slit.
Thus electrons at a wide emission angle range, respective one momentum direction, are accepted simultaneously. After passing the analyzer the electrons are
counted by a 2D electron detector. The arriving position of the photoelectron
on the detector is a measure for the electron’s kinetic energy and the emission angle. The exact conversion of the detected 2D electron distribution map
into kinetic energy and the emission angle is finally performed by the experiment software. The result of one scan is a 2D photoemission intensity data set
I(EB , kx ), with one axis being the binding energy of the electrons and the other
the momentum kx along one direction (Fig. 3.7b). If subsequently the emission
angle (e.g. angle β as shown in Fig. 3.7a) is scanned respective the other momentum direction ky a 3D photoemission intensity data set I(EB , kx , ky ) can be
obtained. This represents the band structure of the solid along two momentum
directions kx and ky for a certain value of the third momentum direction kz ,
which is given by the used photon energy hν (Eq. 3.14). For symmetry reasons
and therefore a better data interpretation the photon energy is chosen in a
way, that the obtained value of kz coincides with high symmetry points of the
Brillouin zone (BZ).
ARPES experiments for this thesis were performed at the UE56-2 PGM-2
beamline of the HZB (BESSY) synchrotron facility located in Berlin. The photoemission intensity data sets I(EB , kx , ky ) were collected with a PHOIBOS100
energy analyzer (SPECS). The sample was placed on a six-axis manipulator
(three translation and three rotation axes) to adjust the sample position and
to scan the emission angle. The energy resolution was set as 80 meV and the
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angular resolution as 0.2◦ . The photon energy hν was chosen to coincide with
different kz points of the bulk BZ.

3.3. Superconducting Quantum Interference
Device (SQUID) Magnetometry
A magnetometer system using a Superconducting Quantum Interference Device (SQUID) enables the measurement of the magnetization of a sample with
high precision [134, 135]. The absolute value of the magnetization can be measured as a function of temperature and/or magnetic field, which makes the
determination of the magnetic properties and the identification of the magnetic
phases of bulk samples possible. In general the magnetization measurement
principle is based on the use of a superconducting ring which is disconnected
by Josephson junctions. A Josephson junction is an insulating layer between
two superconductors which is thin enough that cooper pairs tunneling can
happen (Josephson effect). There is a variety of different SQUID setups, but for
reasons of simplification only the DC-SQUID principle will be described here.
This is also the setup measurement principle of the SQUID magnetometer used
in this thesis. The centerpiece of a DC-SQUID magnetometer is a superconducting ring wich is interrupted by two Josephson junctions (Fig. 3.8a). The
superconducting ring can enclose only magnetic fluxes of an integral number
of the magnetic flux quantum h/2e ≈ 2.07 Tm2 . The magnetic flux induces
a loop current in the superconducting ring, which can not be detected. For
the purpose of detecting extremely small changes of the magnetic fluxes a DC
current is conducted through the SQUID ring (Fig. 3.8a). The voltage present
at the SQUID is proportional to the applied DC current but also depends on
the loop current which in turn is depending on the magnetic flux enclosed by
the SQUID ring.
The measurement of the sample magnetization takes place as it follows. The
sample is moved gradually through a superconducting second order gradiometer, which is needed to eliminate the flux induced by the applied magnetic field.
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Figure 3.8.: (a) Schematic illustration of a DC-SQUID, which consists of a superconducting ring intersected by two josephson junctions. Direct current is
applied to achieve a measurable voltage U which is dependent on the magnetic
flux Φ enclosed by the SQUID loop. (b) A second order gradiometer is used
to transform the magnetic flux induced by the sample magnetization to the
SQUID.

The input coils, which detect the magnetic flux induced by the sample, are coupled to the shielded SQUID by a flux transformer (Fig. 3.8b). As a result the
magnetic flux through the input coils as a function of the sample position
relative to the input coil center is recorded. Finally the determination of the
absolute sample magnetization happens by a fit of a perfect punctual magnetic
dipole behavior to the recorded function with the magnetization as the free
fit parameter. For the detection of the magnetization as a function of an external field a homogeneous magnetic field is generated by superconducting
coils. Since the pickup coils, the magnetizing coils and the SQUID ring itself
are operated in the superconducting regime the device has to be kept at low
temperatures.
Within the presented work a Quantum Design MPMS XL5 SQUID magnetometer was used. It was equipped with superconducting coils capable of
applying a magnetic field of up to 5 T. The measurements could be conducted
in a temperature range of 1.9 - 400 K.
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3.4. Low Energy Electron Diffraction (LEED)
Diffraction of low energy electrons is a standard surface analysis technique
used to study the crystallographic structure of solid surfaces [136, 137]. To
do so electrons with an energy of 20 - 500 eV, whose de Broglie wavelength
λ = h/m · v is around 0.05-0.3 nm and therefore is of the order of atomic
distances, are used. Due to the very low mean free path of the electrons of this
energy range (see. Fig. 3.5) this probe method ensures good surface sensitivity
of only few atomic layers. The electrons incident on the sample surface and are
elastically scattered. The resulting diffraction pattern is imaged on a spherical
fluorescent screen (Fig. 3.9). The screen can be observed and recorded through
a transparent window.
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Figure 3.9.: Principal experimental setup of a LEED system in a rear view configuration. The relation between the diffraction pattern observed on the phosphorous screen and reciprocal space is shown using a 2D Ewald construction.
In the case of a 2D real space lattice the reciprocal lattice is represented by rods
perpendicular to the solid surface. The diffraction condition is fulfilled for all
intersections of the Ewald sphere with the reciprocal lattice rods. Image adapted
from [136].

For the incident electron beam the diffraction condition can be obtained by
applying kinematic theory. For the situation in 3D this is given by the Laue
~ = ~k − k~0 =! G.
~ Here k~0 and ~k are the wave vectors of the incident
equation as: K
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~ is the scattering vector K
~ = ~k − k~0 and G
~
and the scattered wave respectively, K
is the reciprocal lattice vektor. The scattering conditions in 3D is fulfilled only
for certain incident wave vectors k~0 , since the reciprocal lattice is a point lattice
in 3D. However the scattering process on an ideal 2D lattice, which is illustrated
in Fig. 3.9 by the 2D Ewald construction, is more simple. The reciprocal lattice
of a 2D real space lattice consists of rods perpendicular to the solid surface.
Consequently the scattering condition is fulfilled for all sufficiently large wave
vectors k~0 at points where the Ewald sphere intersects the rods of the reciprocal
lattice (Fig. 3.9). In this situation the scattering condition can be simplified to
~ k = ~kk − k~0k =! G
~ k , using only the wave vector components parallel to the
K
surface. Since the radius of the Ewald sphere is given by k~0 = 2π/λ more
rods intersect the Ewald sphere with increasing electron energy. This means
that more diffraction spots appear on the screen originating from higher order
diffractions. The diffraction pattern recorded on the fluorescent screen is a
cross section through the reciprocal lattice rods and is therefore a direct image
of the reciprocal surface space lattice.
Within the presented LEED experiments were performed using the SPECTALEED system of Omicron NanoTechnology. The measurements could be
performed in a temperature range of ≈ 160-293 K using liquid nitrogen (LN2 )
cooling.

3.5. Additional Experimental Techniques
In this section additional experimental techniques which were used in this thesis are presented. The measurements obtained by this methods are presented
only infrequently and so the methods shall be only briefly described. For a
more detailed description the reader is referred to the quoted literature.
X-ray Diffraction (XRD)
To study the crystallographic properties of solids, that are the orientation and
the values of the crystallography axes in the solid, X-ray radiation is widely
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used. For this purpose the diffraction of manochromatic X-rays with wavelengths in the range of λ = 10−9 ...10−11 m by the lattice planes is applied. The
condition of the constructive interference is fulfilled if the lattice plane distance
dhkl is a multiple n of the X-ray wavelength λ and is described by Braggs’s law:
(3.17)

nλ = 2dhkl sin(θ).

Thereby θ is given as the angle between the incident X-ray radiation and the
sample surface 3.10a. The reflection occurs under the angle θ as well. Thus
varying the incidence and the detection angle in a θ-2θ-measurement leads to
the detection of different lattice plane spacings dhkl . For a polycrystalline sample a large number of different lattice planes can be identified in this manner
due to their random orientation. However for a single crystalline sample (e.g.
an epitaxial film grown on a substrate) the situation is different. Since only
the lattice planes which are oriented parallel to the θ-θ-plane fulfill the Bragg
condition, the lattice planes which are tilted with respect to the substrate surface can not be detected by a simple θ-2θ-measurement. This situation can for
instance occur if twin variants are formed (see chapter 7.1.1). It is therefore necessary to rotate the sample around the axis parallel (φ) and/or perpendicular
(χ) to the substrate normal (Fig. 3.10b).
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Figure 3.10.: (a) Nomenclature of the degrees of freedom in an XRD measurement. The X-ray radiation enters under the angle θ relative to the sample surface
and is detected under the angle θ as well. The rotation angle around the surface
normal is denoted as φ. The tilting angle of the surface plane is labeled as χ. (b)
For film samples where the lattice planes are tilted with respect to the substrate
plane the sample has to be tilted to fulfill the diffraction condition.

Within the presented work a Bruker AXS D5000 with 2 measurement circles
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(θ and 2θ) was used. It was equipped with an additional circle which allowed
to rotate the sample about the axis normal to the substrate surface. The X-ray
radiation used was monochromatic Cu Kα1 radiation with λ = 1.540 59 Å.
Scanning Electron Microscopy (SEM)
Sample surfaces was imaged by means of a Zeiss CrossBeam 1540XB scanning
electron microscope. SEM imaging is performed by using a focused beam of
high energy electrons (up to 30 keV) beam which is scanned over the sample
surface. As the electrons hit the surface they interact with the atoms of the
sample and as a result many types of signals useful for sample characterization
are generated. For the sample surface imaging most often the back-scattered
electrons (BSE) and secondary electrons (SE) are used. The BSE are generated
by elastic scattering of the incident electrons and are heavily dependent on
the atomic number of sample atoms. The detection of these electrons provides
additionally to the topographic contrast a chemical contrast. The BSE detector
is located above the sample inside the electron columns and is therefore called
InLens detector. The SE are generated by inelastic scattering processes and
are detected by a detector, which is positioned at the side of the sample, by
collecting them by means of an electric field. This detector provides spatially
appearing images with a large depth of field.
Energy-dispersive X-ray Spectroscopy (EDX)
Along with BSE and SE also characteristic X-ray radiation is generated if high
energy electrons interact with sample atoms. The incident electrons excite core
level atoms and holes are generated. In the next step electrons from higher
energy levels can relax and X-ray radiation of an energy equal to the energy
difference of the two involved electron levels is emitted. As a result an X-ray
spectrum characteristic for every element is emitted. This signal was used for
energy-dispersive X-ray spectroscopy (EDX) to determine the chemical composition of the samples. The EDX detector was integrated in the Zeiss CrossBeam
1540XB SEM system. The electron excitation energy used was 15 keV. The sys-
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tem was calibrated using either a Co or a Ni standard.
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Sample Preparation and Surface
Treatment
In this chapter an overview over a wide range of samples used in this thesis
is given. As it was already outlined in the theory chapter (section 2.3.2) the
properties of Ni-Mn-Ga based magnetic shape memory alloys are strongly
dependent on the exact chemical composition. They can vary to a large extent
for composition variations of only few percent. Consequently samples with
different Ni-Mn-Ga compositions samples were studied. Also different types of
samples were used. Single crystalline bulk samples were used for the study of
structural and electronic properties. A greater attention was given to epitaxially
grown film samples which were used to study the magnetic, structural and
electronic properties. They were also utilized for the study of the magnetic
shape memory effect in thin films by the preparation of freestanding microscale
structures.
An overview over all samples described in this thesis and their characteristic
properties is given in chapter 4.4.

4.1. Bulk Samples
Single crystalline bulk sample with the stoichiometric composition Ni2 MnGa
was grown by the Bridgman method at the Materials Preparation Center of
the Ames Laboratory [138]. The crystal was oriented in the austenitic phase by

83

Chapter 4. Sample Preparation and Surface Treatment
using Laue back reflection. Smaller crystals were spark cut from the ingot and
were polished mechanically and by electropolishing.
The off-stoichiometric single crystals SC1 and SC2 were grown by the ETO
MAGNETIC GmbH by a modified Bridgman method. After a heat treatment to
improve ordering and homogeneity and an orientation of the crystal by X-ray
diffraction, smaller sample pieces were cut by electrical discharge machining
(wire EDM). Finally the crystals were electropolished in nitric acid.

Figure 4.1.: (a) Single crystal sample SC1 with dimensions 9.5 mm × 4 mm ×
2.5 mm. (b) Sample SC1 in the sample holder for variable temperature STM
measurements.

4.2. Film Samples
Epitaxial Ni-Mn-Ga films of different compositions and different thicknesses
were grown by Dr. Y. Luo within the framework of cooperation with the group
of Prof. Dr. Samwer from the I. Physics Institute at the University Göttingen
[139]. DC magnetron sputtering with a 2 inch sputtering target with the composition of Ni48 Mn31 Ga21 was used for the sample preparation. Variations in composition were achieved by by adding small wire pieces of the desired element to
the sputtering target. MgO(001) substrates were used for the epitaxial growth.
The deposition was carried out at a substrate temperature of 773 K with a base
pressure of 1 × 10−7 mbar and an argon sputtering pressure of 2 × 10−3 mbar.
Sputtering rates of 0.25-0.33 nm/s were used and the applied power amounted
to 100 − 125 W. At these temperatures the films grew in the parent austenitic
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phase in the L21 structure with the epitaxial relation Ni-Mn-Ga(001)[100] k
MgO(001)[011] (see Fig. 4.2) [140, 141]. MgO crystallizes in the sodium chloride crystal structure with a lattice parameter of 4.211 Å [142]. Consequently
for Ni-Mn-Ga, with a lattice parameter of 5.824 Å, a lattice parameter mismatch
of 2.3 % exists at room temperature and the film experiences tensile stress in
the austenitic state [51].
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Ni-Mn-Ga film samples, which were used to prepare freestanding microstructures, were sputtered on an epitaxial Cr buffer layer. A 100 nm thick epitaxial Cr buffer layer, which grows with Cr(001)[110] k MgO(001)[100] orientation
[143], was deposited on MgO(001) substrates by DC magnetron sputtering at
a substrate temperature of about 823 K. In the second step Ni-Mn-Ga films of
different thicknesses and compositions were prepared at about 773 K from an
off-stoichiometric target (Ni48 Mn31 Ga21 ) on the Cr buffer layer. Cr crystallizes
in the body-centered cubic crystal structure (Im3m space group) with a lattice
parameter of 2.91 Å [144]. This means that at a substrate temperature of 773 K
the Ni-Mn-Ga film grows in the parent austenitic phase with perfect lattice
parameter matching and with Ni-Mn-Ga(001)[100] k Cr(001)[100] orientation
[51, 144]. The growing relationship and the lattice parameters are depicted in
Fig. 4.2.

Figure 4.2.: Relative lattice orientation of MgO, Ni-Mn-Ga and Cr for epitaxial
growth of Ni-Mn-Ga(001)/MgO(001) and Ni-Mn-Ga(001)/Cr(001)/MgO(001).
Auch die Gitterparameter.
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4.3. UHV Preparation of Sample Surfaces
A decisive part of the presented work were measurements performed under
UHV conditions by means of experimental methods which probed only the
few topmost atomic layers of the sample surface. It is therefore crucial to prepare and to ensure that the sample surface is contamination free and well ordered. For this reason, film samples designated for UHV measurements were
stored and shipped under Ar-atmosphere to prevent the sample surface from
oxidation and contamination, since film samples were prepared ex-situ. After
a quick introduction into the UHV-system, the samples were treated in-situ
by repeated cycles of Ne+ or Ar+ sputtering and subsequent annealing. The
degree of cleanliness of the sample surface was controlled by core level photoemission spectroscopy (XPS). Low energy electron diffraction (LEED) was
used to evaluate the crystalline surface quality.

4.3.1. Cleanliness of the Surface
The surface preparation procedure used for the samples in this work will be
discussed at the example of the sample EF2. Fig. 4.3 displays several XPS spectra measured between the preparation steps. The spectra in the demonstrated
energy region show the most prominent changes as a result of the preparation
cycles. The feature in Fig. 4.3a can be attributed to the O 1s 1/2 peak, which is
expected at 531.0 eV of the binding energy. The double peak feature in Fig. 4.3b
can be identified as the Mn 2p 1/2 and Mn 2p 3/2 peaks, which are expected at
650.0 eV and 638.7 eV. The first spectra (1) were obtained after loading of the
sample into the UHV chamber. The second spectra (2) were measured after
the first annealing step (60 min at 660 K). The Mn peaks are shifted by approximately 3 eV to higher binding energies. This can be attributed to the fact that
Mn of the topmost layers is oxidized, since the sample surface was exposed
to air prior to the measurements [140]. This shift of Mn in oxidized states to
higher binding energies was also reported in literature [145]. A high oxygen
content is also confirmed by the high intensity of the O 1s 1/2 peak shown in
Fig. 4.3a.
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Figure 4.3.: Monitoring of the sample surface cleanliness and composition of
EF2 during the UHV surface preparation procedure by means of XPS. The presented XPS spectra were obtained for different conditions of the sample surface:
(1) after loading of the sample into the UHV chamber, (2) after an additional
annealing step for 60 min at 660 K, (3) after an additional Ne+ sputtering step
for 60 min at 500 eV and an angle of 40◦ , (4) after an additional annealing step for
120 min at 660 K. The spectra (5) and (6) represent an uncontaminated Ni-Mn-Ga
surface and were recorded after the following preparation steps: (5) after a Ne+
sputtering step of 90 min at 500 eV and an angle of 40◦ , (6) after an annealing
step of 40 min at 660 K. The spectra were acquired with an effective energy resolution of 1 eV by using Mg Kα radiation with ~ν=1253.6 eV. The spectra are
displaced along the vertical axis by a constant offset.

The effect of the sputtering preparation step is demonstrated by the XPS
spectra (3) in Fig. 4.3, which were obtained after a Ne+ sputtering step (60 min
at 500 eV). As a result of the surface ion bombardment the topmost oxidized
layers of the sample were removed. This is indicated by the significant reduction of the O 1s 1/2 peak intensity compared to the previous surface condition.
The Mn 2p peaks shift to lower binding energies which are expected from literature values. This indicates the fact that Mn present at the sample surface in
this condition is not in an oxidized state.
A subsequent annealing step, which is carried out to heal the defects on the
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surface, has also an impact on the chemical composition of the surface layers.
The impact of annealing can be assessed on the basis of the spectra (4). The
intensity of the O 1s 1/2 peak increases as oxygen embedded in the sample volume segregates on the sample surface due to its high mobility. Also an increase
of the Mn 2p peaks intensity can be observed upon heating. The increase of
the manganese content in the surface composition by annealing is reported
in literature [100, 101, 146]. It is related to different sputtering rates for the
various components of the Ni-Mn-Ga alloys which causes a surface composition different from the bulk one. Namely the sputtering procedure creates a
manganese deficient surface. A subsequent annealing step compensates the
Mn deficiency as Mn segregates to the surface.
The last two spectra (5) and (6) represent a surface composition which can be
assumed as satisfactory in terms of cleanliness. The spectra were recorded after
a total of 4 sputtering and annealing cycles. No more significant changes are
observed in the fine XPS spectra after the preparation cycles. The oxygen peak,
which is still present (Fig. 4.3a), can be attributed to oxygen which is embedded
in the film volume during the sputtering process due to a base pressure of
1 × 10−7 mbar of the DC magnetron sputtering chamber. The intensity of the
oxygen peak can be reduced by further preparation cycles.

4.3.2. Surface Crystallographic Order
The degree of the surface crystallographic order was evaluated by low energy
electron diffraction (LEED). LEED patterns obtained after different preparation cycles of sample EF2 are shown in Fig. 4.4. A LEED experiment performed
after introducing the sample into the chamber shows a diffuse background
with diffuse diffraction spots (not shown here). After overall 2 annealing and 1
sputtering steps (sample condition corresponds to XPS spectrum (4) presented
in Fig. 4.3) the surface quality already significantly improves. The LEED pattern reveals pronounced diffraction spots, which indicate an ordered surface
(Fig. 4.4). Nevertheless the LEED measurement also indicates the presence of
surface contaminations, since a diffuse background is present. The effect of an
additional preparation cycle (Ne+ sputtering for 60 min at 500 eV + annealing
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for 120 min at 660 K) is demonstrated by the LEED measurement presented
in Fig. 4.4b. An additional sputtering step removes the contaminants, which
is indicated by the reduced background intensity. The subsequent annealing
step at 660 K recovers the surface crystallography, which leads to the increased
sharpness of the spots.
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Figure 4.4.: Monitoring of the crystalline sample surface quality of EF2 during
the UHV surface preparation procedure by means of LEED. (a) LEED pattern
obtained after 2 annealing and 1 sputtering step (sample condition corresponds
to XPS spectrum (4) presented in Fig. 4.3). (b) LEED pattern obtained after an
additional preparation cycle: Ne+ sputtering for 60 min at 500 eV + annealing
for 120 min at 660 K

The temperatures which are needed in the annealing steps are very much dependent on the material. To restore the crystallographic order of the Ni-Mn-Ga
surface, temperatures in the region of 500-600 K are sufficient. Higher annealing temperatures lead to further improvement of the crystallographic surface
quality and a decrease in defect density on the surface, which can not be detected by LEED measurements, but is clearly visible in STM measurements.
However this also leads to higher Mn segregation on the surface and to a different surface composition [31, 100].

4.3.3. Surface Composition
Noble-gas ion bombardment and subsequent annealing has some disadvantages when applied to non-elemental materials like alloys. Different sputtering
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rates for different alloy elements result in a chemical composition of the surface
which can be rather different from the one of the bulk material [100, 137]. The
recovering of the stoichiometric surface composition by the subsequent annealing step is very demanding since various components of the alloy exhibit also
different diffusion rates. Therefore different annealing temperatures result in
different chemical surface compositions [100, 101].
To estimate the influence of the annealing temperature Tan on the chemical
surface composition of Ni-Mn-Ga samples a series of preparation cycles was
performed. After each preparation step the surface composition was estimated
by means of XPS. For this purpose the Ni 3p, Mn 3p and Ga 3d core-level peaks
were recorded in normal emission geometry. The area under the recorded corelevel peak features is used to estimate the surface composition. The binding
energy dependent influence of the mean free path of the electrons and of the
analyzer transmission function were taken into account [100]. For the calculation of the composition, the atomic photoemission cross-sections from Ref.
[147] were used.
The results of these measurements are presented in Fig. 4.5. The first preparation step of the presented experiment was a Ne+ sputtering step of 30 min
at 500 eV. The surface composition was estimated as: Ni55.7 Mn16.7 Ga27.6 . Compared to the bulk composition (Table 4.4) the surface composition became Ni
rich and Mn deficient after sputtering. The Ni enrichment of the Ni-Mn-Ga
surface after sputtering was also investigated by Dhaka et al. [100]. The authors
suggested that this fact is explained by a higher sputtering yield of Mn and a
Mn-Ga termination of the surface. In order to examine the influence of Tan on
the surface composition different annealing temperatures (Tan ≈ 650 − 1100K)
and different annealing periods (5-15 min) were applied successively to the
sample. Fig. 4.5 demonstrates that after the first annealing cycle at Tan ≈ 655 K
the surface composition almost did not change. With increasing annealing
temperatures a clear trend in the composition change is discernible. With increase in Tan the Ni content decreases and the Mn and the Ga content increase.
However from Tan ≈ 900 K the Mn content starts to decrease with increasing
annealing temperature. Further increase in Tan results in a surface composition
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with an unchanging Ni content and an increasing Ga concentration. Comparing these results with the bulk composition of the sample (Ni51.0 Mn23.4 Ga25.6 ,
see Table 4.4), one can draw the conclusion that an annealing temperature of
Tan ≈ 800 − 900 K restores the surface composition close to the bulk composition. However the results of the two methods of composition determination
(EDX and XPS) are comparable only to a limited extent. Within the present

Figure 4.5.: Variation of the surface composition of sample EF5 as a function
of the annealing temperature. The composition of the sample surface prior to
the annealing steps and after a Ne+ sputtering step of 30 min at 500 eV was:
Ni55.7 Mn16.7 Ga27.6 .

work several sample surfaces were prepared for surface sensitive studies. It
was found that after the samples were introduced into the UHV chamber, 2-3
preparation cycles (Ne+ sputtering for 30 min at 500 eV to 750 eV and an angle
of 40◦ + annealing for 60 min at 660 K) are sufficient to remove the surface contaminants. This holds for samples which were stored under Ar-atmosphere
to prevent the sample surface from oxidation and contamination. Samples
which were exposed to air for a longer time required a more elaborate surface
treatment procedure. Once a clean and well ordered surface condition was
achieved, the sample surface was only refreshed by a short sputtering (10 min
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to 15 min at 750 eV) and an annealing step (15 min to 10 min at 900 K to 750 K)
prior to each measurement. Higher Tan (Tan ≈ 1000 K) with short annealing
periods (≈ 5 min) were applied to achieve a very high degree of surface crystallographic order. This so-called flashing annealing steps were used only rarely,
since high Tan possibly leads to a changing of the sample composition at the
surface.

4.4. Sample Overview
Sample

Sample

Composition

Thickness

TC

TM

TA

name

type

(at%)

(nm)

(K)

(K)

(K)

Ni2 MnGa

bulk

Ni50.6 Mn24.2 Ga25.2

-

368

211.9

217.2

SC1

bulk

Ni52.2 Mn29.4 Ga18.4

-

368

334

343

SC2

bulk

Ni48 Mn26.5 Ga25.5

-

369

341

352

EF1

film

Ni48.8 Mn25.6 Ga25.6

150∗

371

244

251

EF2, EF4, EF5

film

Ni51.0 Mn23.4 Ga25.6

176

375

230

240

EF3

film

Ni53.2 Mn29.8 Ga17

1500∗

375

≥ TC∗∗

≥ TC∗∗

EF6

filmCr

Ni49.9 Mn27.2 Ga22.9

500∗

376

281

292

EF7

filmCr

Ni50.1 Mn27.1 Ga22.8

500∗

367

≥ TC∗∗

≥ TC∗∗

EF8

filmCr

Ni57.6 Mn26.6 Ga15.8

250∗

320

≥ TC∗∗

≥ TC∗∗

Table 4.1.: Investigated Ni-Mn-Ga single crystal and thin film samples with
their compositions (measured by EDX), the austenitic transition temperature
TA , the martensitic transition temperature TM and Curie temperature TC . Composition and transition temperatures of film samples were measured for as grown
samples. The sample treatment (see above) required for surface sensitive UHV
measurements can change the composition of the sample and correspondingly
shift the transition temperatures. ∗ Nominal thickness. ∗∗ Transition temperatures were measured by SQUID and hence TM and TA could not be determined.
Subscript Cr denotes film samples with a 100 nm thick Cr buffer layer.
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Chapter 5.
Freestanding Ni-Mn-Ga
Microstructures
A very promising approach toward a large-scale industrial application of MSM
alloys is the use of this class of materials as thin films. However the effect of
MFIS has never been demonstrated in thin films. In order to achieve this, freestanding MSM films have to be prepared. Within the framework of this work
different approaches have been used to prepare freestanding singly crystalline
Ni-Mn-Ga films. Using these samples the martensitic twin variant distribution
of freestanding microstructures was studied.

5.1. Preparation by Means of Focused Ion Beam
Lift-off Two different approaches were applied to fabricate freestanding epitaxial Ni-Mn-Ga films. A 1.5 µm thick epitaxial film deposited directly on the
MgO(001) substrate was detached from the substrate mechanically in an ultrasonic bath. The film could be detached partially or completely depending on
the time used. The freestanding film was integrated by a two-component epoxy
resin adhesive on a pre-structured silicon carrier. In this manner, millimetresized freestanding films could be prepared (Fig. 5.1b). These could be also used
to fabricate small microstructures by means of focused ion beam (FIB) milling
as shown in Fig. 5.1a.
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Figure 5.1.: SEM images of: (a) a large freestanding Ni-Mn-Ga film integrated
on a silicon-carrier and (b) a freestanding Ni-Mn-Ga film with a cantilever with
dimension 16 × 2 × 1.5 µm3 prepared by FIB milling.

Buffer Layer and Wet Chemical Etching To produce small scale (micrometer) epitaxial freestanding Ni-Mn-Ga film structures in small numbers, an
approach relying on the use of a sacrificial buffer layer and its removing by
wet chemical etching was used. This approach avoids any release of the microstructures from the substrate, which facilitates their handling and maintains
the crystallographic orientation relative to the substrate. This allows to design
beams and bridges and to study the impact of the external magnetic field on the
twin variant arrangement of the freestanding Ni-Mn-Ga films. For the buffer
layer a material has to be used which shows a high etching rate compared to
Ni-Mn-Ga and which can be grown epitaxially on the MgO substrate. This is
essential to obtain the MFIS. For these reasons Cr was used as an intermediate
sacrificial layer [80, 143, 148–150].
Process Flow Fig. 5.2 shows schematically the process flow. The main process
steps are as it follows:
a) DC magnetron sputtering: Epitaxial Ni-Mn-Ga(001)[100] k Cr(001)[100] k
MgO(001)[110] film samples were prepared by DC magnetron sputtering
as described in section 4.2.
b) Focused ion beam: The Ni-Mn-Ga layer is patterned by FIB milling with ion
currents of 20 − 500 pA. The etch grooves are placed depending on the
desired microstructure. The etching is performed in a way that the etching
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Figure 5.2.: Schematics of the process flow of FIB based preparation of freestanding microstructures. Details are given in the text.

front is moving towards the microstructure to avoid sidewall deposition of
the removed material.
c) Wet-etching of sacrificial layer: The final process step is the underetching of
the Ni-Mn-Ga layer to release the microstructure. For wet chemical etching the a potassium hexacyanoferrate solution is used: 50 g NaOH + 90 g
K3 Fe(CN)6 + 400 ml H2 O. This solution has a Cr etch rate of ≈ 80 nm/min
and shows a great selectivity against Ni-Mn-Ga. No etching of Ni-Mn-Ga
could be observed. After etching the samples are rinsed with deionized
water. For small structures n-hexane is used in order to avoid the sticking
effect due to capillary forces (after etching: Di water ⇒ ethanol ⇒ n-hexane
⇒ drying).
The thickness of the Ni-Mn-Ga film used was 500 nm. The width of the bridges
and beams could be varied between 10 µm and down to 150 nm. The ratio of
the microstructure length to width was varied between 1 and 20 resulting in
varying microstructure lengths with a maximal bridge length of 40 µm. During
the design of the test structures, anchor structures have to be introduced to
prevent the total release of the microstructures. Not only the microstructures,
but also the surrounding Ni-Mn-Ga film is underetched during the wet-etching
of the sacrificial layer (step c) in Fig. 5.2).
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Figure 5.3.: SEM micrographs of a freestanding Ni-Mn-Ga microbeam (20 ×
5 × 0.5 µm2 ) and a microbridge (30 × 5 × 0.5 µm2 ) after the removal of the Cr
buffer layer by wet chemical etching. Sample EF7 is used.

Using the described process flow, freestanding Ni-Mn-Ga micro- and nanostructures with a variety of different shapes could be prepared. However, the
technique of FIB etching is suitable only for the preparation of a small number
of microstructures due to its limited etch rate. This means that for freestanding samples prepared using this method MFIS effect could be studied only
using local analysis methods, which causes some restrictions with respect to
experimental conditions.

5.2. Preparation by Electron Beam Lithography

Figure 5.4.: Schematics of the process flow of EBL based preparation of freestanding microstructures. Details are given in the text.

In order to be able to study the properties of freestanding Ni-Mn-Ga films
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using integral methods (e.g. SQUID, XRD) a microscopic amount of freestanding material is needed. For this purpose the previously described process flow
is changed in a way, that the Ni-Mn-Ga layer is patterned using electron beam
lithography (EBL) and wet-chemical etching. Wet-chemical etching is used
since dry etching of Ni-Mn-Ga requires physical etching, which can possibly
cause some undesired effects such as sidewall deposition [149] and a possible
damaging of the martensitic microstructure by bombarding ions.
Process Flow Fig. 5.4 shows schematically the process flow. The main process
steps1 are as it follows:
a) DC magnetron sputtering
b) Spincoating of EBL resist: First, the samples are cleaned with acetone to remove organic contaminants. The surface is then immediately rinsed with
isopropanol to remove acetone. Afterward the sample is rinsed with deionized water, dried with compressed nitrogen and the whole procedure is
repeated again. In case of intense contamination of the surface N -Methyl2-pyrrolidone (NMP) is used instead of acetone. The sample is dried on a
hotplate at 120 ◦C for 5 minutes to improve the resist adhesion. A positive
tone PMMA resist is spin-coated on the Ni-Mn-Ga layer at 5000 rpm. The
PMMA resist thickness is approximately 150 nm.
c) Electron beam lithography: The PMMA resist layer is patterned by EBL with
an electron energy of 10 kV and an electron dose of 250 µC/cm2 . The exposed resist layer is developed in a solution of IPA and methyl isobutyl
ketone (MIBK) at a ratio of 3:1 for 30 s.
d) Wet-etching of Ni-Mn-Ga: The most critical step is the transfer of the patterned structures from the EBL resist to the Ni-Mn-Ga layer. A solution of
1.25 % HCl, 37 % HNO3 and H2 O, mixed at a ratio of 1.5 : 0.3 : 10, is used
for wet chemical etching of Ni-Mn-Ga. This solution has an etch rate of
≈ 90 nm/min. The etch time depends on the thickness of the Ni-Mn-Ga
layer. After the etching procedure the sample is rinsed with Di water.
1

The first and the last steps are identically to the ones described for the FIB-based process flow
and are not nearly specified here
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e) EBL resist stripping: Prior to wet-etching of the sacrificial Cr layer the PMMA
is stripped with acetone and the sample is rinsed with deionized water.
f ) Wet-etching of sacrificial layer
In the following paragraphs the layout of the Ni-Mn-Ga test structures is introduced and details of the fabrication are explained.

Figure 5.5.: (a) Optical micrograph of a developed PMMA mask showing an
array of bridges. (b) SEM image showing an array of freestanding Ni-Mn-Ga
bridges on sample EF8 after wet-etching of the sacrificial Cr layer. Attached
parts of the film appear brighter.

Layout To study the effect of MFIS Ni-Mn-Ga bridges are designed (see Fig.
5.5a). The width of the bridges is varied between 5 and 10 µm and the length
is varied between 25 and 55 µm. The bridges are arranged as arrays with a
distance of 15 µm. This Ni-Mn-Ga stripe between the bridge arrays serves as an
anchor structure and has to be designed larger than the largest bridges width
to prevent total release of all bridges during underetching of the sacrificial
layer (see Fig. 5.5b2 ). With this layout a maximum proportion of freestanding
Ni-Mn-Ga film of 85 % can be achieved assuming an isotropic etching behavior
of the Ni-Mn-Ga etchant. However due to errors in the process flow somewhat
lower proportions were achieved.
2

Parts of the film which are still attached to the underlying Cr layer appear brighter in SEM
images due to higher backscattering intensity of this areas. This contrast formation was also
confirmed by EDX measurements.
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Anisotropic Etching Wet etching experiments on Ni-Mn-Ga demonstrated
that the used etchant results in an isotropic etching behavior. It was found out
that the etching rate of the Ni-Mn-Ga[110] direction is 1.17 higher than that
of the Ni-Mn-Ga[100] direction (see Fig. 5.6a). This fact should be considered
for the layout of the freestanding test structures. In order to fabricate smooth
edges they should be aligned along the Ni-Mn-Ga[100] direction (see Fig. 5.6b).

Figure 5.6.: (a) SEM images of a wet-etched Ni-Mn-Ga layer demonstrating an
anisotropic etching. Ni-Mn-Ga[110] is preferred over Ni-Mn-Ga[100] as the etching direction. Red areas mark the pattern of the used EBL mask. (b) SEM image
of an array of freestanding Ni-Mn-Ga bridges on sample EF8 with showing the
influence of the anisotropic etching.

5.3. Freestanding Ni-Mn-Ga Microstructures
After the preparation of freestanding Ni-Mn-Ga microstructures their properties were studied. It was observed that the release of the Ni-Mn-Ga film from
the substrate leads to a change of TM . This effect can be observed in Figure 5.7b.
The surface morphology of the film, which defines the contrast of SEM measurements, is determined by the existence of twin planes and their orientation.
In Fig. 5.7b the freestanding part of the film exhibits a characteristic martensitic
microstructural pattern, while the attached film shows a flat sample surface
originating from the austenitic cubic phase. The coexistence of the martensitic and the austenitic phase is possible due to the fact that TM of the attached
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Figure 5.7.: (a) Temperature dependance of the magnetization for the epitaxial
film sample EF6 indicating that the phase transition occurs close to room temperature (TM = 281 K, TA = 282 K). (b) SEM image obtained at room temperature
showing freestanding and attached parts of the sample EF6 after partial removal
of the Cr layer. The freestanding part of the film transformed to the martensitic
phase.

sample is slightly below room temperature (see Fig. 5.7a). The release of the
Ni-Mn-Ga film shifts TM above room temperature, resulting in the existence of
the martensitic state at room temperature for the freestanding parts of sample
EF6. This shift of the transition temperature can be explained by the release
of compressive stress present in the attached epitaxial films. The stress release
manifests itself also in the bending of the freestanding microbridges, as can be
observed e.g. in Figs. 5.3 and 5.6.
In further experiments the configuration of the martensitic twin variants of
freestanding Ni-Mn-Ga films was studied. Differently oriented twin variants
are connected by twin boundaries (TB), which are well defined crystallographic
planes. When TB cross the film surface, they leave linear traces and one can
observe a characteristic microstructural pattern at the film surface.[151] Depending on the orientation of the {101} TB with respect to the film surface two
different types of surface pattern arise. The type X pattern shows linear traces
that run at an angle of 45◦ towards MgO[100] or parallel to Ni-Mn-Ga[100] (see
Figs. 5.8b and c). This pattern type is caused by {101} TB which are inclined
by 45◦ with respect to the substrate normal. The type Y can be identified by
linear traces which run parallel to the MgO[100] or Ni-Mn-Ga[110] direction
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Figure 5.8.: SEM images of a freestanding microbridge prepared using sample
EF7. The images show different configurations of twin boundaries (schemes are
shown on the right hand side) obtained after following sample treatment procedures: (a) Removal of the Cr buffer layer. (b) Annealing at 573 K. (c) Heating
above the phase transition temperature for several times. (d) Attached part of
the film exhibiting the type Y twin variant arrangement.

(see Fig. 5.8d). This pattern type is a consequence of {101} TB oriented parallel
to the substrate normal. This pattern type is characterized by weak contrast
in SEM images due to very low surface tilt for different twin variants. It was
observed that the variant distribution is not affected by the release process.
However, thermal treatment had an impact on the twin variant arrangement.
Annealing of sample EF7 at 573 K changed the twin variant arrangement from
type Y to type X, as can be observed in Fig. 5.8a → b. This effect is also visible
for sample EF8 in Figure 5.9. It should be also noted that temperature treatment
affected only the TB configuration on the freestanding parts of the sample. The
change of the TB type arrangement is also accompanied by the change of the
twin variant size. The mean twin variant size3 accounted to ≈ 90 nm for sample EF7 for the TB arrangement of type Y. After the change of TB arrangement
3

Twin variant size denotes here the mean distance between two TB measured perpendicular to
the TB direction on film surface.
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to type X the mean twin variant size increased to ≈ 420 nm. Considering the
film thickness of 500 nm this large value of the twin variant size suggests that
the twin variant formation is not governed by the substrate-film interface.[152]
However, the resulting twin variant pattern of the freestanding film is very regular. Also there seems to be a thickness dependency of the twinning periodicity
of freestanding films: for sample EF8 with a film thickness of 250 nm a twin
variant size of ≈ 210 nm was measured (see Fig. 5.9b). An austenite-martensite

Figure 5.9.: SEM images of freestanding microstructures on sample EF8 exhibiting different types of twin variants arrangement. (a): Type Y twin variant
arrangement after the removal of the Cr buffer layer. (b): Type X twin variant
arrangement after an annealing of the sample in UHV conditions at 673 K for
12 h.

transformation of the film can result in a rotation of the TB by 90◦ , as can be
seen in Fig.5.8b → c. However, the type of the twin variant arrangement does
not change after the phase transformation.
Experiments were performed in order to address the influence of an external magnetic field on the shape and the twin variant arrangement of the freestanding Ni-Mn-Ga structures. However, no reliable evidence of magnetically
induced reorientation of variants could be demonstrated. Following possible
reasons can explain this:
I Used sample compositions do not allow TB movement due to high twinning stress.
II TB movement is hindered by already existing (from growth) or induced
(by preparation of freestanding structures) defects.
III The magnetically induced reorientation is blocked by the twinning microstructure and/or the design of freestanding microstructures.
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6.1. Introduction
The main part of the experiments performed within the presented work is
aimed at the study of the structural properties of Ni-Mn-Ga alloys, since the
martensitic microstructure mainly governs the properties of this class of smart
materials. Structural properties were studied using the experimental techniques of XRD, LEED and STM. This allowed to study bulk and surface properties at different length scales ranging from micrometer down to atomic scale.
Single crystals and epitaxially grown film samples of different compositions
were used. The results are divided in two chapters: stoichiometric and offstoichiometric alloys because the study has shown that structural properties
strongly depend on the chemical composition of the Ni-Mn-Ga alloy. The results presented in the following two chapters are of particular significance
since no STM studies of magnetic shape memory alloys were reported by any
other group.

6.2. Austenitic Phase
A Ni2 MnGa(001) single crystal with dimensions 9 × 4.5 × 2.5 mm3 grown by
the Bridgman method was used to study the properties of stoichiometric alloy
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compositions. Temperature dependent magnetization behavior was measured
using a SQUID magnetometer and the results are shown in Fig. 6.1. The obtained Curie temperature (TC ) is 368 K [12, 27]. The measurements show a clear
signature of a martensitic transition (MT) at TM = 211.9 K as a sharp first-order
transition with a small thermal hysteresis of 5.3 K (TA = 217.2 K). This sharp
change of the magnetization during the MT occurs due to a higher magnetocrystalline anisotropy of the martensitic phase compared to the austenitic
phase [12]. The sharp discontinuous MT is preceded by a premartensitic transition (PMT) which can be recognized as a broad feature in the magnetization
behavior with an onset temperature of TPM = 246.6 K [26]. Note the lack of a
thermal hysteresis at the PMT.

Figure 6.1.: Temperature dependance of the magnetization for a stoichiometric Ni2 MnGa sample measured in a magnetic field of 10 mT while cooling
and heating
the sample. Phase transition temperatures are indicated
(TM = 211.9 K, TA = 217.2 K, TPM = 246.6 K, TC = 368 K).

6.2.1. Atomic Configuration Observed by LEED
After the preparation of the sample surface as described in section 4.3 the
crystallographic surface structure was monitored by LEED at room temperature, e.g. in the austenitic state of the Ni2 MnGa sample. Figure 6.2(a) shows
LEED patterns of the Ni2 MnGa(001) surface. The presented LEED patterns
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a)

E = 33.7 eV
T = 293 K

E = 62.5 eV
T = 293 K

b)

MnGa termination
top view

Ni

(Ö2´Ö2)R45°

Mn

aA

p(
1´
1)

Ga
L21[100]

Figure 6.2.: (a) LEED patterns of the Ni2 MnGa(001) sample surface obtained
in the austenitic
√
√state at two different electron energies. The p(1 × 1) unit cell
and the ( 2 × 2)R45◦ superlattice are indicated by
and , respectively.
(b) Schematic top view of the Mn-Ga-terminated Ni2 MnGa(001) surfaces with
the orientation corresponding to the displayed LEED patterns. The sub-surface
atomic positions occupied by the Ni atoms are also shown (dashed circles). aA
denotes the lattice constant of the austenitic L21 unit cell. Based on the orientation of the observed LEED reflexes, the
unit cell represents the p(1 × 1)
surface unit cell.

show a quadratic spot arrangement with p(1 × 1) symmetry ( unit cell). Ad√
√
ditional spots are visible in an arrangement corresponding to a ( 2 × 2)R45◦
reconstruction ( unit cell). In order to explain the observed LEED patterns
the configuration of the topmost surface atomic layer has to be considered.
Ni2 MnGa crystallizes in the L21 structure. Viewed as a succession of atomic
planes in the <001> direction, the structure consists of alternating Ni and MnGa layers with the interlayer distance of d = aA /4. Thus, chemically, the (001)
surface can show two different possible terminations: one with the Ni layer
and one with Mn-Ga layer as the topmost atomic layer. As it will be shown
later from STM measurements, the surface is terminated by the Mn-Ga layer
and only this configuration shall be considered here.
The orientation of the Mn-Ga-terminated Ni2 MnGa(001) sample surface corresponding to the shown LEED patterns is presented in Fig. 6.2b. The surface
unit cell with p(1×1) symmetry corresponding to the LEED pattern is depicted
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in the image ( ) and corresponds to the nearest-neighbor unit cell consisting
√
√
of Mn and Ga atoms. The surface supercell representing the ( 2 × 2)R45◦
reconstruction is rotated 45◦ with respect to the p(1 × 1) unit cell and is a factor
√
of 2 larger ( ). Since the metallic radii of Mn and Ga are about the same
√ √
size (127 and 135 pm, respectively [153]), the observation of the ( 2 × 2)R45◦
reconstruction can be ascribed to a buckling phenomenon of the surface layer,
i.e. the vertical relaxation of one sort of atoms of the surface layer. Strong buckling has been suggested earlier for other metallic alloys and was observed in
several systems with similar arrangement of the surface layer consisting of two
sorts of atoms, e.g. the Cu(100)c(2 × 2)Mn surface alloy or the (001)-oriented
surface of the half-metallic Heusler alloy NiMnSb which crystallizes in the L21
structure [154, 155]. In this latter first-principles study it was found that for the
Mn-Sb-terminated surface relaxation of the atomic positions results in a buckling of about 11 % with respect to the interlayer distance d, with the Sb atoms
protruding outwards. It was also pointed out that this buckling is significant
for the STM image, because it renders the deeper lying sort of atoms invisible
√
√
to the STM tip. The fact that a ( 2 × 2)R45◦ reconstruction is observed in
LEED images is also an argument against assumption of the Ni termination of
the Ni2 MnGa(001) surface. In the case of a terminating layer consisting only of
one sort of atoms a buckling or relaxation of the atomic positions is less likely
to occur.

6.2.2. Ni2 MnGa(001) Surface Observed by STM
In Figure 6.3(a) a topographic STM image of the Ni2 MnGa surface in the austenitic state is presented. The surface resembles large flat terraces, which are
separated by sharp steps. It is apparent that these steps are preferentially running along the [100] and [010] direction, which reveals the cubic symmetry
of the austenitic L21 unit cell. In Figure 6.3b a height profile marked in (a) is
displayed graphically. The line profile reveals mainly steps with an average
step height of 3.0 ± 0.2 Å. This value corresponds well to a half of the austenitic
L21 unit cell with aA = 5.825 Å (see Fig. 2.1). Also steps with a step height corresponding to the lattice parameter of a full L21 unit cell occur (see Fig. 6.3b).
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Figure 6.3.: (a) STM topography (165 × 165 nm2 ) of the Ni2 MnGa(001) surface
in the austenitic state (UT = 1.0 V, IT = 0.16 nA). Large terraces and sharp steps
running along the L21 [100] and [010] direction are visible. (b) Height profile
corresponding to the line scan in (a).

Steps between two adjacent atomic layers, with a step height corresponding to
aA /4, were observed only very rarely. This finding leads to the conclusion that
steps between terraces occur between two adjacent equivalent atomic layers,
i.e. between two neighboring Ni layers or two neighboring Mn-Ga layers (this
case is schematically shown in Fig. 6.3b).
More detailed atomically resolved STM images in Figure 6.4 can give more
insight into the the atomic arrangement and the termination of the observed terraces. In the STM images 6.4a and b an arrangement of bright features (atoms)
in a quadratic lattice, which is rotated by 45◦ with respect to the image border,
can be observed. The image border is aligned along the [100]-direction of the
Ni2 MnGa L21 structure, which in turn means that the imaged surface atoms are
aligned along the [110]- and the [1̄10]-direction. The nearest-neighbor distance
between two atoms is 4.1 ± 0.4 Å1 . This value agrees well with the Mn-Mn or
Ga-Ga interatomic distance of 4.12 Å (see Fig. 6.4d) [12]. Also the orientation
of the detected surface unit cell corresponds to the lattice consisting either of
Mn or Ga atoms (compare Fig. 6.4a and d, unit cell). For a Ni-terminated
surface one would also expect a quadratic arrangement of the lattice, but with
1

The relatively large standard deviation is due to drift during the measurement.

109

Chapter 6. Structural Properties of the Ni2 MnGa Alloy
a)

c)
1
1

aA=5.83 Å

aA=5.83 Å

d)
Ni
Mn

Å

Ga

12

L21 [100]

4.

1 nm

L21[010]

b)

2.91 Å
e)

Figure 6.4.: (a) and (b) Atomically resolved topographic images showing a MnGa terminated (001)-oriented surface of Ni2 MnGa in the austenitic state. The
images were obtained on different terraces at different tunneling voltages (a:
UT = 50 mV, IT = 35 nA, b: UT = 15 mV, IT = 12 nA). (c) Height profile corresponding to the linescan in (a). (d) Orientation of different (001) atomic planes
of the L21 Ni2 MnGa unit cell including the interatomic distances [12] are depicted. (e) Calculated element-specific electronic density of states of cubic L21
Ni2 MnGa obtained by Entel et al. [74]. Mainly Mn and Ni contribute to the total
DOS near EF .

atoms aligned along the [100]- and [010]-direction with an interatomic distance
of 2.91 Å [12] (compare Fig. 6.4a and d, unit cell). From these results it can
be therefore concluded that a Mn-Ga-terminated (001)-oriented surface is observed with only one atomic species (Mn or Ga) visible in STM measurements.
The observation of a Mn-Ga-terminated Ni-Mn-Ga surface is also supported
by a photoemission study by Dhaka et al. [100].
The specific atomic contrast observed in STM measurements of the Ni2 MnGa
surface can be attributed to two effects:
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I Electronic effect of element specific DOS at the Fermi level.
II Topographic effect of buckling of one sort of atoms.
As it can be seen from first principles calculations of the element-specific DOS
[74, 96], the contribution of Ga states to the total DOS is almost negligible compared to the Ni and Mn states (see Fig. 6.4(e)). This could explain the observation, that for a Mn-Ga-terminated surface one sort of atoms (Ga) is rendered
invisible to the STM tip for the tunneling bias used for imaging. This consideration is highlighted in the height profile presented in Fig. 6.4c. However, no
considerable changes in the STM contrast were observed for a wide range of
tunneling parameters. Consequently, a topographic effect has to be taken into
account. A buckling phenomenon of the Mn-Ga-terminated surface has been
discussed in the previous section in connection with LEED measurements. A
possible relaxation of the atomic positions could result in an outward protrusion of one atomic species. This possible buckling is significant for the STM
image, since it makes the lower lying sort of atoms invisible to the STM tip
[155]. This effect could explain the obtained STM results.
Finally also the issue of large dark features, which can be frequently observed in atomically resolved images (see Figs. 6.4a and b), shall be addressed.
These features have lateral dimensions of 1 to several nanometers and appear
to be distributed randomly on the surface. Height profiles show, that a topographical depth of ≈ 100 to ≈ 150 pm can be assigned to these features. This
corresponds approximately to a distance between two adjacent (001)-oriented
atomic planes of the L21 unit cell. Also no considerable change of this height
information was observed for a wide range of tunneling voltage parameters.
Therefore it is concluded that these dark features indicate defects of the MnGa layer, e.g. missing Mn and Ga atoms. This conclusion is also supported
by the observation, that the surface defect density decreases with increasing
annealing temperature of the sample.

6.2.3. Summary
The study of the (001)-oriented surface of the stoichiometric Ni2 MnGa performed in the austenitic state at room temperature can be summarized as it
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follows: A reconstruction-free Mn-Ga terminated surface was observed, and a
pronounced geometric outward protrusion of Mn or Ga atoms leads to STM
images with only one atomic species visible.

6.3. Martensitic Phase
The surface of Ni2 MnGa was also studied by STM and LEED in the martensitic state. The studies were performed at different temperatures below the
martensitic transformation temperature of the sample of TM = 211.9 K. For
temperatures between ≈ 30 K and TM a variable temperature scanning probe
microscope (VT SPM) was used. Measurements at cryogenic temperatures
(≈ 10 K) were performed using an Omicron Cryogenic STM setup (see 3.1).

6.3.1. Twinning
The martensitic Ni2 MnGa surface studied by STM at two different temperatures below TM is presented Figure 6.5a and c. Fig. 6.5c shows a rendered
three-dimensional (3D) topographic STM image. Similar to the austenitic state
the surface resembles large flat terraces, which are separated by steps with
an average step height of 3.2 ± 0.4 Å. The major difference of the martensitic
surface is the martensitic microstructure which emerges upon a martensitic
transformation and can be recognized on the surface as corrugation lines which
are running along the [100] direction. This corrugation lines are identified as
(011) twin boundary planes which are separating differently oriented twin
variants with a width of several micrometers. The corrugation is apparent in
the height profile, which is shown in Fig. 6.5b, taken perpendicular to the orientation of the twin boundary. In schematic drawings in Figs. 6.5b and d it can
be clearly seen how the introduction of a twin plane leads to a folding of the
sample surface which is recognized as a corrugation in STM measurements.
According to the model of twinning the geometry of the surface topography
at the twin boundary is characterized by the lattice parameters of the unit cell
involved in the formation of twin variants and thus is characteristic of crys-
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Figure 6.5.: (a) Topographic STM image (133×133nm2 ) of the Ni2 MnGa surface
obtained at 97 K in the martensitic state (UT = 0.8 V, IT = 0.2 nA). The dotted
line indicates the (011) twin boundary plane. (b) Height profile corresponding to
the line scan in (a) measured perpendicular to the twin boundary. (c) A rendered
topographic STM image (22 × 22 nm2 ) clearly shows the profile of two twin
lamellae meeting at the twin boundary (UT = 1.0 V, IT = 0.2 nA). (d) Schematic
drawing visualizing the origin of the surface corrugation observed at the twin
boundary in martensitic Ni2 MnGa. The orientation of the tetragonal 5M unit
cell is highlighted.

tallographic symmetry of the present martensitic phase [31, 141]. From STM
height profiles the extraction of the twinning angle  is possible (see height
profile in Fig. 6.5b), which allows one to deduce the type and the orientation
of the unit cells. This is possible because the twinning angle is fixed by the lattice constants of the martensitic unit cell and follows the geometrical relation
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2 = 90◦ − 2 arctan(c/b), with c and b being the both lattice parameters of the
unit cell oriented perpendicular to the twinning plane and with c/b < 1 (see
Figs. 6.5b and d). The STM measurements of the martensitic Ni2 MnGa surface
yield only one twinning angle with a value of  = 1.9 ± 0.1◦ , which indicates a
tetragonal 5M martensitic phase. Due to the tetragonal crystallographic symmetry of the 5M phase only one twinning mechanism with a twinning angle
of 5M = 1.8◦ is possible (based on lattice parameters given in [51]), which is
in a good agreement with the measured value. The 7M and NM martensitic
phases can be most likely ruled out, since for these phases there exist several
twinning mechanisms and/or the twinning angles in these types of martensite
are different2 :
5M 5M = 1.8◦ (tetragonal symmetry)
◦ 7M
◦
7M
◦
7M 7M
ab = 1.73 , ac = 3.1 and bc = 1.37 (orthorhombic symmetry)
NM NM = 4.4◦ (tetragonal symmetry).
From this finding the orientation of the martensitic 5M unit cell can be
concluded. The a5M axis is oriented parallel to the studied surface along the
Ni2 MnGa[100] direction. The b5M and c5M axes are pointing either in plane
([010]-direction) or out of plane ([001]-direction) for different twin variants
(c5M is pointing out of plane for twin variant C; for twin variant B the b5M axis
is pointing out of plane, see Fig. 6.5d).

6.3.2. Modulation
A closer inspection of the Ni2 MnGa surface shows a difference of topography
for the two twin variants. The situation is highlighted in Figure 6.6, which
shows twin variants meeting at a twin boundary. Figure 6.6a shows the topography information, Figure 6.6b represents the topography gradient along
the [110] direction. It becomes clear that additional small scale corrugation
lines appear on one side of the twin boundary, this means for one twin variant. These parallel lines run perpendicular to the twin boundary along the
2

Calculations based on the lattice parameters given in [51] and [64]. Subscript indices indicate
the twinning mechanism.
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Figure 6.6.: STM topography (a) of the Ni2 MnGa surface obtained at 13 K
and the corresponding topography gradient along the [110] direction (b) (72 ×
72 nm2 ) revealing a periodic surface corrugation for twin variant B (UT = 0.9 V,
IT = 0.5 nA).

[010] direction. Figure 6.7 shows this periodic surface corrugation in a more
detail. Figure 6.7a demonstrates that the corrugation lines extend over a length
of several tens of nanometers3 . Also the lines are very regularly spaced over
very large areas. This fact becomes also apparent in the fast Fourier transform (FFT) of the topography image. The corresponding FFT displays two
distinct sharp points (marked by white arrows). Figure 6.7b shows a smaller
area of the corrugated surface. The height profiles extracted from this image
demonstrate that the shape of the modulated topography signal resembles a
harmonic wave.4 Consequently the z-profile can be fitted with a sine function

z(x) = z0 + A sin 2π λx − Φ , where A is the amplitude and λ is the wavelength
of the corrugation. This is represented as example for profile
in Fig. 6.7d
( symbols). For the presented measurement the wavelike surface modulation
pattern is characterized by a mean corrugation amplitude of A ≈ 11 pm with
a mean periodic length of λ ≈ 14 Å. The overall corrugation pattern does not
3

4

The length of the corrugation lines depends on the size of the twin variant which can reach
several micrometers.
The observed irregularities in the topography signal originate from surface defects observable
in the STM image.
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Figure 6.7.: STM images of the Ni2 MnGa(001) surface taken at 13 K ((a):
(75 × 75 nm2 , UT = 0.9 V, IT = 0.5 nA; (b): 14.6 × 14.6 nm2 , UT = 0.1 V,
IT = 2.5 nA). (c) Fast Fourier transform of the topographic STM image depicted
in (a) showing two distinct points indicating a regular periodic structure along
the [100] direction. (d) Exemplary height profiles corresponding to the linescans along the [100] direction
shownin (b). Open circles represents a fit with

x
z(x) = z0 + 13.9 pm ∗ sin 2π 1.41
− Φ . The profiles were shifted in the vertical
Å
direction for a better visibility.

show a dispersion behavior, i.e. the wavelength λ does not depend on the tunneling voltage UT . The wave pattern appears also to be largely undisturbed by
steps, surface defects, adsorbates, or segregated surface contaminants. Thus it
can be concluded that the observed surface corrugation is due to a topographical modulation of the surface.
The origin of this complicated surface structure is found in the superstructure of the modulated martensite, which was outlined earlier in chapter 2.1
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[16, 51, 64–72]. Thereafter martensitic superstructures exhibit a periodic shuffling of the (110) atomic planes along the [11̄0] direction. The period of the
modulation is either five (5M) or seven (7M) basal planes.
STM
tip
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Figure 6.8.: Scheme of the atomic structure of commensurate modulated 5M
tetragonal martensitic phase. (110) planes are shuffled with a period of 5 atomic
planes according to a model of a harmonic wave. Grey filled circles mark the
atomic positions of the unmodulated lattice. The modulation amplitudes of
AMn = AGa = 0.292 Å, ANi = 0.324 Å are shown in actual proportion to the
lattice parameter a5M ,b5M [66]. If the (010) surface is probed with a STM tip, a
periodically corrugated surface will be detected due to the modulated atomic
structure.

In Figure 6.8 the atomic structure of the commensurate 5M modulation of
the tetragonal martensitic phase is schematically depicted. The form of the
modulation is according to the static wave approach. The (110) basal planes
are displaced with a 5 layered period in the [11̄0] direction, which is depicted
by
and
lines. The maximum amplitude of the displacement is given
by A. The value for the modulation amplitude was found to be different for
all three atomic species with values of A ≈ 28 − 32 pm [66, 68]. Now, let us
consider a situation in an STM experiment, where the surface which is oriented
perpendicular to the b5M lattice parameter and parallel to c5M is probed. This
crystallographic orientation corresponds to the twin variant with orientation
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B (see Fig. 6.5d) and is illustrated in Fig. 6.8 by the drawing of an STM tip. In
this case the periodic displacement of the (110) planes results in the observed
surface corrugation pattern (depicted by
line) due to the displacement of
the basal planes in a direction with out of plane component. The distance
between two maximum height positions for a commensurate 5M modulation
is given by λ5M = 5 · a5M /2. The form of the modulation (static harmonic
wave) is preserved in surface corrugation, however the amplitude is reduced
√
by a factor of 2, due to a tilted propagation with respect to the surface, and
√
accounts to A5M = A/ 2. Based on the lattice parameters of the 5M unit cell
a modulation period of λc5M = 14.75 Å is expected5 [51]. This corresponds
well with the experimentally determined value of λ5M ≈ 14 Å. The surface
topographic corrugation should arise with an amplitude of ≈ 20 − 23 pm [66,
68]. The experimentally measured value of A5M ≈ 11 pm is however a factor
of 2 smaller.
At this point a different situation in an STM experiment will be considered
to address the question of different surface topography structure on two sides
of a twin boundary observable in Fig. 6.6. For a twin variant orientation of
type C an atomic plane is probed, which is oriented parallel to the lattice parameters a5M and b5M (see Fig.6.5d). This (001)-oriented plane is perpendicular
to the shuffling direction [11̄1]. Consequently the displacement of the (110)
atomic planes occurs in the surface plane and for this reason no substantial
topography modulation is measured by STM in Fig. 6.6. This situation is graphically clarified in Figure 6.9. The occurrence of surface topography modulation
makes it possible to assign the observed twin variant orientation either to B or
C.

Atomic Configuration of the Modulated Surface
Much effort has been put into the acquisition of atomically resolved STM images to obtain a more detailed information on the modulated atomic structure.
This measurement seems to be difficult for the Ni2 MnGa surface especially
5

The superscript c denotes a commensurate modulation.
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Figure 6.9.: Geometrical model visualizing the origin of the periodic topographic surface modulation observed for the twin variant with orientation B.
The 3d model schematically displays the direction of periodic shuffling of (110)
atomic planes for both twin variant orientations.

at very low temperatures. However several measurements were successful at
temperatures slightly below the martensitic transformation.
Figure 6.10 displays a STM image with atomic resolution on the Ni2 MnGa
surface obtained at 187 K. It represents the surface topography at a twin boundary (similar to images 6.5 and 6.6), however the topography signal originating
from the twin boundary formation was subtracted to reveal the atomic resolution. The topography difference for both twin variant orientations is obvious;
modulation of the martensitic structure is noticeable as a topography modulation only for twin variant B. The atomic configuration can be examined in the
enlarged images shown in 6.10b and by means of Fast Fourier transform of the
STM images obtained for each twin variant surface shown in Figure 6.11. For
twin variant C a quadratic atomic lattice, which is rotated 45◦ with respect to
the twin boundary [100] orientation, can be observed. This atomic arrangement
and orientation was already discussed for the austenitic state in section 6.2.2
and represents the surface unit cell of the Mn-Ga terminated surface with one
atom species visible. In the case of twin variant orientation C the atomic con-
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Figure 6.10.: (a) Topographical image of a Ni2 MnGa surface at 187 K showing
the surface of two different twin variant orientations with atomic resolution
(31.8 × 17.2 nm2 , UT = 1 V, IT = 0.2 nA). The topography signal originating
from the twin boundary formation was subtracted as a background signal for
an enhanced visibility of the relevant information. Open circles in the profile
diagram represent sine function fits to the data. (b) Enlarged images (2.9 ×
2.9 nm2 ) to demonstrate the orientation of the unit cell of the surface atomic
plane for both twin variant orientations. The orientation of the surface lattice
vectors asc ..dsc relative to the lattice parameters of the 5M unit cell is indicated.

figuration of the surface plane is a quadratic lattice, since the short axis of the
tetragonal 5M unit cell is oriented out of plane. The surface unit cell is spanned
by the lattice vectors ~asc = 1/2(~a5M −~b5M ) and ~bsc = 1/2(~a5M +~b5M ). The surface
unit cell is reflected in the FFT pattern of twin variant C by the quadratic reciprocal unit cell with reciprocal unit vectors a∗sc and b∗sc (Fig. 6.11). The atomic
arrangement becomes rectangular for the surface of twin variant with orientation B, since it is characterized by the lattice parameters a5M and c5M 6= a5M .
The surface unit cell is now spanned by the lattice vectors ~csc = 1/2(~a5M − ~c5M )
and d~sc = 1/2(~a5M + ~c5M ). The rectangular symmetry of the reciprocal lattice
(c∗sc and d∗sc ) is apparent in the FFT image of twin variant B (Fig. 6.11). By the
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analysis of the FFT pattern a rectangular distortion of the reciprocal unit cell
and therefore a c5M /a5M -ratio of the lattice parameters of the 5M tetragonal
unit cell of c5M /a5M = 0.96 ± 0.01 was determined.
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Figure 6.11.: (a) Fast Fourier transform of a ≈ 70 × 30 nm2 (twin variant C) and
a ≈ 70 × 20 nm2 (twin variant B) topographic image obtained on the surface of
the corresponding twin variant (UT = 1 V, IT = 0.2 nA). For twin variant C only
the reciprocal surface unit cell with vectors a∗sc and b∗sc is visible. For twin variant
B the each spot of the reciprocal surface unit cell (c∗sc and d∗sc ) is surrounded by
two satellite spots as indicated by the arrow q5M . This is due to the periodic
surface 5M modulation. (b) Diagram showing the respective positions of the
atomic lattice spots (closed circles) and of the modulation superlattice spots
(open circles) in the (010) plane. The analysis of this measurements reveals that
the wave vector q5M is incommensurate with q5M = 0.426a∗5M

A careful analysis of the Fourier transform for twin variant B reveals, that
the main spots are surrounded by two satellite spots. These spots arise due to
the existence of an additional periodic corrugation feature with a periodicity
larger then the interatomic distance, namely the surface corrugation due to
the modulated atomic structure. The length and the orientation of the corresponding wave vector q5M (indicated by arrows in Fig. 6.11) provides detailed
information on the modulated structure. A careful analysis revealed a wave
vector of ~q5M = 0.213 ± 0.001(d~∗sc − ~c∗sc ) or ~q5M = 0.426 ± 0.002~a∗5M . This result
means that the wave vector is oriented along the ~a∗5M direction, suggesting that
the corrugation lines are oriented strictly perpendicular to the orientation of
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the a5M lattice parameter. The second result is, that the observed modulation
of the Ni2 MnGa martensite is incommensurate, since 0.426 6= 2/5, meaning
that the periodicity is a little smaller than 5 interplanar distances between (110)
planes (see Fig. 6.8). This result is in excellent agreement with investigations
of the martensitic 5M structure of stoichiometric Ni2 MnGa studied by X-ray
diffraction6 [68, 71].
Discussion
A detailed investigation of the Ni2 MnGa surface was carried out by STM at
different temperatures in the martensitic phase in order to study the microscopic structure and atomic configuration of the sample. This offers a visualization and investigation of both, the martensitic twinning and the modulation
of the lattice. The measurements confirmed that the stoichiometric Ni2 MnGa
has a five-layered modulated (5M) tetragonal structure. No intermartensitic
transitions have been observed for the whole temperature range below TM .
STM measurements presented here also show that the 5M structure of stoichiometric Ni2 MnGa is incommensurately modulated. Our STM results are
thus consistent with previous diffraction experiments performed on Ni2 MnGa
[16, 51, 68, 71]. However, since these results are obtained in direct space and
with a technique, which is new for this class of materials they provide a novel
view on the ongoing debate concerning the crystallographic structure and the
origin of the modulation of Ni-Mn-Ga alloys. Measurements in Figs. 6.7 and
6.10 corroborate that the harmonic displacement of the (110) planes follows
the form of a wave-like function. It was also possible to observe the modulated
lattice on large scales (see Fig.6.7) and these measurements have demonstrated
a regular modulation periodicity and no stacking faults could be identified.
Therefore a stacking of the atomic planes and/or an adaptive phase can be
ruled out.7
6

7

Incommensurate modulation with a wave vector of ~q = [0.4248 0.4248 0] and ~q = [0.428 0.428 0]
was found by Righi et al. and Mariager et al., respectively.
At this point the reader is referred to chapter 7, where in turn a nanotwinned phase could be
identified in similar STM experiments, but for off-stoichiometric alloy compositions.
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However, it should be mentioned again, that the amplitude of the topography
modulation measured in STM experiments is not exactly consistent with previous data. The measured amplitude is around half of the value expected from
the modulation amplitude measured and calculated in bulk samples [66, 68].
Hence, the bulk modulation of the (110) atomic planes with modulation propagation direction pointing along the [110] direction appears to be suppressed at
the Ni2 MnGa(010) surface (twin variant B). The explanation for this effect can
be that such a protrusion of surface atomic rows can represent an energetically
unfavorable situation. It should also be recalled that in a topographical STM
image measured in constant current mode, the height information of the image
does not solely depend on the underlying atomic lattice. The topographical
STM signal provides also information on the local electronic structure of the
surface. The local electronic density of states of the martensitic Ni2 MnGa surface and a possible electronic origin of the martensitic superstructure probed
by STM/STS is the subject of the studies presented in the following section.

6.3.3. Local Electronic Structure of the Martensitic Surface8
STM measurements of the martensitic Ni2 MnGa surface discussed so far have
all been obtained at almost the same tunneling voltage UT and the influence of
tunneling conditions on the topographic information has not been considered.
However, by varying UT it was found that the corrugation pattern is sensitive
to the tunneling conditions. Thus it is concluded that the observed surface
corrugation is not only due to a topographical modulation of the surface.
Figure 6.12 shows an STM image of a Ni2 MnGa(010) surface which was
obtained at 13 K at constant tunneling current of IT = 1.5 nA. It shows the
surface of a twin variant with orientation B with the previously discussed
surface corrugation lines oriented perpendicular to the scan direction of the
tip. During the measurement the tunneling voltage was changed twice during
the linescans which are marked by dashed lines. The measurement obviously
8

Though the chapter is about structural properties of Ni-Mn-Ga alloys the present section
nevertheless deals with electronic properties, since the presented results contain information
about local electronic properties which are closely connected with structural properties.
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Figure 6.12.: STM image of the Ni2 MnGa(010) surface taken at 13 K in a continuous scan. During the measurement the tunneling voltage UT was changed to
demonstrate the influence of this tunneling parameter on the modulation pattern (24×19.7nm2 , UT is varied, IT = 1.5 nA). Arrows point on surface locations
where a phase change of the signal of π is particularly obvious. This can be also
observed in the height profiles shown in the lower part of the image. In contrast
the topography signal of surface defects is not sensitive to UT (black circles).

demonstrates a phase shift of ≈ π of the topographic signal upon a change of
UT from 1 V to −0.5 V and from −0.5 V to 0.5 V. This effect is best visible at positions which are marked by black arrows and in the diagram where the height
profiles for different tunneling voltages are shown. In the same measurements,
however, no significant change in the topography signal of the surface defects
can be observed (see surface areas marked by circles). These measurements
show that there exist two contributions to the measured topography signal:
the underlying atomic lattice and the local electronic structure.
By varying the sample bias over a wide range it was found that the wave
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vector ~q5M of the modulation shows no dispersive behavior. Hence, the corrugation pattern is not associated with a surface state [156]. However, the
surface wave pattern is enhanced for tunneling voltages close to the Fermi
level. This effect can be recognized in Fig. 6.12 and is particularly apparent
in Figure 6.13a. The diagram shows two topographical line scans obtained
at 14 K along the [100] direction. While the modulation is clearly observed
at UT = −100 mV with a mean amplitude of A5M ≈ 12 pm, it is largely suppressed at UT = −3 V with A5M ≈ 3 pm. The modulation profiles obtained
from numerous measurements performed at different UT were fitted with
z(x) = z0 + A5M ∗ sin (2πx/λ5M − Φ) in order to estimate the mean corrugation
amplitude A5M as a function of the tunneling voltage. The results for sample
temperatures of 12-14 K are presented in Fig. 6.13b. The surface corrugation
is enhanced for UT = EF ± 500 mV and shows a pronounced maximum at the
Fermi level. This demonstrates that the corrugation amplitude is determined
by the tunneling voltage. Hence, the energy range of the electronic states contributing to the observed voltage-dependent modulation is obviously confined
to the vicinity of the Fermi energy.
Additionally, the voltage-dependence of the phase of the modulation signal
was studied in the same manner. The results are shown in Figure 6.14. From the
fit of the modulation signal (z(x) = z0 + A5M ∗ sin (2πx/λ5M − Φ)), the phase Φ
was obtained as a function of the tunneling voltage UT , whereby Φ at UT = 1 V
is set to a value of 2π as reference. From the diagram it can be derived, that the
phase of the modulation signal shows approximately a step-like behavior. For
a tunneling voltage of UT ≈ 100 mV − 200 mV the modulation signal shows
a change in the phase of π. In STM images this leads to an inversion of the
modulated topography signal and can be observed for example in Fig. 6.12.
Furthermore the modulation phase demonstrates a tunneling voltage dependency for UT in the range of ≈ 100 mV to ≈ −300 mV. This measurements
further support the fact that the modulation signal is strongly determined by
electronic states confined to the vicinity of the Fermi energy.
To summarize the results so far, it was shown that the topography modu-
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Figure 6.13.: Tunneling voltage dependent magnitude of the surface corrugation. (a) Exemplary linescans taken along the [100] direction at UT = −3 V
and UT = −100 mV taken at 14 K. Open circles represent a fit to the data with
z(x) = z0 + A5M ∗ sin (2πx/λ5M − Φ) which was used to obtain the corrugation amplitude A5M . (b) Mean corrugation amplitude A5M as a function of the
tunneling voltage UT obtained from measurements which where performed
at temperatures between 12 K and 14 K. The charge-density modulation is enhanced for UT below ±500 mV with respect to EF .

lation observed in STM experiments at cryogenic9 temperatures is not only
due to a topographical modulation of the surface. The tunneling voltage dependent magnitude and phase of the observed surface wave pattern indicates
that it is dealt with a surface charge density modulation which is coupled to
the modulated atomic structure of the martensitic phase of Ni2 MnGa. This
effect and the fact that obviously only states near EF contribute to the charge
density modulation are an indication of a charge density wave (CDW), which
was recently proposed for the martensitic phase of stoichiometric Ni2 MnGa
from photoemission measurements (see also section 2.3.1 of the theoretical
9

The term cryogenic is used in this thesis to refer to a temperature range of 5 K − 15 K.
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Figure 6.14.: Tunneling voltage dependent phase Φ(UT ) of the modulation signal. The phase for the tunneling voltage of UT = 1 V is taken as reference:
Φ(1 V) = 2π. The data is presented for measurements performed at temperatures of 12 K-14 K. The line represent a fit of a step function to emphasize
the fact that a phase change of ∆Φ = π occurs for a tunneling voltage of
UT ≈ 100 mV − 200 mV.

background) [26, 27]. However further measurements of the local electronic
properties are needed to identify this feature as a CDW; they are treated in the
following sections.
Stacking faults
As it was previously mentioned, the wavelength of the observed surface topography modulation did not show any dispersive behavior. This result is
shown in Figure 6.15, where the wavelength is presented as a function of UT .
Although a decrease of the wavelength for tunneling voltages between 0 and
1 V can be possibly observed, the data do not support any obvious dispersive
behavior. The measurement values are more scattered around a mean value
of λCDW = 1.38 ± 0.01 nm. The wide variation of the wavelength values is surprising, if one considers STM measurements of the modulated surface. They
showed very regular wave patterns with one constant modulation period. Following, the sample must contain uniformly modulated domains which are connected by domain boundaries. These modulation domain boundaries could
be observed in STM measurements and one example of this feature is depicted
in Figure 6.16.
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Figure 6.15.: Mean wavelength of the surface charge density modulation λCDW
as a function of the tunneling voltage UT . Measurements were performed at
temperatures of 12 K-14 K. The data do not reveal any dependance on UT .

Fig. 6.16a shows a 48×48nm2 STM image with areas which present different
periodicity of the surface modulation (denoted as I, II and III). For these areas
the following mean wavelengths were found by averaging the FFT of height
profiles along the [100] direction: I: 1.39 nm, II: 1.37 nm, III: 1.35 nm. A further
feature can be recognized in the center of the image as a step in the topography,
oriented parallel to the wavefront of the modulation pattern. The height of this
characteristic was found to be ≈ 60 pm which appears to be independent on
UT . This value can not be assigned to any interplanar distance for the present
crystallographic direction (b5M axis perpendicular to the sample surface), since
the shortest possible distance is between the Mn-Ga- and the Ni-plane. With
an expected value of b5M /4 = 147.5 pm it is around 2.5 times larger than the
measured step height. It follows that the observed feature does not represent
an atomic step.
Next, we verify the behavior of surface modulation across a domain step. For
this purpose, height profiles across the step, as shown for example in Fig. 6.16a,
are analyzed. It turns out, that along with the wavelength also the phase of
the modulation changes at the step position. This is apparent from
and
in the profile diagrams of Fig. 6.16a, which represent the sine function fit of
the linear background corrected modulation signal of domain I and domain
II, respectively. These data show that across the step the modulation signal
undergoes a phase change of ≈ π. In the STM image of Fig. 6.16a an additional
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step is visible, which is shown in more detail in Fig. 6.16b. This image and
the extracted height profiles show how the modulation domain boundary step
arises along the [01̄0] direction. Starting at the top edge of the STM image in a
single domain, the step starts to arise in the center of the shown area. Within
a distance of ≈ 10 nm the modulation signal phase to the right of the step is
shifted by ≈ π (compare profile and ) and the step fully develops.
a)

b) 2

Ni-Mn-Ga [100]

II

1

b)

I
1

III
II

I

3

3

2

Figure 6.16.: STM image of the Ni2 MnGa(010) surface showing an area with
different modulation periodicity domains (I: 1.39 ± 0.01 nm, II: 1.37 ± 0.01 nm,
III: 1.35 ± 0.02 nm). The profiles show that along the [100] direction the domains
are separated by a step (≈ 57 pm) which occurs along with a phase change of
≈ π in the modulation signal. ((a): 48 × 48 nm2 , (b): 7.5 × 22 nm2 , UT = 1 V,
IT = 1.5 nA, T = 14 K)
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Since it was not possible to image simultaneously the surface charge density
modulation and the underlying atomic lattice, the λCDW can not be directly
compared to the lattice parameters of the 5M phase. However, the absolute
measured value of λCDW = 1.38 ± 0.01 nm can be compared to reported literature values [51]. A wavelength of 1.38 nm implies that the observed charge
density modulation is incommensurate with 1.38 nm/(b5M /2) ≈ 4.7 layers.
This result is in excellent agreement with the modulation period of 1.39 nm
and the modulation wave vector of ~q5M = 0.426 ± 0.002~a∗5M measured at 187 K
(see previous section).
It can be concluded that the observed steps between domains with different
wavelengths are topographic steps, since no tunneling voltage dependance of
the step height could be observed. The height value of ≈ 60 pm is too small
for an interplanar distance of the 5M tetragonal cell. However, this value is
very well in the range of the modulation amplitude of the martensitic lattice.
It matches more with theoretically expected distance between the maximal
√
and the minimal position of the modulated (010) plane: 2AMn = 41 pm (see
Fig. 6.8) [66]. Therefore, it can be assumed that the observed modulation domain steps represent an abrupt change in the shuffling sequence of the (110)
planes - or in other words, stacking faults.
Local electronic properties
In order to clarify the origin of the modulated surface topography pattern
observed for the twin variant with orientation B, local electronic structure of
the Ni2 MnGa(010) surface was studied by means of scanning tunneling spectroscopy. The experiments enable a simultaneous mapping of the surface topography and local differential conductance (dI/dV ) spectroscopy, which is
proportional to the energy-dependent local density of states (LDOS) of the
sample surface. Representative normalized differential conductance spectra
(dI/dV ) / (I/V ) obtained at different locations of the modulated Ni2 MnGa(010)
surface are demonstrated in Figure 6.17a. The measurement positions are specified in the topography image, which was obtained at a bias voltage of UT = 1 V,
in Fig. 6.17b. Although the shape of the spectra slightly varies depending on
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Figure 6.17.: (a) Normalized differential conductance spectra (dI/dV ) / (I/V )
measured in the 3.7 × 3.2 nm2 large area of the Ni2 MnGa(010) surface (twin
variant B). The area and the spectra positions are specified in (b) (UT = 1 V, IT =
1.5 nA, T = 14 K). The spectra exhibit 3 distinct peaks (≈ −0.6 V, ≈ 0.1 V and ≈
0.5 V) which can be assigned to the features of theoretically obtained electronic
DOS of the 5M phase of bulk Ni2 MnGa shown in (c) (Diagram adapted from
[96]).

the spatial position, for each spectrum 3 distinct peaks located at bias voltage
values of ≈ −0.6 V, ≈ 0.1 V and ≈ 0.5 V respectively can be recognized. The
region around −0.2 V shows a decreased signal intensity. These data are compared with results of first-principles calculations of DOS of bulk Ni2 MnGa in
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the martensitic 5M phase available in literature [96]. For a better comparison
the relevant energy region of spin-resolved DOS from Fig. 6 of [96] is shown in
Fig. 6.17c. It is evident that the peaks observed in the presented (dI/dV ) / (I/V )
spectra can be well assigned to the features of the theoretically expected electronic structure of the 5M phase of bulk Ni2 MnGa. Peak located at ≈ −0.6 V
can be assigned to the Ni d peak located at −0.55 eV in the minority DOS and
possibly also to the small feature at −0.7 eV in the majority DOS. For energies
above EF the theoretical majority DOS is relatively featureless and therefore
the both peaks in the (dI/dV ) / (I/V ) spectrum at ≈ 0.1 V and ≈ 0.5 V are
most probably due to the peaks located at 0.05 eV and 0.4 eV in the unoccupied region of the minority-spin DOS. Also the small feature at −0.3 eV in the
majority DOS appears in some spectra.
Further studies of the local electronic properties were differential conductance maps, i.e. simultaneous mapping of topography and dI/dV information
at a fixed bias value. A series of 7.8 × 8.5 nm2 large differential conductance
maps along with the underlying topography information for tunneling voltages from −415 mV to 585 mV is shown in Figure 6.18. For a better comparison
of the dI/dV - and the z-signal, the images are presented in a way that the
upper image of each figure shows the dI/dV signal and the lower image the topography information of the scanned area. dI/dV maps show a stripe pattern
in the LDOS, similar to the underlying topography modulation pattern. The
LDOS modulation pattern is observed at both positive and negative sample
bias, although the pattern appears more strongly at negative bias. Also, for a
tunneling voltage of −15 mV the line pattern in the differential conductance
map is strongly suppressed, although it is strongly present in the topography map. The determined wavelength of the LDOS pattern indicates that the
present electronic modulation is non-dispersive. However, the phase of the
dI/dV -signal shows a considerable energy dependance, as it can be seen in
Figure 6.19a. ΦdI/dV shows a linear energy dependence at negative tunneling
voltage and is roughly constant for positive UT .
The comparison of LDOS and the topography pattern is of special interest. The wavelength of both pattern did not reveal any significant differences.
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topography

dI/dV
high

high

UT= -415 mV

UT= -215 mV

UT= -15 mV

UT= 385 mV

UT= 585 mV

low

UT= 185 mV
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Figure 6.18.: Local electronic structure of the Ni2 MnGa(010) surface (twin variant B). 7.8 × 8.5 nm2 large areas for which the topography and the differential
conductance signal (dI/dV ) were obtained simultaneously at different tunneling voltages UT at a temperature of 14 K. The upper image of each figure shows
the dI/dV signal and the lower part shows z-signal of the scanned area. Differential conductance maps show a stripe pattern in the LDOS with a wavelength
equal to those of the topography modulation. Red lines mark the positions of the
z-signal maximums. The phase difference between the dI/dV - and the z-signal
depends on UT (IT = 1 nA).
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a)

b)

Figure 6.19.: Evaluation of the local conductance maps/topography measurements (partly) shown in Fig. 6.18. (a) The phase of the dI/dV -signal as a function of the bias voltage UT . (b) The difference of the phases of the differential
conductance (ΦdI/dV ) and the topography signal (Φz ) as a function of the bias
voltage UT (IT = 1 nA, T = 14 K). Both quantities exhibit an abrupt change for
−15 mV < UT < 185 mV.

However, there exists an energy-dependent phase difference of both patterns,
which is summarized in Fig. 6.19b. The maxima of both patterns appear at different positions since for topography measurement all states between EF and
e · UT and for the dI/dV -pattern only the states around e · UT contribute to the
signal. Φz − ΦdI/dV reveals a linear dependence on UT and an abrupt change
between −15 mV and 185 mV, indicating a strong change of local electronic
properties for this energy range. The simultaneous mapping of topography
and differential conductance spectroscopy modulation patterns and their described bias energy dependance is an indication for the existence of charge
density modulation in the ferromagnetic 5M martensitic phase of Ni2 MnGa.

6.3.4. Surface Stripe Pattern
This section deals with an additional observation detected in STM measurements performed at cryogenic temperatures. Its origin is less obvious, however
its behavior could be studied and it is certainly related to the studied sample.
Therefore only a brief phenomenological description will be given.
The characteristic which will be discussed is displayed in Figure 6.20. Images
(a) and (b) demonstrate topographic STM images obtained on the martensitic
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Figure 6.20.: (a) and (b): 27 × 27 nm2 respectively 20 × 20 nm2 large topographic
STM images showing martensitic Ni2 MnGa surface for twin variant orientations C and B (a: UT = 1 V, IT = 0.9 nA, b: UT = 0.5 V, IT = 1 nA, T = 12 K). In
both images thin, regularly spaced stripe-like features spanning over the whole
surface area are visible (positions are marked with arrows). (c) Since the topographic information of the relevant feature is very low, the contrast is enhanced
by applying a mean filter in order to outline the topographic stripes. (d) Height
profiles across a stripe feature. As second-order polynomial background was
subtracted.

Ni2 MnGa surfaces with twin variant orientation C respectively B. Besides topographic features which have already been discussed, very thin wave stripe
feature, which run across the whole imaged surface, can be detected. The positions of the most prominent ones are marked with arrows. These features
appear to have a wavy structure, but their width is strictly delimited to ≈ 2 Å.
This can been seen in Fig. 6.20d. The profiles also show that the height information associated with the stripe feature is only roughly 1 − 2 pm. In order
to outline the stripe pattern despite its low topography signal, topographic
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images which will be shown below, are filtered as in Fig. 6.20c. In this image it
becomes obvious, that the stripe pattern is regular, the stripes appear at equal
distances and have different intensities. Also, the distance between the stripes
is different for both variant orientations.
In order to exclude measurement noise as a possible origin of the observed
stripe pattern, scan parameters were changed and the pattern behavior was
observed. Figure 6.21 shows as an example a series of filtered STM images,
which were obtained at different scan directions relative to the surface lattice
orientation. It can be observed how the surface modulation pattern rotates

dB

dB

dB

Figure 6.21.: A series of 43 × 43 nm2 large filtered STM topography images
(with changing contrast settings) obtained at the same location of the sample
surface, but at different scan directions which is parallel to the bottom image
border (UT = 1 V, IT = 1.5 nA, T = 13 K). Stripes keep their orientation and
position (compare defects marked by circles) on the surface.

in a same way as it does the stripe pattern. The distance between the stripes
dB and also the location of the stripes on the surface (note the position of the
pronounced stripe feature relative to the defects marked by circles) remain
unchanged. Thus a conclusion can be drawn that the origin of the observed
stripe pattern is related to the sample surface.10
Further also the influence of tunneling conditions on the stripe pattern was
studied and is displayed in Figure 6.22. Filtered STM topography image on
the left hand side was obtained in a continuous scan at a constant IT and the
10

This conclusion is also supported by additional measurements which are not shown here.
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change of tunneling voltage
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IT= 1.5 nA IT= 0.75 nA

dB

U T= 4 V
UT= 2 V
IT= 1.5 nA IT= 1.5 nA

dB
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change of tunneling current

Figure 6.22.: Filtered STM topography images (14×8nm2 ) of the Ni2 MnGa(010)
surface taken at 13 K in a continuous scan. During the measurement the tunneling voltage UT or tunneling current IT was changed to demonstrate the shift
∆dB of the stripe pattern. Note that the modulation pattern is not sensitive to
changes of IT .

tunneling voltage was changed during the line scan marked by the dotted line.
At first there is a phase shift of the surface topography modulation, but also
the stripe pattern shifts by a distance ∆dB . The distance between the stripes dB ,
however, remains unchanged. Also in other measurements dB was found to be
non-dispersive. This behavior is not surprising, since it is similar to the behavior of the modulation pattern. However, there is a difference, which can be seen
in the right hand side image of Fig. 6.22. In this measurement UT was kept constant, but IT was changed from 0.75 nA to 1.5 nA. As a result the modulation
pattern remains unchanged, however, there is a shift of the stripe pattern (highlighted by the black circle). This situation is very unusual, since the change of
the tunneling current does not change the states involved in the tunneling process and hence no considerable changes of the tunneling condition is expected.
However, there is a parameter which changes as a function of IT (and UT ). This
is the tip-sample distance zTS . In a STM experiment this quantity is difficult to
obtain, however, the tip-sample distance change ∆zTS can be easily extracted
from measurements similar to those shown in Fig. 6.22 which have not been
background corrected. A number of such measurements was evaluated and
the results are summarized in Figure 6.23. The dependance of the shift of the
stripe pattern ∆dB on the tip-sample distance change ∆zTS is very remarkable.
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Figure 6.23.: Shift of the stripe pattern ∆dB as a function of the tip-sample
distance change ∆zTS . Data were extracted from measurements when tunneling
voltage UT or tunneling current IT were varied in the range of UT = −10..6 V
and IT = 0.1..3 nA in different incerements. All data follows a linear behavior:
∆dB = −7.43(5)∆zTS .

All data follows a linear behavior: ∆dB = −7.43(5)∆zTS . It should be noted,
that this behavior is independent on the type of the changed tunneling parameter, IT or UT . Also it was possible to shift the stripe pattern for more then one
period dB and no saturation of the linear behavior, at least for the used range
of tunneling conditions, could be detected.
Due to the fact, that the stripe pattern could be observed on the surface of
both twin variant orientation, a 3D model of the orientation of the stripe pattern
could derived, which is shown in Figure 6.24. For twin variant C the stripes
were oriented roughly along the b5M axis at an average distance of dC ≈ 4.61 nm.
For twin variant B the stripe orientation was inclined by a an angle of ≈ 40◦
relative to the c5M axis. The distance dB was ≈ 3.25 nm. The ratio between both
√
values of dC /dB ≈ 2 is intriguing, suggesting dC being a diagonal of a square
with an edge length of dB . Based on this observation it is suggested that the
observed wave pattern is a manifestation of planar features which are oriented
relative to the 5M unit cell in a way shown in Fig. 6.24.
The underlying mechanism, which leads to the described observations, could
not be fully understood, also since no corresponding reports could be found
in literature. However, few ideas will be discussed here. It is obvious, that the
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Figure 6.24.: Model of the orientation of the stripe pattern observed in STM
measurements in 3D relative to the orientation of the 5M tetragonal martensitic unit cell derived from measurements on the surface of both possible twin
variant orientations. STM measurements suggest that the observed stripes are
a manifestation of a planar feature which is running through the bulk sample
in an orientation as shown in the image.

origin of the stripe pattern is always present at the sample surface. It is only
the contribution to the tunneling current from each separate stripe position
which changes with the tip-sample distance and leads to the observed shift
of the pattern. The lateral dimensions of an individual stripe feature and the
proposed 3D model of the stripe pattern can be well linked to atomic planes of
the sample as a source of the observed stripe features. However, the relatively
large distances changes ∆dB and the missing information of the underlying
atomic lattice did not allow to specify this assumption. There must exist a kind
of interaction between the tip and specific atomic planes of Ni2 MnGa, which
influences the tunneling current as a function of the tip-sample distance. However, further experiments are needed, for example for very small tip-sample
distances, in order to specify this interaction.

6.3.5. Summary
To conclude, the study of martensitic surface of stoichiometric Ni2 MnGa by
means of scanning tunneling microscopy demonstrated the existence of an in-
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commensurately modulated 5M phase. The harmonic displacement of (110) planes
of the bulk crystal becomes apparent as a distinct surface modulation pattern.
The linear pattern is oriented parallel to the short c5M axis of the tetragonal
5M unit cell and perpendicular to the twin boundary orientation. The modulation periodicity is found to be very regular for large areas. However, the
value appears to be site dependent being different for individual modulation
domains, which are separated by topographical surface steps and are identified
as stacking faults.
The modulation wavelength is non-dispersive, however the amplitude and
the phase of the surface topography wave pattern demonstrate a pronounced
energy-dependance. Low temperature local differential conductance spectroscopy measurements revealed a static, non-dispersive electronic modulation
existing at temperatures of ≈ 10 K. The charge density modulation pattern is
similar to the topography pattern being equal in wavelength, but different in
phase, suggesting a strong coupling between the modulated atomic and electronic lattices. These features are interpreted as an unambiguous fingerprint of
a CDW state, which originates from Fermi surface nesting and is argued to be
responsible for the martensitic transformation11 [25–27]. The obtained results
on local electronic properties of martensitic Ni2 MnGa surfaces would need a
wider support by theoretical calculations in order to be able to draw further
conclusion.
Unfortunately it was not possible to visualize the underlying atomic lattice, which might be due to the following reason. The experience from STM
measurements of the Ni-Mn-Ga surfaces at room temperature shows, that the
achievement of atomic resolution on this system usually requires very low bias
voltages (several 10 mV). This also means that the contribution from CDW to
the DOS increases, since it is maximal for energies corresponding to the gap
edges E = EF ± ∆PG [157]. Therefore the topography signal is dominated
by the CDW, rendering the observation of the surface atomic lattice at lowest
temperatures impossible.
Finally, also the intriguing feature of the energy dependent phase of the
11

In chapter 8 a nesting feature was identified for the Fermi surface of Ni2 MnGa.
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CDW shall be addressed. Due to the fact, that the presented measurements
are unique for the class of magnetic shape memory alloys it has to be referred
to literature dealing with another class of CDW materials. Transition metal
dichalcogenides are very prominent CDW materials, for which STM was first
applied to study the superlattices of standing charge density waves on surfaces
[128, 157, 158]. Sacks et al. demonstrated that it is possible to relate the amplitude and phase of the CDW to features of the band structure [157]. The role
of particular energies, at which the CDW has a large contribution from special ~k point of the surface Brillouin zone, was emphasized. As a consequence
the amplitude and the phase of the CDW change significantly as a function
of the energy (or tunneling voltage). For example, occupied and empty states
on the order of E = EF ± ∆PG , giving dominant contribution to the LDOS,
have different phases. As one result, a phase change across the energy gap
was demonstrated, a behavior also observed in presented measurements (e.g.
Fig. 6.19). However, also a microscopic origin of local variation of electronic
properties can not be excluded. Periodic shuffling of (110) planes leads to a
modulation of interatomic distances. As it was pointed out in chapter 2, this
can lead, for instance, to oscillations in the distribution of the magnetic moment due to a variation of distance dependent atomic interactions [159]. It is
therefore conceivable that a modulation of interatomic distances induces a
modulated electronic structure, which was detected by STM and STS measurements. Further experimental and in particular theoretical studies are required
to explain this issue.
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Chapter 7.
Structural Properties of
Off-Stoichiometric Ni-Mn-Ga
Alloys
Off-stoichiometric Ni-Mn-Ga films epitaxially grown on MgO(001) substrates
and also off-stoichiometric single crystal samples were used for structural studies using the experimental techniques of STM and LEED. The results obtained
in the austenitic state were reported in [31] and resemble the results of samples
with stoichiometric composition, which have been described in detail in section
6.2. That is why in the following section we are focusing on the description of
the microscopic structure in the martensitic state, especially since STM measurements demonstrated that the character of the martensitic microstructure
of off-stoichiometric alloys is radically different from those of stoichiometric
Ni2 MnGa.

7.1. Martensitic Phase
7.1.1. Twinning
STM Measurements
The martensitic surface of epitaxial Ni-Mn-Ga films on MgO(001) substrates
was studied by STM and LEED, in contrast to stoichiometric Ni2 MnGa with
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TM = 211.9 K, mostly at room temperature. This was possible due to the fact
that off-stoichiometric Ni-Mn-Ga alloys have higher MT temperatures (also
above room temperature) compared to stoichiometric Ni2 MnGa. It should be
pointed out that TM of used film samples changed by high temperature annealing steps performed in order to prepare well ordered sample surfaces due
to the change of sample composition.1 As a consequence, also film samples
exhibiting the austenitic state at room temperature directly after the preparation could be studied in the martensitic state at room temperature after several
annealing cycles.
film thickness ≈ 176 nm

a)

b)

film thickness ≈ 1500 nm
7.3 nm

[010]MgO || [110]Ni-Mn-Ga

2.5 nm

50 nm

0 nm

50 nm

0 nm

Figure 7.1.: Large-scale topographic STM images of the Ni-Mn-Ga surface obtained in the martensitic state at room temperature for two epitaxial film samples with different thicknesses: ((a): EF2, film thickness = 176 nm, UT = 0.95 V,
IT = 0.21 nA, (b): EF3, film thickness = 1500 nm, UT = 1.2 V, IT = 0.15 nA.
Height profiles obtained along the lines indicated in STM images are shown in
the lower part of each figure.

Figure 7.1 displays large-scale topographic STM images obtained at room
1

The general consequence of high-temperature annealing for the used film sample compositions
was an increase of TM due to Mn loss and the attributed e/a-ratio [31].
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temperature in the martensitic state for two epitaxial films with different film
thicknesses d: (a) sample EF2 with d = 176 nm and (b) sample EF3 with
d = 1500 nm. Corrugation lines running along the [010] direction can be identified.2 Height profiles measured perpendicular to these corrugation lines are
shown in the lower part of each figure and resemble a zig-zag shape. In line
with the results obtained for the martensitic single crystal sample described
in section 6.3 these lines can be identified as twin boundaries separating differently oriented mesoscopic variants. The formation of periodically arranged
differently oriented oriented twin variants in epitaxial films is a result of the
martensitic phase transition and the formation of the martensitic microstructure and was reported in literature [31, 141, 151, 152]. The film is deposited
at elevated temperatures (770 K) and hence grows in the cubic L21 structure
of the austenitic state. After cooling down to room temperature the film undergoes a phase transition to the martensitic state, which has a lower crystallographic symmetry. In order to accommodate to the rigid substrate during
the phase transformation and to minimize tension/stress in the film plane direction, (101)-oriented twin boundaries are introduced and mesoscopic twin
variants with alternating orientations are formed. A twinning periodicity Λ of
39 ± 5 nm and 153 ± 16 nm was found for the 176 nm and 1500 nm thick sample
respectively. This result confirms the square-root dependency Λ ∝ d1/2 of the
twinning period on film thickness reported for mesoscopic 7M twin variants
[152]. In order to avoid any misunderstanding, one should distinguish between
the twin boundaries described here (later always denoted as mesoscopic twin
boundaries) and the atomically sharp nanotwin boundaries, which will be introduced later. The shape memory functionality is linked to mesoscopic twin
boundaries, since they are highly mobile and can be easily shifted in magnetic
fields [117].
Figure 7.2a gives a closer look to the twinned martensitic Ni-Mn-Ga surface.
A height profile taken perpendicular to the orientation of the twin boundary
2

The direction can be derived from the known orientation of the MgO substrate and due to epitaxial growth of the Ni-Mn-Ga films (see Fig. 4.2). Additionally LEED and XRD measurements
provide information about the crystallographic orientation.
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Figure 7.2.: (a) STM topography (112 × 86 nm2 ) of the Ni-Mn-Ga surface in the
martensitic state obtained for the epitaxial film sample EF2. The orientation of
the 7M unit cell is schematically shown for differently oriented twin lamellae
(UT = 0.6 V, IT = 0.2 nA). (b) and (c) Height profiles corresponding to the
linescans shown in (a) are shown along with the orientation of the 7M unit cell.
The profiles were shifted in the vertical direction for better illustration.

(Fig. 7.2b) allows one to deduce the type and the orientation of the unit cells for
the twin variants in an accurate way by measuring the twinning angle  [31].
The STM measurements yield a value of  = 3.6 ± 0.2◦ and indicate3 a 7M modulated orthorhombic crystal structure for the sample and a a7M -c7M -twinning
mechanism at the observed twin boundaries [31, 64]. From this finding it can
be concluded that the b7M axis is oriented along the film plane and parallel to
the observed twin boundaries. The a7M /c7M axis is pointing either parallel or
perpendicular to the surface plane for different twin variants. This difference
becomes apparent in the linescans
and
shown in Fig. 7.2c. These height
profiles were extracted, as displayed in Fig. 7.2a, across a step edge for two
3

See the discussion in the previous section 6.3.1, where twinning angles for different martensitic
phases and twinning mechanisms are calculated.
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neighboring twin variants. As it was discussed in section 6.2 for the austenitic
Ni2 MnGa surfaces, the atomic steps occur between two adjacent Mn-Ga atomic
layers and therefore the height of the atomic step corresponds to half of the
present unit cell. The measured height profiles demonstrate that for the martensitic Ni-Mn-Ga surfaces the step heights differ for two neighboring twin
variants and yield a value of 2.8 ± 0.1 Å (twin variant C) and 3.2 ± 0.2 Å (twin
variant A). These values correspond well to a half of the c7M respectively a7M lattice parameters of the orthorhombic unit cell of 7M modulated martensite (see
Table 2.1). The measured values, twinning angle  and the lattice parameters,
are related to each other by the geometrical relation 2 = 90◦ − 2 arctan c7M /a7M
as pictured in Fig. 7.2b. Consequently both measurement methods give access
to the c7M /a7M -ratio and both presented measurements yield independently
of one another c7M /a7M = 0.88.
topography

[010]Ni-Mn-Ga

gradient

twin variant A
10 nm

twin variant C

Figure 7.3.: STM topography and topography gradient of the same martensitic
Ni-Mn-Ga surface area showing mesoscopic twin variants with orientation A
and C. The surface of twin variant A reveals pronounced surface corrugation
stripes (EF2, UT = −1 V, IT = 0.2 nA).

The linescans in Fig. 7.2c reveal an additional difference between both twin
variant orientations. For the twin variant A with the a7M lattice parameter
pointing perpendicular to the sample surface a periodic surface corrugation
with a peak-to-peak height of approximately 50 pm is observed (linescan ).
The topographic STM image and its gradient presented in Figure 7.3 reveal
that this feature is visible as corrugation lines running perpendicular to the
orientation of the mesoscopic twin boundary. It also becomes apparent that
this surface corrugation feature appears only for the twin variant with orientation A. This observation is qualitatively similar to the corrugation feature
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observed for the 5M martensitic phase of stoichiometric Ni2 MnGa (for example
see Fig. 6.6) and the origin was likewise found in the modulated martensitic
superstructure. However there exist major differences between these two types
of Ni-Mn-Ga alloys which will be discussed in details in the following sections.
LEED Measurements
E = 53.3 eV
T = 293 K

c) twin variant
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Figure 7.4.: LEED pattern of the martensitic Ni-Mn-Ga surface obtained at
room temperature for the epitaxial film sample EF2. (a) LEED pattern at 53.3 eV
revealing the two characteristic martensitic arrays of spots (1,0) and (1,1). The
sample was aligned with the Ni-Mn-Ga[010] or MgO[110] direction vertically.
(b) Model of the reciprocal space reproducing the observed martensitic LEED
pattern. The distorted reciprocal lattices for the a7M -b7M (orange lattice, twin
variant C) and the b7M -c7M (green lattice, twin variant A) surface cells with possible orientations are taken into account. The tilt of the surface due to twinning
is taken into account by the displacement of the single reciprocal lattices in the
appropriate direction. (c) Possible orientations of the martensitic 7M unit cell
due to formation of mesoscopic twin variants. (d) Enlarged view of the observed
(1̄, 1)-type and (0,1)-type LEED arrays and the corresponding modeled patterns.

LEED pattern of a martensitic Ni-Mn-Ga surface (sample EF2) obtained at
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room temperature is displayed in Figure 7.4a. Compared to the LEED pattern
of the austenitic state (see fig. 6.2), the pattern of the martensitic state is more
complex. The spots appear faded and are spread into spot arrays. Two main
types of spot arrangements ca be identified: (0,1)-type arrays with trapezoid
spot arrangement and (1,1)-type arrays which resemble a cross-shaped spot
configuration (Fig. 7.4d).4 To understand the complex LEED pattern of the martensitic surface, the observed surface topography and the surface atomic lattice
must be taken into consideration [31]. As was shown by STM measurements
there exist two surface unit cell configurations: a7M -b7M -plane is present on the
surface of twin variant with orientation C, whereas the c7M -b7M -plane is present
for twin variant A (see Fig. 7.2a). These two rectangular surface cells lead to
twofold arrays within a rectangular LEED pattern. Since the twin lamellae
can be oriented along two crystallographic directions, parallel to MgO[110] or
MgO[1̄10], spot arrays exhibit a fourfold splitting (see Fig. 7.4). Another issue
that needs to be considered is the tilt of the surface due to twinning which
leads to further to a displacement of each single reciprocal lattice in the appropriate direction. This all leads to a complex arrangement of spots, which form
8-fold arrays of reflexes, and is modeled in Fig. 7.4b. Let us look in detail on
the modeled (1,0)- and (1,1)-type arrays and compare them to the observed
LEED pattern in Fig. 7.4d. The modeled spot array very well reproduces the
trapezoid and the cross-shaped spot arrangement for the (0,1)- respectively
(1,1)-type arrays. Closer comparison of the theoretical and measured LEED
pattern shows that the experimental arrays only consist of 4 spots. It is also
apparent that this fourfold LEED pattern resembles the geometry of the
reciprocal lattice, rather then spot arrangement of the
lattice. The
reciprocal lattice appears due to the surface lattice of twin variants C with a7M -b7M
symmetry (compare Fig. 7.4c). If we recall STM observations that the surface
of twin variants C is flat and the twin variants A exhibit a pronounced surface corrugation (Fig. 7.3), it appears obvious that primarily twin variants with
orientation C contribute to the martensitic LEED pattern. Therefore only a
4

√
Indexing refers to spot indices of the austenitic LEED pattern, which takes also the ( 2 ×
√
2)R45◦ superlattice into account. See for comparison Fig. 6.2.
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fourfold spot arrays are observed.
Based on these considerations the reciprocal unit cell spanned by vectors5
2a∗ 7M and 2b∗ 7M can be attributed to each spot of the fourfold LEED array as
shown in Figure 7.5a. A spectacular modification of the LEED pattern could be
observed for electron energies approximately between 10 eV and 27 eV. LEED
pattern reveals the appearance of arrays of satellite spots oriented along the
b∗ 7M direction between two (0,1)-type spot arrays. They are labeled as 1-6 in the
25.6 eV LEED pattern of Fig. 7.5a. These satellite spots are also clearly visible in
the intensity profiles shown in Fig. 7.5b obtained along the the b∗ 7M direction
at different electron energies.
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1 2 3
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2
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5
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Figure 7.5.: (a) LEED patterns of the Ni-Mn-Ga (sample EF2) surface obtained in
the martensitic state (E = 23 eV). The orientation of the reciprocal unit cell with
vectors 2a∗ 7M and 2b∗ 7M within the fourfold LEED array is shown. (b) LEED
pattern (E = 25.6 eV) reveals the appearance of arrays of satellite spots (1-6)
between two (0,1)-type spot arrays. (c) A series of LEED intensity profiles along
the b∗ 7M direction at different electron energies. Modulation wave vectors qS1 ,
qS2 , qS3 are shown by arrows.

The characteristics of the surface modulation can be determined from the
number of satellite spots and the value of qS . Detailed analysis of the intensity
profiles provides an average modulation wave vector qS with a value of qS =
0.273 b∗7M . Based on the convention that the observation of six satellite spots
indicates a seven-fold modulation, the observed martensitic structure can be
5

a∗7M = 2π/a7M , b∗7M = 2π/b7M
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described as 7M [68, 101]. However the qS /b∗7M -ratio differs from the rational
fraction of 2/7 by −0.013. Consequently it can be concluded that due to the
observation of satellite reflexes in LEED pattern the surface modulation of twin
variants with orientation C can be described as incommensurately modulated
with a period of ≈ 7.3.

7.1.2. Nanotwinning
Now we turn back to STM measurements and will discuss the surface corrugation feature observed for the twin variants with orientation A. Figure 7.6
displays two STM topography images obtained at room temperature for the
epitaxial film sample EF2. On a large scale (e.g. Fig. 7.2 and 7.1), the corrugation seem to be regularly spaced. However, Fig. 7.6 reveals that the structure of
the corrugation is irregular and complicated. The profiles also show that the
height signal of the corrugation also appears to be not uniform. Special attention should be paid to the value of the peak-to-peak height, which fluctuates
between ≈ 30 pm and ≈ 70 pm. This relatively high corrugation signal clearly
a)

b)

4 nm

4 nm

Figure 7.6.: (a) and (b) STM topography images of the Ni-Mn-Ga surface for the
twin variant with orientation A. The extracted height profiles suggest irregular
periodicity and a stacking character of the superstructure ( (a): UT = −1 V,
IT = 0.5 nA, (b): UT = 0.4 V, IT = 0.6 nA)

shows that surface corrugation shows a triangular or a zig-zag shape similar to
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the height profiles across mesoscopic twin boundaries. The average distance
between the neighboring corrugation lines accounts to λ = 2.1 ± 0.1 nm. It
is slightly higher than the value expected for a modulation period of 7 basal
planes 7 × b∗7M /2 = 2.02 nm of a seven-fold layered superstructure of the orthorhombic 7M martensitic phase [64]. Figure 7.7a presents a topography gradient of an atomically resolved STM image. Fig. 7.7b displays a topography
profile extracted from the lower part of the scanned area. This figure allows to
assign the atomic planes to a hill or a valley of the corrugation signal and to
define the period of the modulation in units of basal planes. It can be observed
that some of the superstructure segments with additional inserted (or missing)
unit cells deviate from the exact periodicity of 7 basal planes for the seven-fold
layered superstructure.
The described observation qualitatively resembles the STM measurements
described for the case of stoichiometric Ni2 MnGa. It is also an obvious step to assign the surface topography to the modulated superstructure of the martensitic
phase [31]. However there exist major differences between the surface superstructure features of stoichiometric and off-stoichiometric Ni-Mn-Ga samples
observed by STM:
sample type

stoichiometric

off-stoichiometric

superstructure period

highly uniform

irregular

≈ 3 − 20 pm

≈ 30 − 120 pm

yes

no

sinusoidal

triangular

signal peak-to-peak height
peak-to-peak height dependent on Ut
topography signal shape

Consequently it must be concluded that the character and therefore also the
origin of the modulation in these two different classes of Ni-Mn-Ga alloys
must be different. In the following, the observed superstructure feature is discussed as nanotwinning within the theory of an adaptive martensitic phase.
This concept has recently attracted increased interest to explain the origin of
martensitic superstructure of Ni-Mn-Ga alloys.
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Figure 7.7.: (a) Topography gradient of the atomically resolved image of the
mesoscopic twin variant A with out-of-plane corrugation component showing
nanotwins with the corresponding periodicity (upper numbers) and stacking
sequences (lower numbers) (17.4 × 5.2 nm2 , UT = 0.1 V, IT = 25 nA). The topography profile extracted from the lower part of the shown surface segment
is displayed in (b). Dashed lines indicate the nanotwin boundaries.

Nanotwinning within the Theory of Adaptive Martensite
Within the theory of adaptive modulations, the 7M modulated phase is treated
as a metastable adaptive phase and is a result of the accommodation of the thermodynamically stable NM phase to a habit plane [29, 31, 32, 65]. The interface
between residual austenite, which is present in the vicinity of sample/substrate
interface [141], and martensite acts as a habit plane for constrained epitaxial
films grown in the high symmetry austenitic phase. A habit plane requires an
equal number of unit cell on each side of the plane. Also, the length of one martensitic superstructure should match the length of the austenitic habit plane
with an identical number of unit cells. Thus the lattice parameters of the NM
tetragonal unit cell (aNM and cNM ) and the austenitic cubic unit cell (aA ) determine the orientation sequence of the NM building blocks (see also theoretical
section 2.1.1). All these conditions lead to the nanotwinned accommodation sequence along the habit plane built up from 5 unit cells with aNM -axia and 2 adja-
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cent unit cells with cNM -axis oriented in one direction. Considering the number
of basal planes of both nanotwin lamellae, the ratio of the nanotwin lamellae
widths d1|bp and d2|bp is determined by the lattice parameters of two involved
phases by the following expression: d1 /d2|bp = (aNM − aA )/(aA − cNM ). For the
seven-fold layered superstructure composed of nanotwin lamellae of widths
of 2 and 5 basal planes d1 /d2|bp = 2/5 = 0.4 is expected [32]. This seven-fold
layered crystal structure is commonly described as the 7M martensitic phase.
One can calculate the lattice parameters of the corresponding orthorhombic
unit cell by using the lattice constants of the NM and the austenitic unit cells
and the stacking sequence [29, 65].
A detailed atomically resolved STM measurement of the Ni-Mn-Ga surface
showing the surface corrugation features for the mesoscopic twin variant with
orientation A is presented in Figure 7.8. A model for the the 7M structure,which
is explaining the observed martensitic superstructure as adaptive nanotwins,
is sketched in Fig. 7.8c. Height profiles extracted from these measurements
clearly show a pronounced zig-zag shape of the topography signal (Fig. 7.8b).
The origin of this topography signal is the formation of the nanotwinned variants built up from NM tetragonal unit cells within the mesoscopic 7M twin
variants. The nanotwin boundaries are recognized in the STM images as the
atomic rows located alternately at lamellae apexes and lamellae bottoms as
marked by in Figs. 7.7 and 7.8. By counting the atoms between the nanotwin
boundaries along the [110]-direction one can obtain the stacking sequence and
its periodicity. The sequences turned out to be (32̄), (52̄), (43̄), (34̄), (44̄), (54̄)
with periodicities from 5 to 9 basal planes (Figs. 7.7 and 7.8). The mean value of
the stacking periodicity amounts to 7.4 ± 1.2 basal planes. However, some uncertainty is introduced into the identification of the correct stacking sequence.
The observed deviations from the ideal value of 7 basal planes for the periodicity and the (52̄) stacking sequence can be treated as stacking faults. They are
proposed within the theory of adaptive martensite since a number of 7 unit
cells does not provide an ideal adaptation of the martensitic phase to relevant
habit plane. In the interpretation of diffraction data the stacking faults lead to a
structure which is described as incommensurately modulated phase [70]. The
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Figure 7.8.: (a) Atomically resolved STM topography images (5.2 × 3.2 nm2 ) of
the nanotwins showing varying stacking sequences (UT = 20 mV, IT = 25 nA).
(b) Height profiles along the linescans in (a) reveal the stacking type of the
superstructure and the stacking sequence of the atomic planes. (c) Scheme of
the adaptive 7M martensite structure, including a three-dimensional view of
the stacking superstructure observed by STM, where periodic (52)2 nanotwins
are constructed from tetragonal NM unit cells (in gray, (a): white unit cells) with
alternating orientation. Dashed lines indicate the atomically sharp nanotwin
interfaces.
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mean stacking periodicity of 7.4 ± 1.2 basal planes is close to the ideal value of
7. This means that the sample has nearly seven-fold layered superstructure, as
already seen from the modulation periodicity in the large-scale STM images
and satellite spots of LEED patterns.
In STM measurements the nanotwin lamellae widths d1|w and d2|w (measured in units of length) can be determined precisely. Their ratio d1 /d2|w can
be derived from the expression for d1 /d2|bp and is determined by the lattice
parameters of two phases (austenitic L21 and martensitic NM) involved in the
formation of the nanotwinned adaptive phase. For the orientation of the NM
unit cell in the considered mesocopic twin variant A is is given by d1 /d2|w =
cNM /aNM · (aNM − aA )/(aA − cNM ), with λ = d1|w + d2|w (see Fig. 7.8a). The average measured d1 /d2|w -ratio is approximately 0.76 ± 0.22. Taking the lattice
parameters of the cubic austenitic and the martensitic NM unit cells measured
for similar films samples (aA = 5.83 Å, aNM = 5.43 Å, cNM = 6.63 Å) [139], a
d1 /d2|w -ratio of 0.61 is expected. The discrepancy could originate from different crystallographic parameters of the distorted austenitic unit cell near the
substrate-film interface and different crystallographic parameters of the NM
unit cell in the present epitaxial film sample.
The STM images in Fig. 7.8 give also insight into the atomic structure of the
nanotwinned superstructure. These images show a (100)-oriented Ni-Mn-Ga
surface. As was shown on the basis of austenitic atomically resolved images
(see page 110), the surface is terminated by a Mn-Ga layer with only one sort
of the atoms visible in STM images. Thus along the Ni-Mn-Ga[010] direction
only every second atom is visible (Fig. 7.8c), three dimensional view of the
nanotwin lamellae6 ). In Fig. 7.8a the orientation of the NM unit cell, proposed
within the theory of adaptive martensite, for each of the two nanotwin lamellae
is depicted (white unit cell). STM measurements support the assumption of
alternating orientation of the tetragonal NM unit cell in the nanotwin lamellae
since the nearest neighbor distances along the [010]-direction change noticeably. Analyzes of height profiles along the [010]-direction yielded the ratio of
6

The figure implies that Ga is the invisible sort of atoms. However, also the case of not detectable
Mn atoms can not be excluded.
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the two next-neighbor distances of approximately 1.2. This is in good agreement with the value expected for the ratio of lattice parameters of a martensitic
NM unit cell: cNM /aNM ≈ 1.17 − 1.23 [29, 51, 139].
Similar to the case of mesoscopic twin variants the nanotwin variants can be
analyzed in a way that the angle which arises between the nanotwin lamellae
surfaces can be evaluated (profile in Fig. 7.8b). It can be precisely determined
from STM measurements. Assuming that the nanotwin variants are build up
from NM unit cells, this stacking angle σ is fixed by the lattice constants of the
NM unit cell and follows the geometrical relation: 2σ = 90◦ − 2 arctan aNM /cNM
(Fig. 7.8c). Consequently the measurement of σ allows for the determination of
the cNM /aNM -ratio. The measurements gave a stacking angle of σ = 4.7 ± 0.6◦
and a corresponding cNM /aNM -ratio of about 1.18. This value is again in good
agreement with the cNM /aNM -ratio expected from literature (1.17-1.23) and confirms the cNM /aNM -ratio obtained from the lattice parameters measurements
presented in the preceding paragraph.
The findings described in this section (zig-zag shape of the superstructure
topography, observed varying interatomic distances and their ratio, stacking
angle σ) strongly support the assumption that observed (nearly) seven-layered
incommensurately modulated martensitic phase is constructed from nanotwinned variants of non-modulated NM tetragonal martensitic phase and coincides with the predicted modulation of the adaptive phase.
Coarsening of the Nanotwin Variants The formation of adaptive martensite occurs by the introduction of a high number of atomically sharp nanotwin
boundaries in order to reduce the lattice mismatch related elastic energy µ20 ,
where µ is the shear modulus and 0 is the crystal-lattice rearrangement strain
characterizing the mismatch between the parent and the martensite phase
[29, 32]. However, with increased distance from the habit plane the overall
nanotwin boundary energy can be reduced by the coarsening of the nanotwin
variants by annihilation of nanotwin boundaries [30]. The formation of these
higher order superstructures in STM studies was observed for epitaxial film
samples. This is presented in the following Figure 7.9. In Fig. 7.9a a surface
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Figure 7.9.: (a) STM measurement (186 × 164 nm2 ) of sample EF2. Shown is the
topography gradient along the [110] direction. This image demonstrates the coexistence of martensitic superstructure with different periodicities (UT = 0.44 V,
IT = 0.47 nA). (b) and (d) Topographic STM images, measured for sample
EF2 and EF3 respectively, showing nanotwins of varying period length ((b):
UT = 0.44 V, IT = 0.47 nA, (d): UT = 1.0 V, IT = 0.2 nA). (c) Summary of θ − 2θ
X-Ray diffraction measurements for the as-grown sample EF3. The patterns were
measured for different tilt angles χ of the sample in order to account for the tilt
of the crystal lattice planes due to twin variant formation. (e) Height profiles
along the linescans shown in (b) and (d). (Caption continues next page.)
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Figure 7.9.: (Previous page.) (f) Observed stacking periodicities as a function of
coarsening generation n (λn = 2n × λ7M with λ7M = 2.1 nm).

area of sample EF2 is shown, where two different superstructure periodicities
were detected. In this image nanotwin variants of different sizes within several
mesoscopic twin variants can be detected. In the lower right-hand corner the
nanotwinning periodicity is about λ7M = 2.05 nm. For other nanotwins the
most frequent periodicities accounted to a mean value of λ1 = 3.8 ± 0.7 nm
(see Fig. 7.9b), which is nearly the double value of the basis periodicity λ7M .
Compared to the previously discussed 7M structure, it was observed that neither the twinning angle ( = 3.4 ± 0.2◦ ) nor the stacking angle (4.7 ± 0.6◦ ) have
changed considerably. These parameters indicate that the crystallographic unit
cell of the smallest building block of the nanotwins remained unchanged. Also
the d1 /d2|w -ratio of 0.73 ± 0.33 evidences an invariant habit plane. However, the
difference in the periodicity of the nanotwins is distinct. At this point we can
not speak of the seven-fold layered 7M structure anymore since the periodicity
is much larger than 7 basal planes. Nevertheless at the atomic scale the crystal
structure still remained the same.
A further coarsening of the nanotwins was observed in a thicker film sample (EF3, thickness 1500 nm). XRD measurements of the as-grown sample in
Fig. 7.9c confirm a 7M orthorhombic martensitic structure of the sample.7
However, after cooling down to ≈ 35 K and subsequent warming to room
temperature, also large period superstructures were found besides the 7M
structure (Fig. 7.9d). The most frequent stacking periodicities appeared near
λ2 = 8.6±3.1 nm and λ3 = 15.2±3.8 nm. These values are around 4 respectively
8 times larger than the basis periodicity λ7M . These measurements reveal that
that the coarsening process occurs in descrete steps. With every next generation
of coarsening the superstructure periodicity nearly doubles (see Fig. 7.9f). The
reason for the discrete coarsening is the adaptation to the habit plane. which
determines the nanotwin variant ratio d1 /d2 . During the coarsening of the na7

Also peaks belonging to the NM martensitic phase can be detected. This is also a strong
indication of an adaptive phase [29].

159

Chapter 7. Structural Properties of Off-Stoichiometric Ni-Mn-Ga Alloys
notwins the d1 /d2 -ratio can be kept constant only if the stacking periodicity
grows as λn = 2n × λ7M with n = 0, 1, 2. . . as shown in Fig. 7.9f [30].
The process of nanotwin coarsening is enhanced in thicker samples, since the
influence of the habit plane is less noticeable at the sample surface for increased
film thicknesses [30] The formation of larger period nanotwins could also be
triggered by the large temperature changes the sample experienced during
the experiment. As shown by atomistic Monte Carlo simulations of Ni-Ti thin
films large undercooling can lead to branching of the nanotwins [160]. Also a
strong temperature dependance of µ and the difference in thermal expansion
coefficients between the film and the substrate can lead to the variation of the
elastic energy µ20 [18, 39, 161].

7.1.3. Phase Transition Observed by STM
This section discusses temperature-dependent STM measurements revealing
an austenite-martensite phase transition of an off-stoichiometric Ni-Mn-Ga
epitaxial film sample (EF4). Figure 7.10 demonstrates a series of topographic
STM images of a Ni-Mn-Ga surface obtained during a continuous cooling procedure. While the image surface area was repeatedly scanned (starting at the
bottom of the image) by the STM tip the temperature was slowly reduced with
a cooling rate of ≈ 10 K/h. Hence every recorded linescan maps the sample
surface at a different temperature. Red-blue color bars on the left-hand side of
STM images indicate the sample temperature for a certain linescan. Fig. 7.10a
displays an austenitic Ni-Mn-Ga surface, where several atomic steps can be
recognized. The austenitic state can be detected due to the absence of mesoscopic surface corrugation caused by twin variant formation. However, in a
small region highlighted by a black rectangle a surface corrugation can be
detected. Also small periodic corrugation lines can be detected (marked by
arrows). Based on preceding observations of the martensitic Ni-Mn-Ga surface this feature can be assigned to mesoscopic twin variants. It is remarkable
that this feature is linked to a crystal lattice defect, namely screw dislocations,
which are visible in the surface area highlighted by a black rotated square.
Fig. 7.10a displays the same surface at lower sample temperatures. The lower
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Figure 7.10.: (Previous page.) A series of STM topography images of a 276 ×
276nm2 large area obtained while continuously cooling the epitaxial film sample
(EF4) with a cooling rate of ≈ 10 K/h. The measurements show the modification of the Ni-Mn-Ga surface during the martensitic transformation (UT = 1 V,
IT = 0.15 nA). (a) Sample is in the austenitic state with small region exhibiting twinning and superstructure (marked by arrows) features in the vicinity
of screw dislocations. (b) At a sample temperature of ≈ 289.5 K the sample
transforms locally to martensite at ms time scale (see scan profile 2). (c) and (d)
Upon further cooling the observed sample surface area completely transforms
to martensite.

part of the image still shows an austenitic surface. Yet, for a sample temperature
of ≈ 289.5 K an abrupt dramatic change of the sample surface topography can
be observed. A zig-zag shaped surface topography is formed, indicating the
transition to the martensitic state. Also the formation of the nanoscale superstructure can be observed in the topography gradient image. It is remarkable
how fast this transition proceeds. The presented height profiles allow an estimation of the twinning formation speed. Profile shows the the surface in the
austenitic state. During the linescan
the transition happens and twin variants are formed. It can be recognized as a strong peak of the topography signal.
It must be assumed that this signal does not resemble the surface topography,
but appears due to the abrupt change of the tunneling condition (surface-tip
distance) and the associated regulation of the STM tip. However, it can be seen
that the formation of martensitic twin variants happens on a ms scale, since the
time interval between the data points is just ≈ 1 ms. Fig. 7.10c shows the surface
area after the observed transformation during the ongoing cooling procedure.
The image reveals the surface in a mixed martensite/austenite state. It means
that the transition observed in Fig. 7.10b took place only for the upper right
part of the observed area. The complete transformation of the scanned area
happened after the temperature was lowered further to ≈ 287 K (Fig. 7.10d).
The presented results show that the martensitic transformation proceeded
locally stepwise, with discrete areas of the Ni-Mn-Ga surface transforming to
martensite at a time scale of ms. The whole observed area transformed in a
temperature interval of ∆TM = 2.5 K. This observation goes hand in hand with
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literature reports on transformation behavior of film samples. It was reported
that martensitic domain growth is limited by the speed of sound and hence
occurs on a time scale of ps [162]. Also the transformation of film samples
was reported to proceed in a much larger temperature interval compared to
single crystal bulk samples [31, 163]. It was also observed that the martensitic
phase nucleates at a crystallographic defect site, in that case a screw dislocation.
However, it should be also mentioned that prior to the presented measurement
the sample was heated and therefore transformed to the austenitic phase. It
can therefore not be ruled out that the the observed martensitic variants are a
residual feature. In this case the screw dislocation served as a pinning site and
still locally influenced the transformation behavior. The presented measurement show that STM is a powerful technique to perform temperature and time
resolved studies on martensitic transformation behavior. However, one should
take into account that this is only possible for thin film samples. STM tip can
follow sudden height changes of only several nanometers. Therefore, bulk samples which exhibit large volume changes during the martensitic transformation
are not suited for this measurement procedure.

7.1.4. Summary
In summary, the study of epitaxial off-stoichiometric martensitic Ni-Mn-Ga
films by means of scanning tunneling microscopy and low energy electron
diffraction revealed the existence of an incommensurately modulated 7M martensitic phase. A hierarchical microstructure, which is also termed as “twins
within twins”, was observed in the experiments. The martensitic nanotwinned
superstructure becomes apparent as a distinct surface topography line pattern. The linear pattern is oriented perpendicular to the orientation of twin
boundaries of mesoscopic 7M twin variants. The modulation periodicity is
found to be very irregular and frequently appearing stacking faults could be detected. The modulation topography signal shows a stacking type modulation
character.
In contrast to the 5M phase of the stoichiometric Ni2 MnGa sample, where a
harmonic displacement of (110) planes was identified in the martensitic phase,
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the observed superstructure of 7M martensitic phase was identified as a nanotwinned structure. The superstructure could be described as an incommensurately modulated martensitic phase constructed from nanotwinned variants
which coincides well with the predicted modulation of an adaptive martensitic
phase. In accordance with the adaptive approach, coarsening of the nanotwins
in discrete steps was observed. A disagreement with the adaptive concept was
observed, namely a nanotwin width ratio d1 /d2 which is much larger then a
theoretically expected one. Also a strong deviation from the ideal (52̄) stacking
sequence was identified.
One can definitely conclude that the character of the modulation of offstoichiometric samples differs fundamentally from the modulation nature of
the stoichiometric Ni2 MnGa sample. However, also the question arises whether
the type of the studied samples might play a role. Off-stoichiometric Ni-Mn-Ga
samples presented so far are epitaxial film samples grown on MgO substrates.
The rigid substrate is an ideal habit plane, a prerequisite for the formation of
an adaptive phase, which is present also at temperatures below TM . The question is whether the presence of the rigid substrate triggers the formation of
an adaptive phase. Figure 7.11 shows STM images performed on two bulk offstoichiometric single crystal samples. Surface topography features clearly show
close resemblance with the superstructure of off-stoichiometric film samples:
a peak-to-peak signal in the order of several tens of picometers and a zig-zag
shaped corrugation. The modulation period is ≈ 3.1 nm and ≈ 4.1 nm, which
largely exceeds the modulation periods expected for the five-fold as well as for
the seven-fold modulation. Hence, the deviation of the chemical composition
from the stoichiometric Ni2 MnGa chemical order must play a decisive role
defining the superstructure nature.
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Figure 7.11.: STM images of the Ni-Mn-Ga surface obtained in the martensitic
state at room temperature for two off-stoichiometric single crystals with different compositions: ((a): SC1, UT = 0.1 V, IT = 1.48 nA, (b): SC2, UT = 1 V,
IT = 0.2 nA). Height profiles extracted along the lines indicated in STM images
are shown in the lower part of the figure. Measurements were performed on
twin variants showing out-of-plane surface corrugation and indicate a stacking
type superstructure.
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Chapter 8.
Electronic Properties of Ni-Mn-Ga
alloys
8.1. Introduction
The specific martensitic microstructure, that was described in the previous
chapter is a result of the martensitic transformation. As outlined in chapter
2 a possible microscopic origin of the martensitic transformation is electronphonon coupling in conjunction with a strongly nested Fermi surface. This
chapter deals with the electronic properties of stoichiometric and off-stoichiometric Ni-Mn-Ga alloys in both austenitic and martensitic phase. The electronic structure and the Fermi surface of the stoichiometric Ni2 MnGa sample were explored by angle-resolved photoelectron spectroscopy (ARPES) and
were compared with existing electronic structure calculations. The obtained
geometry of the austenitic FS is consistent with the existence of a nesting feature present in the Fermi surface calculated in previous studies. The obtained
nesting vector was compared with the structural modulation of the martensitic structure described in the previous chapter. In contrast, the electronic
properties of the off-stoichiometric samples, which show a nanotwinned martensitic microstructure, were explored by temperature dependent ultraviolet
photoelectron spectroscopy (UPS). The measurements demonstrate a similar
transfer of spectral weight across the martensitic transformation for off- and
stoichiometric alloys.
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8.2. ARPES Study of the Electronic Structure of
Ni2MnGa
For photoemission experiments and for ARPES measurements in particular
well-ordered and contamination free surfaces are needed. For the presented
measurements the same Ni2 MnGa single crystal sample was used as for STM
measurements presented in chapter 6. Using the expertise of sample surface
preparation gained from STM experiments, (001)-oriented Ni2 MnGa surface
was prepared with high-quality in the UHV chamber prior to ARPES studies
by repeated cycles of Ne+ sputtering and annealing (see also section 4.3 for
further details of surface preparation). The quality of the sample surface was
also controlled by XPS and LEED.
ARPES experiments were performed at beam line UE56-2 PGM-2 of the HZB
(BESSY) synchrotron facility (Berlin). The energy and angular resolution of the
hemispherical PHOIBOS100 analyzer were set to 80 meV and 0.2◦ . At typical
photon energies of hν ≈ 150 eV used in the experiments this is equivalent to
a momentum resolution of 0.02 Å−1 or ≈ 1 % of the bulk Brillouin zone (BZ).
To map the band structure in the BZ cut through the Γ-point, i.e. at kz = 0, the
photon energy was set to hν = 150 eV taking into account the inner potential
of V0 = 10 eV [23]. In order to map the band structure at different points of kz
the photon energy was varied. ARPES measurements of the austenitic phase
of Ni2 MnGa were performed at room temperature. The martensitic phase was
studied at ≈ 80 K well below the martensitic transformation temperature of
the sample (see Fig. 6.1).

8.2.1. Austenitic Phase
Band Structure
The austenitic L21 structure has a fcc lattice and consequently the corresponding k-space is body centered cubic (bcc) [136]. The corresponding bcc Brillouin zone, which exhibits four-fold symmetry, is shown in Figure 8.1d along
with relevant high-symmetry points. Reciprocal distances are ΓX = 2π/aA =
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Figure 8.1.: ARPES intensity maps illustrate the band dispersion of the austenitic Ni2 MnGa probed at a photon energy of hν = 150 eV at room temperature. At
this photon energy the bulk fcc BZ is probed at kz ≈ 0, as depicted in the 3D BZ
(d). (a) Band dispersion along ΓX and along XW . (b) Band dispersion along
the [100] direction of the band which crosses the Fermi energy near X. Dashed
line is a guide to the eye. (c) The band dispersion shown in (a) is compared to
spin-resolved band structure calculations (green-blue lines). Data adapted from
[89].

1.079 Å−1 and XW = π/aA = 0.539 Å−1 [12, 136].
The band dispersions measured by ARPES at room temperature along the
ΓX and the XW directions are shown in Fig. 8.1a. In order to obtain the band
dispersion along these high-symmetry directions the four-dimensional photoe-
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mission data sets I(E, kx , ky ) were collected at kz = 0 (hν = 150 eV) as indicated
by the red plane in Fig. 8.1d. For the ΓX dispersion a region of high intensity
can be observed between 1 eV and 3 eV binding energy with a minimum at
the Γ-point. At least two dispersing bands, which form a region of lower intensity at the Γ-point and ≈ 1.6 eV binding energy, can be identified for this
energy region and momentum direction. The lower band has the maximum
at kx = 2π/aA = X and shows only a little dispersion for the XW -direction.
This high intensity bands are confined to the binding energy (BE) of 1 eV. Below 3.5 eV no significant features could be observed and therefore the energy
region below E − EF = −3.5 eV is not shown here.
Now lets consider the energy region between EF and 1 eV BE. A flat band
which shows no dispersion in both momentum directions can be identified at
E−EF = −0.65 eV. Of crucial importance is the conduction band which crosses
the Fermi energy in the vicinity of the X-point in the band dispersion for the
ΓX-direction. It is shown separately in Fig. 8.1b. The band shows a parabolic
dispersion with band minimum located at kx = 2π/aA = X and 0.33 eV BE.
The band crosses the Fermi energy along the ΓX-direction at 2π/aA ± q ∗ =
(1±0.22)·2π/aA . Along the XW -direction it shows no noticeable dispersion. In
room temperature ARPES measurements this band represents the only band
that intersects the Fermi level.
The interpretation of the collected ARPES intensity maps as band dispersions of the austenitic Ni2 MnGa must be based solely on first-principles calculations existing in literature [23, 24, 28, 89, 96], since no experimental electronic
band structure studies are available. Spin-resolved band structure calculations
of Gruner et al. are shown as an overlay (green-blue lines1 ) over the experimentally obtained band dispersions in Fig. 8.1c [89]. The majority and the minority
spin channel are shown on the left, and respectively, on the on the right hand
side of each ARPES intensity map. For the further discussion Figure 8.2a shows
averaged energy dispersion curves (EDCs) measured at high symmetry points
of the BZ. For comparison Figure 8.2b demonstrates calculated spin-resolved
1

The color coding refers to the contribution of the elements Ni, Mn and Ga. See the reference
for more details.
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electronic DOS of the austenitic L21 structure of Ni2 MnGa (data adapted from
[96]) in the relevant energy range. Since presented ARPES measurements were
taken by a spin-integrated method they contain contribution from electrons of
both spin channels.
a)
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Figure 8.2.: (a) EDCs extracted from specified high-symmetry points of the bulk
fcc BZ (hν = 150 eV, room temperature). (b) Total (black line) majority- and
minority-spin electronic DOS curves calculated for the austenitic L21 structure
of Ni2 MnGa. Data taken from [96].

The comparison of theoretical and experimental data for the binding energy
range between 1 eV and 3.5 eV is difficult, since many bands exist in this region.
However some qualitative correspondence can be observed. For example the
region of lower intensity at the Γ-point and ≈ 1.6 eV BE can be also observed in
calculated data of both spin channels. EDCs exhibit a prominent peak which
is located depending on the position within the BZ between 1.2 and 1.9 eV BE.
This can be largely assigned to the high DOS of the minority-spin channel in
this energy region visible in Fig. 8.2b. This feature was also observed in UPS
measurements by Opeil et al. [26]. For the energy region near EF theoretical data
exhibit several energy bands. However according to calculated DOS curves
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which exhibit two distinct peaks in the energy region between EF and 0.8 eV
BE only two energy bands should be clearly observed in ARPES intensity maps.
On the one hand the flat band located in experimental data at 0.65 eV BE can be
most probably assigned to majority-spin channel since for the XW -direction
they very well match with theoretical majority band structure. Also this band
corresponds to the majority DOS peak at ≈ 0.65 eV BE (Fig. 8.2b). On the other
hand the parabolic band which intersects EF arises due to contribution from
minority-spin channel. This can be seen from comparisons of experimental and
theoretical bands structure in Fig. 8.1c, which show a very good agreement of
this band for the minority-spin channel for both momentum directions. Also
the contribution of this band, which is derived from Ni d states [26, 89], to
the DOS is prominent only in the spin-down channel (peak at 0.2 eV BE in
Fig. 8.2b). This band is of particular interest, since in our measurements it is
the only band which crosses EF and defines the topology of the Fermi surface.
This is of prime interest, since FS features are proposed as a possible driving
force of the martensitic transformation in Ni2 MnGa (see theoretical section 2.3).
Consequently the next step is the inspection of the Fermi surface topology.
Fermi Surface
An ARPES measurement at a constant photon energy hν provides not a complete Fermi surface, but a 2D cross section of the FS at a certain value of kz .
Figure 8.3a shows a constant energy map as a function of the momentum
directions kx and ky which was extracted at Fermi energy. Regions of high intensity map the topology of the FS cross section in the kx , ky -plane at kz = 0
(hν = 150 eV). The Fermi surface consists of pairs of features which run parallel
to the edges of the Brillouin zone(BZ is depicted by black lines). These features
get closer when approaching the K-point and their intensity decreases in this
direction. This dispersion behavior is also obvious in the CE map shown in
Fig. 8.3b. It was obtained at a photon energy of hν = 140 eV slightly above the
previous FS cut at kz ≈ 0.4π/aA . These two measurements indicate that the
FS topology shows no or only a little dispersion along kz from ≈ −0.4π/aA to
≈ 0.4π/aA .
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Figure 8.3.: Constant energy maps extracted at the Fermi energy EF taken at
room temperature with (a): hν = 150 eV (kz ≈ 0) and (b): hν = 140 eV (kz ≈
0.4π/aA ). (c) Calculated spin-down and spin-up Fermi surfaces of austenitic
Ni2 MnGa. The minority Fermi surface shows the 13th (green) and the 14th
(orange) sheet. Cuts through these FS sheets at kz = 0 are shown for comparison
with experimental data in (a) and (b). Black lines represent the minority and
red lines represent the majority Fermi surfaces. Calculations were perfomed in
the group of Entel et al. and were also adapted from [82].

Interpreting and understanding the data obtained in ARPES experiments
can be greatly assisted by the use of complementary electronic structure calculations. In literature there exist several theoretical calculations of the Fermi surface of austenitic Ni2 MnGa all showing similar FS geometry [23, 24, 28, 82, 85].
Here the experimental data is compared to FS cross section calculations per-
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formed by the group of Entel et. al [82]. They are shown together with the
experimental data in Fig. 8.5. Spin-polarized Ni2 MnGa has 5 sheets crossing
the Fermi level: the 17th, 18th and 19th bands in the majority channel, and
the 13th and 14th bands in the minority channel (see Fig. 8.3) [28]. The discussion of the band structure already revealed that only one, namely the 14th
minority sheet is observable in the presented ARPES measurements. Experimentally observed cross sections of the FS are in very good agreement with the
topology of the calculated 14th minority electron sheet. However around the
K-point ARPES maps show only very low intensity and no conclusion about
the experimental FS topology in this region of the BZ can be drawn. As in band
structure measurements no additional FS features, which one would expect
from calculations for example around the Γ-point, could be detected. Majority
FS sheets do not appear in ARPES measurements due the low contribution of
the majority-spin channel to the total DOS at Fermi level (see Fig. 8.3b).2
Since the observed Fermi surface topology exhibits large parallel flat portions it is of interest to investigate the nesting features between these FS sheets.
Also in first-principles calculations strong nesting with a wave vector ~q =
2π/aA [ 31 31 0] was found for the 14th minority electron sheet, which is visible
in the presented ARPES measurements [82]. In order to address the question
whether Fermi surface nesting could lead to structural phase transformation
in Ni2 MnGa it is necessary to calculate the generalized susceptibility
χ0 (~q, w) =

X
n,m,w,~k

f (n,~k ) − f (m,~k+~q)
n,~k − m,~k+~q − ~ω − iδ

,

where f (n,~k ) is the Fermi distribution function, n,~k /m,~k+~q is the state scattered
from/to and ω is the frequency [28]. Since the generalized susceptibility becomes large for ~q that defines the nesting, renormalization of the phonon spectrum (Kohn anomaly) is expected to occur at ~q for the case of strong electronphonon coupling.
2

It should however also be noted that the majority sheets might be not separable from the
contour of 14th minority sheet in experimental data due to their near-degeneracy in a large
part of the BZ.
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However calculation of χ0 (~q, w) requires the information about the whole
FS, which was not available after performed ARPES measurements. Following Lizárraga et al. a different approach was chosen [164]. Nesting intensity
of the FS cuts measured near kz = 0 and shown in Fig. 8.3 was calculated
along the [110] direction3 . This analysis was done for each peace of the FS by
measuring the distance qn between two 14th minority sheets along the [110]
direction. Thus one can get a measure of the overlap of one sheet with itself
under translation along the ~q[110] direction. Figure 8.4b shows the results for
ARPES measurements performed at hν = 150 eV and hν = 140 eV. For both
[110]
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Figure 8.4.: (a) Band dispersion along the [110] direction extracted near X along
the profile shown in Fig. 8.3a (hν = 150 eV). The white arrow depicts the proposed nesting vector qn . Dashed line is a guide to the eye. (b) Plots of the nesting intensity (see text) along the [110] direction for the experimentally obtained
Fermi surface cuts presented in Fig. 8.3.

FS cuts a peak in the nesting intensity can be seen. This suggests that the observed FS is nested by the wave vector 2kF = ~qn , as shown in Fig. 8.4a. The
nesting vector for the measured FS cuts is at ~q = 2π/aA [0.38(2) 0.38(2) 0]. A
nested Fermi surface and charge density waves which were observed in this
sample by means of STM are consistent with a Peierls scenario. To check this
3

Only for this direction strong nesting was reported in first-principles studies. It is also consistent with the direction of the lattice modulation in the martensitic phase of Ni2 MnGa
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assumption, we have performed ARPES measurements in the martensitic state
of Ni2 MnGa.

8.2.2. Martensitic Phase
ARPES measurements of the martensitic phase of stoichiometric Ni2 MnGa
were performed at ≈ 80 K with a photon energy of hν = 150 eV. The lattice of
Ni2 MnGa undergoes tetragonal distortion and consequently also the Brillouin
zone does not show cubic symmetry in the martensitic phase. However the
distortion is only about 6 % and therefore the same photon energy as for the
austenitic phase was used to map the cuts through the FS at kz ≈ 0. Additionally the influence of twin variant formation shall be addressed here. After
the transformation to the martensitic state twin variants are formed within
the Ni2 MnGa sample. The result is an alternating orientation of the tetragonal 5M crystal structure relative to the sample surface. In the case of small
twin variants this would results in a mixed contribution to the ARPES intensity from surface areas with different crystal lattice orientations. However, as
it was shown in STM measurements, the bulk Ni2 MnGa single crystal forms
large twin variants with sizes of several tens of micrometers, which is larger
then the photon beam spot size. Therefore it can be expected that only one
twin variant contributes to the ARPES signal.4
The results of ARPES measurements performed in the martensitic phase
of Ni2 MnGa are shown in the following two figures. CE maps and the band
dispersion are presented in Figure 8.5. Figure 8.6 shows EDCs measured at
high-symmetry points of the BZ in comparison with corresponding EDCs of
the austenitic state, which were already displayed in Fig. 8.2. As expected, a
pseudogap ∆ opens below the Fermi level and leads to a dramatic reduction of
ARPES intensity in the energy region between EF and EF -0.2 eV. This situation
leads also to the fact that the Fermi surface cut (Fig. 8.5) shows only little
intensity. However, ARPES intensity of the CE maps increases if the BE is
4

Due to the tetragonal lattice distortion of the martensitic unit cell probing of multiple twin
variants would result in multiple distorted features of Fermi surface cuts in one ARPES measurement. Those were also observed in performed measurements, but are not shown here.
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Figure 8.5.: (a) Constant energy maps extracted at different energies for the
martensitic state of Ni2 MnGa taken at 80 K with hν = 150 eV. (b) Band dispersion along ΓX. (c) Comparison of the band dispersion along the [100] direction
of the band which crosses the Fermi energy near X obtained in the austenitic
and the martensitic phase of Ni2 MnGa. Dashed lines are guides to the eye and
black lines mark the energies, which are shown in (a).

reduced. At first glance the band structure of the martensitic phase is similar
to the one obtained in the austenitic phase. The position of distinct peaks in the
EDCs in the BE range between 1 eV and 3.5 eV is identical for both phases of the
sample (see Fig. 8.6a). This is also a clear indication that both measurements
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were performed for a similar momentum region of the bulk BZ, i.e. kz ≈ 0.
In contrast to the high BE region (1 eV-3.5 eV), a temperature dependent variation of the electronic structure are observed after the martensitic transformation for energies near EF . As the temperature is lowered below TM the EDCs
show a decrease of intensity between EF and EF -0.2 eV. That becomes particularly apparent in the EDCs at the X- and W -point of the BZ (Fig. 8.6a). The
origin of this intensity depletion can be tracked in the band dispersion shown
in Fig. 8.5c. It can be seen that the minority-spin conduction band, which defines the nested surface in the austenitic state, shows a different dispersion in
the martensitic phase. The band minimum is shifted to 0.47 eV BE, which is
also reflected by the shift of the peak in the EDCs in Fig. 8.6a ( ). Additionally
the intensity in the range of 0.2 eV below EF is heavily reduced.5 It should be
emphasized that this behavior is consistent with a Peierls scenario of a CDW
state formation triggered by a nested Fermi surface. Also the flat majority band
is shifted from 0.65 eV to 0.76 eV BE, as highlighted by in Fig. 8.6a. These both
features in the martensitic electronic structure near EF can be well assigned
to the calculated electronic DOS of the martensitic 5M structure of Ni2 MnGa
(compare Fig. 8.6b) [96]. Theoretical electronic DOS of the L10 structure can be
ruled out since it is rather featureless near EF .

8.2.3. Summary
The presented room temperature ARPES measurements, band structure as
well as FS cuts topology, are in a good agreement with theoretical calculations of the electronic properties of the austenitic Ni2 NiGa. However, some
quantitative disagreement can be observed. It should be noted at this point
that the measurements were performed at room temperature and hence at
unsaturated magnetization. The influence of temperature on spin-polarized
bands and FS topology was shown to be of great importance [28, 85] and
hence the observed discrepancies shall be attributed to this effect. A nesting
5

It can be ruled out, that this observation appears just due to an incorrect shifted energy scale.
Though the ARPES intensity at EF is very low, the Fermi edge can be still clearly resolved.
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Figure 8.6.: (a)EDCs extracted from specified high-symmetry points of the bulk
BZ for the austenitic and the martensitic state of Ni2 MnGa (hν = 150 eV). (b)
Total (black line) majority- and minority-spin electronic DOS curves calculated
for the martensitic 5M and NM L10 structure of Ni2 MnGa. Data taken from [96].

feature present in the measured FS cuts was identified with a nesting vector of
~q = 2π/aA [0.38(2) 0.38(2) 0]. On the one hand this value is close to the 5M modulation wavevector ~q5M = 0.426(2)~a∗5M measured at 187 K in the same sample.
On the other hand the observed FS sheet is reported to be strongly nested with
a wavevector of ~q = 2π/aA [ 13 13 0] in theoretical calculations [82], a wavevector
consistent with the observed phonon softening in austenite and the premartensitic phase [16, 77]. The theoretical scenario for a reduced moment state
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predicts a grow of the 14th minority sheet and a further decrease of the nesting
wavevector [28]. Consequently, it is likely that the observed FS nesting rather
plays a role in the modulations in the premartensitic phase, which occurs at
TPM = 246.6 K in this sample (Fig. 6.1), than in the martensitic phase. However, further temperature dependent measurements of the FS are necessary to
confirm this assumption.
Supporting the picture of a FS driven instability, ARPES measurements of
the martensitic state revealed the appearance of an energy gap at the Fermi
level for the band of the nested FS sheet. This observation supports a Peierls
scenario of a formation of a CDW state, which was observed in this sample
by STM measurements. However, concomitant with an energy gap, a transfer
of spectral weight by ≈ 0.13 eV to lower binding energy was observed. This
could be a hallmark of the band Jahn-Teller effect, which occurs along with a
tetragonal distortion of the martensitic unit cell and is well known to usually
drive the martensitic transformation.
The presented angle-resolved photoemission measurements are in a good
agreement with temperature-dependent angle-integrated photoemission experiments (UPS) performed on Ni2 MnGa by two other groups [26, 27]. Spectra
shape and the evolution of spectra features observed in their works could be
attributed in this work to special feature of the band structure and topology of
the Fermi surface. Also their suggestion of a CDW mechanism associated with
an incommensurate periodic lattice could be proven by STM measurements.

8.3. UPS Studies of Ni-Mn-Ga
In the previous chapter it was demonstrated that structural properties of stoichiometric and off-stoichiometric Ni-Mn-Ga samples differ significantly with
respect to the character of the martensitic superstructure. It is therefore of particular interest to compare also the electronic properties of these both classes
of Ni-Mn-Ga samples. This was performed using temperature-dependent ultraviolet photoelectron spectroscopy.
The (001)-oriented surface of the epitaxial film sample EF1 with bulk compo-
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sition Ni48.8 Mn25.6 Ga25.6 was prepared by repeated cycles of Ne+ sputtering and
annealing (see also section 4.3 for further details of surface preparation). LEED
measurements performed at room temperature (Fig. 8.7b) have demonstrated
a well ordered austenitic surface. At low temperatures (i.e. 130 K) STM measurements revealed a twinned martensitic surface (see Fig. 8.7c). The surface
structure clearly demonstrates characteristics of a 7M nanotwinned martensitic structure (twinning angle:  ≈ 3◦ , twinning periodicity: λ7M ≈ 2 nm). UPS
data were recorded in normal emission geometry with ±1◦ angle of acceptance
that provides partial Brillouin zone integrated spectra. Using a pass energy of
5 eV the analyzer resolution was around 50 meV. Both samples were measured
using same settings.
Figure 8.7a illustrates the normal-emission UPS spectra of the EF1 sample
for temperatures from 299 K to 161 K. The measurements show one sudden
redistribution of the intensity for a temperature around 235 K, which is identified as the martensitic transformation temperature TM and coincides with
the transition temperature measured by SQUID (see Table 4.1). Below and
above TM the UPS spectra remain unchanged and indicate, which rules out
the existence of an intermediate premartensitic phase. The shape of the 235 Kspectrum shall be described by the fact that a martensitic transition in epitaxial
films is broad an hence this spectrum is a combination of signals from austenitic and martensitic parts of the sample surface. STM measurements of the
martensitic phase transition, which did not reveal any intermediate phases,
support this hypothesis. On the right hand side of the figure only the spectra
for the highest and the lowest temperature are presented. Both spectra exhibit
the characteristic peak located at 1.3 eV BE, which originates primarily from Ni
3d-Mn 3d hybridized states [26, 27]. As the temperature is lowered below TM its
position slightly shifts to a higher BE but the intensity increases. The austenitic
spectrum additionally exhibits a prominent peak located at 0.3 eV BE and an
intensity dip 0.6 eV BE. Also a weak shoulder can be recognized around 0.8 eV
BE. Below TM the intensity of the 0.3 eV peak drops and UPS intensity around
the 0.7 eV region increases significantly. The difference spectra presented in
Figure 8.8b vividly show that a spectral weight transfer occurs from the dip at
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Intensity (arb. units)
E = 22.7 eV
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T=293 K
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austenite
martensite

E = 89.5 eV

c)

topography

gradient

martensite
T=130 K

a)

Intensity (arb. units)

0.3 eV BE to the region between 0.6 eV and 0.9 eV BE. However, also a transfer
of states above EF can not be excluded.

80 nm

10 nm

Figure 8.7.: (a) The ultraviolet photoemission spectra (UPS) of an offstoichiometric Ni-Mn-Ga film sample (EF1) recorded as a function of temperature while cooling (He I, hν = 21.2 eV). (b) LEED patterns recorded at room
temperature in the austenitic state of the sample. (c) STM topography and a
topography gradient of the Ni-Mn-Ga surface obtained at 130 K revealing a 7M
structure with a nanotwinned superstructure in the martensitic state of the sample (UT = 1 V, IT = 0.15 nA).

UPS measurements were also performed for the stoichiometric Ni2 MnGa
sample, which exhibits a 5M martensitic structure, both in austenitic and martensitic state. The results, which are in good agreement with those reported
in Ref. [26], are illustrated in direct comparison to the UPS spectra of the 7M
sample in Fig. 8.8a. The spectra were normalized with respect to the intensity of the main peak. The spectra of the austenitic state are similar in shape,
although a difference is visible at 0.6 eV BE. In the Ni2 MnGa the intensity of
this peak was shown to be related to a flat majority-spin band (see previous
section) and it appears as if this band is missing in the austenitic 7M sample.
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However other UPS measurements of off-stoichiometric 7M samples which
were performed integrating over larger portions of the BZ did show a evidence
for a peak in intensity in this region, but still the intensity was lower than in
the case of a stoichiometric sample. Spectra of the martensitic state both show
a decrease of the 0.3 eV peak, which was shown to be related to the minorityspin band crossing EF . The difference is again found around 0.65 eV BE. While
the 5M structure shows here a distinct peak, which could be also observed
in ARPES measurements (see Fig.8.6), the 7M structure is featureless for the
energy region of energies 1 eV below the Fermi energy.

martensite
5M
7M

5M-L21
L10-L21

Figure 8.8.: (a) Comparison of UPS spectra of an off-stoichiometric Ni-Mn-Ga
film sample (EF1) with a 7M structure and a stoichiometric Ni2 MnGa single
crystal with a 5M structure in austenitic and martensitic state. The intensity
of the main peak at 1.3 eV has been normalized to unity (He I, hν = 21.2 eV).
(b) Difference spectra obtained for each sample by subtracting the spectrum
of the austenitic state from the spectrum of the martensitic state. (c) Theoretical difference spectra calculated from first-principles total DOS spectra of the
L21 (austenitic), 5M and L10 (martensitic) structure. Data were adapted from
Ref. [96].
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In the context of an adaptive martensitic phase, which has been discussed for
off-stoichiometric samples in chapter 7, also the electronic properties should be
addressed. The DOS of the adaptive martensitic phase should be - apart from
fine details6 - nearly identical with the DOS of the NM L10 martensitic phase,
since the L10 unit cell represents the building block of the nanotwinned adaptive phase [79]. The absence of features in the UPS spectrum at 0.6 eV binding
energy of the martensitic phase of the 7M structure can be interpreted as a
fingerprint of a L10 structure. This difference is expected from first-principles
calculations of the DOS for the martensitic 5M and L10 structure (see Fig. 8.6b).
While the DOS of the L10 structure is featureless for BE between EF and 0.8 eV,
the 5M DOS exhibits a peak in the minority-spin channel at 0.6 eV ( ). And this
difference can be also observed in the experimental data of the martensitic state
for the stoichiometric sample with 5M structure and the off-stoichiometric sample with the nanotwinned 7M structure, where the electronic feature at ≈ 0.6 eV
is absent for the nanotwinned structure (see fig. 8.8a). However, the measurements should be questioned critically. The difference spectra for both sample
types displayed in Fig. 8.8b show a similar spectral weight transfer as sample
transforms from the austenitic to the martensitic state. Also the theoretical
difference spectra in Fig. 8.8c, which are in good agreement with experimental
data (Fig. 8.8b), are very similar for both types of the martensitic structure. It is
therefore reasonable to conclude, that more precise measurements of electronic
properties such as spin-resolved photoemission experiments are required to
identify the electronic structure of the nanotwinned martensitic phase.

8.4. Summary
In summary, temperature dependent photoemission measurements of several Ni-Mn-Ga samples were presented. Angle-resolved measurements provided band structure and 2D cuts of the Fermi surface for the stoichiometric
Ni2 MnGa. A nesting feature, which is believed to trigger the (pre)martensitic
transition, was identified in the austenitic phase. Below TM a dramatic deple6

The differences are due to (101) nanotwin boundaries, which serve as defects.
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tion of states located up to 0.3 eV below EF , associated with the appearance of an
energy gap at the Fermi level for the band of the nested FS sheet and a shift of its
minimum, was observed. Along with the observation of charge-density waves
by means of STM these observations provide for this alloy a complete picture
of a martensitic transition driven by FS nesting and strong electron-phonon
coupling. The analysis was extended also to off-stoichiometric Ni-Mn-Ga samples showing 7M martensitic structure. Angle-integrated photoemission measurements revealed similar modifications of the electronic structure over the
transition from austenite to martensite for both types of the resulting martensitic structure, i.e. 5M and 7M. This observation suggests similar driving forces
of the martensitic transition in stoichiometric and off-stoichiometric Ni-Mn-Ga
alloys.
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Conclusions and Discussion
In summary, a detailed investigation of well-ordered (001)-oriented Ni-Mn-Ga
surfaces was carried out, both in the martensitic and austenitic state. Single
crystal bulk samples and epitaxially grown films of different Ni-Mn-Ga compositions were used for the study. Scanning tunneling microscopy was used in
order to investigate the surface structure from micrometer scale down to atomic
resolution. Photoemission spectroscopy was applied to probe the electronic
properties of the ferromagnetic Ni-Mn-Ga shape memory alloys.
The martensitic phase of all studied alloys was characterized by a modulation, i.e. a shuffle of the (110) planes in [11̄0] direction, of the crystal structure.
The modulation periodicity was found to be incommensurate. It was observed
that the modulation periodicity is dependent on the composition of the sample, being five-fold (5M) for stoichiometric Ni2 MnGa and seven-fold (7M) for
off-stoichiometric Ni-Mn-Ga. Also a difference in the nature of the modulation was found. On the one hand, for the 5M martensitic structure, the shuffle
of lattice planes was identified as a sinusoidal modulation with very regular
modulation period. On the other hand, the off-stoichiometric alloys clearly revealed a modulation with stacking type nature. The martensitic superstructure
in this class of alloys was identified as a nanotwinned structure with varying
stacking sequences.
While the results of off-stoichiometric alloys seem to support the adaptive
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concept, which recently received great attention as an approach to explain
the complex martensitic microstructure of Ni-Mn-Ga, the interpretation of
the 5M phase as a nanotwinned structure can be definitely ruled out. This
interpretation is highly possible, since the same experimental method was
applied on both types of samples. The obtained modulation peak-to-peak value
of ≈ 20 pm is much smaller than a value one would expect for a nanotwinned
surface microstructure. A simple geometrical model of nanotwins constructed
from tetragonal L10 buildings blocks yields a value of ≈ 56 Å. In contrast,
the same calculation for the (52̄) stacking sequence of the 7M nanotwinned
structure yields ≈ 67 Å and is in very good agreement with the experimental
data. Definitely, the modulation nature of the 5M and the 7M structure are
contrary.
How can the two seemingly contradicting observations be accounted for?
It is highly unlikely that composition changes of just a few percent can result
in a whole different structural scenario. Another aspect should be addressed
in order to clarify this problem. The origin of the martensitic phase transformation must be considered. In Ni2 MnGa, the origin of the martensitic phase
transformation has been related to an electronic instability resulting from a
peak of antibonding Ni d-states close to the Fermi level [74, 86, 116, 117]. The
theory predicts that in the minority spin channel these states form extended
nesting sheets on the Fermi surface [24, 26, 85, 94]. ARPES studies of the electronic properties of Ni2 MnGa presented within this work verify this prediction.
These sheets could be connected through a single nesting wave vector along
the [110] direction. The martensitic transformation is accompanied by a redistribution of a fraction of states residing at EF , which leads to an energy
gain sufficient to stabilize the modulated structural arrangement. The nesting
wave vector corresponds to the pronounced phonon instability in [110] direction observed for the austenitic phase of Ni2 MnGa. This soft acoustic phonon
corresponds to a shear instability of (110) planes.
In the context of a condensed soft phonon mode, the shuffle of the (110)
planes results in a sinusoidal modulation of the undistorted lattice positions
in the martensitic state. Presented results demonstrated this scenario and a
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charge density wave state for the stoichiometric Ni2 MnGa alloy. In analogy,
a structural phase transition driven by the electronic instability can certainly
be assumed for the off-stoichiometric Ni-Mn-Ga alloys. This assumption is
based on results of femtosecond optical spectroscopy measurements on offstoichiometric Ni-Mn-Ga(-Co) films. These were performed in a collaboration
work by Schubert et al. using samples, which were also reviewed in this thesis and hence can be compared to presented STM measurements. A strong
electron-lattice coupling scenario with a complex charge density wave ground
state was demonstrated. Moreover, it was shown that the higher order coupling
between the electronic order and the underlying lattice consistently explains
the nanotwinned martensitic structure observed by STM. Therefore, it can be
claimed that the observed nanotwinned 7M superstructure only resembles
the predicted construction of adaptive nanotwinning, while its origin is most
probably electronic. Recent first-principles calculations have proposed a transformation path into a hierarchical martensitic microstructure which shows
striking similarities in configuration to the simple geometric concept of adaptive phase formation [79, 117]. The evolution of the microstructure is triggered
by the anomalous softening of the [110] phonon which supports shear of lattice
planes along (110). Along this direction, the interfaces of nanotwins can form
at vanishing cost of energy, which allows for a high density of such defects.
The question is why the electronic origin of the structural transformation can
lead to a harmonic sinusoidal 5M modulation for the stoichiometric Ni2 MnGa,
but also to a non-harmonic stacking modulation for the off-stoichiometric
Ni-Mn-Ga alloys? The degree of disorder in off-stoichiometric alloys is certainly higher compared to the well ordered L21 atomic order of the Ni2 MnGa.
Off-stoichiometry leads to a chemical and a connected magnetic disorder, since
in Ni-Mn-Ga alloys the local magnetic moment of individual atoms is strongly
influenced by the surrounding atoms. Consequently, fluctuating competing
ferro- and antiferromagnetic interactions can arise, which in turn also affect
the total magnetic moment [82]. The resulting disorder is expected to wash out
certain electronic features at EF and render the FS topology [28, 82, 85, 117].
These changes can lead to a different coupling of the lattice to the underlying
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electronic instability and easily lead to changes in structural modulation.

Outlook
After a process flow was found to prepare freestanding Ni-Mn-Ga film structure in large numbers, the next step is to perform systematic studies in order to
achieve the effect of magnetic field induced strain also in thin Ni-Mn-Ga films.
The work to be done is: It is desirable to produce films with 5M structure, since
bulk sample with 5M structure show best performance parameters. A suitable thermal treatment of already freestanding structures must be performed.
Suited experiments to study the properties of a large number of freestanding
Ni-Mn-Ga microstructures are SQUID and XRD.
The understanding of the strong coupling between electronic, magnetic and
structural degrees of freedom in Ni-Mn-Ga based alloys can be studied by
methods that can disentangle the interplays. Time-resolved femtosecond spectroscopy is a very powerful tool and is particularly useful to study fast electronic processes and Raman active phonons. It is highly desirable to extend the
analysis of the electronic properties of Ni-Mn-Ga ferromagnetic shape memory alloys into other parts of the phase diagram and to address the thermal
dependance. Suited experiments for this purpose are angle-resolved photoemission experiments. for example evolution of the Fermi surface topology as a
function of temperature, composition and/or spin moment can be traced. Spinresolved photoemission experiments are of particular interest here. The most
intriguing question is: Which parameter determines the resulting, harmonic
or nanotwinned, martensitic superstructure?
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