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Abstract

Shape memory alloys are materials which are able to recover their initial form during a
structural transition. When the shape recovery is achieved by an external magnetic field,
the effect is named magnetic shape memory effect and the materials showing this effect
are called ferromagnetic shape memory alloys (FSMAs). Most of the FSMAs exhibit a
structural transition which is accompanied by a phonon anomaly. In this work, the vibra-
tional properties of Ni-Mn-Ga ferromagnetic shape memory alloys have been investigated

by means of inelastic neutron scattering.

Physical characterizations of the investigated single crystals have been done by means
of different methods. Calorimetric and magnetic measurements were carried out to de-
termine the structural transition and magnetic ordering temperatures. To see the effect
of offstoichiometry, neutron diffraction measurements have been carried out on offstoi-
chiometric samples in austenite and five-layer modulated (5M) martensite phases. These
studies reveal that the excess manganese atoms occupy only the gallium sites in both

austenite and martensite phases.

Experimental investigations and theoretical predictions show that the structural and mag-
netic transition properties of Ni-Mn-Ga alloys are strongly depending on the chemical
composition. For FSMAs; it is possible to tune the structural and magnetic transition
temperatures by varying the chemical composition. The effect of compositional differ-
ences on the vibrational properties has been investigated by measuring the high symmetry
phonon modes in the austenite phases of NisMnGa and NigMngz,Gajg. For the first time,
Born-von Karman model fits were applied to the measured austenite phonon dispersions.
Thermodynamic properties have been calculated from these models and compared to val-
ues from literature. A very good agreement is observed. Observed phonon dispersions in
the austenite phases of NisMnGa and NigMng,Gaqg lie in the same frequency region. In
NigMns,Gagg, optical modes show flatter distribution due to the different occupancies of
excess manganese atoms. In the overall phonon dispersion, the most prominent difference
has been observed in the TA;[¢£0]-modes of stoichiometric and offstoichiometric compo-
sitions. In the case of NisMnGa, the TA,[££0]-mode shows a strong softening centered at

£=0.33 r.l.u. For the offstoichiometric composition, the softening is less pronounced and
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centered around £=0.27 r.l.u.

Investigations of the effect of temperature on TA,[€£0]-modes have been carried out for
both stoichiometric and offstoichiometric compositions. Similar overall linear behaviour
has been observed for both compositions. The square of the phonon frequencies becomes
soft without reaching zero while approaching the structural transition temperature from
both sides. No significant jump has been observed in the soft mode frequencies at the
structural transition temperature. The observed anomalies on the TA,[(£0]-modes of
Ni-Mn-Ga alloys have been compared to the literature which exhibits similar martensite
transitions. The elastic constants have been calculated from the initial slopes of the
acoustic modes for both compositions. The results for the elastic constant C” reveal that
in Ni;MnGa shear does not play a role in the premartensite phase transition. In the case
of NigMnzsGaqg, the elastic constants C” show a temperature dependence which indicates

the effect of shear in the martensite phase transition.

The vibrational properties of the low temperature martensite phases of 5M martensite and
non-modulated (NM) marteniste have been measured on NisoMnggGag; and NisgMnggGagg
compositions, respectively. The phonon dispersion measurements of the martensite phases
show that the optical modes lie in a similar frequency region as in the austenite phase.
The observed softening in the TA,[££0]-mode is smeared out in the martensite phase but
still keeps its existence. Additionally, due to the modulation, low frequency excitations
have been observed below the 1 THz region of the [€£0]. These observed low frequency
excitations have been compared to the low frequency excitations of the premartensite and
martensite phases of the stoichiometric composition. In the 5M phase, low frequency ex-
citations were accompanied by commensurate superstructure Bragg peaks. In Ni;MnGa,
the low frequency excitations were accompanied with commensurate (£=0.33 r.l.u.) and
incommensurate (£=0.43 r.l.u.) elastic peaks, in premartensite and martensite phases,
respectively. These low frequency excitations observed in NisMnGa have been attributed
to charge density waves (CDW). In the offstoichiometric 5M martensite no evidence of
CDWs were found.

The stabilization of the austenite phases and the driving forces for the structural transition
have been investigated by means of the entropy calculations. The calculations show the
lattice entropy alone is not enough to stabilize the austenite phase or drive the martensitic
phase transition. The magnetic and electronic entropies play an important role on the

transition and phase stabilization properties of Ni-Mn-Ga alloys.



Kurzzusammenfassung

Formgedéchtnis-Legierungen sind Materialien, die nach einer plastischen Verformung ihre
Ausgangsform mit Durchlaufen einer Phasenumwandlung wieder erlangen. Wenn das
Formgedéchtnis durch ein externes magnetisches Feld erreicht wird, spricht man vom
magnetischen Formgedéachtnis-Effekt. Materialien, die dieses Verhalten zeigen, werden
als ferromagnetische Formgedéchtnis-Legierungen bezeichnet (ferromagnetic shape mem-
ory alloys, FSMAs). Die meisten FSMAs zeigen eine Strukturinderung, die mit einer
Phononen-Anomalie einher geht. In dieser Arbeit wurden die Vibrationsmoden von Ni-

Mn-Ga FSMAs mittels inelastischer Neutronenstreuung untersucht.

Die physikalische Charakterisierung der untersuchten Einkristalle wurde mit mehreren
Methoden durchgefiihrt. Kalorimetrische und magnetische Messungen dienten der Bes-
timmung des strukturellen Ubergangs und der magnetischen Ordnungstemperaturen. Um
den Effekt der nicht-stéchiometrischen Zusammensetzung zu sehen, wurden Neutronen-
streuexperimente an diesen Proben in der Austenit- und der Fiinffach-modulierten (5M)-
Martensite Phase ausgefithrt. Diese Studien zeigen, dass die iiberzdhligen Mangan Atome
nur die Positionen des Galliums einnehmen, sowohl in der Austenit- als auch in der
Martensit-Phase.

Experimentelle Untersuchungen und theoretische Vorraussagen zeigen, dass die Eigen-
schaften des strukturellen und magnetischen Ubergangs von Ni-Mn-Ga Legierungen stark
mit der chemischen Zusammensetzung variieren. So lassen sich die strukturellen und mag-
netischen Ubergangstemperaturen fiir FSMAs durch Anderung der chemischen Zusam-
mensetzung gezielt einstellen. Der Effekt der unterschiedlichen Zusammensetzungen auf
die Vibrationseigenschaften der Austenit-Phasen von NisMnGa und NigMn3,Gayg wurde
mittels Messung der Phonen moden in Hochsymmetrierichtungen untersucht. Zum ersten
Mal wurden Born-von Kérman Modelle fiir die Interpretation der gemessenen Austenit-
Phonendispersionen verwendet. Thermodynamische Eigenschaften wurden aus diesen
Modellen extrahiert und mit theoretischen Vorraussagen aus der Literatur verglichen,
wobei eine sehr gute Ubereinstimmung gefunden wurde. Die beobachteten Phonendisper-
sionen der Austenit-Phasen von NisMnGa und NigMns,Gagg liegen beide in der selben

Frequenzregion. Die optischen Moden von NiggMn3,Gajg zeigen eine flachere Verteilung,
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die auf die unterschiedliche Besetzung mit iiberzéhligen Mangan Atomen zuriickzufiihren
ist. Der grofite Unterschied in der gesamten Phonendispersion wurde fiir die TA3[££0]-
Moden der stéchiometrischen und nicht-stéchiometrischen Zusammensetzungen gefunden.
Im Fall von NipMnGa zeigt die TA3[££0]-Mode eine starke Aufweichung mit ihrem Zen-
trum bei ¢ = 0.33 r.l.u. Die nicht-stochiometrische Zusammensetzung hingegen zeigt eine

weniger ausgepragte Aufweichung und hat ihr Zentrum um & = 0.27 r.l.u.

Der Effekt der Temperatur auf die TA2[££0]-Moden wurden sowohl fiir die stéchiometrischen
als auch fiir die nicht-stochiometrischen Zusammensetzungen untersucht, wobei sich ein
dhnliches, lineares Verhalten zeigte. Das Quadrat der Phonenfrequenzen weicht bei der
Anngherung an die strukturelle Ubergangstemperatur von beiden Seiten auf, ohne auf
Null abzufallen. Es wurde kein signifikanter Sprung der weichen Phononenmoden bei der
strukturellen Ubergangstemperatur entdeckt. Die beobachtete Anomalie der TA,[££0]-
Moden von Ni-Mn-Ga-Legierungen wurde mit der Literatur verglichen, wobei @hnliche
martensitische Uberginge beobachtet wurden. Die Elastizititskonstanten wurden aus
den Anfangssteigungen der akustischen Moden fiir beide Zusammensetzungen berechnet.
Die Ergebnisse der Elastizidtsmodule C” zeigen, dass Scherung im Fall von NisMnGa keine
Rolle fiir den pra-martensitischen Phaseniibergang spielt. Fiir NiggMnsz,Gayg zeigten die
Elastizitatkonstanten C” eine Temperaturabhéangigkeit, was einen Hinweis auf einen Ein-

fluss der Scherung auf den Martensit-Phasenbergang darstellt.

Die Vibrationseigenschaften der Tieftemperatur-Martensitphasen der 5M und nicht mod-
ulierten (NM) Struktur wurden fiir NisgMnogGag; und NisogMngoGagy gemessen. Die
gesamten Phononen Dispersionsmessungen der Martensit-Phasen zeigen, dass die optis-
chen Moden in einem &hnlichen Frequenzbereich liegen wie die der Austenitphase. Die
beobachtete Aufweichung in der TA,[££0]-Mode ist in der Martensit-Phase ausgeschmiert,
aber dennoch vorhanden. Zusétzlich wurden Anregungen, bedingt durch die Modulatio-
nen, in der [££0]-Region bei niedrigen Frequenzen unter 1 THz gefunden. Diese An-
regungen wurden mit denen der pra-martensitischen und martensitischen Phasen der
stochiometrischen Proben verglichen. In der 5M Phase traten zusétzlich zu den nieder-
frequenten Anregungen entsprechende Uberstruktur-Bragg-Maxima auf. Ni;MnGa zeigte
zusétzlich sowohl kommensurable (€ = 0.33 r.1l.u.) als auch nicht-kommensurable ({ = 0.43
r.l.u.) elastische Streumaxima, jeweils in der Vormartensit- und Martensitphase. Diese
nieder-frequenten Anregungen in Ni;MnGa wurden auf Ladungsdichtewellen (charge den-
sity waves, CDWSs) zuriickgefithrt. In der nicht-stochiometrischen 5M Martensitphase

wurde kein Hinweis auf CDWs gefunden.

Die Stabilisierung der Austenit-Phasen und die treibenden Krifte fiir den strukturellen

Ubergang wurden mittels Rechnungen zur Entropie untersucht. Diese Berechnungen
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zeigen, dass die Gitterentropie alleine nicht ausreicht, um die Austenit-Phase zu sta-
bilisieren oder den Martensit-Phaseniibergang zu verursachen. Die magnetischen und
elektronischen Entropien spielen eine wichtige Rolle fiir die Ubergangs- und Phasensta-

bilisierungseigenschaften von Ni-Mn-Ga-Legierungen.
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Chapter 1
Introduction

In early 20th century the term “Heusler alloy” was introduced after the discovery of
the ferromagnetic Cu-Mn-Al alloy by Frederic Heusler. In general, Heusler alloys are de-
fined as ternary inter-metallic compounds with the chemical composition of stoichiometric
X5YZ and the crystallographic face centered cubic L2; structure. The offstoichiometric
compositions of these types of ternary alloys are also referred as Heusler alloys. High tem-
perature face centered cubic structures of these materials are named “austenite” due to
the similarities of the L2; phase with the gamma phase of iron. The gamma phase of iron
is called “austenite” in honor of Sir William Chandler Roberts-Austen. Heusler alloys
show first order, diffusionless structural transformations from the austenite phase to a
low temperature, low-symmetry phase which is named “martensite”. The term “marten-
site” is used to define the displacive transformation in any crystallographic structure and
named after German metallurgist Adolf Martens, who investigated different types of steel
in the late 19th century. The product phases of these kind of transitions are also named

“martensite “.

Some of the Heusler alloys are able to recover from high stresses during the structural
transition from austenite to martensite and/or vice versa. This stress recovery is known as
shape memory effect and alloys which show this effect are called shape memory materials.
It is possible to trigger the structural transition with different external parameters such
as temperature, mechanical stress or, for ferromagnetic materials, magnetic fields. If an
external magnetic field is used for the shape memory effect, the phenomenon is referred to
as "magnetic shape memory (MSM)“. MSM materials are promising candidates for smart
material applications, like actuators and sensors due to their unique properties mentioned

above will be addressed in this thesis.

Ni-Mn-based Heusler alloys attracted scientific interest after the discovery of high stress
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2 CHAPTER 1. INTRODUCTION

recovery in the Nig,,Mn; ,Ga alloy [UHK'96]. Many of the Ni-Mn-X alloys undergo
a martensitic transformation as a function of temperature for different compositions
[PMAOQ9]. Some of the Ni-Mn based alloys show a martensitic transformation in a wide
range of composition. Also the magnetic properties of these materials strongly depend
on the chemical composition. In general, magnetic and structural properties of different
Ni-Mn-Ga compositions are investigated in a very wide variety of methods. The room
temperature crystallographic structure of the stoichiometric Ni;MnGa has been initially
investigated by P.J. Webster et al. [WZTP84]. Also the martensitic transformation prop-
erties and the magnetic properties have been investigated by means of magnetization,
optical microscopy, x-ray and neutron diffraction measurements. In the late 20th century
A. Gonzalez-Comas et al. investigated the pre-martensitic and martensitic transition
properties of stoichiometric NisMnGa by using ultrasonic techniques [GCOM™199]. Es-
pecially the premartensitic transition properties of NiosMnGa have been investigated in
detail with different methods [ZSW98, VBK*99, KTB*01, WCG*01, CPSC02, PMA09].
Additionally to these investigations, the vibrational properties of stoichiometric Ni;MnGa
have been studied by inelastic neutron scattering [ZSW195, ZSWT96, SVKL97, SVKO00,
MPZ*01, CPS03].

Figure 1.1 shows an example of observed phonon softening at the TA5[¢£0] phonon mode
of stoichiometric NisMnGa. Here the anomalous softening in the TA5[¢£0] phonon mode
has been observed for the first time by Zheludev et al. [ZSWT95]. Structural charac-
terization of austenite and martensite phases of Ni-Mn-Ga alloys have been investigated
by using x-ray and neutron diffraction methods [PCSC00, RACT06, RAPT07, RAV*08].
Shape recovery properties of Ni-Mn-Ga ferromagnetic shape memory alloys are strongly
coupled to the crystallographic structure of the low temperature marteniste phase. The
conventional shape recovery can be observed in all possible martensite phases of Ni-Mn-Ga
alloys while the magnetic shape memory effect is only observable in modulated martensite
phases. For the offstoichiometric compositions of Ni-Mn-Ga alloys, shape recoveries of up
to 10% and 6% have been observed in the 7-layered and 5-layered modulated martensite
phases, respectively [SLLU02, MMA*00].

It has been reported that, the marteniste phase stability of Ni-Mn-Ga alloys is related
with the valence electron per atom (e/a) ratios of the materials [LSST04]. The effect of
e/a on the structural and magnetic transition temperatures of Ni-Mn-based Heusler alloys
has been shown by Planes et al. [PMAO09]. The e/a dependences of the lattice instabil-
ities of the austenite phases have been theoretically and experimentally investigated on
NisMnGa [ZAER06] and NipMnAl [MNP*08], respectively. All of these studies show a
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strong effect of valence electron concentration on the physical properties of ferromagnetic

Heusler alloys.
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As shown in Figure 1.1 vibrational properties of Ni-Mn-Ga alloys show a softening be-
havior in a particular phonon mode. Similar features have been observed in Ni-based
binary systems like Ni-Ti [SSSW84] and Ni-Al [ZH92, SLN*86]. The Ni,Al,_, alloys
show martensitic phase transformation. Related to these transitions the corresponding
low lying transverse phonon branch along [110] direction softens [ZH92]. Similar to Ni-Mn-
Ga systems Ni-Ti alloys show premartensitic transformations [SPH71]. In Ni-Ti alloys,
similar to near stoichiometric Ni-Mn-Ga compositions, superstructure elastic peaks are
observed at 52[%, %, |, which are attributed to the formation of charge density waves.
Unlike the stoichiometric NisMnGa alloy, additional to the [%, %,O} superstructure peak,
the [2, 2,0] peak is also observed in the Ni-Fe system [SSSW84]. Phonon softening which
is observed in Ni-Al and Ni-Ti systems is attributed to the electron-phonon interaction
with the Fermi surface nesting. A similar situation is observed in Ni-Mn-Ga systems.
Basic theories for binary systems predict a relation between charge density waves and the
[€£0] longitudinal phonon branch [SSSW84]. The softening in the longitudinal acoustic

branch is called "Kohn anomaly“ and generally observed in transition metals.

Stoichiometric and most of the offstoichiometric compositions of Ni-Mn-Ga alloys undergo
a structural transition in the ferromagnetic phase. Due to this, Ni-Mn-Ga alloys are
promising candidates for the ferromagnetic shape memory applications. The vibrational

properties of NisMnGa have been investigated by Zheludev et al. using inelastic neu-
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tron scattering [ZSW195]. At room temperature, a softening is observed at the TA,[££0]
phonon branch around ¢ = 0.33 r..u. The relation between the softening and the mag-
netic transition has been investigated by different groups [ZSW*95, ZSWT96, SVKLI7,
MPZ*01]. Offstoichiometric compositions of Ni-Mn-Ga alloys also show a ferromagnetic
shape memory effect and the vibrational properties of these materials are not investigated
in detail. In literature it is possible to find partial investigations of vibrational properties
of offstoichiometric Ni-Mn-Ga for a Ni-rich composition [MPZ*01]. As the compositional
change strongly effects the shape memory properties, it is essential to investigate the
vibrational properties of a system which shows one of the highest ferromagnetic shape
memory effect (MSE) and which is used as a prototype material for the technical appli-

cations.

Besides these investigations found in literature, Ni-Mn-Ga alloys still have lots of inter-
esting questions waiting to be answered. This study is aimed to find answers to some of
these questions. One of the most interesting question in MSE alloys arises in the compo-
sitional dependence of the physical properties. It has been shown in the literature that
the compositional changes affect the physical properties of these materials but the effect
on vibrational properties is still a subject to be investigated. In this study we will try
to find answers to this interesting question. In literature, there are multiple theoretical
studies which query the driving forces of the structural transitions in ferromagnetic shape
memory alloys. In this study, we will try to give some experimental support to the the-
ory of the structural transitions. In addition, there is a huge lack of information in the
vibrational properties of the Ni-Mn-Ga alloys in the martensite phase. For the first time,
we were able to measure the martensite phase phonons of modulated and non-modulated

marteniste phases of Ni-Mn-Ga alloys to eliminate this lack of knowledge.

In this work vibrational properties of Ni-Mn-Ga alloys are investigated in detail. In
Chapter 2, the basic properties of the martensitic transition and its relation to the shape
memory effect is explained. In Chapter 3, experimental procedures of sample character-
ization and phonon measurements are explained. In Chapter 4, fundamental theoretical
models of the lattice dynamics are discussed. Classical and quantum theory of the lat-
tice dynamics are shown and the used models are defined briefly. The results of the
sample characterization are shown in Chapter 5. The chemical compositional analysis,
magnetic and structural transition properties are presented. Elastic neutron scattering
measurements of offstoichiometric alloys are also shown. A detailed investigation of the
vibrational properties of Ni-Mn-Ga alloys is presented in Chapter 6. In this chapter,

vibrational properties are presented for both austenite and martensite phases. Austen-
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ite phonon dispersions of stoichiometric and offstoichiometric compositions are presented
with corresponding Born-von Karman model fits. The effect of temperature change on the
softening properties of the TA,[££0] branch is also shown in this chapter. Pre-martensite
phase measurement of Ni;MnGa and martensite phase measurements of different offs-
toichiometric compositions are presented. In Chapter 7, the results are discussed and

compared to literature. Finally, a summary and an outlook are presented in Chapter 8.
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Chapter 2

Heusler Alloys and Shape Memory
Effect

2.1 Heusler Alloys

Heusler alloys are ternary inter-metallic compounds which have a X;YZ composition for
full- and a XYZ composition for half-Heusler structure. These alloys show an open body-
centered cubic (bcc) structure which is only stable at very high temperatures. Due to the
kinetic reasons at low temperatures the open bee structure transforms to different ordered
structures like B2 and L2;. The B2 phase has a bcc structure and for Heusler alloys due
to the occupancies of the atoms in the unit cell, it is named as disordered phase. In B2
phase, atoms at the Y and Z positions are randomly distributed which causes the disor-
der. In the case of L2; phase, the atomic occupancies are well defined for all constituent
atoms. Figure 2.1 shows the general L2; high temperature crystallographic structure of
a full Heusler alloy. The L2, has a face-centered cubic structure with the space group of
Fm3m (Space group number: 225) [WZTP84]. Due to this high order of the atoms, the
L2, Heusler structure can be characterized by four inter-penetrating face centered cubic
lattices as shown in Figure 2.1. In the basic unit cell of L2; only four atoms exist and the

positions are shown in Table 2.1.

Generally the order of the system is defined by these atomic positions. A disorder oc-
curs usually in the offstoichiometric compositions. In the stoichiometric compositions of
Heusler alloys, it is also possible to observe disorder due to misoccupations of the atomic
sites. The effect of disorder on properties of CusMnAl and associated alloys has been
shown by G. B. Johnston and E. O. Hall in the late 60s [JH68]. The effect of disorder
in the fcc lattice of Fe-Pt has been investigated by Késtner et al. by means of inelastic
neutron scattering [KPS199]. Here, the TA5[€£0] phonon modes of the FeyaPtog have been

7
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Table 2.1: Atomic coordinates and positions of a full-Heusler structure.

Atom a/x b/y «c¢/z Wyckoff position

X3 0.25 0.25 0.25 8c
Xy 0.75 0.75 0.75 8c
Y 0.5 0.5 0.5 4b
7 0 0 0 4a

investigated for both L1y ordered and disordered fcc systems. The results show that in
the L1, ordered system a strong softening has been observed as a precursor effect of the
structural transition. In the disordered system, the softening has been observed in the
low & region of the Brillouin zone with a very small amplitude. The disorder parameter
for the L2; structure is defined as a misoccupancy of Y and Z sites which is also known
as L2,-B2 disorder. The crystallographic structure of B2 is the same as L.2; except the
difference in the occupancy of Y and Z sites. In the B2 structure the occupancy of the
Y and Z positions are random which is not the case for the L2; phase. The ratio of the

L2,-B2 disorder can be controlled by applying a proper heat treatment to the samples.

2.2 Martensitic Transformations

Martensitic transformations are shear dominant displacive, diffusionless first order solid
state structural transformations. The atomic movement during the structural transfor-
mation is smaller than the interatomic distances. The first observation of the martensitic
transition and structure are carried out by German metallurgist Adolf Martens using
stainless steel. Additional to steel, austenite and martensite transformations occur in
a very wide range of materials. The martensite transformation occurs as a nucleation

and growth process. During the growth process, the growth directions are perpendicular
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to habit planes. Habit planes are special crystallographic planes which have the same
atomic ordering in both austenite and martensite phases. Figure 2.2 shows a schematic
representation of a habit plane between austenite and martensite phases and the growth

direction of the martensite.
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Figure 2.2: Schematic representation of a habit plane and growth process of the martensite phase into
the austenite phase. Open circles represent the austenite phase, line-filled circles represent the martensite
phase and the full circles represents atoms in the habit plane. Solid line is guide for the eye which
represents the habit plane.

Another important feature of the martensitic transformation is the hysteresis which is
observed during the structural transition. Thermal hysteresis is observed in all of the
temperature dependent measurements of the martensitic transformations. The tempera-
ture dependent measurements of physical properties like magnetization, resistivity, heat
capacity etc. show thermal hysteresis around the martensitic transformation temper-
ature [Mar95, AMP11]. The critical temperatures of martensitic transformation start
(M), martensitic transformation finish (My), and austenitic transformation start (A,),
austenitic transformation finish (Ay) are generally determined from these temperature de-
pendent measurements. The determination of the critical temperatures is schematically
shown in Figure 2.3.

Martensitic transitions in the Heusler alloys generally occur as a Bain transformation. Fig-
ure 2.4 shows the Bain transformation dominated structural transition of a full-Heusler
alloy. In general, a Bain transformation is defined as the crystallographic deformation of
body-centered structure to a face-centered structure or vice versa [MFM94]. In the high
temperature austenite phase, all of the X atoms are located in the corners of the unit
cell. Y and Z atoms are occupying the atomic positions in the centers of these unit cells.
During the structural transition from cubic to tetragonal structure the axes of the unit

cell shrink or expand. In the middle image of Figure 2.4, the shrunk state is represented.
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The unit cell of the tetragonal phase is shown as a red rectangular prism. The right hand
side image shows the unit cell of the tetragonal phase with new unit cell parameters.
In the tetragonal phase as in the cubic phase, X atoms occupy the corners of the unit
cells but the Y and Z atoms sit in the face centers. This Bain transformation creates a
volume change in the unit cell which creates huge strain during the structural transition
[SHSS11]. To reduce the emerging structural stress, the material creates twin structures

(modulated structures) in the martensite phase.
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Figure 2.4: Bain transformation driven structural transition of a full-Heusler structure from cubic
austenite to tetragonal martensite structure. Black circles represent X atoms, red circles and blue circles

show the Y and Z atoms, respectively.

Figure 2.5 shows the most commonly observed modulated martensitic structures of Ni-

Mn-Ga alloys. Figure 2.5a shows the top view of the L1y non-modulated tetragonal (NM)
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structure in the (001) plane. In this non-modulated structure there is no modulation of
(110) planes perpendicular to the [110] direction. Two possible 5-layer modulated marten-
site structures of Ni-Mn-Ga are shown in Figure 2.5b and Figure 2.5¢ which represent the
modulated orthorhombic (50) and monoclinic (5M) structures, respectively. Figure 2.5d
shows the 7-layer modulated (7M) martensitic structure. Additionally to these common
martensite phases, other tetragonal, monoclinic and orthorhombic phases are rarely ob-
served in the marteniste phase of Ni-Mn-Ga alloys. In recent years, the growth processes
of different modulated structures and the details of the martensite phases have been in-

vestigated by means of diffraction methods [Roll1].
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Figure 2.5: Most common martensitic structures of Ni-Mn-Ga alloys. (a) non-modulated tetragonal
structure, (b) 10 (or 5) layer modulated orthorhombic structure, (c¢) 10 (or 5) layer modulated monoclinic
structure and (d) 14 (or 7) layer modulated monoclinic structure. The modulated structures are occurring
with the shearing (or shuffling) of the (110) planes in [110] direction.

Aforementioned structural transition properties of Ni-Mn-based alloys are strongly re-
lated with the compositional changes of these alloys. For many of the ferromagnetic
shape memory alloys, it is possible to tune the structural and magnetic properties by
changing the chemical composition or in other words changing the valance electron per
atom (e/a) ratio. Figure 2.6 shows the structural and magnetic transition temperatures

of different NiMn-based alloys as a function of e/a ratio.
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It is clearly indicated in Figure 2.6 that, the e/a ratio strongly effects the structural
transition temperatures, Tj;. Ty of all Ni-Mn-based alloys increase drastically with
increasing e/a ratio. Similar to the changes in the structural transition temperatures,
in the case of indium, antimony and tin, the magnetic ordering temperatures in the
martensite phases decreases strongly with increasing e/a ratio. Additionally, the austenite
phase Curie temperatures do not change so much. The study of Lanska et al. showed that
the crystallographic structures of the martensite phases of Ni-Mn-Ga alloys are related to
the e/a ratios [LSST04]. The NM marteniste phase has been observed mainly for the e/a
ratios higher than 7.67 and modulated martensite phases have been observed in the e/a
interval of 7.61 < e/a < 7.71. These investigations show the strong influence of e/a-ratio
on the structural transition properties and the magnetic properties on the martensite
phase.

2.3 Shape Memory Effect (SME)

The recovery from the high stresses during the martensite to austenite structural transi-
tion is called shape memory effect (SME). For conventional shape memory materials, this
effect occurs after heating the mechanically deformed martensite to the austenite phase.
Around 100% shape recovery of the deformation occurs in the heating process. There are
two main types of SME: The first type is the “conventional SME” and the second type
is the “magnetic SME”. In the conventional shape memory materials the deformation is
generally caused by an external mechanical stress and the recovery is provided by the

heating the sample to the austenite phase.
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Figure 2.7: Schematic representation of the shape memory effect in general.

Figure 2.7 shows the fundamental explanation of the conventional shape memory effect.
The right hand side arrow indicates the temperature axis and the critical structural tran-
sition temperatures are marked as they were defined in Chapter 2.2. When the material is
cooled below the M temperature the martensitic structural transition starts and ends at
M. When the material is heated up above the Ay temperature it fully transforms to the
austenite structure again. During this structural transition no macroscopic shape change
is observable which is just due to the twinned (modulated) structure of the martensite
phase. When a mechanical load is applied to the twinned martensite, twin boundaries
move easily and create a macroscopic shape change on the material (named as detwinned
martensite in Figure 2.7). In this plastic-like mechanical deformation state, after the re-
moval of the external stress, the material keeps its shape without any recovery. When
the material is heated up, the structural recovery starts at the temperature A, and the
material recovers from the plastic-like deformation perfectly until above A;. This whole
deformation and recovery cycle is generally called “conventional one-way shape memory
effect” because the material only remembers its original shape in the austenite phase. In
the one-way shape memory effect, one has to deform the material after each cooling cycle

to create a detwinned martensite phase.
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2.3.1 Magnetic Field Induced Shape Memory Effect

As mentioned in the previous section, the detwinning can be driven not only by a mechan-
ical load but also by the external magnetic field. To observe the magnetic field induced
shape memory effect, the material has to be in the ferromagnetic order which creates a
magnetic anisotropy. When a magnetic field is applied to a ferromagnetic shape memory
material two different features may occur. First, the structural transition can be triggered
by the external magnetic field, or second, in the marteniste phase single variant state can
be formed due to the magnetic anisotropy. As briefly explained, the magnetic field in-
duced shape memory effect is observable in two different ways which are the magnetic field

induced structural transition (MIT) and the magnetic field induced variant reorientation

(MIR).

2.3.1.1 Magnetic Field Induced Structural Transition - MIT

The working principle of the magnetic field induced structural transition (MIT) is similar
to the conventional shape memory which is explained in Chapter 2.3. In MIT, the external
field is used as the trigger mechanism for the shape memory effect instead of mechanical
load and temperature. In ferromagnetic shape memory materials it is possible to change
the structural transition temperature just by applying an external magnetic field. The
magnetic field stabilizes the phase which has a higher magnetization. Due to this stabi-
lization, the structural transition temperature can shift to lower or higher temperatures

depending on the magnetization of the austenite and martensite phases.
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] temperatures as a function of
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-60 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ent Ni-Mn-X alloys. The figure
0 1 2 3 4 5 is taken from [PMAOY].

The change of the martensite start temperature is shown for different Ni-Mn-based alloys
in Figure 2.8 [PMAQ9]. For Ni-Mn-Sn and Ni-Mn-In alloys an external magnetic field
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causes a decrease in the martensite transition temperature which shows that the magne-
tization in the austenite phase is more favorable compared to the martensite phase. In
the stoichiometric NisMnGa alloy external magnetic fields up to 5 Tesla have no signif-
icant effect on the martensite transition temperature. The change in the temperature
is in the order of 1-3 K/T. In the offstoichiometric Nis3 sMng5Gag; composition, the
martensit transition temperature increases strongly when applying an external magnetic
field (approx. 8K/T). This huge effect gives a strong clue about the relation between the

magnetization and the structural stability.

2.3.1.2 Magnetic Field Induced Variant Reorientation - MIR

Fundamentals of the magnetic field induced variant reorientation (MIR) are based on the
relation between the magnetic ordering and the crystallographic structure. In the marten-
site phase the crystallographic c-axis (the short axis) is the easy axis of the magnetization.
This magnetic easy axis and the structural c-axis are magnetostructurally coupled and
move together. If the twin boundary mobility is high enough for the material, it is possible
to remove the twin boundaries just by applying an external magnetic field. The mobility
of the twin boundaries allows for minimization of the Zeeman energy which is created by
the magnetic field.

The magnetic energy of a material can be written as the sum of Zeeman and magneto-

crystalline anisotropy energies [AMP11]:

i M,
M

Epag = —M -H — K,( (2.1)

where, M is the magnetization and has the form of M = M, (hsinf + kcosf) (M, is the
saturation magnetization), H is the external magnetic field, @ is the unit vector along the

easy axis direction and K, is the anisotropy.

When two different variants are considered, the Zeeman energy difference between these
two variants is the driving force for the variant reorientation. To observe a twin boundary
motion in between these two variants, the magnetic energy difference in between has to

fulfill following condition,

AFE 49 > €0010- (2.2)

Here, € is the lattice distortion (ey = 1 —¢/a, where a and ¢ are the unit cell parameters)
and oy, is the twinning stress. In the case of magnetic saturation, all of the magnetic

moments will align parallel to the external field and the difference of the Zeeman energies
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between two variant vanishes (Mg - H > K,,). In this case, from the equation 2.1, AE,,,,
coincides with K, and equation 2.2 changes to the following form [AMP11]

K,
— > Op- (23)
€o

When the twinning stress, oy, is smaller than the magnetic stress, %, a magnetic field

induced strain occurs.

High symmetry phase (Austenite)

Temoerature‘

Low symmetry phase (Martensite)

Figure 2.9: Schematic representation of the Magnetic field Induced variant Reorientation (MIR).

Figure 2.9 shows the schematic representation of the magnetic field induced variant reori-
entation. For the observation of the MIR effect, the material has to be in the martensite
phase with a modulated structure. In Figure 2.9 the thick blue arrow, labeled as B, rep-
resents the direction of the applied external magnetic field. In the martensite phase due
to the minimization of the energy, all of the magnetic moments will align parallel to the
field as a whole domain. When the direction of the external magnetic field is changed,
the magnetic structure of the material will follow it. In the figure, the magnetic field
is rotated by 90° (in clockwise direction). The change in the direction of the external
magnetic field creates a strain in the material and ferromagnetic shape memory materials

are able to overcome this high stress due to their unique properties.
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2.4 Ni-Mn-Ga Alloys

Among the investigated shape memory materials, NiMn-based alloys have a special place.
Especially Ni-Mn-Ga has been investigated intensively due to its promising magnetic
and structural properties. Offstoichiometric compositions of Nisyy,Mn;;,Ga;_,—, show
strains up to about 10% in the martensite phase. As reported in literature, the ferro-
magnetic shape memory effect strongly depends on the existence of modulated phases in
the martensite phase. For Ni-Mn-Ga systems, commonly modulated martensite phases
are sketched in Figure 2.5. The magnetic shape memory effect is only observable in the
five-layered (5M or 10M/100) and seven-layered (7M or 14M) martensite phases. In the
non-modulated (NM) martensite phase, strengths of the external magnetic fields up to 5
Tesla are not enough to observe the magnetic shape memory effect, but this does not mean
that the NM phase does not show a shape memory effect at all. In the NM martensite
phase Ni-Mn-Ga alloys are able to recover mechanical stresses up to 20% [JLX102].

Structural properties of the Ni-Mn-Ga alloys have been investigated in literature. The
high temperature high symmetry austenite phase has been investigated by Webster et al.
in 1984, which shows a face-centered cubic L2y structure [WZTP84]|. Modulated marten-
site phases of Ni-Mn-Ga alloys have been intensively investigated by Righi et al. using
diffraction techniques [RAC*T06, RAP*07, RAVT08, RAP'09]. Magnetic and structural
transition properties are also investigated by different groups to understand the magneto-
structural transition properties of Ni-Mn-Ga systems. The advantage of the NiMn-based
shape memory materials is the tunability of the structural and magnetic transition prop-
erties. Figure 2.10 shows the well known phase diagrams of the Niy, ,Mn; ,Ga [EBK™06]
and NisMny,,Ga;_, [EBGT08] for magnetic and structural transition temperatures. Be-
side these studies, it has been shown by Schlagel et al. that the chemical composition
of the Ni-Mn-Ga strongly effects the solidification, liquefaction, martensite transition
and Curie temperatures [SWZL00]. The compositional dependence of the martensite
phases and the unit cell parameters have been shown by Lanska et al. and Richard et al.
[LSST04, REST06]. Additionally to these above mentioned investigations, it is possible
to find numerous studies investigating the relation between chemical composition and

structural and magnetic transition temperatures.

Figure 2.10a shows the change of the critical temperatures of Ni-Mn-Ga alloys for nickel
rich and manganese deficient compositions. The substitution of nickel with manganese
increases the martensite transition temperature. In the shown composition region, the
premartensite transition temperatures stay constant and the magnetic ordering temper-

ature decreases. In Figure 2.10b the effect of manganese-gallium substitution on the
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Figure 2.10: Structural and magnetic transition temperatures of (a)NigyrMny_Ga and (b)
NigMny 4, Gay—, as a function of compositional change [EBK'06, EBGT08]. Blue up triangles rep-
resent the martensit transition temperatures, red circles show the pre-martensit transition temperatures
and green down arrows correspond to the magnetic ordering temperatures.

critical temperatures is shown. In the manganese rich region, the concentration increase
of manganese does not effect the magnetic ordering temperature nor the premartensite
transition temperature but the martensite transition temperature changes drastically. In
the manganese deficient region of the phase diagram, all of the critical temperatures de-
crease and the martensite transition vanishes in low manganese concentrations x below
-0.06. In addition, the structural and magnetic properties of NisoMnas,,Gags_, [JMD104]

and Niso,,Mnos_,Gags [VBKT99] have been investigated in literature.

Vibrational properties of Ni-Mn-Ga alloys have been investigated after the discovery of
the high strains in these alloys. Especially the austenite phase phonon properties of Ni-
Mn-Ga alloys have been investigated by different groups [ZSW*95, ZSWT96, SVKLI7,
SVKO00, MPZ*01, CPS03]. In these studies, the main focus is the investigation of the soft
TA,[££0] mode as a function of temperature around the magnetic ordering temperature,
Te. Theoretical studies on the vibrational properties of the NisMnGa alloy show that
the experimentally observed softening in the TA;[££0] phonon mode is strongly correlated
to the magnetic properties. Similar to the experimental observations, first-principles cal-

culations show soft phonon in the TA[¢£0] phonon mode at absolute zero temperature
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[BRCO03, ZEB04, EBK*06, UHN*09].
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Figure 2.11 shows an example of a calculated phonon dispersion for stoichiometric Ni;MnGa
alloy at absolute zero temperature. The calculations of the [110] direction show imagi-
nary phonon frequencies in a particular region of the TAs-mode. These imaginary phonon
frequencies indicate that the L2; structure is not stable at absolute zero temperature and
needs to transform to a another crystallographic structure. Due to the limitations of the
first-principles, theoretical calculations are only available at absolute zero temperature.
To mimic the effect of temperature, it is common to use the magnetization as an exter-
nal parameter which is strongly related to temperature for the magnetic systems (Stoner
approach). A study of Gruner et al. shows that the magnetization effects the stability
of the austenite phase which concludes the strong relation between magnetism and the

structural instabilities in the austenite phase [GAZ108].
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Chapter 3

Methods

3.1 Sample Preparation

The single crystals used in this study were produced by K. Rolfs and R. Schneider by
using a special single crystal growth technique at the Helmholtz-Zentrum Berlin (HZB),
Berlin. Crystal growth from a melt is a well established method for single crystal pro-
duction. Most common ways to grow a single crystal are the well known Czochralski and
Bridgman methods. For the growth of the single crystals which are used in this work a
modified version of the conventional Bridgman method was used. In the following para-

graphs fundamentals of these mentioned methods will be briefly described.

The Czochralski method can be basically defined as pulling the crystal out from a melt.
In this process, the material which is going to transform to a single crystal is molten
in a crucible and the seed crystal is dipped in this melt. The temperature of the melt
is adjusted to partially melt the seed crystal. After dipping the seed crystal in, it is
slowly moved away from the melt and this small movement creates a temperature gradi-
ent. Due to this temperature gradient the molten material around the seed crystal will
crystallize with the same crystallographic structure as the seed. Additionally, the seed
crystal can be rotated to homogenize the single crystal. The main disadvantage of the

Czochralski method is the requirement of large amount of material for the growth process.

The Bridgman method is mainly based on the movement of the crucible out of the fur-
nace. Compared to the Czochralski method, there is no need of a seed crystal for the
single crystal production. In this method, to grow the single crystal, a temperature gra-
dient inside the furnace is necessary. It is possible to obtain this gradient in two different
ways, either by moving the crucible away from the heat source or by cooling the furnace

slowly. For the Bridgman method, tip shaped crucibles are generally used to obtain the

21
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seed crystal at the tip. When the seed crystal has formed, the rest of the crystal grows
over this seed crystal. Depending on the number of seed crystals in the melt, single- or

poly-crystalline materials can be obtained as a product.

Both of these single crystal growth methods have a common disadvantage for the growth
of Ni-Mn-Ga systems, which is the evaporation of manganese due to its high vapor pres-
sure. To overcome this problem, it is possible to use a high pressure noble gas atmosphere.
Additional to noble gas atmosphere it is also possible and more efficient to avoid the ma-
terial loss by burying the molten material under a slag material. This method is called
“SLAg Remelting and Encapsulation (SLARE)” technique [RCG*12]. In this technique
the molten material is not touching to the crucible directly but floating in a molten slag
- see Figure 3.1b. The important point of the SLARE technique is to find suitable slag
materials for the alloy. The slag has to be non-reactive to both single crystal and crucible
material. For the growth of Ni-Mn-Ga single crystals, CaF3 and MgF3 slags were used in
YO, crucibles. The single crystals used in this study were prepared by SLARE technique,
for more details about the SLARE single crystal growth process see [RCGT12].

After the growth, the resulting crystals were annealed in a quartz tube to ensure homo-
geneity. The annealing of the crystals was carried out in a long thermal sequence. Initially
the crystals were heated up to 1273 K and kept at this temperature for 80 hours then the
temperature was decreased to 1000 K and held for 2 hours. After these annealing steps the
homogenization of the sample was done. After the homogenization, to improve the ratio
of L2, phase in the crystal, further annealing steps were carried out. The temperature of
the oven was decreased to 973 K and kept there for 10 hours and then the furnace was
cooled to 773 K and held for 20 hours. Finally, the samples were cooled down to room

temperature.

After annealing the crystals, to ensure a single variant state in the martensite phase, me-
chanical training was carried out for the five-layer modulated and non-modulated marten-
site crystals. Before starting the mechanical training, rectangular prisms were cut from
the single crystal rod. The surfaces of the prisms were defined to be parallel to the {100}
planes of the austenite phase. For the mechanical training, the crystals were mounted in a
pneumatic punch device, consisted of a pneumatic cylinder and a brass heating block with
two 90 W heating cartridges. The temperature of the heating block was measured with
a PT-1000 element and controlled by a Lakeshore temperature controller. The pressure
which was applied to the surface of the crystal was controlled by a pressure regulator of

a nitrogen bottle.
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Seed Crystal

For the phase diagram investigation of Ni-Mn-Ga alloys, approximately 3 - 3.5 g poly-
crystalline materials were prepared by using a commercial arc melter (Edmund Biihler
Arc Melter MAM1) in the Chair of Functional Materials, TUM Physics Department.
The melting processes were carried out in a water cooled copper crucible under argon
atmosphere. Commercial purity elements were used for the sample preparation (Nickel:
99.97%, Manganese: 99.99% and Gallium: 99.99%). Before starting the melting process
the manganese pieces were purified by annealing under continuous vacuum (approx. 107>
mbar) to remove the oxide layer on top of the manganese pieces. The melting processes
were repeated 5 times for each polycrystalline material to ensure the homogeneity of the
samples. After the repeated melting process, the resultant ingots were annealed in a
sealed quartz tube under argon atmosphere for 3 days at 973 K. The resulting ingots were

finally quenched in cold water.

3.2 Sample Characterization Methods

3.2.1 Magnetic Measurements

The magnetic properties of Ni-Mn-Ga alloys were investigated by using the Superconduct-
ing QUantum Interference Device (SQUID) magnetometer (Magnetic Property Measure-
ment System (MPMS) by Quantum Design) at Universitidt Duisburg-Essen, Duisburg.
The temperature dependent magnetization measurements, M (T'), were carried out in
three different sequences. For the zero field cooled measurements, Z FC, the sample was
cooled from room temperature to 7 K without any external magnetic field and a magnetic
field of 5 mT was applied to the sample at low temperature. After the application of the
magnetic field, the magnetization was measured up to 380 K under the steady presence
of external magnetic field. For the field cooling and field heating measurements, F'C' and

F H, the magnetization was measured in the temperature range of 380 K > T > 7 K and
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7K < T <380 K, respectively, without removing the external magnetic field. The mag-
netic field dependent magnetization, M (H ), measurements were carried out isothermally.

The M (H) measurements were carried out only during magnetizing the sample.

Besides the magnetic properties, structural transition properties are also deducible from
temperature and magnetic field dependent measurements. The thermal hysteresis between
the F'C' and F'H measurements generally indicates the first order structural transition in
Heusler alloys. The difference between the Z F'C' and FC measurements gives information
about the ferro- and anti-ferromagnetic interaction in the material. Magnetic field induced
structural transition information can be acquired directly from magnetic field dependent

magnetization measurements.

3.2.2 Calorimetric Measurements

Differential scanning calorimetry (DSC') measurements are one of the fastest and easiest
way to determine the first and second order transition properties of materials. The basic
working principle of the DSC measurements is based on measuring the heat changes dur-
ing a constant heating and cooling process. Figure 3.2 shows the setup of a heat low DSC
device in a schematic way. In this setup, the whole system is heated up or cooled down
with a constant ramp rate. During a transition, due to the enthalpy change of the sample,
the temperature of the sample will stay constant which will create a heat flow from heater
to the sample. By measuring these heat transfer values it is possible to characterize the

transition properties of materials.

Figure 3.2: Schematic
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By using the DSC, the structural transition temperatures (Ag, Ar, Mg and Fr) and the
Curie temperatures (T¢) of Ni-Mn-Ga alloys were determined. DSC measurements of the
single crystals were carried out in the temperature range of 173 K < T < 473 K with a
heating and cooling rate of 15-20 K/min in a commercial DSC device (Perkin Elmer - DSC
8500) at Forschungs-Neutronenquelle Heinz-Maier Leibnitz (FRM II), Munich. The poly-
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crystalline samples are measured in the wider temperature range due to the high transition
temperatures. The high temperature limit for the DSC measurements was 1023 K which
is the upper limit of the instrument. But the real temperature limit was defined by the
melting temperature of the aluminum sample cans. The measurements up to 873 K were
done using sealed aluminum sample cans and the critical transition temperatures were

determined from the peak maximum values of the calorimetric measurements.

3.2.3 Chemical Compositional Analysis

The chemical compositions of single- and poly-crystals were determined by energy disper-
sive x-ray spectroscopy (EDX) using a scanning electron microscope. The measurements
were done at the Crystal Laboratory of TUM Physics Department, Munich. The sides of
the single crystals were cut along the growth direction and polished with a 1200 grid sand
paper. The E DX measurements were done in different spots on these polished surfaces to
determine the overall composition of the sample and the compositional gradient along the
single crystals. For the EDX analysis of the polycrystalline samples, the alloys were cut
into two pieces in the middle and one side of the sample was polished with 1200 grid sand
paper. The FDX analysis were carried out at different spots on the polished surfaces to

get an overall average on the composition of the polycrystals.

3.3 Neutron Scattering

Elastic and inelastic neutron scattering are unique methods to investigate the structural

and vibrational properties of condensed materials. In an elastic measurement, the energy

of a neutron does not change after interacting with the sample. In the inelastic case, the

energy of the neutron changes due to the creation or annihilation of a quantum state (like

phonon and magnon). The energy of a neutron can be formulated as
I R’k

E=—mv° =
2 2mN

(3.1)

where, h is the reduced Planck’s constant, kp is Boltzmann’s constant and my is the

mass of a neutron.

The energy of a neutron can be measured by determining its wavelength or velocity. Both
measurements are widely used in condensed matter research. For the determination of
the velocity of a neutron, the time of flight method, TOF, is used. For the wavelength
determination, Bragg reflections from single crystals are used. In this work for the de-

termination of energies, wavelengths of the neutrons were measured by using the Bragg
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reflection laws in a three axis spectrometer.
For understanding the scattering experiments, it is essential to be aware of the concept

of real space and reciprocal space. Figure 3.3 shows the relation between the scattering

in the real space and the reciprocal place.

Figure 3.3: Representation of the Bragg reflection from a single crystal lattice (a) in a real space and

(b) reciprocal space.

The dots in Figure 3.3a represent the atomic positions in real space, A; and A are the neu-
tron wavelengths for initial (incoming) and final (reflected) neutron beams, respectively.
The dashed lines show two consecutive scattering planes in real space. In Figure 3.3b dots
show the reciprocal lattice points, k; and k; are the initial and final wave vectors, and Q
represents the scattering vector in the reciprocal space. The solid circle corresponds to

the Ewald sphere in 2-dimensional space.

In elastic neutron scattering, k; and k have to be equal, meaning there will be no energy

transfer between the neutron and the sample. This condition can be formulated as

Q =k; — k; with [kf| = k], (3.2)
hw = Ef - Ez =0.

In case G = Q (G is the lattice vector), the Laue condition is fulfilled and one observes
the Bragg scattering at the particular reflection corresponding to G. Then 6y is the angle

between k; and the particular scattering plane. It holds

Q| = 2|k;|sinbs. (3.3)
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In reciprocal space, 26g is the angle between the initial and the final wave vectors. It is
possible to write this formula in a better known way by using the definition of the lattice
vector (|G| = 2n/d) as,

A = 2dsinfg. (3.4)

Equation 3.4 is the well known Bragg’s law with the inter-planar distance d.

In inelastic neutron scattering, it is possible to create or annihilate one or more quantum
states, i.e. to create or annihilate one or multiple phonons with q being the propagation
vector of the particular phonon with energy w,. In this case, momentum and energy

conservation, equation 3.2 changes to the following form,

Q=k;—ki=G+q (3.5)
ho = Ef — B; = hw,.

The fundamental theory of neutron scattering is generally discussed in the Born approxi-
mation [Bro66]. In this approximation the interaction between the sample and the neutron
is replaced by a d-function interaction. When a neutron scatters from a sample, it excites
the sample from one quantum state (initial state), A;, to another one (final state), Ay.

For this interaction the differential cross section can be written as [SST02]:

d?*c k‘f m 2
(dedEf)AHAf k; (2wh2> [ (kA p[VIkiAi) 76 (P + 1) (3.6)

where m,, is the mass of the neutron, V is the interaction operator of the neutron with
the sample, and E; and Ey are the initial and final energies, respectively. Generally in
scattering experiments the differential cross section is averaged over all initial states and
summed over all final states [SST02, Squ97]. After some simplifications the formula can

be written in form of

d20' ) kf
29 — NYR5(Q,w), (3.7)
(dedEf NIV
where
1 e ) ) )
— —iQ-ry(0) iQ-r(t)\ ,—iwt
S(Q,w) —QWHN%:/_OO<€ e Ye "dt. (3.8)

When the elastic contribution to the scattering is subtracted from the equation 3.8 the
rest of the equation is related to the dissipative part of a linear response function via the

fluctuation-dissipation theorem [SST02],
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$(Quw) = QW) (3.9)
1 —e*BT

where x”(Q,w) is the imaginary part of the dynamical susceptibility. Considering the
creation and the destruction of one phonon in the case of neutron scattering the x”(Q,w)

has the form of

V@) = 32 S 50 a-6) Y QU % 50 ) — e+ o). (310

Here F(Q) is the dynamical structure factor and defined by

b .
FQ) =), —2=(Q-&:)e'¥e™. (3.11)
- m;
J
The integrated intensity, I(Q), of a neutron energy loss phonon measurement can be

written as a function of F'(Q) as follows:

kgT

1Q) = A2 IFQF (3.12)

This is related to the measured intensity for the phonon measurements.

One of the most important instrument used in neutron scattering is the three-axis spec-
trometer (7°AS) which allows us to measure the scattering function S(Q,w) in a wide
range of the momentum (Q) and the frequency (w) space. Figure 3.4 shows the schematic
representation of a TAS. The energies of the incoming and detected beams are selected

by Bragg reflection from the monochromator and analyzer crystals, respectively.

In a regular inelastic scattering experiment a white neutron beam get first reflected from
monochromator single crystal, the reflected monochromatic beam is then directed to the
sample by help of neutron optics. The monochromatic neutron beam interacts with the
sample and scatters in all directions. Scattered neutrons which are reaching the analyzer
crystal will be reflected again to define the final energy. Those neutrons which have the
desired final energy are detected by the neutron detectors. Energy and momentum trans-
fers are defined by the rotation of these monochromator (26,,), sample (205) and analyzer
(204) axes.

The phonon measurements were carried out on the thermal three-axis spectrometer PUMA
which is located at the Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM 1I),
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Figure 3.4: Schematic representation of a three-axis spectrometer. 20y, 205 and 20 4 are the scattering

angles of monochromator, sample and analyzer, respectively.

Garching. An image of the instrument is shown in Figure 3.5 where the main three
axes of the instrument are visible. The huge yellow drum on the left hand side of the
image is the monochromator housing which incorporates different monochromator crys-
tals and neutron optics like neutron guides and collimators. In PUMA there are two
monochromator options which are in use, PG(002) and Cu(220). For our measurements
PG(002) monochromator has been mainly used due to its good resolution and high in-
tensity at the measured energies. For high frequency transfer measurements we used the
Cu(220) monochromator. The blue drum on the right hand side of the image is the ana-
lyzer drum which houses the analyzer crystals, neutron optics and detectors. As analyzer,
only PG(002) has been used in our investigations. For some measurements, especially for
low frequency transfer measurements, moderate collimation has been used as 407, 45°, 45,
45’. Here first number indicates the collimation between the source and the monochroma-
tor, second indicates the collimation between the monochromator and the sample, third
shows the collimation between the sample and the analyzer and the last one shows the
collimation between the sample and the detectors. With this setup the resolution ellipsoid
is better defined in (Q-w)-space. In PUMA, five *He-detectors are used for neutron de-
tection. Only one of these detectors is used for counting the neutrons because the beam
is focused only on this detector. The grey-green parts in the middle of the image are
the sample table (green in the bottom) and the sample environment (gray on top). For
our investigations different sample environments have been used. For high temperature
measurements, high temperature vacuum furnace from FRM II sample environment was
available. Measurements below the room temperature have been carried out in a cryo-
furnace from FRM II sample environment. The room temperature measurements have

been done without any sample environment.
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Figure 3.5: Photo of the PUMA in-
strument at Forschungs-Neutronenquelle
Heinz Maier-Leibnitz (FRM II). Yellow
drum shows the monochromator shielding,
gray cryostat shows the sample position
with sample environment and blue drum
shows the analyzer shielding. Taken from
http://www.frm2.tum.de/de/wissenschaftliche-
nutzung/spektrometrie/puma/index. html

All inelastic measurements were mainly done in constant g-mode. The focus sides were
used to measure the phonon dispersion for each desired q point. Figure 3.6 shows the
difference between focus and defocus sides of a constant g-scan. Here, in the middle fig-
ure two different measurements have been schematically represented with corresponding
intensity plots (left and right hands side figures). The ellipsoids in the middle figure show
the resolution ellipsoid of the instrument different measurement points. The left hand
side image represents the constant g-scan of a defocused measurement. The right hand
side image corresponds to a focused state of a similar measurement. In the focus side
the peak intensity of the inelastic signal is higher compared to the defocus side. Also the
FWHM of the focus side is smaller than the defocus one. By defining the right focus side
in the g-space, it is possible to distinguish phonons which are close to each other. In this

study, focus sides were used for phonon measurements.

The phonon measurements were fitted to a damped harmonic oscillator function in a

modified version of a Lorentzian function which has a form of [SST02]

N A r
O 9w (wt w)? + T2

y =1y (3.13)

where yq is the constant background, w is the frequency, I' is the peak full-width half-
maximum (FWHM) and

W =vVw? -T2 (3.14)

From these fits the phonon frequencies were defined from the peak maximum (w) values
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Figure 3.6: Focus and defocus side representations of the same acoustic phonon branch. The ellipsoids

represent the resolution ellipsoids of the instrument at given q and w values.

and the phonon life times were deduced from the widths (I") of these peaks. For more

details and fundamentals of triple-axis scattering see [SST02].

For the determination of the crystallographic properties of the single crystal neutron
diffraction experiments were carried out. Diffraction experiments were done in the REcip-
rocal Space Investigator (REST) at FRM II. Figure 3.7 shows a schematic representation
of the RESI instrument. Here the white neutron beam which is coming from the source
is impinging on the monochromator and the diffracted beam is directed on to the sample
position with the help of neutron optics. For our investigations the incoming beam wave-
length of 1A (precise value 1.03695 A) has been used. For this a Cu(422) monochromator
at 90° take-off angle has been used. The sample has been mounted on an Euler cradle,
interacts with the incoming beam and scatters it in all directions. The scattered beam is
collected by detectors which are sitting on the Ewald sphere. In our investigations, for the
detection of the scattered neutrons a MAR345 image plate detector with an FUJI BAS
ND image plate has been used. This is a standard image plate with additional GdyO3
as neutron converter. The Rietveld refinements of the collected data have been done by
using the Jana2000 software package [PDL0O0].
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Figure 3.7: Schematic representation of
RFEsicprocal Space Investigator (RESI) at
FRM II. 20y, represents the monochroma-
tor angle which defines the energy of the
momnochromatic beam, 205 shows the sam-

ple angle.



Chapter 4

Theoretical Models of the Lattice

Dynamics

In general the whole phonon dispersion has to be investigated to conclude on the dy-
namical properties of a given material. In some cases single phonon branches can be as
interesting as the whole phonon dispersion. To model and calculate the influence of the
phonon dispersion to the macroscopic properties of the material (like lattice entropy, heat
capacity, thermal atomic displacement, etc.) one has to model a mathematical fit to the
set of measured phonons (w,,q) in order to interpolate the full phonon dispersion. Most
commonly the Born-von Karman fits are used to describe a full phonon dispersion. Alter-

natively, the phonon dispersion can be calculated ab-initio by first-principles calculations.

In the following subchapters, the fundamental physics behind the first-principles calcula-
tions and the Born-von Karméan model will be described. For the definitions and detailed

explanation of the theory of phonons it is suggested to the reader to review the books of
C. Kittel [Kit86], J. A. Reissland [Rei73] and G. P. Srivastava [Sri90].

4.1 Classical Theory

In the classical approach, a phonon can be described by a fundamental two body system.
The interatomic potential between two body system can be written in a Taylor series as
in the following form [Kit86].

ou 1 [(0°U
U=UR — | - | = 24 4.1
®)+ (5g), 3 (), oy
Here R is the distance between the atoms and w is the displacement. U(Ryg) is the
equilibrium value and is a constant. The (g_}U%)o -u term creates a force and disappears

33
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in the case of equilibrium. The consideration of only the quadratic term, % (%) u?,
0

2*U
OR?

interatomic force constant [Sri90]. In the harmonic approximation, potential energy of a

in equation 4.1 is known as the harmonic approximation where ( ) represents an
0

two body system can be written in a simple form as,
1 [0°U
U armonic — & 2- 4.2
" 2 (8 R? ) 0 ¢ 42)

Consider a three dimensional crystal where the atomic displacement of the atom, b, in

the unit cell, [, is defined as u(bl). In this case, equation 4.2 can be written as,

Uharmonic = % D> ) Gaplb; I'b )u, (Ib)us(I'b). (4.3)

b’ af
where ¢,5(1b;1'b’) is the interatomic force constant matrix and is defined as,
a2
ou, (1b)oug(I'b’) lo

Here o and S correspond to different directions in the coordinate system. For example

as(1b; b') = (4.4)

in the Cartesian coordinates, o and § may take the values of x, y or z. By generalizing
the equation of motion, which is derived from Newton’s second law and Hooke’s law
[Kit86, Sri90], one can write,

Floo = myiia(Ib) = = ) up(Ib; I'b )us(1'b) (4.5)
I'b’S8

where, m;, is the mass of the atom b.

The force constant matrix elements ¢,z(1b;1'b’) have to obey some symmetry require-

ments [Sri90] which are lattice translation symmetry,

$ap(1b;1'b") = dag(0b; (I — 1)b') (4.6)
and, infinitesimal translation invariance of the crystal,

Gap(Ib;1b) = — ¥~ Gus(Ib; I'D). (4.7)

I'b’1b

One can try to solve the equation 4.5 with a plane wave:

ua(lb) = — > " Us(q: b)expli(q - x(1)) — wi]. (4.8)

1
A/ My q

By substituting equation 4.8 to equation 4.5 one can calculate,
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w*Ua(a;b) = Y Dag(bb'|q)Us(a; b'). (4.9)
b’s

Here D,s3(bb’|q) is called dynamical matrix and has a structure of,

Dop(bb'|q) = mZ%ﬂ (0b; I'b)exp(iq - x(1)). (4.10)

D,s(bb’|q), is also symmetric due to the symmetry of force constant matrix, ¢,5(0b; I'b’).
The solution of the equation 4.9 for p atoms in the unit cell will create 3p solutions with
eigenvalues w?(q), where s = 1,2,3,..., 3p. For each eigenvalues in a given q an eigenvector,

es(b; q), exists. By using this statement the equation 4.9 can be written in the following

form,
wi(@esa(biq) = Y Das(bb|a)ess (b's q). (4.11)
b8
The complete solution of this problem can be searched in terms of w = ws(q) and

e = e4(q), where s indicates polarization and acoustic and optical branches. The repre-
sentation of these w values for each phonon branch for different q values are called phonon
spectrum. Out of the 3p solutions, 3 branches correspond to acoustic modes and the rest

3p — p branches correspond to optical modes of the system.

4.2 Quantum Theory

The classical model of the lattice vibrations is not accurate enough to describe vibrational
properties of materials. To explain the vibrational properties in a better way, a more
complex model is necessary, like a quantum mechanical model. In the quantum approach,

the Hamiltonian of a harmonic oscillator system can be written as in the following [ML71].

H=> > Z{Q%nbp(no)2 + %%5(110, I’b’)u, (Ib)ug (')} (4.12)
I b a B

To change the coordinate system from particle coordinates, u(lb), to phonon coordinates,
U(gb), one needs to apply Fourier transformation to the displacement with the following

equations,

T Z (gb) expligx(1)] (4.13)

TZ u(lb) exp[—igx(1)] (4.14)
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where, V' is the volume of the crystal. Similar to the displacement, the momenta of the
atoms has to be transformed to the new space. To carry out this transformation one can

use the following Fourier equations,

- % > Piab) espl-iax(l (4.15)
P(gb) = \/_ Z p(lb) expligx(1)] (4.16)

By using these transition equations, the Hamlltoman can be rewritten in a new form,

H— zzzzzz L PP qb> expl—i(q + )x(1)]

(4.17)
+§¢a5(1b>1'b')U (ab)Us(q'd’) expli(ql+q’l’)].
Since, u(lb) and p(lb) are conjugate and provides the following case,
[U(lb), p(lb)] = ihéll’ébb’ (418)

where, § is the Kronecker delta function. Equation 4.18 also holds true for U(gb) and
P(gb). By using the self-adjoint properties of U(gb) and P(gb), it is possible to write

the Hamiltonian in a simplified form,

=T 5 PP + 35S > 2 0us(b ) Us (ab) U (ab).

(4.19)
Equation 4.19 gives the Hamiltonian just as a function of the momenta, P(gb), displace-
ment, U(gb), and the harmonic force constant matrix, ¢,s(bb’,q). The phonon coordi-

nate operator, U(gb), can be driven from the Hamiltonian with the following equations,

ihU(gb) = [U(qb), H] = —z’hP(ij) (4.20)
ih0(ab) = [U(ab). H) = - [P(qb), H] = ifw*(@)U(ab) (421)

which results in,
Ulan) + w*(q)U(gb) =0 (4.22)

Equation 4.22 is the equation of motion of a harmonic oscillator with the energy eigen-

values of,
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1
e(a) = hw(q)(ng + ). (4.23)
With respect to equation 4.23, total vibrational energy of a system can be formulated as
following,
1
U=> hw(q)(ng + ) (4.24)
q

For more detailed explanation of the phonons, the phonon creation, a*, and phonon
annihilation, a™, operators need to be taken into account in the harmonic model. Phonon

creation operator can be defined as,

atin) = vn+ 1|n + 1). (4.25)

Equation 4.25 shows that, when the phonon creation operator is applied to a harmonic
oscillator with n quantum numbers, it increases the number of phonon by one. Similar to

these, phonon annihilation operator can be defined as following,

a”|n) =+v/nn —1). (4.26)

When these operators are embedded in the Hamiltonian, it forms a harmonic oscillator

cluster Hamiltonian with the form of,

H=> hw(q)(afag + 7). (4.27)

When the effect of both creation and annihilation operators is taken into consideration,

ata”|n) = aty/n|n — 1) = n|n) (4.28)

|n) becomes an eigenstate, which corresponds to the eigenvalue n of the a™a™ operator.
By combining the equations 4.27 and 4.28 it is possible to obtain the total energy of the
system - equation 4.24. By using this fundamental quantum mechanics it is possible to

calculate the phonon dispersion.

4.3 Born-von Karman Model

The first-principles calculations consume too much calculation time and the temperature
can not be directly taken into account in the models. Thus it is necessary to resort to
fitting model which can describe the phonon dispersion in an efficient way. In the Born-

von Karman model the crystal potential energy can be written in the following form.
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U=> 33> ¢asli. juali)us(j). (4.29)
i j a B

Here ¢,5(i,j) is the force constant between atom i and j. By using the inter-atomic
distances and the force constants in between the atom pairs, one can model the measured
phonon dispersions with Born-von Karman model. In principle, the Born-Oppenheimer
approximation allows to express the dynamical matrix of any system by using force con-
stants [SP06]. In theory, this model can be only used for short range interactions in lattices
of high symmetry. To describe the an-harmonic interaction in the phonon dispersion (like
soft phonon modes) the number of parameters can be increased. Fits with large number
of parameters give better mathematical fit to the phonon dispersion but this does not
always mean that all of fit parameters have a physical meaning. In the Born-von Karman
model, the interaction between two neighboring atoms can be defined by one transversal
(fr) and one longitudinal (f;) force constants. From these defined force constants it is

possible to derivate the energy of the system with the above mentioned equation.

In this work, the GENAX software [Reil0] has been used to apply the Born-von Karméan
model to the phonon dispersions. With this software it is possible to fit the phonon dis-
persion by using different number of interactions and calculate inelastic structure factors
additional to the macroscopic thermal properties. For each Born-von Karman fit the in-
elastic structure factors of high symmetry directions were compared with the experimental
intensities. The vibrational density of states have been calculated within the harmonic
approximation by the GENAX software and thermal properties have been calculated from

these density of states.

4.3.1 Phonon Related Calculations: Debye and Einstein Models

Let us consider N3 atoms in a three dimensional cube with side length of L. There is only
one q allowed in the reciprocal volume of (27/L)3. There are D(q) = (L/27)3 values
of q allowed in a unit volume of the g-space for each phonon polarization. From this
definition, the number of states of frequency, g(w), between a defined frequency region
can be formulated as [Kit66],

g(w)dw = /dqu(q) = (%)3/&?’% (4.30)

where, the integral is extended in the g-space for the frequencies between w and w + dw.
Let dS,, define the element of area on the surface of g-space with a constant frequency w.
The element of volume between the surfaces of w and w + dw can be written as a volume

of a cylinder,
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dw =dq-Vqw (4.31)

where, dq corresponds to the height of the cylinder. From this definition the density of

the states can be written in the following form,

L\’ [ dS.
= — . 4.32
g(w)dw (27) qudw (4.32)

Here, Vqw is called as group velocity, v, [Kit66]. Points where the group velocity is zero,
have a special importance and these points in the density of states are known as Van Hove
singularities. For the Debye model, the spectrum of the density of states is fulfilling the

following condition.

Wp = g(w) (4.33)
0, w>wp

Here, % is a constant, wp is the Debye frequency which defines the highest possible

vibration frequency for the Debye model [SP06]. The integral of the vibrational density

of the states in the whole frequency region has to fulfill the following condition.

/0 " p(w)d = 1 (4.34)

It is possible to calculate lattice vibration related properties like vibrational entropy, lat-
tice specific heat and atomic displacements of a material directly from the vibrational

density of the states.

Vibrational entropy, S,i(7"), can be calculated from the vibrational density of states with
the following equation [SP06, Full0]:

Svin(T) = —BkB/ gw{n(w)in[n(w)] = [1 + n(w)]in[l + n(w)] tdw (4.35)
0
where, n(w) is the Bose-Einstein distribution function and defined as;

1

g (4.36)

n(w)
here h and kg, are the Planck’s and Boltzmann constants, respectively.
From the density of states, it is also possible to calculate the mean atomic displacements

of the atoms. The average of mean square displacement in the unit cell, {(u;)?), is defined

as,
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3h [ gu(w)
2y _ @ h
(1) L | o (2kBT

where, M, is the mass of the atom x and g,(w) is the partial density of states of atom

)dw (4.37)

x. From the high temperature approximation, the Debye temperatures and the Debye

frequencies can be calculated from the mean square displacement with following relations,

respectively:
o - ST (4.38)
Pk M- ((u)?) ‘
and
kg -©
vp = Bh = (4.39)

The constant volume heat capacity of a system, C,(T), can be described as a function of
the Debye temperature as formulated below [Kit86, DTLPO03]:

©p(T)

Cy(T) = 9Nk (%@))3 /O : %dm. (4.40)

Here, © = hw/kgT. For the high temperatures, z < 1, heat capacity reaches to the limit
value of 3Nkp, which agrees with Dulong-Petit law. In the low temperatures, z > 1,
0O 4 ¢ 4 4

A Pl (4.41)
0 (er —1)2 15

and equation 4.40 can be re-written in the following form,

©p (1)
T

C,(T) = HTWNkB (%m) . (4.42)

Equation 4.42 is known as Debye T2 law. For the very low temperature region, where only
long wavelength acoustic modes are thermally excited, the T? approach works perfectly.
In this low temperature region, only modes which fulfill the condition of Aw < kgT', can
be excited.

According to the Einstein model, the vibrational density of the states is defined as a delta
function centered on a defined frequency, wy - D(w) = N(w — wp). The heat capacity
of this model can be calculated directly from the temperature derivation of the thermal

energy of the system.

hw

oU fuw ekT
O,(T) = (8_T)V — 3Nkp (kBT> - (4.43)
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In the high temperature region the constant volume heat capacity (eq. 4.43) approaches
to the Dulong-Petit limit of 3Nkg. In the low temperature region equation 4.43 decreases
with exp(;Bi“ji) which does not fit perfectly to the experimental phonon contributions.
Due to this property Einstein model can only be used to explain high temperature heat

capacities.
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Chapter 5

Sample Properties and Phase

Diagrams

5.1 Chemical and Physical Characterization of
Ni-Mn-Ga Alloys

Single- and poly-crystals which are used in this work were investigated for chemical and
physical properties. The chemical composition analysis of these crystals have been done
precisely before doing any other measurement. After the determination of the composi-
tion, the physical properties like structural transition and magnetic transition properties
were investigated by means of calorimetric and magnetic measurements. Additionally,
detailed structural investigation of offstoichiometric Ni-Mn-Ga single crystal were carried
out in both high temperature (austenite) and low temperature (martensite) phases. The
results of these above mentioned measurements are shown in the following subchapters.
Table 5.1 shows an abstract of the measured single crystals with corresponding phases

and temperatures.

Table 5.1: Observed phases in the investigated Ni-Mn-Ga single crystals.

Sample Austenite Premartensite Martensite
NisMnGa L2, (T > 280 K) 3M (220 K < T < 280 K) NM (T < 220 K)
NigMngoGajg  L2; (T > 360 K) - -
NisoMnggGagg - — 5M (at 300 K)
NizoMnszoGagg - — NM (at 300 K)

43
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5.1.1 Chemical Compositional Analysis Results

The energy dispersive x-ray analysis (EDX) measurement results of Niy, ,Mn;_,Ga poly-
crystalline samples are shown in Table 5.2 with corresponding standart error calculations.
The shown atomic percentages are the mean values of 5 different measurements from
different spots on each sample. The valance electron per atom (e/a) values were calcu-
lated by using these mean concentration values. For the valance electron concentration
calculations, for Ni and Mn 3d and 4s electrons and for Ga 4s and 4p electrons were used
(Ni:[Ar] 4s? 3d®; Mn:[Ar] 2s? 3d%; Ga:[Ar] 4s? 3d™ 4p').

Table 5.2: The EDX measurement results of Nigy,Mn;_,Ga polycrystals with standart errors.

Sample at.% Ni at.% Mn at.% Ga e/a
NisoMngsGags  50.20 £ 0.13  24.15 £ 0.31 25.65 £ 0.34 7.48
NispsMngy sGags 52.61 & 0.33 21.41 4+ 0.40 25.94 + 0.21 7.54
NissMnggGags  55.33 £ 0.40 19.62 + 0.26 25.04 4+ 0.32 7.66
NiszsMny75Gags  57.38 £ 0.07 17.17 + 0.22 25.44 + 0.28 7.71
NiggMn5Gags  59.89 + 0.45 14.85 + 0.19 25.16 + 0.30 7.79
NigosMnygsGags 6145 4+ 0.21 12.03 + 0.25 26.53 + 0.27 7.79
NigsMn;oGag;  64.68 £ 0.31  9.68 £ 0.21  25.64 + 0.20 7.92

The EDX analysis results of the single crystals are shown in Table 5.3 and Table 5.4 . The
offstoichiometric measurements, shown in Table 5.3 have been carried out by Mehaddene
et al. [TJ06]. One side of the single crystal has been cut, polished and the measurements
have been done along this surface. The measurement positions have been selected along
the crystal to see the compositional deviation along the sample. The results show that
there is no monotonous change in the chemical composition along the offstoichiometric

single crystal.

Chemical composition analysis of the stoichiometric NisMnGa has been done in detail
and is shown in Table 5.4. The EDX analysis were done in two opposing faces of the
stoichiometric single crystal. Both faces were polished before the EDX measurement.
Positions from 1 to 10 corresponds to one side of the single crystal from top to bottom
and 11 to 20 corresponds to the opposite site from bottom to top - see Figure 5.1. The
results show no significant difference in chemical composition along the stoichiometric

single crystal.
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Table 5.3: The EDX measurement results of offstoichiometric Ni-Mn-Ga (NiggMn3z2Gayg) single crystal
with standard error calculations [TJ06].

Position at.% Ni at.% Mn at.% Ga
1 48.73 32.74 18.53
2 49.46 32.41 18.13
3 48.40 33.32 18.74
4 48.89 32.93 18.18
5) 49.14 32.42 18.44
6 49.08 32.54 18.38
7 48.52 32.70 18.78
8 48.16 33.20 18.68
9 48.54 32.56 18.89
10 49.02 32.71 18.27
11 49.17 32.27 18.55

average 48.83 £ 0.12 32.71 £ 0.10 18.51 £ 0.08

Table 5.4: The EDX measurement results of stoichiometric Ni-Mn-Ga (Ni;MnGa) single crystal with
standard error calculations.

Position at.% Ni at.% Mn at.% Ga Position at.% Ni at.% Mn at.% Ga
1 51.05 25.93 23.03 11 50.98 25.41 23.61
2 52.39 24.09 23.52 12 51.55 26.34 22.12
3 51.26 25.38 23.36 13 50.70 26.12 23.18
4 52.10 25.28 22.62 14 50.96 26.93 22.11
5) 50.46 25.96 23.98 15 50.98 26.00 23.02
6 51.72 25.39 22.90 16 51.29 27.04 21.66
7 50.68 26.13 23.19 17 50.15 27.63 22.21
8 50.86 26.75 22.39 18 49.21 27.11 23.68
9 50.91 27.02 22.07 19 49.88 26.89 23.22
10 50.37 27.29 22.34 20 50.79 27.94 21.27

average 50.91 £ 0.17 26.31 £ 0.22 22.78 £ 0.17
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(100)
Figure 5.1: Sketch of the EDX measurement

points on the stoichiometric NisMnGa single

010 crystal.

5.1.2 Calorimetric Analysis Results

Transition temperatures obtained from the differential scanning calorimetry (DSC) mea-
surements for the Nis, . Mn;_,Ga polycrystals are shown in Figure 5.2. The measurement
results of NiggMni5Gass, NigosMnio5Gags and NigsMnigGasgs could not be shown in the
figure, due to the high transition temperatures of these compositions. Above mentioned
compositions have higher structural transition temperatures than the measurement limit
of the setup. For the DSC measurements aluminum sample cans have been used and these
cans limit the highest point of the measurement temperature to 873 K. The transition
temperature of Niz5Gags has been taken from [YQIE04] and a linear fit was applied to the
present data. Fitting results show similar behavior as Mn rich compositions [PMA09].
Present work shows that 1% nickel excess increases structural transition temperature of
the alloy by around 50 K. The study of Planes et al. [PMAQ9] gives 33 K temperature
change for 1% of excess manganese. It was shown be by Entel et al. that the substitu-
tion of Ga by Ni increases the structural transition temperature of the Ni-Mn-Ga alloys

[EBKT06]. Here, we proved that the substitution of Mn with Ni increases the martensite

transition temperature even more.

e/a
7.4 7.6 7.8 8.0 8.2

1500+
Figure 5.2: Structural

transition  temperatures  of
1000 - Nigy o Mny . Ga polycrystals
for different Ni concentrations.
Symbols correspond to mea-

5004 5 sured martensite  transition

Temperature (K)

temperature, solid line is a

o linear fit to data. Transition

‘ ‘ ; ; ; ; temperature of NizgGa is taken

>0 >3 60 63 70 7 from literature [YQIEOQ4).
Ni excess (%)




5.1. CHEMICAL AND PHYSICAL CHARACTERIZATION 47
5.1.3 Magnetic and Magnetocaloric Properties

The magnetic transition temperatures of stoichiometric and offstoichiometric single crys-
tals were investigated as a function of temperature. Figure 5.3 shows temperature de-
pendent magnetization measurements of NisMnGa alloy. Different symbols correspond to
different measurement sequences. Full circles correspond to ZFC' measurements, dotted
triangles correspond to F'C' and open squares correspond F'H measurements, respectively.
Definitions of measurements were given in Chapter 3.2.1. Structural transition tempera-
tures were defined by using the F'C' and F'H measurements. The Curie temperature, T,
is defined from the F'C' measurement. Defined critical temperatures are given inside the
Figure 5.3. For the stoichiometric sample the structural transition sequence is observed

as;

280 K 220 K

L2, 3M » NM

where L2y, 3M and NM correspond to austenite, pre-martensite and non-modulated
martensite, respectively. These transformation temperatures are obtained from the deriva-
tive of the F'C' measurements. For the transition temperature determination peak mini-
mum temperatures of the derivatives have been used. Curie temperature of the stoichio-
metric sample is found as 383 K, from the DSC measurement. T of NisMnGa is out of
the upper temperature limit of the magnetometer, therefore it could not be observed in

the M'T measurements.

Figure 5.3: Tempera-
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‘§ L ASM-3M —27299K the FC and FH measure-
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§0 AFW_A 889K observed crztlcal‘tempem-
§ 0 | ‘ | ‘ | ‘ tures are shown in the fig-
0 100 200 300 400 ure.

Temperature (K)



48 CHAPTER 5. SAMPLE PROPERTIES AND PHASE DIAGRAMS

Thermal hysteresis between the F'C' and F'H measurements provides information about
the structural transition due to the hysteresis nature of the martensitic transition - see
Chapter 2.2. The structural transition temperatures were defined from the onset values
of the derivatives of magnetization measurements. M; ~Z represents the martensite tran-
sition temperatures, where X shows the start (S) or finish (F') temperatures, ¥ and Z
shows the initial and product phases of the transition, respectively (A= austenite, 3M =
pre-martensite and M= martensite phases). A?{Z represents the austenite transition

temperatures similar to martensite transition temperatures as explained above.

The magnetization difference between ZFC and FC' measurements gives information
about the anti-ferromagnetic interactions in the material. The small difference which is
observed in Figure 5.3 is based on the anti-ferromagnetic interaction in the material due
to the small offstoichiometry which is observed in the stoichiometric single crystal - see
Table 5.4. Small decrease in the F'C' measurement around 270 K corresponds to the pre-
martensite feature of the stoichiometric composition. This pre-martensitic transformation

shows its existence in F'C' and F'H measurement as a slope change around 270 K.

Figure 5.4 shows the temperature dependent magnetization of Ni;MnGa under strong
external magnetic field of 5 Tesla. The structural transition temperatures could not be
determined due to the noisy derivation of the F'C' and F'H measurements. Despite the
noisy derivation of the measurements, the structural transition keeps its existence in the
measurements as a step like behavior around 240K. It is observed that, under 5 Tesla
magnetic field, the structural transition temperature was shifted a little bit to a lower
value. Additionally, the anti-ferromagnetic behavior which was observed in the low field

measurements was disappeared due to the high external magnetic field.

External magnetic field dependent magnetization measurements of the stoichiometric sam-
ple is shown in Figure 5.5. Here, each color represents different isothermal measurement.
For each temperature, the magnetic field was applied up to 5 Tesla and during the ap-
plication of the field, magnetization of the sample was measured. In the temperature
interval of 200 K < T < 300 K ferromagnetic behavior has been observed.

From the field dependent magnetization measurements, entropy changes, ASy;r, have

been calculated by using the well known Maxwell equation [PGPTO01];

ASprr(H,T) = S(Hy T) — S(Hy, T) = pig /

H,

" (%)Hdﬂ (5.1)

where, S(Hy,T) and S(H,,T') are entropies at constant temperatures under different mag-
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netic fields. For the calculations of the entropy changes equation 5.1 has been converted

to a numerical form as in the following,

AH n—1
AS(H M)=—— | AM; +2 AM; + AM, | . 2
Here, AM, stands for the magnetization difference in between two consecutive tempera-

tures. AT and AH correspond to the step sizes of temperature and magnetic field changes.

Calculated entropy changes are shown in Figure 5.5 as an inset. Here, different colors
represent different magnetic field changes. As seen from the calculations highest entropy
change was observed for 5 Tesla magnetic field change as expected. When an external
magnetic field is applied to a ferromagnetic material, a decrease in magnetic entropy is
expected. This holds true for Ni;MnGa, only for the magnetic field changes higher than
2 Tesla. In general, it is claimed that, the entropy changes which are calculated directly
from the magnetization measurements are named as magnetic entropy changes, ASy;.
But this definition is only true if the entropy calculations are done around the second
order transition like Curie temperature. In the case of Ni;MnGa, around 270 K, a struc-
tural transition occurs and due to this structural transition, magnetization of the sample
changes. Related to this change, at low magnetic fields, a positive entropy change has
been observed - see inset of Figure 5.5. It is not possible to observe an increase in the
magnetic entropy change of a ferromagnet with the application of external magnetic field.
This anomalous behavior in the entropy changes are strongly related with the coupling of

the vibrational entropy with the electronic and/or magnetic entropies.
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The temperature dependent magnetization measurements of NigMngz,Gajg under 5mT
magnetic field is shown in Figure 5.6. For the offstoichiometric composition, the observed

structural transition has a sequence of;

360 K
L2, ——

5M (5.3)
where the L2, corresponds to the high temperature austenite phase, 5M correspond to
low temperature martensite phases of five-layer modulated martensite. The transition
temperature has been obtained from the derivative of F'C' measurement. All of the ob-
tained critical temperatures are indicated by arrows in the Figure 5.6. The obtained
structural transition temperatures are Mg= 361.1 K, Mp= 351.2 K, As=357.5 K and
Ap= 362.5 K. Ar temperature could not be observed due to the overlapping of Ap and
the Curie temperature. The NigMns,Gaig shows paramagnetic ordering for the temper-
atures above To= 371.2 K.

Figure 5.6 shows a difference in between the ZFC' and F'C measurements at low temper-
atures which is due to the antiferromagnetic relations. The nature of this splitting has
been investigated by Aksoy et al. by the means of neutron polarization analysis on Ni-Mn-
based Heusler alloys [AADT09]. It has been shown in [AAD*09] that in the Ni-Mn-based
Heusler alloys the excess manganese creates antiferromagnetic interaction in the marten-
site phase which reveals itself as a splitting of ZF'C' and FC. Additionally, studies of
Khan et al. [KDSA07] and Li et al. [LJCT07] confirm the presence of antiferromagnetic

interactions in the martensite phases of Ni-Mn-based Heusler alloys.
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5.1.4 Elastic Measurements of Ni-Mn-Ga Alloys

Crystallographic and compositional investigations of the offstoichiometric single crystals
have been carried out by using the elastic neutron scattering technique. Rietveld refine-
ment of high temperature austenite phase has been carried out for the elastic measure-
ments at 600 K to hinder the magnetic scattering of the ferromagnetic ordering in the
austenite phase. For the refinement, face centered cubic structure with the space group
of Fm3m has been used. The obtained lattice parameter of the austenite phase at 600 K
was 5.8548 A. Table 5.5 shows the refined atomic coordinates of the austenite phase with
the occupancy factors. The chemical composition of NigMnj 91 Gag 79 (NisoMnsg o5Gagg rs)
has been calculated from the intensities of Bragg reflections. The neutron coherent scat-
tering lengths of 10.3, -3.730 and 7.388 fm have been used for Ni, Mn and Ga, respectively.

Similar to the austenite phase, five-layered modulated martensite structure has been inves-
tigated by elastic neutron scattering. The elastic measurements of the martensite phase
have been carried out at room temperature where the offstoichiometric composition is in a
fully ferromagnetic martensite phase. The Rietveld refinement of the five layered marten-
site phase has been carried out without taking the magnetic contribution into account.
The refinement results of the room temperature measurement of martensite NisoMnggGaog;
are shown in Table 5.6. In the martensite phase, as expected, five layered modulations
have been observed in the surface normal to the [001] direction. Figure 5.7a shows the
reconstructed surface, normal to the [001] direction for the five layered martensite of

NisgMnggGag; in a comparison with a corresponding transversal elastic measurement of
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Table 5.5: Rietveld refinement results of the L2; (Fm3m) phase of NiggMnsz2Gagg at 600 K. The unit cell
parameters of the austenite phase are a=b=c= 5.8548F0.0020 A and a=f=y= 90°. Columns represent

the atomic positions and occupancies of the corresponding atoms.

Atom Label a/x b/y «¢/z Occupancy

Ga 0 0 0 0.793(13)
Mn 05 05 05 1
Ni 025 0.25 0.25 1
Mn 0 0 0 0.207(13)

PUMA around 220 Bragg peak - Figure 5.7b.

For the Rietveld refinements, commensurate modulation vector q= 0.4 r.l.u. have been
used in the modulation direction of ¢*. The elastic neutron scattering measurements show
that the modulation of the martensite is not only in one direction but in two different
directions which are perpendicular to each other. Figure 5.7a shows these two different
modulations in the martensite phase along [110] and [110] directions. Before each elastic
and inelastic measurement the five-layered martensite samples have been mechanically
trained to create a single variant state but elastic measurement results show that it is
not possible to select one of the variants just by applying the uniaxial pressure to the
sample. Two observed shuffling kinds, (110)[110] and (110)[110], create two different
kind of domains with a domain boundary. These kind of domain structures are observed
in different offstoichiometric compositions of the marteniste Ni-Mn-Ga alloys [GSL103,
RCW*10, CGH*11].

Table 5.6: Atomic positions and occupancy factors of the monoclinic martensite phase of NigoMnggGag;
with the space group of 12/m(a07)00. The unit cell parameters are a= 4.1933F0.0018 A, b=
4.201370.0029 A, ¢=5.554370.0020 A and a=y= 90°, B= 90.273 T0.052°.

Atom Label a/x b/y c/z Occupancy

Mn 0 0 0 0.5
Ga 0 0 0.5 0.422(10)
Mn 0 0 0.5 0.078(10)
Ni 0 -0.5 0.2519(5) 0.5
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Figure 5.7: (a) depicts the reconstructed hk0-plane of the five-layered modulated martensite phase. Black
points are the Bragg intensities of different scattering planes measured at the single crystal diffractometer
RESI. (b) shows elastic measurements of [2+& 2-€ 0]. Superstructure Bragg peaks of the modulated
martensite phase are observed at the commensurate positions of & = 0.4, 0.8, 1.2, and 1.6 r.l.u. For

reason of comparison the r.l.u are expressed in terms of the cubic L2, austenite representation.

5.1.4.1 Mosaic Spread of Ni-Mn-Ga Single Crystals

The qualities of the single crystals which have been used in the inelastic neutron scattering
measurements were defined by the rocking curve measurements. Selected rocking curve
measurements of NiggMngoGag are shown in Figure 5.8 for 200 and 220 Bragg reflections
of cubic L2; phase. Here the symbols are experimental results and the red curves are
Gaussian fits to the measurements. Full width half maximums, F'W H M, of the measure-
ments are calculated from the width of these Gaussian fits. The mosaic spreads of 1.40°
and 1.29° are obtained from the F'W HM of NigMngsGaqg, respectively for 200 and 220
Bragg peaks.

Figure 5.9 shows selected rocking curve measurements of the stoichiometric NioMnGa in
the high temperature cubic (L2;) phase. Black symbols correspond to the measurement
results and solid red curves are Gaussian fits to the experimental results. At room tem-
perature, mosaic spread of NipMnGa for 200 and 220 peaks are calculated as 1.36° and
1.40°, respectively. Mosaic spreads of NisMnGa and NigMn3,Gayg are similar to each

other which creates similar resolution limits for the samples.

Mosaic spreads around the 200 Bragg peak of modulated martensites are shown in Figure
5.10. Both measurements were carried out at room temperature. The mosaic spread of

the 5M martensite phase has been achieved after proper mechanical training of the single
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Figure 5.8: Rocking curve measurements of NiggMngzs Garg alloy at fundamental reflections of the cubic
L2, phase (a) 200 and (b) 220. The measurements were done at 373 K with ky = 2.662 A. The mosaic
spread of the crystal for 200 and 220 reflections are observed as 1.40° and 1.29°, respectively.

crystal. In the case of 7TM martensite no mechanical training has been applied to the
sample and due to this reason secondary variant is visible in the rocking curve measure-
ment. The mechanical training is not suitable for the 7M single crystal due to its high

fragility. All of the 7TM martensite measurements have been carried out on this crystal by
T.Mehaddene.

Figure 5.11 shows the rocking curve measurements of non-modulated NisoMngoGagg alloy
in the marteniste phase at room temperature. In Figure 5.11a multiple peaks are observed
due to the multi variant structure of the non-modulated phase. From this measurement,
the mosaic spread of the sample is defined around 10°. In this multi variant state it is not
possible to make any phonon measurements. To overcome this problem, the single crystal
is mechanically trained by applying uni-axial pressure perpendicular to the unit cell sur-
faces. Figure 5.11b depicts the same measurement after mechanical training process. In
the non-modulated martensite phase after a proper mechanical training the multi variant

structure changes to perfect single variant phase.

Rocking curve measurements show the qualities of the investigated single crystals. It
has been shown that for the austenite samples mosaic spreads lower than 1.4° have been
observed which makes these samples suitable for phonon measurements. In the case of

5M martensite, a mosaic spread around 1.15° has been achived after mechanical training.
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Figure 5.9: Rocking curve measurements of NigcMnGa alloy at fundamental reflections of the cubic L2,
phase (a) 200 and (b) 220. The measurements were done at 300 K with k; = 2.662 A. The mosaic
spread of the crystal for 200 and 220 reflections are observed as 1.36° and 1.40°, respectively.

The same holds true for the NM martensite sample. After mechanical training a single
variant state with mosaic spreat smaller than 1.5° has been achieved. The measurement
of T.Mehaddene show that, in the 7TM martensite phase the mosaic spread of the crystal
is around 1.7°. Additionally, a splitting at 200 Bragg peak has been observed which indi-
cates the low quality of the single crystal.
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Figure 5.10: Rocking curve measurements of (a) 5M martensite NisoMnagGagy and (b) 7TM martensite
Niyg Mng1 Gagg alloys aroung 200 Bragg peak. TM marteniste measurements were done by T.Mehaddene.
Mosaic spreads of 1.15° and 1.68° are observed for 5M and 7M samples, respectively for ky = 2.662 A.
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Figure 5.11: Rocking curve measurements of NisgMnggGagg alloy in the non-modulated martensite
phase. (a) shows the measurement result before mechanical training of the sample. (b) denotes the
measurement result after mechanical training. Measurements were done at room temperature with ky =

2.662 A. Trained sample shows mosaic spread of 1.44°.



Chapter 6

Phonons in Ni-Mn-Ga Alloys

In this chapter, phonons of different Ni-Mn-Ga alloys are shown. Measured composi-
tions and temperatures are summarized in Figure 6.1. In the figure, measured phonon
dispersions are shown as star symbols for different compositions with corresponding tem-
peratures. The measured phases of the phonon dispersions are shown as L2;, 3M and 5M
for austenite, premartensite and martensite phases, respectively. Colored symbols indi-
cate the temperature dependent measurements of TA3[££0] phonon modes. The austenite
phase measurements of stoichiometric and offstoichiometric samples are shown as blue tri-
angles, the premartensite and martensite phase measurements are depicted in red circles

and green diamonds, respectively.

A
2004 . % Phonon Dispersion
A TA[E£0] - L2,
A ©  TA,[EE0] - 3M Figure 6.1: Ni-Mn-Ga ferromag-
g ¢ TA,[E0] - 5M netic shape memory alloys which are
§ 600 4 4 used in phonon investigations. Dif-
§ ferent colors correspond to different
§ s L2 § phases. 3M and 5M stand for pre-
S 400 A/ \% martensite and martensite phases,
A ° 5M NM respectively.  Star symbols indicate
g © * * the phonon dispersion measurements
200 ‘ | ? | | | | of different compositions at corre-
Ni,MnGa NiMn,Ga, Ni Mn,Ga,  Ni,Mn, Ga, sponding temperatures.

o7
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6.1 Phonon Dispersions in the Austenite Phases

Phonon measurements of the austenite phases have been carried out on both NiosMnGa
and NigMn3z,Gayg single crystals. Measurements of NisMnGa have been carried out at
room temperature where the single crystal is in the L2; phase. To obtain the austenite
phase in NiggMng3oGayg, first the single crystal was heated up to 673 K and cooled down to
the measured temperature. The phonon dispersion of NiggMngsGayg have been measured
at 373 K. To measure the vibrational properties, different measurement directions have
been selected. Figure 6.2 shows the first Brillouin zone of a face-centered cubic (fcc)
structure. Full points in the figure indicate the high symmetry points of (£00), (££0),
(€€¢) and the low symmetry point of (2£€0). The dotted lines are the symmetry direc-
tions of corresponding points. The phonon measurements have been carried out along

these lines.

Figure 6.2: First Brillouin zone of a face-centered

cubic (fec) structure. Thick solid lines show the

k. boundaries of the first Brillouin zone. Points on the
" surface of the Brillouin zone indicate the symmetry
points of fcc structure and dotted lines are the cor-
responding symmetry directions which are used for

phonon measurements.

Figure 6.3 shows a representation of the hk0 scattering plane with examples of phonon
measurements along different high symmetry directions. Full circles correspond to Bragg
positions which can create scattering intensities according to the selection rule of the fcc
structure (for the fce structure all of the hkl parameters have to be even or odd num-
bers). Open circles correspond to the forbidden Bragg positions. Due to the symmetry,
it is possible to access two different measurement directions in the hk0O plane. Measure-
ments from (020) to (030) yield information on the longitudinal phonon modes in the
[100] direction which are named L[100]. In the same plane measurements perpendicular
to L[100] give information about the transverse phonon modes in the [100] direction which
are labeled T[100]. It is also possible to reach the [110] direction measurements in the
hkQ scattering plane. Longitudinal and second transverse measurements respectively, are
shown in Figure 6.3 with the labels L[110] and T»[110]. Phonon measurements have been
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carried out in different Brillouin zones to reach the whole phonon dispersion within the

limits of the experimental setup.
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The basic unit cell of the austenite L2; phase consists of four atoms resulting in the
observation of twelve phonon branches, three acoustic and nine optical. In the acous-
tic branches, one corresponds to the longitudinal mode and the other two to different
transversal modes, which are perpendicular to the longitudinal mode and also to each
other. The optical branches of phonons in the austenite phase consist of three different
optical groups, each group has one longitudinal and two transversal branches similar to the
acoustic branches. In the case of [£00] and [££] measurements, two transversal branches
are degenerate and only one transverse mode is observable for these measurement direc-
tions. In the [££0] and [2££0] directions, transversal branches are not degenerate due to
the symmetry of the L2; phase, so two different transverse modes are observable in these

symmetry directions.

6.1.1 Austenite Phonon Dispersion of Stoichiometric Ni;MnGa

Phonon measurements of NiosMnGa have been carried out along the high symmetry direc-
tions of [£00], [££0], [€£€] and a lower symmetry direction of [2££0] at room temperature.
Results of the phonon measurements are shown in Figure 6.4 with the corresponding
first-principles calculations by Siewert et al. [SGE12a]. In the figure, symbols and lines
correspond to the experimental data and first-principles calculations, respectively. For
the first-principles calculations different line shapes have been used to show different po-

larizations.
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Figure 6.4: Phonon dispersion of NioMnGa for different symmetry directions of the L21 structure.
Lines show the first-principles calculations of the stoichiometric sample which are taken from [SGE12a].
Symbols indicate the experimental results. The measurements were performed at room temperature and

the first-principles calculations were done for absolute zero temperature.

Phonon measurements have been carried out at room temperature and the first-principles
calculations have been done for absolute zero temperature. Nevertheless, the overall
agreement between the first-principles calculations and the experimental data is quite
good. In both measurements and calculations the TA5[££0] phonon branch shows a soft-
ening feature. The minimum of the phonon softening is observed at ¢ = 0.33 r.l.u. for
both experimental measurements and first-principles calculations. For the first-principles
calculations at 0 K, the TA,[££0] phonon branch exhibits imaginary phonon frequencies
i.e. at 0 K the L2; structure is unstable. Regarding the optical modes, first-principles
calculations show a gap around 7 THz. In the experimental results a gap of 0.55 THz is
observed in the frequency region between 6.78 THz and 7.33 THz, which agrees with the
first-principles calculations. There is a deviation between the experimental results and
the first-principles calculations at the gamma point of the Brillouin zone and for the small
& values of the first optical branch. The reason for this difference is mainly the effect of
temperature. For the first-principles calculations, the phonon dispersion relations have
been calculated for absolute zero temperature and the measurements have been performed
at room temperature. The calculations of Zayak et al. show, that in the first-principles
calculations imaginary phonons in the TA[¢£0] phonon mode are associated with the

Tss-mode, which corresponds to the gamma point of the first optical modes [ZAER06].
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This association between the TA; and Ty,-mode explains the difference between the mea-
surements and calculations at the gamma points of the first optical modes. Due to this
first-principles prediction, the first optical mode is expected to have higher frequencies in
the Tys-mode at finite temperatures, which agrees with our measurements. In the sym-
metry direction of [2££0], the calculations of the longitudinal acoustic mode show a wide
oscillation in the whole reciprocal space in the frequency region of 2-5 THz. This wide

oscillation has been confirmed by our finite temperature measurements.

6.1.2 Born-von Karman Model Fit to the NisMnGa

By using the Born-von Kérman model (BvK), a fit to the measured phonon dispersion of
the austenite NioMnGa has been performed. For the mathematical modeling, interactions
up to the 9th nearest neighborhood (42 parameters) have been used, the results for the
42 parameters are given in Table 6.1. The BvK model fits are shown in Figure 6.5 along

with the experimental data.
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Figure 6.5: Born-von Kdrmdn model fit results of NioMnGa sample. Symbols are the experimental

results as shown in Figure 6.4. Lines are the Born-von Kdrmdn model fit to the phonon dispersion.

The agreement between the BvK model and experimental results is almost perfect. The
softening at the TA,[££0] phonon branch is perfectly reproduced with the used model. For
all of the optical modes the agreement between the model and the measured dispersion

is quite good. Despite the high number of fitting parameters there is a small deviation
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between the data and the model in the [2££0] direction.

Table 6.1: Longitudinal (f;,) and transversal (f7) force constants obtained from the Born-von Kérman
model fit to the NisMnGa at room temperature (300 K) as shown in Figure 6.5. “N.N.” defines the
nearest neighbor numbers, “Shell” indicates the number of shells which are taken into account. Force

constants are in the unit of dyn/cm.

N.N. Shell Interaction fr fr
1 1 Ni;-Mn  44342.40 852.90
2 1 Ni;-Ga 33494.70 1217.60
3 2 Ni;-Niy 217.30  -5876.80
4 2 Mn-Ga 9134.40  -734.60
5 3 Ni;-Niyg -696.20  1247.20
6 3 Mn-Mn 9958.10  -1279.40
7 3 Ga-Ga 2326.70  -3838.50
8 4 Ni;-Mn -51.80 -180.60
9 4 Ni;-Ga 2030.10 24.30
10 5 Ni;-Niy -4032.20  829.70
11 5 Mn-Ga 8945.60 -1115.10
12 6 Ni;-Ni; -872.50  -134.80
13 6 Mn-Mn -6715.10  2788.20
14 6 Ga-Ga 2257.60  444.10
15 7 Ni;-Mn -1038.30  -524.50
16 7 Ni;-Ga -773.20  980.20
17 8 Ni;-Niy 831.80 966.70
18 8 Mn-Ga -461.20  -578.70
19 9 Ni;-Ni 210.40 -38.70
20 9 Mn-Mn 1332.00  -713.70
9

Ga-Ga -1080.00  33.80

[N}
—_

The total and the partial density of states are obtained from the Born-von Karman fit
results. Figure 6.6 shows the calculated vibrational density of states for the stoichiomet-
ric composition from the first-principles and the Born-von Kéarman model. Black lines
represent the total vibrational density of states. The partial density of states of nickel,
manganese and gallium are shown as red, blue and green lines, respectively. Figure
6.6a corresponds to the first-principles calculations. The high frequency vibrations (third

optical branches) are mainly dominated by manganese atoms and nickel atoms also con-
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tribute to these vibrations. The mid-frequency optical modes (second optical branches)
are equally occupied by nickel and gallium atoms. Nickel atoms mainly occupy the low-
frequency optical modes (first optical branches). In the low frequency vibrations region

(acoustic mode region) all of the consisting atoms contribute to the vibrations.
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Figure 6.6b shows the total and partial density of states calculations obtained from the
Born-von Karman model. The total density of states calculations exhibits the overall
behavior of the phonon dispersion. High-frequency optical modes are well separated from
the mid-frequency optical modes in agreement with Figure 6.5 (the gap between green
and blue lines). The overall behavior of the total density of states shows similarities with
the first-principles calculations within some deviations. In the Born-von Karméan model
calculations, the high frequency optical modes are mainly occupied by manganese and
nickel also contributes to these modes. Mid-frequency optical modes are half shared be-
tween nickel and gallium atoms. The low-frequency optical modes are mainly occupied by
nickel atoms and all of the consisting atoms are contributing to the acoustic modes of the
system. The main difference between the first-principles calculations and the BvK model
fit is observed in the gap around 7 THz. The gap which is observed in the BvK model
is wider compared to the first-principles predictions. This difference can be explained
by the flatter distribution of the third optical modes in the measured phonon dispersion

relations.
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6.1.3 Austenite Phonon Dispersion of Offstoichiometric
Ni49Mn32Ga19

The austenite phonon dispersion of the offstoichiometric NiyggMng,Gayg alloy has been
investigated in the high symmetry directions of the L2; phase. The whole phonon dis-
persion relations have been measured to compare the effect of the offstoichiometry on the
vibrational properties of the austenite phase. The color coding of the phonon dispersion
is the same as explained for the stoichiometric composition in Chapter 6.1.1. The symbols
show the experimental results of NigMns,Gaig measured at 373 K and the solid lines are
the same first-principles calculations of stoichiometric NisMnGa for absolute zero tem-

perature as shown in Figure 6.4.
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Figure 6.7: Phonon dispersion of NiggMngs Gayg for the high symmetry directions of L2y structure. Lines
show first principle calculations of stoichiometric NigMnGa sample. Symbols indicate the experimental
results at 373 K.

First-principles calculations of the phonon dispersion relations of the offstoichiometric
composition are not available presumably due to the need of large super cells which ex-
ceed todays computational power. Therefore, the offstoichiometric measurement results
are compared to the stoichiometric calculations. Even though the comparison of differ-
ent compositions, relation between theory and experimental results are in a qualitative
agreement. In fact, the agreement between the acoustic modes are quite acceptable. In

comparison to the stoichiometric measurements, optical modes in the offstoichiometric
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composition are less disperse which is attributed to different atomic interactions due to
the offstoichiometry. In the low symmetry direction of [2££0], the longitudinal acoustic
branch shows oscillations in the 2-5 THz region in the whole reciprocal space similar to

the stoichiometric composition.

6.1.4 Born-von Karman Model Fit to the NiygMn3Gayg

The measured phonon dispersion relations of the offstoichiometric NiggMnssGaqg alloy has
been modeled by using the Born-von Karman model. For the model, similar to stoichio-
metric composition interactions up to the 9th nearest neighborhood (42 parameters) have
been used. Due to the manganese rich composition, the atomic weight and the scattering
amplitudes have been corrected for the gallium. Elastic measurements (Chapter 5.1.4)
show that 20.7 % of the excess manganese sits on the gallium site and due to this mixture
of the manganese and gallium atoms, the effective atomic weight and the effective scat-
tering amplitude of the gallium in the model changes. For the calculations atomic weight
and scattering amplitude of the gallium have been changed to 66.91 g mol~1 and 5.19 fm,
respectively. The resulting BvK fit is shown in Figure 6.8 along with the experimental

results.
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Figure 6.8: Born-von Kdrmdn model fit results of NiggMngs Garg sample. Symbols are the experimental

results as shown in Figure 6.7. Lines are the Born-von Karmdn model fits to the experimental data.

The calculated longitudinal and transversal force constants of the Born-von Karman model
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of NiggMns,Gayg are shown in Table 6.2. The observed force constants of NigMnssGagg
differ from the stoichiometric composition due to the different behavior of the phonon
dispersion relations. In the offstoichiometric case, optical phonon modes are less disperse

compared to the stoichiometric composition, this affects the force constants drastically.

Table 6.2: Longitudinal (f;) and transversal (fr) force constants obtained from the Born-von Karman
model fit to the NiggMns2Gajg at 373 K as shown in Figure 6.8. “N.N.” defines the nearest neighbor
numbers, “Shell” indicates the number of shells. The force constants are in the unit of dyn/cm.

N.N. Shell Interaction fr, fr

1 1 Ni;-Mn 36014.10 1963.10
2 1 Ni;-Ga/Mn 25344.50  485.10

3 2 Ni;-Niy 3206.10  -3716.00
4 2 Mn-Ga/Mn -5940.20  782.90

5 3 Ni;-Niy -154.00  507.50

6 3 Mn-Mn 11722.90 -240.00
7 3 Ga/Mn-Ga/Mn -1619.70 -2170.70
8 4 Ni;-Mn 2759.70  -2266.80
9 4 Ni;-Ga/Mn 3151.10  876.70

10 5 Ni;-Niy -7753.40  3707.40
11 5 Mn-Ga/Mn 10883.00 -2486.20
12 6 Ni;-Niy 2950.50  2538.50
13 6 Mn-Mn -3838.70  -1844.80
14 6 Ga/Mn-Ga/Mn  1210.10  -1960.00
15 7 Ni;-Mn -165.30  227.30

16 7 Ni;-Ga/Mn 1225.30 -1034.20
17 8 Ni;-Niy 189.40 -247.30
18 8 Mn-Ga/Mn -1450.70  1356.80
19 9 Ni;-Niy -300.70  -156.50
20 9 Mn-Mn 3378.10  -1683.6
21 9 Ga/Mn-Ga/Mn -2245.10 1023.50

The total and partial density of states calculations are shown in Figure 6.9 for the off-
stoichiometric composition. Different line colors correspond to different contributions.
Regarding the partial density of states of Ga this does not only correspond to Ga but
a mixture of Ga and Mn atoms. The total density of states of NijgMngoGayg perfectly
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shows the overall properties of the phonon dispersion. Similar to the NisMnGa, high-
frequency optical modes are well separated from the mid- and low frequency modes. High
frequency modes are mainly occupied by the manganese atoms, mid-frequency modes are
occupied by the nickel and gallium atoms, low frequency optical modes are occupied by
nickel atoms. In the acoustic mode region all of the nickel, manganese and gallium atoms
contribute to the vibration. The phonon density of states calculations of NigMnsoGagg
show sharper peak distributions due to the Van Hove singularities which are related with
the observed flat phonon dispersion in the optical modes. Except for the observed Van
Hove singularities, the overall behavior of the vibrational density of states resembles the

stoichiometric composition.
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6.2 Phonon Dispersions in the Martensite and Pre-

martensite Phases

Low temperature, low symmetry phases of five-layered modulated martensite and non-
modulated martensite phases have been investigated to compare the vibrational proper-
ties of these low symmetry phases with the measured vibrational properties in the high
temperature, high symmetry phase. The five-layered modulated martensite (5M) phase
measurements have been carried out on a mechanically trained single crystal with the
chemical composition of NisgMnsgGag;. The non-modulated (NM) martensite phase mea-
surements have been carried out on a sample with a composition of NisgMnsoGagg. NM
and bM martensite samples have been freshly trained before the inelastic neutron mea-
surements as explained in Chapter 3.1 In addition to the martensite phase measurements,

premartensite phase measurements of stoichiometric Ni;MnGa have been carried out. The
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martensite phase measurements of 5M and NM samples have been carried out at room
temperature without any sample environment. For the measurements of the premarten-
site phase, the stoichiometric austenite sample has been cooled down to 230 K where the

sample is in the premartensite phase and no training has been applied to the sample.

6.2.1 Phonon Dispersion of Nij;sMnyy(Gas; in Five-Layered
Modulated (5M) Martensite Phase

The vibrational modes of NisgMnygGag; have been measured in different high symme-
try directions of the five-layer modulated martensite phase at room temperature. In
the martensite phase, due to the crystallographic anisotropy, the phonon dispersion re-
lations have additional high symmetry directions compared to the austenite phase: [00¢]
and [0£€]. As shown in Chapter 5.1.4, the c-axis of the 5M sample is the crystallographic
short axis which creates these additional high symmetry directions. The measured phonon
modes of NisgMnygGag; are shown in Figure 6.10. The different color coding is used for
determination of different phonon modes. In addition to the phonons, at higher frequen-
cies (around 11-12 THz) additional inelastic signals have been observed, which can be

attributed to magnons.
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Figure 6.10: Phonon dispersion of NisgMnagGasy for the high symmetry directions of the 5-layer mod-

ulated martensite structure. Symbols indicate the measurement results which were carried out at 300 K.
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The overall vibrational properties of the martensite phase are similar to the properties of
the austenite phase of similar composition. The optical modes show a flat distribution
along the Brillouin zone as expected, similar to the austenite phase. In the [£00] and
[00€] directions, the observed transversal and longitudinal modes are lying in the same
frequency region (around 4 THz). In the case of the [££0] direction, the second-transversal
and longitudinal modes meet at 2.2 THz, the same condition holds true at 3.1 THz for
the [0£¢] direction. The difference at the zone boundary of the [££0] and [0£¢] directions
is due to the broken symmetry for these two directions. At the zone boundary, a strong

anisotropy has been observed due to the tetragonal structure.

The observed high frequency inelastic signals are not related to the phonon dispersion but
are also not coming from the experimental setup or from the sample environment. Initial
first-principles calculations predict an optical-mode like magnon dispersion around this
frequency region. Unfortunately, it is not possible to conclude unambiguously that the
signals are related to the magnon dispersion of the martensite phase. To be sure about
the conclusion, it is essential to redo the measurements with spin polarization analysis so

that one can distinguish the magnetic signal from the nuclear one.

The softening, which is observed for the TA3[££0] phonon mode in the austenite phase, has
been smeared out in the martensite phase. Additional to the hardening of the TA;[££0]
phonon mode in the martensite phase, low frequency excitations have been observed along
the [€£0] direction of 5M are discussed in the following (see the star symbols in Figure
6.10).

6.2.2 Phonon Dispersion of Non-modulated Martensite

in Ni50MIl30 Ga20

Phonon measurements of the non-modulated (NM) martensite phase have been carried
out at room temperature for two different high symmetry directions of the NisgMngoGagg
sample. These two high symmetry directions of the NM tetragonal phase are shown in
Figure 6.11. The full symbols correspond to the measurements in transversal polarization
and the open symbols are related to the measurements in longitudinal polarization. Dif-

ferent colors have been used to make it easier to distinguish different phonon modes.

The transverse polarization measurements along the [££0] direction show a clear separation
between the acoustic mode and the optical modes. Due to this reason it is possible to
comment on that the optical modes seem to be decoupled from the differences in the

acoustic region. Measured optical modes in the same polarization show little dispersion
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Figure 6.11: Phonon dispersion of the non-modulated martensite of NisoMnsgGasg at room temperature
in the [£€0] and [0£€] directions. Full and open symbols indicate transversal (Ta) and longitudinal (L)

phonon measurements, respectively.

along the Brillouin zone. Similar measurements along the [0££] direction show no gap
between the acoustic and optical modes. The comparison of the transversal modes shows
that in the [0££] direction the acoustic mode has a higher frequency compared to [££0].
This kind of behavior has been observed for all martensite phases of Ni-Mn-Ga systems.
At the zone boundary, due to the crystal symmetry, measured transverse modes show a

gap similar to the gap observed in the 5M measurements.

6.2.3 Phonon Dispersion of Seven-Layer Modulated (7M) Marten-
site of Ni49Mn31Ga20

The crystallographic investigations of seven-layer modulated (7M) martensite show, that
the crystal has an orthorhombic structure at room temperature with the unit cell pa-
rameters of a=6.24 A, b=>5.78 Aand ¢=5.49A[Mch07]. The vibrational properties of 7M
marteniste phase of NiggMns; Gagy has been measured by T.Mehaddene. Figure 6.12 shows
the acoustic phonon dispersion in the high symmetry direction of [0££] and [££0] for room
temperature. The measurements of the TA,[££0] phonon mode show no softening feature.
In addition to the [££0] direction, [0££] direction measurements show no softening feature.
Due to the crystallographic asymmetry, the zone boundary conditions of the TAs-modes
differ for the [€£0] and the [0££] directions. At the zone boundary, the low lying TA5[££0]-
mode has a phonon frequency of 2.54 THz. In the case of the TA5[0££] zone boundary,
the phonon has a frequency of 4.77 THz.
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Figure 6.12: Longitudinal and transversal acoustic modes of Nigg Mngz1 Gasg in the 7TM martensite phase.
Different symbols correspond to different polarizations in the measurements. The measurements were done
at room temperature by T.Mehaddene [Meh07].

6.2.4 Low Frequency Excitations of Martensite and Premarten-

site Phases

The low frequency region of the [££0] direction of 5M NiggMnggGag; has been investigated
in detail. Figure 6.13 shows the low frequency transfer region of the martensite phase
along the [££0] direction. The color code shows the monitor normalized neutron counts
in logarithmic scale. The peak maxima in the measured data are shown as red symbols
and solid lines are added guide for the eye. For clarity, in the case of the low frequency
excitations, a sinusoidal line shape has been used as a guide. Zero frequency transfer
corresponds to elastic measurements, these measurements have been done to compare
the elastic intensities with the previously existing data to prove the existence of com-
mensurate modulation. The low frequency transfer measurements show inelastic signals
existing in the whole Brillouin zone. Superstructure Bragg peaks have been observed at

the commensurate positions of £ = 0.4 r.l.u. and 0.8 r.l.u.

In the small £ region it is not possible to distinguish the difference between the TAs-mode
and the low frequency excitations. At & = 0.25 r.l.u. the low frequency excitations and
the TAs-mode start to split. After this reciprocal point, the frequency of the TAs-mode
increases but the low frequency excitations oscillate in the frequency region below 0.6

THz for the whole Brillouin zone. Similar to the offstoichiometric martensite sample, the



72 CHAPTER 6. PHONONS IN NI-MN-GA ALLOYS

JISR1NY Neutron counts
1000+
1.2+ (log scale) (b)
10000 ol
8 | S o
T 08 o 100
b 1000 kel
~ S
9 3
S 04 | S
S U 100 =
S S
S 8
Y 3 14
0.0 I 10 =
00 02 04 06 08 10 00 02 04 06 08 10
Reduced Wave Vector (r.1.u.) Reduced Wave Vector (r.1.u.)

Figure 6.13: (a)Low frequency inelastic neutron scattering measurements of NisgMngogGagy in high
symmetry direction of [€£0]. Measurements are done at room temperature. Color coding represents
neutron intensities in logarithmic scale. The red symbols correspond to the peak maxima of the measured
inelastic intensities and the lines are added as guide for the eye. (b) Elastic line cut along the transverse
[E£0] direction.

low frequency region of the stoichiometric Ni;MnGa sample has been measured in the

premartensite phase at 230 K, as shown in Figure 6.14.

In the premartensite phase, the superstructure peak lies at a commensurate position of
¢ = 0.33 r.l.u., but the peak is not repeating itself at higher orders like ¢ = 0.66 and
0.99 r.l.u. In the small £ region it is not possible to distinguish the low energy excita-
tions from the TA,[££0] phonon branch. The softening of the TAy-mode approaches the
superstructure peak of the premartensite phase but is not reaching zero frequency. In the
premartensite case, around the phonon softening minimum, the measurements show an
intensity between the soft phonon mode and the superstructure peak. Similar to the off-
stoichiometric composition, in the premartensite case low energy excitation are observed
up to £=0.6 r.L.u.

The low frequency transfer region in the transversal [££0] direction of the NigMnsz;Gagg
alloy has been measured by T. Mehaddene [Meh07]. The measurements are shown as
a contour plot in Figure 6.15a. In the seven-layered martensite (7M) phase, the low
frequency measurements show no significant intensities around the superstructure Bragg
peaks. The elastic line cut (Figure 6.15b) shows well defined super structure peaks at &
= 0.3 and 0.6 r.l.u. values. The observed superstructure Bragg peaks are close to the ex-

pected values of £ = 0.29 and 0.58 r..u. Compared to the 5M martensite and premartensite
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Figure 6.14: (a)Low frequency inelastic neutron scattering measurements of NigMnGa in the high sym-
metry direction [E£0]. Measurements are done at 230 K. Color coding represents neutron intensities in
logarithmic scale. The red symbols correspond to the peak maxima of the measured inelastic intensities

and the lines are added as guide for the eye. (b) Elastic line cut along the transverse [£€0] direction.

phase measurements, no significant intensities are observed in the 7M marteniste phase.

This might be due to poor quality of the 7M martensite single crystal.

6.3 Temperature Dependence of the Softening in
the Austenite Phases

The most interesting feature in the austenite phonon dispersion is observed in the TA;[££0]
phonon modes, see Figures 6.5 and 6.8. Figure 6.16 shows a detailed study of the temper-
ature dependence of the TAy phonon branch in Ni;MnGa and NigMns,Gaig. For both
compositions, the anomalous softening is visible even for the highest temperatures well

above the phase transition temperature.

Figure 6.16a shows that in the stoichiometric composition the softening is restricted in a
narrow interval of the reciprocal space (0.25 r.l.u. < ¢ < 0.45 r.L.u.). Phonon frequencies
for higher ¢ values remain unchanged. This holds true also for the premartensite phase,
shown by the orange and brown symbols in Figure 6.16a. The softening behavior of the
TA,[££0] phonon branch has been reported in literature for the stoichiometric composition
[ZSWT95, ZSWT96]. In these studies, the temperature dependence of the soft mode has
been intensively investigated around the magnetic ordering temperature. In the present
study, the temperature range of measurements has been expended down to the lowest

premartensite phase temperature.
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Figure 6.15: (a)Low frequency region of the seven-layer modulated martensite of NiggMngy Gagy alloy
in the [€€0] direction. Measurements are done at room temperature. Color coding represents neutron
intensities in logarithmic scale. The red symbols correspond to the peak maxima of the measured inelastic
intensities and the lines are added as guide for the eye. (b) Elastic line cut along the transverse [E€0]
direction. The measurements were done by T. Mehaddene. [Meh07]

The temperature dependence of the soft modes of NigMns,Gaig are shown in Figure
6.16b. Similar to the stoichiometric sample, in the austenite phase the softening is exist-
ing in a small reciprocal space interval (0.2 r.l.u. < ¢ < 0.5 r.L.u.). In the offstoichiometric
composition, the observed softening is smeared out and less pronounced. In the marten-
site phase a slightly different behavior shows up, the entire phonon branch is at lower

frequencies and the softening becomes even much less pronounced.

The question may arise whether the softening of the phonons stabilizes the austenite
phase with respect to the martensite ground state. In the modified Landau expansion
the square of the soft mode frequency is interpreted as an order parameter driving the
transition [KG89]. The square of the frequency of the soft mode is expected to decrease
linearly with temperature on approaching the phase transition temperature. Figure 6.17
shows such temperature-frequency plots for two different compositions of the austenite

phases.

A linear behavior has been observed in the temperature dependence of the soft phonon
frequency squares for both compositions. For the stoichiometric composition, Figure
6.17a, the slope of the phonon frequencies changes distinctly around the Curie tempera-

ture. In literature this coincidence has been interpreted with the onset of ferromagnetic
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Figure 6.16: Observed softening in the TAs[££0] phonon modes of (a) NioMnGa and (b) NigMnszs Gayg.
Different colors correspond to different temperatures. Symbols correspond to measurements and lines in
the austenite phases represent the Born-von Kdrmdn model fits of the corresponding temperatures. In the
3M and 5M phases lines are added as a guide to the eye.

ordering in the sample [SVKL97, MPZ"01]. For the offstoichiometric composition, Fig-
ure 6.17b, the structural and magnetic transition temperatures are close. The change in
the slope of the phonon frequency squared versus temperature, however, remains simi-
lar to the stoichiometric sample, i.e. about 100 K above the structural transition. This
phenomenon is explained in detail by A. Planes et al. by means of magneto-elastic in-
teractions [POGM97]. Further description can be bone by using the modified Landau
theory, where the relation between temperature and soft phonon mode is described as
[KG89, POGM97, Sha06]

w2 = a(T - Tcritical)~ (61)

w is the frequency of the soft phonon mode, T' is the temperature and T,,;s;cq; is the struc-
tural transition temperature. In an ideal case, as expected from the modified Landau
theory, at the structural transition temperature, the phonon frequency square reaches
zero and for this reason, the transition temperatures of the high temperature phase to
the low temperature phase and of the reverse transition must be at the same value. The
measured phonon frequency squares are not reaching zero and due to this reason, the
calculated structural transition temperatures differ for the austenite-premartensite and
the reverse transitions. To estimate the structural transition temperatures of Nio;MnGa,
measurement results of £ = 0.35 r.l.u. have been used. From a linear fit to the experimen-
tal results, the austenite to premartensite structural transition and the reverse transition
temperatures have been calculated as 247.7 K and 314.4 K, respectively. For the off-
stoichiometric NiggMngyGayg, Figure 6.17b, the structural transition (T,;,=361 K) and
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Figure 6.17: Phonon frequency squares as a function of temperature for different & values of (a)
NigMnGa and (b) NiggMnss Garg. Tasy and Tasy define the structural transition temperatures of sto-
ichiometric and offstoichiometric compositions, respectively. Above these temperatures, the alloys have
L2, Heusler structure. Below these temperatures, NioMnGa has 3-layered modulated premartensite and
NigoMngo Gayg has 5-layer modulated martensite phase. The solid lines are a guide to the eye. T¢

represents the Curie temperatures for both stoichiometric and offstoichiometric compositions.

magnetic ordering (Tc=371 K) temperatures are close to each other. The slope change
which has been observed around 500 K is not corresponding to the Curie temperature
of the NiggMns3oGayg. The structural transition temperatures of NigMns,Gaig have been
calculated from the modified Landau model. Due to the shallow slopes around the struc-
tural transition temperature, the obtained temperatures lie in a wide temperature range.
The austenite to martensite transition and the reverse transition temperatures have been
observed as 249.1 K and 755.3 K, respectively.

6.4 Composition and Phase Dependence of TA;[££0]

Previous studies showed that the TA,[££0] phonon mode has a special importance in the
structural transitions of the Ni-Mn-Ga alloys. The comparison of the TA[£0]-modes
in different compositions and phases is shown in Figure 6.18. The measurement results
show that all of the measured TA;[¢£0]-modes lie in a similar frequency region. The
austenite phase measurements show a strong phonon softening in a particular region of
the reciprocal space (¢ < 0.5 r.l.u.) but the softening becomes less pronounced in the
modulated martensite phase and totally disappears in the NM marteniste phase. Besides
an additional softening feature has been observed at the zone boundary condition of the
TA5[£€0]-modes of NM martensite.
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First-principles calculations predict that the non-modulated martensite phase is the stable
phase at 0 K. Due to this reason no phonon softening is expected in this phase. Our
measurements confirm that there is a softening at the zone boundary condition of TA,[££0]
mode of the NM marteniste phase. Additionally, the observed phonon frequencies of the
TA,[££0] phonon in the NM martensite phase are increased compared to the modulated

martensite and austenite phases.



78

CHAPTER 6. PHONONS IN NI-MN-GA ALLOYS



Chapter 7

Discussions

7.1 Crystallographic Structures of Austenite and

Martensite Phases

The Rietveld refinement results of the offstoichiometric compositions in austenite and
martensite phases were given in Chapter 5.1.4. In the austenite phase of NigMns3,Gayg
(at 600 K) a face-centered cubic structure is observed in agreement with the literature
[WZTP84]. Refinement results show that nickel atoms occupy only nickel sites (X-sites)
and due to excess manganese, manganese atoms occupy both manganese (Y-sites) and
gallium (Z-sites) sites. Gallium atoms occupy only the gallium sites. Similar features have
been observed in many different offstoichiometric compositions of Ni-Mn-Ga. In the ex-
cess manganese case, manganese atoms which are sitting in the gallium site are interacting
anti-ferromagnetically with the neighboring manganese atoms. This anti-ferromagnetic
interactions have been modeled by first-principles and observed experimentally for differ-
ent Ni-Mn-based alloys [AAD*09, ESG*12, AAK"12, HKC12].

The martensite phase of the offstoichiometric Ni-Mn-Ga is confirmed as five-layer mod-
ulated martensite by Rietveld refinement for the room temperature measurements. The
refinement results show, the low temperature martensite phase is not a real tetragonal
phase but has a monoclinic structure. The crystallographic properties of this structure
was given in Table 5.6. As the unit cell parameters of a and b are the same in the error
bars and differs from ¢, the crystal structure can be treated as a tetragonal structure. In
the phonon investigations, for convenience, the 5M crystal has been treated as a tetrago-
nal phase. For this structure, modulation vector is defined as q= 0.4 r.l.u. which agrees
with literature. Righi et al. showed that, in an offstoichiometric Ni-Mn-Ga sample, the

modulation in the five-layered martensite phase has a commensurate modulation vector of

79



80 CHAPTER 7. DISCUSSIONS

g= 0.4 r.l.u. with a similar monoclinic structure [RAP07]. Additionally, there are some
other studies which show incommensurate modulations of the five layer and seven layer
modulated martensite phases [RACT06, RAVT08, RAP*09]. A sinusoidal modulation
has been used in the Rietveld refinements. However, it has been shown in the literature
that, a zigzag-like modulation can also be used for explaining the modulated structure.
Figure 7.1 shows a schematic representation of these two different modulation modes in
NisMnGa.

Zigzag-like Sinus-like

[110] Figure 7.1: Schematic represent of

zigzag-like and sinus-like modulation of
Ni-Mn-Ga alloys along [110] direction.

7.2 Vibrational Properties of Austenite Phases

Ni-Mn-Ga alloys are the most investigated ferromagnetic shape memory alloys due to their
prototype and unique shape memory properties. In literature the structural transition
properties of these materials have been investigated by using wide range of different meth-
ods [WZTP84, GCOM199, WCG™01, ZSW98, KTB*01, CPSC02, VBK*99, PMA09].
The most important feature which is observed in the Ni-Mn-based alloys is the tunability
of the structural and the magnetic properties of these materials by changing the chemical
compositions. Many of these Heusler structures can be tuned to undergo a diffusionless,
displacive, first order martensite transition. This kind of structural transitions are gener-
ally associated with phonon anomalies in high temperature high symmetry phases. Vibra-
tional properties of similar transitions have been investigated for transition metals which
have bcce structure in the high temperature phases. These mono-atomic elements show a
strong softening in L[¢£€] and T2[€£0] phonon modes. The phonon dispersion investiga-
tions of mono-atomic elements of Ti [PHT*91], Hf [THP*91], Zr [HPT"91], La [GPS*93],
Cr [TPH93] and Sc [PTH93] show strong phonon softening in the aforementioned phonon
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modes. In addition to the mono-atomic systems, Ni-based binary alloys show similar soft-
ening features which are attributed to the charge density waves [SSSW84, ZH92, SLN*86].

The acoustic phonon dispersion of the stoichiometric Ni;MnGa alloy has initially been
measured by Zheludev et al. and a strong softening in the TA3[(£0]-mode has been ob-
served [ZSWT95]. After this observation, phonon dispersion of the austenite phase and
effect of temperature on the softening properties of TA5[££0] phonon modes have been in-
tensively investigated. In this work, to compare the austenite phases of the stoichiometric
and offstoichiometric compositions, whole phonon dispersion of stoichiometric Nio,MnGa
has been measured. Measured phonon dispersion agrees with the existing phonon mea-
surement data in the literature with some minor differences. The agreement between the
first-principles calculations and the measured phonon dispersion is perfect for the acoustic
modes and deviates a little bit in the optical modes. These small deviations are attributed
to the small compositional changes and temperature differences between the calculations

and measurements.

In order to derive thermodynamic properties, a Born-von Karmén (BvK) model has been
used to fit the phonon dispersion in the austenite phase. The total and partial density of
states were calculated from the force constants obtained by the BvK model. To see the ef-
fect of temperature on the vibrational properties, phonon dispersions have been fit to the
BvK model for different temperatures. First-principles calculations predict a temperature
dependent change only in the TA, and Ty,-modes. Previous investigations of Mehaddene
et al. showed that at finite temperatures the Ty;-mode has no significant temperature
dependence as expected from the theory [TJ07]. Due to this reasons, for our tempera-
ture dependent calculations, only the TAs-modes have been changed for corresponding
temperatures. For temperature dependent calculations, BvK model fits were applied to
these modified phonon dispersions. Total vibrational density of states (vDOS) obtained
from the model are shown in Figure 7.2 for different temperatures. From these calculated
vDOS , in the harmonic approximation, mean square displacements, Debye temperatures
and Debye frequencies have been calculated for corresponding temperatures. These cal-

culation results are summarized in Table 7.1.

The calculated vDOS show no significant temperature dependence. Temperature depen-
dent measurements of TA,[££0] phonon mode show a strong softening at £=0.33 r.l.u.
but the weight of this softening is not strong enough in 4-dimensional space to influence
the vDOS. Compared to the mono-atomic systems, in the case of Ni-Mn-Ga, TA, phonon

mode does not show a significant effect on the overall vibrational properties.
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Table 7.1: Temperature dependent thermodynamic properties of NioMnGa calculated from the density

2

2 > corresponds to the atomic mean square

of states obtained by the Born-von Karman model. < u
displacement of the molecule and constituent elements (x = NigMnGa, Ni, Mn and Ga), ©p refers to

the Debye temperature and vp corresponds to the Debye frequencies.

Temp < Ui nmee > < Uni> < Uiy > <ug,> Op  wp
(K) (x10% A%)  (x10% A%) (x10° A?) (x10° A%) (K) (THz)
260 6.64 3.26 1.80 1.60 307 6.39
300 7.51 3.74 1.97 1.82 310 6.45
360 8.66 4.36 2.20 2.10 316 6.59
450 10.58 5.37 2.64 2.57 320 6.66
600 13.69 7.00 3.40 3.32 324 6.76

The vibrational entropies (S,;) of the NipMnGa have been calculated from the vDOS
and the results are shown in Figure 7.3. Here, for the S,;, calculations three different ap-
proaches have been used. In the first approach, vibrational density of states resulting from
the first-principles calculations are used - solid line in the figure (taken from [SGE12a]).
Second, the Born-von Karman fitted dispersion is used and the lattice entropy is calcu-
lated and harmonically extrapolated from this value in the shown temperature interval.
The latter approach is named and plotted as harmonic approach in the figure. Third, mea-

surements of the phonon dispersion at different temperatures have been used to calculate
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vDOS and the vibrational entropies for corresponding temperatures. The last approach

is called and plotted as quasi-harmonic approach.

Figure 7.3: Vibrational entropy cal-

o quasi-harmonic
----- harmonic culations of NigMnGa in the quasi-
first-principles

harmonic (open dots) and in the harmonic
(dashed line) approximations. The quasi-
harmonic approximation entropies are cal-
culated from the density of states at the
corresponding temperature. Harmonic en-

tropies are extrapolated from the room

Vibrational Entropy (k)

temperature density of states. Solid line

depicts the first principle calculations ob-

200 400 600 800  tained using the harmonic approximation.

Temperature (K)

All approaches end up in minor variations with respect to temperature dependence of the
vibrational entropies. Since the quasi-harmonic vibrational entropy calculations do not de-
viate quantitatively from the harmonic vibrational entropies, it can not be concluded that
the vibrational entropy stabilizes the high temperature phase. This differentiates the Ni-
Mn-Ga system from mono-atomic metals like Zr, Cr and La [HPT*91, GPS*93, TPH93].
In the case of mono-atomic elements, changes in the longitudinal and transversal modes
affect the vibrational density of state drastically. Compared to these mono-atomic systems
in the Ni-Mn-Ga alloys, a very narrow region of the reciprocal space shows a pronounced
softening and its effect of this softening is not so strong in the 4-dimensional space as in

the pure elements.

Constant volume heat capacities of stoichiometric NisMnGa are also calculated and shown
in Figure 7.4. Here the results obtained from the phonon dispersion are compared with
the theoretical calculations of Guo-Liang et al. [GLJDD™09]. Similar to the vibrational
entropy calculations the heat capacity calculation also agrees well with the first-principles

calculations.

The elastic constants and the sound velocities are calculated from the initial slopes of
the acoustic modes of NisMnGa at room temperature. The fundamental relation between
acoustic modes and elastic constants are listed in Table 7.2 for a cubic structure. For the

calculations, the initial slopes of the acoustic branches are fitted by the following equation,
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C, = pvi (7.1)
where C, shows different elastic constants and U; corresponds to the sound velocity of a
phonon modes as defined in Table 7.2. For the stoichiometric NisMnGa calculations, the
density of p=8.155 g/cm? has been used. Table 7.3 shows the calculated elastic constants
for stoichiometric NisMnGa at room temperature with comparison to the literature val-
ues. In this study, as the elastic constants are directly calculated from the initial slope of
the acoustic modes of the dispersion, deviations of the calculations are strongly dependent

on the resolution of the spectrometer at given point in the reciprocal space.

Table 7.2: Relation between the acoustic phonon modes and elastic constants for the high symmetry
directions of the cubic phase [Kit86].

in [100] direction in [110] direction in [111] direction
L:Cy L: %(Cn + C12+2Cu) L: %(Cn + 2C15 + 4Cu)
T:Cy Ty:5(Ciu—Cr2) =C"  T:3(Cpp—Cip+ Cuy)
Ty : Cyy

In the experimental work of Vasilev et al., electromagnetic generation technique has been
used for the determination of the elastic constants [VKSC90]. Differently from this tech-
nique in the experimental studies of Worgull et al. and Manosa et al., pulse echo technique
has been used for the elastic constant determination [WPT96, MGCO™197]. For the the-

oretical calculations, the standard approach in the first-principles framework has been
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Table 7.3: Elastic constants of Ni-Mn-Ga alloys at room temperature obtained from the phonon mea-
surements and the comparison with the literature values. The elastic constants are in the units of 10'2

dyn/cm?.

Cii Cu Ci C’ Cr

Present study - Exp.  1.67 1.15 1.18 0.25 2.58
Ref. [VKSC90] - Exp.  2.13 0.92 0.87 0.63 2.42
Ref [WPT96] - Exp.  1.52 1.03 1.43 0.045 2.80
Ref. [MGCO*97] - Exp. 1.36 1.02 — 022 2.22
Ref.[BRCO3] - Theory 1.53 1.00 1.48 0.025 2.51
Ref.[KC10] - Theory  1.63 1.07 1.52 0.055 2.65

used by Bungaro et al. [BRCO03]. In the work of Kart et al. additional to the stan-
dard approach, total energies have been calculated as a function of the strain [KC10].
The comparison of the literature values and the present work shows that, the observed
results differ considerably from each other. Elastic constant determination by phonon
measurements uses relatively small wavelength sound propagations of the corresponding
phonon branch. In these measurements, the obtained wavelength is defined by the reso-
lution of the instrument at the corresponding point. Ultrasonic measurements use larger
sound wavelengths. Due to this reason, results obtained from phonon measurements dif-
fer from the literature values. The lowest elastic constant value is observed for C’ which
corresponds to the low lying TA[€£0] phonon branch. Additional to room temperature
measurements, temperature dependence of the elastic constants were investigated and the

results are shown in Table 7.4.

The main difference is expected in the C’ elastic constant which is related with the
TA,[€£0] phonon branch. The calculations show that, the softening which is observed
at the particular region of the reciprocal space (around £=0.33 r.l.u.) does not effect
the C” elastic constant of Ni;MnGa. In other words, the C’ elastic constant does not
alter significantly with temperature but TAﬂ%%O] does. The investigation of Manosa et
al. shows that the elastic constants of the stoichiometric Ni;MnGa mainly changes at
the martensite transition temperature (T); = 230 K) [MGCO™97]. Above this transition
temperature, elastic constants stays roughly constant and at the structural transition C”
and Cyy values decrease significantly. Our calculation results obtained from phonon mea-

surements confirm the ultrasonic measurement results of Manosa et al. From these results,
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Table 7.4: Elastic properties of NiosMnGa for different temperatures. Temperatures are in K, elastic

2

constants are in the unit of 10'2 dyn cm™2, average sound velocities are in km s™!, bulk and shear

modulus are in GPa.

Temperature Cy; Cyu Cip €' Cp <V> Bulk Modulus Shear Modulus

260 1.69 1.21 1.14 0.27 262 3.08 132.56 83.34
300 1.67 1.15 1.18 0.25 258 2.98 134.59 78.75
360 1.66 1.13 1.19 0.24 256 297 134.48 77.58
450 1.66 1.13 1.18 0.24 2.55 2.98 134.13 77.10
600 1.62 1.17 1.12 0.25 2.54 3.04 128.78 80.12

we can conclude that shear is not triggering the premartensite transition and shuffling of

the neighboring planes plays an important role.

Similar to the stoichiometric composition, to calculate the thermodynamic properties,
BvK model has been used to model the phonon dispersion of NiggMnz,Gaig. To see the
effect of temperature on the vibrational properties, different TA[¢£0]-modes have been
used in the BvK models for different temperatures. The calculated vDOS obtained from

the BvK models are presented in Figure 7.5 for different temperatures.

Figure 7.5: Calculated  wvibrational

Vibrational DOS (a.u.)

density of states of offstoichiometric

NiggMngzo Gayg.  Different colors depict

different temperatures and the plots are

OO T T T T

0 2 4 6 3 10 shifted for the clarity.
Frequency (THz)

As the TAjy-mode has a small contribution to the 4-dimensional integral, temperature
variations do not change the features of the vibrational density of states drastically. With

these calculations, it is confirmed that in both stoichiometric and offstoichiometric com-
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positions TA,[££0] phonon mode has no significant effect on the vDOS. Due to the com-
putational difficulties it is not easy to find an offstoichiometric Ni-Mn-Ga calculation in
the literature. Despite this, Siewert et al. were able to calculate the offstoichiometric
NigMn;Gag composition just by changing a gallium atom with a manganese one in the
unit cell [SGE12b]. The composition of the resultant alloy (NisoMng; 05Gayg 7s) is similar
to the measured offstoichiometric composition but without any random atomic distribu-
tion in the calculated cell. Figure 7.6 shows the vDOS calculation results of NigMn5Gag
taken from [SGE12b]. Due to the additional manganese atom, the unit cell of the struc-
ture changes and this creates additional phonon branches which are not observable in our
phonon measurements. These additional phonon modes create a crowded phonon disper-

sion and also a complicated vDOS.

0.5
total vibrational DOS
04 partial vibrational DOS of Ni
E partial vibrational DOS of Mn
[ partial vibrational DOS of Ga
N
2 0.3
§ Figure 7.6: Vibrational density of states
C% 02 calculation of NigMnsGaz from the first-
2 principles calculations. Black color repre-
E o1 sents total density of states, colored lines
N . . . .
Q depict partial density of states of differ-
00 ent atoms. Figure is taken from reference
"o 2 4 6 8 10 [SGE12b].

Frequency (THz)

Due to the crowded phonon dispersion, some of the features of vDOS obtained from first-
principles differ from the measurements. For example the clear gap, which is observed
for the stoichiometric composition around 7 THz region, is not existing anymore. Instead
of that, around 6.9 THz the total vDOS shows a dip. The phonon dispersion calcula-
tions of the offstoichiometric composition give so many unrealistic branches, or in other
words these branches are not observable in the measurements. Due to this reason, vDOS
obtained from the first-principles calculations gives broader vDOS distribution which dis-
sipates the gap between the second and third optical modes. The calculations obtained
from the BvK model rely on the experimental facts, so these calculations are more reli-
able. Besides the different total vDOS behavior, nevertheless, first-principles calculation
predict right partial vDOS distribution which agrees with the experiment results. High

frequency vibrations which are around 8 THz, are mainly occupied by manganese atoms.
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Table 7.5: Thermal properties of NiggMngoGagg for different temperatures. Temperatures are in K,

atomic displacements are in 103 A2, Debye temperatures are in K and Debye frequencies are in TH z.

Temperature <u? >y; <u? >, < >go <U? >NipMnGa ©p Up
373 4.75 2.45 2.64 10.03 301.55 6.28
400 5.05 2.52 2.82 10.61 303.65 6.32
420 5.28 2.60 2.95 11.05 304.84 6.35
440 5.52 2.71 3.08 11.54 305.32 6.36
460 5.66 2.80 3.18 11.87 307.82 6.41
480 5.86 2.90 3.30 12.30 308.90 6.43
600 7.19 3.54 4.04 15.07 312.00 6.49
700 8.38 4.13 4.72 17.58 312.03 6.50
800 9.46 4.68 5.34 19.89 313.60 6.53
900 10.58 5.21 5.97 22.23 314.65 6.55

The mid-frequency region is occupied mainly by gallium atoms and the low frequency op-

tical modes are occupied by nickel atoms and all atoms contribute to the acoustic region.

Temperature dependent thermodynamic properties of offstoichiometric NiggMnsoGagg have
been calculated from the BvK model fits and the results are shown in Table 7.5. As ex-
pected, with increasing temperature, atomic displacements increase for the whole molecule

and consisting elements.

Similar to the stoichiometric composition, vibrational entropies have been calculated in
three different approaches. Figure 7.7 shows the results of the harmonic first principle
calculations (solid line), harmonic (dashed-line) and quasi-harmonic (symbols) calcula-
tions obtained from BvK model. For the harmonic approximation, vibrational density
of states of 373 K is harmonically extrapolated to higher temperatures. For the theoret-

ical calculations, NigMnsGas composition has been used in the harmonic model [SGE12b].

In the offstoichiometric NigjgMnsoGaqg, similar to the stoichiometric composition, quasi-
harmonic and harmonic models do not deviate. This behavior indicates that in the offstoi-
chiometric composition, the vibrational entropy alone is not enough for the stabilization of
the austenite phase. For the stabilization of the high temperature phase of NiggMngoGayg,

additional to vibrational entropy, magnetic (and/or electronic) entropy play a role.
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Figure 7.8 shows the calculated lattice contribution to the heat capacities.
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volume heat capacities of NiggMngsGayg for different temperatures have been calculated

directly from the BvK model fit and are indicated as open symbols in the figure. Solid line

shows the first-principles calculation of the offstoichiometric NigMnsGas. The theoretical

calculations and the experimental results agree quite well for the offstoichiometric com-

position. This behavior is expected due to the good agreement between the vibrational
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The elastic constants and the sound velocities of NigMns,Gagg were calculated from the

initial slopes of the acoustic modes. Table 7.6 summarizes the obtained results of these

calculations. For these calculations the density of 8.055 g/cm?® was used. As expected,
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Table 7.6: Elastic properties of NiggMngzoGagg for different temperatures. Temperatures are in K, elastic

2

constants are in 10'2 dyn cm ™2, average sound velocities are in km s~!, bulk and shear modulus are in

GPa.

Temperature Ch Cu Cia C’ Cr <V> Bulk Modulus Shear Modulus

373 2402 1.075 2.115 0.144 3.334 2.662 221.046 70.234
400 2396 1.068 2.151 0.123 3.342 2.577 223.312 68.992
420 2.393 1.067 2.153 0.120 3.340 2.567 223.354 68.843
440 2.395 1.066 2.151 0.122 3.339 2.577 223.232 68.822
460 2418 1.059 2.099 0.160 3.318 2.722 220.557 69.934
480 2420 1.058 2.082 0.169 3.309 2.758 219.473 70.232
600 2436 1.047 2.050 0.193 3.290 2.839 217.879 70.544
700 2426 1.047 2.046 0.190 3.283 2.841 217.239 70.414
800 2432 1.042 2.007 0.213 3.262 2913 214.896 71.014
900 2430 1.039 1.986 0.222 3.247 2.948 213.443 71.241

the main difference is observed in elastic constant of C’. Different from the stoichiomet-
ric composition, in the NiggMnsoGayg, the softening is smeared out in the g-space. Due
to this smeared out nature, the softening can be observed at smaller ¢ values which ef-
fects the initial slope of the TAs-phonon mode. The obtained results show an increase in
the C’ elastic constant with increasing temperature. Despite this fact, the temperature
dependent change in the rest of the elastic constants is not so significant. From this
observation we can conclude that, compared to the stoichiometric composition, in the
offstoichiometric sample the shear plays a role in the structural transition. This kind of
shear effect is expected for the NigMnzsGaqg because the observed structural transition

is a real martensite transition.

7.3 Temperature Dependence of the TA,[££0] Phonon
Modes

The austenite TA[€£0] phonon mode attracts interest after the observation of the soften-
ing at room temperature. Our studies on soft TA,[££0] phonon modes show temperature
dependent softening for both NisMnGa and NigMnsz,Gajg compositions. The tempera-

ture dependence of the near stoichiometric Ni-Mn-Ga alloys have been studied intensively
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in the literature. Figure 7.9 shows an abstract of the existing literature in comparison
with the austenite samples studied in this work. To make a clear comparison, temper-
atures are normalized to the Curie temperatures of the alloys. In Figure 7.9a, mainly
near stoichiometric compositions are shown around their Curie temperatures (T¢) and all
of these alloys exhibit slope changes around T¢. Measurement results of NiosMnGa and
NiggMn3oGajg are shown in Figure 7.9b. The stoichiometric composition show a slope
change around its T¢ similar to the literature. In the case of NigMns,Gayg the slope

change does not correspond to the magnetic ordering temperature.
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Figure 7.9: Squared phonon frequencies of TAs [€£0] phonon around the Curie temperatures of Ni-Mn-
Ga alloys. Different symbols correspond to different composition. Temperature axis is normalized to the
Curie temperatures of the alloys. (a) The existing literature values (Figure is adapted from [MPZ*01]).
(b) The measurement results of NigMnGa for £=0.35 r.l.u. and NiggMngss Garg for £=0.3 r.l.u.

For the stoichiometric or near-stoichiometric compositions, it is possible to find many
articles which investigate the relation between the soft phonon mode and the magnetic
ordering, but the relation between the structural transition and the phonon frequencies
have not been investigated as detailed as magnetic transitions. To my knowledge, only
existing investigation literature around the structural transition was carried out by Zhe-
ludev et al. [ZSWT95]. The measurement results of these study are shown in Figure
7.9a as open circles. For the low temperature region of the graph, squared phonon ener-
gies are increasing but the temperature interval in the premartensite phase is too small
to allow an interpretation. To improve the knowledge in the premartensite phase, in the
present study, the phonon frequencies of the soft mode have been measured down to 220 K
which is the lowest accessible temperature in the premartensite phase of our Ni;MnGa

composition. For NisMnGa measurements, approaching to the premartensite transition
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temperature, squared phonon frequencies decrease for all £ values around the softening

minimum. The highest softening is observed at £= 0.35 r.l.u. which is the closest mea-

1
3

in the phonon frequency square, it is not reaching to zero as expected from the modified

sured reciprocal space point to the softening minimum of & = 3 r.L.u. Despite the decrease
Landau theory. The reason of this feature is explained by the phonon-phonon interac-
tions. Hickel et al. showed that, the softening of the TAs-mode is strongly affected by
the phonon-phonon interactions [HUAZ"12]. Similar coupling between TAs-modes and
Ty,-modes was reported in [ZAERO06]. Figure 7.10a shows the first-principles predictions
on the behavior of the soft mode as a function of temperature for NisMnGa by Hickel et
al. [HUAZ%12]. For comparison experimental results of NipMnGa for £=0.35 r.L.u. are
given in Figure 7.10b.
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Figure 7.10: (a) Calculation results of temperature dependence of squared soft mode frequencies. The
black symbols and red symbols indicate calculation results with and without phonon-phonon interactions,
respectively. The figure is taken from [HUAZT 12]. (b) phonon frequency square of NigMnGa for £=0.35

r.l.u. Dashed lines indicate critical transition temperatures.

In Figure 7.10a, red symbols indicate the calculation results without taking phonon-
phonon interactions into account. The slope of the phonon mode is changing around
380 K which agrees with the Curie temperature of the stoichiometric sample and around
the structural transition temperature, the phonon frequencies are reaching to zero and
increasing again in the premartensite phase. When phonon-phonon interactions are taken
into account (black symbols), again the slope of the soft phonon mode is changing around
Curie temperature as expected but the real difference is occurring around the structural
transition temperature. The squared phonon frequencies are not reaching to zero any-

more around the structural transition temperature but creating a minimum. These first-
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principles calculation results fit perfectly with present study and the literature. Transition
temperatures can be calculated from the slopes of the phonon modes. The austenite to
premartensite transition temperature of 266 K is observed with the slope of a = 0.0338
THz?K~! and the reverse transformation temperature of 273 K with a = 0.0117 THz*K !
without phonon-phonon coupling. The transition temperatures with phonon-phonon cou-
pling, changes to 222 K with @ = 0.0033 THz?K~! and 238 K with a = 0.0015 THz*K~*
for austenite-to-premartensite and reverse transition, respectively. The first-principles
calculations show that the phonon-phonon coupling shifts the transition temperature to
a lower value than the real transition temperature. The slopes of the phonon modes do
not change so much and slope of the austenite-to-premartensite transition agrees with
the present experimental result. In the premartensite phase, calculations show a sharper

increase compared to the present results.

Similar to the softening minimum, it is also possible to compare the zone boundary vibra-
tional properties of the TA5[££0] phonon modes. Figure 7.11 compares the stoichiometric
and the offstoichiometric TA5[££0] phonon modes at zone boundary conditions ({=1r.l.u.).
In Figure 7.11a, the temperatures are normalized to structural transition temperatures,

and in Figure 7.11b temperatures are normalized to Curie temperatures.
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Figure 7.11: Temperature dependence of the TAs-mode at the zone boundary (£=1.0 r.lu.). Squares
indicate the measurement results of NioMnGa and circles show the NiggMngs Garg measurements. The

temperature axes are normalized to (a) structural transition temperature and (b) Curie temperature.

Figure 7.11a shows the zone boundary frequency changes of the TAy-mode around the
structural transition temperatures. These results clearly show that the structural tran-
sition affects the zone boundary condition of the offstoichiometric composition. In the

austenite phase the zone boundary phonons lie around the 6.2 THz region and when the
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martensite transition occurs the phonon frequencies decrease rapidly and increase again
with further decreasing temperature. This is not the case for stoichiometric composi-
tion. Around the premartensite transition temperature the phonon frequencies lie around
7.2 THz and the premartensite transition does not affect these phonon modes. Figure
7.11b shows the effect of magnetic ordering on the vibrational properties of TAs-mode at
the zone boundary. In the stoichiometric sample the magnetic ordering changes the zone
boundary frequency of the TAs-mode. In the paramagnetic region the phonon frequencies
lies around 6.8 THz region but when the ferromagnetic ordering is achieved the phonon
frequencies increase and reach the value of 7.2 THz. The effect of ferromagnetic ordering
on the offstoichiometric composition is not so strong. The magnetic ordering temperature
of the NiggMns3,Gaqg is too close to the structural transition temperature and due to this
reason, the zone boundary phonon measurements do not show any significant changes in

the ferromagnetic region of the austenite phase.
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The phonon peak widths of Ni;MnGa have been calculated from the measured soft
TA,[£€0] phonons. The FWHM values of the phonon peak has been achieved by the
deconvolution of the measured points with the instrumental resolution of PUMA [Eck07].
For this calculations & = 0.35 r..u. has been used. After the deconvolution of the res-
olution ellipsoid, FWHMSs of the phonon have been calculated from a damped harmonic
oscillator fit to the data. FWHM results of these fits are shown as a function of temper-
ature in Figure 7.12. The critical temperatures of Ni;MnGa are shown as dashed lines
in the graph. Measurements show that the phonon lifetime around the softening is in-

creasing when the ferromagnetic ordering is achieved. This indicates strongly the effect
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of magnetic properties on the vibrational properties of the soft mode in the stoichiomet-
ric composition. The results which are shown in Figure 7.11 and Figure 7.12 confirm the

effect of magnetism on the soft mode of the TA; phonon in the stoichiometric composition.

7.4 Vibrational Properties of Martensite Phases

The vibrational properties in martensite phases are important to understand the nature
of the magnetic field induced shape memory effect. As explained in Chapter 2.3.1, mag-
netic shape memory effect can be observed in two different ways. Phonon properties in
the austenite phase are important to understand the magnetic field induced structural
transition. However, to understand the nature of the magnetic field induced variant reori-
entation in the martensite phase, austenite phase phonons are not suitable. To overcome
the lack of knowledge in the vibrational properties of the martensite phase, we investi-
gate the phonon dispersion of two existing martensite phases of Ni-Mn-Ga alloys. Full
phonon dispersion of the five-layer modulated martensite phase has been measured for
the high symmetry directions of the martensite phase. Additional to this, the [££0] and

[0££] measurements of the non-modulated martensite have been done.

7.4.1 Vibrational Properties of Ni5yMnyyGas; in 5M Martensite
Phase

To understand the nature of the magnetic filed induced variant reorientation, it is essential
to investigate the vibrational properties of one of the possible martensite phase. In this
work, we were able to measure the phonon dispersion of the offstoichiometric five-layer
modulated martensite phase. The phonon dispersion of this 5M martensite was shown
in Figure 6.10 in Chapter 6.2.1. Up to now, these measurements are the only existing
experimental literature for the vibrational properties of the 5M martensite phase. The
full phonon dispersion calculations of real five-layered modulated martensite phase need
too much time for calculations, in the order of months [GE09]. Entel et al. were able
to calculate the [££0] high symmetry direction of the stoichiometric composition within
a oversimplified way. For the simplification, calculations have been done in a tetragonal
structure in which the modulation is assumed as a small perturbation of the structure
[EBGT08]. Comparison of these oversimplified model calculations with the room tem-
perature measurements of NisgMnogGag; is shown in Figure 7.13. Solid lines indicate
the first-principles calculation results of 5M tetragonal martensite and symbols show the
measurement results. Similar to the previous representations, solid symbols correspond

to second-transverse (T2) mode, open and crossed symbols represent longitudinal (L) and
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Table 7.7: Comparison of the calculated sound velocities of off-stoichiometric L.2; austenite and 5M

martensite phases.

Austenite ~ 5M Martensite
(10° cm s7)  (10° cm s71)
via 8154+ 024  7.92+0.32
vra, 4.92£0.15 4.55 £ 0.14
vra, 1.63 +£0.10 1.78 + 0.07

first-transverse (T;) modes. The star symbols, which are shown in the low frequency

transfer part of the figure, correspond to the observed peak maxima of the low frequency

excitations.
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The comparison of experimental data with the simplified theoretical predictions shows

that, the agreement between them is qualitatively good. In the acoustic modes for the

high £ region, the theory predicts higher frequencies than the observed ones. Because the

5M modulation is not included in the theoretical model, the low energy excitations are

absent from the calculations. Also one has to take into account that, the first-principles

calculations of the 5M martensite have been made for the stoichiometric composition.
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Despite all of these differences, the measurements confirm that, this oversimplified model
is acceptable for modeling the [€£0] phonon dispersion of five-layer modulated martensite
phase. In overall, the phonon of the 5M lies in the same frequency region of the austenite
phase. Similar to the austenite phase optical modes show very limited dispersion. An-
other similarity has been observed at the sound velocities of the [££0] direction. Figure
7.14 and Table 7.7 compare the initial slopes of the acoustic modes for 5M martensite
with those of the austenite (L2;) phase. They are all very much the same. With the
exception of the softening of the TA,[££0] branch around £=0.2-0.4 r.l.u. the vibrational

properties of the martensite and austenite resemble very much.
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7.4.2 Vibrational Properties of Ni5;gMn3,Gasy in NM Martensite
Phase

The non-modulated tetragonal structure is predicted to be the stable low temperature
martensite phase of Ni;MnGa in different theoretical calculations [AEN02, UHNT(9,
SGD*11, EGH"12]. Also some of the offstoichiometric compositions of Ni-Mn-Ga alloys
show non-modulated tetragonal structure in the martensite phase with ¢/a ratio higher
than 1. As an example, the offstoichiometric NisgMnsqGagg sample shows non-modulated

martensite phase at room temperature with the ¢/a ratio of 1.21 which qualitatively agrees
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with [PCSCO00, EHANO3]. Small differences in the observed ¢/a ratios between literature
and present study are related to the compositional differences. Due to the high symmetry
of the non-modulated tetragonal phase (compared to modulated martensite phases), it is
possible to calculate the phonon dispersion of the stoichiometric Ni;MnGa by using the
first-principles. The measurements for NisgMngoGagg are shown in Figure 7.15 in com-

parison with theoretical calculations of non-modulated tetragonal phase of Ni;MnGa by
Siewert et al. [SGE12a].
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Figure 7.15: Phonon dispersion of the non-modulated martensite of NisoMnsgGasg at room temperature
in [E£0] and [0SE] directions as shown in Figure 6.11. Full and open symbols indicate transversal(Ts)
and longitudinal(L) phonon measurements, respectively. Solid lines are the first-principles calculations of

NiygMnGa and were taken from [SGE12a).

The phonon measurements of offstoichiometric NisgMngoGagg agrees qualitatively with the
theoretical calculations of stoichiometric non-modulated tetragonal phase. Both theoret-
ical calculations and experimental results show a gap at the zone boundaries of acoustic
[€£0] and [0£€] modes. The main difference is clearly observed at the Ty-mode of these
high symmetry directions. This kind of difference is expected from the crystallographic

anisotropy of the non-modulated tetragonal phase. Although the chemical composition of
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the measured system differs from the calculated one, qualitative agreement in the acoustic

modes and the high frequency optical modes are surprisingly good.
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Figure 7.16: Comparison of the [E€0] direction phonon dispersion of (a) 5M martensite and (b) NM

martensite phases. Solid lines are first-principles calculations of corresponding phases of Nip MnGa.

The comparison of the [££0] directions of 5M and NM marteniste phases are shown in
Figure 7.16. In the case of 5M marteniste phase, a weak softening is observed at TA;[££0]
phonon mode in a particular region of the reciprocal space (0.2 < £ < 0.5 r.lu.). In
the NM martensite phase TA5[€£0] phonon mode shows no strong softening feature at
aforementioned region. In this particular region, the TAs-mode of the NM martensite
shows higher frequencies compared to austenite and modulated martensite phases. In
5M martensite phase optical modes are well split into three different groups. In the NM
martensite phase, specially in the mid frequency (first and second optical modes) region,
optical modes are more entangled. It has been shown that in the austenite phase mea-
surements, in each of these optical groups, one kind of atom is dominating the vibration.
It might be interesting to see if that is also the case in the martensite phases. To make
this calculation possible in the NM martenite, it is essential to measure all high symmetry

directions of the phase.
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7.4.3 Low Frequency Excitations of Pre-martensite and Marten-

site Phases

Low frequency measurements of the Ni;MnGa have been carried out at 230 K which cor-
responds to the temperature of premartensite phase of the stoichiometric composition.
The measurements showed that the softening which is a feature of the austenite phase
still keeps its existence in premartensite phase. Additional to this, an inelastic intensity
between soft TA,[££0] mode and superstructure peak is observed. Similar feature has
been observed by Shapiro et al. in NioMnGa at 200 K [SVH'07]. The work of Shapiro
et al. shows a incommensurate superstructure peak at £€=0.43 r.l.u. without any repe-
tition in the Brillouin zone. Our temperature dependent elastic measurements confirm
the existence of the £é=0.43 peak at low temperatures -see Figure 7.18. The tempera-
ture dependent elastic measurements of NisMnGa confirm the premartensite transition
around 270 K. Here the premartensite phase indicates itself as the peak at a commen-
surate position (£=0.33 r.l.u.). At low temperatures, an incommensurate peak (£=0.43
r.l.u.) replaces the commensurate peak. The commensurate and incommensurate peaks at
220 K are shown in Figure 7.18b. The evaluation of these peaks are shown in Figure 7.18b
as inset. Here £=0.33 r.l.u. corresponds to the intensities of superstructure Bragg peak of
premartensite phase. It is clear that, this peak does not exist at high temperatures in the
austenite phase. After the premartensite transformation, the peak intensity increases and
saturates around the martensite transition temperature. When the martensite transfor-
mation temperature is approached the intensity of premartensite peak decreases (£=0.33
r.l.u.) and the intensity of incommensurate peak increases (£=0.43 r.l.u.). The behavior
of the incommensurate martensite peak agrees well with the investigation of Shapiro et
al.. Additionally to these two peaks, another peak like behavior is observed at around
£=0.12 r.l.u. The intensity of this peak increases monotonously in the premartensite and
martensite phases in the measured temperature interval. A similar increase in intensity
around £=0.17 r.l.u. is observed in NioMnGa by Stuhr et al. [SVKL97]. The real nature

of the peak is still unknown.

The overall behavior in the low frequency regions of martensite and premartensite looks
similar but has some minor differences. In the case of martensite (Figure 7.17), the ob-
served softening is less pronounced as expected by the nature of the structural transition
and the superstructure peak is observed at incommensurate position of £€=0.43 r.l.u. In
the premartensite case (Figure 6.14) softening is more pronounced and the superstructure
peak is observed at commensurate position of £=0.33 r.l.u. In both cases, superstructure
peaks are not repeated for higher orders and additional intensities are observed around

these superstructure peaks. In the work of Shapiro et al., observed additional intensi-
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ties around the superstructure peak have been attributed to charge density waves due to
different sound velocities of these excitations compared to the transverse acoustic mode
[SVHT07].

Similar low frequency measurements in five-layer modulated martensite of NisoMnggGagy
were done and shown in Figure 6.13. Different from stoichiometric composition in five-
layer modulated martensite phase, superstructure Bragg peaks repeat itself in the whole
Brillouin zone at the commensurate positions of €= 0.4 and 0.8 r.l.u. Additionally, another
difference in the low frequency transfer is observed in the slopes of the acoustic-like inten-
sities which are around the superstructure peaks. As indicated before, in stoichiometric
system, the slope of the low frequency excitations which are related with the incommen-
surate superstructure peak differs from the slope of TA5[¢£0] [SVHT07]. In the case of 5M
martensite, low frequency excitations have similar slopes compared to TA[££0] phonon
mode. The sound velocity calculations show similar values for TAy-mode (1.78x10% cm/s)

of the martensite phase and the low frequency excitations (1.70x10° cm/s).

7.5 Effect of Mechanical Training on the Martensites

To observe an efficient ferromagnetic shape memory effect, it is important to create single
variant state in the martensite phase. In our investigations, as shown in Chapter 5.1.4.1,
measured martensite samples were mechanically trained beforehand. In the present work,
two different martensite single crystals have been mechanically trained (non-modulated
and five-layer modulated martensite samples). The effect of training is strongly observed

on non-modulated sample. The multiple variant state (five variants) have been observed
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Figure 7.18: (a) Contour plot representation of elastic measurements for stoichiometric NioMnGa as
a function of temperature. Color bar represents neutron intensity in logarithmic scale, red dashed lines
indicate critical transition temperatures of NioMnGa. (b) Elastic intensity plot at 220 K along [2+€ 2-€

0] direction. Inset figure shows the intensity profiles of colored dashed lines as a function of temperature.

in the initial measurements of the non-modulated martensite sample (Figure 5.11a). After
mechanical training, these variants disappeared and the crystal transformed to a single
variant state (Figure 5.11b).

The effect of training on the shape recovery properties of Ni-Mn-Ga alloys is investigated
in literature by means of different methods. The studies of Chmielus et al. and Rolfs et
al. show that mechanical training is necessary to observe low twinning stresses for the
shape memory alloys [CRW'10, RCG'12]. In addition to the training, surface treatment
also plays an important role on stress recovery properties. It is shown in [RCGT12] that
the training may cause reorientation of the defects in the single crystals which creates
cracks on the sample and destroys the shape memory effect. Our investigations show that
this holds true only for the modulated martensite phase. In the case of non-modulated

martensite, mechanical training did not show any destructive effect on the single crystal.

Figure 7.19 shows optical microscopy images of the five-layer modulated martensite sam-
ple. In Figure 7.19a the surface of the five-layered martensite sample with 10x magni-
fication is shown. Here the domain structure of the martensite phase is clearly visible
as bright and dark regions on the surface. Figure 7.19b-c show the similar surface af-
ter multiple mechanical training cycles again with magnification of 10x. It is clear that,

after mechanical training, cracks occur on the surface of the sample and this holds true
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for each surface. The zoomed in image of a crack is shown in Figure 7.19d. The zig-
zag structure of the crack is perfectly visible in the image. The training is essential
for creating single variant samples but when a surface defect occurs on the sample, the
mechanical training is not suitable anymore due to the inhomogeneous load distribution
along the sample. This inhomogeneous distribution improves the crack network and de-
stroys the mechanical training process. Similar cracked structures have been observed
by Xiong et al. in offstoichiometric Mn-rich Ni-Mn-Ga just by applying thermal cycling
[XLPO05]. In that work, it is concluded that the zig-zag like crack structure occurs due
to the existence of several modulated martensite phases and penetrates within the twin
boundaries. In addition to our observations, similar multiple twin structure has been
observed for different modulated martensitic phases of offstoichiometric Ni-Mn-Ga al-
loys [SLLT10, CSOT10, DBR*11, KNT*11]. These studies mainly conclude that, the
modulated structure does not only consist of macroscopic domain structures but also mi-
croscopic domain structures are embedded in. In our optical microscopy investigations

only the macroscopic domains were visible as different shades.

7.6 Relation of Entropy with the Phase Stability

The lattice entropies of the austenite phases were calculated and shown in Chapter 7.2 for
stoichiometric and offstoichiometric compositions. In addition to these entropy calcula-
tions which were shown in above mentioned chapters, the transition entropy changes of dif-
ferent Ni-Mn-Ga have been calculated by means of calorimetric measurements. The calcu-
lated total entropy change of the transition from a calorimetric measurement, AS;,qnsition,

can be formulated as in the following;

A Qtransz'tion
T

where ; AQ is the heat change at the transformation, and 7' is the transformation temper-

(7.2)

AStrcmsiti(m ~

ature. It is possible to calculate the transformation heat, directly from the calorimetric
measurements which were carried out for the polycrystalline samples. For the determi-
nation of the structural transformation temperature peak maxima and minima of the
calorimetric measurements were used. Table 7.8 shows that at the structural transition
temperatures the entropy of the system changes slightly as a function of chemical com-

position.

The enthalpy change at the transition temperature was calculated by taking the absolute
averages of the heat exchange values AQpeating and AQcooting. When the Gibbs free ener-

gies of martensite and austenite are equal then the total entropy changes can be calculated
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Table 7.8: Observed heat transfer values during heating (AQheating) and cooling (AQcooting) CY-
cles, enthalpy change (AH), total entropy change (AS) values and transition temperatures of different
Ni50+an25_wGa25 alloys.

Alloy AQhneating AQcooting AH AS  Tiansition
Jgt Jgt Jg ! kg K
Nigo 5 Mnoo 5Gags 7.67 -7.59 7.63 0.186 293.9
NissMnggGags 6.50 -6.92 6.71 0.107 439.4
Nis7 s Mny7.5Gags 6.75 -6.96 6.86  0.091 530.7

from Equation 7.2. These calculated values of AS agree with the work of Khovailo et
al. [KOATO03]. The enthalpy and entropy changes of stoichiometric sample can not be

calculated due to the sluggish nature of the premartensite transition.

The study of Enkovaara et al. claims that, from the first-principles calculations, cubic to
tetragonal transition in stoichiometric NisMnGa is driven by the vibrational free energy
[EHANO3]. The main reason for this conclusion relies on the extrapolation of the free
energy within the Debye approximation. The only argument stating that the structural
phase transition is driven by the phonon is the rough coincidence of the calculated and
experimental phase transition temperatures. As the first-principles calculations can not
directly determine the entropy differences at finite temperatures experimental findings
are more reliable at these temperatures. For clarifying the hypothesis of Enkovaara et
al., vibrational entropies of the stoichiometric Ni,MnGa in the austenite phase have been
calculated directly from the vibrational density of states - see Figure 7.3 and 7.7. The cal-
culated lattice entropies for quasi-harmonic model do not deviate quantitatively from the
harmonic model at transition temperatures. This holds true for both stoichiometric and
offstoichiometric compositions. The temperature dependence of the phonon frequency
squared of both compositions (see Figure 6.17) shows similar behavior around the struc-
tural transition temperature. Besides the structural changes, the phonon frequencies are
identical at the structural transition. As there is no significant jump in the phonon fre-
quencies of the TA5[¢£0] soft phonon mode, it is possible to conclude that the lattice

entropy has no significant effect on the total entropy change at the structural transition.

Besides these observations, magnetization measurements of stoichiometric and offstoichio-
metric (see Figure 5.3 and Figure 5.6) compositions show significant changes in magne-

tization around the structural transition temperatures. Therefore for both compositions,
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magnetic contribution to the total energies may play a role in the phase stabilization.
Since there is no clear experimental evidence that the vibrational entropy is dominating
the austenite phase stabilization, changes in magnetic (or electronic) entropy may play a

significant role in the phase stabilizations.

Recent positron annihilation study of Haynes et al. [HWL'12] and theoretical calculations
[LRHO2, GAZ*08, UHN'09] show that Fermi surface nesting plays an important role on
the vibrational properties of the TA5[££0] phonon branch. As this branch is the anomalous
phonon branch which mainly drives the structural transition, it is possible to conclude
that the Fermi surface nesting plays an important role on phase stabilization. In these
studies, the softening which is observed in stoichiometric NioMnGa sample is strongly
correlated to the Fermi surface nesting or electron-phonon coupling. Our investigations
show that, in the austenite phase for the stoichiometric composition, the phonon lifetime
increases in the ferromagnetic region, which indicates the strong interaction between the
phonon softening and the magnetic properties of the sample. All of these observation
proves that the lattice vibrations alone is not enough to stabilize the phase or drive the

structural transitions.
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Figure 7.19: Optical microscopy images of the surface characteristics of five-layer modulateded marten-
site Niso Mnag Gagy. (a) shows the macroscopic domain structure of the five-layered modulated martensite.
Here, bright and dark regions correspond to different orientations of the domains. (b)-(c) shows the sur-

face defects (cracks) which become much pronounced after mechanical training. (d) shows the magnified
image of the crack structure.



Chapter 8
Summary and Outlook

In this study, large single single crystals of austenite and martensite phases, which are
suitable for phonon measurements, have been used. These high quality single crystals have
been produced by Dr. K. Rolfs by using a special crystal growth technique (SLARE).
This technique helps to reduce the chemical compositional gradient in the sample and
improves the purity of the single crystals. By using these single crystals, in the austenite
phase, complete phonon dispersions of the stoichiometric and offstoichiometric alloys have
been measured for the first time. Depending upon these complete phonon dispersion mea-
surements, thermodynamic properties of stoichiometric and offstoichiometric alloys have
been calculated for the first time from the phonon dispersions. The effect of composi-
tional changes on the phonon dispersion of the austenite phase has been investigated. The
phonon dispersion measurements of martensite phases have been carried out on Ni-Mn-
Ga samples for the first time. A complete phonon dispersion of the five-layer modulated
(5M) martensite phase has been measured on NisgMnggGasg; sample at room temperature.
A very good agreement has been achieved between the [££0] direction phonon measure-
ments and first-principles calculations of the 5M martensite. The same also holds true in

non-modulated martensite phase measurements.

Temperature dependence of the soft phonon mode of TA,[££0] has been investigated
for stoichiometric and offstoichiometric compositions around the structural and mag-
netic transition temperatures. From these investigations, transformation mechanisms
of austenite-to-premartensite and austenite-to-martensite phase have been revealed. The
relation between the magnetic ordering and the vibrational properties has been investi-
gated by means of the comparison of temperature dependent magnetization and phonon
measurements. Temperature dependent phonon investigations revealed that, phonon mea-
surements alone are not enough to clarify the relation between the structural and magnetic

properties.

107
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Phonon Softening

Softening which is observed at TA[¢£0] phonon branches of stoichiometric and offsto-
ichiometric compositions gives a clue about the transformation path of the martensite
transition. In the case of stoichiometric composition, softening minimum is at £=0.33
r.l.u. perfectly agrees with the susceptibility calculations [LRHO02]. The observed soften-
ing for NioMnGa is more pronounced compared to NigMnz,Gag which has a minimum
around £=0.27 r.l.u. The compositional disorder in the offstoichiometric sample leads to
a smearing of the phonon anomaly in the g-space and this smearing out is observable in
the elastic constant calculations of the TA5[€£0] phonon mode. Temperature dependence
of the C” elastic constant shows that, in the stoichiometric composition, temperature has
no significant effect in the austenite phase. Similar feature has been observed in the ul-
trasonic measurements of Manosa et al. [MGCO197]. These results indicate that, at the
austenite-to-premartensite structural transition shear is not playing a role but shuffle is.
The temperature dependent elastic constants of offstoichiometric sample shows a slight
temperature dependence at C” elastic constant which indicates, that the shear is playing

a role in the austenite-to-martensite structural transition.

Temperature Dependence of TA,[330]

Temperature dependence of the softening at the TA5[££0] phonon branch around the soft-
ening minimum has similar behavior both for stoichiometric and offstoichiometric com-
positions. The square of the phonon frequencies gets soft without reaching to zero while
approaching the structural transition from both phases. The temperature dependent fea-
ture is described by generalized Landau expansion. In the case of stoichiometric sample,
the observed slope changes coincide perfectly with structural and magnetic transition
temperatures. Additionally, line width investigations of the stoichiometric sample indi-
cates a broadening in the ferromagnetic region which shows the effect of ferromagnetism
on the vibrational properties. Due to these reasons, it is possible to comment that for
the stoichiometric composition the Landau expansion reflects both structural and mag-
netic ordering phenomena. In case of the offstoichiometric composition, the temperature
behavior of the phonon softening reflects the structural transition, however, no obvious
influence of the magnetic transition to the phonon softening is observed. It is shown that
the offstoichiometric composition has much complicated magnetic structure compared to
the stoichiometric case. Due to this complex magnetic structure of the offstoichiometric
composition, the relation between magnetic ordering and the lattice vibrations is still an

open question.
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Vibrational Entropies

Martensite phases of offstoichiometric Ni-Mn-Ga alloys were measured in non-modulated
(NM) and five-layer modulated (5M) martensites. Measurements were compared with the-
oretical calculations existing in the literature. The agreement between the literature and
the measurements is qualitatively good. The main difference between the literature and
the measurements is based on the compositional and temperature differences. In both
martensite phases, frequency differences at the zone boundaries in the acoustic modes
which are expected from the first-principles calculations are confirmed by our measure-
ments. Additionally, the observed acoustic modes in the offstoichiometric 5M martensite
do not differ so much from the acoustic modes of the offstoichiometric austenite sam-
ple. Low frequency excitations are observed in 5M sample. These acoustic-like intensities
are strongly correlated with the commensurate superstructure Bragg peaks of the mod-
ulated phase. The slope of these acoustic-like intensities are similar to the slope of the
TA2[££0] phonon branch. In stoichiometric sample, similar low frequency excitations are
observed in the premartensite phase. For the stoichiometric composition observed low
frequency excitations in the incommensurate martensite phase are attributed to the pha-
son excitations associated with the charge density waves [SVHT07]. This might hold true
for stoichiometric composition but definitely not the case for the offstoichiometric one.
Putting together the puzzles of present study with these of [SVH'07] phason manifest in
stoichiometric martensite at an incommensurate position, in modulated martensite, the
corresponding low lying excitations can be fully understood in terms of acoustic phonons
of the respective layered structure. This brings the question of existence of charge density

waves in offstoichiometric compositions.

Different Entropy Contributions to Phase Diagram

The effect of vibrational entropy on the phase stabilization of the austenite phase was
investigated. The results show that only the lattice entropy is not enough to drive the
structural transition and also not enough for the stabilization of the austenite phase.
Recent first-principles calculations and the positron annihilation study reveal a strong
relation between the Fermi surface nesting and the vibrational properties. Very funda-
mentally, temperature dependent magnetization measurements show significant changes
at the structural transitions. Since the magnetic properties of austenite and martensite
phases differs significantly, the magnetic contribution to the total energy may play a role
in the structural transition and the phase stabilization. The magnetization measurements
of stoichiometric NipMnGa show that, around the premartensite and martensite transi-
tions, the entropy change is not only due to changes in lattice entropy but a mixture of all

lattice, magnetic and electronic entropies. The stoichiometric Ni;MnGa is ferromagnetic
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in the temperature interval of 200 K < T < 300 K and the calculated entropy changes
in this temperature range show a positive entropy change as a function of the applied
magnetic field. With the application of an external magnetic field to a ferromagnet, it is
expected to observe a decrease in the magnetic entropy. This observed anomalous behav-
ior indicates that not only magnetic entropy but all magnetic, structural and electronic

entropies play a role at the premartensite and martensite transitions in NisMnGa.

Crystallographic Structures and Flattening of Phonon Dispersion

The crystallographic structures of offstoichiometric Ni-Mn-Ga alloys were investigated in
both austenite and martensite phases. The obtained results agree with the literature.
For the austenite phase, the L2; structure with the space group of Fm3m was observed.
Rietved refinement, in the offstoichiometric composition, shows that the excess manganese
atoms occupy the manganese and gallium sites only. Due to this, the atomic interactions
in the offstoichiometric composition differ from those of the stoichiometric composition.
This difference brings about an increased variation in force constants between atoms which
causes a flattening of the phonon dispersion in the optical modes. The same occupancy
condition holds true for the martensite phase of the five-layer modulated (5M) sample
and due to this, the optical modes of 5M are also relatively flat. The martensite phase
refinement results show that, the exact structure of the martensite has a monoclinic

structure (space group of 12/m) with a commensurate modulation vector of £=0.4 r.l.u.

Effect of Training

The effects of mechanical training on the martensite phases were investigated. The me-
chanical training works perfectly for creating a single variant state of non-modulated
martensite. Unfortunately, this was not the case for five-layer modulated martensite
phase. It was observed that, the cyclic mechanical training generates surface defects on
the investigated five-layer modulated martensite crystals. These defects inhibit the effect

of training and damage the single crystal.

Outlook

To better understand the nature of the ferromagnetic shape memory effect, it is necessary
to have a theoretical explanation for the relation between the magnetic and vibrational
properties at finite temperatures. A measurement of the magnon dispersion of stoichio-
metric and offstoichiometric sample may help to understand the effect of magnetism on
vibrational modes. The magnon measurements can be carried out on the Neutron Res-

onance Spinecho Triple Axis Spectrometer (TRISP) which is located at at Forschungs-
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Neutronenquelle Heinz-Maier Leibnitz (FRM II). Investigating the vibrational properties
of NiyMn-X (X = In and Sb) alloys might allow comparison with Heusler alloys of differ-
ent magnetic properties. Temperature dependent magnetization investigations of these
materials reveal two different magnetic ordering temperatures. It might be interesting
to see if the Fermi surface nesting and phonon softening are taking role in the transition
properties of these magnetic materials, too. Additionally, direct measurements of the
electronic properties as a function of composition and temperature may support more

information about the nature of the structural transition.
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Table 1: Room temperature phonon measurements of NisMnGa single crystal in [£00] direction.

13 TA[€00] TOME00] TO?E00] TO®[€00] LAJE00] LO'YE00] LO2[€00] LO?[£00]
(rlu.) (THz) (THz) (THz) (THz) (THz) (THz) (THz) (THz)

0.0 0 5.08 2.95 7.56 0 5.08 — 7.595
0.1 0.77 5.11 6.29 7.95 0.80 5.06 — 7.55
0.2 1.22 4.83 6.38 7.54 1.27 4.81 — 7.42
0.3 1.86 4.03 6.37 7.55 241 4.60 — 7.41
0.4 2.37 3.68 6.60 7.59 3.02 5.15 — 7.47
0.5 291 3.72 6.50 7.64 3.76 5.12 — 7.39
0.6 3.39 3.65 6.43 7.75 4.38 4.83 — 7.39
0.7 3.38 4.00 6.19 7.90 4.87 4.87 — 7.44
0.8 2.90 4.45 6.04 7.85 4.98 5.95 — 7.49
0.9 2.76 4.88 2.62 7.78 4.92 5.61 — 7.58
1.0 2.66 5.36 5.31 7.68 4.97 5.70 — 7.56

Table 2: Room temperature phonon measurements of NisMnGa single crystal in [€£0] direction.

¢ TA[E0] TO;[¢€0] TOJ[E0] TOY[EE0] LA[gE0] LO'[gE0] LO*[E0] LO[EE0]
(rlu.) (THz) (THz) (THz) (THz) (THz) (THz) (THz) (THz)

0.0 0 — 6.19 7.57 0 — 6.19 7.57
0.1 0.68 — 6.30 7.58 1.11 — 6.00 7.95
0.2 1.72 — 6.45 7.55 2.66 — 6.45 7.47
0.3 2.52 — 6.46 7.59 3.91 — 6.48 7.42
0.4 3.20 — 6.45 7.65 — 4.85 5.87 7.46
0.5 — 3.82 6.28 7.66 — 5.28 5.96 7.51
0.6 — 4.38 6.09 7.70 — 4.89 6.38 7.57
0.7 — 4.77 5.66 7.72 3.80 — 6.53 7.50
0.8 — 5.04 5.12 7.59 3.48 — 6.35 7.72
0.9 4.85 — 2.15 7.36 2.81 — 6.07 7.89
1.0 5.55 — 5.10 7.37 2.60 — 5.30 7.55
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Table 3: Room temperature phonon measurements of NisMnGa single crystal in [££0] direction.

£ TA,[EL0] TO3[£€0]
(rlu.) (THz) (THz)

0.0 0 7.57
0.1 — 7.57
0.15 0.466 —
0.2 0.47 —
0.25 0.457 —
0.3 0.419 —
0.35 0.473 —
0.4 0.697 7.56
0.45 1.023 —
0.5 1.377 —
0.55 1.657 —
0.6 1.874 7.63
0.65 2.054 —
0.7 2.21 7.94
0.75 2.352 —
0.8 2.469 7.94
0.85 2.56 —
0.9 2.631 8.14
0.95 2.649 —
1.0 2.677 8.23
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Table 4: Room temperature phonon measurements of NigMnGa single crystal in [£££] direction.

¢ TA[EEE] TO'EEE] TO[EEE] TO[E6E] LA[EEE] LOYggg] LO?[EEE] LO?EEE]
(rlu.) (THz) (THz) (THz) (THz) (THz) (THz) (THz) (THz)

0.0 0 5.09 6.19 7.57 0 5.09 6.15 7.53
0.05 — 4.97 6.20 7.52 0.84 2.06 6.20 7.48
0.10 — 4.91 6.28 7.52 1.80 4.92 6.34 7.48
0.15 1.23 4.57 6.34 7.51 2.58 4.45 6.41 7.44
0.20 1.63 4.38 6.38 7.50 3.34 — — —

0.25 1.94 4.20 6.45 7.48 3.99 4.32 6.34 7.40
0.30 2.20 3.92 6.48 7.50 3.90 4.72 6.08 7.45
0.35 2.57 3.83 6.51 7.49 3.89 5.21 6.10 7.46
0.40 2.70 3.82 6.53 7.46 4.02 5.28 6.18 7.47
0.45 2.98 3.48 6.50 7.47 4.20 4.96 6.02 7.41
0.50 3.56 3.61 6.48 7.45 4.48 4.86 6.15 7.35
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