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Abstract

The state of atomic order in NiMn-based Heusler systems influences a variety of materials
properties, e.g. magnetic properties and martensitic transformations, ultimately defining their
functionality. In fact, besides the alloy composition, the state of atomic order is a further
degree of freedom that can effectively be employed for tailoring the material’s functionality
to specific application scenarios. Hence, understanding first of all the emergence of the state
of order in these materials as well as second the interdependencies between the state of order
and certain materials properties is a necessity in order to unleash their potential.

In this thesis, the state of order in NiMn-based Heusler systems and certain derived prop-
erties are studied experimentally by means of calorimetry and magnetization measurements
as well as via diffraction techniques which is further substantiated by theoretical consid-
erations and computer simulations. Specifically, the emergence of L21 order in Ni2MnZ
alloys (explicitly Ni2MnAl and Ni2MnAl0.5Ga0.5) is investigated and a model description of
magneto-structural interactions on the atomic as well as on the mesoscopic scale is developed.
Furthermore, the composition dependence of these magneto-structural interactions is studied
via manipulating the ferromagnetic exchange interactions in the system by substituting Co
for Ni. Besides that, the interplay between the electronic structure and the state of atomic
order in quaternary Heusler derivatives is examined. Finally, the knowledge is transferred
from the full-Heusler systems to the related half-Heusler systems, specifically Ni2−xMnSb,
where the transition from the C1b to the L21 structure is studied as a function of composition
and temperature.

The presented comprehensive and systematic investigation of the state of atomic order
in NiMn-based Heusler systems and its influence on the magnetic, electronic and structural
properties draws a detailed picture of the complex magneto-structural interdependencies in
these materials and provides a rich palette of outcomes from basic functional mechanisms to
detailed and case-specific sample preparation instructions. The insights provided in this thesis
will ultimately help to improve the functionality of these materials in e.g. magnetocaloric,
ferromagnetic shape memory and spintronics applications.
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Der atomare Ordnungszustand in NiMn-basierten Heusler Systemen beeinflusst eine
Reihe von Materialeigenschaften wie z.Bsp. die magnetischen Eigenschaften und marten-
sitische Phasenübergänge und bestimmt als Folge dessen letztlich die Funktionalität dieser
Materialien. Neben der Zusammensetzung ist der atomare Ordnungszustand ein weiterer
Freiheitsgrad, der effizient dazu genutzt werden kann, die Funktionalität bezüglich spezieller
Anwendungsszenarien maßzuschneidern. Folglich ist ein Verständnis der Entstehung dieser
Ordnungszustände als auch die Abhängigkeiten einzelner Materialeigenschaften von dem
zu Grunde liegenden Ordnungszustand eine Notwendigkeit um das volle Potenziale dieser
Materialien auszuschöpfen.

Diese Arbeit befasst sich mit der experimentellen Untersuchung des atomaren Ord-
nungszustands in NiMn-basierten Heusler Systemen und daraus abgeleiteten Materialeigen-
schaften über kalorimetrische und magnetische Messungen sowie Streuexperimente. Die
experimentellen Erkenntnisse werden darüber hinaus mit theoretischen Überlegungen und
Computersimulationen unterfüttert. Im Speziellen untersucht diese Arbeit die Entstehung
von L21 Ordnung in Ni2MnZ Legierungen (explizit Ni2MnAl und Ni2MnAl0.5Ga0.5) und
entwickelt ein Modell für die magnetostrukturellen Abhängigkeiten auf der atomaren wie
auch auf der mesoskopischen Skala. Im Weiteren beleuchtet die Arbeit den Einfluss der
Zusammensetzungen der Legierung auf die genannten magnetostrukturellen Abhängigkeiten,
indem die ferromagnetische Interaktion im System durch das Ersetzen von Ni durch Co
manipuliert wird. Darüber hinaus wird der Zusammenhang zwischen der atomaren Ordnung
und der elektronischen Struktur in quartären Heusler Derivaten untersucht. Schlussendlich
wird das Wissen über den Ordnungszustand in Voll-Heusler Systemen auf die verwandten
Halb-Heusler Systeme, im Speziellen Ni2−xMnSb, übertragen, wo der Übergang zwischen
der C1b Struktur und der L21 Struktur als Funktion der Zusammensetzung und der Temperatur
herausgearbeitet wird.

Die hier präsentierten, umfassenden und systematischen Untersuchungen zum atomaren
Ordnungszustand in NiMn-basierten Heusler Systemen und dessen Einfluss auf magnetische,
elektronische und strukturelle Eigenschaften zeichnen ein detailliertes Bild der komplexen
magnetostrukturellen Abhängigkeiten in diesen Materialsystemen und liefert eine reiche
Palette an Ergebnissen - vom Verständnis grundlegender Funktionsmechanismen bis zu
detaillierten und fallspezifischen Probenpräparationsanleitungen. Die im Rahmen dieser
Arbeit gewonnenen Einsichten werden letztendlich dabei helfen die Funktionalität dieser
Materialien in beispielsweise magnetokalorischen, Formgedächtnis- und spintronischen
Anwendungen zu verbessern.
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Overview

This dissertation is primarily concerned with investigating effects of structural order on the
functional properties of Ni2MnZ Heusler compounds. Functionality here essentially refers
to magnetic properties as for instance the bulk magnetization and the magnetic transition
temperature, however, also implications for the electronic structure and martensitic phase
transitions are discussed. Besides the degree of order, repeatedly also effects of composition
will be taken into consideration.

While all chapters are related to this overall subject, every chapter has the aspiration
to stand independently, solving a particular scientific problem. Clearly, the subtopics are
partially related to each other and cross-references between the chapters are frequently made.
At this point, a short overview about the chapters and their individual content is given.

• Chapter 1 – Experimental methods and sample preparation discusses the exper-
imental methods employed throughout this thesis. Specifically, the measurement
principles are elucidated and some particular aspects relevant for the discussion of the
thesis work are outlined. Additionally, sample preparation and also pre-characterization
is discussed. This refers mainly to measurements of sample composition and sample
homogeneity that do not experience adequate discussion in the other chapters.

• Chapter 2 – Magnetic properties of Ni2MnZ Heusler compounds deals with the
experimental and theoretical investigation of bulk magnetic properties in Ni2MnZ
alloys. First, Ni2MnAl0.5Ga0.5 is established as an ideal model material to study order
dependent properties in Ni2MnZ compounds. On this basis, the magnetic properties in
Ni2MnAl0.5Ga0.5 in the antiferromagnetic (AFM) B2 structure are investigated. Next,
gradually L21 order is evoked via isothermal annealing treatments and its influence on
the magnetic properties is studied. Eventually, two factors are identified that predomi-
nantly influence the magnetism in these Heusler compounds: the degree of (short range)
order in the sample as well as the L21 antiphase domain (APD) structure. Furthermore,
a direct connection between these quantities and two magnetic properties is made.
Specifically, the magnetic transition temperature is demonstrated to probe foremost
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the state of short range order in the sample, while the spontaneous magnetization and
the DC susceptibility are mainly coupled to the APD structure. This relationship is
eventually used to decipher the pathway of L21 order emergence. Applying the same
analysis to the case of ternary Ni2MnAl compounds shows the kinetic limitations of
this alloy system with respect to its ordering capability. Additionally, it is demonstrated
via Monte Carlo simulations that magneto-structural coupling leads to the observed
magnetic properties. Specifically, it is shown that magnetic domains inherently co-
incide with structural APDs. While within a structural domain, due to lattice site
occupancies, ferromagnetic (FM) interactions prevail, across APD boundaries, due to
a nearest neighbor AFM Mn-Mn interaction, AFM interactions dominate. As a conse-
quence, entire L21 APDs behave magnetically as supermoments which are coupled
to each other in an AFM fashion. The presented magneto-structural model, taking
into account a simple well-accepted magnetic Hamiltonian for the system as well as
simulated atomic configurations, perfectly reproduces the experimentally observed
magnetic properties.

• Chapter 3 – Ordering kinetics in Ni2MnZ Heusler compounds reports on the ki-
netics of the L21 ordering process in Ni2MnAl0.5Ga0.5, Ni2MnAl and Ni2Mn1.12Al0.88
compounds via monitoring the processes identified in the Chapter 2, namely the for-
mation of (short range) order and the growth of the antiphase domain structure. On
this basis, time-temperature-transformation (TTT) diagrams are constructed using a
kinetic model that contains the full two-dimensional information of the parameter
space composed of annealing temperature and annealing time for isothermal anneal-
ing procedures. The indirect measurements via calorimetry and magnetometry are
supplemented by neutron powder diffraction and electron diffraction measurements
which allow to probe the increase in the state of order as well as the APD growth
directly during the annealing process. Furthermore, the influence of quenched-in
vacancies on the ordering kinetics is investigated. Specifically, vacancy concentrations
are adjusted via quenching from a variety of temperatures in the B2-stable regime,
while the ordering process is studied via annealing at a variety of temperatures in the
L21-stable regime. Additionally, cooling rate dependent experiments are developed
in order to study a different regime of order formation where the degree of order is
solely dependent on the cooling rate rather than the quenching temperature. From the
various experiments, activation energies for order formation and vacancy formation
are deduced.
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• Chapter 4 – Neutron diffraction study of magnetic antiphase domain coupling
in Ni2MnZ compounds deals with the APD structure and its influence on the local
magnetic properties of Ni2MnAl and Ni2MnAl0.5Ga0.5 compounds. As a complement
to the bulk measurements in Chapter 2, in this chapter, neutron powder diffraction
measurements are presented covering a wide parameter range of degrees of order,
APD structures and temperatures. Specifically, the nuclear and magnetic structure is
determined from the intensity and width of the magnetic and nuclear reflections. While
the growth of the L21 APD structure is revealed as a function of annealing time by
sharpening nuclear superstructure peaks, the magnetic peaks stay constant in intensity
and shape despite the drastic changes in the underlying nuclear structure. Considering
the postulation of AFM coupled APD, a model for describing the magnetic and nuclear
scattering intensity is developed and compared to the experimental observations. For
the first time, a direct proof for the existence of AFM coupled APD is established.
Furthermore, the appearance of a pre-martensitic phase is observed in Ni2MnAl0.5Ga0.5
compounds that is highly sensitive on the degree of order in the austenite parent phase.

• Chapter 5 – Magnetic structure of B2-ordered Ni2−xCoxMnAl compounds inves-
tigates the effect of substituting Co for Ni in B2-ordered Ni2−xCoxMnAl alloys. After
having carefully studied the order dependency of the magnetic properties in Ni2MnZ
alloys in the previous chapters, revealing an AFM structure in predominantly B2-
ordered compounds and an evolution of FM properties with increasing L21 order,
structurally related Co2MnZ alloys show FM properties in all states of atomic order.
The reason for this can be found in the stronger FM interaction of Co in comparison
to Ni, while it is unclear how the transition from the AFM to the FM regime in B2-
ordered Ni2−xCoxMnZ systems occurs. This question is addressed via investigating
the magnetic structure of B2-ordered Ni2−xCoxMnAl compounds employing bulk mag-
netization measurements and neutron powder diffraction measurements for a variety of
compositions and temperatures. The presented results suggest a magnetic structure
composed of canted Mn moments with the canting angle of neighboring Mn spins
being dependent on the Co content. Above a certain Co content, the canting angle
reaches zero degrees and the compounds show ideal FM properties, independent of the
nuclear structure.

• Chapter 6 – Ordering tendencies and electronic properties in quaternary Heusler
derivatives explores the interplay of electronic properties and the atomic structure in
NiCoMnZ quaternary Heusler compounds. In the pertinent literature, NiCoMnGa and
NiCoMnAl have been identified as candidates for half-metallic materials in their fully
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ordered Y structure. However, the actual nuclear structure in these alloy systems has
never been systematically investigated and also the influence of the atomic order on
the electronic structure was not thoroughly studied. In this chapter, comprehensive
experimental studies on the ordering tendencies in NiCoMnAl and NiCoMnGa are
presented using bulk magnetization measurements, calorimetric measurements as well
as in-situ neutron powder diffraction. The experimental results give a clear picture of
the ordering tendencies in the systems, showing a tendency for B2 order in NiCoMnAl
and a tendency for L21 order in NiCoMnGa. These results have additionally been
supported by density functional theory (DFT) calculations. Based on the DFT results, a
new tetragonal thermodynamic ground state structure is postulated for both compounds
that is however, due to a low phase transition temperature, kinetically not accessible on
experimental time scales. Also, the electronic density of states (DOS) was calculated
for a variety of nuclear structures. The results show a strong order dependency of the
electronic DOS with the formation of a pseudo-gap in the minority channel of the
fully ordered Y structure. Yet, this pseudo-gap results from a distinct Ni-Co order on
the 4a and 4b sites of the cubic Y structure and is hence absent in the tetragonal and
disordered structures.

• Chapter 7 – Half- to full-Heusler transition in Ni2−xMnSb reports on the half- to
full-Heusler transition in Ni2−xMnSb compounds as function of composition and
temperature. While stoichiometric NiMnSb adopts the C1b half-Heusler structure,
stoichiometric Ni2MnSb adopts the L21 full-Heusler structure. The Ni2−xMnSb system
with variable Ni content shows a C1b-L21 transition both as function of x at a selected
temperature, as well as as function of temperature at a selected composition. A
microscopic understanding of this interesting phase transition with respect to the
ordering of structural vacancies however is missing. This question is approached via
in-situ neutron powder diffraction measurements giving access simultaneously to the
structure factor as well as to the lattice constant which eventually allows to investigate
the mechanism of the ordering process from the C1b to the L21 phase. The neutron
diffraction measurements are complemented by high temperature calorimetry as well
as room temperature X-ray powder diffraction and low temperature magnetization
measurements. The comprehensive experimental data set gives insights into the
ordering of structural vacancies at the phase transition. Specifically, besides simple
Ni/vacancy ordering, the annihilation of structural vacancies is postulated.



Crystal structures in Heusler derived
systems

Throughout this thesis, a variety of crystal structures typical for Heusler systems as well as the
phase transitions between them are discussed. The complexity of the considered structures
reaches from one to four inequivalent lattice sites hosting up to four different constituents.
While most structures are cubic, also tetragonal derivatives of the cubic structures are
considered. In this section, these crystal structures are introduced and the nomenclature used
to describe them in this thesis is presented. The figure below gives an overview over all
crystal structures taking the NiCoMnZ system as an example. In the figure, brackets indicate
a state of mixing. Consequently, e.g. (NiCo)MnZ represents the situation where Ni and
Co occupy their respective sublattices randomly and hence this quaternary compound can
be considered to be pseudo-ternary. The here presented discussion of crystal structures in
Heusler systems is an extended version of the discussion in a recently published article by
the author of this work (Neibecker et al., 2017) as presented in Chapter 6 of this thesis.

The original Heusler structure as introduced by Heusler (1903, 1904); Heusler et al.
(1903) are ternary compounds of composition X2YZ displaying L21 order. This L21 order
is defined in Hahn (2005) by the space group 225 (Fm3̄m) with inequivalent occupancies
of the Wyckoff positions 4a, 4b and 8c and Cu2MnAl as the prototypical representative.
Typically, according to Graf et al. (2011) the 8c position is occupied by X which usually is a
late transition metal, while the other two sites are occupied by Y (usually an early transition
metal) and Z (usually a main-group metal).

This thesis is primarily concerned with Ni2MnZ alloys and their derivatives, with
Ni2MnGa, due to its remarkable ferromagnetic shape memory properties (see for instance Ul-
lakko et al., 1996), being the prototype. In the following, the occurring structures in Ni2MnZ
compounds are described using the case of Ni2MnGa and Ni2MnAl as examples. Ni2MnGa
displays a stable L21 phase above 260 K (Webster et al., 1984; Zheludev et al., 1995) while
it undergoes a pre-martensitic and later martensitic transition at lower temperatures. As
reported by Sánchez-Alarcos et al. (2007), at around 1053 K Ni2MnGa shows a second-order
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A2 (NiCoMnZ) B2 (NiCo)(MnZ)

L21 (NiCo)MnZ

L21 NiCo(MnZ)

Y NiCoMnZ
[C1b NiMnZ]

Tc NiCoMnZ

Tp NiCoMnZ

Ni

Co/vac.

(NiCo)

Mn

Z

(MnZ)

(NiCoMnZ)
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Schematic depiction of crystal structures occurring in Heusler derived systems. As an
example, the quaternary NiCoMnZ system is considered while disordering processes on the
various sublattices describe also the related ternary, binary and unary structures.

phase transition to the B2 structure, corresponding to a state of disorder between Mn and
Ga. The resulting structure is described by space group 221 (Pm3̄m) with Wyckoff position
1a being occupied preferentially by Ni, while Mn and Ga randomly occupy 1b. This partial
disordering can be understood by the ordering between Ni and Mn/Ga being stabilized by
nearest neighbor (NN) interactions on the common bcc lattice, while the ordering between
Mn and Ga corresponding to full L21 order is accounted for by the presumably weaker next
nearest neighbor (NNN) interactions. Whether L21 order can be realized depends foremost
on the transition temperature and hence the atomic mobility at the transition. In Ni2MnAl
for instance, the B2-L21 transition temperature is significantly lower than in Ni2MnGa and
consequently only the B2 state (Acet et al., 2002; Ziebeck and Webster, 1975) or very early
stages of L21 order can experimentally be observed. In both Ni2MnGa and Ni2MnAl, the
B2 state is stable up to the melting temperature, and hence, there is no transition to the fully
disordered bcc A2 structure defined by space group 229 (Im3̄m). As discussed by Webster
(1971), Co2MnZ systems behave similarly, with well-developed L21 order in Co2MnGa and
only B2 order in Co2MnAl.

Quaternary Heusler derivatives are in many cases related to their ternary parent com-
pounds. This thesis is primarily concerned with NiCoMnZ-type systems where Ni is partially
substituted by Co. As discussed above, both Ni- and Co-based ternary systems adopt the
B2 structure at high temperatures. Consequently, it is reasonable to assume that this is
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also the case for NiCoMnZ compounds. This particular B2 order can be understood as
site 1a being shared by Ni and Co and site 1b by Mn and Z. As introduced above this is
denoted as (NiCo)(MnZ), where brackets imply mixing between the elements. Note, other
B2 possibilities such as (NiMn)(CoZ) and (NiZ)(CoMn) do realistically not occur in these
compounds.

As the temperature is decreased, in quaternary compounds transitions to higher ordered
phases are expected. With respect to the Mn-Z sublattice, a NaCl-like ordering of Mn and Z is
likely to occur. Potentially, a similar ordering could also be realized on the Ni-Co sublattice.
Which structures occur in reality depends on the interaction strengths: for dominating Mn-Z
interactions, the B2 phase would transform into a L21 structure of type (NiCo)MnZ, where
Ni and Co are randomly occupying the 8c sites. If Ni-Co interacts stronger, a NiCo(MnZ)
with Mn/Z on 8c would be expected. In both cases, the ordering of the other sublattice at
even lower temperature would transform the system to the so-called Y structure (Bacon and
Plant, 1971; Pauly et al., 1968) of prototype LiMgPdSn as described by Eberz et al. (1980)
with space group 216 (F4̄3m) and Wyckoff positions 4a, 4b, 4c, and 4d being occupied
by Ni, Co, Mn and Z, respectively. Note that ternary Heusler compounds that develop
structural vacancies, i.e. one of the sublattices is partially unoccupied, can be understood
as pseudo-quaternary compounds. For instance, Ni2−xMnSb adopts for a wide range of
x the so-called half-Heusler structure with space group F4̄3m. This is in principle the Y
structure with either Wyckoff position 4a or 4b being (partially) unoccupied. Yet, given that
Ni2−xMnSb is a ternary compound, this structure is not referred to as Y structure but as C1b

structure.
In the case of quaternary Heusler derivatives, besides the cubic Y structure, also other

fully ordered compounds need to be considered as thermodynamic ground states. In this
thesis, specifically two tetragonal, fully ordered variants are presented, denoted as Tc and Tp.
Tc refers to a structure of alternating columns of Ni and Co and is described by the space
group 131 (P42/mmc), with Ni on Wyckoff position 2e, Co on 2f, Mn on 2c, and Z on 2d. Tp

refers to a structure of alternating Ni and Co planes and is described by the space group 129
(P4/nmm) with Ni on 2a, Co on 2b and Mn and Z on two inequivalent 2c positions. The Tp

structure was previously introduced by Johnson and Jeitschko (1974) for the prototypical
compound ZrCuSiAs. Both tetragonal structures possess a 4-atomic primitive unit cell and
are hence, a priori equally probable as the Y structure.





Chapter 1

Experimental methods and sample
preparation

In this chapter, the experimental methods employed in this thesis are discussed and measure-
ment principles are elucidated. Those concepts will be supported by exemplary measurements
from this thesis that will be discussed in detail in the different chapters. Also, sample prepa-
ration and pre-characterization procedures are outlined.

1.1 Neutron powder diffraction

In order to study the nuclear and magnetic structure of intermetallic compounds, neutron
powder diffraction measurements have been performed. These experiments were carried
out at three different instruments: the SPODI high resolution neutron powder diffractometer
at the Forschungsreaktor München II (FRM II) in Garching, Germany, the 3T2 powder
diffractometer at the Laboratoire Léon Brillouin (LLB) in Saclay, France and the POWGEN
powder diffractometer at the Spallation Neutron Source (SNS), Oak Ridge, USA. In principle,
neutron powder diffractometers can be divided into two distinct types, i.e. diffractometers
using a monochromatic neutron beam usually built at nuclear reactors and diffractometers
using a pulsed neutron beam usually built at spallation sources (for an overview, see Willis and
Carlile, 2009). The type of instrument imposes certain specifications for powder diffraction
measurements. While both SPODI and 3T2 use a monochromatic neutron beam, POWGEN
employs a pulsed beam.

In the following, as an example for powder diffractometers at nuclear reactors, the SPODI
diffractometer will be described. A sketch of a powder diffractometer using a monochromatic
neutron beam is shown in Fig. 1.1. At SPODI, an incoming white neutron beam from the



10 Experimental methods and sample preparation
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Fig. 1.1 Sketch of an angle-dispersive, monochromatic neutron powder diffractometer at a
nuclear reactor in parallel configuration.

reactor passes through a collimator and arrives at a monochromator crystal where a fixed
wavelength is selected by Bragg scattering. Specifically, all SPODI measurements presented
in this thesis were carried out using a Ge-(551) monochromator that produces neutrons with
a wavelength of 1.5482 Å (Hoelzel et al., 2012). SPODI makes use of an extremely large
take-off angle 2ΘM of 155◦. The monochromatic neutron beam then hits a polycrystalline or
powder sample with a sample volume of approximately 1 cm3.

SPODI and most other neutron powder diffractometers operate in a so-called parallel
configuration meaning that the twice reflected neutron beam experiences a focusing effect
that reduces the full width at half maximum s of the reflections (Willis and Carlile, 2009).
The resolution of a monochromatic powder diffractometer was derived by Caglioti et al.
(1958) who considered essentially 4 parameters, namely the mosaicity of the monochromator
(β), the horizontal beam divergence between source and monochromator (denoted as α1),
the horizontal beam divergence between monochromator and sample (denoted as α2) and
the horizontal beam divergence between sample and detector (denoted as α3). With these
parameters, s is calculated as

s =
√

U tan2 Θ+ V tanΘ +W (1.1)

with

U =
4(α2

1α
2
2 + α2

1β
2 + α2

2β
2)

tan2 ΘM(α2
1 + α2

2 + 4β2)
(1.2)
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2 + α2
3)

α2
1 + α2

2 + 4β2
(1.4)

According to Hoelzel et al. (2012), at SPODI the crystal mosaicities are 20’ and 11’ in
horizontal and vertical direction, and the beam is collimated to horizontal beam divergences
of α1 = 20′, α2 = 25′ and α3 = 10′. This results in s values < 0.325◦ for 15◦ < 2Θ < 110◦.

SPODI makes use of 80 3He detector tubes with fixed Soller collimators that cover an
angular range of 160◦ (Hoelzel et al., 2012). The employed 3He tubes are 2D detectors
with a vertical resolution of approximately 3 mm. Diffractograms are recorded by stepwise
scanning the entire angular range (0 to 160◦) with a step width of ∆(2Θ) = 0.05 for the
high-resolution diffractograms in this thesis and with a step width of ∆(2Θ) = 0.1 for the
in-situ diffractograms employing a constant heating ramp. Additionally, in order to increase
the data reliability, in the high-resolution diffractograms every angular step was recorded by
more than 1 (usually 4) detectors, which was however omitted in the in-situ measurements in
order to obtain a better temperature resolution.

At a pulsed instrument, the measurement principle is different. Here, a pulsed white
neutron beam is produced via high energy protons hitting e.g. a liquid mercury target (Willis
and Carlile, 2009). At the SNS, the pulse frequency is 60 Hz. The created neutron pulses are
then directed via a thin moderator onto the sample. In the white neutron beam, a distribution
of wavelengths is contained that travels the distance from source to detector in different times.
The faster neutrons with a shorter wavelength need less time than the slower neutrons with
a longer wavelength. The detectors are fixed in place and the entire diffraction pattern is
recorded as a function of the time-of-flight which encodes the wavelength of a particular
neutron detected. The boundary condition of this procedure is to ensure that every detected
neutron originates from the same pulse, meaning that so-called frame overlap has to be
avoided. This is usually done using wavelength choppers in the incident beam. Clearly,
the wavelength band that can be recorded without frame overlap depends on the distance
between source and detector L as well as the pulse frequency of the source f and can be
calculated according to Willis and Carlile (2009) via

∆λ =
h

mN

=
3956Åm

s

L · f
(1.5)

with h being the Planck constant and mN being the mass of the neutron. At POWGEN, f
= 60 Hz and L = 62.5–64.5 m depending on the detector bank (Huq et al., 2011). Hence,
POWGEN has a bandwidth of approximately 1 Å. For larger wavelength bands, the choppers
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cw (Å) λmin (Å) λmax (Å) qmin (Å−1) qmax (Å−1)
1.333 0.8 1.866 1.0239 15.1700
2.665 2.132 3.198 0.5975 5.6923

Table 1.1 Wavelengths bands used at POWGEN for the measurements presented in this thesis.
The accessible 2Θ range of the instrument is 17.5◦ to 150◦.

have to rotate at lower frequency basically removing every other pulse completely. Using
choppers with 60 Hz, several wavelength bands can be selected. In this thesis, measurements
were performed using 2 distinct wavelengths bands covering different Q-ranges which are
referred to with respect to their center wavelength cw. Those 2 wavelengths bands including
their respective specifications are given in Tab. 1.1.

While the peak shape of instruments using a monochromatic neutron beam as SPODI is a
simple Gaussian (Hoelzel et al., 2012), peak shapes of time-of-flight instruments are more
complicated. As pointed out by Von Dreele et al. (1982), the peak shape at such instruments
arises from a convolution of two exponential functions describing the neutron pulse and a
Gaussian instrumental contribution. The instrument resolution for time-of-flight instruments
is given by the following expression (Willis and Carlile, 2009)

∆Q

Q
= −∆t

t
+

∆L

L
+ cot(Θ)∆Θ (1.6)

where ∆t
t

is the relative uncertainty in flight time, ∆L
L

is the relative uncertainty in length
between the moderator and the detector and ∆Θ is the uncertainty in the (half) scattering
angle. In the Rietveld refinements of the time-of-flight powder diffraction data, a back-to-back
exponential function multiplied with a pseudo-Voigt function was employed using parameters
provided by the instrument scientists as obtained from measuring standard samples.

Intensity distribution in neutron powder diffraction measurements

The intensity distribution in neutron powder diffraction measurements is composed of
four parts, i.e. elastic and inelastic scattering with a coherent and incoherent contribution,
respectively. The sharp, δ-like peaks known from diffraction experiments on crystalline
materials result from the coherent elastic contribution while incoherent elastic scattering
and inelastic scattering do not result in sharp peaks. However, due to a finite instrument
resolution, it is necessary to model the background and subtract it from the diffraction pattern
in order to obtain the (integrated) intensity of the Bragg peak. The intensity distribution of the
Bragg peaks in reciprocal space which is the main quantity of interest in powder diffraction
experiments can in turn be derived from the differential cross section for coherent elastic
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scattering dσ
dΩ

. For Bravais crystals according to Squires (2012), this differential cross section
dσ
dΩ

is given as

(dσ

dΩ

)
coherent, elastic =

σcoherent

4π
N
(2π)3

v0
exp(−2W )

∑
τ

δ(Q− τ ) (1.7)

with σcoherent = 4π(b̄)2 being the coherent scattering cross section and b̄ being the average
scattering length in the one atomic Bravais unit cell, N being the number of unit cells in the
crystal, v0 being the volume of the unit cell, exp(−2W ) being the so-called Debye-Waller
factor and

∑
τ δ(Q− τ ) describing the scattering condition. Here, τ denotes a reciprocal

lattice vector while Q = k − k′ is the scattering vector with k being the wave vector of the
incoming neutron and k′ being the wave vector of the scattered neutron. It is apparent that
this cross-section for coherent elastic scattering is only non-zero when the scattering vector
equals a reciprocal lattice vector which is well known as Bragg’s law.

Furthermore, this expression can be determined for non-Bravais lattices with more than
one atom in the unit cell, which defines the situation for almost all scenarios of interest within
in the scope of this thesis. Also according to Squires (2012), this differential cross-section
can be written as (dσ

dΩ

)
coherent, elastic = N

(2π)3

v0

∑
τ

δ(Q− τ )|FN(Q)|2 (1.8)

where an additional term |FN(Q)|2 appears in the sum that already contains the slightly
modified Debye-Waller factor. Specifically, FN(Q) is the so-called nuclear unit cell structure
factor given as (Squires, 2012)

FN(Q) =
∑
d

b̄d exp(iQ · d)
√

exp(−2Wd) (1.9)

with a sum over all unit cell positions d, b̄d being the average scattering length at position d

and exp(−2Wd) being the Debye-Waller factor at position d in the unit cell.

The Debye-Waller factor thereby accounts for the average displacement of atoms from
their equilibrium position in the crystal and can, according to Squires (2012), in the case of
cubic crystals be written as

2W =
1

3
Q2⟨u2⟩ (1.10)

Here the average displacement ⟨u2⟩ is generally composed of a static contribution due to
disorder or strain in the sample and a temperature dependent contribution due to oscillatory
movements which are basically contained in the phonon density of states.
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Furthermore, also for magnetic scattering, the cross-section for elastic scattering can be
derived. According to Squires (2012) the cross-section for a multiple domain ferromagnet on
a Bravais lattice where the magnetic peaks are superimposed on the nuclear peaks takes on
the form(dσ

dΩ

)
elastic = (γr0)

2N
(2π)3

v0
⟨Sη⟩2

∑
τ

(1
2
gF (τ )

)2
exp(−2W )

(
1− (τ̂ · η̂)2average

)
δ(Q−τ )

(1.11)
with γ being the half of the Landé factor of the neutron with a value of -1.91, r0 being
the classical radius of the electron with a value of 2.818 · 10-15 m, N being the number
of unit cells, v0 being the volume of the unit cell, ⟨Sη⟩ being the mean value of the spin
in the direction of η for each domain, g being the Landé factor of the neutron, F (τ )

being the magnetic form factor, exp(−2W) again being the Debye-Waller factor, the term(
1−(τ̂ ·η̂)2average

)
taking into account the orientation of the spins with respect to the scattering

vector (note, in case that all directions are equally likely, this term takes on a value of 2/3)
and δ(Q− τ ) again being related to the Bragg condition. Note, r0 is in the same order of
magnitude as typical values for the nuclear scattering length b and hence magnetic scattering
is as a rule of thumb comparable in intensity to nuclear scattering in neutron diffraction.

Similarly, according to Squires (2012) the cross-section can be rewritten for antiferro-
magnetic (AFM) structures on the same lattice and takes on the form

(dσ

dΩ

)
elastic = (γr0)

2Nm
(2π)3

v0m

∑
τm

(∣∣∣1
2
⟨Sη⟩gF (τm)

∑
d

σd exp(iτm · d)
∣∣∣)2

· exp(−2W )
(
1− (τ̂m · η̂)2average

)
δ(Q− τm) (1.12)

In (1.12), due to the AFM spin alignment, the magnetic unit cell is doubled in size with
respect to the nuclear unit cell. τm is a magnetic reciprocal lattice vector, Nm is the number
of magnetic unit cells, v0m is the volume of the magnetic unit cell and ⟨Sη⟩ is the staggered
mean spin referring to all ions in one sublattice. Also, a more complicated expression for the
magnetic structure factor is contained given the non-equal occupancy of the lattice sites with
up and down spins. Hence,

FM(τm) =
1

2
⟨Sη⟩gF (τm)

∑
d

σd exp(iτm · d) ·
√
exp(−2W )

(
1− (τ̂m · η̂)2av.

)
(1.13)

is a sum over all ions in the magnetic unit cell where σd takes on values of ±1. In a similar
fashion, an elastic magnetic scattering cross-section can be denoted for any magnetic structure
on a regular lattice.
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Fig. 1.2 Magnetic form factors for Mn2+, Ni2+ and Co2+ in the dipole approximation as
given in Brown (2003).

The magnetic form factor F (τm) is very important for scattering experiments since it
describes the rapid decay of the magnetic intensity towards higher scattering angles. This
thesis is primarily concerned with magnetic structures formed by the transition metals Mn,
Ni and Co. For 3-d transition metals, spin-orbit coupling can be neglected and the magnetic
form factor in the dipole approximation can be calculated based on empirical analytical
expressions as tabulated by Brown (2003). Respective form factors for Mn2+, Ni2+ and Co2+

are depicted in Fig. 1.2.

The differential cross-sections as described above are finally not the experimentally
probed quantity. Rather, in diffraction experiments, the cross section of a Bragg peak, i.e. the
integral of the differential cross-section over certain directions, is measured. In the case of
powder diffraction, the total cross sections of Debye-Scherrer cones are of interest whose
intensity/peak area can according to Squires (2012) be calculated via

A = Φ
V

v20

dλ3

8πr sinΘ sin 2Θ

∑
τ

|FN/M(τ )|2 (1.14)

where Φ is the neutron flux, V = Nv0 represents the volume of the crystal, λ is the neutron
wavelength, d is th effective diameter of the neutron detector which is placed at a distance r

from the target and
∑

τ is the sum over all τ with the same value of |τ |. In simple terms,
the intensity of a peak is hence given by the square of the absolute structure factor, the
multiplicity of the individual peak taking into account the statistical probability to find a
crystallite oriented in a way to fulfill the Bragg condition for a particular lattice plane, the
Lorentz factor given as 1/(sinΘ sin 2Θ) taking into account geometrical considerations,
the Debye-Waller factor taking into account the intensity decay towards higher angles due
to atomic displacements from the equilibrium position and, trivially, the sample size and
neutron flux.
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As originally introduced by Rietveld (1969), structure factor determination of powder
diffraction data usually involves so-called Rietveld refinement, i.e. the calculation of the entire
diffractogram assuming a certain structural/magnetic model and comparing the resulting
pattern with the experimentally observed pattern. In a further step, the parameters of the
model are adjusted by a least-squares minimization algorithm in order to minimize the
difference between the calculated and observed diffractogram. Finally, the initial model has
been refined to match the observed pattern as good as possible and the model parameters such
as e.g. sublattice occupancies, lattice constants, Debye-Waller factors, magnetic moments,
strain and size broadening as well as peak shape parameters can be extracted. Such a Rietveld
refinement process has been performed for most powder diffractograms recorded in this
thesis using the FullProf suite (Rodriguez-Carvajal, 1990, 1993; Rodriguez-Carvajal and
Roisnel, 1998; Roisnel and Rodriguez-Carvajal, 2000).

1.2 X-ray powder diffraction

In this thesis, X-ray powder diffraction has been employed on the one hand as a complement
to the neutron powder diffraction measurements and on the other hand as pre-characterization
method to confirm sample quality. While the general principles of powder diffraction
elucidated above for the case of neutron diffraction also apply to X-ray diffraction, there
are some important differences. Mainly, the atomic form factor for X-ray scattering is in
opposition to the atomic form factor for neutron scattering not a constant. The reason for
this is that X-rays scatter at the electron density ρ(r) instead of the nuclear potential. The
atomic form factor is the Fourier transform of this electron density which has a significant
spatial extension. As a consequence, the X-ray atomic form factor decays as a function of Q.
Specifically, the atomic form factor for X-ray scattering can be calculated according to Fultz
and Howe (2012) as

f(Q) =
e2

mc2

∫
R
ρ(r) exp (−iQ · r)d3r (1.15)

with e being the charge of the electron, m being the mass of the electron and c being the
speed of light. Due to the dependency on the integral of the electron density, the X-ray atomic
form factor is proportional to the atomic number Z. This imposes an interesting implication
as the scattering contrast in X-ray diffraction is very different from the neutron scattering
contrast. Consequently, in many cases, the combination of X-ray and neutron scattering
allows to obtain independent information necessary to solve for example the question of site
occupancies in a compound.
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The X-ray powder diffractograms presented in this thesis have been measured on a labo-
ratory Rigaku SmartLab diffractometer at Tohoku University, Japan using Cu-Kα radiation
and a Bragg-Brentano geometry. Samples for X-ray diffraction have been ground manually
to grain sizes < 32µm. Similar to the neutron diffractograms, also the X-ray diffractograms
presented in this thesis have been Rietveld refined using the FullProf suite.

1.3 Electron diffraction

Besides neutron and X-ray diffraction, specifically for the Ni2MnAl system, also electron
diffraction has been employed within the scope of this thesis in order to decipher the nuclear
structure of these compounds. While X-rays scatter at the electron density, electrons interact
with a Coulomb like potential and are as a consequence as elucidated in Fultz and Howe
(2012) scattered much more strongly than X-rays. Electron diffraction in this thesis was
performed using a Transmission Electron Microscope (TEM) on very thin polycrystalline
samples. Due to the small thickness of the samples, usually only a single grain is imaged
and hence electron diffraction is in principle a single crystal diffraction method. In the TEM,
the measurement background for electron diffraction experiments is usually low. This is
of advantage especially when broad and low intensity superstructure peaks stemming from
incipient ordering processes are investigated, as it is the case for Ni2MnAl. However, in
contrast to X-ray and neutron diffraction, in electron diffraction, due to the strong interaction,
the kinematic scattering theory does not always apply and hence, a quantitative analysis of
electron diffraction images is usually not easily possible.

The set-up of a TEM is complex, consisting of a series of lens systems to enable a variety
of imaging modes. This thesis is only concerned with the diffraction mode. Here, a electron
gun produces a continuous ray of electrons which are accelerated using high acceleration
voltages of several hundred kV. An illumination lens system ensures that the electrons travel
straight and parallel to the optical axis when they hit the sample. A so-called objective lens
is positioned right behind the sample with the sample being located in its object plane. The
objective lens images the sample in the image plane while the diffraction pattern is formed in
its back focal plane. An intermediate lens is focused on this back focal plane and projects the
diffraction pattern onto a screen, an image plate or a CCD camera. By using an intermediate
aperture in the image plane, it is further possible to extract the diffraction pattern of certain
areas of the sample. This operation mode is then called Selected Area Diffraction (SAD),
yet it was not prominently used in this thesis. For a detailed overview about TEM methods,
please resort to Fultz and Howe (2012).
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Electron diffraction experiments for this thesis have been performed in collaboration with
Yuta Kimura in the group of Ryosuke Kainuma at Tohoku University, Japan using a JEOL
JEM-2100 (HC) microscope operating at an acceleration voltage of 200 kV. Samples have
been prepared by cutting thin sheets from the bulk ingots using a low speed diamond saw
followed by grinding the sheets to thicknesses of approximately 60µm. After punching disc
shaped specimens from the sheets, the discs have been jet-polished using a solution of 20 %
perchloric acid in methanol.

1.4 Magnetization measurements

Magnetization measurements for this thesis have been performed using magnetic induction
methods, specifically Vibrating Sample Magnetometry (VSM) and Superconducting Quantum
Interference Device (SQUID) magnetometry.

VSM is based on the Faraday law of electromagnetic induction (Jiles, 2015) which states
that the electromotive force induced in a coil/closed circuit is proportional to the negative flux
change rate through the coil. Hence, by moving a magnetic sample through an arrangement
of detection coils, the magnetization of the sample can be determined. The measurement
principle of the VSM was proposed by Foner (1956, 1959) as an evolution of the Vibrating
Coil Magnetometer. In the common set-up, large field coils provide an external magnetic
field while the sample is oscillated perpendicular to this field (Foner, 1959). This oscillation
of the magnetic sample induces a voltage in the detection coils. In order to make sure
that the extracted signal is independent of the exact sample position, the sample position
is adjusted between the coils to evoke a minimal signal in direction of the detection coils
and a maximal signal in the direction orthogonal to them. The VSM measurements for this
thesis have been performed using a TOEI VSM covering a temperature range from 77 K to
690 K and providing external magnetic fields up to 1.6 T. To calibrate the instrument, a Ni
standard sample was used. Sample preparation for VSM samples was performed by cutting
or breaking small approximately rectangular pieces from the bulk ingots with masses of
20–60 mg depending on the materials’ saturation magnetizations.

SQUID magnetometers provide nowadays the best resolution for field measurements
(Jiles, 2015). They are based on the concept of a so-called Josephson junctions, i.e. thin
barrier layers (e.g. insulators) in a superconducting material. Specifically, a SQUID is
composed of a superconducting ring with one (RF-SQUID) or two (DC-SQUID) barrier
layers called “weak links”. Changes of the magnetic flux threading the ring result in a
periodic change of the critical current of the junctions while the period corresponds to a flux
quantum (Jiles, 2015). As a consequence, upon flux change, the voltage-current characteristic
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oscillates in a sinusoidal fashion. The device acts as a flux-to-voltage converter and can be
used to detect smallest changes in magnetic flux. For a detailed review on SQUID technology
and systems, see John and Alex (2004).

In this thesis, M(T ) and M(H) SQUID measurements were performed using a Magnetic
Property Measurement System (MPMS) by Quantum Design, Inc. Specifically, SQUID
measurements were partially performed in collaboration with Xiao Xu at the Center for
Low Temperature Science, Institute for Materials Research at Tohoku University, Japan
and partially in collaboration with Matthias Opel at the Walther-Meißner-Institute for Low
Temperature Research of the Bavarian Academy of Sciences and Humanities, Germany in a
temperature range from 5 K to 350 K and in a field range up to 7 T. In most cases, the SQUID
was operated in the so-called RSO (reciprocating sample oscillation) mode where the sample
oscillates continuously. However, in samples with large absolute magnetizations, the DC
mode was applied where the sample is moved through the pick-up coils in discrete steps.

1.5 Calorimetric measurements

Calorimetric measurements for this thesis have been performed employing Differential
Scanning Calorimetry (DSC). Differential Scanning Calorimeters are based on the concept
of measuring the heat flow between a sample and a reference that undergo a common
controlled temperature treatment. Due to the difference principle, external factors (e.g.
external temperature variations) affecting both the sample and the reference in the same way
do not influence the signal which is a tremendous advantage in comparison to the design of
conventional calorimeters. In general, two measurement principles need to be distinguished:
heat flux DSCs and power compensation DSCs (for an overview see Höhne et al., 2013). In
heat flux DSCs, the difference in heat flow to a sample and a reference both located in the
same furnace is measured upon heating the furnace usually with a constant heating ramp
(Höhne et al., 2013). As long as sample and reference behave identically, the signal is zero.
However, as soon as the sample undergoes a phase transition, latent heat needs to be provided
or is released. As a consequence, the heat flow to the sample is different from the heat flow
to the reference which is expressed in a peak in the differential heat flow signal. In power
compensation DSCs, two identical furnace set-ups, one containing the reference and the
other one containing the sample, are heated with the same heating ramp while the heating
power provided to either furnace is monitored. The signal is the difference in heating power
that has to be provided to the furnaces in order to follow the pre-set temperature program. If
the sample undergoes a phase transition, the power that needs to be provided to the sample
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Fig. 1.3 DSC (left panel) and VSM (right panel) measurements on Ni2Mn1.12Al0.88 samples
in different annealing conditions. In the calorimetric measurements and in the M(T ) mea-
surements, the evolution of L21 order with increased annealing time can clearly be followed
with the magnetic transition temperature being increased upon annealing.

furnace is different from the powder that needs to be provided to the reference furnace which
is again visible as a peak in the signal.

In this thesis, calorimetry was mainly used to follow the L21 ordering kinetics in Heusler
system by means of tracking the magnetic transition temperature Tc as a function of isother-
mal annealing time at various annealing temperatures. In order to apply a consistent method
for determination of Tc, the calorimetric signal of the magnetic transition has been modeled
by two continuously joint second-degree polynomials convolved with a centered Gaussian
kernel. Fig. 1.3 shows as an example DSC curves (left panel) and M(T ) curves measured in
a VSM (right panel) of Ni2Mn1.12Al0.88 samples quenched from 1273 K (B2-stable regime)
with subsequent annealing at 673 K (L21-stable regime). With increased annealing time,
clearly a shift in the magnetic transition temperature, as well as an overall increase in the
bulk magnetization is observed. The Tc values obtained from fitting the calorimetric signal
are indicated above the curves. Evidently, the transition temperatures determined from DSC
coincide with the cusps in the M(T ) curves.

DSC measurements in this thesis have been performed on 3 different instruments. Low
temperature DSC measurements between approximately 200 K and 850 K were carried out
with a Seiko SII Exstar 6200 DSC and a Perkin Elmer DSC 8500 using Cu and Al sample
pans. High temperature DSC measurements have been performed using a Netzsch DSC 404 C
Pegasus in a temperature range from room temperature to 1500 K. Before the measurement,
all samples have been carefully polished to ensure a good thermal contact between the
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sample and the pan. All DSCs have been temperature and heat flow calibrated over the entire
measurement range.

1.6 Sample preparation

Samples for this thesis have been prepared by induction melting and tilt or suction casting
of high-purity elements under Argon atmosphere. After casting, all samples have been
subject to a solution annealing treatment at 1173–1273 K for 48–72 h depending on the alloy
system in order to remove segregation effects from casting. In the case of the NiCoMnGa
and NiCoMnAl polycrystalline bulk neutron diffraction samples, shorter solution annealing
treatments have been applied in order to restrict grain growth. After solution annealing,
samples have been quenched in room temperature or iced water. All additional heat treatments
and sample preparation procedures were performed on the solution annealed and quenched
bulk ingots as outlined in the individual chapters.

All ingots have been checked for their actual composition using Wavelength-Dispersive
X-Ray Spectroscopy (WDS) or Energy-Dispersive X-Ray Spectroscopy (EDS). WDS mea-
surements have been performed in collaboration with the group of Ryosuke Kainuma at
Tohoku University, Japan. EDS measurements have been performed at the Staatliche Materi-
alprüfamt für den Maschinenbau at Technische Universität München, Germany. For EDS
and WDS analysis, thin plates have been cut from the solution annealed ingots that have been
mirror-polished in order to provide an adequate surface quality for the measurements. The
measured compositions for all samples prepared and used in this thesis is given in Tab. 1.2.
The values given are averaged over 8 randomly selected measurements points on the sample
in the case of WDS analysis and 5 randomly selected measurements points in the case of
EDS analysis.

Additionally, all samples have been checked for homogeneity, i.e. the absence of phase
decomposition, using Scanning Electron Microscopy. Also, as standard characterization
procedure, samples have been subject to calorimetric measurements in order to retrieve
magnetic and structural transition temperatures as a comparison to values reported in the
literature.

As pointed out in Chapter 5, bulk ingots for the Ni2−xCoxMnAl system have been
partially obtained from the group of Ryosuke Kainuma at Tohoku University, Japan. Yet,
also for those samples, solution heat treatment and sample pre-characterization has been
performed by the author of this thesis in order to apply the same preparation protocol to all
samples used in the scope of this thesis.
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Chapter 2,Chapter 3
Compound Ni (at. %) Mn (at. %) Ga (at. %) Al (at. %)
Ni2MnAl0.5Ga0.5 50.45(26) 25.87(20) 11.97(14) 11.74(20)
Ni2MnAl 51.03(22) 24.91(27) 24.06(17)
aNi2Mn1.12Al0.88 50.46(19) 28.25(10) - 21.29(20)
bNi2Mn1.12Al0.88 50.63(17) 28.37(22) - 21.00(24)
cNi2Mn1.12Al0.88 49.85(13) 29.15(38) - 21.01(26)
Chapter 4
Compound Ni∗ (at. %) Mn∗ (at. %) Ga∗ (at. %) Al∗ (at. %)
aNi2MnAl0.5Ga0.5 50.97(16) 26.29(13) 11.23(14) 11.50(14)
bNi2MnAl0.5Ga0.5 51.19(27) 25.69(18) 11.15(16) 11.97(46)
aNi2MnAl 49.74(18) 25.61(11) 24.65(13)
bNi2MnAl 48.84(19) 25.56(14) 25.59(15)
Chapter 5
Compound Ni (at. %) Co (at. %) Mn (at. %) Al (at. %)
Ni50Co0MnAl 51.03(22) - 24.91(27) 24.06(17)
Ni49Co1MnAl 49.51(10) 1.04(03) 24.24(49) 25.22(54)
Ni47Co3MnAl 47.33(16) 3.21(03) 24.51(42) 24.95(50)
Ni45Co5MnAl 45.06(16) 5.14(04) 25.32(48) 24.47(41)
Ni43Co7MnAl 43.04(10) 7.17(06) 25.59(53) 24.20(51)
Ni40Co10MnAl 40.01(19) 10.35(14) 25.96(26) 23.68(38)
Ni35Co15MnAl 35.48(33) 15.52(09) 24.31(48) 24.69(16)
Chapter 6
Compound Ni (at. %) Co (at. %) Mn (at. %) Ga/Al (at. %)
NiCoMnGa 25.56(16) 23.41(09) 26.06(15) 24.97(21)
NiCoMnAl 25.06(10) 25.47(14) 25.69(48) 23.78(50)
Chapter 7
Compound Ni (at. %) Mn (at. %) Sb (at. %) -
Ni1.05MnSb 34.02(25) 33.62(19) 32.36(27)
Ni1.25MnSb 38.15(27) 31.70(11) 30.15(25)
Ni1.50MnSb 42.53(23) 29.19(18) 28.29(18)
Ni1.60MnSb 44.16(19) 27.93(11) 27.91(14)
Ni1.75MnSb 46.50(57) 27.01(50) 26.50(21)

Table 1.2 Sample compositions as determined by WDS/EDS∗.



Chapter 2

Magnetic properties of Ni2MnZ Heusler
compounds

2.1 Introduction

Order-dependent functionality

Heusler alloys are a class of materials introduced by Heusler (1903, 1904); Heusler et al.
(1903) that show a number of interesting properties and functionalities (Graf et al., 2011).
With the discovery of the ferromagnetic shape memory effect (FSME) by Murray et al.
(2000); Ullakko et al. (1996) and later the magnetocaloric effect (MCE) by Hu et al. (2000),
specifically the subfamily of Ni2MnZ Heusler alloys has drawn considerable attention in
recent decades. Both the shape memory and the magnetocaloric effect rely on the trans-
formation of a high temperature austenite phase into a low temperature martensite phase
that evolves from the L21-ordered austenite parent phase via a diffusionless phase transition.
The FSME is then a results of a magnetic field-induced reorientation of martensitic variants
leading to a strain in the material (James and Wuttig, 1998; Likhachev and Ullakko, 2000).
The MCE is based on the entropy change upon application of a magnetic field which initiates
a martensitic transition that is coupled to a change in magnetic properties (Krenke et al.,
2005; Liu et al., 2012). Needless to say, the magnitude of the MCE is very sensitive to the
structural and magnetic transition temperatures as well as to the magnetic properties of the
austenite and martensite phases. Understanding the magnetic properties of Ni2MnZ alloys is
thus a necessity in order to tailor the functionality of these materials.

While the martensite phase in Ni2MnZ compounds has a non-cubic (tetragonal, mono-
clinic or orthorhombic) modulated or unmodulated structure (see for instance Brown et al.,
2002; Martynov and Kokorin, 1992; Pons et al., 2000; Sozinov et al., 2002), the austenite
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phase adopts the cubic full-Heusler L21 structure with space group 225 (Fm3̄m)1 (see for
example Webster et al., 1984). This structure is characterized by the inequivalent occupancies
of the Wyckoff positions 8c, 4a and 4b by Ni, Mn and Z, respectively, with Z usually being a
post-transition metal such as e.g. Al, Ga, In, Sn, Sb, etc. In most Ni2MnZ alloys, the L21

structure transforms at high temperatures into the B2 (CsCl) structure (Webster and Ziebeck,
1988) of space group 221 (Pm3̄m) with Wyckoff positions 1a and 1b – 1a being preferentially
occupied by Ni and 1b being randomly occupied by Mn and Z. The B2-L21 transition is a
second order phase transition, resulting in intermediate degrees of L21 order being present
in many Ni2MnZ compounds under realistic conditions. Clearly, the degree of L21 order in
the austenite parent phase is imprinted onto the martensitic structure since the diffusionless
transition does not allow for a reconfiguration of atoms. Interestingly, the degree of L21 order
was observed to have a profound influence on the martensitic transformation temperature
and also the crystal structure of the low temperature martensite phase (Kainuma et al., 2000)
and hence, it is of tremendous importance to fundamentally understand the ordering process
from B2 to L21.

The prototypical Ni2MnZ alloy showing the FSME is Ni2MnGa. However, with Ni2MnGa
being inherently brittle, the search for more ductile and cost-effective alloys is ongoing. The
closely related Ni2MnAl system was in this respect identified as a promising candidate (Fujita
et al., 2000; Gejima et al., 1999; Kainuma et al., 2000). Yet, the low ordering tendency
observed in the Ni2MnAl system restricts its functionality. The difficulty in preparing
fully L21-ordered samples presumably results from a significantly lower B2-L21 transition
temperature in comparison to Ni2MnGa (Acet et al., 2002; Mañosa et al., 2004). With kinetics
being drastically slowed down at the transition temperature, the adjustment of long-range
order requires often impractically long annealing times, making it eventually impossible to
obtain perfect L21 order in these compounds. However, as recently proposed by the author
of this thesis (see Neibecker et al., 2014), elaborate annealing treatments taking advantage of
quenched-in excess vacancies can be used in order to evoke relatively large degrees of L21

order even in Ni2MnAl compounds.

Order-dependent magnetic properties

Besides influencing the martensitic transition, also the magnetic properties of Ni2MnZ
compounds are directly coupled to the nuclear structure of the austenite phase. This is the
result of essentially two dominant exchange interactions present in the system which is
expressed by the following Hamiltonian

1Space groups and Wyckoff positions as tabulated by Hahn (2005).
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Fig. 2.1 Illustration of Mn neighbors in the disordered B2 structure in line with the notation
of (2.1), (2.2).

H = −J1
∑
⟨x,y⟩Mn,Mn

σ⃗xσ⃗y − J2
∑
⟨x,y⟩Mn,Ni

σ⃗xσ⃗y (2.1)

with sums over nearest Mn-Mn and nearest Ni-Mn neighbors (NN). NN Mn-Mn pairs here
specifically refer to site-antisite pairs in the L21 structure (NN Mn-Mn pairs in the B2
structure) as illustrated in Fig. 2.1. Note that Ni magnetic moments in the stated Hamiltonian
are assumed to be induced by their surrounding Mn moments (Ležaić et al., 2013; Simon
et al., 2015) as described by

σ⃗Ni = 1
4

∑
⟨x⟩Mn

σ⃗x. (2.2)

In (2.1), J1 < 0 represents an antiferromagnetic (AFM) Mn-Mn NN interaction and
J2 > 0 represents a Ni-Mn ferromagnetic (FM) interaction. In the fully ordered L21 structure,
no direct Mn-Mn pairs are present. Hence, the AFM interaction is absent and the magnetic
exchange is reduced to the FM Ni-Mn interaction giving L21-ordered Ni2MnZ compounds
FM properties. However, in the disordered B2 structure, Mn and Z are randomly occupying
the 1b position and hence direct Mn-Mn neighbor pairs that couple in an AFM fashion are
present in the system. Furthermore, due to the Mn-Z disorder, the induced Ni moments are
zero giving B2 ordered Ni2MnZ compounds AFM properties (Acet et al., 2002). Note that
due to the nuclear disorder, competition between FM and AFM exchange interactions is
present in Ni2MnZ systems and locally, non-collinear magnetic structures can exist. These
competing interactions also lead to complicated magnetic properties in intermediate states of
L21 order with a non-trivial transition between the AFM properties of the B2 structure and
the FM properties of the L21 structure.
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Fig. 2.2 Structural and magnetic phase diagram of Ni2MnAl1−xGax based on data measured
in this thesis work and data reported by Ishikawa et al. (2008).

Recent results by Ishikawa et al. (2008); Umetsu et al. (2011) revealed that the local state
of order alone is insufficient for explaining the magnetic properties of Ni2MnZ alloys. Instead,
also the microstructure was observed to play a vital role. Specifically, Ishikawa et al. (2008)
demonstrated for the model alloy Ni2MnAl0.5Ga0.5 that the L21 antiphase domain (APD)
structure is inherently connected to the compound’s magnetic properties. Due to the fact that
in density functional theory (DFT) calculations, the size of the employed simulation cells
rarely evoked the consideration of APD structures in the evaluation of magnetic properties,
it is not very well understood so far by what mechanism the structural APDs influence
the magnetism in these alloys. It was conjectured that at the antiphase domain boundary
(APB) a disordered boundary phase is formed which is in its properties comparable to the
AFM B2 phase (Murakami et al., 2013; Umetsu et al., 2011). Recent High-Resolution
Scanning Transmission Electron Microscopy (HRSTEM) results by Murakami et al. (2013)
seem to support this idea which is also in line with the two-phase state of B2 and L21 order
postulated for related ternary compounds such as Ni2MnAl (Acet et al., 2002). Furthermore,
in off-stoichiometric Ni2MnZ alloys, chemical segregation effects at APBs were recently
observed by Niitsu et al. (2017) which demonstrates that APBs are able to provoke a phase
decomposition under certain circumstances.
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Ni2MnAl0.5Ga0.5

The results in this chapter are inspired by numerous studies on the magnetic properties of
Ni2MnAl0.5Ga0.5 compounds (e.g. Ishikawa et al., 2008; Murakami et al., 2013, 2011; Park
et al., 2012; Umetsu et al., 2011) and make use of the particular kinetic accessibility of states
of order in this compound. As demonstrated by Ishikawa et al. (2008), Ni2MnAl0.5Ga0.5
samples quenched from elevated temperatures show B2 order and AFM properties (com-
parable to Ni2MnAl) while a special two-stage annealing treatment evokes L21 order and
textbook FM properties (similar to Ni2MnGa). This behavior can be understood based on
the pseudo-binary Ni2MnAl1−xGax phase diagram presented in Fig. 2.2. Here, the magnetic
transition temperatures Tc and the structural phase transition temperature Tt are presented
as function of the composition x depicting data from Ishikawa et al. (2008) and from this
work. First of all, it is quite evident that the Tt-x relation can well be described by a linear
dependency as Tt monotonously increases with Ga content from Ni2MnAl to Ni2MnGa.
At the same time, Tc in B2-quenched samples is rather constant at a value of ≈ 295 K on
the Al rich side of the phase diagram, goes through a transition at just above 50 at. % Ga
and is constant again above 75 at. % Ga at a value of ≈ 360 K. Isothermal annealing in the
L21-stable regime (here at 673 K) equates Tc across the phase diagram at values between 360

and 380 K.

These observations can be explained with the help of an effective quenching temper-
ature as indicated in the upper part of Fig. 2.2. The possibility to quench-in B2 order in
Ni2MnAl0.5Ga0.5 compounds indicates that upon quenching, the sample falls out of equilib-
rium above the B2-L21 transition temperature of 933 K. However, increasing the Ga content
just moderately to 68 % drastically increases Tc of the as-quenched state. In fact, even though
Tt increases just by ≈ 60 K, it appears that the sample falls out of equilibrium well in the
L21-ordered regime. Assuming that the diffusion kinetics are comparable across the phase
diagram, a claim well justifiable considering the similarity of Ni2MnAl and Ni2MnGa alloys,
the temperature at which the samples fall out of equilibrium upon quenching can be confined
to the narrow range of 940-980 K. As a consequence, compounds on the Ga rich side of
the phase diagram fall out of equilibrium in the L21-stable regime and only allow to access
very late stages of the L21 ordering process. Compounds on the Al rich side of the phase
diagram fall out of equilibrium in the B2-stable regime and L21 order needs to be adjusted
via secondary annealing treatments. Indeed, isothermal annealing at Ta = 673 K results in
relatively constant Tc values across the phase diagram with slightly lower Tc values being
observed on the Al rich side. This is however not surprising considering that the homologous
annealing temperature Ta/Tt is higher in Ni2MnAl than in Ni2MnGa and the equilibrium Tc

value at a given Ta accordingly lower. Therefore, it is plausible that the equilibrium magnetic
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properties of all Ni2MnAl1−xGax compounds are similar while the differences observed are
presumably not of thermodynamic origin but rather a result of altered diffusion kinetics at
the respective annealing temperatures.

As a consequence of the structural transition temperatures, the magnetic properties in
Ni2MnAl0.5Ga0.5 can be studied in practically all possible stages of order formation. Hence,
this material is the ideal model material for investigating magnetic properties in disordered
Ni2MnZ compounds which is the main topic of this chapter. Furthermore, the acquired
knowledge will be transferred to ternary Ni2MnAl alloys where, as discussed, due to kinetics,
only certain regimes of order formation are accessible. It is demonstrated that magnetic
properties in Ni2MnAl resemble the magnetic properties observed in Ni2MnAl0.5Ga0.5 in
very early stages of order formation.

2.2 Experimental results

2.2.1 Ni2MnAl0.5Ga0.5

Order-dependent magnetic properties

Fig. 2.3a-d depict a series of M(T ) curves of Ni2MnAl0.5Ga0.5 samples initially water-
quenched from the B2-stable regime (1073 K) and subsequently annealed in the L21-stable
regime at Ta = a) 573 K, b) 623 K, c) 673 K and d) 773 K in order to evoke L21 order in the
samples. Magnetic transition temperatures for all depicted M(T ) curves have been obtained
by Differential Scanning Calorimetry (DSC) and are given in Tab. 2.1 together with the
corresponding annealing times. As can be seen, after quenching from the B2 regime, the
samples show typical AFM behavior with a very low bulk magnetization M and a small cusp
at the Néel temperature TN . Upon isothermal annealing at low temperatures (e.g. Ta = 573 K,
Fig. 2.3a), a consistent increase in TN is observed together with an increase in M . Note that
due to reasons of conciseness, in the following, the magnetic transition temperatures will
be denoted as critical temperature Tc for all annealing conditions given that the magnetic
properties in the compounds change from AFM to FM as function of the atomic order.
Interestingly, with annealing, a pronounced cusp develops at Tc which in the early stages
increases in size with increasing annealing time. Comparing isothermal annealing at 573 K to
annealing treatments at higher temperatures (Ta = 623 K, 673 K, 773 K, Fig. 2.3b–d) reveals
that initially the magnetization curves follow the same evolution pathway at all Ta. However,
at elevated temperatures higher degrees of L21 order are kinetically accessible resulting in
stronger FM properties. Note in this respect the different y-axis scales in Fig. 2.3a–f. With
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Fig. 2.3 Evolution of M(T ) curves upon annealing B2-ordered Ni2MnAl0.5Ga0.5 samples at
a) 573 K, b) 623 K, c) 673 K and d) 773 K. Measurements have been performed under an
external magnetic field of 10 kOe. Magnetic transition temperatures for every depicted M(T )
curve have been determined by DSC measurements and are given in Tab. 2.1 together with
the corresponding annealing times. e) depicts the evolution of the M(T ) curves in 24 h at
873 K annealed, quenched and subsequently at 673 K annealed samples while the different
curves represent different annealing times at 673 K as given in Tab. 2.1. f) shows M(T )
curves for samples annealed for 24 h at 873 K followed by a 24 h annealing treatment at
various lower temperatures. These temperatures are also given in Tab. 2.1. All M(T ) curves
depicted here are directly related to the M(H) curves presented in Fig. 2.4 and Fig. 2.5.

increasing L21 order, the cusp below Tc decreases again and is only slightly noticeable after
isothermal annealing for 1440 min at 773 K.

Ishikawa et al. (2008) already reported these peculiar M(T ) curves for quenched samples
and also presented a method to evoke textbook FM properties in Ni2MnAl0.5Ga0.5 compounds
via a two-stage annealing treatment of first 24 h at 873 K followed by additional annealing at
lower annealing temperatures. Following this procedure and applying annealing treatments
of 24 h at 873 K with additional annealing for 24 h at various lower temperatures yields
the curves presented in Fig. 2.3f. Again, the corresponding annealing temperatures can
be found in Tab. 2.1. Obviously, in the two-step annealed samples the cusp completely



30 Magnetic properties of Ni2MnZ Heusler compounds

-3
-2
-1
0
1
2
3

-20 -10 0 10 20
Magnetic Field (kOe)

-4

-2

0

2

4

-20 -10 0 10 20

-1

-0.5

0

0.5

1

-20 -10 0 10 20

M
ag

ne
tiz

at
io

n 
(µ

B/
f.u

.)

-2

-1

0

1

2

-20 -10 0 10 20

-2
-1
0
1
2

-20 -10 0 10 20
Magnetic Field (kOe)

-4

-2

0

2

4

-20 -10 0 10 20
Magnetic Field (kOe)

= 773 KTad)

= 873 K + 673 KTae)= 573 KTaa) = 623 KTab)

= 673 KTac) = 873 K + var. TTaf)

tim
e

tim
e

tim
e

tim
e

tim
e T

Fig. 2.4 Evolution of M(H) curves upon annealing B2 ordered Ni2MnAl0.5Ga0.5 samples
at a) 573 K, b) 623 K, c) 673 K and d) 773 K. Measurements have been performed at 77 K.
Magnetic transition temperatures for all annealing state are given in Tab. 2.1 together with
the corresponding annealing times. e) depicts the evolution of the M(H) curves in 24 h at
873 K annealed, quenched and subsequently at 673 K annealed samples while the different
curves represent different annealing times at 673 K given in Tab. 2.1. f) shows M(H) curves
for samples annealed for 24 h at 873 K followed by a 24 h annealing treatment at various
lower temperatures. These temperatures together with the corresponding Tc values are given
in Tab. 2.1. All M(H) curves depicted here are directly related to the M(T ) and M(H)
curves presented in Fig. 2.3 and Fig. 2.5.

disappeared. Comparing the 773 K annealed samples in d and f shows that after an annealing
time of 1440 min at 773 K, even though the cusp is hardly visible, still a significantly reduced
bulk magnetization is observed, with the two-step annealed sample in f showing a bulk
magnetization at low temperatures that is 0.43µB/f.u. higher. Note, however, that both
samples in d and f have almost the same Tc with 361.8 K and 363.0 K, respectively.

In analogy to Fig. 2.3, Fig. 2.4 and Fig. 2.5 show M(H) curves for a variety of annealing
conditions. a–d refer to isothermal annealing of initially B2 quenched samples while e–f
refer to two-step annealed samples, first for 24 h at 873 K followed by isothermal annealing
at 673 K for different annealing times in e and followed by isothermal annealing for 24 h
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at different annealing temperatures Ta in f. Again, the respective annealing times and
temperatures together with the magnetic transition temperatures, the bulk magnetizations
at an external field of 15 kOe at 77 K and 295 K as well as the DC susceptibilities at 77 K
and zero field can be found in Tab. 2.1. As the M(T ) curves, also the M(H) curves show a
characteristic evolution of magnetic properties upon isothermal annealing, starting with a
typical AFM curve shape with a low susceptibility and low magnetization. With increasing
annealing time, the susceptibility increases and, in the accessible field range, the theoretically
predicted magnetization values for Ni2MnZ compounds (Entel et al., 2006) of around 4µB/f.u.
are eventually approached. The M(H) curve after 1440 min annealing at 773 K in Fig. 2.4d
already exhibits quite ideal FM properties. Comparing with the two-step annealed samples
in e–f however clearly shows that also the 773 K annealed samples in d still show some
compensation of the bulk magnetization.

Fig. 2.5 shows M(H) curves of the same annealing states as in Fig. 2.4 however at
295 K. As visible in Tab. 2.1, 295 K is just below Tc for the B2 quenched samples. However,
due to the unusually flat M(T ) curves between 77 K and 295 K for samples showing the
characteristic cusp in the M(T ) curves, the M(H) curves are quite similar at 77 K and 295 K.
In opposition to that, the two-step annealed samples (Fig. 2.5e–f) and also the final states of
annealing at 773 K (Fig. 2.5d) show a clear decrease of bulk magnetization M upon approach-
ing Tc as expected for a ferromagnet. When comparing the bulk magnetizations at 77 K and
295 K as tabulated in Tab. 2.1, it is evident that for early stages of isothermal annealing they
are almost identical, while in the later stages, the values at 77 K are around 1µB/f.u. higher
than at 295 K. These observations further demonstrate the magnetic compensation in the
early stages of annealing.

Interpretation of the experimental results

After having described the characteristic features of the bulk magnetization curves in various
annealing conditions, the underlying processes for the observed behavior shall be elucidated.
Ishikawa et al. (2008); Umetsu et al. (2011) were able to link the peculiar magnetic properties
observed in Ni2MnAl0.5Ga0.5 to the size of the L21 APD structure by comparing the domain
size observed by dark field TEM to magnetization measurements. Specifically, they revealed
that the cusp close to Tc and the compensation of the bulk magnetization in early stages of
ordering are inherently linked to the APD dimensions, without however giving a convincing
mechanism for this dependency. Also, Ishikawa et al. (2008) already disclosed that despite
very different bulk magnetizations, apparently two-step 873 K, 673 K and one-step 673 K
annealed samples show comparable Tc values despite very different bulk magnetization
values. At the same time, the pathway of L21 ordering in Heusler alloys was previously
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Fig. 2.5 Evolution of M(H) curves upon annealing B2 ordered Ni2MnAl0.5Ga0.5 samples
at a) 573 K, b) 623 K, c) 673 K and d) 773 K. Measurements have been performed at 295 K.
Magnetic transition temperatures for any annealing state are given in Tab. 2.1 together with
the corresponding annealing times. e) depicts the evolution of the M(H) curves in 24 h at
873 K annealed, quenched and subsequently at 673 K annealed samples while the different
curves represent different annealing times at 673 K given in Tab. 2.1. f) shows M(H) curves
for samples annealed for 24 h at 873 K followed by a 24 h annealing treatment at various
lower temperatures. These temperatures together with the corresponding Tc are given in
Tab. 2.1. All M(H) curves depicted here are directly related to the M(T ) curves presented
in Fig. 2.3 and Fig. 2.5.

shown by Murakami et al. (1980a,b) to be composed of essentially two processes, namely
the formation of (local) order and the growth of the APD structure. This observation is
reasonable given that the non-equilibrium process of order formation is mediated via short
range energetic interactions. As a consequence, the atomic order on the local, short range
scale equilibrates quickly after few atomic jumps, while initially, the density of APD is high.
The growth of the APD structure however needs significantly more time since the correlations
over larger distances are not mediated via direct energetic interactions. Comparing these
findings to the magnetization measurements shown in Figs. 2.3, 2.4, and 2.5 allows to infer
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that both processes, i.e. short-range order formation and APD growth, can be linked with
specific magnetic properties that predominantly depend on them.

Following this assumption, it appears that Tc evolves much faster during isothermal
annealing treatments than M . Considering e.g. annealing at 673 K (see Tab. 2.1), it is
observed that Tc after 2130 min annealing time is with a value of 373.6 K close to the
presumed equilibrium value for annealing at 673 K of 380.5 K (≈ 90 %) of that value while
the magnetization at 77 K and 15 kOe is with a value of 2.56µB/f.u. significantly lower than
the presumed equilibrium value of 3.97µB/f.u. (≈ 65 %). Even more pronounced is the
difference in DC susceptibilities χ that were determined by linearly fitting the M(H) curves
around zero field. Here, in the 2130 min annealed sample, a value of 0.37µB/f.u. kOe is
found while the presumed equilibrium state shows a value of 1.11µB/f.u. kOe (≈ 33 %).
Hence, different magnetic properties seem to depend differently on the state of order in the
sample and can consequently be used to track the underlying processes independently.

Specifically, it is the intention to understand the evolution of L21 order in the 2D parameter
spaces Tc − M and Tc − χ for the entire data set presented in Tab. 2.1. These parameter
spaces are composed of the magnetic transition temperature Tc and the bulk magnetization at
15 kOe and 77 K M15kOe as well as of Tc and the DC susceptibility at zero field and 77 K χ,
respectively. This evolution is presented in Fig. 2.6, with Tc −M being depicted in the left
panel and Tc − χ being depicted in the right panel. The as-quenched, B2-ordered state is
found in the lower left corner of both plots, being characterized by a Tc of ≈ 300 K and a very
low M and χ value. Isothermal annealing brings first about an increase in Tc while clearly
M and especially χ initially remain at a low value. It should be pointed out that starting from
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the lower left corner, upon isothermal annealing at various temperatures initially the same
pathway is followed at all annealing temperatures. Upon further annealing, Tc approaches
the equilibrium value and the ordering pathway evolves vertically in the 2D parameter space,
while Tc increases only incrementally. Note that the equilibrium Tc and M values differ for
annealing at different temperatures due to the second order nature of the B2-L21 transition.
This explains, why the curves take a slightly different pathway depending on the annealing
temperature Ta. Higher Ta correspond to a lower equilibrium state of order and hence a
lower Tc and M value. The presumed equilibrium values under the boundary condition of
a large APD structure are also depicted in Fig. 2.6. Specifically, the dark gray data points
resemble all two-step annealed states. Since the two-step annealed states do show quasi
prototypical FM behavior, it is assumed that in fact the APD structure under these annealing
conditions is large enough not to influence the magnetic properties anymore. Hence, in the
two-step annealed samples, the degree of long-range order is the only parameter influencing
the magnetic properties. Clearly, annealing at higher temperatures yields a lower degree of
L21 order meaning that an increased number of Mn and Al/Ga atoms change their positions
which leads to a compensation of the bulk magnetization via Mn-Mn nearest neighbor pairs
coupling in an AFM fashion. This is of course to distinguish from the existence of a small
scale APD structure that evolves kinetically upon annealing a disordered sample in the
L21-stable regime.

Since a similar pathway in the 2D parameter spaces is followed at all Ta, the altered
kinetics at different Ta allows to access different regimes of the evolution path. While at
573 K, essentially the initial evolution of Tc can be followed and the later evolution of M /χ

is kinetically inaccessible, upon annealing at 773 K kinetics is so fast that early stages of the
ordering process are difficult to grasp. The comprehensive data set recorded in this thesis
allows for the first time to describe the entire ordering process for Ni2MnAl0.5Ga0.5 in the
2D parameter spaces from the very early to the very late stages.

2.2.2 The Ni2MnAl system

Order-dependent magnetic properties

In the following, the insights gained from the model compound Ni2MnAl0.5Ga0.5 with respect
to the L21 ordering process and its influence on the magnetic properties of these materials
is transfered to the ternary Ni2MnAl system. Ni2MnAl is a sought-after Heusler material
with interesting properties such as a relatively high ductility and higher cost efficiency than
e.g. Ni2MnGa. Yet, Ni2MnAl tends to adopt a low degree of L21 order which impedes the
material to live up to its expectations. Having demonstrated that across the Ni2MnAl1−xGax
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Fig. 2.7 a) M(T ) and b–c) M(H) curves for Ni2Mn1.12Al0.88 in different annealing condi-
tions. Initially, samples have been quenched from 1273 K, followed by isothermal annealing
at 668 K for the annealing times indicated. M(T ) measurements have been performed in an
external magnetic field of 10kOe. M(H) were measured at 77 K b) and 295 K c).

system similar magnetic properties are observed, it is appealing to compare Ni2MnAl with a
limited kinetic accessibility of L21 order to the model system Ni2MnAl0.5Ga0.5. Specifically,
this comparison will be made for a Mn-rich off-stoichiometric Ni2MnAl compound whose
composition resembles technically relevant alloys. For a detailed introduction to the Ni2MnAl
system please refer to Chapter 3.

Fig. 2.7 depicts M(T ) and M(H) curves of Ni2Mn1.12Al0.88 samples initially quenched
from the B2-stable regime at 1273 K and subsequently annealed at 668 K in the L21-stable
regime. As can be seen, the evolution of magnetic properties of Ni2Mn1.12Al0.88 mimics
respective evolution in Ni2MnAl0.5Ga0.5. The B2-quenched state is AFM in nature with a
low bulk magnetization M and a low DC susceptibility χ. Upon annealing, the compound
develops stronger FM properties with a cusp emerging close to the magnetic transition
temperature Tc. Simultaneously, Tc increases as function of annealing time. Tab. 2.2a
summarizes the magnetic properties for Ni2Mn1.12Al0.88 upon isothermal annealing at 668 K.
Specifically, Tc as determined by DSC, M at 77 K and 295 K under an external field of
15 kOe as well as the DC susceptibility χ at zero field and 77 K are tabulated together with
the corresponding annealing times.

Comparing the magnetic properties of Ni2Mn1.12Al0.88 to Ni2MnAl0.5Ga0.5 reveals that
the B2-quenched state, even though adopting comparable properties in both compounds,
shows in Ni2Mn1.12Al0.88 a decrease in magnetization between 77 K and approximately
300 K that is not found in Ni2MnAl0.5Ga0.5. Interestingly, it appears that upon annealing, this
feature persists and the developing FM properties together with the cusp are superimposed
on the declining M(T ) curves of the as-quenched state. Similar M(T ) curves have been
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time
(min.)

Tc

(K)
M 77 K

15kOe

(µB/f.u.)
M 295 K

15kOe

(µB/f.u.)
χ77 K

(µB/f.u. kOe)
a) Tq = 1273 K, Ta = 668 K

0 298.2 0.15 0.08 0.0100(1)
10 314.4 0.20 0.13 0.0136(1)
120 320.0 0.27 0.22 0.0191(2)

2820 327.6 0.35 0.32 0.0272(2)
b) Tq = 1073 K, Ta = 668 K

0 295.6 0.16 0.08 0.0127(1)
30 307.1 - 0.13 -
240 326.3 0.31 0.27 0.0247(2)

2820 345.2 0.99 0.96 0.1236(7)
6220 347.6 1.19 1.11 0.1778(7)
Tq

(K)
Tc

(K)
M 77 K

15kOe

(µB/f.u.)
M 295 K

15kOe

(µB/f.u.)
χ77 K

(µB/f.u. kOe)
c) as-quenched from Tq

1273 298.2 0.16 0.08 0.0100(1)
1173 297.5 0.14 0.07 0.0095(1)
1073 295.6 0.16 0.08 0.0127(1)
973 295.7 0.15 0.07 0.0125(1)
873 298.2 0.16 0.08 0.0123(1)

d) as-quenched from Tq, 2880 min annealed at 668 K
1273 327.6 0.35 0.32 0.0272(2)
1173 331.7 0.43 0.42 0.0350(3)
1073 345.2 0.99 0.96 0.1236(7)
973 333.6 0.44 0.44 0.0359(3)
873 317.6 0.22 0.16 0.0168(1)

Table 2.2 Magnetic transition temperatures as determined by DSC, bulk magnetization values
at 15 kOe and 77 K/295 K and DC susceptibilities for samples annealed for different annealing
times at various annealing temperatures. The data given here refers to the measurements
depicted in Figures 2.7, 2.8 and 2.9.

reported by e.g. Ishikawa et al. (2008) for stoichiometric Ni2MnAl in the B2-quenched state,
yet, so far, no explanation has been given explaining this peculiar feature.

The influence of the quenching temperature on the atomic order and the magnetic
properties

Primarily to study the kinetics of the L21 ordering process (see Section 3.4), Ni2Mn1.12Al0.88
samples have been quenched from various quenching temperatures Tq followed by subsequent
isothermal annealing at Ta = 668 K. The primary goal of this experiment was to confirm
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Fig. 2.8 (a) M(T ) and (b–c) M(H) curves for Ni2Mn1.12Al0.88 in different annealing condi-
tions. Initially, samples have been quenched from 1073 K, followed by isothermal annealing
at 668 K for the annealing times indicated. M(T ) measurements have been performed in an
external magnetic field of 10kOe. M(H) were measured at 77 K (b) and 295 K (c).

the hypothesis that a higher quenching temperature leads to a larger amount of quenched-
in excess vacancies which again influences the ordering/diffusion kinetics. Clearly, the
equilibrium state of order at a given annealing temperature Ta should by no means be affected
by Tq. Surprisingly, a highly counterintuitive behavior was consistently observed. Fig. 2.8
shows M(T ) and M(H) curves for Ni2Mn1.12Al0.88 quenched from 1073 K followed by
subsequent annealing at 668 K in close analogy to the measurements shown in Fig. 2.7.
Characteristic magnetic properties retrieved from the measurements are again tabulated in
Tab. 2.2. As can be seen, even though the initial as-quenched state shows identical magnetic
properties when quenched from 1273 K and 1073 K, the evolution of magnetic properties
upon low temperature annealing is quite different. While the early stages of annealing in
both annealing conditions agree well, at later stages, the samples quenched from 1073 K
show more pronounced FM properties. For instance, samples annealed for 2820 min at
668 K, show in case of quenching from 1273 K a Tc value of 327.6 K and a M77K

15kOe value of
0.35µB/f.u. while they exhibit in the case of quenching from 1073 K a Tc value of 345.2 K
and a M77K

15kOe value of 0.99µB/f.u..
After consistently observing this effect for Tq = 1273 K and Tq = 1073 K, a comprehensive

investigation on the dependency of the state of order and the magnetic properties from the
quenching temperature Tq was performed. Fig. 2.9 shows M(T ) and M(H) curves for
samples quenched from various Tq in the as-quenched state as well as in the 2880 min
at 668 K annealed state. As can be seen, the as-quenched states show identical magnetic
properties with differences only being observed in the M(T ) curves at 500 Oe. It should
however be noted that at low fields the sample demagnetization influenced by the sample
shape comes into play and in the presented experiments, sample shape could not actively
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Fig. 2.9 M(T ) curves at 10 kOe and 500 Oe as well as M(H) curves at 77 K and 295 K for
Ni2Mn1.12Al0.88 samples in different annealing conditions. The top row refers to samples
quenched from different temperatures Tq in the B2-stable regime. The bottom row refers
to sample quenched from the indicated temperatures followed by a 2880 min annealing
treatment in the L21-stable regime at 668 K.

be controlled since samples tend to break along grain boundaries. Despite these deviations
in the M(T ) curves at 500 Oe, the magnetic properties in all as-quenched states are similar,
indicating that the state of order after quenching is indeed the same. Annealing at 668 K
for 2880 min brings about FM properties, yet, as visible in Fig. 2.9 and Tab. 2.2, the FM
properties in the 1073 K quenched sample are more pronounced than in the samples quenched
from lower or higher temperatures. This behavior is reflected in all monitored magnetic
properties, specifically Tc, M and χ. While, as already discussed, the slower ordering process
after quenching from lower temperatures is well explainable by a decreased amount of excess
vacancies present in the sample, this argument does not explain why quenching from higher
temperatures also leads apparently to lower degrees of L21 order after similar annealing
times.

In order to study the nature of the ordering process, in analogy to Fig. 2.6, the ordering
pathway in the 2D parameter space composed of M /χ and Tc can be evaluated for all
measured states of annealing. Fig. 2.10 shows the results of this analysis. As can be seen, the
data points are composed of the three distinct experimental series, the isothermal annealing
series as given in Tab. 2.2a–b, the series of annealing states as-quenched from a variety
of Tq in the B2-stable regime as given in Tab. 2.2c, as well as the samples quenched from
different Tq and subsequently 2880 min annealed at 668 K as given in Tab. 2.2d. Evidently,
all annealing states follow the same trajectory in the 2D parameter space composed of Tc-M
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Fig. 2.10 Evolution pathway of L21 ordering in Ni2Mn1.12Al0.88 in the 2D parameter space
composed of Tc-M at 77 K (left) and Tc-χ at 77 K (right).

(left) and Tc-χ (right). Comparing Fig. 2.10 to Fig. 2.6 shows a convincing agreement
of the pathway between Ni2Mn1.12Al0.88 and Ni2MnAl0.5Ga0.5 with a primary movement
along the Tc axis, while M and especially χ start to increase as soon as Tc is close to
the equilibrium value. Note that the values for M and χ are significantly lower than for
Ni2MnAl0.5Ga0.5 indicating that 2820 min annealing at 668 K corresponds still to a highly
compensated magnetic state with presumably a large density of APDs. Nonetheless, the
common trajectory of the Ni2Mn1.12Al0.88 data points from all experimental series is a good
indication that in fact the same ordering pathway is followed in all cases and that the same
ordering mechanism is active in all samples. Hence, the observed differences in order
formation after quenching from different temperature Tq can presumably be ascribed to
diffusion kinetics rather than thermodynamics while the reason for this is still unclear.

2.3 Monte Carlo simulations of order-dependent magnetic
properties

2.3.1 Introduction

In order to understand the observed magnetic properties of Ni2MnZ Heusler compounds
and specifically the influence of the mesoscale nuclear structure, computer simulations are a
viable support of the experimental work. They have the tremendous advantage that selected
parameters can be studied independently which is often not possible under experimental
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conditions. Hence, in this section, Monte Carlo simulations are employed in order to
understand the microscopic origin of the observed macroscopic magnetic properties.

In the introductory remarks, for the studied Ni2MnZ alloys, a Heisenberg Hamiltonian
for classical spins was presented as

H = −J1
∑
⟨i,j⟩Mn,Mn

σ⃗iσ⃗j − J2
∑
⟨i,j⟩Mn,Ni

σ⃗iσ⃗j (2.3)

taking into account a weak nearest neighbor (NN) FM Ni-Mn interaction (J2) and a
strong NN Mn-Mn interaction that is AFM in nature (J1). In the following, J1 shall be fixed
to -1. The sums in the Hamiltonian are sums over nearest neighbors counting every pair
once. Note, NN Mn-Mn pairs specifically refer to Mn site-antisite pairs in the L21 structure.
Consequently, a Mn on a Mn site interacts antiferromagnetically with a Mn on a Z site.

Additionally, it was already introduced that the moments on Ni are induced by the Mn
spins on the 8 surrounding lattice sites as expressed via

σ⃗Ni = 1
4

∑
⟨i⟩Mn

σ⃗i. (2.4)

Hence, in the B2 structure, with disorder between the Mn and Z sublattice, due to the
AFM coupling, on average the sum of the neighboring Mn spins is zero. As a result, the
induced moment on Ni in B2 ordered Ni2MnZ compounds is also zero and the material
shows perfect AFM properties. In the perfectly ordered L21 structure, NN Mn-Mn pairs do
not exist and hence only the FM Ni-Mn interactions are active in the system. As a result, all
Mn moments point in the same direction and the induced moment on Ni takes on a maximal
value. These boundary cases have previously been studied for Ni2MnAl by DFT calculations
where the magnetic moment on Ni was determined to be 0.32µB/f.u. in the L21 structure
and zero in the B2 structure (Simon et al., 2015). Simon et al. (2015) also found that the
calculated moment on Ni in Ni2MnAl decreases linearly with the Mn occupancy on the Al
lattice.

Given the induced non-rigid moments on Ni, the Heisenberg Hamiltonian of the system
can be renormalized to an effective Hamiltonian taking into account only the rigid Mn
moments as demonstrated by Ležaić et al. (2013). The resulting effective Hamiltonian can
hence be written as

H = C − (−1 + J2)
∑
⟨i,j⟩100

σ⃗iσ⃗j −
J2
2

∑
⟨i,j⟩110

σ⃗iσ⃗j −
J2
4

∑
⟨i,j⟩111

σ⃗iσ⃗j −Bz

∑
i

σi (2.5)
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Fig. 2.11 Schematic depiction of the L21 APD types in Ni2MnZ compounds. Shown is a
proposed MC move that preserves the proportion of APD types.

where the Ni-Mn interaction is renormalized to an effective Mn-Mn interaction in ⟨100⟩,
⟨110⟩ and ⟨111⟩ direction. This renormalized Hamiltonian is much easier to deal with and
has significant advantages in terms of computational costs in Monte Carlo (MC) simulations
of the magnetic properties. Note that a term describing the effect of an external magnetic
field Bz was added to the renormalized Hamiltonian as it is needed for the simulation of
magnetic properties presented below. Bz in above notation refers to an external magnetic
field which is strictly applied in z-direction. Again, the sums refer to NN sums in which any
given pair is counted once.

2.3.2 Simulation of atomic structures

In order to decipher the magnetic interactions across APBs and consequently study the effect
of the mesoscale nuclear structure on the magnetic properties, in a first step, a realistic APD
structure has to be composed. Considering that the APD structure is crystallographically
highly complex, such a structure cannot be artificially tailored but needs to be simulated
in order to mimic reality. This can conveniently be done using an Ising model on a simple
cubic lattice. Specifically, a Metropolis algorithm (Metropolis et al., 1953) was employed
to simulate the sublattice occupancies on the 3D simple cubic Mn-Z sublattice of Ni2MnZ
Heusler compounds under conservation of mass (which is identical to the 3D antiferromag-
netic Ising model on a simple cubic lattice). Further, equal proportions of the two possible
APD types were required. Fig. 2.11 shows a 1D representation of the problem. Depicted is a
chain of Mn and Z atoms with two APBs. Drawing the phase information below the atoms
shows that in fact only two types of APD exist, one where Mn are on + positions and Z are
on − positions and one where it is the other way around. When now atoms are exclusively
exchanged between APD of different types, the overall proportion of APD types remains
constant. Hence, in the employed algorithm, a random lattice site in domain A is selected and
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0 subst.

atomic
config.

3 subst. 10 subst. 100 subst.

domains

Fig. 2.12 MC simulations of the L21 APD structure with red and blue representing Mn and
Z, respectively. The upper row shows the retrieved atomic configurations while the lower
row shows the phase of the ordered domains. From left to right, the proposed substitutions
per lattice site increase from 0 on the left to 100 on the right. Simulations were performed on
a 64×64×64 lattice with periodic boundary conditions while here only a 20×20 section is
depicted.

the atomic species (either Mn or Z) is determined. Next, random lattice sites in domain B are
chosen until one is found that is occupied with the other species. The atoms on the randomly
selected lattice sites are then exchanged with the probability min

(
1, exp(−Ef−Ei

kBT
)
)

where
Ei is the energy of the configuration before the move and Ef is the energy of the configuration
after the move. The energy is calculated as

E = −J
∑
⟨i,j⟩

σiσj (2.6)

with a sum over all pairs of neighbors counted once and parameter J being negative. Here, J
is set equal to −1. On the simple cubic lattice, any lattice site has 6 neighbors and σi,j in a
Ising sense can take on values of {±1} for Mn and Z, respectively. Consequently, a Mn/Z
surrounded by 6 Z/Mn has the lowest possible energy of −6 while a Mn/Z surrounded by 6
Mn/Z has a energy of +6.

In other words, according to the acceptance probability, a move is accepted if the resulting
configuration is energetically favorable while it is accepted with a probability of exp(−Ef−Ei

kBT
)

in case it is unfavorable, meaning that Ef is larger than Ei. If the temperature T is low, the
acceptance probability of an unfavorable move is close to zero and the algorithm will create
fully ordered configurations. On the other hand, if T is high, the acceptance probability also
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for energetically unfavored configurations is high which results in a disordered configuration.
The transition between the ordered and the disordered phase is a second order phase transition
as is in reality the B2-L21 transition.

In order to simulate realistic APD structures, a random occupancy of Mn and Z is
created on a 64×64×64 lattice with periodic boundary conditions as a starting point and the
simulation is run at a temperature where Mn-Z order is stable (here, simulations were run
at 0.44Tt with Tt being the phase transition temperature). Non-equilibrium states of order
with APBs are then sampled via proposing MC moves. The amount of MC moves/proposed
substitutions is basically equivalent to annealing time in an isothermal annealing experiment.
Fig. 2.12 shows the result of this computer simulation. For reasons of readability, only
20×20 sections of the simulated configurations are depicted. The picture of zero proposed
substitutions per lattice site represent the random starting configuration. With an increased
number of proposed substitutions per lattice site, first the emergence of local order can be
observed, while initially a high density of APBs exists. Clearly, as the first few proposed
substitutions per atom already establish the local order inside a domain, after a low number
of substitutions the growth of the APD structure becomes the dominating characteristic of
the simulations. The observed features, namely the initial emergence of local order followed
by the growth of the APD structure, nicely agree with the interpretation of the experimental
data presented in the first part of this chapter. Note that the simulated configurations depend
strictly on the temperature of the simulation which was chosen in order to yield a state of
high order. At higher temperatures, the order inside a given domain will be lower and also
the APB might show a different appearance. Yet, studying these effects systematically is
outside the scope of this thesis. Due to the requirement that the proportion of domain types
remains constant, the obtainable size of the APD structure in the employed simulations is
restricted by the size of the lattice. At maximum, the atomic configuration can be divided
into two large domains, one of type A and one of type B, that are divided by two smooth
interfaces.

2.3.3 Simulation of magnetic properties

In a further step, a simulated APD structure was fed into a magnetic simulation based on the
renormalized Hamiltonian presented in (2.5). To simulate spin configurations on the Mn-Z
lattice, a Heisenberg heat bath algorithm similar to the Ising heat bath algorithm described in
Krauth (2006) in combination with a cluster algorithm similar to Wolff (1989) was employed.

In principle, the degrees of freedom in the magnetic simulations are, with J1 being
fixed, J2 representing the strength of the FM interaction in the system, the temperature and
the external magnetic field Bz. To understand the general effect of APBs in the system,
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a progressed state of APD formation (approximately 50 proposed substitutions per lattice
site) was used to study the magnetic ground state configurations under a low magnetic field
and at low temperature. Fig. 2.13 shows a 2D section of such ground state configurations
for different J2. The white lines in the figure show the APBs, the arrows represent the 2D
orientation of the spins, while the color also depicts the directional information. First of all,
it is apparent that on the left hand side, with the lowest J2 value, the APDs and the magnetic
domains coincide while across the APB an AFM coupling is present. Hence, for low J2

values, the magnetic domain walls are quasi exclusively 180◦ walls. Upon increasing the
ferromagnetic interaction J2 in the system, first the coupling angle across the APB decreases
and from a certain point on, the entire configuration becomes FM despite the presence of
APBs. The results of the computer simulations for low J2 values reproduce the experimental
results by Park et al. (2012) where using Lorentz-TEM, a coincidence of structural and
magnetic domain walls was observed in Ni2MnAl0.5Ga0.5 with unusually narrow magnetic
domain walls. Further, Park et al. (2012) reported that most magnetic domain walls were
180◦ walls.

To quantify the coupling behavior as a function of J2, the coupling angle between the
average magnetization vector σ̄A in all domains of type A and the magnetization vector σ̄B

in all domains of type B is shown in Fig. 2.14. For low J2 values, the coupling between
APDs is perfectly AFM with an angle Θ of 180◦ while in the regime of 0.58 < J2 < 0.68, a
transition to the FM state with Θ = 0◦ is observed. Interestingly, the transition from AFM to
FM coupling is gradual with a variety of transition states where the coupling angle Θ takes

J  =0.562 J  =0.642 J  =0.702

Bz

Fig. 2.13 Simulated ground state configurations for a progressed state of a simulated APD
structure and different interaction parameters J2. On the left hand side, where J2 is small,
a clear AFM coupling across structural antiphase domains is seen. On the right hand side,
where J2 is large, a fully FM configuration is observed.
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Fig. 2.14 Magnetic phase diagram for a Ni2MnZ compound with progressed APD structure
as a function of the FM exchange interaction J2. Depicted is the angle Θ between the mean
magnetization vector in domain type A and domain type B. The dashed line represents the J2
value selected for M(T ) and M(H) simulations.

on intermediate values. For the further simulation of M(T ) and M(H) curves, J2 has been
fixed in the AFM regime at a value of 0.56.

In order to simulate M(T ) and M(H) curves as a function of the domain size, a series
of realistic APD structures has been created in the fashion described above. Next, M(T )

curves have been simulated on cooling and heating under the presence of a constant external
magnetic field Bz = 0.01. The M(T ) curves are shown in the left panel of Fig. 2.15 while
the growth state of the APD structure is encoded in the number of proposed substitutions per
atom. In this respect, M(T ) curves for random occupancy (0 subst./atom), 1, 2, 3, 10, 30, 50
and 100 subst./atom are shown together with the M(T ) curve of a single domain L21-ordered
configuration. The y-axis of the plot shows the relative Mn magnetization, hence a value
of 1 stands for a perfect alignment of all Mn moments with the external magnetic field. All
simulations were performed on a 64×64×64 lattice with periodic boundary conditions.

The results show that with random Mn-Z occupancy (B2 order), the overall magnetization
is low and AFM properties are observed. Increasing L21 order leads to the emergence of a
characteristic cusp close to the magnetic transition temperature Tc that grows in size as the
state of order progresses. Furthermore, with an increased number of proposed MC moves, Tc

as well as the bulk magnetization M gradually increase. Hence, the simulations convincingly
reproduce the main features of the experimentally obtained M(T ) curves presented in Fig
2.3.

Simulated M(H) curves for the same structural configurations as in the left panel are
depicted in the right panel of Fig. 2.15. Those simulations have been performed at a kBT

value of 0.1. It is found that the initial random Mn-Z configuration shows a very low
magnetization M together with a low DC susceptibility. With increased L21 order, the
susceptibility as well as the bulk magnetization increase. The single domain L21 structure
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Fig. 2.15 Simulated M(T ) (left) and M(H) curves (right) as a function of the domain size in
a Ni2MnZ compound. The domain structure is encoded as proposed substitutions per atom
in the above described simulation of the APD structure. M(T ) curves have been simulated
in an external magnetic field Bz of 0.01 and M(H) curves were simulated at a temperature
kBT of 0.1.

then yields perfect ferromagnetic properties at all fields since sample demagnetization is
not accounted for in the simulations. Again, the results perfectly agree with the qualitative
behavior observed experimentally (see Fig. 2.4).

The ideal {100}-APB

Having demonstrated a convincing agreement between experiment and simulation for the
simulated APD structures, in the following, the mechanism of the observed magnetic coupling
across APBs is investigated. Assuming an atomically sharp APB, this coupling is in its
elementary features easy to understand and was already proposed for MnAl in the 1960s
by Zijlstra and Haanstra (1966) and later for the prototypical Heusler compound Cu2MnAl
in the 1970s by Lapworth and Jakubovics (1974). At certain APBs, Mn atoms are in NN
positions and hence couple in an AFM fashion. At the same time, due to a high degree of
local L21 order, the domains themselves show FM properties. Hence, any APB induces an
orientation change of the local magnetization direction of the entire domain with respect
to the neighboring domain and consequently, entire domains behave as supermoments that
couple in an AFM fashion. However, the magnetization distribution in a magnetically coupled
APD structure and its influence on the magnetic properties has so far not been convincingly
described. Due to their complexity, also the magnetization distribution in the simulated APD
structures are not suited to solve this problem. For this reason, in this section, artificial APBs
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Fig. 2.16 Simulated ground state configurations for a {100}-APB with different interaction
parameters J2. On the left hand side, J2 is small and a clear AFM coupling of structural
antiphase domains is observed. On the right hand side, where J2 is large, a fully FM
configuration is found.

with a simple crystallographic orientation are investigated. In principle, an APB can have an
arbitrary crystallographic orientation. Here, exemplarily, a {100}-APB is studied.

The magnetic ground state configurations for two values of J2 under a small magnetic
field and at low temperature are presented in Fig. 2.16. Also for {100}-APBs, at low J2 an
AFM-like coupling between domains is observed. As known from antiferromagnets, under
the presence of an external magnetic field, the spins align orthogonal to the field direction – a
behavior also observed at the AFM coupled APB. At larger J2 values the magnetic exchange
across the APB changes and the entire configuration shows FM properties where all spins
are aligned in parallel.

Analyzing the spin configuration as a function of the FM exchange interaction J2 yields
the results presented in Fig. 2.17. In contrast to the observed behavior in simulated APD
structures, the coupling at the {100}-APB switches abruptly from AFM to FM coupling at
J2 values just above 0.5. This value is considerably lower than the transition observed in the
simulated structure (see Fig. 2.14) where J2 values of 0.58 still show perfect AFM coupling.

Using {100}-APD structures of different size, magnetization curves were simulated in
order to confirm the overall agreement of the magnetic coupling across {100}-APBs with
respect to the simulated APD structures. Fig. 2.18 shows the implementation of different
domain sizes for the {100}-APD structures. All magnetic simulations were executed on
128×32×32 lattices with periodic boundary conditions while different APD sizes were
realized via introducing APBs every 8, 16, 32 and 64 atoms. Note that due to the periodic
boundary conditions, the extension of the APD structure in the other two dimensions is quasi
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Fig. 2.17 Magnetic phase diagram for a {100}-APB structure on a 32×32×32 lattice with
periodic boundary conditions as a function of the FM exchange interaction J2. Depicted is
the angle Θ between the mean magnetization vector in domain type A and domain type B.
Different to the simulated APD structure, at the {100}-APB the transition from the AFM to
the FM regime seems to be abrupt at values just above J2 = 0.5.
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Fig. 2.18 Depiction of structural {100}-APD with varying APB densities as used for the
simulation of magnetization curves.

infinite. In order to ensure AFM coupling across the APBs in the ground state, all simulations
have been performed with a J2 value of 0.4, well in the regime of AFM coupling.

Fig. 2.19 shows M(T ) (left) and M(H) curves (right) simulated on the {100}-APD
structures presented above. The characteristic features of the magnetization curves for the
simulated APD structures (see Fig. 2.15) are nicely recovered also for the {100}-APD
structures. Clearly, at high APB densities a cusp close to the transition in the M(T ) curves is
observed. Interestingly, due to the possibility to realize larger APD sizes with respect to the
simulated structures on a 64×64×64 lattice, the disappearance of the cusp towards larger
APD dimensions is observed in the M(T ) curves of the {100}-APD structures. Furthermore,
a comparison between the simulations and the experimental data in Fig. 2.3d reveals an
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Fig. 2.19 Simulated M(T ) and M(H) curves on the {100}-APD structures as depicted
in Fig. 2.18. Simulations were performed on 128×32×32 lattices with periodic boundary
conditions. The y-axis shows the relative Mn magnetization, meaning that a value of 1
corresponds to the situation where all Mn spins are completely aligned with the external
magnetic field Bz. Black triangles indicate configurations analyzed in detail below and
presented in Fig. 2.21. M(T ) curves were simulated on heating and cooling. M(H) curves
were simulated under increasing field and decreasing field.

excellent agreement with the M(T ) curves of samples annealed at 773 K. Note that the shift
of the M(T ) curves towards lower temperatures (and hence the lower magnetic transition
temperature Tc) with respect to the M(T ) curves presented in Fig. 2.15 results from the
lower FM J2 interaction parameter. Yet, the qualitative curve shape in both cases is identical.
Furthermore, the M(H) curves in the right panel of Fig. 2.19 show a convincing agreement
to the experimental results and as well to the M(H) curves for the simulated APD structures.
Specifically, the increase in DC susceptibility together with the increasingly FM curve shape
with increased APD size is clearly observed. For the M(H) curves, it is evident that the
progress towards ideal FM properties is more advanced in the {100}-APD structures than
in the simulated ones presented in Fig. 2.15. The black triangles in Fig. 2.19 indicate the
configurations that will be analyzed more thoroughly on the following pages in order to
understand the emergence of the cusp and the effect of an external magnetic field on the spin
configurations on a microscopic level.

To understand the magnetization distribution as function of the distance to the APB,
the magnetization along the external magnetic field Bz is evaluated in planes parallel to
the APB. Fig. 2.20 shows this average magnetization per lattice plane along the 128 atoms
sized z-direction for domain sizes of 8×32×32, 16×32×32, 32×32×32 and 64×32×32,
respectively, at an external magnetic field Bz of 0.01 and a temperature kBT of 0.2. APBs in
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Fig. 2.20 Average magnetization parallel to APBs in {100}-APD structures as function of
APD size. Vertical dashed lines depict APBs. Horizontal dashed lines show the average
magnetization of the configurations. Simulations were performed on 128×32×32 lattices
with periodic boundary conditions as averaged over 60 configurations per parameter set.

the different configurations are illustrated by vertical dashed lines. What is striking is the fact
that the magnetization in the center of an APD is significantly higher than at the APB. The
reason are the NN Mn-Mn spins at the APB which arrange in an AFM fashion orthogonal to
the applied field. Consequently the magnetization in Bz direction is small. However, with
increasing distance from the APB, the effect of the AFM interaction at the APB becomes
smaller and the magnetic moments turn in order to align with Bz. Interestingly, with an
external magnetic field being present, the angle of the spins at the APB is not 180◦ anymore
but lower. Hence, the magnetization has a contribution in Bz direction also at the boundary.
Increasing the APD size now results in two things: First of all, the angle between the spins
at both sides of the APB decreases. Consequently the magnetization along Bz increases.
Second, due to the larger APD size, the spins in the center of the domain are less influenced
by the APB which results in a higher magnetization in the center of the domain. Clearly, due
to both effects, the average magnetization M̄z of the entire configuration increases with APD
size.

Up to this point, it has not been elucidated how the external magnetic field and temperature
interact with a given spin structure. Specifically, the emergence of the characteristic cusp
close to Tc has not been addressed. To resolve this issue, simulations have been performed on
the {100}-APD structure with domain size 16×32×32 at different external magnetic fields
Bz and constant temperature as well as at different temperatures and constant Bz. The results
are depicted in Fig. 2.21 and refer to the parameter sets indicated by the black triangles
in Fig. 2.19. The left panel of Fig. 2.21 shows the magnetization in z-direction averaged
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Fig. 2.21 Average magnetization in planes parallel to APBs in {100}-APD structures as
function of temperature (left) and as function of the external magnetic field (right). The
depicted parameter sets correspond to the black triangles in Fig. 2.19. Vertical dashed lines
show APBs. Horizontal dashed lines show the average magnetization of the configurations.
Simulations were performed on 128×32×32 lattices with periodic boundary conditions and
domain sizes of 16×32×32. Depicted are 64 atomic layers sections of the configurations.
Magnetization values are averaged over 60 configurations.

over lattice planes parallel to the APB as a function of temperature kBT and the right panel
shows the average magnetization in z-direction as a function of Bz. In the left panel, the
increase in magnetization approaching the cusp is clearly revealed. When increasing the
temperature, essentially two effects are observed. First of all, the angle between spins in
neighboring domains decreases meaning that the magnetic moments align stronger with the
external magnetic field. At the same time, the magnetic stiffness decreases which leads to a
decoupling of the spins. This in turn implies an increased tendency of the magnetic moments
to align with the external magnetic field as function of distance to the APB.

The response to an external magnetic field Bz is even more pronounced than the kBT

dependency (note the different y-axis scales in Fig. 2.21). Both effects described for the tem-
perature dependent average magnetization distributions are also valid for the field dependent
curves. With increasing field, both the angle between adjacent spins at the APB decreases
and, at least initially, also the magnetic moments far away from the APB align faster with the
external magnetic field. However, upon approaching higher fields, the local magnetization in
the middle of the domains starts saturating and the average magnetization curves flatten in
between APBs.

The presented computer simulations establish a comprehensive picture of the mecha-
nisms leading to the experimentally observed magnetization curves. A schematic drawing
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APB
B

Fig. 2.22 Schematic drawing of the spin orientation at APBs in the AFM coupling regime as
a function of the external magnetic field B.

summarizing the established view of the spin alignments in the vicinity of APBs is shown in
Fig. 2.22. At the APB, under the presence of low magnetic fields, the spins align in an AFM
fashion while they are oriented orthogonally to the external magnetic field. When increasing
the field (similar for temperature and domain size), the magnetic moments in the center of
the domains which are less affected by the APB rotate to align with the external magnetic
field while at the boundary the angle between the spins in adjacent domains decreases. The
schematic drawing in Fig. 2.22 visualizes the spin alignments in a 1D representation.

2.4 Remarks on APBs

In the presented simulations, a simplistic model for APBs was assumed emerging from an
Ising Hamiltonian with only NN interactions and low simulation temperatures. As a result,
the APBs are atomically sharp which in turn allows for a NN Mn-Mn coupling over the
interface. In reality, the description of APBs in intermetallic systems is substantially more
complex and as a function of temperature, so called wetting of APBs by a disordered phase is
expected (see for instance Schmid and Binder, 1992). Schmid and Binder (1992) determined
the critical temperature of the roughening/APB wetting transition as 1/3 of the transition
temperature. Hence, APB wetting is possible to occur also in the annealing treatments
applied in this work.
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APBs can experimentally be investigated by Transmission Electron Microscopy (TEM)
or High Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-
STEM) as demonstrated for Ni2MnAl0.5Ga0.5 by Ishikawa et al. (2008); Murakami et al.
(2013, 2011); Umetsu et al. (2011). In Murakami et al. (2013), the APB width was determined
to extend over 2-3 nm. Yet, as the authors point out, slight tilting of the specimen with respect
to the electron beam make these values inherently error-prone. In fact, the stated values have
to be taken as an upper limit of the APB width. For instance, experimental investigations
of APB roughening in the L12 compound Cu-Pd was observed only close to the transition
temperature while below, the APB was proven to be sharp (Ricolleau et al., 1992). Since the
annealing treatments in the presented experiments were predominantly performed hundreds
of degrees below the transition temperature, the assumption of a relatively sharp interface
is presumably reasonable. As an additional complication, phase decomposition effects can
arise at APBs. Recently, Niitsu et al. (2017) convincingly reported the segregation of specific
constituents at the APBs in off-stoichiometric Ni2MnIn alloys. Such segregation effects were
also not considered in the presented simulations.

In the light of this criticism, the results of this chapter shall again be reviewed regarding
the question which implications more complicated APB structures would have for the
investigated magnetic APD coupling. Here, it should be pointed out that the mentioned
objections leave the main message of the simulation part of this chapter, i.e. the magnetic
coupling across APBs in Ni2MnZ Heusler alloys, untouched. There is no reason to believe
that segregation or wetting should destroy the magnetic coupling per se. In fact, independent
of the size of the APB, the magnetic coupling is only dependent on the sublattices on which
Mn atoms are situated. Consequently, the coupling effect would persist also for extended
APBs. Furthermore, there is experimental evidence for the existence of a magnetic APD
coupling in the investigated alloy system as reported by (see Murakami et al., 2013, 2011;
Park et al., 2012). The striking part of the presented results is that the peculiar features of
the magnetization curves directly result from the magneto-structural interplay at the APB
emerging from a simple well-accepted Hamiltonian. As a consequence, there is strong
evidence that the coupling itself is the primary feature explaining the magnetic properties of
partially ordered Ni2MnZ alloys. Segregation at the APBs or possible wetting/roughening
effects at the APB potentially lead to a local alteration of the nuclear structure along with
an altered distribution of Mn-Mn NN pairs at the interface. Consequently, it is thinkable
that the coupling across an APB is different in strength from e.g. the coupling inside the
domain. Hence, it would be plausible that AFM coupling persists or is absent in reality
while exchange parameters and coupling regimes retrieved from e.g. DFT calculations would
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predict otherwise. Yet, the overall concept of the magnetic APD coupling does not lose its
general validity as a consequence of a more complex APB structure.

2.5 Conclusions

In this chapter, the evolution of magnetic properties in Ni2MnZ compounds was investigated
as function of the atomic order, specifically during the emergence of L21 order starting with
a disordered B2 structure. It was observed that the magnetic transition temperature increases
much faster with increasing order than the bulk magnetization or the DC susceptibility. This
phenomenon was phenomenologically ascribed to the presence of L21 APBs in the early
stages of L21 ordering. Furthermore, it was inferred that the magnetic transition temperature
primarily probes the local state of order, i.e. the short-range order in the sample, while the bulk
magnetization and DC susceptibility mainly depend on the APD structure. As a consequence,
in the 2D parameter space of magnetic transition temperature and bulk magnetization/DC
susceptibility, a clear trajectory first along the magnetic transition temperature axis and then
along the bulk magnetization/DC susceptibility axis was found.

In the second part of this chapter, computer simulations have been used to reveal the
origins of this unusual dependency of the magnetic properties on the mesoscale nuclear
structure. Using a well-accepted Heisenberg Hamiltonian for classical spins with nearest
neighbor interactions, it was found that magnetic domains coincide naturally with structural
APD in Ni2MnZ compounds. The reason for this is an AFM exchange interaction of Mn
atoms across structural APBs while inside the L21-ordered domain FM interactions prevail.
As a consequence, entire APDs behave as supermoments that couple AFM with each other.
Simulating M(H) and M(T ) curves for the simulated APD structures showed convincing
agreement to the experimental observations reproducing all characteristic features of the
measurements. Consequently, the presented results make a strong case for magnetically
coupled APDs in Ni2MnZ Heusler compounds.





Chapter 3

Ordering kinetics in Ni2MnZ Heusler
compounds

3.1 Introduction

In Chapter 2, Ni2MnAl0.5Ga0.5 was introduced as an ideal model material to study the
ordering process in Ni2MnZ Heusler alloys. In opposition to ternary Ni2MnAl and Ni2MnGa
where the ordering kinetics and transformation temperatures restrict the accessible range
of the ordering process to either the very early (Acet et al., 2002) or the very late stages
(Sánchez-Alarcos et al., 2010; Sánchez-Alarcos et al., 2007), in Ni2MnAl0.5Ga0.5, the entire
ordering process can be accessed. In this compound, on the one hand, as in Ni2MnAl, B2
order can be quenched-in. On the other hand, as in Ni2MnGa, perfect L21 order with large
antiphase domains (APDs) can be adjusted via the appropriate annealing treatment. Hence,
this model material enables to study the B2-L21 transition in Ni2MnZ alloys in detail over its
entire formation process.

The pathway of this ordering process was qualitatively described in Chapter 2 by its
evolution in the two-dimensional parameter space composed of the magnetic transition
temperature Tc and the bulk magnetization M /DC susceptibility χ. Specifically, it was
demonstrated that the ordering process evolves first along the Tc-axis and later, when Tc is
quasi in saturation, along the M /χ-axis. This was ascribed to first the evolution of (short-
range) order and second the growth of the L21 APD structure. To fully understand the L21

ordering process, the evolution of characteristic properties such as Tc and M , and by that the
evolution of the underlying processes, has not only to be described qualitatively but also a
quantitative description of the kinetics of the process is needed.



58 Ordering kinetics in Ni2MnZ Heusler compounds

Ordering kinetics in intermetallic compounds have been a research interest for decades. In
the binary Fe3Al system for instance, Feder and Cahn (1960) investigated the DO3 ordering
process by means of electrical resistivity measurements. Later, in-situ X-ray diffraction
studies by Lawley and Cahn (1961); Oki et al. (1973) revealed that the B2-DO3 transformation
can be characterized via a fast evolution of the DO3 peak intensities, related to (short-range)
order formation, while the peak width evolution, related to APD growth, was observed to be
initially slower than the intensity evolution and still ongoing when the intensity evolution
curve already saturated. The first investigations of the kinetics of the L21 ordering process
have been performed in AuAgZn2 by Murakami (1985); Murakami et al. (1980a,b). Using
X-ray diffraction, Murakami et al. (1980a) studied the evolution of L21 order and described
the temperature dependence of the process quantitatively using standard rate equations as
previously introduced by Feder and Cahn (1960). Via the width of the superstructure peaks,
Murakami et al. (1980a) also investigated and quantitatively described the growth of the L21

APD structure.

In Ni2MnGa, various investigations have been performed on the interdependencies of the
degree of order in the austenite phase and magnetic properties as well as martensitic transi-
tions (Kreissl et al., 2003; Sánchez-Alarcos et al., 2008, 2010; Sánchez-Alarcos et al., 2007;
Seguí, 2014; Seguí and Cesari, 2011, 2012; Seguí et al., 2007). Specifically, Sánchez-Alarcos
et al. (2010) could demonstrate via neutron diffraction and bulk characterization methods
that there is a linear dependency between the degree of L21 order and the magnetic transition
temperature of the austenite phase as well as the martensite transformation temperature.
This general relationship could also be confirmed for Ni2−xCoxMnGa alloys by Seguí and
Cesari (2012). Furthermore, Seguí et al. (2007) showed that elaborate annealing treatments
can be used to effectively influence the transformation sequence of magnetic and structural
transitions in Ni2−xCoxMnGa alloys, a feature highly relevant for magnetocaloric applica-
tions where respective transformation sequences can significantly influence the materials
functionality.

Quantitative investigations of the ordering kinetics in Ni2MnGa were reported by Sánchez-
Alarcos et al. (2010) where the calorimetric L21 disordering peak was analyzed by Differential
Scanning Calorimetry (DSC) using different heating rates. In this study, the activation energy
of the disordering process was determined as 1.49 eV employing the Kissinger method.
The experimental method employed throughout this chapter, namely monitoring the L21

ordering kinetics indirectly via the magnetic transition temperature, was previously used by
Seguí (2014). Specifically, via annealing at different annealing temperatures, Seguí (2014)
determined an activation energy of 1.46 eV for the L21 ordering process in Ni2−xCoxMnGa.
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For the Ni2MnAl system, the trends observed in Ni2MnGa-related alloys were confirmed.
Specifically, a dependency of the martensite transformation temperature from the anneal-
ing condition and hence the degree of L21 order was observed by Kainuma et al. (2000);
Mehaddene et al. (2008). However, neither for Ni2MnAl nor for the model compound
Ni2MnAl0.5Ga0.5, a comprehensive analysis of the L21 ordering kinetics has been performed
up to this point.

In this chapter, the temporal evolution of L21 order in Ni2MnAl0.5Ga0.5, stoichiometric
Ni2MnAl and off-stoichiometric Ni2MnAl is studied in initially B2-ordered samples, mainly
via tracking the two previously introduced magnetic properties, i.e. the magnetic transition
temperature Tc and the bulk magnetization M , as function of annealing time during isothermal
annealing treatments. On the basis of these measurements, the activation energies of the
ordering processes are determined and time temperature transformation (TTT) diagrams
are constructed. Furthermore, the dependency of the ordering process in off-stoichiometric
Ni2MnAl compounds from quenched-in excess vacancies is demonstrated and the vacancy
formation energy is determined. Eventually, the indirect measurements of order formation are
compared to neutron powder diffraction measurement and electron diffraction measurements
that allow to deduce directly the degree of L21 order and the correlation lengths of the ordered
L21 domains. The data presented in this chapter was partially published in Neibecker et al.
(2014).

3.2 Results – Ni2MnAl0.5Ga0.5

3.2.1 Isothermal annealing experiments in Ni2MnAl0.5Ga0.5

In the following, the kinetics of the B2-L21 transformation process in Ni2MnAl0.5Ga0.5 are
discussed based on the evolution of the magnetic transition temperature Tc as determined by
calorimetry. The calorimetric measurements as well as the isothermal annealing treatments
have been performed by DSC as outlined in Chapter 1, heating to and cooling from the
annealing temperature with a heating rate of 10 K/min. Additionally, the growth of the
APD structure was followed via the bulk magnetization M , specifically, the value of M in
an external magnetic field of 15 kOe at a temperature of 77 K as introduced in Chapter 2.
Concerning this matter, it should be noted that the exact relation between M and the APD
size is a priori not known. While it is quite evident that initially, the increase in M is
strongly coupled to the dimensions of the APD structure (see Chapter 2), it is unclear how
this dependency evolves at larger APD sizes.
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Fig. 3.1 Tc (left) and M (right) evolution as a function of isothermal annealing time at various
annealing temperatures Ta in Ni2MnAl0.5Ga0.5 samples quenched from 1073 K (points) and
873 K (squares). Tc refers to the magnetic transition temperature determined by calorimetry
and M refers to the bulk magnetization at 15 kOe and 77 K. The lines are a guide to the eye
and represent a phenomenological curve fit.

Fig. 3.1 shows the Tc and M evolution upon isothermal annealing of initially 1073 K-
quenched samples at 4 different annealing temperatures (Ta = 573 K, 623 K, 673 K and
773 K). Evidently, both Tc and M increase with increased annealing time and hence with
an increased degree of L21 order. At the same time, the evolution kinetics of both Tc and
M increase with increased Ta, as it is expected for a process relying on the constituents’
atomic mobility. Annealing at different temperatures Ta hence probes directly this mentioned
mobility. Assuming a similar curve shape for the Tc and M evolution at all Ta, roughly an
increase in the ordering kinetics of three orders of magnitudes can be estimated between
isothermal annealing at 573 K and 773 K. Furthermore, it can be observed that the evolution
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of Tc is faster than the evolution M , as it was already qualitatively discussed in the previous
chapter.

For one temperature series, i.e. isothermal annealing at 673 K, a second measurement
series was recorded for samples quenched from the L21-stable regime at 873 K. The results
are also depicted in Fig. 3.1. Evidently, due to the increased equilibrium degree of L21

order at 873 K, the as-quenched values for Tc and M are significantly higher than for the
samples quenched from 1073 K. It is observed that the Tc evolution follows qualitatively
the same pathway while the M evolution shows pronounced differences in both series. This
observation can be ascribed to the growth of the APD structure upon annealing at 873 K
prior to quenching. As a consequence, both sample series adopt a different APD structure,
expressed in different M evolution curves. Yet the degree of (short-range) order, especially
in the late stages of annealing, is similar in both series. Consequently, the Tc evolution curves
coincide at long annealing times. Furthermore, as clearly observed for the Tc evolution, the
kinetics of order adjustment at 673 K is similar in both sample series.

Different from the pertinent literature where usually standard rate equations as described
by Feder and Cahn (1960) are employed to analyze ordering kinetics, in this chapter, a
straightforward approach to study quantitatively the kinetics of the L21 ordering process is
outlined. The presented approach is based on the assumption that all isothermal annealing
curves for the Tc and M evolution can be described by a common master curve onto which all
data points can be shifted via stretching their time axes with Ta-dependent stretching factors ϵ
and via normalizing them with respect to the Ta-dependent equilibrium Tc/M values.

In order to construct such a master curve, in a first step, the equilibrium Tc-Ta and M -Ta

dependency has to be determined. As described in Chapter 2, the equilibrium degree of order
under the boundary condition of a large APD structure is accessible in Ni2MnAl0.5Ga0.5 via
a two step isothermal annealing treatment first at 873 K followed by annealing at the target
temperature and finally quenching to room temperature. With respect to M , the equilibrium
value refers to the spontaneous magnetization Ms as determined by extrapolating the linear
part of the ferromagnetic M(H) curves at 77 K to zero external field. Tc-Ta and Ms-Ta

curves are presented in Fig. 3.2 together with an empirical curve description. As can be seen,
the second-order B2-L21 transition is retrieved in both the temperature-dependent Tc and Ms

values while clearly the respective curve shapes differ. Specifically, the Tc-Ta transition is
broad and Tc does not approach the B2 (1073 K-quenched) value immediately at the transition
temperature but rather continues to converge slowly towards the equilibrium value also above
the transition temperature. Hence, it can be inferred that Tc is not only dependent on the
degree of long-range order in the sample but that it is additionally sensitive to short-range
order in the sample. In contrast to this, Ms approaches the zero bulk magnetization of the B2
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Fig. 3.2 Magnetic transition temperature Tc (left) and spontaneous magnetization Ms (right)
as function of annealing temperature Ta measured in Ni2MnAl0.5Ga0.5 samples initially
quenched from 1073 K that were subsequently annealed for 24 h at the respective temperature
Ta followed by quenching in ice water. The solid lines represent phenomenological curve
descriptions. The dashed line refers to the B2-L21 transition temperature as reported by
Ishikawa et al. (2008).

state abruptly at the transition temperature and shows a sharp transition. It should be noted
that the measurements performed within the scope of this thesis perfectly agree with the
independent data set reported by Ishikawa et al. (2008) for the Tc-Ta dependency (blue points
in Fig. 3.2). Furthermore, the estimated B2-L21 transition temperature from the temperature
dependent Ms measurements agrees well with the phase transition temperature determined
by calorimetric measurements as reported by Ishikawa et al. (2008) (dashed line in Fig. 3.2).

Making use of the equilibrium Tc and Ms values, a master curve for the temporal evolution
of Tc and M is created. For this purpose, the kinetics curves are first normalized to the
equilibrium Tc/Ms values at any Ta and second, Ta dependent stretching factors ϵ are applied
in order to shift all data points onto a common curve. The resulting master curve then evolves
in relative units from 0 to 1 and is depicted in Fig. 3.3. Note, the time axis is normalized
to the 573 K measurement. This means that the stretching factor of the 573 K data set is 1,
while all other stretching factors express the acceleration of the temporal evolution on the
master curve at the elevated Ta. As can be seen, for both Tc and M , the description of all
data sets with a common master curve is satisfying.

The determined Ta-dependent stretching factors ϵ are further used to estimate activation
energies of both processes, namely the (short-range) order formation and the APD growth.
Fig. 3.4 shows the stretching factors ϵ as a function of T−1

a on a semilogarithmic scale.
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Fig. 3.4 Temperature dependent stretching factors ϵ for the estimation of the activation
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Clearly, the stretching factors can be described with an exponential dependency of the form

ϵ(Ta) = exp
(
− EA

kB
(
1

Ta

− 1

T0

)
)
. (3.1)

with T0 = 573 K, EA being the activation energy of the ordering process and kB being the
Boltzmann constant. For the evolution of Tc and M , activation energies of 1.52 eV and
1.55 eV were determined, respectively. These values perfectly agree with the activation
energies for the L21 order formation of 1.46 eV and 1.49 eV previously reported by Sánchez-
Alarcos et al. (2010) and Seguí (2014) for Ni2MnGa and Ni2−xCoxMnGa.
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Fig. 3.5 TTT diagram for the evolution of Tc (top) and M (bottom) in Ni2MnAl0.5Ga0.5
samples initially quenched from 1073 K. Depicted are iso-Tc lines as calculated with the
model described in the text, while the points represent time-corrected Tc/M values as obtained
in isothermal annealing experiments (see Fig. 3.1). The numbers at the points show the
measured Tc values in K and M values in µB/f.u. The data points on the left refer to the
quenched samples and correspond to time zero.

3.2.2 TTT diagrams for Tc and M evolution

The determined Tc-Ta and Ms-Ta dependencies together with the stretching factors ϵ can be
used to construct time temperature transformation (TTT) diagrams for both the Tc and the
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M evolution. Such TTT diagrams were originally developed to describe the transformation
of the austenite phase in steels upon isothermal annealing (Davenport and Bain, 1930) or to
describe crystallization processes for example in metallic glass forming systems (Kim et al.,
1996). Yet, they can easily be transferred to the L21 ordering process.

Specifically, in this thesis, Ta-dependent Tc-time and M -time curves for isothermal
annealing processes were calculated via adapting the master curve for any given annealing
temperature. This was done via scaling the y-axis with respect to the equilibrium Tc/M value
at that annealing temperature while the x-axis was scaled with the respective stretching factor.
As a result, iso-Tc and iso-M lines can be drawn as a function of isothermal annealing time
in the Tc/M -time space.

TTT diagrams for Tc evolution and M evolution are depicted in Fig. 3.5. The data points
represent the measured data including a time correction taking into account the annealing
effect evoked by heating to and cooling from Ta with a constant heating rate of 10 K/min in
the DSC measurements. It is evident that the iso-Tc lines calculated with the model describe
the measured data reasonably well with small deviations being observed in the equilibrium
Tc values as function of Ta. The iso-Tc lines show a characteristic nose in the Ta-time space
which shifts to lower Ta values and larger annealing times with increasing Tc. The reason for
this lies in the second order nature of the underlying phase transition with an increased degree
of equilibrium order at lower temperatures and, at the same time, temperature-dependent
atomic mobilities which are higher at elevated temperatures. Hence, the equilibrium values
reachable at lower Ta are higher while the convergence to these equilibrium values is slower.

For the M evolution, the constructed TTT diagram shows the same qualitative features as
the TTT diagram for the Tc evolution with the difference that the convergence to the final M
values takes significantly more time. This is expressed in the iso-M curves being shifted to
the right with respect to the TTT diagram for the evolution of Tc. In this respect, it should be
noted that as shown in Fig. 3.2, the equilibrium M value at low temperatures is approximately
4µB/f.u.

It needs to be pointed out that M in the depicted TTT diagrams refers to the bulk
magnetization in an external field of 15 kOe at a temperature of 77 K which is rather a
technical parameter than a meaningful physical property. However, taking into account that
the magnetic properties show only in the very final stages of the ordering process an ideal
ferromagnetic M(H) curve shape, the better suited spontaneous magnetization is not easily
accessible over the entire ordering process. Additionally, it needs to be considered that
similar TTT diagrams can easily be constructed for any external field which practically gives
a protocol to tailor materials properties for explicit application scenarios. For instance, it
is well thinkable that a magnetocaloric device operates under certain boundary conditions,
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Fig. 3.6 Neutron powder diffraction patterns of Ni2MnAl0.5Ga0.5 upon annealing at 623 K
in samples initially quenched from 1073 K. Symbols below and above the diffractograms
indicate the 3 distinct peak families present in the L21 structure, i.e. A2, B2 and L21 peaks.
The patterns have been recorded at 450 K in the paramagnetic regime.

namely in a certain external magnetic field and at a specified temperature. As a consequence,
it would be required to design a material with a well defined set of magnetic properties such
as a specific magnetic transition temperature and a certain bulk magnetization under the given
conditions. TTT diagrams providing an exact protocol for adjusting the intended materials
properties can consequently be composed following the introduced procedure outlined in
this thesis.

3.2.3 Comparison to neutron powder diffraction measurements

In order to provide a direct method for order determination in support of the indirect bulk
measurements presented above, neutron powder diffraction measurements have been per-
formed on Ni2MnAl0.5Ga0.5 samples in different annealing conditions. The results of this
broader neutron diffraction study are presented in detail in Chapter 4. At this point, the
evolution of the L21 peak intensity and the correlation length of the ordered domains upon
isothermal annealing is discussed.

Fig. 3.6 shows neutron powder diffraction patterns recorded at the POWGEN time-of-
flight powder diffractometer at the Spallation Neutron Source (SNS), USA. Diffraction
patterns were measured using two wavelengths bands with center wavelengths cw of 1.333 Å
and 2.665 Å. In Fig. 3.6, exemplarily the 2.665 Å measurements are depicted. Shown are
4 different annealing conditions: quenched from the B2-stable regime at 1073 K as well
as quenched plus 0.5 h, 3 h and 10 d isothermally annealed at 623 K. Below and above the
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Ni2MnAl0.5Ga0.5
Observable aq 0.5 h 3 h 10 d
Tc (K) 314.5 330.8 342.6 387.1
ηL21 0.75 0.73 0.93 1.05

correlation length (Å) 8.2 10.5 12.1 30.0

Table 3.1 Magnetic transition temperature Tc, degree of L21 order ηL21 and correlation length
of the L21 domains measured as function of annealing time at 623 K in Ni2MnAl0.5Ga0.5
powder samples quenched from 1073 K.

diffraction patterns, the different peak families are indicated. Since the L21 structure is a
superstructure of the B2 structure which again is a superstructure of the A2 structure, every
peak in the diffractogram can be assigned to either the A2, B2 or L21 family. Specifically,
the A2 structure factor results from all lattice sites contributing in phase, consequently the
structure factor of the A2 reflections is only dependent on the alloy composition. The B2
structure factor result in this case from a diffraction contrast between the 1a site (occupied by
Ni) and 1b site (randomly occupied by Mn, Al and Ga) of the B2 (Pm3̄m) structure. Finally,
the L21 structure factor results from the diffraction contrast between the 4a (occupied my
Mn) and 4b site (randomly occupied by Al and Ga) of the L21 (Fm3̄m) structure.

Clearly, the B2-L21 phase transition is visible in the diffractograms upon isothermal
annealing in the L21-stable regime. Specifically, the B2 and A2 peaks are similar in intensity
and shape in all annealing states. In contrast to that, the L21 peaks are extremely broad and
weak in the as-quenched state and grow in intensity as well as sharpness with increased
annealing time. Note that in the 1073 K-quenched sample, the L21 peaks should be completely
absent. The reason for a weak intensity in these samples is the incapability of achieving
the same quenching efficiency in the powder samples as in the bulk samples which hence
evokes a slightly progressed state of ordering in the powder samples. This lack of quenching
efficiency is not only visible in the diffraction patterns but was also confirmed in the magnetic
transition temperature of the powder samples which are given in Tab. 3.1. As can be seen, the
as-quenched Tc is with a value of 314.5 K approximately 20 K higher than the as-quenched
Tc of the bulk samples while overall the response to isothermal annealing and also the final
Tc values are in good conformity for the bulk and powder samples. Interestingly, even after
10 d of annealing at 623 K, the L21 peaks are significantly broader than the B2 and A2 peaks.
This indicates that the L21 peak width is up to the largest annealing times not only dependent
on the instrument resolution and binning but also on the correlation length of the L21 APD
structure which increases during the ordering process.
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Both the intensity evolution and the correlation length can also be investigated quantita-
tively. For this purpose, the diffractograms shown in Fig. 3.6 were Rietveld-refined. In the
refinement, the occupancy of Mn and Al/Ga on the 4a and 4b Wyckoff positions of the L21

structure were free parameters. From the retrieved sublattice occupancies, the degree of L21

order ηL21 was calculated. The L21 structure factor is defined as

FL21 =
(
b̄4a − b̄4b

)
=

([
ηL21bMn +(1− ηL21)

bAl + bGa

2

]
−
[
(1− ηL21)bMn + ηL21

bAl + bGa

2

])
.

(3.2)
where b̄4a and b̄4b are the average coherent neutron scattering lengths on the Wyckoff sites
4a and 4b while bGa, bAl bMn are the coherent neutron scattering lengths for Ga, Al and Mn,
respectively. In order to model the effect of APDs, an hkl-dependent size broadening with
condition h + k + l = 2n+ 1 with n ∈ N was considered. As described by Fultz and Howe
(2012), the correlation length or crystallite size L can be calculated as L = 0.443/Γ, with Γ

being the half width at half maximum (HWHM) of a Lorentzian fit of the individual peaks
corrected for the instrument resolution. The size parameters obtained by Rietveld refinement
were converted to match the stated definition by Fultz and Howe (2012). The refined values
for ηL21 and the determined correlation lengths are given in Table 3.1. Furthermore, their
temporal evolution is shown in Fig. 3.7. As can be seen, the degree of L21 order gradually
increases from 0.75 in the as-quenched state to approximately 1 in the 10 days annealed
state. As pointed out above, the existence of a broad, weak L21 intensity in the as-quenched
state is due to an insufficient quenching rate for the powder samples. Hence, the starting
point depicted with square symbols in Fig. 3.7 in reality represents an already progressed
state of L21 ordering and in principle would have to be shifted on the time axis in order to
grasp the real evolution curve. However, since the peaks are that broad, the definition of the
background plays an important role especially in the early stages of ordering with a very
diffuse L21 intensity. Hence, inherent errors in the determination of ηL21 are immanent. In
Fig. 3.7, also the evolution of the APD structure is depicted. As can bee seen, initially, the
correlation length of the ordered domain increases slowly while it continues to increase when
ηL21 is already in saturation.

Comparing the neutron diffraction results to the evolution of magnetic properties shows a
good conformity to the previous observations. The evolution of Tc as well as the evolution of
ηL21 are relatively fast processes preceding the temporal evolution of M as well as the growth
of correlation length. However, in-situ neutron diffraction experiments during isothermal
annealing treatments would be beneficial in order to further investigate the exact dependencies
between short-range order and correlation length as well as between structural and magnetic
properties in the L21 ordering process.
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Fig. 3.7 Degree of L21 order ηL21 (left) and correlation length estimation (right) as function
of annealing time at 623 K in Ni2MnAl0.5Ga0.5 samples initially quenched from 1073 K. The
arrows indicate an effectively progressed state of order in the as-quenched samples due to a
less effective quenching process observed for powder samples.

3.3 Results – Ni2MnAl

As discussed in the introduction of this chapter, in Ni2MnAl, in general a low L21 ordering
tendency is observed (see, for instance Acet et al., 2002; Ziebeck and Webster, 1975). In order
to reveal the origin of this low ordering tendency, the ordering kinetics in Ni2MnAl has been
investigated and is in the following compared to the previously presented ordering kinetics in
the model system Ni2MnAl0.5Ga0.5. For this purpose, polycrystalline samples were quenched
from the B2-stable regime at 1073 K in room temperature water. Subsequently, the samples
have been isothermally annealed at a variety of annealing temperatures Ta. The magnetic
transition temperature Tc has again been monitored as an indirect fingerprint of the state of
(short-range) order in the sample. The evolution of Tc as a function of time and isothermal
annealing temperature is presented in Fig. 3.8 for Ta = 573 K, 623 K, 673 K and 723 K.
Additionally, Fig. 3.8 shows as a comparison the Tc evolution curves of Ni2MnAl0.5Ga0.5 as
previously presented in Fig. 3.1.

Evidently, the Tc evolution in Ni2MnAl shows qualitative conformity to the one in
Ni2MnAl0.5Ga0.5. Specifically, an increase of Tc is observed with increased annealing time
and consequently with an increased degree of L21 order. Furthermore, the ordering kinetics
increase as function of Ta, as also found for Ni2MnAl0.5Ga0.5. Yet, quantitatively, drastic
differences are observed. The Tc evolution in Ni2MnAl is after a comparable sample prepa-
ration, i.e. quenching from 1073 K, approximately two orders of magnitude slower than in
Ni2MnAl0.5Ga0.5. Clearly, when comparing the ordering kinetics in both compounds at the
same Ta, the higher B2-L21 transition temperature of Ni2MnAl0.5Ga0.5 (933 K) with respect
to Ni2MnAl (775 K) has to be taken into account. Assuming that the Tc-Ta dependency for
equilibrium order is qualitatively the same in both compounds, the homologous annealing



70 Ordering kinetics in Ni2MnZ Heusler compounds

290
310
330
350
370

100 101 102 103 104

Time (min)

= 573 KTa

AlGa

Al

290
310
330
350
370

= 623 KTa = 1073 KTq

AlGa

Al

290
310
330
350
370

100 101 102 103 104

Time (min)

T
c

(K
)

= 673 KTa

AlGa

Al

290
310
330
350
370

= 723 KTa

Fig. 3.8 Evolution of the magnetic transition temperature Tc as a function of annealing
temperature Ta in Ni2MnAl samples quenched from 1073 K. The solid lines represent a
phenomenological curve fit to be understood as guide to the eye. The circles correspond to
Ni2MnAl and the squares correspond to Ni2MnAl0.5Ga0.5.

temperature can be calculated for any Ta (note, the homologous annealing temperature is
defined as Ta divided by the B2-L21 transition temperature). Clearly, a lower B2-L21 transi-
tion temperature leads to a higher homologous temperature and hence a lower equilibrium
degree of order at the same Ta. This lower equilibrium degree of order results in a lower
driving force for order adjustment and hence, potentially, a reduced ordering kinetics. Yet,
estimating the equilibrium degree of order as a function of homologous temperature for both
compounds from e.g. in-situ structure factor determinations presented by Sánchez-Alarcos
et al. (2007) yields at the relevant temperatures an equilibrium degree of order difference in
the order of only 10 %. This small difference cannot explain the drastic differences in the
ordering kinetics. Hence, the nature of the lower ordering tendency in Ni2MnAl compounds
can be attributed to kinetic rather than thermodynamic reasons.

As for Ni2MnAl0.5Ga0.5, also for Ni2MnAl, a TTT diagram for the Tc evolution can be
constructed. Again, first the equilibrium Tc-Ta dependency needs to be established. The
dependency as retrieved from ballistic cooling, i.e. cooling with the maximal achievable
cooling rate of samples in the DSC (see also the following discussion on cooling rate sensitive
experiments in Ni2Mn1.12Al0.88), from different annealing temperatures Ta as well as from
isothermal annealing experiments is depicted in Fig. 3.9. The low temperature data points
specifically refer to the Tc values measured in samples long time isothermally annealed at
the indicated temperatures. As can be seen, the curve shape of the Tc-Ta dependency is
comparable to the one observed for Ni2MnAl0.5Ga0.5 and the second order B2-L21 transition
is clearly resolved. At 573 K, even the longest applied annealing treatments were due to
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Fig. 3.9 Magnetic transition temperature Tc as function of annealing temperature Ta measured
in samples quenched from 1073 K (see Fig. 3.8) and in samples cooled ballistically from
different equilibrium annealing temperatures Tq in the DSC.

slow kinetics insufficient for adjusting the equilibrium degree of order. Interestingly, ballistic
cooling from temperatures around the previously reported B2-L21 transition temperature of
775 K (Kainuma et al., 2000) resulted in Tc values around 10 K higher than the ones obtained
when quenching from 1073 K. This again indicates that Tc is highly sensitive to the short-
range order in the sample. With the Tc-Ta dependency and the isothermal Tc curves, also for
Ni2MnAl, a common master curve can be created. Following the procedure introduced for
Ni2MnAl0.5Ga0.5, temperature dependent stretching factors were retrieved. Furthermore, the
stretching factors were used to determine the activation energy of the ordering process. For
Ni2MnAl, an activation energy for the ordering process of ≈ 1.65 eV was found which is
slightly higher than the activation energy determined for Ni2MnAl0.5Ga0.5.

With this information, a TTT diagram was constructed which is presented in Fig. 3.10.
Depicted is again the corrected measurement data together with the calculated iso-Tc lines.
Evidently, the simple model assuming an Arrhenius dependency of the ordering kinetics
describes the data qualitatively well. Specifically, at low annealing times, the iso-Tc lines
calculated with the kinetic model show a good agreement to the measured data. Yet, to-
wards large annealing times and high annealing temperatures the measured data is less well
described by the model. Presumably, especially close to the phase transition temperature,
the simple kinetic model has inherent limitations. The characteristic nose that was already
described for Ni2MnAl0.5Ga0.5 is also visible in the TTT diagram for Ni2MnAl. As described
above, it shifts with increasing Tc to larger annealing times and lower Ta values.
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Fig. 3.10 TTT diagram for the evolution of Tc upon isothermal annealing of Ni2MnAl
samples quenched from 1073 K. The lines show iso-Tc lines as calculated with the introduced
model while the points represent time-corrected measurement data as obtained by isothermal
annealing experiments (see Fig. 3.8). The numbers at the points show the measured Tc values
in K. The data points on the left refer to the quenched samples and correspond to time zero.

3.4 Results – Off-stoichiometric Ni2Mn1.12Al0.88

3.4.1 The Ni2Mn1+xAl1-x system

In the Ni2MnAl system, martensitic transformations are only observed in off-stoichiometric
compounds while stoichiometric Ni2MnAl shows stability of the L21 phase to zero temper-
ature (Ziebeck and Webster, 1975). Hence, for technical applications, off-stoichiometric
compounds are of special interest. According to Kainuma et al. (2000), the martensitic phase
is thermodynamically stable either under Ni excess or, in the case of a stoichiometric Ni
composition, under Mn excess. The work presented in this thesis focuses on alloys with
Mn excess. The pseudo-binary Ni2Mn1+xAl1−x phase diagram reproduced with data from
Kainuma et al. (2000) is shown in Fig. 3.11. Here, the first occurrence of a martensite phase
is reported for the compound Ni2Mn1.20Al0.80 with a martensite start temperature of 276 K.
Compounds with lower Mn contents are not reported to show a martensitic transition.

After having studied the ordering kinetics in Ni2MnAl0.5Ga0.5 and stoichiometric Ni2MnAl,
the methodology is transferred to the off-stoichiometric compound Ni2Mn1.12Al0.88. A priori
it is not at all certain that the L21 ordering process shows similar characteristics for different
off-stoichiometric compositions, given that diffusion mechanisms can change in different
regimes of constituents’ excess and deficiency (for a detailed study in B2 compounds, see
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Fig. 3.11 Pseudobinary Ni2Mn1+xAl1−x phase diagram reproduced with data from Kainuma
et al. (2000). The blue line shows the B2-L21 phase transition temperature, the red line shows
the martensite start temperature MS and the dashed line shows the composition investigated
in this study.

Leitner, 2015). To obtain meaningful results for the L21 ordering kinetics, it is thus important
that the selected composition is located in the same compositional regime as the technical
relevant alloys (here: Ni stoichiometric, Mn excess, Al deficiency). Simultaneously, as
it was the intention to study the ordering process of the L21 austenite phase and its ef-
fect on the magnetic properties down to cryogenic temperatures, a composition adopting a
low-temperature martensite phase needed to be carefully avoided. Hence, the investigated
compound Ni2Mn1.12Al0.88 is located right outside the area of martensite stability. The here
presented kinetics study relates to the previously presented investigation of the bulk magnetic
properties of this compound as discussed in Section 2.2.2.

3.4.2 Isothermal annealing experiments in Ni2Mn1.12Al0.88

In order to study the L21 ordering kinetics in Ni2Mn1.12Al0.88, the magnetic transition tem-
perature Tc was followed as function of annealing time at a variety of annealing temperatures
Ta. Fig. 3.12 shows the Tc-time curves for 4 different annealing temperatures (Ta = 573 K,
623 K, 673 K and 723 K) for samples quenched from 1273 K in room temperature water.

The temporal evolution of L21 order can well be followed in the presented data, starting
with a Tc value of approximately 298 K in the as-quenched samples. As discussed before, with
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Fig. 3.12 Evolution of the magnetic transition temperature Tc as a function of annealing
temperature Ta in samples quenched from 1273 K. The lines represent a phenomenological
curve fit to be understood as guide to the eye.

increased annealing temperature, the kinetics of the ordering process is accelerated, the reason
of which is the higher mobility of vacancies and atoms at higher temperatures. Assuming that
the curve shape in the Tc-time diagram is the same at all annealing temperatures, an increase
in ordering kinetics of three orders of magnitudes can be estimated between isothermal
annealing at 573 K and 723 K. At the same time, the equilibrium state of order decreases as
Ta approaches the B2-L21 transition temperature since the corresponding structural phase
transition is a second order transition. Specifically, the sample annealed at 723 K (according
to Fig. 3.11 approximately 50 K below the B2-L21 transition of the compound) reaches a
plateau Tc value of 313.5 K while annealing at 673 K for instance yields a value of 321.1 K.
It should be noted that the kinetics at 573 K is again so slow that equilibrium states of order
cannot be reached on practical time scales even though the equilibrium Tc value at that
temperature would be higher than the one at higher annealing temperatures.

3.4.3 Cooling rate sensitivity of the ordering process

While in the case of low-T annealing, Tc depends primarily on the annealing temperature and
the annealing time, in a different regime of annealing temperatures, Tc is affected foremost
by the cooling rate applied in the cooling process from the annealing/quenching temperature
Tq to room temperature. To investigate latter regime, the following experimental set-up was
developed: In the DSC, samples were equilibrium annealed at a temperature Tq, meaning that
the annealing treatment was long enough to ensure that both the degree of order as well as the
vacancy concentration were in thermodynamic equilibrium at this temperature. This being
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nealing at 853 K (left) and Tc as function of cooling rate and equilibrium annealing/quenching
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ensured, after the equilibrium annealing treatment, the sample had lost all thermal history.
From Tq, the sample was cooled to room temperature with different, well defined, cooling
rates. The result of the described experiment for Ni2Mn1.12Al0.88 is presented in the left panel
of Fig. 3.13. Here, samples were annealed at Tq = 853 K for 60 minutes prior to cooling
the specimens with various cooling rates between 1 K/min and approximately 300 K/min
to room temperature. Subsequently, the magnetic transition temperature was determined
for every annealing treatment/cooling rate. As can be seen, on a logarithmic x-scale, the
Tc-cooling rate curve is roughly linear with low cooling rates leading to high Tc values and
high cooling rates leading to low Tc values.

The cooling rate sensitivity of Tc can be understood in terms of relaxation times at and
below the second order B2-L21 phase transition. At high temperatures where atomic mobility
is high, the sample is in thermodynamic equilibrium. Upon cooling, the atoms need to
rearrange constantly to adjust the state of equilibrium order at the respective temperature. As
long as the atomic relaxation is faster than the available time defined by the cooling ramp, the
sample stays in equilibrium. However, at some point there is a transition to a regime where
the atomic relaxation cannot follow the equilibrium state of order in the given time window.
Consequently, the sample falls out of equilibrium and the state of order (and consequently
Tc) at that specific temperature freezes. Needless to say, the temperature at which the sample
falls out of equilibrium depends on the cooling rate and hence, when cooling from 853 K with
different rates, a range of Tc values from 297.2 K (cooling rate approximately 300 K/min) to
305.7 K (cooling rate 1 K/min) is observed.
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Described experiment can be extended by choosing not one but a variety of quenching
temperatures Tq for cooling the sample to room temperature applying different cooling rates.
A graph as presented in the left panel of Fig. 3.13 can then be constructed for any Tq and the
obtained results are presented in a slightly different fashion in the right panel of Fig. 3.13.
Here, the x-axis shows Tq, the y-axis depicts Tc and every point in the graph represents the
obtained Tc value when cooling the sample with the specified cooling rate from the respective
Tq. This experiment has been performed for 6 Tq values applying 6 cooling rates each. From
Fig. 3.13, the temperature at which the sample falls out of equilibrium upon cooling with a
given rate can be determined. For example, upon cooling with 5 K/min, there is no significant
difference in Tc for Tq values between 793 K and 853 K (Tc ≈ 302.80 K). However, cooling
from 773 K yields a higher Tc value of 303.4 K. This observation means, that a sample
cooled with 5 K/min falls out of equilibrium between 773 K and 793 K. Annealing at lower
Tq values and cooling with 5 K/min hence preserves the equilibrium state of order at this
specific Tq since the sample falls out of equilibrium immediately upon cooling. At the same
time, annealing at higher temperatures does not result in different Tc values since Tc is solely
dependent on the cooling rate. Consequently, the sample falls out of equilibrium at exactly
the same temperature independent on the selected Tq. Increasing the cooling rate means that
the temperature at which the sample falls out of thermodynamic equilibrium increases. For
80 K/min for instance, this temperature is between 813 K and 833 K.

The obtained results can well be described employing a kinetic model that assumes the
degree of order η in the sample to be proportional to Tc and further the equilibrium degree
of order ηeq to be linearly dependent on T in the relevant temperature range. Specifically, it
assumes

ηeq = η0 + κ(T − T0) (3.3)

with η0, κ and T0 being constant. The time derivative of η can then expressed by the following
differential equation

η̇(t) =
(
ηeq(T )− η(t)

)(
1− exp(− t

τ
)
)

(3.4)

where τ is a relaxation parameter defined as

τ = τ0 exp(−
EA

kBT
). (3.5)

Here, EA is the activation energy of the ordering process, kB is the Boltzmann constant and
τ0 is a constant pre-factor.
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Fig. 3.14 Magnetic transition temperature Tc (a) as function of annealing temperature Ta

measured in samples quenched from 1273 K (see Fig. 3.12, colored points/squares) and
in samples cooled ballistically from different equilibrium annealing temperatures Tq (see
Fig. 3.13, gray squares). The colored circles represent the most progressed Tc values upon
annealing at the respective annealing temperature Ta (see Fig. 3.12) while the colored squares
represent the initial, as-quenched Tc values for the samples quenched from 1273 K. The
dotted line representing the B2-L21 transition is drawn according to DSC measurements
reported by Kainuma et al. (2000). Electron diffraction results (b-e) for samples quenched
from 1273 K with subsequent annealing for specified annealing times at 573 K, 673 K and
773 K.

Fitting the model to the data yields the solid lines in Fig. 3.13 while specifically the black
line in the right panel shows the assumed Tc values for equilibrium order. As can be seen,
qualitatively the model describes the measured data well with the exception that the model
predicts a faster convergence of the different cooling rate curves at low Tq. Employing this
model, the activation energy of the ordering process was determined as 2.5 eV.

3.4.4 TTT diagram for Tc evolution

From the data presented in Fig. 3.12 and Fig. 3.13, temperature dependent Tc values for
equilibrium degrees of order can be extracted. The results are shown in Fig. 3.14a. The
measured data was described phenomenologically by the black solid line. The equilibrium
state of order at low temperatures is kinetically inaccessible and hence the final Tc value in
the 573 K annealing series represents an intermediate state of order. While in a second order
phase transition, the degree of long-range order approaches zero with an infinite slope at the
transition temperature, the Tc-temperature dependency shows a slow convergence towards
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Fig. 3.15 Tc evolution upon isothermal annealing at different temperatures Ta (left, reproduced
from Fig. 3.12) and master curve for the temporal evolution of Tc at different Ta (right). The
x-axis in the right panel shows the time relative to the 573 K measurement.

the B2 Tc value even above the transition temperature. This behavior is qualitatively the
same as in stoichiometric Ni2MnAl and Ni2MnAl0.5Ga0.5. Presumably, instead of depending
only on the degree of long-range L21 order, Tc strongly depends on the short-range order in
the sample and consequently does not show a sharp transition.

In order to determine the state of order directly, electron diffraction measurements have
been performed on samples quenched from different annealing temperatures as depicted in
Fig. 3.14b-e. Clearly, the 1273 K-quenched sample shows only B2 reflections, while the
subsequent annealing treatments for 2 d at 773 K and 673 K as well as for 7 d at 573 K evoke
the appearance of L21 superstructure reflections. Interestingly, these superstructure reflections
are in general much broader than the B2 and A2 reflections, indicating a small correlation
length of the ordered domains, i.e. a small scale L21 APD structure. The L21 superstructure
peaks in the 773 K annealed samples are extremely weak and broad corresponding rather to a
state of L21 short-range order. Considering that 773 K is right at the transition temperature,
the degree of long range L21 order should indeed be close to zero. Annealing at 673 K evokes
the most pronounced L21 superstructure reflections, being in line with a high equilibrium
degree of order and fast kinetics, while as pointed out before, annealing at 573 K is so slow
that presumably the adjustment of highly progressed states of L21 order is not possible.
Hence, the superstructure peaks at 573 K are clearly broader than the ones at 673 K. In
general, the electron diffraction results perfectly confirm the calorimetric measurements.
Further they clearly reveal the described direct relationship between the magnetic transition
temperature and the state of order in the sample.

From the presented measurements, a time temperature transformation (TTT) diagram
for the Tc evolution in Ni2Mn1.12Al0.88 can be constructed. For this purpose, first a common
master curve is created that describes the temporal evolution of Tc upon isothermal annealing
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Fig. 3.16 Temperature dependent stretching factors ϵ for the determination of the activation
energies of the ordering process for samples quenched from 1273 K (red) and for samples
cooled with 80 K/min from 853 K (blue, see the following section).

at all annealing temperatures Ta. The left panel of Fig. 3.15 reproduces the Tc-time curves
from Fig. 3.12 while the right panel shows the master curve created by stretching the time
axis for different annealing temperatures with a temperature dependent factor ϵ and by
normalizing the curves to the equilibrium Tc value at the respective Ta. Hence, the x-axis
portrays the time relative to the 573 K annealing treatment. As can be seen, all curves can
reasonably well be represented by a common master curve and the temporal evolution on
this curve is then only characterized by an Arrhenius dependency describing the kinetics of
the ordering process.

From the stretching factors ϵ, the activation energy of the ordering process can be
determined as previously described. The stretching factors as function of the inverse annealing
temperature for two sets of samples (quenched from 1273 K and slow cooled from 853 K)
are presented in Fig. 3.16. In the case of the 1273 K-quenched samples, EA was determined
as 1.65 eV. Note that this value is in excellent agreement to the activation energies of 1.65 eV
and 1.52 eV found for Ni2MnAl and Ni2MnAl0.5Ga0.5, respectively.

Using the retrieved activation energy, the data as depicted in the right panel of Fig. 3.15
was corrected for unintended annealing effects of the samples during the measurement, i.e.
during heating to and cooling from the annealing temperature Ta with a heating/cooling rate
of 10 K/min. This effect was iteratively corrected using the Ta-dependent equilibrium Tc

values as given in Fig. 3.14 together with a simple Arrhenius description of the ordering
kinetics making use of the determined activation energy of the ordering process.

Given the Tc-Ta dependency and the stretching factors ϵ, the Tc evolution at any tempera-
ture Ta was calculated with the described model. This information can be condensed into
a TTT diagram as given in Fig. 3.17 where iso-Tc lines are drawn as function of annealing
temperature Ta and isothermal annealing time. Evidently, the calculated iso-Tc lines agree
well with the measured data. The decrease of the degree of equilibrium order with increased
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Fig. 3.17 TTT diagram for Ni2Mn1.12Al0.88 samples quenched from 1273 K. The lines show
iso-Tc lines as calculated with the described model, while the points represent time-corrected
measurement data as obtained by isothermal annealing experiments (see Fig. 3.12). The
numbers at the points show the measured Tc values in K. The data points on the left refer to
the quenched samples and correspond to time zero.

annealing temperature leads to a shift of the characteristic nose in the TTT diagram to lower
Ta values with increased Tc. As a consequence, when the equilibrium Tc value is reached,
the iso-Tc line gets horizontal. As for any TTT diagram, the presented diagrams are only
valid for a specified composition and, as an additional constraint, a specific thermal history
of the sample. In this case, samples have been solution annealed for 48 h at 1273 K and
were subsequently quenched in room temperature water. Both the solution treatment and the
quenching procedure have a significant influence on the TTT diagram given that the vacancy
concentration and presumably also the concentration of vacancy sinks are adjusted by these
thermal treatments.

3.5 The role of excess vacancies in the ordering process

So far, the ordering kinetics have been studied as a function of annealing temperature Ta

for a set of samples with an identical thermal history prior to the experiment. In a next
step, the influence of the thermal history of a sample on the ordering kinetics is investigated.
Specifically, the kinetics of the 1273 K-quenched Ni2Mn1.12Al0.88 samples are compared to
Ni2Mn1.12Al0.88 samples slowly cooled from the B2-stable regime.

For this purpose, samples have been equilibrium annealed in the DSC for 60 minutes at
853 K and were subsequently cooled with a cooling rate of 80 K/min to room temperature.
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Fig. 3.18 L21 ordering kinetics as a function of annealing temperature in Ni2Mn1.12Al0.88
samples cooled with 80 K/min from 853 K. The solid lines portray a phenomenological curve
fit to be understood as guide to the eye. The dashed lines reproduce the kinetics curves for
samples quenched from 1273 K as depicted in Fig. 3.12.

Next, isothermal annealing curves were recorded. Specifically, ordering kinetics have been
measured at 5 annealing temperatures (Ta = 573 K, 623 K, 673 K, 723 K and 773 K). Fig. 3.18
depicts the evolution of Tc as a function of the annealing time. The dashed lines show the Tc-
time curves of the 1273 K-quenched samples as presented in Fig. 3.12. Clearly, the ordering
kinetics in the slow-cooled samples is pronouncedly slower than in the 1273 K-quenched
samples. Quantitatively comparing the ordering kinetics of the quenched and slow-cooled
samples yields a retardation of approximately two orders of magnitude in the 853 K-cooled
samples. Interestingly, the initial Tc values of the 1273 K-quenched and slow-cooled samples
shows only a minor difference of approximately 2-3 K, a phenomenon explained in detail in
the discussion of Fig. 3.13.

Presumably, the observed slowdown in ordering kinetics results from the ordering process
in Ni2Mn1.12Al0.88 relying largely on quenched-in excess vacancies. While samples quenched
from high temperatures have a higher concentration of quenched-in vacancies, the vacancy
concentration in the slow-cooled samples is low. Interestingly, the state of order is less
sensitive to the quenching temperature and cooling rate than the kinetics. Therefore, it can
be concluded that vacancies fall out of equilibrium pronouncedly above the B2-L21 phase
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Fig. 3.19 Tc evolution upon isothermal annealing at different temperatures Ta (left) repro-
duced from Fig. 3.12 and master curve for the temporal evolution of Tc at different Ta (right).
The x-axis in the right panel shows the time relative to the 573 K measurement.

transition temperature. Consequently, the kinetics of the ordering process is dominantly
determined by the quenched-in vacancy concentration on the one hand and the annihilation
rate of the excess vacancies on the other hand. Assuming that the concentration of vacancy
sinks (e.g. grain boundaries and dislocations) is a sample specific parameter determined
mainly by the initial sample preparation and solution annealing treatment and is hence similar
in the 1273 K-quenched and slow-cooled samples, the only difference between the two
sample families is the quenched-in vacancy concentration. Further assuming that vacancies
do not interact with each other, i.e. do not form vacancy clusters when colliding with each
other by chance in their diffusion process, the vacancy concentration should be directly
proportional to the kinetics of the ordering process. Consequently, a factor of two orders
of magnitude in ordering kinetics between the 1273 K-quenched and slow-cooled samples
corresponds to a similar factor in the vacancy concentrations.

As for the 1273 K-quenched samples, also for the 853 K-cooled samples, a master curve
for the temporal evolution of Tc can be created using temperature-dependent stretching
coefficients ϵ. The corresponding master curve is depicted in Fig. 3.19. In Fig. 3.19, the
773 K series has been omitted since 773 K is above the B2-L21 transition temperature of
the compound and the observed ordering process refers mainly to short-range ordering with
presumably a quite different kinetics than the evolution of long-range L21 order. Comparing
the master curve of the 853 K-cooled samples to the 1273 K-quenched samples, it is apparent
that for the 853 K-cooled samples, at none of the annealing temperatures the equilibrium Tc

value is reached but only intermediate states of order are accessible on experimental time
scales.

Employing the Tc-Ta relationship presented in Fig. 3.14, a TTT diagram for the Tc evolu-
tion in 853 K-cooled samples can be composed. As for the 1273 K-quenched samples, also
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Fig. 3.20 TTT diagram for Ni2Mn1.12Al0.88 samples quenched from 853 K. Shown are iso-Tc

lines as calculated with the model, while the points represent time-corrected measurement
data as obtained by isothermal annealing experiments (see Fig. 3.18). The values at the points
show the measured Tc values in K. The data points on the left refer to the quenched samples
and correspond to time zero.

for the 853 K-cooled samples, the activation energy of the ordering process was determined.
The stretching factors ϵ together with the exponential fit are presented in Fig. 3.16 and the
activation energy has been retrieved as 2.3 eV, a value in good conformity to the 2.5 eV
previously found for the description of the cooling rates experiments.

The TTT diagram for the 853 K-cooled samples in analogy to the previously presented
TTT diagrams is presented in Fig. 3.20. Evidently, the model describes the experimental
data well with some deficiencies especially at elevated temperatures close to the transition
temperature where the ordering kinetics is faster than predicted by the model.

3.5.1 Vacancy annihilation studied via ordering kinetics

The influence of excess vacancies on the ordering process can be investigated by a tem-
perature change experiment. Specifically, 1273 K-quenched samples were sufficiently long
isothermally annealed at Ta = 673 K to adjust the equilibrium Tc value at this temperature.
Then, Ta was reduced to 623 K where the sample was again annealed for a specified time.
Naturally, due to the altered Ta, the equilibrium Tc value increases and the Tc value of
the sample evolves towards this equilibrium value. In the following, Ta was sequentially
switched between 673 K and 623 K and the oscillation of Tc between the two equilibrium
values was monitored.
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Fig. 3.21 Tc evolution as function of annealing time at changing isothermal annealing
temperatures of 673 K and 623 K showing a slow down of the ordering kinetics with increased
annealing time. Solid red lines and points refer to annealing at 673 K while blue lines and
blue points refer to annealing at 623 K. The dashed lines refer to the respective equilibrium
Tc values at 673 K (red) and 623 K (blue). The left panel shows the entire Tc evolution curve
while the right panel emphasizes the late stages of the experiment where kinetics is slow and
the Tc change less pronounced.

Fig. 3.21 shows the results of the discussed experiment. As can be seen, when switching
the isothermal annealing temperature to 623 K after the equilibrium value at 673 K is almost
reached, Tc continues evolving towards the equilibrium value at 623 K. Evidently, the kinetics
of the Tc evolution is drastically reduced the longer the annealing process continues which is
especially well visible in the consecutive temperature changes. Even though the driving force,
i.e. the temperature difference to the equilibrium Tc value is hardly changed, the kinetics
is significantly slowed down from annealing step to annealing step. This observation is a
strong indication for the existence of quenched-in excess vacancies in the 1273 K-quenched
samples that annihilate during the ordering process. With increased annealing time, vacancies
migrate to vacancy sinks such as grain boundaries where they annihilate until the annealing-
temperature-specific equilibrium vacancy concentration is reached. As a consequence, the
amount of vacancies available for atomic diffusion processes is reduced and the kinetics
slows down during the ordering process. Contrarily, in the case of a constant supply of
vacancies carrying the ordering process, the kinetics of the Tc evolution would be roughly
constant between the cycles. Interestingly, Ni2MnAl0.5Ga0.5, as previously discussed, does
not show a pronounced Tq dependency of the ordering kinetics indicating that the ordering
process in this compound is less dependent on excess vacancies.
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Fig. 3.22 Tc evolution upon isothermal annealing at 668 K for various quenching temperatures
Tq. The lines are phenomenological curve fits to be understood as guides to the eye. The
853 K curves refer to samples cooled in the DSC with 80 K/min (full symbols) and 10 K/min
(open symbols) starting at a temperature of 853 K.

3.5.2 Tq dependency of the ordering process

After having demonstrated the role of quenched-in excess vacancies in the ordering process,
a method to tailor the excess vacancy concentration is presented. For this purpose, samples
were equilibrium annealed at a variety of quenching temperatures Tq in the B2-stable regime.
Subsequently, samples were quenched in order to conserve, if kinetically feasible, the vacancy
concentration at Tq to room temperature. Afterwards, the kinetics of the ordering process
at a selected annealing temperature Ta in the L21-stable regime was measured. Clearly, the
amount of excess vacancies should directly influence the ordering kinetics and hence the
evolution of Tc as a function of annealing time.

Fig. 3.22 shows the results of the described experiments for annealing at Ta = 668 K
after quenching from 6 different temperatures (Tq = 853 K, 873 K, 973 K, 1073 K, 1173 K,
1273 K). As expected, the kinetics of the Tc evolution is strictly related to the quenching
temperature with the sample quenched from 1273 K showing a 2− 3 orders of magnitude
faster kinetics than the sample slow-cooled from 853 K.

Interestingly, samples quenched from different Tq do not converge to the same equilibrium
Tc value. Keeping in mind that thermodynamically the equilibrium state of order is only a
function of the annealing temperature Ta, in theory, the quenching temperature should not
have any influence on the equilibrium Tc value adjusted upon isothermal annealing at Ta.
Consequently, much effort was put into confirming this unexpected behavior. First of all,
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in order to exclude the possibility of a progressing effect as e.g. an unknown precipitation
formation that is not reverted upon equilibrium annealing at Tq, measurements have been
repeated for the same sample several times and the order of Tq has been randomly chosen.
In these experiments, the observed behavior was perfectly reproducible. Second of all, the
entire set of parameters potentially influencing the results was carefully taken into account.
A second batch of samples was produced from different raw materials using a different
induction melting apparatus for sample preparation, a different sample size and, due to
non-controllable experimental parameters, a slightly different composition. All of these
efforts resulted in the same qualitative result. When quenched from different Tq, the initial
ordering kinetics increased with increasing Tq while the final Tc value was unexpectedly also
dependent on Tq.

While this observation is very interesting and not compliant to the current understanding
of the second order B2-L21 phase transition, at this point no conclusive reasoning for this
effect can be given. The only feasible explanation to the author’s point of view can be
an argumentation based on kinetics of the ordering process while a Tq-dependency of the
equilibrium degree of order appears highly unlikely. Possibly, with larger excess vacancy
concentrations, the abundance of excess vacancies leads to the formation of stable vacancy
clusters upon random diffusion of the vacancies through the material. These vacancy clusters
would then serve as vacancy sinks in the ongoing ordering process. Such a mechanism would
explain why the kinetics is initially related to the quenching temperature in a sense that
high quenching temperatures lead to fast ordering kinetics while later in the process, the
kinetics rapidly slow down in exactly those samples that show the fastest initial kinetics. Yet,
providing experimental evidence for this speculative argument is not possible based on the
presented results and also preliminary Positron Annihilation Lifetime Spectroscopy (PALS)
measurements do not allow to draw a clear conclusion.

Assuming that in fact the initial kinetics of the ordering process is directly proportional
to the quenched-in vacancy concentration, the Tc evolution curves can be used to estimate
the vacancy formation energy. For this purpose, again the Tc evolution curves are stretched
to construct a common master curve (see Fig. 3.23). Yet, in contrast to the procedure applied
in the previous sections, no y-scaling has been applied since the thermodynamic equilibrium
Tc value has to be the same for all Tq values. Hence, the points follow the common master
curve only initially, while at later stages the data points diverge from the master curve at a
point which is related to Tq.

With the obtained stretching factors, again the activation energy of the ordering process
can be determined. Fig. 3.24 shows the stretching factors ϵ as a function of the inverse
quenching temperature on a logarithmic y-scale. As can be seen, the stretching factors follow
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Fig. 3.24 Temperature dependent stretching factors ϵ for isothermal annealing of
Ni2Mn1.12Al0.88 samples at 668 K quenched from various temperatures Tq. The 853 K
data point refers to a slow-cooled sample. The arrow indicates that the effective quenching
temperature of the 853 K sample was estimated as ≈ 780 K.

an exponential T−1
q dependency that can be described by an Arrhenius relation with an

activation energy of ≈ 1.0 eV. This activation energy for vacancy formation is in very good
agreement to the 0.95-1.02 eV reported by Merida et al. (2014, 2015) for the closely related
Ni2MnGa system.

Evidently, the data point for the 853 K-quenched sample in Fig. 3.24 does not follow
the Arrhenius dependency of the other data points. Considering that the 853 K data point
does not refer to water-quenched but slow-cooled samples (see Fig. 3.22), this indicates that
the vacancy concentration effectively falls out of equilibrium at lower temperatures upon
slow cooling. In fact, it can be estimated that the vacancy concentration in the slow-cooled
samples equals the equilibrium vacancy concentration of ≈ 780 K. This temperature is in
good agreement to the temperature range at which the order falls out of equilibrium in cooling
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rate dependent measurements employing cooling rates between 10 K/min and 80 K/min (see
Fig. 3.13).

3.6 Remarks on activation energies

Throughout the course of this chapter, several activation energies have been determined by
means of following the ordering kinetics of the L21 ordering process in Ni2MnZ Heusler
compounds. Specifically, via annealing Ni2MnAl0.5Ga0.5, Ni2MnAl and Ni2Mn1.12Al0.88
samples initially quenched from high temperatures at different annealing temperatures Ta,
the activation energy of the ordering process under the presence of quenched-in excess
vacancies was determined. Here, values of 1.52-1.55 eV, 1.65 eV and 1.65 eV were found for
Ni2MnAl0.5Ga0.5, Ni2MnAl and Ni2Mn1.12Al0.88, respectively. Via following the state of L21

order as a function of cooling rate, as well as via annealing slow-cooled samples at various
Ta, additionally the activation energy for the ordering process without the presence of excess
vacancies was investigated. For Ni2Mn1.12Al0.88, values of 2.3-2.5 eV were obtained. Finally,
by quenching samples from different quenching temperatures Tq and following the ordering
process upon isothermal annealing at a constant annealing temperature Ta, additionally the
activation energy for vacancy formation in Ni2Mn1.12Al0.88 was determined as 1.0 eV.

Clearly, the activation energies for the ordering process under the presence of excess
vacancies are with a value of ≈ 1.6 eV similar in all studied compounds while the activation
energy for the ordering process under equilibrium vacancy concentration is ≈ 0.7-0.9 eV
larger. Relying on quenched-in excess vacancies, the activation energy of the ordering process
under presence of excess vacancies is lacking the term for vacancy formation. Consequently,
the observed difference should be equal to the vacancy formation energy in these compounds.
Indeed, comparing the retrieved 0.7-0.9 eV to the experimentally observed 1.0 eV vacancy
formation energy supports this conclusion.

Comparing the obtained activation energies to literature data draws the following picture:
Seguí (2014) studied directly the activation energy of the L21 ordering process in quenched
Ni2−xCoxMnGa samples and report a value of 1.46 eV similar to the values determined in
this thesis. Furthermore, self diffusion energies determined for Ni2MnZ Heusler systems can
partially be used to estimate the activation energy of the ordering process. Considering the
correlated jump mechanism in B2 compounds in which all constituents show approximately
the same activation energy for self diffusion (Mehrer, 1996; Wever, 1992), these activation
energies should be a good estimation for the activation energy of the B2-L21 ordering
process. Erdélyi et al. (2007) determined self diffusion coefficients and activation energies
for Ni2MnGa in the B2 phase and found values of 2.45 eV, 2.45 eV and 2.79 eV for 63Ni,
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54Mn and 67Ga, respectively. These values, probing the self diffusion under equilibrium
vacancy concentration, agree well with the 2.3-2.5 eV found in the experiments reported in
this work for Ni2Mn1.12Al0.88. Furthermore, the vacancy formation energy for Ni2MnGa
was determined by Merida et al. (2014, 2015) by means of Positron Annihilation Lifetime
Spectroscopy as 0.9-1.02 eV, also in good conformity to the values reported in this thesis for
Ni2Mn1.12Al0.88.

3.7 Conclusions

In this chapter, the kinetics of the L21 ordering process in Ni2MnZ Heusler systems, explicitly
in the model compound Ni2MnAl0.5Ga0.5 as well as in the ternary compounds Ni2MnAl
and Ni2Mn1.12Al0.88, was investigated by means of calorimetric and magnetization measure-
ments. Specifically, the evolution of selected magnetic properties were tracked as function
of the applied annealing treatment. Employing this method, isothermal evolution curves
for the magnetic transition temperature as well as the bulk magnetization were recorded at
various annealing temperatures. Based on these curves, time temperature transformation
diagrams for the L21 ordering process during isothermal annealing treatments were created
and activation energies of the ordering processes were determined. Furthermore, the strong
influence of quenched-in excess vacancies on the ordering process in the Ni2MnAl system
was demonstrated. Concerning this matter, activation energies for the L21 ordering process
for samples quenched from elevated temperatures with a large concentration of excess vacan-
cies were determined as 1.52-1.55 eV, 1.65 eV and 1.65 eV for Ni2MnAl0.5Ga0.5, Ni2MnAl
and Ni2Mn1.12Al0.88, respectively. At the same time, for slow-cooled Ni2Mn1.12Al0.88 sam-
ples with presumably equilibrium vacancy concentrations, significantly larger activation
energies for L21 ordering of 2.3-2.5 eV were found. The difference of the activation energies
between quenched and slow-cooled samples was attributed to the vacancy formation energy
which was hence estimated as 0.7-0.9 eV. Via quenching samples from different quenching
temperatures and comparing the kinetics of the ordering process, the activation energy for
vacancy formation in Ni2Mn1.12Al0.88 was indirectly measured, yielding a value of 1.0 eV in
good conformity to the presented estimation.





Chapter 4

Neutron diffraction study of magnetic
antiphase domain coupling in
Ni2MnZ compounds

4.1 Introduction

In Chapter 2, based on bulk magnetization measurements and Heisenberg Monte Carlo
simulations, the existence of a magnetic coupling across L21 antiphase domains (APDs) in
Ni2MnZ Heusler alloys was postulated. This postulation was based on the great conformity
between the magnetic simulations investigating the implications of mentioned coupling
and the experimental bulk magnetization curves. Yet, a direct experimental proof for the
postulated coupling is lacking.

In the pertinent literature, the most prominently employed method to study the orientation
dependence of the local magnetization at antiphase boundaries (APBs) is Lorentz Trans-
mission Electron Microscopy (Lorentz-TEM) where extremely small sample thicknesses
restrict the magnetization field into the plane normal to the incoming electron beam. Within
this plane, the orientation dependence of the magnetization field can then be studied and
for Ni2MnZ systems, a superposition of nuclear and magnetic domains together with a high
frequency of 180◦ domain walls was observed (Murakami et al., 2013, 2011; Park et al.,
2012; Venkateswaran et al., 2007; Yano et al., 2007). However, Lorentz-TEM investigations
are subject to inherent limitations. First of all, the small sample size in one direction and
associated with that the 2D character of the probed sample region might show different prop-
erties than the 3D bulk sample which is of primary interest. Second of all, the low number of
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APDs/APBs in a TEM micrograph and hence the low statistical quantity potentially amplifies
experimental anomalies over representative observations.

Needless to say, an experimental method probing the bulk and averaging over a large
number of APDs would be desirable in order to contribute to the open question of interde-
pendencies and coupling of magnetic domains and APDs in Ni2MnZ Heusler alloys. While
neutron scattering fulfills both mentioned criteria, it is by no means obvious how a neutron
diffraction experiment would resolve the raised questions. Concerning this matter, it is
necessary to understand the evolution of the nuclear structure upon L21 ordering an initially
B2-ordered sample, the order-dependent magnetic structures and their mutual implications
for neutron scattering. Then, on this basis, a meaningful experimental design can be proposed
that proofs or rejects the hypothesis of magnetically coupled APDs.

The evolution of L21 order was discussed in detail in the previous chapters. Specifically,
it was demonstrated that the ordering process can be roughly divided into two sub-processes
that occur simultaneously but on different timescales. While upon annealing a B2-ordered
sample in the L21-stable regime, first (short-range) order emerges, this order is initially
disrupted by a large number of APDs – and hence APBs – which grow in size as the ordering
process continues. Both sub-processes were shown to be probed primarily by different
magnetic properties, namely the magnetic transition temperature Tc (short-range order) and
the bulk magnetization M or DC susceptibility χ (APD growth). This dependency was used
in Chapter 3 to follow the kinetic evolution of both short-range order and APD size – a
knowledge that will be employed in this chapter for preparing meaningful sample sets.

It is well accepted that, under B2 order, Ni2MnZ compounds show, due to an antifer-
romagnetic (AFM) exchange coupling of Mn atoms on nearest neighbor (NN) sites, AFM
properties (Acet et al., 2002; Ishikawa et al., 2008; Ziebeck and Webster, 1975). This AFM
coupling is nicely resolved using neutron powder diffraction (see, for example Ziebeck and
Webster, 1975) where the AFM structure increases the size of the unit cell which leads to a
magnetic superstructure that is visible in the neutron diffractograms via additional purely
magnetic peaks that are spatially isolated from the nuclear peaks in reciprocal space.

Upon L21 ordering, besides the magnetic superstructure, an additional nuclear superstruc-
ture emerges at the Q values of the AFM superstructure peaks. The intensity of these nuclear
superstructure peaks results from the contrast between the 4a and 4b Wyckoff positions of the
L21 Fm3̄m structure, which in the case of Ni2MnZ is given by the relative occupancies of Mn
and Z on the two lattice sites. The width of the superstructure peak is in general dependent
on the instrument resolution and, decisive in this case, the correlation length of the ordered
domains. In the case of a small scale APD structure, the nuclear superstructure peaks can
be significantly broadened with respect to the B2 and A2 peaks. Concerning the magnetic
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properties, it is well accepted e.g. from density functional theory (DFT) calculations that with
increased L21 order, the magnetic properties of an individual domain become increasingly
ferromagnetic (FM) (see, for instance Ayuela et al., 1999). The important question is how
the mesoscale microstructure, i.e. the APDs/APBs, influences the magnetic structure. Here,
in principle, three independent scenarios are thinkable.

In the first scenario, the APBs have no influence on the magnetic properties. Assuming
long-range exchange interactions, the coupling of spins would simply persist through adjacent
domains and the magnetic properties of a bulk sample would, as the magnetic properties
of a single domain, be FM in nature. For the neutron diffractogram, this scenario would
simply imply a decoration of the nuclear scattering length of the Mn sites with a magnetic
contribution that would ultimately change the peak intensities of peaks at low Q values yet
leave the peak width, as determined by the size of the ordered domains, unchanged. Hence,
in this scenario, under a small scale APD structure the diffuse nuclear intensity would have a
diffuse magnetic contribution which decreases in intensity with increasing Q.

The second scenario represents the superparamagnetic case with isolated FM APDs. In
this case, the exchange interactions in the system would be short range and no exchange
coupling across APBs would be possible. Here, up to a certain APD size, each APD would
correspond to an isolated magnetic domain that can be regarded as a magnetic super moment.
Due to the missing coupling between these super moments, the super moments would
behave in a paramagnetic fashion. For the neutron diffractograms, this would imply similar
consequences as in the first scenario. Also here, a diffuse magnetic intensity would be
expected with the difference that the correlation length of the magnetic structure might even
be smaller than the correlation length of the nuclear structure. Yet, these effects are expected
to be small and probably not resolvable in an experiment.

The third scenario is the most interesting one since it represents the situation postulated
in Chapter 2. Here, the FM domains would couple across the APBs in an AFM fashion. This
scenario could in analogy to superparamagnetism be labeled superantiferromagnetism, yet
this name has been attributed in the pertinent literature to other, unrelated phenomena and,
in order to avoid confusion, it will be rather referred to as AFM coupling of APDs. The
implications of this AFM-like coupling of APDs for neutron powder diffractograms are quite
different from the first two scenarios and will be derived on the following pages. In order to
simplify the problem, only the Mn and Z sublattices are considered (the 4a and 4b Wyckoff
positions of the L21 structure) neglecting the Ni sublattice (8c position) which is anyway
unaffected by the B2-L21 transition.

In order to describe the problem mathematically, first, the NaCl symmetry of the Mn-Z
lattice needs to be described. For this purpose, a function f(r) is introduced that takes on the
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Fig. 4.1 One-dimensional pair probability functions for the Mn-Z sublattice under the
presence of APDs.

form
f(r) = (−1)r = (−1)x · (−1)y · (−1)z (4.1)

where x, y, z ∈ Z and r = (x, y, z). On this lattice, the effect of structural APDs is modeled
which effectively leads to a spatial decay of the occupational correlation of the lattice that
can be described with a Gaussian distribution. On this basis, pair probabilities pa-b(r,∆r)

can be defined that give the probability to find simultaneously an atom of type a at position r

and an atom type b at position r+∆r. In total, there are 4 such probabilities, namely pMn-Mn,
pMn-Z, pZ-Mn and pZ-Z that add up to 1 and that are defined as follows

pMn-Mn(r,∆r) =
1

4

(
1 + f(∆r) · exp(−∆r2

2s2
)
)
= pZ-Z (4.2)

pMn-Z(r,∆r) =
1

4

(
1− f(∆r) · exp(−∆r2

2s2
)
)
= pZ-Mn (4.3)

where s denotes the standard deviation of the Gaussian distribution. For the 1-dimensional
case, these pair probabilities with an arbitrary choice of s are depicted in Fig. 4.1. Considering
the stoichiometric case, pMn-Mn takes on a value of 0.5 at ∆x = 0 while simultaneously,
pMn-Al is zero. Due to the presence of APDs and hence the increasing loss of occupational
correlation with increasing ∆x, both pMn-Mn and pMn-Al converge to a value of 0.25 for large
∆x.

The scattering amplitude A(Q) for neutron scattering is defined as

A(Q) =
∑
r

b(r) exp(iQr) (4.4)
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where b is the neutron scattering length at position r and Q is the reciprocal scattering vector.
The scattering intensity I(Q) is then given as

I(Q) = ⟨(AA∗)(Q)⟩ = ⟨
∑

r,r+∆r

b(r)b∗(r+∆r) exp
(
iQ

(
(r+∆r)− r)

)
⟩. (4.5)

which can be simplified to

I(Q) = ⟨
∑

r,r+∆r

b(r)b∗(r+∆r) exp(iQ∆r)⟩ = F (⟨b(r)b∗(r+∆r)⟩). (4.6)

with F (⟨b(r)b∗(r+∆r)⟩) being the Fourier transform of the expectation value of the product
of the scattering lengths at positions r and r+∆r. For simplification, in the following, the
neutron scattering lengths are assumed to be purely real.

In the Mn-Z system, a scattering length at position r is in general composed of a nuclear
and a magnetic part. Specifically, the coherent nuclear scattering lengths of Mn and Z as well
as an Ising-type magnetic moment µ strictly confined to the Mn positions are considered.
This yields the following general expression for b(r):

b(r) = σ(r)bMn +
(
1− σ(r)

)
bZ + σ(r)f(r)µ (4.7)

with σ(r) being a random variable defining the occupancy of lattice sites. Specifically,
σ(r) = 1 in the case of r being occupied by Mn and σ(r) = 0 in the case of r being occupied
by Z. As given in (4.6), the scattering intensity is the Fourier transform of the expectation
value of the product of the scattering lengths at positions r and r+∆r. It is noted that, in
order to be formally correct, the nuclear and magnetic scattering lengths cannot simply be
added as done in (4.7) given that the scattering lengths depend on the neutron spin. However,
for the case of unpolarized neutrons (the scenario discussed here), the cross terms cancel and
the final result is indeed the simple addition of the nuclear and magnetic scattering intensity.
Consequently, with (4.7), the expectation value can be calculated as

⟨b(r)b(r+∆r)⟩ = pMn-Mn
1

2
[(bMn + f(r)µ)(bMn + f(r+∆r)µ)+

(bMn − f(r)µ)(bMn − f(r+∆r)µ)] + pZ-MnbZbMn + pMn-ZbMnbZ + pZ-Zb
2
Z (4.8)

Clearly, in all mixed Mn/Z terms, the magnetic contribution of the Mn scattering length
cancels as the sum over all r contains as many Mn with up as Mn with down spins.
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From (4.1) follows f(r+∆r)f(r) = f(∆r). Together with pMn-Mn = pZ-Z = 1−pMn-Z =

1− pZ-Mn, (4.8) can be simplified to an expression of only pMn-Mn

⟨b(r)b(r+∆r)⟩ = pMn-Mn
(
(bMn − bZ)

2 + µ2f(∆r)
)
+ 2bZbMn (4.9)

Hence, the scattering intensity can be calculated as

I(Q) = 2bZbMnF (1) + F (pMn-Mn)(Q)
(
(bMn − bZ)

2
)
+ F (pMn-Mn · f)(Q)(µ2) (4.10)

where the Fourier transforms take on the form

F (pMn-Mn) =
1

2
F (1) +

1

2
F (f) ∗ F

(
exp(

−r2

2s2
)
)

(4.11)

and

F (pMn-Mn · f) =
1

2
F (f) +

1

2
F

(
exp(

−r2

2s2
)
)
∗ F (1) (4.12)

with F
(
exp(−r2

2s2
)
)
= exp(−Q2s2

2
). Note that F (1) is to be understood as the Fourier

transform of discrete lattice positions in real space which yields a lattice of δ functions
in reciprocal space. Consequently, F (1) corresponds to the fundamental reflections of
the lattice, i.e. sites 4a and 4b being in phase, which in this case yields reflection at the
B2 positions in reciprocal space. Similarly, F (f) results in peaks at the L21 positions in
reciprocal space. Hence, F (pMn-Mn) yields sharp peaks at B2 positions in reciprocal space
and diffuse peaks at L21 positions while F (pMn-Mn · f) yields diffuse peaks at B2 positions
and sharp peaks at L21 positions. From (4.10), the nuclear and magnetic scattering intensities
can directly be deduced with the correct pre-factors:

L21 B2
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Fig. 4.2 Schematic drawing for the nuclear and magnetic scattering intensity for AFM
coupled APDs as derived in the text.
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Inuclear(Q) =
1

2
(bMn + bZ)

2F (1)︸ ︷︷ ︸
sharp peaks at B2 pos.

+
1

2
(bMn − bZ)

2F (f) ∗ F
(
exp(

−r2

2s2
)
)︸ ︷︷ ︸

diffuse peaks at L21 pos.

(4.13)

Imagnetic(Q) =
1

2
µ2F (f)︸ ︷︷ ︸

sharp peaks at L21 pos.

+
1

2
µ2F

(
exp(

−r2

2s2
)
)
∗ F (1)︸ ︷︷ ︸

diffuse peaks at B2 pos.

(4.14)

Further contributions to the scattering intensity such as the magnetic form factor and the
Debye-Waller factor have not been considered in this derivation. Fig. 4.2 shows a schematic
drawing of the nuclear and magnetic scattering intensity under the presence of AFM coupled
magnetic domains that coincide with the APDs.

The scenario of AFM coupled APDs on an atomic level is summarized in Fig. 4.3. Shown
is a 1D representation of the 3D Mn-Z lattice with 2 Mn-Mn APBs. As in the derivation
above, an Ising-type magnetic structure with up and down spins is assumed. The nuclear
structure is composed of the Mn and Z coherent neutron scattering lengths and the magnetic
structure is composed of the magnetic moments µ. While in one domain all spins point
upwards, in the neighboring domain all spins point downwards. The resulting magnetic
structure can further be understood as the superposition of an AFM-type superstructure and
a mesoscale structure. While the superstructure results in sharp magnetic peaks at the L21

positions in reciprocal space, the mesoscale magnetic structure is responsible for a magnetic
small angle signal. This model will in the following be compared to the experimental
observations in order to confirm or reject the hypothesis of AFM-coupled APDs. For the
experiments, the Ni2MnZ systems Ni2MnAl0.5Ga0.5 and Ni2MnAl were selected, mainly
because of the previously discussed possibility to access a wide range of states of order.

4.2 Sample preparation

Ni2MnAl0.5Ga0.5 and Ni2MnAl powder samples for neutron powder diffraction measurements
were prepared from the bulk master alloys whose preparation is described in Chapter 1. Each
master ingot was divided into two differently heat treated samples with masses of 6-9 g.
Concerning this matter, the solution-annealed ingots were first crushed into smaller pieces
and then manually ground to powders of diameter < 125µm. In order to remove mechanical
stresses and strains introduced during the powder preparation, the powders have been sealed
under vacuum in quartz ampules. Inside the quartz ampules, the powders were subject to a
recovery annealing treatment for 4 h in the B2-stable regime at 1073 K followed by quenching
in room temperature water. Afterwards, different states of L21 order/APD size were prepared
by annealing the powders in the L21-stable regime for different annealing times. Specifically,
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Fig. 4.3 Illustration of the nuclear and magnetic structure on the Mn-Z sublattice in a 1D
representation. The magnetic structure is assumed to be Ising-type. While all moment within
a domain are FM coupled and thus point in the same direction, across APBs, an AFM coupling
exists. Hence, magnetic moments in neighboring domains point in opposite directions. The
resulting magnetic structure can further be decomposed into an AFM-like superstructure
responsible for sharp superstructure peaks in neutron diffraction and a mesoscale structure
responsible for a small angle signal in neutron diffraction.

4 different annealing states have been prepared per system, with annealing times of 0 h, 0.5 h,
3 h and 10 d at 623 K in the case of Ni2MnAl0.5Ga0.5 and annealing times of 0 h, 4 h, 24 h and
10 d at 623 K in the case of Ni2MnAl. The annealing times for two systems were selected
according to the previously presented bulk measurements with the objective to cover a wide
range of states of order from ideal B2 order to L21 order with large APD sizes.

After the annealing treatment, the magnetic transition temperatures Tc of the powder
samples have been determined using Differential Scanning Calorimetry (DSC). The results
of these measurements are shown in Fig. 4.4. The retrieved Tc values are tabulated in
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Fig. 4.4 DSC measurements of the magnetic transition in Ni2MnAl0.5Ga0.5 (top) and Ni2MnAl
(bottom) in a variety of annealing conditions. Measurements have been performed on heating
using a heating rate of 10 K/min. Tc has been determined as described in Chapter 1.

Tab. 4.1. Evidently, with increased annealing time, an increase of the magnetic transition
temperature is observed. The annealing response and ordering kinetics of the powder samples
are in good agreement to the previously discussed bulk measurements. While for Ni2MnAl
the agreement between the powder and bulk samples is excellent for the entire evolution
curve, for Ni2MnAl0.5Ga0.5, the as-quenched state shows with a Tc value 20 K higher than
the one measured in the as-quenched bulk samples. This observation indicates that the
quenching of the sealed powder samples is less effective than the quenching of the bulk
samples. Consequently, a progressed state of order is preserved in the as-quenched powder
samples.

4.3 Results

4.3.1 Magnetic antiphase domain coupling

Neutron powder diffraction measurements of Ni2MnAl0.5Ga0.5 and Ni2MnAl samples in
various annealing conditions have been performed at the POWGEN diffractometer at the
Spallation Neutron Source (SNS), USA. In the course of the experiment, two different wave-
lengths bands were used, characterized by their center wavelengths cw of 1.333 Å and 2.665 Å.
For every annealing state prepared, several isothermal measurements have been performed
at temperatures between 10 K and 450 K. Fig. 4.5 shows neutron powder diffractograms of
Ni2MnAl0.5Ga0.5 samples in the 4 annealing states specified above recorded at 20 K using
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Fig. 4.5 Neutron powder diffractograms of Ni2MnAl0.5Ga0.5 in 4 different annealing condi-
tions recorded at 10∗/20 K using two wavelengths bands with center wavelengths of 1.333 Å
(top) and 2.665 Å (bottom). Depicted is as colored line the measured intensity, while the
black line shows the residues of the Rietveld refinement. The nuclear peak families of the
A2 and B2 contrast are indicated below the diffractograms while the position of the AFM
superstructure peaks (and also of the nuclear L21 superstructure peaks) is indicated by arrows
above the respective diffractogram. The annealing time increases from the bottom to the top.

both wavelengths bands. With the selection of wavelengths bands, a very large Q-range up
to approximately 15 Å−1 is covered. All diffractograms have been Rietveld-refined using the
FullProf suite (Rodriguez-Carvajal, 1990, 1993; Rodriguez-Carvajal and Roisnel, 1998) and
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the residues of the refinement are depicted below the respective diffractograms. The peak
positions for the nuclear and magnetic peaks are indicated via symbols below and above the
diffractograms. Clearly, all annealing states show a pronounced magnetic superstructure
marked by the black arrows while below the sharp magnetic peaks, with increased annealing
time, broad/diffuse nuclear superstructure peaks develop (see also Fig. 3.6). The magnetic
and nuclear contribution can easily be separated since the diffuse intensity persists to large Q
values while the intensity of the sharp superstructure peaks decays quickly with Q and has
nearly vanished at Q values of approximately 4.7 Å−1. Already a qualitative inspection of
the diffractograms at this point allows to assess a relatively constant intensity and shape of
the sharp magnetic superstructure reflections across all annealing states.

Fig. 4.6 shows, in analogy to to Fig. 4.5, diffractograms for the Ni2MnAl system in the 4
annealing states. Similar to Ni2MnAl0.5Ga0.5, also for Ni2MnAl, a magnetic superstructure
is visible throughout all annealing states. Again, the diffractograms have been Rietveld-
refined with the residues of the refinement shown below the diffractograms. With respect
to Ni2MnAl0.5Ga0.5, the emerging diffuse nuclear L21 intensity in Ni2MnAl is apparently
less pronounced, the reason of which can be either the retarded ordering kinetics and hence
smaller APD dimensions after similar annealing times and/or the smaller scattering contrast
between Al and Mn in comparison to Al/Ga and Mn.

Fig. 4.7 depicts temperature dependent diffractograms for Ni2MnAl0.5Ga0.5 and Ni2MnAl
in intermediate annealing states showing the strong temperature dependence of the magnetic
superstructure peaks. For reasons of conciseness, this figure shows only measurements with
a cw of 2.665 Å which is the wavelengths band best resolving the magnetic superstructure.
Evidently, for both systems, the diffractograms recorded in the paramagnetic regime at 450 K
show, as expected, no magnetic contribution. For Rietveld refinement of the nuclear structure,
the measurements at 450 K were used, thereby determining the degree of L21 order and
estimating the correlation length of the ordered domains.

Rietveld refinement has been performed in the time-of-flight domain using the FullProf
suite and making use of previously determined instrument resolution functions and instrument
specific zero-shift values. First, the nuclear structure was refined in the 450 K measurements
assuming the L21 Fm3̄m crystal structure as depicted in Fig. 4.8. In this refinement, site
occupancies were determined and consequently the degree of L21 order ηL21 was calculated.
In order to describe the broadened L21 nuclear superstructure peaks, an hkl-dependent size
broadening was considered obeying the condition h + k + l = 2n+ 1 with n ∈ N. For every
annealing condition, a size parameter proportional to the correlation length of the ordered
domains was refined. The refined value was converted to concur with the description by Fultz
and Howe (2012) where the correlation length or crystallite size is calculated as 0.443/Γ,



102 Neutron diffraction study of magnetic APD coupling in Ni2MnZ compounds

2 4 6 8 10 12 14

In
te

ns
ity

 (
a.

u.
)

↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓

↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓

↓
AFM

↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓

T =                 10*/ 20 K

cw =             1.333 A°

Ni2MnAl

A2B2

1.5 2 2.5 3 3.5 4 4.5 5 5.5

In
te

ns
ity

 (
a.

u.
)

Q        

↓

↓

↓

↓
AFM

↓

↓

↓

↓

↓

↓

↓

↓

A2B2

(A-1)°

aq

4 h 623 K*

24 h 623 K

10 d 623 K
cw =             2.665 A°

Fig. 4.6 Neutron powder diffractograms of Ni2MnAl in 4 different annealing conditions
recorded at 10∗/20 K using two wavelengths bands with center wavelengths of 1.333 Å (top)
and 2.665 Å (bottom). Depicted as colored line is the measured intensity, while the black line
shows the residues of the Rietveld refinement. The peak positions of the nuclear peak families
of the A2 and B2 contrast are indicated by black triangles below the diffractograms while
the position of the AFM superstructure peaks (and also of the nuclear L21 superstructure
peaks) is indicated by arrows above the diffractograms. The annealing time increases from
the bottom to the top.

with Γ being the half width at half maximum (HWHM) of a Lorentzian fit of the individual
peaks. The retrieved structural parameters together with the calorimetrically determined Tc
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Fig. 4.7 Temperature dependent neutron powder diffractograms for Ni2MnAl0.5Ga0.5 (top)
and Ni2MnAl (bottom) in an intermediate annealing state. Depicted is as colored line the
measured intensity, while the black line shows the residues of the Rietveld refinement. The
nuclear peak families of the A2 and B2 contrast are indicated below the diffractograms while
the position of the AFM superstructure peaks (and also of the nuclear L21 superstructure
peaks) is indicated by arrows above the respective diffractogram. The refined magnetic
moments are given in Tab. 4.2.

values are given in Tab. 4.1 where the values for ηL21 and the correlation lengths are averaged
over the two wavelengths bands measured.
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Fig. 4.8 Illustration of the structural models employed to refine the nuclear (left) and magnetic
structures (right). Details on the refinement and the refined models is given in the text.

The refinements quantitatively confirm the qualitative observation that with increased
annealing time, the diffuse L21 intensity as well as the correlation length of the ordered
domains increases. For both Ni2MnAl0.5Ga0.5 and Ni2MnAl even the as-quenched state
shows a significant diffuse intensity at the L21 peak positions with, initially a very low
correlation length in the magnitude of the lattice constant. Intuitively this might be a surprise,
yet considering the finite cooling rate during quenching, it is plausible that the atomic
mobility at and below the B2-L21 transition is sufficient to accommodate initial ordering
processes/the emergence of a short-range L21 order. Nonetheless, the very weak and broad
intensity makes the refined values strongly dependent on the background description and
thus inherently error-prone. In the advanced states of ordering, for both compounds clearly
a pronounced diffuse intensity can be observed. For Ni2MnAl0.5Ga0.5, the refined ηL21 for
the 10 d annealed condition yields a value of approximately 1 while the correlation length
is estimated as 3 nm. For Ni2MnAl the slower ordering kinetics already found in the bulk
measurements is also observed in the powder diffraction and the 10 d annealed sample shows
a ηL21 value of 0.82 and a correlation length of only 1.6 nm.

For diffractograms at various temperatures, lattice constants have been refined which
are given in Tab. 4.2. The transition from B2 to L21 with increased annealing time is also
resolved in the lattice constant as previously demonstrated by Ishikawa et al. (2008). At
450 K, the lattice constant decreases from the as-quenched (B2-ordered) to the 10 d at 623 K
annealed (L21 ordered) state by 0.15 % in the case of Ni2MnAl0.5Ga0.5 and by 0.06 % in the
case of Ni2MnAl. The values for Ni2MnAl0.5Ga0.5 are in perfect relative agreement to the
work by Ishikawa et al. (2008) where a decrease between the B2 and L21 structure of 0.17 %
was observed.
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Ni2MnAl0.5Ga0.5
Observable aq 0.5 h 3 h 10 d
Tc (K) 314.5 330.8 342.6 387.1
ηL21 0.75 0.73 0.93 1.05

correlation length (Å) 8.2 10.5 12.1 30.0
Ni2MnAl

Observable aq 4 h 24 h 10 d
Tc (K) 292.8 307.6 329.7 368.6
ηL21 0.62 - 0.71 0.82

correlation length (Å) 4.6 - 5.2 16.8

Table 4.1 Degree of L21 order ηL21 and correlation length of ordered domains for
Ni2MnAl0.5Ga0.5 and Ni2MnAl samples obtained from Rietveld refinement of neutron pow-
der diffraction data measured at 450 K as averaged over two measurements with different
wavelengths bands. Tc values refer to the magnetic transition temperatures obtained from
DSC measurements.

In order to provide a consistent model able to describe the magnetic structure throughout
all annealing stages, the low temperature diffractograms were refined assuming the B2 Pm3̄m
nuclear structure together with an AFM structure on the Mn sublattice, leading to a magnetic
unit cell identical to the L21 unit cell. As elucidated in the theoretical derivation in the
beginning of this chapter, magnetically coupled APDs lead to sharp magnetic superstructure
peaks at the L21 peak positions in reciprocal space, identical to an ideal AFM structure. In
size and shape, these magnetic superstructure peaks should thus remain constant throughout
the annealing stages as long as mentioned coupling persists, despite the emerging diffuse
nuclear signal at the same positions. Hence, for refining the magnetic structure, the approach
was taken to define the diffuse nuclear L21 peaks as background and describe the B2- and
A2-type nuclear peaks together with the AFM-type magnetic superstructure peaks with the
mentioned model schematically illustrated in Fig. 4.8. Applying this procedure, the magnetic
moments on Mn together with the lattice constants were refined for all annealing states and a
variety of temperatures. The results of these refinements are given in Tab. 4.2. The normal
fonts refer to the refinement of measurements with cw = 1.333 Å while the italic fonts refer
to the refinement of measurements with cw = 2.665 Å. In general, due to the better resolution
in the relevant Q range, the background description of the cw = 2.665 Å is more accurate and
consequently the refined magnetic moments more reliable.

At 20 K, for both Ni2MnAl0.5Ga0.5 and Ni2MnAl the refined moments on Mn scatter
around 3.9µB/f.u. in all annealing conditions. Comparing this to previous neutron diffraction
results for Ni2MnAl as reported by Ziebeck and Webster (1975) shows good agreement, with
Ziebeck and Webster (1975) stating the AFM moment of Mn as 4.2±0.2µB/f.u. Interestingly,
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-

-
3.83(6)

-
-

-
3.83(5)

-
200

3.52(8)
-

3.58(11)
3.57(13)

3.17(7)
-

3.35(7)
3.54(8)

3.33(5)
-

3.37(7)
3.53(8)

3.14(5)
-

3.30(5)
3.42(7)

300
1.83(11)

1.82(12)
2.74(9)

2.70(11)
1.45(9)

2.15(8)
2.10(16)

2.63(11)
1.77(7)

2.04(7)
2.62(8)

2.64(10)
1.34(9)

1.83(7)
2.06(7)

2.46(7)
340/330

∗∗
-

-
1.95(8)

-
-

-
1.77(9) ∗∗

-
-

-
2.15(6)

-
-

-
1.50(8) ∗∗

-
450

0.88(40)
0.74(31)

0.83(31)
0.97(29)

0.99(11)
-

0.77(14)
0.56(19)

0.59(16)
0.64(16)

0.58(34)
0.69(22)

0.80(13)
-

0.68(14)
0.81(13)

a
(Å

)

10
∗/20

5.81423(16)
5.81357(2) ∗

5.81137(2)
5.80958(4)

5.80901(4)
5.80941(4) ∗

5.80784(4)
5.80732(10)

5.81254(4)
5.81189(6) ∗

5.80975(4)
5.80800(4)

5.80827(8)
5.80896(6) ∗

5.80749(6)
5.80594(6)

70
-

-
5.81187(4)

-
-

-
5.80856(6)

-
-

-
5.81040(4)

-
-

-
5.80810(6)

-
200

5.81926(2)
-

5.81619(2)
5.81434(4)

5.81367(2)
-

5.81215(2)
5.81139(10)

5.81965(4)
-

5.81665(4)
5.81462(4)

5.81498(8)
-

5.81392(6)
5.81228(6)

300
5.83136(2)

5.83217(2)
5.82350(2)

5.82534(2)
5.82437(2)

5.82253(2)
5.82261(4)

5.82144(12)
5.82977(4)

5.82903(4)
5.82437(4)

5.82385(4)
5.82384(4)

5.82395(4)
5.82242(4)

5.82062(4)
340/330

∗∗
-

-
5.82867(4)

-
-

-
5.82400(2) ∗∗

-
-

-
5.82878(4)

-
-

-
5.82454(4) ∗∗

-
450

5.83899(4)
5.83940(4)

5.83725(4)
5.83363(2)

5.83221(2)
-

5.83158(2)
5.83024(8)

5.83969(4)
5.83958(4)

5.83743(4)
5.83459(4)

5.83412(4)
-

5.83293(4)
5.83097(4)
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the spin spiral structure reported by Ziebeck and Webster (1975) evidenced by satellite
reflections could not be observed in the here presented measurements. Instead, for the
primarily B2-ordered, as-quenched state, a purely AFM structure was found. Comparing the
data presented in this chapter obtained at POWGEN to the sample set reported in Chapter 5
which also includes an independently prepared Ni2MnAl sample shows excellent agreement.
The data set presented in Chapter 5 was measured at the SPODI diffractometer at the FRM II,
Germany and the magnetic moment on Mn in the AFM structure was refined as 3.73µB/f.u.
Also in the SPODI measurements, no magnetic satellite peaks and hence no signs for a spin
spiral structure were found. For Ni2MnAl0.5Ga0.5, no neutron diffraction studies have been
reported yet in the pertinent literature and consequently, with respect to the refined magnetic
moments, no comparison to literature values can be given. However, as pointed out above,
both Ni2MnAl0.5Ga0.5 and Ni2MnAl show quite identical magnetic structures.

Comparing the lattice constants of Ni2MnAl0.5Ga0.5 and Ni2MnAl shows at all tem-
peratures higher values for Ni2MnAl0.5Ga0.5, resulting from a larger atomic size of Ga in
comparison to Al. The decrease in lattice constant with increased L21 order briefly discussed
above is observed in both compounds at all temperatures. The magnetic transition however
seems to have no visible effect on the lattice constant. Comparing absolute values of the
lattice constant to previously published neutron diffraction and X-ray diffraction results
shows excellent agreement. Ishikawa et al. (2008) report room temperature lattice constants
for Ni2MnAl0.5Ga0.5 in various annealing conditions and gives a lattice constant for the
B2-ordered, as-quenched state of 5.830 Å and for the most progressed L21 ordered state
of 5.820 Å. In the present investigation, averaged over both wavelengths bands, at 300 K,
5.830(5) Å for the as-quenched state and 5.825(2) Å for the 10 d at 623 K annealed state are
found. For Ni2MnAl, Ziebeck and Webster (1975) report a lattice constant of 5.822 Å at room
temperature in the as-quenched condition and Acet et al. (2002) state a lattice parameter of
5.818 Å. In the present study, at 300 K, lattice constants between 5.824(4) Å and 5.821(4) Å
are observed, depending on the annealing condition. The independent Ni2MnAl sample
measured at SPODI as presented in Chapter 5 showed a refined lattice constant at 300 K of
5.825(4) Å in the B2-ordered state. Considering presumably slightly different compositions
and states of order in the different samples, the conformity of the stated values is excellent.

Further, it is of interest to study explicitly the temperature dependence of the magnetic
moments. As given in Tab. 4.2, several isothermal measurements have been performed for the
various annealing conditions between 20 K and 450 K. For Ni2MnAl0.5Ga0.5 and Ni2MnAl
in an intermediate annealing state, these temperature dependent diffractograms are depicted
in Fig. 4.7. Shown are measurements with cw = 2.665 Å. As can be seen, with temperature,
the magnetic intensity gradually decreases and is completely vanished at 450 K.
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Fig. 4.9 Waterfall plots for Ni2MnAl0.5Ga0.5 (top) and Ni2MnAl (bottom) in different an-
nealing conditions. The data was measured partially on cooling and heating using a cw of
1.333 Å. The white dashed lines indicate the Tc value retrieved from DSC measurements as
given in Tab. 4.1.

Besides the isothermal measurements, continuous in-situ measurements have been per-
formed for both systems in 3 different annealing states each, on cooling and heating. The
retrieved data was afterwards sliced, yielding averaged diffractograms every 20 K between
30 K and 450 K. As previously discussed, the magnetic transition temperature is a reliable
indicator for the state of order present in the sample and hence, despite similar Mn magnetic
moments at 20 K, the decrease of the magnetic moment with temperature should be different
for different annealing conditions. Fig. 4.9 shows waterfall plots for Ni2MnAl0.5Ga0.5 and
Ni2MnAl in various annealing states. Evidently, the increase in Tc already observed in the
DSC measurements (see Fig. 4.4 and Tab. 4.1) is also observed in the neutron diffraction
data. Furthermore, with increased annealing time, for both systems the increased diffuse
background is observed stemming from the L21 order with a pronounced APD structure. De-
spite the qualitative agreement between the DSC and neutron data, clearly the determination
of Tc from a broad calorimetric signal is error-prone and quantitative discrepancies to the
more accurate neutron diffraction data are observed.

The temperature dependent diffractograms can also be analyzed quantitatively. In the
studied temperature range, evidently the nuclear scattering is, with the exception of the tem-
perature dependent contribution of the Debye-Waller factor, constant. In order to extract the
magnetic intensity, the purely nuclear signal at 450 K was subtracted from the diffractograms
at lower temperatures. In this respect, the peak shift due to the temperature dependent lattice
constant needs to be considered which was done using the refined values from the isothermal
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Fig. 4.10 Quantitative analysis of the AFM Mn moment as a a function of temperature for 3
different annealing states in Ni2MnAl0.5Ga0.5 and Ni2MnAl samples. The colored arrows
indicate the Tc values obtained from DSC measurements.

measurements. After nuclear background subtraction, the intensity of the first magnetic peak
was determined via numerical integration. Finally, the obtained intensities were corrected for
the temperature dependent Debye-Waller factors obtained from the Rietveld refinement of
the isothermal diffractograms. The obtained corrected intensity values were then normalized
to match the refined magnetic moment at 20 K. Fig. 4.10 depicts the temperature dependent
Mn magnetic moment in the AFM structure. In the paramagnetic state with the clear absence
of a sharp magnetic superstructure peaks, the magnetic intensity was manually set to zero.
Due to the µ2 dependency of the magnetic intensity and a imperfect background description,
in Rietveld refinement (see Tab. 4.2) always a small magnetic moment is retrieved also in the
paramagnetic state which is an artifact of the refinement process rather than a meaningful
result. Fig. 4.10 clearly shows the increased Tc values with increased annealing time that
were already qualitatively observed in the waterfall plots. Also, the second order nature of
the magnetic phase transition is nicely revealed.

To conclude, the here presented neutron diffraction results strongly suggest the existence
of the postulated magnetic APD coupling. Evidently, a sharp magnetic superstructure is
found in all states of order/APD sizes at low temperatures. This magnetic structure is found
to be quasi constant in intensity throughout all annealing stages which perfectly confirms
the predictions made in the introductory part of this chapter for the postulated scenario of an
AFM coupling of structural APDs. At the same time, the magnetic transition temperature
shows a clearly temperature-dependent behavior demonstrating, besides the emerging nuclear
superstructure, the increased degree of L21 order evoked by low-temperature annealing.
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Fig. 4.11 Pre-martensite phase as originally described by Brown et al. (2002). Depicted is
a 2D projection of the lattice together with the cubic L21 unit cell and the orthorhombic
pre-martensite unit cell.

Overall, the presented results are an unambiguous proof for the existence of magnetic APD
coupling in Ni2MnZ Heusler alloys.

4.3.2 Pre-martensitic transition in Ni2MnAl0.5Ga0.5

As first observed by Zheludev et al. (1995) with neutron diffraction experiments, the marten-
sitic transition in the prototypical ferromagnetic shape memory compound Ni2MnGa is
preceded by a so-called pre-martensitic precursor phase that is stable between 220 K and
260 K. Brown et al. (2002) proposed an orthorhombic structure for this pre-martensite phase
with space group Pnnm. It can be understood as a modulation of the {110}-planes of the L21

austenite structure as schematically depicted in Fig. 4.11. As can be seen in the figure, the
pre-martensite is a 3-modulated structure with the modulation occurring in x direction of the
orthorhombic unit cell while the displacement amplitudes of the different elements within a
displaced plane are a degree of freedom. The lattice constants of the orthorhombic unit cell
have been fixed in the description by Brown et al. (2002) to certain ratios of the cubic lattice
parameter. Specifically, the lattice parameter b in y-direction is the same for the cubic and
the orthorhombic structure while the lattice parameter a∗ of the orthorhombic structure in
x-direction is a factor of

√
2 smaller than b and the lattice parameter c∗ of the orthorhombic

structure in z-direction is a factor of 3/
√
2 larger than b. It should be noted that in principle,

in the orthorhombic structure the lattice constants are independent from each other and fixing
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Fig. 4.12 Neutron diffractogram for a 10 d at 623 K annealed Ni2MnAl0.5Ga0.5 sample at 20 K
on a logarithmic scale. The black line below the diffractogram shows the (linear) residual of
the Rietveld-refined diffractogram. The arrows above the measured data shows the position
of the L21 peaks, the lines below the data indicate the peak positions of the pre-martensite
(pm) Pnnm structure.

them to certain ratios already implies a certain restriction. Recently, the structural model by
Brown et al. (2002) has been questioned and an incommensurate 4D superspace group has
been proposed by Singh et al. (2013) in order to describe the structure more accurately. Yet,
the resolution of the experiment presented in this thesis is insufficient for contributing to this
debate and the orthorhombic structure is by any means a satisfactory approximation to treat
the presented data.

In Ni2MnAl0.5Ga0.5, the alloy system investigated in this chapter for studying the mag-
netic coupling of APDs, up to this point no pre-martensitic or martensitic transition has been
reported. Employing bulk measurements, Ishikawa et al. (2008) observed a pre-martensitic
transition only for the Ga rich side of the Ni2MnAlxGa1−x system. In the following, it
is demonstrated by means of neutron diffraction, that also in Ni2MnAl0.5Ga0.5, the L21

structure transforms at lower temperatures into a pre-martensitic structure that can well be
described using the model by Brown et al. (2002). Furthermore, it is demonstrated that the
pre-martensite is stable to at least 20 K and no transition to a martensite phase is observed.
In Ni2MnAl, in comparison to Ni2MnAl0.5Ga0.5, no pre-martensitic transition is observed.

In the first part of this chapter, the structural and magnetic models used for Rietveld
refinement did not consider the transition to a pre-martensite phase. Yet, evidently, the results
of the refinements as depicted in Fig. 4.5 are satisfying and on a first glance the presence of
a pre-martensite phase is hardly noticeable. The reason for this is the low intensity of the
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Atomic position Occupation Ni2MnAl0.5Ga0.5 (20 K) Ni2MnGa (230 K)
x y z x y z

2a 0 0 0 Mn 0 0 0 0 0 0
4g x 0 z Mn 0.028(2) 0 1/3 0.013(2)∗ 0 1/3

z 0.01590∗∗

2b 0 1/2 0 Al/Ga 0 1/2 0 0 1/2 0
4g x 0 z Al/Ga 0.027(1) 1/2 1/3 0.0015(9)∗ 1/2 1/3

0.01970∗∗

4f 1/2 1/4 0 Ni 1/2 1/4 0 1/2 1/4 0
8h x y z Ni 0.5291(2) 1/4 1/3 0.4930(3)∗ 1/4 1/3

0.52126∗∗

Table 4.3 Atomic positions and refined displacements for Ni2MnAl0.5Ga0.5 at 20 K and
for Ni2MnGa at 230 K as given by Brown et al. (2002)∗ and Singh et al. (2013)∗∗. All
values refer to the space group Pnnm. Lattice constants of the orthorhombic unit cell are
b = a∗ ·

√
2 = c∗ ·

√
2/3 with b being the cubic L21 lattice constant.

superstructure peaks stemming from the described modulation of the {110}-planes that leaves
the structural and magnetic peaks of the parent phase in a first approximation undisturbed.

Fig. 4.12 shows the neutron powder diffractogram of the Ni2MnAl0.5Ga0.5 sample in
the 10 d at 623 K annealed condition at 20 K on a logarithmic y-scale in order to amplify
low-intensity regions. In this depiction, it is evident that besides the strong austenite peaks,
additional low-intensity peaks are present that cannot be described with the L21 structure.
Refining the structure with the model by Brown et al. (2002) yields excellent results. Specifi-
cally, the black line below the diffractogram shows the residual of the Rietveld refinement on
a linear scale. As done by Brown et al. (2002), the ratio of lattice constants was fixed in the
refinement process and the modulations were restricted to the x-direction. By this approach,
the refined values can well be compared to the values reported by Brown et al. (2002) for
Ni2MnGa.

Tab. 4.3 lists the atomic positions in the orthorhombic unit cell for the pre-martensite
phase in Ni2MnGa together with the site occupancies as obtained by Brown et al. (2002)
from neutron diffraction and by Singh et al. (2013) using high resolution X-ray diffraction.
Additionally, the same values for Ni2MnAl0.5Ga0.5 as refined in this study are listed. As
can be seen, the displacements for Ni2MnAl0.5Ga0.5 at low temperatures are higher than the
displacements stated for Ni2MnGa. Surprisingly, the discrepancies between the two cited
studies on Ni2MnGa are large. Yet, overall, the refined values for Ni2MnAl0.5Ga0.5 seem
plausible and agree especially well with the values for Ni2MnGa reported by Singh et al.
(2013). Specifically, in this study, similar displacements for all constituents with values
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Fig. 4.13 Temperature dependent neutron diffraction patterns of Ni2MnAl0.5Ga0.5 in 4 an-
nealing conditions showing the emergence of the pre-martensite phase with decreasing
temperature. Measurements for the top two panels were performed on cooling using a cw of
1.333 Å. The lower two panels show isothermal measurements at 10/20 K.

of 0.028a∗, 0.027a∗ and 0.0291a∗ for Mn, Al/Ga and Ni, respectively are found. Finally,
the results leave no doubt that the observed pre-martensitic structure in Ni2MnAl0.5Ga0.5 is
qualitatively the same as in Ni2MnGa.

Furthermore, it is interesting to study the effects of the change in nuclear structure, i.e.
the increasing degree of L21 order and the increasing APD size, on the emergence of the
pre-martensite phase. Fig. 4.13 shows temperature dependent neutron diffraction patterns for
Ni2MnAl0.5Ga0.5 in the 3 h and 10 d at 623 K annealed conditions measured continuously on
cooling using a cw of 1.333 Å together with the isothermal diffractograms at 10/20 K of the
as-quenched and 0.5 h annealed samples. Clearly, the emergence of a pre-martensite phase
with decreasing temperature is observed in the 3 h and 10 d annealed samples. Also the 0.5 h
annealed sample shows very weak pre-martensitic peaks at 10 K. In the as-quenched sample
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however, no pre-martensite phase is observed. While all samples annealed at 623 K show
the pre-martensite phase at low temperatures, the intensity of the peaks in the 10 d at 623 K
annealed sample is significantly stronger than in the 3 h and the 0.5 h annealed samples. Also,
the transition temperature to the pre-martensite phase is highest in the 10 d annealed sample
where it is observed at approximately 190–210 K. In the 3 h annealed sample the transition is
found at significantly lower temperatures of approximately 130-150 K. Since for the 0.5 h
annealed sample only the 10 K measurement exists, no statement can be made about the
transition temperature, yet, comparing the peak intensity to the 3 h annealed sample indicates
that the transition temperature will be significantly lower in the 0.5 h annealed sample.

The presented results demonstrate for the first time the influence of the degree of order
and the microstructure of the austenite phase on the pre-martensite phase. Specifically, it
is found that the as-quenched B2-ordered sample (presumably with initial L21 short-range
order) shows no pre-martensitic transition while with increased L21 order, the stability of
the pre-martensite phase increases. The observation that already the 0.5 h and 3 h annealed
samples show an increased tendency to develop the pre-martensite phase at low temperatures
indicates that already the adjustment of short-range order, even under the presence of a high
density of APBs, influences the pre-martensitic transition. At the same time, the significantly
stronger pre-martensite peaks and the higher transition temperature of the 10 d with respect to
the 3 h annealed sample indicates that even when the short-range order is in saturation (note,
that both the 3 h and 10 d annealed samples show similar Tc and ηL21 values) and primarily
the APDs grow in size, the pre-martensite further gains stability. Hence, both processes,
i.e. the adjustment of (short-range) L21 order and the growth of the APD structure seem to
impact the structural austenite-pre-martensite transition while the exact mechanisms of this
transition are subject of further investigations.

4.4 Conclusions

The results presented in this chapter make a strong case for the existence of a coupling of
magnetic and structural domains in Ni2MnZ compounds. Specifically, it was demonstrated
that an AFM-like coupling of the Mn atoms in neighboring APDs exists over a wide range
of APD dimensions. These findings have profound implications for the entire family of
Ni2MnZ alloys as commonly cherished for their excellent ferromagnetic shape memory
and magnetocaloric properties. In fact, for practical purposes, it is not the short-range
chemical structure but the mesoscale microstructure of these alloys that determines their
functionality such as the magnetic properties. However, so far, when tuning the properties
of these alloys, mainly the degree of order and the alloys’ composition have been taken
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into consideration. The additional complexity of the microstructure leaves room for further
optimization, especially considering that the understanding of the exact mechanisms of the
interplay of the microstructure and the functionality (e.g. the magnetocaloric effect) is still
lacking. It should be noted that nowadays much information about functional mechanisms
is drawn from theoretical studies based on DFT calculations which are often restricted to
ordered structures and atomic cells with a small number of atoms. Hence, the sensitization
for the importance of the microstructure could trigger new research activities that will help
to use the full potential of microstructure engineering for improving the functionality of
Ni2MnZ Heusler materials.

Experimentally, it will be interesting to compare the powder diffraction results to small
angle neutron scattering measurements. As pointed out in the first part of this chapter,
the observed AFM coupling of APDs does not only yield sharp magnetic superstructure
peaks but also the presence of a magnetic small angle neutron scattering (SANS) signal is
expected. First of all, this postulation should be tested given that the existence of a magnetic
SANS signal that can be traced back to the size of the APD structure would be the ultimate
proof that the presented model is correct. Next, SANS could be used to study the domain
coupling in bulk samples as a function of APD size, magnetic field and temperature as it
would be required to examine the exact mechanisms of the coupling and its interplay with an
external field. Given the higher flux and the easier data evaluation with respect to powder
diffraction, a much larger parameter space could be probed in the same time avoiding the
problem of handling powder samples in magnetic fields. The retrieved results could finally
be used in combination with magnetic simulations as e.g. presented in Chapter 2 to reveal
the mechanisms of the magnetic coupling across APDs in Ni2MnZ compounds.

Furthermore, with the presented discovery of Ni2MnAl0.5Ga0.5 showing a surprising
stability of the pre-martensite phase that is at the same time highly dependent on the degree
of order in the austenite parent phase, a pathway for a better understanding of the mechanisms
leading to a martensitic transition in Ni2MnZ compounds is opened. Specifically, the order
dependency presented in this thesis needs to be investigated theoretically by means of DFT
calculations.





Chapter 5

Magnetic structure of B2-ordered
Ni2-xCoxMnAl compounds

5.1 Introduction

In the previous chapters, the primary topic was the adjustment of L21 order in Ni2MnZ
Heusler compounds on different length scales, its influence on the magnetic properties of
these materials as well as the kinetic evolution of the ordering process. Specifically, the
interdependency of the state of order in the sample and the bulk magnetization was established
in Chapter 2. It was demonstrated that B2-ordered samples show perfect antiferromagnetic
(AFM) properties while with increased L21 order, peculiar magnetic properties develop that
adopt an increased ferromagnetic (FM) character. This behavior was ascribed to a magnetic
coupling between adjacent structural APD which could be supported by neutron diffraction
results presented in Chapter 4. As already discussed in the theoretical part of Chapter 2, the
AFM-like coupling of adjacent antiphase domains (APDs) is a question of the ratio between
the AFM and the FM exchange interactions J1 and J2 as given in the magnetic Hamiltonian
of the system (2.1).

In perfect analogy to the coupling across antiphase boundaries (APBs), also in fully
disordered B2 Ni2MnZ compounds, the magnetic properties are crucially determined by
the ratio of the competing AFM and FM exchange interactions. Specifically, B2-ordered
Ni2MnAl, with a weak Ni-Mn FM coupling, shows perfect AFM properties (Acet et al.,
2002; Ziebeck and Webster, 1975), while B2-ordered Co2MnAl, with a stronger Co-Mn FM
coupling, shows perfect FM properties (Umetsu et al., 2008). Consequently, as a function
of the Ni/Co ratio, a transition between the AFM and the FM structure is observed (Okubo
et al., 2011). The relevant composition range for the transition can be confined between
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Ni50Mn25Al25 and Ni40Co10Mn25Al25. In the original study by Okubo et al. (2011), a clear
distinction was made between apparently AFM compounds showing a cusp in the M(T )

curves together with a low bulk magnetization and FM compounds that show prototypical
FM magnetization curves with large bulk magnetizations.

In this chapter, the Ni50−xCoxMn25Al25 system is revisited by making use of the pos-
sibility to adjust perfect B2 order over a large compositional range. Based on the bulk
magnetization measurements previously reported by Okubo et al. (2011), neutron powder
diffraction measurements are performed in order to study the exact mechanism of the peculiar
AFM-FM transition as function of x. The AFM moment of the unit cell, confined to the
Mn atoms, is conveniently retrieved from neutron diffraction while the FM moments in the
unit cell provide a relatively weak contrast in neutron diffraction and are hence determined
via bulk magnetization measurements performed by SQUID magnetometry. Based on the
findings, a model for the magnetic structure of B2-ordered (Ni/Co)2MnZ compounds as a
function of the FM exchange interaction strength between Ni/Co and Mn is developed.

For reasons of consistency, in the following the unit cell for all compounds refers to the
formula unit X2YZ in analogy to the L21-ordered Heusler compounds, even though the unit
cell of B2 compounds in principle would be denoted as XY0.5Z0.5. Furthermore, in order to
describe the alloys’ compositions intuitively, the subscripts are written in at. %.

5.2 Sample preparation

As discussed in Chapter 1, cast rods have partially been obtained from the group of Ryosuke
Kainuma at Tohoku University, Japan and some of the original sample materials are hence
identical to the previous study by Okubo et al. (2011). In this respect, only the Ni50Mn25Al25
compound has been freshly prepared for this study as this composition was not comprised in
the set of samples by Okubo et al. (2011). Even though samples have been partially provided
by the Kainuma group, the crucial steps of the sample preparation were performed by the
author of this thesis and will be elucidated in the following given their direct implications for
the diffraction results.

In order to provide high quality powder samples for neutron diffraction, the cast rods
have to undergo a series of preparation steps. First, due to the casting process, the as-cast
rods tend to show segregation which is removed via long time high-temperature solution
annealing treatments in the bulk state. Specifically, samples have been solution-annealed for
48 h at 1273 K in quartz ampules in high purity Ar atmosphere with subsequent quenching in
iced water. Due to the relatively large sample size of the as-cast rods and the high solution
annealing temperature, the amount of quenched-in excess vacancies in the material after



5.3 Results 119

quenching is high and presumably spatially inhomogeneous. In order to obtain ideally
B2-ordered samples, the solution-annealed rods were subject to a second annealing treatment
approximately 50 K above the B2-L21 transition temperature followed by quenching in iced
water. The annealing temperatures for all compositions are given in Tab. 5.1.

After having adjusted a state of homogeneous B2 order with a presumably low defect
density, the rods have been manually crushed and ground to powders with grain diameters
< 125µm. For every composition, powder samples with masses between 2.5 and 7.5 g
were prepared. Due to the ductility of the material, grinding tends to introduce significant
mechanical stresses and strains into the samples, leading to pronouncedly broadened peaks
in diffraction experiments. To release the stresses and strains, the powder samples were
recovery annealed for 4 h at the last applied annealing temperature as specified in Tab. 5.1.
Special care was taken to avoid oxidization of the powder samples. For this purpose, the
powder samples have been encapsulated in quartz ampules under high purity Ar atmosphere.
Based on X-ray diffraction, a pronounced peak sharpening was observed as a consequence
of the recovery annealing treatment. After recovery annealing, all powder samples were
suitable for neutron diffraction experiments with the restriction that the explicit introduction
of a strain model was necessary to successfully refine the diffraction patterns in Rietveld
refinement. To show the conformity of the powder samples with the previously reported bulk
samples by Okubo et al. (2011), magnetization measurements have been performed on the
powder sample using a SQUID magnetometer. Magnetization measurements for this chapter
have been performed in collaboration with Matthias Opel at the Walther-Meißner-Institute for
Low Temperature Research of the Bavarian Academy of Sciences and Humanities, Germany.

5.3 Results

5.3.1 Bulk Magnetization measurements

Fig. 5.1 shows bulk magnetization measurements of Ni50−xCoxMn25Al25 powder samples for
various compositions. Fig. 5.1a depicts M(T ) measurements – the upper part of the figure
shows all studied compositions while the lower part zooms in on the compositions with a
low bulk magnetization. As previously reported by Okubo et al. (2011), the transition from
predominantly AFM properties in Ni50Mn25Al25 to ideally FM properties in compounds with
≥ 10 at. % Co is revealed also in the powder samples. Additionally, the previously discussed
cusp (see Chapter 2), characteristic for AFM order and AFM coupled APD structures, is
clearly visible in the M(T ) curves up to Co compositions of 5 at. %. Fig. 5.1b shows the
temperature derivative of the M(T ) curves given in Fig. 5.1a. The existence of an AFM-like
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Fig. 5.1 Bulk magnetization measurements of Ni50−xCoxMn25Al25 samples obtained using
SQUID magnetometry. a) M(T ) measurements under an external field of 10 kOe, b) temper-
ature derivative of the bulk magnetization dM/dT , c) M(H) measurements at 5 K and d)
DC susceptibility χ at zero field and 5 K as a function of the alloy composition

magnetic structure is revealed in a characteristic cusp that is observed in all compositions
with a Co content of ≤ 7 at. % Co.

In analogy to Fig. 5.1a, Fig. 5.1c shows M(H) measurements at 5 K for various com-
positions, revealing an increased spontaneous magnetization Ms with increased Co content.
Ms values were determined via linearly fitting the high field region of the M(H) curves and
calculating the y-axis intercept. The obtained Ms values together with the Néel temperatures
TN as shown in Fig. 5.1b are tabulated in Tab. 5.1. As depicted in Fig. 5.1d, with increased
Co content, also the DC susceptibility at zero field χ increases while it is approximately
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Fig. 5.2 Neutron powder diffraction measurements of Ni50−xCoxMn25Al25 samples at 10 K.
The triangles at the bottom of the figure indicate the theoretical peak positions of the nuclear
peaks, the arrows indicate the magnetic peaks corresponding to the AFM spin structure. The
colored lines represent the measured intensity and the black lines below the diffractograms
show the corresponding residues.

constant at Co contents ≥ 10 at. %. The results as presented are in good conformity to the
results previously reported by Okubo et al. (2011) for bulk samples.
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The triangles at the bottom of the figure indicate the theoretical peak positions.

5.3.2 Neutron powder diffraction measurements

In order to study the transition from the AFM to the FM structure directly, temperature
dependent neutron powder diffraction measurements have been performed at the SPODI
high resolution powder diffractometer at the FRM II, Germany. Fig. 5.2 shows neutron
diffractograms recorded at 10 K for a series of compositions x of the Ni50−xCoxMn25Al25
system. In the figure, the colored lines represent the measured intensities and the black
lines below the diffractograms show the corresponding residues of the Rietveld refinement
discussed below. As function of Co content, a number of qualitative features are observed.
Evidently, a magnetic superstructure is found at the positions indicated by the black arrows
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above the diffractograms that is strongly pronounced for Ni50Mn25Al25 and vanishes gradually
as a function of the Co content. Due to their magnetic nature, the superstructure peaks decay
quickly with increasing Q. In contrast, the intensity of the nuclear peaks, whose positions are
indicated below the diffractograms, decays much slower with Q. Due to the position of the
magnetic superstructure peaks, it is clear that these peaks result from an AFM spin structure.
The magnetic peaks are located at exactly those Q values that would also correspond to a
nuclear L21 superstructure. Considering the B2 structure with Ni/Co on the 1a and Mn/Al
on the 1b Wyckoff position together with an AFM alignment of the Mn moments, this
structure yields a magnetic unit cell resembling the nuclear L21 unit cell with basically
Ni/Co on the 8c, Al/Mn-up on the 4a and Al/Mn-down on the 4b Wyckoff position. Note
that the diffractograms are depicted normalized to the refined scale factors, meaning that
the intensity of the magnetic peaks can quantitatively be compared in the figure among the
different diffractograms over the entire compositional range. Clearly, the last composition
showing a magnetic superstructure is Ni43Co7Mn25Al25 while the superstructure is absent
in Ni40Co10Mn25Al25 and all samples with higher Co content. Further, it is observed that
as an overall trend the lattice constant decreases as a function of Co content meaning that
the effective size of Co is smaller than the size of Ni. Additionally, it is apparent that
with increasing Co content the peaks increase in sharpness, resulting from higher recovery
annealing temperatures and consequently lower residual strains of samples with higher
structural transition temperatures (see Tab. 5.1).

The neutron diffraction measurements have been complemented by room temperature
X-ray diffraction measurements in order to clearly separate nuclear from magnetic features.
Fig. 5.3 presents the measured X-ray diffractograms (colored lines) for a series of composi-
tions on a logarithmic y-scale together with the Rietveld refined diffractograms assuming
a B2 structure with the nominal compositions (black lines). Clearly, the Rietveld refined
curves describe the measured data excellently. The clear absence of L21 superstructure peaks
indicates that indeed the samples are all perfectly B2-ordered.

In order to refine the neutron diffractograms, especially considering a relatively complex
magnetic structure consisting presumably of AFM and FM components together with a
disordered nuclear structure, it is necessary to confine the large parameter space by making
some educated assumptions and introducing a model for the magnetic structure:

• First, it is assumed that indeed the nuclear structure is a B2 structure with Ni/Co strictly
occupying the 1a site and Mn/Al strictly occupying the 1b site. Considering previous
studies of X2MnAl compounds as well as the absence of L21 superstructure peaks both
in neutron and X-ray diffraction for all compounds justifies this initial assumption.
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Ni/Co

Mn/Al

Fig. 5.4 Structural and magnetic models used for Rietveld refinement of the
Ni50−xCoxMn25Al25 samples. The left panel shows the B2 structure, while the middle
panel depicts the AFM spin structure and the right panel visualizes the FM spin structure.

• Next, based on WDS measurements presented in in Chapter 1, the samples’ composi-
tion is fixed to the nominal composition.

• For the magnetic structure, it is assumed that the magnetic moment on Mn can be
described in a Heisenberg picture, meaning that the length of the Mn spin stays constant
as a function of composition. Considering the experimental observation of a gradually
decreasing AFM moment with increasing Co content, this leads to the magnetic model
that the Mn magnetic moments in intermediate compositions would be canted, which
can be translated via a simple vector decomposition in a FM and AFM component of
the Mn moment.

• Based on previous studies by Galanakis and Şaşıoğlu (2011) as well as the above pre-
sented magnetization measurements, it is assumed that Ni50Mn25Al25 is entirely AFM
with no FM component of the Mn spin. Hence, Ni50Mn25Al25 is used to determine
the length of the Mn spin. For all other compositions, the FM contribution can be
calculated based on the refined AFM Mn moment.

• Furthermore, it is assumed that the FM moment on Ni is induced by the surrounding
Mn moments as introduced in Chapter 2. In the completely FM structure, it takes on
a value of approximately 0.3µB/f.u. following the density functional theory (DFT)
calculations reported by Galanakis and Şaşıoğlu (2011).

• Finally, it is assumed that the magnetic moment on Co is constant with a value of
approximately 1.0µB/f.u. as calculated by Kanomata et al. (2009) for the chemically
similar but entirely FM and L21-ordered Ni50−xCoxMn25Ga25 system.
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Rietveld refinement has been performed using the FullProf suite (Rodriguez-Carvajal,
1990, 1993; Rodriguez-Carvajal and Roisnel, 1998). For every composition, the respective
AFM moment was refined. With the obtained AFM moment, based on the above stated
assumptions, the FM Mn and Ni/Co moments were calculated and the FM structure was
manually incorporated iteratively during the refinement process. Fig. 5.4 visualizes the
nuclear and magnetic phases considered in the refinement process. On the left hand side, the
nuclear structure model is shown, specifically a B2 structure with Ni/Co on one sublattice
(Wyckoff site 1a) and Mn/Al on the other sublattice (Wyckoff site 1b). The middle and
right panel show models for the magnetic structure. Specifically, in the middle, the AFM
component of the Mn moments and on the right the FM structure with a FM component of
the Mn moment and a mean-field FM moment on Ni/Co is depicted.

As can be seen in Fig. 5.2 and Fig. 5.3, employing Rietveld refinement based on the
presented nuclear and magnetic model, the diffractograms can excellently be described.
Tab. 5.1 summarizes the results of the refinement, specifically, it tabulates the refined AFM
moment on Mn as well as the lattice constants at 5 K and 300 K as obtained from neutron
diffraction measurements and at 295 K as obtained by X-ray diffraction measurements. Note
that the intensity contribution of the FM phase is quite weak and accounts for less than 20 %
of the peak intensity even for the peak with the strongest FM signature in the extreme case
of an ideally FM sample. For all other peaks and in all other compositions, especially the
ones with an AFM contribution, the intensity of the FM contribution is much weaker and
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the refinement of the FM moments is challenging. Consequently, the description of the FM
contribution has little influence on the quality of the refinement. For this reason, the FM
moment was manually set in the refinement process instead of leaving it a free parameter.

The AFM Mn moment σAFM and spontaneous bulk magnetization values Ms measured
by neutron diffraction and magnetization measurements, respectively, are in the following
compared to the above stated model that the Mn moment is Heisenberg-like and canted. In
this respect, the bulk magnetization values are taken as the experimentally determined FM
moments of the unit cell.

Fig. 5.5 shows the experimental results for the AFM and FM moments of the unit cell
(lower panel) as well as the phenomenological description of the composition dependent
AFM moments and the calculated FM moments applying the introduced model (upper panel).
Specifically, the FM moments are calculated via

σFM =
√

σ2
Mn − σ2

AFM + σNi ·
√

σ2
Ni − σ2

AFM

σNi
· 50− x

50
+ σCo ·

x

50
(5.1)

where σMn is the overall Mn moment determined as 3.73µB/f.u., σAFM is the experimentally
determined AFM Mn moment, σNi is the maximal Ni moment in the fully FM structure
assumed as 0.3µB/f.u., σCo is the Co moment with a value of 1.0µB/f.u. x denotes the
Co content in at. % as given in the sum formula Ni50−xCoxMn25Al25. In general, the
model closely resembles the experimentally observed features. However, there are some
deficiencies at low Co contents where due to the square root dependence, small deviations
of the experimentally observed AFM moment lead to a fast increase in the calculated FM
moment that is not observed in the experiment. Apart from this, the model of canted Mn
moments that are collinear AFM in Ni50Mn25Al25 and gradually turn with increased Co
content to a FM alignment describes the experimentally observed situation convincingly.

With the here presented interpretation of canted Mn moments as function of Co com-
position, a new interpretation for magnetic properties in B2-ordered NiMn-based Heusler
compounds is provided. In the pertinent literature, the magnetic properties of these com-
pounds were either described as AFM or FM while variations e.g. in the FM properties
were mainly ascribed to changes of the magnetic moments on the different lattice sites. As
Kanomata et al. (2009) demonstrate for the related L21-ordered Ni50−xCoxMn25Ga25 system,
these changes indeed exist. For instance, it is found that Ni50−xCoxMn25Ga25 compounds on
the Co-rich side of the phase diagram follow the so-called Generalized Slater Pauling (GSP)
rule while the spontaneous magnetization diverges from the GSP rule on the Ni-rich side. In
this respect, Kanomata et al. (2009) demonstrated via DFT calculations that the magnetic
moments of Mn, Ni and Co change as a function of composition. Yet, small changes in
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Fig. 5.6 Waterfall plot of the temperature dependent neutron diffraction patterns covering a
scattering angle 2Θ from 25 to 33◦. Two Bragg peaks are visible, the first one belonging to the
AFM structure and the second one being a structural peak originating from to the B2 contrast
between lattice site 1a and 1b. The white dashed lines represent the Néel temperatures TN as
determined from M(T ) measurements.

the size of the magnetic moment fail to explain the transition from AFM to FM properties
in the here investigated Ni50−xCoxMn25Al25 compounds. In fact, transferring the findings
by Kanomata et al. (2009) to Ni50−xCoxMn25Al25 compounds, only minor changes of the
magnetic moments due to changes in the electronic structure are expected for the studied com-
position range. The magnitude of these compositional variations in the magnetic moments
are expected to be in the order of 10 %. Hence, even though presumably superimposed with
the canting of the Mn moments, it is the non-collinear magnetic structure that predominantly
explains the magnetic properties of B2-ordered (Ni/Co)2MnAl Heusler compounds. However,
certainly, the deviations between the presented FM moments calculated with the introduced
model and the experimentally observed Ms values can at least partially be explained by these
changes in the size of the magnetic moments which are explicitly not accounted for by the
introduced model.

Temperature dependent neutron diffraction

In the following, temperature dependent neutron diffraction measurements of a series of
Ni50−xCoxMn25Al25 compounds are presented. Specifically, neutron diffraction patterns
have been recorded at temperatures between 15 K and 315 K with a step width of 15 K.
The results are shown in Fig. 5.6 as 2D waterfall plots for scattering angles 2Θ between 25
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Fig. 5.7 Temperature dependent AFM magnetic intensity (a) and refined AFM moment (b)
as obtained from Rietveld refinement for various compositions x in Ni50−xCoxMn25Al25.

and 33◦, comprising the first magnetic peak belonging to the AFM structure and the first
(predominantly) nuclear peak belonging to the B2 peak family resulting from the diffraction
contrast between the Wyckoff 1a and 1b site. Clearly, a decrease of the magnetic intensity
is observed as function of temperature while the nuclear peak, as reference, stays relatively
constant in intensity. From the plots, the Néel temperature TN for the AFM structures can
be determined. As depicted by the white dashed lines, TN values retrieved from neutron
diffraction agree well with the TN values estimated from the cusp in the M(T ) curves as
presented in Fig. 5.1a–b. Interestingly, as previously reported by Okubo et al. (2011) and also
discussed in the beginning of this chapter, TN decreases as a function of Co content. This is
especially pronounced close to the compositional transition between the canted AFM-like
magnetic structure and the collinear FM structure. Specifically, Ni43Co7Mn25Al25 shows a
TN of 225 K – around 70 K lower than TN in Ni50Mn25Al25. Note that in bulk magnetization
measurements, the AFM contribution in compounds with mainly FM properties is hardly
visible while neutron diffraction still excellently resolves the AFM spin structure. Compounds
with ≥ 10 at. % Co show perfectly FM properties and no AFM superstructure is visible
in the diffraction patterns. Hence, these compositions correspond to a collinear FM spin
structure with Curie temperatures TC outside the probed temperature range. These findings
are in good agreement with the results reported by Okubo et al. (2011) where TC was stated
as approximately 340 K, 430 K and 530 K for Ni40Co10Mn25Al25, Ni35Co15Mn25Al25 and
Ni30Co20Mn25Al25, respectively.

Additionally, all temperature dependent diffraction patterns have been Rietveld-refined as
described above. The background has been modeled with a 6th order polynomial. From the
refinements, temperature dependent lattice constants and AFM moments have been retrieved.
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the AFM to the FM structure with increasing Co content.

Fig. 5.7 shows in the left panel the temperature dependent AFM peak intensity as obtained
via subtracting the background and integrating over the first two magnetic peaks belonging to
the AFM structure. In the right panel, the refined AFM moment on Mn is depicted. Note, the
moment has a square root dependency of the intensity. Hence, a refined magnetic moment of
0.5µB/f.u. corresponds to approximately a factor of 60 lower scattering intensity than the
maximal AFM moment of 3.73µB/f.u.. As a result, the magnetic moment in the refinement
does not actually go to zero but remains also for the FM compositions at approximately
0.6-0.8µB/f.u. which is explained by an imperfect background description and the resulting
refinement of a very small magnetic intensity into the background intensity, even if no AFM
peak is in fact present. Besides this, the transition temperatures as already qualitatively
observed in Fig. 5.6 are nicely revealed in the quantitative analysis.

Fig. 5.8 depicts the temperature and composition dependent lattice parameters a deter-
mined by neutron powder diffraction. In the upper panel of Fig. 5.8, the lattice parameters
for all 8 investigated compositions are shown as a function of temperature from 10 K to
315 K. As can be seen, the thermal expansion is similar in all compounds. The transition
from the AFM phase to the paramagnetic phase is not visible in the lattice constant. Note
that the retrieved lattice constants are in good agreement with the lattice constants reported
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Fig. 5.9 AFM (left) and FM (right) magnetic moment as a function of composition and
temperature. Contour lines are drawn in steps of 0.5µB/f.u.

in the pertinent literature. Specifically, Buschow and van Engen (1981); Okubo et al. (2011);
Ziebeck and Webster (1975) find lattice parameters for Ni2MnAl at room temperature of
approximately 2.912 Å, 2.912 Å and 2.911 Å, respectively. For Co2MnAl, Buschow and
van Engen (1981); Umetsu et al. (2008) report a lattice constant at room temperature for
a B2-ordered compound of 2.875 Å and 2.878 Å which confirms the general trend of a
decreasing lattice constant with increasing Co content. Additionally, Okubo et al. (2011)
report composition dependent lattice constants in good conformity to the here presented
results.

In contrast to the temperature dependent behavior, the dependency of the lattice constant
from the alloy composition is less trivial. The lower panel of Fig. 5.8 shows the determined
lattice parameters as a function of Ni content at all measured temperatures. Evidently,
the transition from the AFM to the FM spin structure influences the lattice parameter.
Surprisingly, this is the case at all temperatures, also above TN where the samples with low
Co content are already in a paramagnetic state. Referring to Fig. 5.1a, it is visible that the
TC of the purely FM compounds is significantly above the maximal temperatures reached
during the neutron diffraction experiments, meaning that even at the highest temperatures,
the compounds with high Co contents are FM. Consequently, it is concluded that the FM
spin alignment expands the lattice which acts against the general trend of the Co substitution
decreasing the lattice parameter. Hence, with an increasingly FM structure with increasing
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Co content, an expansion of the lattice is observed before, for Co contents larger than 7 at. %,
the overall trend of a decreasing lattice parameter is followed again.

Finally, the analysis presented in Fig. 5.5 can be extended to a temperature dependent
description of the AFM and FM moments of the unit cell. In this respect, the temperature
dependent AFM moments as retrieved from neutron powder diffraction as well as the
composition dependent M(T ) curves were interpolated with respect to temperature and
composition. The results are depicted in Fig. 5.9. As can be seen, first of all, the model
of canted Mn moments is further supported by the 2D analysis. The AFM structure at
low Co contents transforms gradually into a FM structure at high Co contents while the
overall FM moment of the unit cell comprises the FM component of the Mn moments and
the FM moment on Ni/Co. Consequently, the maximal FM moment (at high Co contents)
is approximately 1µB/f.u. higher than the maximal AFM moment (at low Co contents).
Furthermore, the decreasing TN with increasing Co content discussed before is clearly
observed in the the 2D analysis.

5.4 Conclusions

The results presented in this chapter reveal that the overall magnetic properties of B2-ordered
Ni2MnZ Heusler compounds with partial Co substitution for Ni are primarily determined
by a non-collinear arrangement of the Mn magnetic moments. This can be expressed by an
effective FM and AFM contribution of the Mn moment. The exact magnetic structure, i.e.
the angle between Mn spins can conveniently be tailored via the Ni/Co ratio and hence the
strength of the FM exchange interaction in the system.

Fig. 5.10 shows a schematic drawing of the magnetic structure as function of Co content.
On the left hand side, the purely AFM structure is depicted as it is observed in Ni50Mn25Al25.
Due to induced magnetic moments on Ni, the Ni/Co lattice is not carrying a magnetic moment.
With increasing Co content, the Mn magnetic moments start canting (middle panel) and
develop a FM component. At the same time, due to the FM component of the Mn spins, a
magnetic moment is induced on Ni and also the presence of Co, with a constant magnetic
moment, additionally increases the magnetic moment on the Ni/Co lattice. Finally, when the
Mn moments have turned completely to a collinear FM arrangement, as depicted in the right
panel of the figure, the moment on the Ni/Co lattice is large with Ni carrying a moment of
around 0.3µB/f.u. and Co carrying a moment of approximately 1.0µB/f.u.

As an outlook, the here presented investigation can easily be transferred to partially
L21-ordered (Ni/Co)2MnZ compounds, which would be a perfect model system to study the
magnetic coupling across APB (similar to Chapter 4) as function of the FM interaction in the
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Ni50Mn25Al25 Ni45Co5Mn25Al25 Ni40Co10Mn25Al25
Ni/Co

Mn/Al

Fig. 5.10 Schematic drawing of the spin structure in Ni50−xCoxMn25Al25 as function of the
Co content, starting on the left with Ni50Mn25Al25. The spin structure is a 2D representation
of the 3D unit cell. The depiction is to be understood as a front view of the magnetic unit
cell.

system. Even though being more complicated with respect to the local chemical structure,
there is a good indication that the overall features observed for the B2-ordered compounds
will be transferable to the magnetic coupling of APD. Yet, clearly, the compositional range
where the transition from AFM coupling across APBs to an ideally FM arrangement occurs
might be different from the transition observed between the AFM and FM structure in the
B2-ordered compounds.





Chapter 6

Ordering tendencies and electronic
properties in quaternary Heusler
derivatives

This chapter is a textual citation of the recently published first author paper by the author
of this thesis (Neibecker et al., 2017) in the peer-reviewed journal Physical Review B of
the American Physical Society (APS). All text and figures are taken from this publication,
only the citation style and the layout has been adjusted to fit the style of this thesis. In the
following, a summary of the work is given, highlighting the individual contribution of the
author of this thesis to the publication.

The cited publication reports on phase stabilities and ordering tendencies in the quater-
nary full-Heusler compounds NiCoMnAl and NiCoMnGa employing experimental methods
such as in-situ neutron powder diffraction, calorimetric measurements and magnetization
measurements as well as theoretical methods such as density functional theory (DFT) cal-
culations. Both NiCoMnAl and NiCoMnGa have been proposed to adopt half-metallic
properties in their fully ordered Y structure (Alijani et al., 2011b; Halder et al., 2015), yet,
the actual ordering tendencies in both systems have never been systematically investigated.
The presented results reveal a strong tendency for L21 order in NiCoMnGa with disorder on
the Ni-Co sublattice and order on the Mn-Ga sublattice while NiCoMnAl was observed to
have a B2 ordering tendency with a pronounced disorder on both the Ni-Co and the Mn-Al
sublattices in all experimentally feasible heat treatment conditions. Furthermore, it was found
that the inherently disordered NiCoMnAl compound is very sensitive to low temperature
annealing treatments, resulting in the formation of incipient order as evidenced by an increase
of the magnetic transition temperature. NiCoMnGa in contrast shows a very high degree of
L21 order already after quenching and consequently, hardly any response to low temperature
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annealing treatments was observed. DFT calculations were used to study the thermodynamic
phase stabilities of both compounds as well as the order-dependent electronic density of
states. A near half-metallic pseudo-gap was found for NiCoMnGa and NiCoMnAl in the fully
ordered Y structure while the pseudo-gap was absent in all disordered structures. Further, the
Y structure was observed to be unstable with respect to a fully ordered tetragonal structure
with alternating Ni-Co layers. Consequently, this tetragonal structure was proposed as the
new ground state structure for both compounds.

The author of this thesis is accountable for all experiments presented and discussed in the
cited publication. Specifically, the author prepared all samples and conducted the neutron
diffraction, calorimetric and magnetization measurements. Furthermore, the author of this
thesis is the primary author of the publication, meaning that he composed the structure of the
document, primarily wrote the Introduction section, the Macroscopic properties section, the
Neutron diffraction section, the Conclusions and the experimental parts of the Supporting
Information. DFT calculations were performed by Markus Gruner from the University of
Duisburg-Essen, Germany who also primarily wrote the First-principles calculations section
of the publication as well as the computational parts of the Supporting information.

6.1 Introduction

6.1.1 Motivation and Scope

The class of Heusler alloys, with the ternary system Cu2MnAl as the prototypical represen-
tative (see Heusler, 1903), hosts a variety of systems displaying intriguing properties (for
a recent review see Graf et al., 2011). For instance, the latent structural instability in the
magnetic Ni2Mn-based compounds gives rise to significant magnetic shape memory (Sozinov
et al., 2002) and magnetocaloric (Krenke et al., 2005) effects. On the other hand, they can
also display attractive properties that are directly related to their electronic configuration,
with the technique of spintronics, which relies on the detection and manipulation of spin
currents, as an example. In a magnetic tunnel junction for instance, the achievable tunneling
magnetoresistive effect and thereby the miniaturization of components depends on the spin
polarization of the conduction electrons in the electrodes (Jullière, 1975). As a consequence,
half-metallic materials, which have a 100% spin polarization due to a band gap at the Fermi
level in one spin channel, are highly sought after and currently the focus of both theoretical
and experimental investigations.

While the first half-metal identified by theoretical calculations in 1983 by de Groot et al.
(1983) was the half-Heusler compound NiMnSb of C1b structure, also in full-Heusler alloys
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with L21 structure half-metallic properties have been predicted (Fujii et al., 1990; Ishida
et al., 1982) and experimentally observed (Jourdan et al., 2014). Recently, also a large
number of quaternary Heusler derivatives, among them NiCoMnAl (Halder et al., 2015)
and NiCoMnGa (Alijani et al., 2011b), have been suggested by ab initio calculations to be
half-metals in their fully ordered Y structure (Özdoğan et al., 2013). Half-metallic properties
in the Ni2−xCoxMnAl (Okubo et al., 2011) and Ni2−xCoxMnGa (Kanomata et al., 2009)
systems have additionally been proposed for the Co-rich side of the respective phase diagrams
on the basis of magnetization measurements via the Generalized Slater-Pauling rule. It is
obvious that the degree of chemical order will have direct consequences for the half-metallic
properties of these systems. However, the connection between atomic order, segregation and
functional properties has also been established for the magnetocaloric and metamagnetic
shape memory effects, (Barandiaran et al., 2013; Recarte et al., 2012; Singh et al., 2011),
ferroic glasses (Monroe et al., 2015) and the recently reported shell-ferromagnetism in
off-stoichiometric Heusler compounds (Çakır et al., 2016).

In assessing the application potential of a given material following from its electronic
structure, theoretical and experimental investigations have contrasting characteristics: in
ab initio calculations, the distribution of electronic charge is the fundamental quantity
that is considered, which depends in principle only on the positions of the ions and their
atomic numbers. From this, properties like total energies, magnetic moments and forces
on the ions are derived, and different structures can be compared in terms of their total
energies. Chemical disorder can be handled very efficiently in terms of the coherent potential
approximation (see, for a recent review, Ruban and Abrikosov, 2008), which, however, does
not provide an easy way to account for ionic relaxations. Explicit calculations of disordered
structures with randomly distributed atoms in larger super-cells are much more involved
and numerically intensive. Thus, for practical reasons often an ordered configuration is
assumed to be representative. On the other hand, in experiments the appropriate state of
order as determines the application potential can be realized easily, while the determination
of aspects of the electronic structure is often quite hard, which especially applies for the
spin polarization. Thus, it seems indicated to combine the respective strengths of experiment
and theory, which is what we set out to do in this paper. Specifically, in the systems of
NiCoMnAl and NiCoMnGa we study the degrees of equilibrium long-range order and the
associated order/disorder phase transitions by in situ neutron diffraction, and the kinetics of
order relaxation during isothermal annealing by way of its effect on magnetization and Curie
temperature. Further, we perform ab initio calculations on different ordered and disordered
structures to determine the associated electronic structures as well as ordering energies. As
we will show, these calculations imply that among the realistic candidates only the hitherto
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assumed Y ordering displays a large spin polarization, but does not correspond to the actual
ground state. In addition, the associated ordering energies are small, which explains the
experimentally observed stability of disorder among Ni and Co.

6.1.2 States of order in quaternary Heusler derivatives

To facilitate the discussion of the different ordered quaternary structures and their relations
later in this article, we enumerate here the structures, define the nomenclature and summarize
the pertinent knowledge on their ternary parent compounds.

Heusler alloys in the strict sense of the word are ternary systems of composition X2YZ
displaying L21 order, which is defined by the space group 225 (Fm3̄m) with inequivalent
occupations of the Wyckoff positions 4a, 4b and 8c. Typically, X is a late transition metal oc-
cupying preferentially 8c, while an early transition metal Y and a main-group metal Z occupy
the other two sites (Graf et al., 2011), with Cu2MnAl as the prototypical representative.

Ni2MnGa conforms to above definition and displays a stable L21 phase at intermediate
temperatures.1 Around 1053 K it shows a second-order disordering transition to the B2
(CsCl) structure (Sánchez-Alarcos et al., 2007), corresponding to a mixing of Mn and Ga,
that is, it acquires space group 221 (Pm3̄m) with Wyckoff position 1a occupied preferentially
by Ni, while Mn and Ga share position 1b. This partial disordering can be understood by
the observation that B2 order, i.e., the distinction between Ni on the one hand and Mn and
Ga on the other hand, is stabilized by nearest-neighbor interactions on the common bcc
lattice, while the ordering between Mn and Ga corresponding to full L21 order can only be
effected by the presumably weaker next-nearest-neighbor interactions. Indeed, in Ni2MnAl
only the B2 state or at the most very weak L21 order can experimentally be observed (Acet
et al., 2002). In both systems the B2 state is stable up to the melting point, that is, there
is no transition to the fully disordered bcc state. In the Co-based systems, the situation
is remarkably similar, with well-developed L21 order in Co2MnGa and only B2 order in
Co2MnAl (Webster, 1971).

It seems probable, and is indeed corroborated by our experimental observations to be
reported below, that the behavior of the quaternary systems NiCoMnGa and NiCoMnAl
can be traced back to their ternary parent compounds. The most plausible candidates of
ordered structures following this reasoning are illustrated in Fig. 6.1. Given that both Ni-
and Co-based ternary parents display the B2 structure at high temperatures, it is natural to
assume this to be also the case for NiCoMnZ, with site 1a shared by Ni and Co and site 1b

1We neglect here the martensitic transitions below room temperature.
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Fig. 6.1 Illustration of the ordered structures of NiCoMnZ considered here. Starting with B2
(NiCo)(MnZ), NaCl-type ordering on either sublattice leads to L21 structure of (NiCo)MnZ
or NiCo(MnZ) type, and ordering on both sublattices to the Y structure. Those four structures
have cubic symmetry. Ordering of the Ni and Co atoms in L21 (NiCo)MnZ into alternating
columns or planes gives the tetragonal Tc and Tp structures, respectively.

by Mn and Z. We will denote this as (NiCo)(MnZ), where the parentheses denote mixing
between the enclosed elements.2

As temperature is decreased, transitions to states of higher order can appear. For the
Mn-Z sublattice, a NaCl-like ordering of Mn and Z is most likely by analogy with the ternary
parents. Assuming the same kind of interaction favoring unlike pairs also between Ni and Co,
the realized structures depend on the relative strengths: for dominating Mn–Z interactions,
the B2 phase would transform to an L21 structure of type (NiCo)MnZ, where Ni and Co are
randomly distributed over the 8c sites, and in the converse case to L21 NiCo(MnZ) with Mn
and Z on 8c. In either case, the ordering of the other sublattice at some lower temperature
would transform the system to the so-called Y structure (Bacon and Plant, 1971; Pauly et al.,
1968) of prototype LiMgPdSn (Eberz et al., 1980) with space group 216 (F4̄3m) and Wyckoff
positions 4a, 4b, 4c, and 4d being occupied by Ni, Co, Mn and Z, respectively.

However, as the kind of chemical interaction within the Ni-Co sublattice is as yet
unknown, also other possibilities have to be considered. In principle, there is an unlimited
number of superstructures on the L21 (NiCo)MnZ structure, corresponding to different Ni/Co
orderings. In particular, apart from the above-mentioned cubic Y structure (with NaCl-
type Ni/Co ordering) there are two other totally ordered structures with four inequivalent
sublattices, making them appear a priori equally likely to be realized as the Y structure.

2We do not consider the other two B2 possibilities (NiMn)(CoZ) and (NiZ)(CoMn).
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These are tetragonal structures characterized by either alternating columns or planes of Ni
and Co atoms, which we denote by Tc and Tp. Specifically, the Tc structure has space group
131 (P42/mmc), with Ni on Wyckoff position 2e, Co on 2f, Mn 2c, and Z on 2d, while Tp

has space group 129 (P4/nmm) with Ni on 2a and Co on 2b, while Mn and Z reside on two
inequivalent 2c positions, with prototype ZrCuSiAs (Johnson and Jeitschko, 1974). Note
that the Ni/Co ordering in these three fully-ordered structures can equally be understood as
alternating planes in different crystallographic orientations, with Tp corresponding to (1, 0, 0)

planes, Tc to (1, 1, 0), and Y to (1, 1, 1) planes. Finally, of course the possibility of phase
separation into L21 Ni2MnZ and Co2MnZ has to be considered.

6.2 Macroscopic properties

6.2.1 Sample preparation and thermal treatments

Nominally stoichiometric NiCoMnAl and NiCoMnGa alloys have been prepared by induc-
tion melting and casting of high-purity elements under argon atmosphere. After casting,
the samples have been subjected to a solution-annealing treatment at 1273 K followed by
quenching in room-temperature water. In this state, the samples have been checked for their
actual composition using wavelength-dispersive X-ray spectroscopy (WDS). For each alloy,
eight independent positions have been measured. The average over the retrieved values are
given in Table 6.1, showing satisfactory agreement with the nominal compositions. Addition-
ally, sample homogeneity was confirmed by microstructure observation using backscattered
electrons.

In order to track the ordering processes of the alloys upon low-temperatures isothermal
aging, samples have been annealed at 623 K for different times tann and water-quenched.
Thus, for both systems we consider four states, corresponding to the as-quenched state and
after annealings for 6 h, 24 h, and 72 h, respectively. Previous results (Neibecker et al., 2014)
have proven this low-temperature annealing protocol to be successful for increasing the
achievable state of order in structurally similar alloys of the Ni2MnAl system.

at. %(±0.5%) Ni Co Mn Ga Al
NiCoMnGa 25.6 23.4 26.1 25.0 -
NiCoMnAl 25.1 25.5 25.7 - 23.8

Table 6.1 Composition as determined by WDS.



6.2 Macroscopic properties 141

Fig. 6.2 Field-dependent mag-
netization of NiCoMnAl in
different annealing conditions
measured at 293 K and 77 K.
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6.2.2 Magnetization measurements

Magnetization measurements corresponding to the different annealing conditions were per-
formed, specifically the Curie temperatures TC and spontaneous magnetization values MS

have been determined. Temperature-dependent magnetization measurements were carried
out in a TOEI Vibrating Sample Magnetometer (VSM) applying an external magnetic field
of 500 Oe in a temperature range from room temperature to 693 K. The spontaneous magne-
tization for NiCoMnGa has been determined with a Superconducting Quantum Interference
Device (SQUID) based Quantum Design MPMS system at 6 K employing external magnetic
fields up to 7 T. Since for the ductile NiCoMnAl alloy sample preparation turned out to have
an effect on sample properties, presumably due to introduced mechanical stresses, in this
alloy system temperature-dependent magnetization measurements have been performed by
VSM on samples of larger size in an external field of 1.5 T.

Figure 6.2 shows field-dependent magnetization curves (M(H)) of NiCoMnAl in four
different annealing conditions measured at 293 K and 77 K. The spontaneous magnetization
MS has been retrieved via constructing Arrott plots. Additionally, M(T ) curves of NiCoMnAl
in the four annealing conditions at an external magnetic field of 15 kOe that were used to
extrapolate the 0 K value of the spontaneous magnetization MS are given in the Supplementary
Information, along with the corresponding measurements for NiCoMnGa. The obtained
values are given in Table 6.2. As expected, the spontaneous magnetization increases with
decreasing measurement temperature. Further, specifically NiCoMnAl shows a significant
increase in MS with annealing from 4.68µB/f.u. in the as-quenched state to 4.89µB/f.u. after
annealing for 72 h. Clearly, at higher measurement temperatures the difference in MS after
annealing is even larger due to lower magnetic transition temperatures in the shorter annealed
samples. The values obtained for MS are in good agreement with two previous studies, where
MS in the B2 ordered state was reported as 4.66µB/f.u. (Halder et al., 2015) and 4.90µB/f.u.
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tann TC (K) MS (µBohr/f.u.)
up down 6 K∗ 293 K∗

NiCoMnGa 0 h 636.0 633.9 4.47 4.11
6 h 635.4 632.3 4.58 4.14

24 h 637.1 633.4 4.46 4.18
72 h 638.2 632.9 4.53 4.17

up down 0 K† 77 K 293 K
NiCoMnAl 0 h 572.1 583.3 4.68 4.61 3.98

6 h 586.8 590.2 4.72 4.66 4.08
24 h 593.2 593.8 4.75 4.72 4.15
72 h 602.9 599.2 4.89 4.86 4.30

Table 6.2 Magnetic properties of NiCoMnAl and NiCoMnGa in different annealing condi-
tions. Unless otherwise noted, values have been measured by VSM, while those indicated by
∗ have been measured by SQUID and those indicated by † have been extrapolated from the
VSM M(T ) measurements reported in the Supplementary Information.

(Okubo et al., 2011) On the other hand, in NiCoMnGa no convincing increase in MS with
annealing is visible, with the values of MS scattering around 4.15 and 4.50µB/f.u. at 293 K
and 6 K, respectively. These values again show good agreement to previous studies with MS

being stated as 4.67µB/f.u. at a temperature of 5 K (Kanomata et al., 2009).

Figure 6.3 shows the corresponding temperature-dependent magnetization measurements
(M(T )) of NiCoMnGa and NiCoMnAl under an external field of 500 Oe. In the follow-
ing discussion, we define the apparent magnetic transition temperature as the locus of the
maximal slope of the M(T ) curves for consistence with the pertinent previous experimental
works (Okubo et al., 2011), which at small external fields is a good proxy for the actual
Curie temperature. Note that at these small fields, the absolute values of the low-temperature
magnetizations are affected by demagnetization effects and thus by the specific shapes of the
different samples, which leads particularly for the brittle NiCoMnGa to unsystematic varia-
tions. Further, the apparently temperature-independent magnetization at low temperatures is
due to the increasing local magnetization being compensated by decreasing ferromagnetic
domain sizes due to the demagnetizing field and has been observed also by other groups in
related materials (Singh et al., 2016).

In NiCoMnAl, the magnetic transition temperature increases from 572.1 K to 602.9 K
with annealing of the samples, reflecting a corresponding increase of L21 order. The specific
transition temperatures are given in Table 6.2. This compares satisfactorily with the value
of 570 K determined by Okubo et al. (2011) for samples quenched from the B2 region. An
important point to note is that, in order to probe the high Curie temperatures in these systems,
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Fig. 6.3 Temperature-dependent magnetization of NiCoMnGa and NiCoMnAl in different
annealing conditions at an external magnetic field of 500 Oe. Depicted in red and blue are the
heating and cooling curves, while the markers represent the magnetic transition temperatures
determined as given in the text.

during the measurements the sample is subjected to temperatures where the ordering kinetics
become appreciable. Specifically, with ordering kinetics at 623 K on the order of hours, the
Curie temperatures below 600 K measured on heating at a rate of 2 K/min can safely be
assumed to correspond to the degree of order imposed by the isothermal annealing treatments.
However, at the maximum temperature of 683 K the degree of order will relax during the
measurement towards the corresponding equilibrium value, leading to an increase of order
for the as-quenched state and a decrease when starting from a high degree of order. This
difference between heating and cooling curves is well discernible.

NiCoMnGa shows a magnetic transition from the ferromagnetic to the paramagnetic state
between 636.0 K and 638.2 K. Since the degree of L21 order in NiCoMnGa is high in all
annealing conditions, annealing has a much smaller effect on TC than in NiCoMnAl. The
determined transition temperatures are given in Table 6.2. Apparently, still a small increase
of order with annealing exists in this alloy system. We attribute the constant offset of about
3.5 K between heating and cooling to effects of thermal inertia.

6.2.3 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) has been employed to analyze both alloys with
respect to magnetic and structural phase transitions on a Netzsch DSC 404 C Pegasus. All
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Fig. 6.4 DSC measurements
of annealed NiCoMnGa and
NiCoMnAl. DSC curves have
been recorded on heating with
a rate of 10 K/min.
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measurements have been performed at a heating rate of 10 K/min over a temperature range
from 300 K to 1273 K. Figure 6.4 shows DSC results for the NiCoMnGa and NiCoMnAl
alloys that have been subject to solution annealing at 1273 K, quenching to room temperature,
followed by a low-temperature annealing at 623 K applied with the intention to adjust a large
degree of L21 order. Taking into account different ordering kinetics, the NiCoMnGa alloy
was annealed for 24 h, while the NiCoMnAl alloy was annealed for 72 h.

Both alloys show a clear magnetic transition from the ferromagnetic to the paramag-
netic state at 592 K and 635 K for NiCoMnAl and NiCoMnGa, respectively. This is in
good agreement with magnetization measurements (Table 6.2), justifying our approach of
defining the Curie temperatures via the position of maximal slope in the magnetization
under constant field. NiCoMnGa shows additionally an order-disorder phase transition at
higher temperatures that can be assigned according to our neutron diffraction measurements
(Sec. 6.3) to the transition from the L21-(NiCo)MnGa to the B2-(NiCo)(MnGa) structure,
which is in accordance with the behavior of the structurally similar Ni2MnGa compound
(Sánchez-Alarcos et al., 2007) and with previous results from Kanomata et al. (2009). The
phase transition temperature was determined as 1151 K, a value in excellent agreement to
the 1152 K reported in Kanomata et al. (2009). In contrast, NiCoMnAl does not show any
further apparent peaks in the calorimetric signal besides the magnetic transition.

6.3 Neutron diffraction

Neutron diffraction measurements have been performed at the SPODI (Hoelzel et al., 2015)
high-resolution neutron powder diffractometer at the Heinz Maier-Leibnitz Zentrum (MLZ)
in Garching, Germany. Polycrystalline samples were measured continuously on heating and
cooling between room temperature and 1273 K, employing rates of approximately 2 K/min
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Fig. 6.5 Waterfall plots of the temperature-dependent neutron powder diffraction patterns of
NiCoMnGa (above) and NiCoMnAl (below) on heating and cooling with rates of approx-
imately 2 K/min. Before the measurement, samples were solution annealed at 1273 K and
quenched in room temperature water. The unlabeled peaks with pronouncedly lower thermal
expansion are due to the Nb sample cans.

and a recording frequency of approximately one pattern per 15 minutes. Measurements
have been done using Nb sample cans and employing a neutron wavelength of 1.54827 Å.
Temperature-dependent lattice constants, peak widths and structure factors corresponding to
the different degrees of long-range order have been refined. Additionally, for the depiction of
the waterfall plots, data treatment as described in Hoelzel et al. (2012) has been applied.

Figure 6.5 shows waterfall plots of the neutron diffraction patterns of NiCoMnGa/Al
upon heating and cooling on a logarithmic pseudocolor scale. All reflection families, namely
L21, B2 and A2, are labeled in the figure. Their presence corresponds to the symmetry
breaking into inequivalent sublattices as discussed in Sec. 6.1, and their strength indicates the
quantitative degree of long-range order. The A2 peaks are not influenced by any disorder in
the system, since here all lattice sites contribute in phase. The presence of the B2 peak family
indicates different average scattering lengths on the Ni-Co and the Mn-Z sublattices. Finally,
L21 peaks are due to a further symmetry breaking between either the 4a and 4b and/or 4c and
4d sublattices. Note that such a qualitative reasoning cannot distinguish whether the system
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has the Y structure or one of the two possible L21 structures, which can only be decided by a
quantitative analysis (as will be done below). Similar as for the A2 peak family, the intensity
of the B2 peak family is not influenced by the degree of L21 order.

In the waterfall depiction, the evolution of peak positions and (in qualitative terms) peak
intensities with temperature can be followed nicely. Initially, the samples correspond to
the state quenched from 1273 K. Already in this state, NiCoMnGa exhibits L21 order as
evidenced by the presence of the corresponding diffraction peaks. Upon heating, the thermal
expansion of the lattice leads to a gradual shifting of the peak positions to smaller scattering
angles. At approximately 1160 K, a disordering phase transition from the L21 phase to the
B2 phase is observed. This is reversed on cooling at practically the same temperature, which
shows that at these high temperatures the equilibrium states of order are followed closely.
The observed value of 1160 K is in good agreement to the 1151 K determined by calorimetry.

In contrast to NiCoMnGa, NiCoMnAl is found to have a B2 state in the as-quenched
condition with no L21 reflections visible. On cooling, the peaks are slightly narrower than on
heating, indicating the release of internal stresses in the sample remaining from quenching.
Interestingly, upon slowly cooling the sample down from 1273 K, at approximately 850 K
very diffuse maxima appear at the positions where L21 reflections would be expected. Indeed,
also during heating a very faint additional intensity can be discerned in the corresponding
regions as soon as temperatures sufficient to facilitate a relaxation of order via diffusion
are reached. Arguably, the diffuse intensity observed is the manifestation of L21 short-
range order or incipient L21 long-range order with very small anti-phase domains. Such
anti-phase domains have previously been observed in Ni2MnAl0.5Ga0.5 alloys (Ishikawa
et al., 2008; Umetsu et al., 2011), where the phase transition temperature implies ordering
kinetics on experimentally accessible time scales. The absence of well-defined L21 order as
well as the pronouncedly lower B2-L21 transition temperature in NiCoMnAl compared to
the NiCoMnGa alloy is consistent with the behavior observed in the related Ni2MnAl and
Ni2MnGa compounds where transition temperatures of, respectively, 775 K (Kainuma et al.,
2000) and 1053 K (Sánchez-Alarcos et al., 2007) have been reported.

While confirming a state of B2 order, in neutron diffraction no magnetic superstructure
peaks are observed. Thus, in contrast to Ni2MnAl, where Ziebeck and Webster (Ziebeck
and Webster, 1975) discovered a helical magnetic structure manifesting itself in form of
antiferromagnetic superstructure reflections and satellite peaks at the (200) and (220) reflec-
tions, NiCoMnAl is entirely ferromagnetic even under B2 order. This goes along with M(H)

measurements (Sec. 6.2) showing prototypical ferromagnetic properties. In contrast, for
Ni2MnAl antiferromagnetic properties have been reported (Acet et al., 2002). Presumably,
the drastic difference in magnetic structure results from strong ferromagnetic interactions in
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Fig. 6.6 Middle panel:
Temperature-dependent lat-
tice constants of NiCoMnGa
and NiCoMnAl on heating
and cooling starting with
samples quenched from
1273 K. Upper and lower
panels depict the temperature-
dependent thermal expansion
coefficients α = 1
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the system introduced by Co, overcoming the antiparallel coupling between neighboring Mn
atoms.

Figure 6.6 shows the temperature-dependent lattice constants retrieved from fitting the
in-situ neutron diffraction data as well as the corresponding temperature-dependent thermal
expansion coefficients. At 340 K, the lattice constant of approximately 5.81 Å in as quenched
NiCoMnGa is only slightly larger than the one of NiCoMnAl with approximately 5.80 Å,
while the thermal expansion is similar in both alloys with a value of approximately 2×
10−5 K−1. In the case of NiCoMnGa, the heating and cooling curves coincide, indicating
little effect of the applied quenching treatment. The B2-L21 transition is clearly mirrored in
the lattice constant, with a maximum in the thermal expansion coefficient below 1160 K, in
agreement with the calorimetric transition temperature and the vanishing of L21 intensities in
neutron diffraction.

In the case of NiCoMnAl, the B2–L21 ordering transition is neither visible directly
in the lattice constant nor in the thermal expansion coefficient. However, this system
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Fig. 6.7 Structure factors of the B2 (red) and L21 (blue) peak families as function of tempera-
ture on heating and cooling as determined by in-situ neutron diffraction for both systems.
Theoretical values for different ordered structures are given as horizontal lines.

displays another striking effect with the divergence of the lattice constants on heating and
cooling at intermediate temperatures. The absence of an analogous effect in the determined
Nb lattice constants proves that this deviation is real as opposed to, e.g., an error in the
determination of the sample temperature. We interpret it to be due to a superposition of a
lattice expansion due to quenched-in disorder with a lattice contraction due to a quenched-in
vacancy supersaturation. On heating, around 650 K ordering kinetics become active, leading
to a relaxation of the lattice expansion, while only at temperatures above 1100 K vacancies
become mobile enough to equilibrate their concentrations at vacancy sinks such as surfaces
or grain boundaries. Thus, in this interpretation the agreement in the lattice constants of the
slow-cooled and quenched states at low temperatures is just a coincidence.

Figures 6.7 show the temperature-dependent structure factors of NiCoMnGa and NiCo-
MnAl, i.e., essentially the square root of the ratio of the B2 and L21 intensities to the A2
peak families after taking into account Lorentz and Debye-Waller factors and multiplicities.
In the case of NiCoMnGa, the second-order B2–L21 transition at 1160 K is clearly visible.
Additionally, comparing the theoretical structure factors for different kinds of disorder as
given in the figure to the experimental values implies the observed L21 intensity to be due to
solely Mn/Ga order as opposed to Y ordering or only Ni/Co ordering. Note that the reason for
the L21 structure factor’s failure to go to zero above the transition lies in the residual diffuse
intensity due to short-range order, which contributes to the apparent L21 peak intensities
because of their finite experimental widths.
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For NiCoMnAl, the diffuse intensity at the L21 positions was modeled by increased peak
widths compared to the A2 and B2 peaks due to finite-length correlations. The structure
factor obtained in this way is indicated in Fig. 6.7. The different behavior on heating and
cooling implies quenched-in disorder in the initial state, with a convergence towards the
equilibrium value starting around 600 K in parallel with the decrease in the lattice constant
discussed above. Also on slow cooling, the determined structure factor stays well below the
value corresponding to full (NiCo)MnAl L21 order, which however may also be due to the
kinetically limited finite correlation lengths of order.

Interestingly, also the B2 structure factors in NiCoMnAl and NiCoMnGa are higher on
cooling than on heating, while they decrease only by minute amounts with temperature. We
are confident in these qualitative conclusions even though quantitative interpretations of the
data have to be treated with qualification, considering the limited number of crystallite grains
fulfilling the Bragg condition that defines the statistical precision.

Regarding the realized crystal structures, the neutron diffraction results can be summa-
rized as proving the exclusive existence of partially disordered cubic phases with B2 at high
temperatures and L21 (NiCo)MnZ at low temperatures, where the latter is only at the brink
between short-range ordering and small anti-phase domains for Z = Al. In contrast, tetragonal
ordering would be expected to lead to peak splittings due to the symmetry breaking as well as
additional superstructure peaks, with lowest-order reflections comparable in intensity to the
B2 peaks around 2θ = 15◦ and 2θ = 22◦ for Tp and Tc, respectively, which however are not
detectable. On the other hand, phase separation into Ni- and Co-rich ternary Heusler phases
should lead to a peak splitting on the order of 1% according to the respective lattice constants
(Acet et al., 2002; Sánchez-Alarcos et al., 2007; Webster, 1971). Also for this effect, there is
no indication, with the slowly-cooled samples showing narrower rather than wider peaks.

6.4 First-principles calculations

Computational details

We performed ab initio calculations for the structures proposed in Sect. 6.1.2. Specifically,
we computed ordering energies and electronic densities of states (DOS) by plane-wave
density functional theory as implemented in VASP (Vienna Ab-initio Simulation Package)
(Kresse and Furthmüller, 1996), and magnetic interactions in the Liechtenstein approach
(Liechstenstein et al., 1987) as implemented by Ebert et al. (2011) in their Korringa-Kohn-
Rostoker Green’s function code (SPR-KKR).

In the VASP calculations, the disordered structures were realized by 432 atom supercells
(corresponding to 6×6×6 bcc cells) with random occupations, taking advantage of the
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Fig. 6.8 Comparison of the total energies
of the various structures of ferromagnetic
NiCoMnAl and NiCoMnGa obtained from
density functional theory. The inner lev-
els (blue) refer to fully relaxed structures
(positions and lattice constants), whereas
in the outer columns (red) only the lattice
constants were relaxed and the ions remain
on the ideal (symmetric) positions with
bcc coordination. The energies are speci-
fied relative to a mixture of the ferromag-
netic ground state structures of ternary fer-
romagnetic Co2MnZ and Ni2MnZ. Thus
negative energies denote structures which
are inherently stable against demixing,
whereas the others require to be stabilized
by mixing entropy.
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efficient parallelization in VASP for massively parallel computer hardware. Here, the
wavefunctions of the valence electrons are described by a plane wave basis set, with the
projector augmented wave approach taking care of the interaction with the core electrons
(Kresse and Joubert, 1999). Exchange and correlation was treated in the generalized gradient
approximation using the formulation of Perdew, Burke and Ernzerhof (Perdew et al., 1996).
We converged unit cell dimensions and atomic positions by a conjugate gradient scheme
until forces and pressures reached values around 3 meV/Å and 1 kbar, respectively. For the
structural relaxations of the disordered systems, we used a 2×2×2 Monkhorst-Pack k-mesh
with the 432 atom supercells in combination with Methfessel-Paxton (Methfessel and Paxton,
1989) Fermi surface smearing (σ =0.1 eV), while total energies and densities of states were
calculated by the tetrahedron method with Blöchl corrections (Blöchl et al., 1994) using a
4×4×4 k-mesh. A 17×17×17 k-mesh was employed for the ordered structures represented
in a cubic 16 atom unit cell. Additional details on the numerical parameters are given in
the Supplementary Information. In all our calculations we allowed for a spontaneous spin
polarization, always resulting in stable ferromagnetism.

In the SPR-KKR calculations, the ferromagnetic ground state was chosen as reference and
disorder was treated analytically in the framework of the coherent potential approximation.
The electronic density of states obtained for the different disordered structures agreed very
well with the results obtained from the plane wave calculations, which corroborates our
explicit supercell-based description.



6.4 First-principles calculations 151

The results of our total-energy calculations are shown in Fig. 6.8 and given in Tab. 6.3.
In addition to the quaternary systems, we also computed the ternary full Heusler systems
for use as reference energies, specifically cubic L21 Co2MnAl, Ni2MnAl, and Co2MnGa,
as well as tetragonal L10 Ni2MnGa, according to the martensitic transition occurring in the
latter case. The energy differences are always specified with respect to the four-atom Heusler
formula unit in the fully relaxed states. As expected for isoelectronic systems, the energy
differences of the different phases behave similar in NiCoMnAl and NiCoMnGa. In both
cases, we observe a significant gain in energy by ordering the main group element Z and
Mn. As one would expect, the B2 phase is among the least favorable ones in terms of total
energy, and thus its observed thermodynamic stability at high temperatures is due to its large
configurational entropy. The fully disordered bcc phases turned out to be significantly higher
in energy, at 1.00 eV/f.u. for NiCoMnGa and 1.07 eV/f.u. for NiCoMnAl (both without
relaxation), and are therefore not included in Fig. 6.8.

In contrast, the fully ordered Y structure, which has previously been proposed as a new
candidate for a half metal, appears significantly more stable, not only against B2 disorder
but also against decomposition into the ternary phases. However, a surprising result of our
calculations is that NaCl-type ordering of Ni and Co is always disfavored compared to random
disorder: this pertains both to L21 NiCo(MnZ), which is about 20 meV higher in energy
than B2 (NiCo)(MnZ), as well as the energetical gain of about 12 meV when Y NiCoMnZ
is disordered to L21 (NiCo)MnZ. Thus, considering only structural thermodynamics, the
Y structure will not be thermodynamically stable at any temperature, as it has both higher
internal energy as well as lower configurational entropy compared to L21 (NiCo)MnZ.

However, the partially disordered L21 structure should not be the ground state. Indeed, in
both NiCoMnAl and NiCoMnGa the two tetragonal structures with a four-atom unit cell Tp

and Tc have lower energies than all structures considered up to now. Thus, our calculations
identify Tp with the alternation of Ni and Co (1, 0, 0) planes as the ground state structure.
We are confident that, at least among the superstructures on the bcc lattice, there should
be no structures with significantly lower energies, as the NaCl-type Mn/Z order with its
large energy gain seems quite stable, while any Ni/Co order different from the three kinds
considered here would need to rely on quite long-range interactions.

We observe that the relaxation procedure yields a considerable energy gain for the
disordered structures. An analysis of the corresponding atomic displacements is given in the
Supplementary Information, evidencing an expansion of ⟨1, 0, 0⟩-coordinated pairs made up
of equal atoms due to Pauli repulsion as common characteristic of the relaxations. Specifically
for Mn/Z disorder, the mean bond lengths show an asymmetry, reflecting the larger size of
the Z atom, particularly in the case for Z = Ga. The relaxation energies of the disordered
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structures as given in Tab. 6.3 can be satisfactorily reproduced by assuming independent
contributions of 6 meV due Ni/Co disorder, 6 meV due Mn/Al disorder, and 18 meV due
Mn/Ga disorder, with the prominence of the latter value again due to the larger size of Ga.

Due to the tetragonal arrangement of the Ni and Co atoms in Tp and Tc, the cubic sym-
metry is reduced to tetragonal, which is reflected also in the lattice parameters. Specifically,
as reported in Tab. 6.3, c, the lattice constant along the fourfold tetragonal axis, is 3–4%
larger than a for the Tc structure, while it is about 2% smaller for Tp. Indeed, this behavior
is expected due to above-reported tendency of ⟨1, 0, 0⟩-coordinated equal elements in L21

(NiCo)MnZ to be pushed apart due to Pauli repulsion, while Ni–Co pairs are contracted.
Further, the Wyckoff positions 2c in space group 129, which are occupied by Mn and Z in
the Tp structure, have an internal degree of freedom z corresponding to a translation along
the tetragonal axis. For NiCoMnAl, the parameters are zMn = −0.2556 and zAl = 0.2512,
and for NiCoMnGa zMn = −0.2555 and zGa = 0.2511, being practically the same in both
compounds. With Ni in 2a at z = 0 and Co in 2b at z = 1/2, this means that Mn and Z
are slightly shifted away from the Ni planes. Again, this is mirrored in the increased bond
lengths of ⟨1/2, 1/2, 1/2⟩-coordinated Ni-Mn and Ni–Z pairs compared to Co–Mn and Co–Z
pairs under disorder as given in the Supplementary Information. Thus, with these small
tetragonal distortions and deviations of the internal degrees of freedom from the ideal values,
it is clearly appropriate to consider also the tetragonal phases as superstructures on the bcc
lattice.

While the tetragonal distortions as mentioned above are on the order of a few percent,
the differences in the unit cell volumes between the cubic and the tetragonal structures is
much smaller. Indeed, we observe that there is a nearly perfect monotonic decrease of unit
cell volume with internal energy of the structures: while the volume contraction with Mn/Z
ordering by values of about 0.2% for NiCoMnAl and 0.6% for NiCoMnGa was expected, and
also the bigger effect in the latter case can be rationalized by the larger Ga atoms, NaCl-type
Ni/Co order, which was already found to be energetically unfavorable, leads to a lattice
expansion by about 0.5% in both systems. In contrast, the energy gains with Tc and Tp are
reflected in a corresponding volume contraction.

Our theoretical results explain the experimental observations: as reported above, experi-
mentally NiCoMnGa displays the B2 phase at high temperatures with a well-defined ordering
transition to the L21 (NiCo)MnGa phase at lower temperatures, while for NiCoMnAl the
transition temperature is reduced and only barely kinetically accessible. This is reproduced
by our calculations, with L21 (NiCo)MnZ being the lowest-energy cubic phase, while B2
can be stabilized by entropy, with indeed a larger energy gain and thus a higher expected
transition temperature for Z = Ga. Ni/Co ordering always increases the internal energy and
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decreases configurational entropy, thus L21 NiCo(MnZ) and Y NiCoMnZ are predicted not
to be existing. Also, as the energy cost of disordering B2 to A2 is about five times larger than
the gain of ordering to L21 (NiCo)MnZ, with the latter happening around 1000 K, we do not
expect a transition to A2 in the stability range of the solid.

On the other hand, also the L21 (NiCo)MnZ phase is only stabilized by entropy, and thus
should transform at some temperature to Tp. With an argumentation as above, where the
B2–L21 and the L21–Tp transitions have the same entropy difference, but the latter’s energy
difference of 42 meV is about a factor of 4–5 lower, we predict a transition temperature
around 250 K (see the Supplementary Information for a more detailed discussion of these
issues). As already the B2–L21 transition in NiCoMnAl at around 850 K is only barely
progressing, a bulk transition to Tp is therefore not to be expected on accessible timescales.

Extrapolating the lattice constants measured on cooling to T=0 K gives 5.785 Å for
NiCoMnGa and 5.773 Å for NiCoMnAl. The deviation of about 0.05 Å to the calculated
values for L21 (NiCo)MnZ is quite satisfactory, corresponding to a relative error of 0.9%. Of
course, the difference in lattice constants between the two alloys should be predicted even
much more accurately, giving 0.012 Å to be compared to the value of 0.011 Å determined
experimentally. Further, the predicted contraction at the B2–L21 transition in NiCoMnGa of
0.012 Å agrees perfectly with the experimental value as obtained by integrating the excess
thermal expansion coefficient between 1000 and 1200 K, while in NiCoMnAl the contraction
with ordering is estimated as 0.003 Å by the differences in the heating and cooling curves
evaluated at 600 K and 900 K to be compared with the predicted value of 0.005 Å. This small
discrepancy implies that the experimental lattice constant of NiCoMnAl at low temperatures
on cooling is increased compared to the theoretical predictions, which is consistent with a
reduced degree of L21 long-range order in NiCoMnAl due to kinetical reasons.

Magnetism

From the non-integer values of the total magnetic moment per formula unit listed in Tab.
6.3, one can already conclude that neither of the structures yields the desired half-metallic
properties. For the fully ordered Y structure, our calculated values for MS are slightly lower
than the values of 5.0µB/f.u. (Halder et al., 2015) and 5.07µB/f.u. (Alijani et al., 2011b)
previously reported for NiCoMnAl and NiCoMnGa, and the integer moment of 5µB, which
follows from the generalized Slater-Pauling rule MS = Zv − 24 for half-metallic full-Heusler
compounds (Galanakis et al., 2002) with Zv = 29 valence electrons per unit cell. The
calculated MS is even smaller for the other structures. Experimentally, we measured values
between 4.47 and 4.58µB/f.u. for L21 (NiCo)MnGa, while for Z = Al an increase from
4.68µB/f.u. in the as quenched state to 4.89µB/f.u. after the longest annealing was observed.
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Thus, it seems that the dependence of MS on the state of order in the intermediate states is
more complicated than the situation captured by our calculation of the respective extremes,
corresponding to a decrease from perfect Mn/Z disorder in the B2 case to perfect order in the
L21 case.

The values in Tab. 6.3 imply that the magnetic moment per formula unit MS depends
primarily on the order on the Ni/Co sublattice, with values around 4.95µB/f.u. for NaCl-
type order, 4.60µB/f.u. for columnar order or disorder, and 4.45µB/f.u. for planar order.
The equilibrium unit cell volume V0 grows with increasing MS, with an additional lattice
expansion in the cases of Mn/Z disorder.

The induced Ni moments show the largest variation between the different structures, in
absolute and relative numbers. The Co moments follow the behavior of the Ni moments with
a smaller variation. This is a consequence of the hybridization of Co and Ni in the minority
spin density of states, which is responsible for the formation of a gap-like feature at EF as
discussed in detail in the next section. The Mn moments appear well localized with values
slightly above 3.1µB/f.u. and vary only by a tenth of a Bohr magneton.

The ferromagnetic ground state of the compounds arises from the strong ferromagnetic
coupling between nearest-neighbor Mn–Ni (coupling constant approximately 7 meV) and, in
particular, Mn–Co (coupling constant approximately 11.7 meV) pairs. On the other hand, Mn
pairs in ⟨1, 0, 0⟩ coordination, which randomly occur in the B2 case, exhibit large frustrated
antiferromagnetic coupling (coupling constant approximately -8 meV). This behavior is
well known from ternary stoichiometric and off-stoichiometric Mn-based Heusler systems
(Buchelnikov et al., 2008; Comtesse et al., 2014; Şaşıoğlu et al., 2004, 2008, 2005; Entel
et al., 2014; Kurtulus et al., 2005; Rusz et al., 2006; Sokolovskiy et al., 2012). A more
detailed account of the coupling constants for NiCoMnZ is given in the Supplementary
Information. Thus for the low-energy structures, which do not exhibit Mn pairs with negative
coupling constant, we expect the magnetic ordering temperature TC to be significantly higher
than in the B2 case. This agrees nicely with the significant increase under annealing observed
for NiCoMnAl, while NiCoMnGa is already L21-ordered in the as quenched state and thus
has still a higher transition temperature.

Electronic Structure

The shape of the electronic density of states (DOS) of ternary L21 Heusler compounds of the
type X2YZ, including the appearance of a half-metallic gap, has been explained convincingly
by Galanakis et al. (2002, 2006) in terms of a molecular orbital picture. First, we consider the
formation of molecular orbitals on the simple cubic sublattice occupied by atoms of type X.
Here, the dxy, dyz and dzx orbitals hybridize forming a pair of t2g and t1u molecular orbitals,
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Fig. 6.9 Spin-polarized elec-
tronic density of states (DOS)
in ferromagnetic NiCoMnGa
for the distinct ordered struc-
tures.
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while the dx2−y2 and the d3z2−r2 states form eg and eu molecular orbitals. The molecular
orbitals of t2g and eg symmetry can hybridize with the respective orbitals of the nearest
neighbor on the Y-position (in the present case Mn), splitting up in pairs of bonding and
anti-bonding hybrid orbitals. However, due to their symmetry, no partner for hybridization is
available for the t1u and eu orbitals, which therefore remain sharp. Accordingly, these orbitals
are dubbed “non-bonding”.

If the band filling is adjusted such that the Fermi level is located between the t1u and eu

states in one spin channel, the compound can become half-metallic. This is for instance the
case for Co2MnGe with Zv = 29, which has according to the generalized Slater–Pauling
rule MS = 5µB (Galanakis et al., 2002; Picozzi et al., 2002). If additional valence electrons
are made available, also the eu states may become occupied. This is the case for Ni2MnGa
and Ni2MnAl (Zv = 30), which do not possess half-metallic properties. Here, the Ni-eu

states form a sharp peak just below the Fermi energy and gives rise to a band-Jahn-Teller
mechanism leading to a martensitic transformation and modulated phases arising from
strong electron-phonon coupling due to nesting features of the Fermi surface (Brown et al.,
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1999; Bungaro et al., 2003; Haynes et al., 2012; Lee et al., 2002; Opeil et al., 2008; Zayak
et al., 2003). Consequently, the magnetic moments of these compounds are significantly
smaller. First principles calculations report values of 3.97 – 4.22µB/f.u. (Ayuela et al., 1999;
Galanakis et al., 2002; Godlevsky and Rabe, 2001) and 4.02 – 4.22µB/f.u. (Ayuela et al.,
2002, 1999; Şaşıoğlu et al., 2004; Fujii et al., 1989; Godlevsky and Rabe, 2001; Gruner et al.,
2008) for Ni2MnAl and Ni2MnGa, respectively.

Figure 6.9 shows the total and element-resolved electronic densities of states (DOS)
of NiCoMnGa for the most relevant structures, which have the same valence electron
concentration as the half metal Co2MnGe (NiCoMnAl shows an analogous picture and can
be found in the Supplementary Information). Here, the perfectly alternating NaCl-type order
of the elements on the Ni-Co sublattice in the Y-structure enforces a complete hybridization
of the Ni- and Co-states, since the atoms find only ⟨1, 0, 0⟩ neighbors of the other species.
This becomes apparent from the pertinent illustration, as essentially the same features are
present in the partial density of states of both elements. The magnitude of a specific peak
may, however, be larger for one or the other species. This can be understood from the concept
of covalent magnetism (Mohn, 2003; Schwarz et al., 1984; Williams et al., 1981) which has
been applied to Heusler alloys recently (Dannenberg et al., 2010). The molecular orbitals are
occupied by each species with a weight scaling inversely with the energy difference to the
constituting atomic levels. In the minority spin channel, the bonding molecular orbitals are
dominated by Ni-states, while the non-bonding t1u states around -1 eV and the anti-bonding
orbitals above EF are dominated by the Co-states. The non-bonding eu orbitals directly above
EF are equally shared by Co and Ni states.

As expected, with decreasing order the features of the DOS smear out and become less
sharp. Specifically the pseudo-gap at the Fermi level in one spin channel, which corresponds
to the near half-metallic behavior suggested first by Entel et al. (2010), and subsequently by
Alijani et al. (2011b), Singh et al. (2012) and Halder et al. (2015), is in particular sensitive to
ordering on the Ni-Co sublattice, and only encountered for the NaCl-type ordering of the
fully ordered Y and the partially ordered L21 NiCo(MnZ) structures.

In fact, the minority spin gap is not complete. A close inspection of the band structure
(see Supplementary Information) of Y NiCoMnGa/Al clearly shows several bands crossing
the Fermi level. Since this occurs in the immediate vicinity of the Γ point, the weight of the
respective states in the Brillouin zone is small and a gap-like feature appears in the DOS.
Thus, in this configuration the compound should be classified as a half-semimetal rather than
a half-metal. Nearly perfect gaps are observed if Z is a group IV element with a half-filled
sp-shell. In our case, the missing electron of the main group element has to be compensated
by the additional valence electron from one of the transition metals. These are only available
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on parts of the X-sites, which can lead to a distribution of sp-states between the sharp t1u and
eu states of the transition metals below and above EF.

In all other structures, the Ni-Co sublattice contains neighboring pairs of the same element.
In this case, the respective d-orbitals can hybridize independently at different levels. As a
consequence, the t1u and eu molecular orbitals split up. This is best seen in the DOS of the
Tp structure. Here, the Ni-dominated part of the former eu peak moves to below the Fermi
level (where we expect it in Ni2MnGa/Al), which creates considerable DOS right at EF and
fully destroys the half-metallic character. An analogous argument can be applied to the cubic
L21 (NiCo)MnZ and B2 structures with disorder on the Ni-Co sublattice. The disorder on
the Mn-Z sublattice in the B2 phase causes only minor changes in the electronic structure
and manifests mainly in a larger band width of the valence states and the disappearance of a
pronounced peak at -3.2 eV in the minority channel, which originates from the hybridization
between the Ni-Co and Mn-Z sublattice. In contrast, the distribution of the Ni and Co states
near the Fermi level, which are decisive for the functional properties of this compound family,
is not significantly changed compared to the L21 case.

6.5 Conclusions

Employing in-situ neutron diffraction, magnetic measurements and calorimetry, we studied
the ordering tendencies in the quaternary Heusler derivatives NiCoMnAl and NiCoMnGa.
NiCoMnGa was found to display an L21 (NiCo)MnGa structure with strong Mn/Ga order
and no to minor Ni/Co ordering tendencies, where the degree of order achieved upon slow
cooling was higher than in quenched samples. The B2–L21 second-order phase transition was
observed at 1160 K. NiCoMnAl after quenching was found to adopt the B2 structure, while
on slow cooling from high temperatures broadened L21 reflections were observed to emerge
at temperatures below 850 K in neutron diffractometry. Yet, kinetics at these temperatures
are so slow that the adjustment of large degrees of L21 order in this compound is kinetically
hindered. Still, low-temperature annealing treatments at 623 K in samples quenched from
1273 K showed a strong effect on the magnetic transition temperatures, proving that this
parameter probes sensitively the state of order in the sample.

Density functional theory reproduces the experimentally observed trends of the order-
dependent magnetic behavior and of the ordering tendencies between the two systems. Our
calculations reveal that the fully ordered Y structure with F43m symmetry is thermodynam-
ically not accessible, since the partially disordered L21 phase is lower in energy. Instead,
we propose as the ground state a tetragonal structure with a planar arrangement of Ni and
Co. This structure is stable against decomposition into the ternary Heusler compounds, but
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we expect the energetic advantage to be too small to compensate for the larger entropy of
the L21 phase at reasonable annealing conditions. However, the fabrication of this structure
by layered epitaxial growth on appropriately matching substrates, which favor the slight
tetragonal distortion, could be possible. From the electronic density of states and band struc-
ture, we could conclude that neither of the structures is half-metallic in the strict definition.
This specifically pertains also to the hypothetical Y structure, which exhibits several bands
crossing the Fermi level close to the Γ point in the minority spin channel, and is thus a
half-semimetal.

Since the first quaternary Heusler derivatives adopting the Y structure have been proposed
to possess half-metallic properties (Dai et al., 2009), the interest in these materials has
developed rapidly with numerous publications dealing with the topic (Al-zyadi et al., 2015;
Alijani et al., 2011a,b; Bainsla et al., 2014; Berri et al., 2014; Elahmar et al., 2015; Enamullah
et al., 2016, 2015; Entel et al., 2010; Feng et al., 2015; Gao et al., 2013, 2015; Gökoğlu, 2012;
Halder et al., 2015; Mukadam et al., 2016; Özdoğan et al., 2013; Singh et al., 2012; Wei et al.,
2015; Xiong et al., 2014; Zhang et al., 2014). Density-functional theory calculations have
been used to identify promising systems among the NiCo- (Al-zyadi et al., 2015; Alijani et al.,
2011b; Entel et al., 2010; Gökoğlu, 2012; Halder et al., 2015; Singh et al., 2012; Wei et al.,
2015), NiFe- (Alijani et al., 2011b; Mukadam et al., 2016; Wei et al., 2015) and CoFe-based
(Alijani et al., 2011a; Bainsla et al., 2014; Berri et al., 2014; Dai et al., 2009; Elahmar et al.,
2015; Enamullah et al., 2016, 2015; Feng et al., 2015; Gao et al., 2013, 2015; Özdoğan et al.,
2013; Xiong et al., 2014; Zhang et al., 2014) compounds. However, in most cases the phase
stability of the Y structure is tested, if at all, only against stacking order variations of this Y
structure (see, for instance Alijani et al., 2011a; Dai et al., 2009) but rarely against disorder
(Enamullah et al., 2016) or other states of order. Simultaneously, experimental investigations
as a rule either point towards disordered structures (Alijani et al., 2011a; Bainsla et al., 2014;
Enamullah et al., 2015; Halder et al., 2015; Mukadam et al., 2016) or, specifically for the
case of X-ray diffraction on ordering between transition metal elements, cannot decide these
issues (Alijani et al., 2011a,b; Enamullah et al., 2015).

Based on our findings, we conclude that at least in the NiCo-based, but probably also in
the NiFe- and CoFe-based alloys, the stability of the Y structure is doubtful and, even if it was
thermodynamically stable, might still not be kinetically accessible in most quaternary Heusler
derivatives. Indeed, preliminary first-principles results show that also for the NiFeMnGa
and CoFeMnGa alloys, the tetragonal Tp order is lower in energy than the Y structure by
62 meV/f.u and 80 meV/f.u., respectively, comparable to the values reported here. This
underlines that a detailed analysis of phase stabilities in those systems that have been
identified as promising half-metals, especially with respect to the tetragonal structures and/or
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Fig. 6.10 M(T ) measure-
ments of NiCoMnAl in four
annealing conditions at an
external magnetic field of
15 kOe down to 77 K. Second-
order polynomial extrapola-
tions to zero temperature are
indicated by the dashed lines.
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L21 type disorder, is essential in order to evaluate their actual potential. More generally,
the comparatively small energetical differences between the various possible types of order
along with small disordering energies specifically with respect to the late transition metal
constituents as obtained here suggest that in these quaternary Heusler derivatives disorder
could be the norm rather than the exception in physical reality. Thus, our findings imply that
for computationally predicting the potential of a given system for applications, the assumed
ground state has first to be tested against other plausible candidates, and second, that only
with a comparatively large energy gain compared to disordered structures (0.2 eV for the
B2–L21 transition in NiCoMnGa as considered here) the ordered phase can be assumed with
some certainty to be actually realizable.

6.6 Supporting Information

6.6.1 Magnetization measurements

Figure 6.10 shows M(T ) measurements of NiCoMnAl in four annealing conditions (as
quenched from 1273 K, as well as after additional annealing treatments at 623 K for 6 h, 24 h
and 72 h). The increase of magnetization with annealing agrees with the M(H) measurements
given in Fig. 6.2 of the main text. As indicated in Fig. 6.10, these temperature-dependent
measurements have been used to extrapolate to the zero-temperature magnetization values
given in Tab. 6.2 in the main text.

Figure 6.11 shows M(H) for NiCoMnGa in the four annealing conditions as obtained by
SQUID magnetometry at 6 K and 293 K, analogous to the corresponding VSM measurements
for NiCoMnAl given in Fig. 6.2 of the main text. The spontaneous magnetization MS was
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Fig. 6.11 M(H) measure-
ments of NiCoMnGa in four
annealing conditions at 6 K
and 293 K that were used
to determine the spontaneous
magnetization MS. The re-
trieved values for MS are
given in Tab. 6.2 of the main
text.
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determined via fitting the linear part of the magnetization curve and identifying the y-axis
intercept. The retrieved values are given in Tab. 6.2 of the main text.

6.6.2 Computational details

Electronic structure, energetic order and mixing energy have been calculated from first-
principles in the framework of density functional theory. For the structural optimization of
large supercells, we employed the Vienna Ab-initio Simulation Package (VASP) (Kresse
and Furthmüller, 1996) for massively parallel computer hardware, which describes the
wavefunctions of the valence electrons using a plane wave basis set in combination with the
projector augmented wave (PAW) approach (Kresse and Joubert, 1999) to take care of the
interaction with the core electrons. We used the standard potentials supplied with the code,
treating the 3p63d64s1 states for Mn explicitly as valence states in the potential from Aug.
2007, 3s23p63d84s1 for Co (Jul. 2007), 3p63d94s1 for Ni (Sep. 2000), 3d104s24p1 for Ga
(Sep. 2000), and 3s23p1 for Al (Jan. 2001). We used a plane-wave energy cutoff of Ecut =

400 eV.

6.6.3 Phase stabilities

In order to estimate the transition temperature to the fully ordered Tp structure, we calculated
the temperature-dependent free energy for both systems in all structures. The results are given
in Fig. 6.12. Here, the free energy is calculated as F = U − TS, with the internal energy U

being the total energy per unit cell from DFT calculations as presented in Fig. 6.8 of the main
text and the entropy given by the mixing entropy per unit cell in a Bragg-Williams picture of
0 for the fully ordered structures, 2kB log(2) for the L21 structures and 4kB log(2) for the B2
structure. In this approximation we neglect any spatial correlations as well as contributions
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Fig. 6.12 Depiction of the configurational Free Energy as a function of temperature for
NiCoMnGa (left) and NiCoMnAl (right). The upper horizontal axis refers to the nominal
temperature, while the lower axis refers to a scaled temperature to reproduce the experimen-
tally obtained B2-L21 phase transition temperatures of the compounds. The blue line indicates
the stable phase at any temperature. Phases I to VII correspond to the L21 NiCo(MnZ) state,
B2, the demixed 1/2 Ni2MnGa + 1/2 Co2MnGa state, Y, L21 (NiCo)MnZ, the tetragonal Tc

and the tetragonal Tp phases, respectively.

to the free energy differences such as zero point energies, vibrational entropy, magnetic and
electronic entropy. Employing this model, the transition temperatures retrieved for the B2–
L21 transition are 1330 K and 1641 K for NiCoMnAl and NiCoMnGa, respectively, values
considerably larger than the experimentally observed 850 K and 1160 K. This over-estimation
of the critical temperature in the Bragg-Williams model is well known and accepted (Fisher,
1967). In a first approximation we assume this discrepancy to be a constant factor, thus
the observed ratio between experimental and theoretical B2–L21 transition temperatures of
about 2/3 leads us to correspondingly scaled-down estimated L21–Tp transition temperatures
around 235 K and 240 K for NiCoMnAl and NiCoMnGa, respectively.

6.6.4 Electronic Structure

NiCoMnAl and NiCoMnGa have been discussed as promising candidates for half-metallic
behavior. Even though the minority channel densities of states of both systems in the Y
structure as shown in Fig. 6.13 display an apparent gap at EF, an inspection of the minority
spin band structure of NiCoMnGa in Fig. 6.14 reveals that there is no true gap. In contrast,
five bands, all with predominantly d character are present around the Fermi level, with two of
them actually crossing it. As in the molecular-orbital model of Galanakis et al. for Co2MnGa
(Galanakis et al., 2002, 2006), these bands are of eu and t1u character, and specifically away
from Γ the two eu bands are slightly above EF, while the three t1u bands are quite flat around
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Fig. 6.13 Spin-polarized electronic density of states (DOS) in ferromagnetic NiCoMnGa
(left) and NiCoMnAl (right) for the distinct ordered structures as outlined in the main text.
The plot for NiCoMnGa from the main text is reproduced here to ease comparison with
the NiCoMnAl case, albeit with a different color coding to agree with the element-resolved
dispersions in Fig. 6.14.

-1 eV and thus lead to a sharp peak in the DOS. Element-wise, the eu bands have a shared
Ni-Co character, while the t1u bands are predominantly due to Co, being paralleled by the
corresponding Ni bands an additional 1 eV lower.

The apparent gap below EF now results from all five bands being gathered closely around
EF at the Γ point and splitting up as one moves away from Γ. Specifically the t1u bands
decrease significantly in energy, while one band of dominatingly eu character closely follows
the Fermi level along some high-symmetry directions. However, as is visible for instance
along the Γ–L-line, over most of the Brillouin zone this band is above EF, limiting the
conductivity in the minority spin channel. Thus, we classify NiCoMnGa in the Y structure as
a half-semimetal, with an analogous situation in NiCoMnAl (dispersions not shown here).

In Fig. 6.13, the densities of states of NiCoMnAl are shown alongside those for NiCo-
MnGa, which have already been discussed in the main part. Obviously, the qualitative
situation is equal, with specifically Ni/Co disorder as well as tetragonal order closing the
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Fig. 6.14 Minority spin band structure of NiCoMnGa in the Y phase. The left panel resolves
the elemental character of the states, with green for Ni, blue for Co, red for Mn and black for
Ga, while the right panel shows the orbital character, with red for s character, black for p,
blue for the d orbitals transforming according to the T2g and T1u representations, i.e., those
made up of dxy, dyz, and dzx, and finally green for those transforming according to the Eg

and Eu representations, i.e., dx2−y2 and d3z2−r2 .

pseudo-gap. Interestingly, in NiCoMnAl the pseudo-gap seems slightly more stable with
respect to disorder than in NiCoMnGa.

6.6.5 Atomic relaxations in disordered structures

Table 6.4 reports the statistical parameters of the static atomic displacements due to chemical
disorder as obtained from analyzing the relaxed configurations computed by DFT. Generally,
equal atoms appear to repel each other due to Pauli repulsion, with both the Ni–Co and
Mn–Z distances being smaller than the distances between equal atoms. The asymmetry in the
Mn/Z-case suggests that in these compounds the Z element should be considered effectively
larger than Mn, which is even more pronounced for Z = Ga. This is also reflected in the
widths of the distributions of all distances under Mn/Z-disorder, being significantly larger in
the Ga case.

Co–Co distances are larger than Ni–Ni distances, which would imply Co being larger
than Ni. On the other hand, Co–Z and Co–Mn distances are smaller than the respective values
for Ni, showing that the effects of Ni/Co-disorder are beyond such a simple picture of atomic
sizes. Also the effect on the widths of the distributions is smaller than for Mn/Z-disorder,
presumably due to the larger chemical similarity between Ni and Co.

In the light of this discussion, the slight tetragonal distortions of the Tp and Tc structures
can be motivated: Tp is characterized by a planar arrangement of Ni and Co, so the in-plane
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Fig. 6.15 Magnitude of mag-
netic exchange interactions be-
tween nearest Mn–Ni, Mn–Co
and Mn–Mn pairs in ferro-
magnetic B2 NiCoMnAl and
NiCoMnGa as a function of
the lattice constant. Interac-
tions at a larger separation and
those involving other pairs of
atoms are significantly smaller
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lattice constant a is expanded due to Ni–Ni and Co–Co repulsion, and consequently c being
perpendicular to the planes is contracted. For Tc, the converse argument applies, leading to
expansion along the columns. Interestingly, the internal degree of freedom in the Tp structure,
corresponding to Mn and Z being shifted away from the Ni planes and towards the Co planes
is also already disclosed in the disordered structures, where the Co–Mn and Co–Z distances
are always smaller than the respective values for Ni.

6.6.6 Exchange Couplings

Figure 6.15 shows the main coupling constants in NiCoMnAl and NiCoMnGa as a function
of the lattice constant for the disordered B2 case, computed in the KKR-CPA framework with
the Liechtenstein approach (Liechstenstein et al., 1987). While ⟨1/2, 1/2, 1/2⟩-coordinated
Mn–Co and Mn–Ni pairs show a strong ferromagnetic interaction, ⟨1, 0, 0⟩-coordinated
Mn–Mn pairs show a strong frustrated antiferromagnetic interaction. With increasing lattice
constant, the absolute values of the ferromagnetic Mn–Co and the antiferromagnetic Mn–Mn
exchange interactions decrease, while the ferromagnetic Mn–Ni interaction is less affected
by changes in the lattice constant. As discussed in the main text, the lattice contraction
with ordering is on the order of 0.01 Å. Such differences modify the Mn–Mn interaction by
about 0.3 eV, and the other interactions even less. Thus, these effects are minute compared
to the vanishing of Mn–Mn frustration under Mn/Z-ordering, and therefore the latter are
responsible for the marked concomitant increase in TC specifically for NiCoMnAl.

Another point to note is that the weaker antiferromagnetic Mn–Mn coupling for NiCo-
MnAl suggests actually higher TC for NiCoMnAl than for NiCoMnGa. Even though this is
partly compensated by the lower lattice constants, the opposite finding in the experiment
again underlines the conclusion of lower degrees of Mn/Z-order in NiCoMnAl.
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0.9979±
0.0029

0.9999±
0.0104

0.9967±
0.0065

0.9976±
0.0030

1.0001±
0.0054
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Chapter 7

Half- to Full-Heusler transition in
Ni2-xMnSb compounds

7.1 Introduction

The Ni2−xMnSb system comprises materials with many interesting properties and conse-
quently applications. Specifically, in the vicinity of the full-Heusler structure Ni2MnSb,
ferromagnetic shape memory alloys are found (see for instance Chatterjee et al., 2008). At the
same time, the half-Heusler compound NiMnSb is the prototypical half-metal (de Groot et al.,
1983; Hanssen et al., 1990), making it an interesting material for spintronics applications.

As in most Heusler alloys, atomic order plays a crucial role in the goal of achieving
optimal functionality in Ni2−xMnSb alloys. For example, NiMnSb, although predicted to
be 100 % spin polarized at the Fermi surface, shows in real-world spintronics components
a much lower spin polarization of only about 58 %, as evidenced by Soulen et al. (1998).
This discrepancy has been ascribed, besides potential chemical segregation and electronic
structure changes at the interfaces, to atomic disorder and deviations from the ideal structure
(Orgassa et al., 1999).

While Ni2MnSb is found to adopt the full-Heusler L21 structure (Castelliz, 1955),
NiMnSb was demonstrated to show the half-Heusler C1b structure (Webster, 1968). In-
terestingly, this C1b structure, characterized by the F4̄3m space group and an inequivalent
occupancy of the 4a, 4b, 4c and 4d Wyckoff positions by Ni, structural vacancies, Mn and
Sb, respectively, is stable for a wide range of x on the Ni lean side of the Ni2−xMnSb phase
diagram as evidenced by Nagasako et al. (2015); Webster and Mankikar (1984). Note that
the C1b structure has the same space group as the Y structure discussed in Chapter 6 with
the difference that one of the four sublattices is empty. As function of x as well as for a
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C1b-NiMnSb L21-Ni2MnSb 
Half-Heusler Full-Heusler

Sb

Mn

Ni

Fig. 7.1 Depiction of the half-Heusler C1b (left) and full-Heusler L21 (right) structures. While
NiMnSb and Ni2MnSb are illustrated as prototypical representatives of the crystal structures,
clearly any C1b structure can transfer into a L21 structure via accommodating the Ni atoms
equally on the 4a and 4b Wyckoff sites.

given x as a function of temperature, a transition from the C1b structure to the full-Heusler
L21 structure with space group Fm3̄m is observed. For a depiction of the C1b and L21

crystal structures please refer to Fig. 7.1. The most detailed phase diagram available for
the Ni2−xMnSb system was recently established by Nagasako et al. (2015) via Differential
Scanning Calorimetry (DSC) together with High-Resolution Scanning Transmission Electron
Microscopy (HRSTEM). Furthermore, an earlier work by Webster and Mankikar (1984) pro-
vides ex-situ neutron diffraction results for various compositions x at a selected temperature
proving the stability of the C1b phase in the system. Yet, these published investigations do
not resolve the microscopic origin of the C1b-L21 phase transition.

Presumably, for Ni2−xMnSb compounds in the high temperature L21 phase, the Ni de-
ficiency is accommodated via the structural vacancies being equally distributed on both
Ni sublattices. Then, when lowering the temperature, a transition to a case where one Ni
sublattice is hosting more vacancies than the other occurs. This corresponds to a symmetry
breaking and hence a phase transition from the L21 to the C1b phase. However, this mecha-
nism has never been confirmed. It is also thinkable that the Ni deficiency in the L21 phase is
accommodated by antisites and/or the annihilation of structural vacancies. The temperature
dependent, complex interplay of structural vacancies and antisite disorder at the C1b-L21

transition can only be revealed by in-situ scattering experiments where such information is
directly contained in the peak area of the superstructure reflections.
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7.2 Sample Preparation

In order to study the nature of the C1b-L21 transition in the Ni2−xMnSb system, a series of
polycrystalline bulk samples with differing Ni composition has been prepared via induction
melting of high purity elements. Specifically, 5 samples with x = 0.25, 0.4, 0.5, 0.75 and
0.95 have been cast. Subsequent to casting, the samples were solution annealed for 3 days
at 1173 K, a heat treatment previously reported to be effective by Nagasako et al. (2015) in
order to homogenize the samples. After solution annealing, samples were water quenched.
The sample composition was measured in the solution annealed samples as tabulated in
Chapter 1 showing an excellent agreement to the nominal sample compositions. From the
quenched bulk ingots, samples for DSC and magnetization measurements have been cut
using a low speed diamond saw. The remaining sample material was crushed and ground to
fine powders with a grain size < 125µm. Due to the brittleness of the material, additional
strain-release/recovery heat treatments of the powders were not necessary, given that no
strain related peak broadening was observed in X-ray diffraction after powder preparation.

7.3 Results

The experimental work carried out on the Ni2−xMnSb samples can be divided into two
parts. First, a pre-characterization of the samples mostly via bulk measurements partially
reproducing and partially exceeding the state of the art knowledge about this material system
was performed and second, an in-situ neutron diffraction study was carried out at the 3T2
neutron powder diffractometer at the Laboratoire Léon Brillouin in Saclay, France. These
measurements were complemented by room temperature X-ray powder diffraction as well as
room temperature high resolution neutron powder diffraction measurements at the SPODI
diffractometer at the FRM II in Garching, Germany.

7.3.1 Structural and magnetic properties

In order to evaluate the quality of the produced Ni2−xMnSb samples, DSC measurements
have been performed over a wide temperature range from room temperature to 1500 K
in order to determine the Curie temperatures TC of the compounds as well as the C1b-
L21 transition temperatures and the melting temperatures Tm. Fig. 7.2 shows these DSC
measurements in the stated temperature range for all 5 compositions. TC has been determined
via fitting the left and right part of the calorimetric signal as described in Chapter 1 while the
values for the C1b-L21 transition were determined following the definition by Nagasako et al.
(2015) where the maximum of the calorimetric peak was taken as the transition temperature.
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Fig. 7.2 High and low temperature DSC measurements for a series of compositions from
the Ni2−xMnSb system showing magnetic and structural phase transitions. The curves were
recorded on heating employing a heating ramp of 10 K/min. Specifically, depending on the
composition, a ferromagnetic-paramagnetic transition with a characteristic Curie temperature
TC , a C1b-L21 transition and melting of the samples is observed. The low temperature DSC
curves (left panel) were recorded as part of the B.Sc. thesis by Hollender (2016) under the
supervision of the author of this thesis.

Note, that usually in diffusion controlled phase transitions, the maximum of the calorimetric
peak is dependent on kinetic effects and thus, rather the onset of the peak should be used
as reliable definition of the transition temperature. However, due to the low peak intensity,
the determination of the peak onset is difficult in this case, especially for samples with high
Ni content, and hence, the peak maximum was used as the transition temperature. For the
melting peak, the peak onset is better defined and was used as the value for the melting
temperature.

Fig. 7.3 summarizes the transition temperatures obtained from the calorimetric measure-
ments together with the available literature data by Nagasako et al. (2015); Webster and
Mankikar (1984). Additionally shown are the transition temperatures retrieved from in-situ
neutron diffraction as presented in the following section. Evidently, the determined values
are in very good agreement to the literature data while clearly, the transition temperatures
determined by neutron diffraction are systematically lower than the ones determined by DSC.
This discrepancy is most likely the result of the definition of the transition temperature via
the peak maximum instead of the onset temperature. To the author’s knowledge, there are no
literature reports on the melting temperatures in this system. However, the exact determi-
nation of the melting temperatures was necessary in order to establish a safe measurement
protocol for in-situ neutron diffraction not risking to melt the samples in the furnace.
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Fig. 7.3 Phase diagram of the pseudo-binary Ni2−xMnSb system showing data from this
thesis, as well as literature data by Webster and Mankikar (1984) and Nagasako et al. (2015).

Furthermore, the presented experiments reproduce the existence of an undefined calori-
metric peak in the DSC measurements of the Ni1.05MnSb sample previously pointed out by
Nagasako et al. (2015). Interestingly, it appears that its intensity is decreased after several
heating and cooling cycles as shown in Fig. 7.2. Yet, also in-situ neutron diffraction (reported
below) was not able to reveal the nature of this peak since it finds no correspondence in the
peak intensities of the diffraction patterns as demonstrated in Fig. 7.8.

As an overall tendency, it is observed that the magnetic transition temperature as well as
the C1b-L21 transition temperature decrease with increasing Ni content. The last composition
showing a C1b-L21 transition in the experiments conducted in this thesis is Ni1.50MnSb while
Nagasako et al. (2015) report to observe a transition also for Ni1.625MnSb. For samples
with higher Ni content it is not entirely clear whether no transition occurs (i.e. already the
quenched samples are L21 ordered) or whether the signal associated with the transition is
too small to be detected. In contrast to the C1b-L21 transition temperature and the magnetic
transition temperature, the melting temperature Tm is relatively constant as a function of x.

In order to pre-characterize the samples and as a complement to neutron diffraction, room
temperature X-ray diffraction measurements have been performed on the powder samples.
The results are shown in Fig. 7.4 for four compositions. The patterns have been Rietveld-
refined using the FullProf suite (Rodriguez-Carvajal, 1990, 1993; Rodriguez-Carvajal and
Roisnel, 1998; Roisnel and Rodriguez-Carvajal, 2000). As can be seen, the refined curves
(black lines) show excellent agreement to the measured data (colored lines). Assuming
fully ordered Mn and Sb sublattices and fixing the composition, the distribution of Ni and
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Fig. 7.4 XRD diffractograms of Ni2−xMnSb samples on a logarithmic intensity scale showing
the measured data (colored curves) and the Rietveld-refined diffractograms (black curves).
The patterns have been recorded at room temperature using Cu-Kα radiation. Samples have
been quenched from 1173 K. Peak families are indicated below the diffractograms.

Compound rel. Ni occ. (4a) rel. Ni occ. (4b) lattice parameter a (Å)
Ni1.05MnSb 1.077(8) -0.027(8) 5.93015(5)
Ni1.25MnSb 1.074(10) 0.176(10) 5.97334(6)
Ni1.50MnSb 1.125(12) 0.375(12) 5.99265(7)
Ni1.75MnSb 1.097(20) 0.653(20) 5.99962(3)

Table 7.1 Refined relative site occupancies of Ni and lattice parameters for room temperature
X-ray diffractograms of a series of Ni2−xMnSb samples quenched from 1173 K.

vacancies on the 4a and 4b sites has been determined in the refinement process. The refined
occupancies together with the determined lattice parameters are given in Tab. 7.1.

Clearly, for all compositions the retrieved nuclear structure is C1b since Rietveld refine-
ment reveals, besides the full order of Mn and Sb on the 4c and 4d sites, also a fully ordered
4a and 4b site, evidenced by a refined relative occupancy > 1 on the 4a site and hence a
maximally depleted 4b site. The deviations from 1 certainly arise from slightly diverging
sample compositions and/or types of disorder not accounted for by the employed structural
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Fig. 7.5 M(H) SQUID measurements at 6 K of Ni2−xMnSb samples in two different an-
nealing conditions, i.e. 1173 K-quenched (left panel) and 48 h annealed at 573 K (right
panel).

model. Yet, the overall great conformity of the refined and measured diffractograms in
combination with the previously reported evidence for the C1b structure draws a clear picture
of the room temperature nuclear structure of the compounds. Note that the observed perfect
C1b order is to some extent surprising considering that the samples have been quenched
from the L21 regime at 1173 K. Yet, apparently, kinetics are so fast that no disorder can be
quenched-in.

Further, it is observed that the lattice parameter increases from NiMnSb towards Ni2MnSb,
a fact previously pointed out by Webster and Mankikar (1984). Comparing the lattice
parameters obtained in this investigation with the ones stated by Webster and Mankikar
(1984) shows excellent agreement with deviations between 0.03 % and 0.14 %. In their recent
neutron single crystal diffraction study, Brown et al. (2010) report a slightly lower lattice
parameter for stoichiometric NiMnSb of 5.909 Å, but, given different thermal treatments of
the samples, all reported lattice parameters are in reasonable agreement to the here presented
data set.

Finally, to conclude the bulk characterization of the samples, low temperature SQUID
magnetization measurements have been performed. Fig. 7.5 shows M(H) curves for four
compositions in two annealing conditions each. In the left panel, M(H) curves for 1173 K-
quenched samples are shown while the right panel portrays M(H) curves for 1173 K-
quenched plus 48 h at 573 K annealed samples. The spontaneous magnetization Ms was
obtained via linearly fitting the linear part of the M(H) curve and determining the y-axis
intercept. The obtained values are tabulated in Tab. 7.2.
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Compound Ms - 1173 K quenched (µB/f.u.) Ms - 48 h 573 K (µB/f.u.)
Ni1.05MnSb 4.11 4.44
Ni1.25MnSb 4.03 4.23
Ni1.50MnSb 4.03 4.15
Ni1.75MnSb 3.88 3.98

Table 7.2 Magnetic moments per formula unit at 6 K as obtained from SQUID measurements
for a series of Ni2−xMnSb samples quenched from 1173 K and quenched plus additionally
annealed for 48 h at 573 K.

The data shows an increasing Ms with decreasing Ni content. Webster and Mankikar
(1984) report a maximum of Ms = 4.3µB/f.u. for x = 0.45 while Ms decreases towards
high and low Ni contents. This observation is not reproduced by the here presented mea-
surements. Instead, a systematic decrease of Ms is observed from NiMnSb to Ni2MnSb
for both sample families. For NiMnSb, according to the Generalized Slater Pauling (GSP)
rule for half-Heusler half-metals (see Galanakis et al., 2006), a magnetization of 4.0µB/f.u.
is expected which was experimentally confirmed by Webster and Mankikar (1984). The
here reported Ms of 4.11µB/f.u. for the Ni1.05MnSb compound is in accordance to the work
by Webster and Mankikar (1984) slightly larger than the value for NiMnSb. Specifically,
Webster and Mankikar (1984) report Ms values of 4.04µB/f.u. and 4.07µB/f.u. for NiMnSb
and Ni1.1MnSb, respectively, in good agreement to the value of the 1173 K-quenched sample
reported here. Interestingly, in the here presented study, the annealed samples show sys-
tematically higher Ms values than the as-quenched samples. This is rather surprising, given
that the previously presented X-ray diffraction results show an ideal C1b order already after
quenching. Hence, low temperature annealing in the C1b stable regime should in principle
not affect the nuclear structure. However, clearly, it is possible that slight quenched-in Mn-Sb
disorder that goes unnoticed in the diffraction experiments leads to the observed increase of
magnetization. Another possible explanation emerges from the in-situ neutron diffraction
results presented in the following section. Here, a lattice relaxation in the temperature range
between 573 K and 873 K was observed for most samples that finds no correspondence in the
structure factors. It could be this lattice contraction which changes the electronic structure
in a way that increases the magnetic moment on Mn and/or Ni. However, the reason of the
decrease of the lattice parameter is up to this point unclear.

7.3.2 Neutron powder diffraction

In order to clarify the mechanism of the C1b-L21 phase transition, in-situ neutron powder
diffraction experiments have been performed at the 3T2 spectrometer at the Laboratoire Léon
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Fig. 7.6 Neutron diffractograms of Ni2−xMnSb samples showing the measured data (colored
curves) and the residues of the Rietveld refinement (black curves). The patterns have been
recorded at room temperature at the SPODI diffractometer. Samples have been furnace
cooled from high temperatures, except of Ni1.75MnSb (marked with ∗) which has been
quenched from 1173 K. Peak families are indicated below the diffractograms.

Brillouin in Saclay, France. After the in-situ measurements, additionally, room temperature
high resolution diffractograms have been recorded for all samples at the SPODI diffractometer
at the FRM II in Garching, Germany in order to provide an optimal data set for quantitative
analysis and Rietveld refinement. First, these room temperature diffractograms and some
structural considerations are presented, while subsequently, the analysis is extended to the
temperature dependent in-situ measurements.

Fig. 7.6 shows the room temperature neutron diffraction patterns for 5 compositions of the
Ni2−xMnSb system. The curves are normalized in a way that the intensity of the fundamental
A2 peaks of the diffractograms have intensities resembling the calculated structure factors.
From Ni2MnSb to NiMnSb, the A2 structure factor per formula unit increases which is
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Compound rel. Ni occ.
(4a)

rel. Ni occ.
(4b)

lattice
parameter a

(Å)

Mn magn.
moment

(µBohr/f.u.)

Ni magn.
moment

(µBohr/f.u.)

Ni1.05MnSb 0.981(3) 0.069(3) 5.94690(2) 4.04(11) 0.03(07)
Ni1.25MnSb 1.011(2) 0.239(2) 5.97013(2) 4.04(12) -0.02(5)
Ni1.50MnSb 1.060(3) 0.440(3) 6.00095(2) 3.46(14) 0.264∗

Ni1.60MnSb 1.079(4) 0.521(4) 6.00709(2) 2.81(17) 0.264∗

Ni1.75MnSb 1.073(7) 0.677(7) 6.00523(4) 2.61(24) 0.264∗

Table 7.3 Refined relative site occupancies of Ni, lattice parameters and magnetic moments
for room temperature neutron diffractograms of a series of Ni2−xMnSb samples slow cooled
from high temperatures. Note, the Ni1.75MnSb sample was quenched from 1173 K instead of
slow furnace cooling. ∗ indicates that the labeled magnetic moments were set to the value of
0.264µB/f.u. in the refinement applying the limits outlined in the text.

visible in the increasing A2 peak intensities. From the presented curves, it is evident that the
relative intensity of the C1b/L21 peak family decreases strongly with increasing Ni content
while, at the same time, the relative B2 intensity increases slightly. According to Fig. 7.3, all
compositions are at room temperature in the ferromagnetic regime. This means that besides
the nuclear structure also a magnetic structure needs to be taken into consideration in order to
achieve satisfying refinement results. Concerning this matter, referring to the magnetization
measurements presented above and also to literature reports by Brown et al. (2010) and
Galanakis et al. (2006), a collinear ferromagnetic structure was considered. Tab. 7.3 shows
the refined values of the Ni sublattice occupancies, the lattice parameter and the refined
magnetic moment on Ni and Mn for all compositions. Note that in order to enforce realistic
magnetic structures, the small magnetic moment on Ni has been limited to at maximum the
theoretically calculated value of 0.264µB/f.u. (Galanakis et al., 2006).

Evidently, the refined site occupancies from room temperature neutron diffraction suggest
a fully C1b ordered structure, in line with the values retrieved from X-ray diffraction presented
above. This is especially noticeable given that the neutron samples, with the exception of
Ni1.75MnSb, were in a different heat treatment condition than the X-ray samples. Specifically,
the X-ray samples and the Ni1.75MnSb neutron diffraction sample were quenched from
1173 K while the remaining neutron diffraction samples were slowly furnace cooled from
high temperatures. However, since already the as-quenched samples show a fully ordered
structure, the same is of course expected for the slow cooled samples.

Comparing the lattice parameters between the X-ray and neutron diffraction measure-
ments shows slight deviations of at maximum 0.28 %. These deviation are due to the different
heat treatment condition of the neutron and X-ray samples as discussed in detail below. The
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Fig. 7.7 Experimentally obtained relative absolute squared structure factors (circles) for the
A2, B2 and C1b/L21 peak families for 5 compositions of the Ni2−xMnSb system together
with the calculated absolute squared structure factors under various types of disorder (lines).
As introduced before, brackets indicate a state of disorder between the constituents.

increase of the lattice parameter with increasing Ni content is clearly revealed in the neutron
diffraction results. The refinement of the magnetic structure with the model outlined above
yields a decreasing Mn magnetic moment at room temperature with increasing Ni content.
Clearly, the reason for this is partially the decreasing low temperature magnetic moment of
the unit cell with increasing Ni content as revealed by the presented magnetization measure-
ments. However, additionally, the decreasing magnetic transition temperature towards higher
Ni contents and consequently the lower homologous temperature explains the decrease of
the Mn magnetic moment. Due to the low value of the Ni magnetic moment, its refinement
is less reliable. In fact, for high Ni contents, the refinements yielded unphysically large Ni
moments. Yet, presumably, these large moments are rather a compensation of deficiencies of
the nuclear model with respect to the low Q peaks. Hence, it is reasonable to restrict the Ni
moment to physically reasonable values as outlined above.

Besides the results from Rietveld refinement, it is the intention to present a more basic
evaluation of the neutron diffraction data that does not rely on certain structural models.
Specifically, the structure factors of the peak families, i.e. A2, B2 and C1b/L21, can be
directly extracted from the peak intensities of the diffractograms. Concerning this matter,
the peak intensities as retrieved via fitting individual peaks or integrating over them have
to be corrected for their individual multiplicities, the Lorentz factor and the Debye-Waller
factor. After this correction, the peak intensities for all peaks should, with respect to their
intensity, be divided into 3 groups while the relative intensity of these groups is given
directly by the relative absolute squared structure factors. In Fig. 7.7 the measured absolute
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squared structure factors of the A2, B2 and C1b/L21 peak families relative to the A2 peak
family are depicted together with the calculated relative absolute squared structure factors
of the A2-(Ni2−xMnSb), B2-(Ni2−x)(MnSb), L21-(Ni2−x)MnSb, L21-Ni1Ni1−x(MnSb) and
C1b-Ni1Ni1−xMnSb structures. The bracket notation here follows the scheme introduced
in Chapter 6 where the constituents inside the brackets are mixed. This means for example
that in an A2-(Ni2−xMnSb) structure, all elements occupy the lattice positions randomly,
or, for the A2 peaks, that all lattice sites contribute in phase to the peak intensity and are
consequently independent from the state of order. The structure factor for the A2 peak family
is calculated as

FA2
N = b4a + b4b + b4c + b4d (7.1)

For the B2 family the structure factor is calculated as

F B2
N = b4a + b4b − b4c − b4d (7.2)

and the expression for the structure factor of the C1b/L21 family is

F
C1b/L21
N = b4a − b4b + ib4c − ib4d (7.3)

In these expressions, b stands for the average coherent neutron scattering length on the
indicated lattice site.

Comparing the measured data with the calculated absolute squared structure factors
shows that indeed the half-Heusler C1b structure as introduced above is the most plausible
structural model for the investigated samples. Specifically, it is evident that the data points
for the C1b structure factors follow the calculated C1b values rather than the L21 values.
However, interestingly, it seems that the B2 peak intensity is systematically to low and the
C1b intensity is systematically to high with respect to the calculated values. This could for
instance be the result of different kinds of disorder not considered here, e.g. a state of mixing
between Mn and vacancies. In other words, if a Mn on a 4c site is exchanged for a vacancy
on the 4b site, this would have exactly the described effect, i.e. a decrease in the B2 peak
intensity and an increase in the C1b/L21 intensity. Yet, there are multiple possibilities for
lattice site disorder evoking the described effect that will be discussed in the detail below.
Also plausible are of course slight deviations from the perfect stoichiometry.

In order to reveal the temperature dependent phase stabilities in the system, in-situ neutron
diffraction measurements have been performed for four Ni2−xMnSb compositions at tempera-
tures between 300 K and 1173 K at the 3T2 diffractometer. For Ni1.05MnSb, Ni1.25MnSb and
Ni1.50MnSb, heating and cooling curves are presented while Ni1.60MnSb was only measured
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Fig. 7.8 Relative absolute squared structure factors for the B2 and C1b/L21 peak families
as function of temperature as obtained by in-situ neutron diffraction measurements for four
compositions of the Ni2−xMnSb system. The colored lines indicate the calculated structure
factors for various types of disorder. Note, plotted is the absolute square of the B2 and
C1b/L21 structure factors relative to the absolute squared A2 structure factor.

on heating. Due to relatively long acquisition times, it was not possible to measure the
samples continuously upon heating/cooling. Instead, isothermal measurements have been
performed at various temperatures. From the diffractograms, temperature dependent absolute
squared structure factors have been extracted which are shown in Fig. 7.8. Also for the 3T2
data, this was done again by fitting the diffraction patterns and extracting the individual peak
intensities. In order to retrieve the absolute squared structure factors, these peak intensities
were corrected for the Lorentz factor, the multiplicities and the Debye-Waller factor. Due
to partial shielding from the high-temperature furnace, the peak intensities as obtained at
3T2 were additionally subject to an unphysical decay of peak intensities towards large Q

values. In order to obtain correction factors for this effect, after the 3T2 in-situ measurements,
all samples have been remeasured at the SPODI diffractometer, the results of which were
presented above in Fig. 7.6. With these correction factors, the LLB data could be analyzed
quantitatively as presented in Fig. 7.8. It can be seen that for all samples, the low-temperature
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absolute squared structure factors on heating and cooling resemble the calculated absolute
squared structure factors for the C1b structure with full order on the 4a/4b sites as well as on
the 4c/4d sites. For the Ni1.60MnSb sample, both the B2 and C1b/L21 intensity are slightly
larger than expected for the C1b structure, yet this can clearly be an effect of a slightly
diverging composition. In Ni1.05MnSb, the C1b structure factor at low temperatures for the
heating curve is slightly higher than for the cooling curve. Besides that, heating and cooling
curves show no significant differences for the measured samples.

Upon heating, two overall effects are observed. First, the samples undergo a second order
transition from the C1b to a L21-type structure visible in the C1b/L21 intensity decreasing as
a function of temperature. This transition is most pronounced in Ni1.05MnSb while both the
difference in intensity between the two phases as well as the transition temperature decrease
with increasing Ni content. While for Ni1.50MnSb, still a clear transition is observed, for
Ni1.60MnSb, the peak intensity of the C1b/L21 family seems to decrease rather continuously
with temperature.

As expected, the structure factor analysis suggests that the observed transition is between
a fully ordered C1b and a L21 structure with Ni/vacancy disorder on the 4a and 4b sites, if
only considering the C1b/L21 peak family. This also explains the smaller effect with respect
to the decrease of C1b peak intensities with increasing Ni content since simply the structure
factor difference of the C1b and L21 phase diminishes. Considering the B2 peak family
however, it is clear that the ordering process has to be more complex than the simple picture
of a mixing of Ni and vacancies on the 4a and 4b sites. Evidently, the squared structure
factor of the B2 family decreases with temperature. Yet, an ordering process exclusively
on the 4a/4b sites with Ni as well as Mn/Sb strictly remaining on their sublattices would
leave the B2 intensity unaltered. Hence, a decreasing B2 intensity directly translates into
an intermixing between the Mn/Sb and the Ni sublattices. The exact mechanism of this
intermixing cannot be deduced solely from the data presented here. In fact, due to the large
number of possible kinds of disorder it might not at all be possible to solve this question by
experimental means only. Rather, comprehensive density function theory (DFT) calculations
of defect energies might be necessary in order to reveal a likely mechanism that can then be
tested against the experimental evidence. Nonetheless, at this point one possible and to the
author’s understanding realistic mechanism in line with the experimental observation will be
outlined.

A peculiar feature of the ideally empty sublattice in half-Heusler compounds is the
possibility of thermal vacancy annihilation. This would imply that the constituents rearrange
on the lattice sites, reducing the overall number of unit cells. Alling et al. (2006) calculated
defect energies for the related stoichiometric NiMnSb compound by means of DFT. Taking
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into consideration these reported defect energies, the most plausible scenario for vacancy
annihilation in NiMnSb is the following: In order to reduce the amount of structural vacancies,
the atoms of entire unit cells need to be rearranged onto the structural vacancy sites. Hence,
for dissipating an entire unit cell, 1 Ni, 1 Mn and 1 Sb atom need to be redistributed. An
energetically cheap and straightforward way to do so is first to move 1 Sb atom onto a Mn
site. Now 2 Mn atoms and 1 Ni atom need to be redistributed which hence move to vacancy
sites. According to Alling et al. (2006) the energy of this process is 2.67 eV and it creates 4
defects. Energetically even more favorable is to move Mn on Ni sites and Ni on vacancy sites.
A process with an activation energy of 2.63 eV would be to move 1 Sb atom onto a Mn site,
1 Mn atom on a vacancy site, 1 Mn atom onto a Ni site and 2 Ni atoms onto vacancy sites
which creates 5 defects. An even cheaper mechanism is to move 1 Sb atom onto a Mn site, 2
Mn atoms onto a Ni site and 3 Ni atoms onto vacancy sites which has an energy of 2.59 eV
while creating 6 defects. Clearly, due to the higher entropy and lower energy, the 6 defects
mechanism is the most likely process for vacancy annihilation in stoichiometric NiMnSb
which can however change for off-stoichiometric compounds with higher Ni contents. Even
though, due to interaction effects, the defect energies reported by Alling et al. (2006) are
not necessarily suited for an extrapolation towards extremely high defect densities, the
presented considerations give a good understanding of realistically occurring mechanisms.
In the case of the high temperature L21-type structure where Ni and vacancies are in a first
approximation randomly occupying their sublattices, similar calculations as for the C1b case
would be needed in order to make justified statements about defect energies and annihilation
mechanisms. Nonetheless, it is plausible to assume that vacancy annihilation occurs in
line with the above presented C1b mechanisms via Sb migrating onto the Mn lattice, Mn
migrating to the Ni/vacancy lattices while on these lattices the Ni content increases and the
vacancy content decreases. This would lead to a situation where the high temperature L21

phase shows a random occupancy of Ni, Mn and vacancies on the 4a and 4b site while the 4c
and 4d sites still show Mn/Sb order which is however necessarily partially reduced due to the
unequal Mn and Sb composition on the sublattices. The result of this vacancy annihilation
would be a decreased B2 and L21 intensity which is overall consistent with the experimental
observations.

Finally, Fig. 7.9 shows temperature dependent lattice parameters as obtained from in-situ
measurements at 3T2. While overall, the lattice parameters obtained from neutron diffraction
at SPODI and X-ray diffraction show good conformity to the lattice parameters observed at
3T2, the temperature dependent lattice parameter curve shows interesting features. Upon
heating, in all samples a lattice parameter contraction is observed at intermediate temperatures
that is compensated again at higher temperatures. Especially pronounced is this contraction
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Fig. 7.9 Temperature dependent lattice parameters for four compositions of the Ni2−xMnSb
system as obtained from in-situ neutron diffraction. On the left hand side, the lattice
parameters obtained from reference measurements at SPODI are indicated.

in Ni1.05MnSb and Ni1.25MnSb where it is observed at approximately 1100 K and 800 K,
respectively. In the samples with higher Ni content, the effect is less pronounced or the
contraction at least seems to be extended over a larger temperature range. Upon cooling,
this lattice contraction is not observed. For Ni1.05MnSb, lattice parameters upon cooling
are significantly larger than upon heating while for all other samples, the lattice parameters
upon cooling coincide again with the ones upon heating at low temperatures. Putting effort
into confirming this behavior, i.e. heating and cooling samples several times and jumping in
between temperatures, it became clear that the lattice parameter contraction is presumably
an effect of quenching/sample preparation. After the first heating, all points measured on
subsequent heating and cooling cycles perfectly coincided. Interestingly, the structure factors
show no apparent effect related to the lattice parameter contraction. With respect to the
relevant temperature range, the contraction seems to be unrelated to both the magnetic and
structural phase transitions in the system. A possible scenario would be the annihilation
of quenched-in excess vacancies upon initial heating. Yet, such a process would result in
a lattice expansion rather than a lattice contraction. Hence, also a relation to quenched-in
vacancies seems not likely. At the structural transition, if a simple disordering process of Ni
and constitutional vacancies on the 4a and 4b site would occur, a lattice expansion would
be expected upon heating that would be reversible upon cooling. Nonetheless, especially
upon cooling, the lattice parameter shows no signs of the phase transition. This unexpected
observation is a good indication for a more complex ordering process as indicated above.
However, from the presented data set, no clear conclusion can be drawn concerning this
matter.
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7.4 Conclusions

In the scope of this chapter, the C1b half-Heusler to the L21 full-Heusler phase transition in
the Ni2−xMnSb was investigated as function of composition and temperature. Reproducing
initially phase transition temperatures and room temperature structure reports from the
pertinent literature, the main focus of this chapter is an in-situ neutron diffraction study of the
mentioned phase transition. Confirming a C1b-ordered structure of all studied compositions
at room temperature, both in a quenched and furnace-cooled heat treatment condition, there
is compelling evidence that the phase transition from the C1b to a L21-type structure is more
complex than previously assumed. The simple picture of a disordering reaction on the 4a
and 4b Wyckoff sites cannot explain the observed experimental features. Specifically, a
reduction of the B2 structure factor is observed upon heating, indicating an intermixing of Ni
and Mn/Sb. Without unambiguous evidence, it was conjectured that this observation could
be related to an annihilation process of structural vacancies at elevated temperatures that
goes along with an effective decrease of the numbers of unit cells. Presumably, in such a
process, Mn migrates onto the Ni lattice, while emerging Mn vacancies are filled up by Sb.
Such a mechanism would be overall in line with the experimental observations, yet, there is
no conclusive evidence for the correctness of this model and even if correct, the exact site
occupancies in the high temperature L21-type structure remain unsolved.

Finding conclusive evidence for the proposed mechanism of vacancy annihilation would
require comprehensive theoretical investigations of this issue with determining the energetic
cost of various types of disorder by DFT calculations. Having identified realistic mechanisms,
these mechanisms could then be tested against the experimental observations in order to
evaluate their likeliness. Besides that, it would be of interest to remeasure selected samples
at a high flux instrument during continuous heating and cooling in order to obtain a higher
temperature resolution both for the structure factors and the lattice parameters. Furthermore,
additional in-situ X-ray diffraction measurements would give complementary information
that together with the neutron diffraction results would facilitate a more accurate description
of the phase transition. Within the scope of this thesis, in-situ X-ray diffraction experiments
have been attempted using a vacuum heating stage for a conventional laboratory based
X-ray diffractometer operating under a vacuum of 10−5 mbar. However, due to a large
oxidation tendency of the samples and small penetration depths for X-rays, sample oxidation
was despite the vacuum conditions so severe that only oxide peaks were present in the
diffractogram when the phase transition temperature was reached. Consequently, a set-up for
X-ray diffraction would be needed that allows at best for a sealing of the powder samples
under inert atmosphere during the measurements.





Summary and outlook

In this thesis, the influence of the state of atomic order on the magnetic, electronic and
structural properties of NiMn-based Heusler alloys was comprehensively studied using
a variety of experimental methods such as neutron diffraction, X-ray diffraction, electron
diffraction, calorimetry and magnetization measurements as well as employing computational
methods such as Monte Carlo (MC) simulations and Density Functional Theory (DFT)
calculations (provided by collaboration partners). In the following, the main outcomes of
this thesis are summarized and interesting further research pathways are outlined.

Chapter 2 was dedicated to the investigation of order dependent magnetic properties
in Ni2MnZ full-Heusler alloys. Specifically, the model alloy Ni2MnAl0.5Ga0.5 as well as
stoichiometric and off-stoichiometric Ni2MnAl compounds were studied. It was conjectured
that, starting with a B2 ordered sample, L21 order emerges in a simple picture first via short
range/local order formation with the initial presence of a high density of antiphase boundaries
(APBs). Further in the ordering process, the local order saturates close to the equilibrium
value and mainly the antiphase domain (APD) structure grows. Both processes, short-range
order formation and APD growth, are manifestations of the same effect, yet, happen on
fundamentally different time scales. In principle, the non-equilibrium process of order
formation is described by a static correlation function of the lattice site occupancies. This
correlation function decays above the B2-L21 phase transition temperature at large distances
to the random value while it decays to a non-random value below the transition temperature.
This non-random value is the degree of long-range order which is again a function of
temperature. The state of order is realized starting from a disordered configuration via
short range interaction potentials. Hence, the order starts, as described above, to emerge
from small scales. The correlation function over small distances is consequently what is
referred to above as short-range order while the correlation function over longer distances
is what is referred to as APD size. Furthermore, it was demonstrated via comprehensive
magnetization measurements and MC simulations employing a Heisenberg model that
the magneto-structural interactions in Ni2MnZ compounds directly couple the magnetic
properties to the local but also mesoscale nuclear structure. First, it was shown experimentally
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that the short-range order formation and the antiphase domain growth are predominantly
responsible for different magnetic properties, i.e. the magnetic transition temperature and
the bulk magnetization/D.C. susceptibility, respectively. Hence, probing both properties as
a function of annealing time yields a distinct evolution pathway in the 2D parameter space
composed of them. Second, it was demonstrated via MC simulations that magnetic domains
inherently coincide with structural APDs. While within a structural domain, due to lattice site
occupancies, ferromagnetic interactions prevail, across APBs, via a nearest-neighbor (NN)
antiferromagnetic (AFM) Mn-Mn interaction, AFM interactions dominate. As a consequence,
entire L21 APDs behave magnetically as super spins and are coupled to each other in an AFM
fashion. The employed magneto-structural model, taking into account a simple well-accepted
magnetic Hamiltonian for the system as well as simulated atomic configurations, perfectly
reproduces the experimental magnetization results. This good descriptive power of the model
is a strong indication for its correctness.

After having established in Chapter 2 the relation between the magnetic transition tem-
perature and the short-range order on the one hand as well as the bulk magnetization/D.C.
susceptibility and the APD structure on the other hand, Chapter 3 was concerned with the
kinetics of the L21 ordering process starting with B2-ordered samples. Specifically, the men-
tioned magnetic properties were used to follow the evolution of the ordering process. Based
on these measurements, a simple Arrhenius-type description for the kinetics of the order-
ing process was developed and so-called time temperature transformation (TTT ) diagrams
were created. These diagrams offer a detailed manual on adjusting a certain combination
of magnetic properties via the appropriate annealing treatment. Furthermore, activation
energies for the ordering process were determined. In total, 3 systems were considered, i.e.
Ni2MnAl0.5Ga0.5, Ni2MnAl and off-stoichiometric Ni2Mn1.12Al0.88 where activation energies
of 1.52-1.55 eV, 1.65 eV and 1.65 eV were found for high-temperature quenched samples,
respectively. For Ni2Mn1.12Al0.88 it was further demonstrated that the ordering process relies
heavily on quenched-in excess vacancies. Concerning this matter, the activation energy of
the ordering process was determined in slow cooled samples with little to no quenched-in
excess vacancies and an activation energy of 2.3-2.5 eV was found. Finally, by quenching
samples from different quenching temperatures and following the ordering process upon
isothermal annealing at a constant annealing temperature, the activation energy for vacancy
formation in Ni2Mn1.12Al0.88 was determined as 1.0 eV. As expected, this value corresponds
roughly to the difference of the activation energies for the ordering process in slowly cooled
and high-temperature quenched samples given that vacancy formation is not necessary under
the presence of quenched-in excess vacancies.
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In Chapter 4, after having made a case for the influence of the APD structure on the
magnetic properties in Chapter 2 and having analyzed the kinetics of this process in Chapter 3,
the topic of magneto-structural coupling in Ni2MnZ compounds was revisited employing
temperature-dependent neutron powder diffraction measurements. Concerning this matter,
the implications of magnetically coupled APDs for the neutron diffraction patterns were
derived. It was demonstrated that a small-scale APD structure with AFM coupling of entire
magnetic domains leads to broad nuclear L21 superstructure peaks as well as sharp magnetic
superstructure peaks at the same position in reciprocal space. These predictions were
compared to neutron diffraction patterns where exactly such a phenomenon was observed.
Initially, in the AFM ordered B2 structure, only sharp magnetic superstructure peaks were
found. With increased L21 order, broad nuclear superstructure peaks emerged while however
the magnetic superstructure stayed constant despite the high degree of local L21 order.
These observations were further demonstrated to be perfectly consistent to the model of
magnetically coupled structural L21 APDs as presented in Chapter 2.

Besides the AFM coupling of APDs, the neutron diffraction results presented in Chapter 4
revealed the strong dependence of martensitic phase transitions from the atomic order in the
austenite parent phase. In Ni2MnAl0.5Ga0.5, for the first time, a transition to a pre-martensitic
phase similar to the one found in Ni2MnGa compounds was observed that proved to be stable
down to at least 10 K. Interestingly, both the intensity of the pre-martensite superstructure
peaks as well as the pre-martensite transition temperature increased as a function of L21 order
in the austenite phase. While no pre-martensitic transition was found in 1073 K-quenched,
B2-ordered samples, the pre-martensite phase was found in 623 K-annealed samples showing
a transition temperature of 130-150 K in 3 h annealed samples and a transition temperature
of 190-210 K in 10 d annealed samples.

The results as presented in the first 3 chapters of this thesis leave room for further research
pathways. For instance, it would be interesting to study the observed magnetically coupled
structural L21 APDs by Small Angle Neutron Scattering (SANS). In SANS, in case of AFM
coupled antiphase domains, a clear magnetic signature is expected. Hence, temperature
dependent SANS measurements would ideally complement the neutron powder diffraction
measurements presented in this thesis. With the higher neutron flux and faster acquisition
times, tracking the APD coupling as function of temperature and external magnetic field
would be feasible and insights into the exact nature of the coupling could be won. Especially,
it would be interesting to investigate the magnetization distribution within an APD by
manipulating the magnetization direction and bulk magnetization via an external magnetic
field. Further, it would be interesting to study the kinetic pathway of APD growth in-situ as a
function of time in neutron powder diffraction. This procedure was employed in this thesis



188 Summary and outlook

for selected states of order, yet, a continuous measurement would allow for a much better
resolution of the short-range order and APD size as a function of annealing temperature
and annealing time. The results could then be compared to MC simulations of the ordering
process in order to gain information on its exact pathway.

While Chapters 2-4 were concerned with order dependent magnetic properties, Chapter 5
was concerned with compositional influences on the magnetic structure of B2-ordered
Heusler compounds. Specifically, the magnetic structure of Ni2−xCoxMnAl alloys with a
B2 nuclear structure was studied as function of x. Interestingly, leaving the degree of order
untouched, the substitution of Co for Ni drastically changes the magnetic properties. For
instance, Ni2MnAl shows in a B2 structure AFM properties while NiCoMnAl is perfectly FM.
Between these extremes, a magnetic transition from an antiparallel spin alignment to a parallel
one has necessarily to occur. The reason for the observed composition effect is founded in
Co having a much stronger FM exchange interaction strength than Ni. Studying the magnetic
structure as function of the FM interaction strength was the main topic of Chapter 5. For this
purpose, a series of alloys with varying Ni/Co ratios was prepared and bulk magnetization
measurements as well as temperature dependent neutron powder diffraction measurements
were performed. The results revealed an increasing bulk magnetization as function of the Co
content while simultaneously the AFM superstructure peak in neutron diffraction decreased
in intensity. With Mn carrying the major magnetic moment in this system, this observation
was explained by a canting of the Mn spins as function of the FM interaction strength. At Co
contents > 7 at. % no AFM component was observed anymore in neutron diffraction and the
samples showed perfect FM properties.

Having provided strong evidence for spin canting in the Ni2−xCoxMnAl system in this
thesis, it would be of interest to study the exact spin structure in Ni2−xCoxMnAl single
crystals with approximately 3-5 at. % Co. Here, a pronounced canted spin structure is
expected which could presumably be resolvable using polarized neutron diffraction. Yet, it
should be kept in mind that the B2 structure in these compounds is characterized by disorder
of Mn and Al as well as Ni and Co on their respective sublattices which naturally leads to
an inhomogeneous nuclear structure and consequently spin structure throughout the sample.
Hence, the situation is to distinguish from neutron diffraction studies of magnetic structures
in fully ordered compounds. Still, a deeper insight into the magnetic structure and the
question of spin canting could be gained from such experiments. Furthermore, for Ni2MnAl,
so-called induced Ni moments have been proposed by DFT calculations. This means that
the magnetic moment on Ni is induced via the vector sum of its NN Mn spins. In order to
confirm this postulation and also to study the effect of Co addition on the Ni moment, X-ray
Magnetic Circular Dichroism (XMCD) measurement would be of interest. The insights to
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be gained would help to improve the understanding of the magnetic structure of Ni2MnZ
compounds in general.

Having been mainly concerned with magnetic properties in Chapters 2-5, Chapter 6
investigated the effect of the atomic state of order on the electronic properties of NiCoMnAl
and NiCoMnGa full-Heusler compounds. Both compounds have been predicted to show
potentially half-metallic properties in their fully ordered Y structure and are thus conjectured
to be interesting materials for spintronics applications. Using in-situ neutron diffraction,
the nuclear structure of both compounds was investigated and, similar to Ni2MnAl and
Ni2MnGa, a B2 ordering tendency in NiCoMnAl was found while NiCoMnGa was observed
to adopt a L21 structure with order on the Mn-Ga sublattices and a phase transition to the B2
structure at 1160 K. Interestingly, slow cooling or low temperature annealing proved to be
successful in adjusting incipient L21 order in NiCoMnAl. Yet, neither in NiCoMnGa nor
in NiCoMnAl, signs for Ni-Co ordering were found. With NiCoMnGa being essentially
always L21-ordered in all annealing conditions, annealing treatments showed little effect on
the magnetic properties such as the magnetic transition temperature. However, in NiCoMnAl
where the state of order can be manipulated by annealing treatments, a drastic increase in
the magnetic transition temperature was observed as function of annealing time in the L21

stable regime. DFT calculations were conducted in order to investigate phase stabilities
and to reveal the order dependent electronic structure. It was found that a pseudo-gap
emerges in the minority spin channel of the electronic density of states that is dependent on a
fully Y-ordered structure and vanishes with Ni-Co disorder. Concerning this matter, it was
furthermore demonstrated that the Y structure is thermodynamically unstable compared to
a tetragonal structure with alternating Ni and Co layers. Due to kinetic limitations at the
predicted transition temperatures, this ground state structure is however inaccessible in bulk
samples under realistic experimental conditions.

Finally, in Chapter 7, the comprehensive study of atomic ordering in full-Heusler Ni2MnZ
alloys was extended to half-Heusler compounds, specifically the Ni2−xMnSb system. First,
magnetic and structural phase transition temperatures were determined by calorimetric
measurements. Next, the magnetic properties of a series of compounds were studied by
SQUID magnetometry for different annealing conditions. Interestingly, an increase in
spontaneous magnetization was observed upon low temperature annealing with respect to
1173 K-quenched samples. Furthermore, as a function of composition, i.e. the Ni content, as
well as temperature, the nuclear structure of 1073 K-quenched Ni2−xMnSb compounds was
studied by means of in-situ neutron diffraction and room temperature X-ray diffraction. It was
found that all studied compounds with compositions between Ni1.05MnSb and Ni1.75MnSb
show C1b order with a fully Ni-occupied Wyckoff 4a site and an only partially Ni-occupied
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4b site. As a function of temperature, in compounds with Ni contents ≤ Ni1.50MnSb,
a transition to a L21 structure was observed with transition temperatures between 900 K
and 1080 K for Ni1.50MnSb and Ni1.05MnSb, respectively. This L21 structure, being in
a first approximation characterized by Ni and structural vacancies randomly occupying
the 4a and 4b sites, proved however to be more complicated than presently believed. In
fact, the peak intensities of B2 family peaks in the neutron diffractograms were observed
to decrease as a function of temperature. This observation indicates a state of mixing
between the Ni/vacancy and Mn/Sb sublattices not accounted for by the simple picture of
Ni/vacancy mixing. Instead, based on defect energies reported in the pertinent literature, it
was conjectured that vacancies annihilate as a function of temperature effectively leading to
Mn migrating onto the Ni/vacancy sublattices. Yet, due to its complexity and the amount of
potential kinds of disorder, purely based on the neutron diffraction results, a specification of
the exact mechanism proved to be difficult.

Referring to the results presented in Chapter 7, it would be interesting to complement the
neutron diffraction results with in-situ X-ray diffraction. This was attempted in the scope
of this thesis, yet strong oxidation and low X-ray penetration depths made it impossible to
observe the C1b-L21 transition despite the use of proper vacuum sample chambers. However,
it might be possible to investigate this ordering process by X-ray diffraction employing a
set-up making use of sample holders sealed in inert atmosphere. Due to different elemental
contrast in X-ray diffraction, these measurements could, together with the neutron diffraction
results, help to identify the exact site occupancies as function of temperature. Additionally,
in order to identify the most realistic mechanisms of vacancy annihilation, DFT calculations
of a variety of disordered structures would be beneficial. The results of such calculations
could then be compared to the experimental evidence in order to identify the most plausible
mechanism for the C1b-L21 phase transition.
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