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»Physics is really nothing more than a search for ultimate
simplicity, but so far all we have is a kind of elegant messiness.*
—Bill Bryson
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Introduction 1

Functional materials are essential in modern technology. One class of such
materials are the shape memory alloys (SMA’s), which are increasingly find-
ing their way into areas of applications. The most intriguing part of them
is their ability to recover their initial shape after large deformations upon
heating, hence the name shape memory. As a consequence their properties
such as electrical and thermal conductivity are strongly dependent on the
temperature and mechanical stress. This adds a number of functional abil-
ities to them and are therefore also referred to as smart materials. One of
the earliest found and most frequently employed SMA in technology is Ni-
T4, also known under its trade mark name Nitinol, which was discovered in
1963 []. It is biocompatible and thus has found its way into minimal inva-
sive surgery as stents [2] but is also incorporated in braces to apply constant
pressure on teeth [3]. In mechanical systems they are used as reliable actu-
ators with little moving parts in very harsh environments such as turbojet
engines of modern aircrafts [4] and even proved to be critical in aerospace
for the wheels of the mars rover [B]].

The SMA’s owe their properties to a temperature induced phase tran-
sition between two crystal structures known as martensitic transformation
(MT). The crystal structures in the MT are divided into a high-temperature
phase called austenite and a low-temperature phase called martensite. Re-
markably, the transition between these two structures is completely reversible.
'The two phases are named after their discoverers William Chandler Roberts-
Austen and Adolf Martens, who investigated them in carbon steel alloys. In
fact, they play a major role in the ductility and hardness of steels.

A major breakthrough was the discovery of the shape memory effect
(SME) in stoichiometric ferromagnetic NioMnGa by Ullakko et al. in 1996
[6]. In this material a considerable difference in the magnetization between
the austenite and martensite is found. Thus MT cannot only be triggered by
temperature, mechanical strain or hydrostatic pressure but also by external
magnetic fields, which is therefore known as the magnetic shape memory ef-
fect (MSME) [[7]. 'This offers new advantages such as a much higher cycling
frequency of the MT compared to conventional SMA’s, whose cycling fre-
quencies are limited by thermal transport [8, ]. Furthermore, in NioMnGa
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Table 1.1: Typical maximal actuation strain ranges measured in piezo-
electric materials, magnetostrictive materials, conventional SMA’s and
NiaMnGa single crystals.

Material Actuation strain [%]
Piezoelectricitiy [J] 0.07 - 0.15
Magnetostriction [9] 0.06 - 0.1
Shape memory alloys [J] 15-7
NisMnGa [10, 1] 10

crystals reversible magnetic induced strains up to 10 % were achieved [0,
1], which is several times higher than for other common materials used for
actuation purposes. Typical ranges for maximum strain values in piezoelec-
tric materials, magnetostrictive materials and conventional SMA's are listed
in Table [[1].

NipMnGa belongs to a special material class of intermetallic compounds,
which are called Heusler compounds [12]. Since its discovery more NioMnX
(X = Al In, Sb, Sn) Heusler compounds were found to exhibit the MSME
[13-16]. However, unlike NigMnGa these materials only become magnetic
shape memory alloys (MSMA3s) if some of the atomic species X is substi-
tuted by excess Mn atoms. They all have in common that the austenite phase
has a considerable larger magnetization than the martensite phase. Thus,
the reverse MT is triggered by an external magnetic field. But also material
combinations outside the Heusler class were found with a strong magneto-
elastic coupling, such as Fe-Rh, La-Fe-Si-H, Mn-Fe, Mn-As or Gd-Si-Ge
[17, 18].

In the past decades several efforts have been made to incorporate MSMA’s
into technologies. Prototypes for microfluidic pumps [19], actuators [20],
energy harvesting [21,, 22] and artificial multiferroics [23] have been demon-
strated. In particular, endeavors have been made to incorporate them into
magnetocaloric refrigeration technology in order to substitute the expensive
rare-earth benchmark material Gd [[I7, 18]. By cycling through the MT
very large quantities of latent heat is stored and released in MSMA’s, which
is essential for the construction of heat pumps. The demand for efficient
refrigeration technology is constantly rising. Thus, this field is a major driv-
ing force for research into MSMA’s as magnetocaloric solid-state refrigera-
tion technology can outperform conventional gas-compressed refrigeration
in terms of sustainability and efficiency [[7].

Despite all the efforts been made, final products available to customers
are still rare until now. Many challenges still remain in these materials such



as their brittleness [24] and a large thermal hysteresis [25] accompanying
the lattice transformation. The latter is the limiting factor for actuators
and energy efficiency in magnetocaloric cooling systems to be realized with
MSMAs. Therefore, the thermal hysteresis needs to be as small as possible.
One obvious approach to overcome this issue is developing new material
systems. However, this can prove to be very tedious and time consuming.
If a material combination with desired properties or effect amplitudes for a
specific application was already found, concepts, which do not change the
chemical composition, for further tailoring the M'T can be of the same value
as well. Such methods could involve changing the parameters of material
synthesis, post-processing or exploiting interactions with other materials.
Throughout this thesis one example of each of the three classes is investi-
gated and discussed if they are able to improve the thermal hysteresis or the
response to external magnetic fields of the M'T.

All of the investigated samples are thin film systems prepared by sput-
tering deposition. Although thin film MSMASs are not particularly useful
in any application they prove to be ideal systems for research purposes. Sev-
eral samples series can be fabricated much faster compared to bulk synthesis
methods with a high quality, second only to single crystals. Furthermore,
many concepts which rely on precise microstructural control can be read-
ily tested on thin film systems, while suitable processing methods for bulk
samples have yet to be developed. As a material of choice the Ni-Mn-Al
Heusler compound system is chosen. This material was shown to be quite
promising for magnetocaloric applications [16]. Still, large thermal hystere-
sis curves are often measured for this system. Much characterization for it
has also been carried out in our group prior to this work.

After this introduction the reader is first introduced to the most im-
portant theoretical aspects of the martensitic transformation in chapter 2.
'This includes the definitions of the terminology and the thermodynamics of
the MT. Special emphasis in this chapter is given to the description of the
martensitic microstructures, their orientation relative to the austenite cells
and the nucleation and growth of the martensite nuclei. The chapter con-
cludes with an introduction to Ni-Mn-based MSMA Heusler compounds.
In chapter 3 the most important aspects in sputtering deposition and x-ray
diffraction are explained to the reader for both are essential in preparation
and analysis of all samples in this thesis. Descriptions of other investigation
methods are not further mentioned for the sake of brevity as for all of them
literature is readily available.

In the first experimental section in chapter 4 a proof-of-principle study
for enhancing the magnetization in the austenite state by exploiting the in-
teraction of the MSMA with a ferromagnetic thin layer in close proximity is
presented. The investigations are mainly carried out by x-ray magnetic circu-
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lar dichroism (XIMCD) and x-ray resonant magnetic reflectivity (XRMR).
Since both techniques may not be known well to a large audience, an in-
troduction to both of them is given first followed by the experimental re-
sults. As an example of post-processing methods following MSMA thin
film preparation ion beam irradiation to create point like defects in the crys-
tal structure is studied in chapter 5. The effects of including martensite
nuclei in the shape of intercalation layers during the fabrication process is
presented in chapter 6. As the number of intercalation layers increases, the
integrity of the system is lost to form a 3D chessboard-like microstructure.
This unique microstructure can be beautifully imaged in high-resolution
transmission electron microscopy. Because this structure is rather complex
the entire chapter 7 is devoted to it. Finally, the experimental findings are
briefly summarized and an outlook on the preparation of MSMA nanopar-
ticles is presented in the last two chapters 8 and 9, respectively.



Fundamentals about the martensitic
transformation 2

In this chapter the fundamental theoretical aspects of MSMA's are presented.
'The main focus is hereby on the MT and the origin of its thermal hysteresis.
In the last subsection a brief overview of the NiMn-based Heusler alloys,
which are investigated in this thesis, is presented.

2.1 'The martensitic transformation

The origin of the shape memory effect is the M'T, which was first discov-
ered in Cu-Zn and Cu-Al alloys. If a shape memory alloy is cooled down
from a high temperature state it changes its crystal structure in a first-order,
diffusionless, solid-to-solid phase transition. The high temperature phase
is called austenite in these alloys and the low temperature state martensite.
Martensite unit cells have at least the same or a lower symmetry than the
austenite unit cells. The temperature, at which the phase transformation
starts, is the martensite start temperature M, and the one at which it ends
is the martensite finish temperature M. This phase transformation is com-
pletely reversible upon heating material. The reverse transformation is cor-
respondingly characterized by the austenite start and finish temperatures A
and Ay. MT and reverse transformation usually do not occur at the same
temperature, thus a thermal hysteresis is observed for the full cycle, which
tends to broaden if the sample size is reduced [26]. An illustration of the
austenite fraction in dependence of the temperature, along with the trans-
formation temperatures is given in Figure 1]

Determination of M, My, A and Ay is achieved by fitting the data
below the transformation, above the transformation and the slope of the
transformation with linear functions. The temperatures of the points of in-
tersection are defined as the aforementioned variables. Another way of de-
scribing the MT is by the martensitic transformation temperature Ts and
austenitic transformation temperature T4, which are defined as the turning
points of the cooling and heating branch respectively. The hysteresis width
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Ficure 2.1: Illustration of the martensitic and reverse transformation.
Marked are the transformation temperatures used in this thesis.

AT in this work is defined by the difference of those two temperatures:
AT =Ty — Ty (2.1)

In MSMA’s the magnetic properties are strongly linked to the crystal
structure. Thus, in these alloys it is possible to drive the martensitic or reverse
transformation not only by temperature, hydrostatic pressure or mechanical
strain but also by an external magnetic field.

2.2 'Thermodynamics of the martensitic transformation

'The driving force for the MT is the difference in the Gibbs free energy AG
between the martensite G s and austenite state G 4,

AG =Gy -Gy (2.2)
The Gibbs free energy in a MSMA is defined as:
G=U+pV —-TS — poHM — o€V, (2.3)

with U the inner energy, p the pressure, V' the volume, 7" the temperature,
S the entropy, j1o the magnetic susceptibility, H the magnetic field, M the
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magnetization, o the mechanical stress and e the applied mechanical strain.
An illustration of the temperature dependence of G 4 and Gy is shown in
Figure P2 At higher temperatures the G4 becomes smaller than Gy thus
this phase is stable at higher temperatures. From a pure thermodynamic view
the transformation should be happening at the temperature corresponding
to the point of intersection Tasr of the two Gibbs free energies. At this
point both Gibbs free energies are equal

Gu(H, Tyr(H)) = Ga(H, Tyr (H)) 24)
A solution to this equation is given by the Clausius-Clapeyron relation [27]:
6TMT(H) =y MA(H,TMT)—MM(H,TMT) (25)

OH O Su(H,Tarr) — Sa(H, Trer) '

Thus, the martensitic transformation temperature can be shifted by an ex-
ternal magnetic field. It follows from this equation that the martensitic or
reverse transformation can be induced by an external magnetic field if there
is a difference in magnetization between the austenite and martensite phase.
'The Zeeman energy will prefer the phase with higher magnetization.

— Gy
..... Ga

Gibbs free energy

Temperature

F1GurEe 2.2: Illustration of the Gibbs free energy of the martensite (solid
line) and austenite (dotted line) in dependence of temperature. Marked are
the transformation temperatures.
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2.3 Martensite microstructure

A general model for the martensitic transformation can be derived using
infinitesimal strain theory [28]. The transformation between the marten-
site unit cell and austenite unit cell is described by a transformation ma-
trix U, which is also called Bain matrix. There are many MT types, which
are classified by their crystal distortion, e.g. cubic-to-tetragonal, cubic-to-
orthorhombic, cubic-to-monoclinic or tetragonal-to-orthorhombic [29-532].
Only the cubic-to-tetragonal transformation will be covered in this work,
which is shown in Figure 3. In this process one of the cubic axes with
lattice constant ag is stretched, while the other two are compressed to get a
tetragonal cell with lengths a and c. There are three different orientations of
the c-axis possible relative to the cubic austenite cell, which are all energet-
ically equivalent. The different orientations are called martensite variants.
'The corresponding transformation matrices for the three variants are:

i . 60‘7'

N

F1GuRre 2.3: Illustration of the three different martensitic variants in a cubic-
to-tetragonal transformation.

a 0 0 a 0 0 B0 0
=0 a 0 |U=]0p80]|U=|0a 0],
00 B 0 0 «a 0 0 a

(2.6)

with & = a/ag and 8 = ¢/ay.
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The number of martensite variants Ny, can be calculated for any marten-
sitic transformation from the properties of the point groups from the austen-
ite P4 and martensite Pas by [B2]:

the number of rotations in Py

Ny (2.7)

" the number of rotations in Py’

It is evident that a single austenite unit cell cannot transform into the
martensite phase within the austenite matrix. This would lead to a large
amount of elastic energy stored in the boundaries, due to their different
crystal lattices. Thus, instead a very complicated and metastable martensite
structure, consisting of fine twins, can often be observed upon cooling.

A configuration with minimal energy is obtained when the martensite
variants and austenite cells arrange themselves such that coherent interfaces
are obtained. This ensures that only minimal elastic energy is stored in the
phase boundaries. The situation can be described in the infinitesimal strain
theory and is accomplished when the kinematic compatibility condition:

F-G=a®n (2.8)

is fulfilled. F' and G are the deformation matrices for the two regions, 7
is the normal vector of the boundary plane and @ some vector. Boundaries,
which fulfill this equation, are called invariant planes, as it can be shown
that any vector lying in the plane is transformed equally by F' and G. Thus,
atoms lying in this plane are not distorted, minimizing the amount of elastic
energy needed to form an interface.

Two types of different interfaces can arise in materials with a martensitic
transformation. Both of them lead to the observed, complex martensite
structure. 'The first type of boundaries are the interfaces between different
martensite variants. Considering the martensite variants I and J, which are
transformed by the their respective transformation matrices Uy and Uy, it
is always possible to form a coherent interface if one of the transformations
is additionally rotated by a rotation matrix Q. Thus, equation .8 becomes:

Ur—-Q Uy=a®n. (2.9)

'The situation is illustrated for the 2D case in Figure P.4. Because both
phases are energetically equivalent, this process is known as twinning. The
planes 7 that separate the martensite variants are therefore accordingly named
twin boundaries.

'The second type of boundary conditions occurs at the interface between
the martensite and austenite phases. The behavior at the interface is gov-
erned by the geometric compatibility between the two different unit cells.
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u / Y N

Austenite Variants Twinning

F1GURE 2.4: Illustration of the twinning mechanism in 2D. The red dashed
line represents the twin boundary.

It can be shown that a perfect match between a single martensite variant
Uy can only be achieved on the condition that the eigenvalue A2 of the
Bain transformation matrix equals 1. However, this condition is generally
not met for most martensite unit cells in SMA’s. Despite this, low energy
interfaces, which are called habit planes, are still possible by a mixture of
martensite variants utilizing the twinning mechanism. The kinematic com-
patibility equation £.§ becomes in this case:

Q nUr+(1—-n-Q-Ujl—-I=dem (2.10)

with 7 being the fraction of variant I, Q’ a rotation matrix and 7i the
normal vector of the invariant plane . The Bain matrix for the austenite is
in this case the identity matrix I. The matrix Q is obtained by first solving
the twinning equation Equation P29 independently. In contrast to the twin
boundaries the habit planes are not infinitely sharp but extend over a certain
width. Solutions to this equation result in a periodic arrangement of fine
parallel twins in martensite regions. Due to this arrangement of the marten-
site variants this is often referred to as adaptive martensite in the literature.
Only for certain habit planes orientations a solution to Equation P.I{ exists.
Ball and James [28] developed a procedure of finding a solution for a marten-
site nucleus in the bulk, if Q, @ and 7 are known. The procedure is followed
by Bhattacharya [B2] to find a formula for 772 in dependence of the o and 3

values from the Bain matrices for cubic-to-tetragonal transformations:

L[
mE == | £557 (2.11)
P\ 1
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p is the normalization constant. § and 7 are given by:

B a2+ B2 -2 \/20425204252
SNt TV e o @R

Two more solutions are found by reversing the sign of the first compo-
nent of 7. The final four solutions are found by interchanging the first two
entries of the previously obtained vectors, bringing the total number up to
eight possible habit plane orientations for a given pair of martensite variants.
Since there are three different variants in a cubic to tetragonal martensitic
transformation and therefore three pairs, the total number of solutions is
3-8 = 24. In many cases, 7 is slightly tilted from the {110} planes of the
austenite reference system.

A typical situation at the habit plane involving the twinning mecha-
nism is illustrated in Figure B3, According the compatibility equations
(Equations 9 and P.10) a close match between the austenite (red cells) and
martensite (blue unit cells) at the habit plane can be achieved by a fine mix-
ture of two variants joined by parallel twin boundaries. Exemplary shown is
here the 14M (M’ stands here for monoclinic) modulation for the marten-
site, which is often observed in NiMn-based MSMA Heusler compounds.
To describe the adaptive martensite new superstructure unit cells are usu-
ally defined, shown as the lilac shaded area. The modulated structures are
discussed further below in chapter P.3.

In observations of SMA’s a larger variety of complex martensite struc-
tures are observed than the simple twinning mechanism at the nanoscale
suggests. Kaufmann, Niemann and Schwabe [B3-35] classified the encoun-
tered structures in Ni-Mn-Ga thin films in a hierarchical model according
to their length scales. The discussed twinning, as the smallest martensite
structure represents therefore the first level of the hierarchy.

On closer inspection of the modulated structure a region in the shape
of a triangle between the martensite and austenite is formed, as depicted in
the magnification in Figure P.5. From geometrical considerations the sides
of the triangle are given by z = f and y = 2.5 - a.. The angle between them
is given by 180° — arpyy, where ayy is the twinning angle calculated by:

oW = arctan <6> — arctan (a) . (2.13)
a B

With o = 0.96059 and 8 = 1.15466, which was measured in the checker-
board sample discussed later in Chapter [}, the length of w in the triangle is
calculated by al-Kashi’s law of cosines to be w = 3.543. If a perfect match
with the austenite would be achieved w would be equal to n - 0.5, where n
is a positive integer. Thus, there is a slight difference in length between the

11
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F1GURE 2.5: Illustration of the martensite (blue cells) austenite (red cells)
interface at the habit plane. Shown here is the 14M modulation of the
martensite. The bet-unit cell for this modulated structure is marked by the
violet shaded area. The habit plane is not infinitely sharp but small triangular
gaps are present between the austenite and martensite cells, which is marked
as the green triangle (adapted and modified from [33]).
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a) b)

[110]a O
o
N %

FiGure 2.6: Illustration of a) (a/b)vm twin boundary, which is marked by
the red line, and b) a diamond shape martensite nucleus. The mirror planes
are marked in red and blue. The last mirror plane lies in the plane and is
sketched as a yellow dashed line.

modulated martensite and austenite, which in turn increases the inelastic
energy at the habit plane. The length difference and therefore the elastic
energy is proportional to the size of the habit plane. In order to minimize
the elastic energy again the martensite develops a new type of ordering by
simply reversing the order of the martensite variants in the modulated struc-
ture. At sufficiently large habit planes this process allows the compensation
of the mismatch between the modulated martensite and the austenite. The
new required twin boundaries for this mechanism, which are called (a/b)ym
twin boundaries, are energetically favorable, as they are parallel to the exis-
tent ones. This type of twin boundary is illustrated in Figure 2. a). They
were only recently confirmed from the 7M structure by synchrotron x-ray
diffraction measurements [B3]. The type of twinning forms the second hi-
erarchical level of the martensite structures.

The transformation into the martensite occurs via a nucleation process
in the austenite matrix. The martensite volume needs to be surrounded from
all sides by habit planes. Thus, they cannot be arbitrarily shaped and orien-
tated. From the observation of nuclei of some microns size at the surface of
a thin film it was determined that they take the general shape of elongated
diamonds [B, B3] (Figure £.g b)). The three mirror planes of this shape di-
vide it into eight subvolumes, which each consist of the twinned martensite
structure of the first two levels. They are joined by one another at the mirror
planes, which are itself twin boundaries.

Even larger martensite structures are obtained by a parallel arrangement
of martensite nuclei. This is referred to as herringbone structure in the pro-
posed model and evolves during the growth process of the nuclei. At last
several of differently orientated herringbone structures can arrange them-
selves in a way to form a coherent interface, which is the largest observed
martensite pattern and therefore the last level of the hierarchy. However,
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since this ordering mechanisms on the macroscopic level are not important
for this work they will not be discussed any further. Instead, the interested
reader is referred for a detailed description of the hierarchical model to the
above mentioned publications.

2.4 Nucleation and growth of martensite

'The martensitic transformation can be split into two processes: a nucleation
step and the growth of these nuclei, which will be addressed in this chapter.
Controlling both of them is essential for obtaining a small thermal hysteresis
in SMAS.

As discussed in chapter the driving force of the martensitic trans-
formation is the energy difference AG of their respective states. At T,
where both Gibbs free energies are equal, spontaneous phase transitions
driven by thermal fluctuations should occur from a thermodynamic point
of view. However, for first order phase transitions boundary planes between
the two phases have to be established, which take the form of habit planes
and twin boundaries according to microscopic martensite theory in this case.
These contribute to energy difference due to their elastic energy as well.
Thus, the energy difference AE for a martensite nuclei can be written as:

AE=V-(Ga—Gu)+ Y Ay wy. (2.14)

V' is the volume of the nucleus while A,, and w,, are the area and the re-
spective energy density of the habit planes and twin boundaries present. In
order for a stable martensite nucleus to form the first term has to exceed the
energy contribution from the boundaries. Two implications arise from this.
First, a gain in energy by nucleation is only achieved if the volume of the nu-
cleus is greater than a critical size. Second, the two states are separated by
energy barrier AE, which needs to be overcome. Thus, the SMA needs to
be undercooled for the MT to start. For the same reason the sample needs
to be overheated for the reverse transformation. For a thermal activated nu-
cleation process an Arrhenius-Ansatz for the transition probability W (T')
can be made:

W(T) = Be b7, (2.15)

kp is the Boltzmann factor and B a proportionality factor. Haasen et al.
[B7] estimated AE to be in the order of about 10° ¢V in Fe-based marten-
sitic alloys for homogeneous nucleation processes. Thus, such a nucleation is
accordingly to the Arrhenius equation unlikely to happen at room tempera-
ture. Instead the martensitic transformation is governed by inhomogeneous
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[100]a

[001]a

FiGure 2.7: Illustration of the martensite nucleation at the free surface a)
and growth b) in substrate constrained thin films.

nucleation processes at defects and dislocations due to a reduction of the en-
ergy barrier by their local strain fields. Often martensite nucleation is first
observed at structural defects like grain boundaries, free surfaces and point
defects [B8]. Malygin found at dislocations [BY] and precipitates [#0] a local
variation of the transition temperatures for the martensitic transformation.

Once martensite nuclei are established the MT proceeds further by the
growth of them. This is achieved by moving their habit planes along the
surface normal. Note, that during this step the habit planes are not allowed
to rotate or split. Thus, energy barriers for this process are considered to
be much lower compared to the nucleation of martensite [#1, B2], which
results in very small transition regions between Mg and M in the hysteresis
curves. In substrate constrained thin films martensite regions nucleate first
at the free surface and grow towards the substrate, mainly in length but not
in width. The elongated diamonds change their shape during the growth
into a parallelogram. In a slice of the [001] 4/[100] 4 plane they appear as
needles with their tips pointing towards the substrate, as illustrated in Figure
B3

'Their growth stops if their tips come into contact with an interface where
no compatible boundary can be formed. Such conditions arise at the sub-
strate interface or at interfaces of incompatible martensite nuclei. Therefore,
often untransformed regions of austenite remain between the nuclei in a
thin film sample. If the residual austenite regions are larger than the critical
martensite nucleus size they can be partially transformed. However, this
often requires are large undercooling and therefore adds a nonlinear behav-
ior to the transformation and broadens the transitions region. As seen by
this example, defects can have a contradictory role for the growth phase.
While defects promote the nucleation, they also prove to be obstacles for
the growth of martensite and additional energy is needed to overcome them.
A formula for the transformation range A7 in dependence of the defect
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concentration C' and defect radius r was derived by Malygin [A3]:

| BkpT?
© wgr3

AT C, (2.16)

where ¢ is the transformation heat and T, the temperature where the austen-
ite and martensite fractions become equal.

2.5 NiMn-based magnetic shape memory Heusler
compounds

Heusler compounds are materials, which consist of three different elements
with the chemical formula X2YZ. The X and Y elements are usually transi-
tion metals and Z belongs to the main group. Each element occupies one of
four interpenetrating fcc sublattices. Because the X element is present twice,
two of those sublattices are equal to each other. The total crystal structure,
which is often referred to as L2, can be described as a cubic Fm3m unit
cell with X occupying the 8c (1/4,1/4,1/4) sites, Y the 4a (0,0,0) and Z the
4b (1/2,1/2,1/2) sites in the Wyckoft notation. Due to the large number of
possible chemical combinations the Heusler class contains more than one
thousand different compounds known to this day [I2].

MT’s in ferromagnetic materials are found in Mn-rich N-Mn-Z com-
pounds (Z=Al, Ga, In, Sb, Sn) [I3-16]. All of these NiMn-based Heusler
compounds undergo a cubic-to-tetragonal transformation. The austenite
phase can be described as a chemically disordered L2 structure (also known
as B2 ordering, which will be described further in chapter B.2.1)) as shown
in Figure P.§ a). Distortion of this unit cell into a tetragonal shape with
lattice constants anm and enm leads to the DOgg crystal structure used to
describe the martensite phase. The subscript 'NM’ stands here for the non-
modulated martensite. Because the axes of this crystal structure are parallel
to the L2y, it allows an easy comparison between the martensite and austen-
ite phases and is therefore used throughout this thesis if not stated otherwise.
Another description as the base centered tetragonal (bet) L1y structure is
often found in the literature. The relationship between the D022 and L1,
structure is shown in Figure .8 b) and c). The L1y structure is rotated by
45° to the DO0y; cell thus the relationships between their lattice constants are
anm = V2ape and exM = Cer-

In order to fully describe the symmetry of the twinned martensite larger,
monoclinic (M) crystal structures from modulated L1 unit cells are con-
structed. Frequent observed modulated martensite structures in the NiMn-
based Heusler compounds are the 10M and 14M modulations [[7, 34]. Their
respective projections on the (001) plane are shown in Figure .§ d) and e).
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F1Gure 2.8: Visualization of the crystal structures for martensitic Ni-Mn-
Z Heusler compounds. Shown are the a) L2 unit cell of the austenite, b)
the non-modulated (NM) martensite and the alternative L1y bet unit cell
c). The relation between them is visualized by the top-down view in d). The
10M unit cell is shown in e) and the 14M cell in ). The figure is taken from
Teichert [27].

They can be constructed from periodically stacking basal planes, which are
derived from the (001) planes of the L1y martensite structure. Each basal
plane is displaced in the [110] direction relative to the neighboring planes.
As shown, the 10M modulation consists of 10 shifted basal planes while the
14M structure contains 14. The Zhdanov notation [#4] is often used to ex-
plicitly describe the stacking periodicity, which is (32)2 and (52)5 for the
10M and 14M structure, respectively. The type of modulation occurring in
an alloy depends on the lattice parameters of the austenite and martensite
phases. In NisgMnas,;Gags_, and NisgMnas 55095, systems the oc-
currence of NM, 10M and 14M martensite is dependent on the chemical
composition of the alloys.
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In this work thin films of the Ni-Mn-Al system are investigated. It is
experimentally and theoretically confirmed that the stoichiometric composi-
tion NisoMnasAles does not exhibit a MT. For becoming a MSMA Al has
to be substituted by excess Mn atoms such that their general formula is given
by NisoMnas 45 Alzs 5. Thin film studies have confirmed the existence of
the 14M modulated martensite structure in this alloy [16]. The Ni-Mn-
Al system has a metamagnetic phase transition from a weak ferromagnetic
austenite state with a Curie temperature 7, below room temperature to a
martensite phase, which exhibits antiferromagnetic coupling or spin glass
behavior. For applications it is often beneficial to increase the magnetiza-
tion and T in the austenite state, which can be achieved by substituting Ni
atoms by ferromagnetic materials such as Co or Fe. Dutta et al. [f, #3]
explained this behavior by ab-initio calculations. In the absence of these
substitution elements the magnetic moments of the host Mn-sublattice and
the excess Mn atoms occupying the Al sublattice sites couple antiferromag-
netically in the austenite state. Upon addition of Co or Fe the strong ferro-
magnetic exchange interaction between them and the Mn atoms aligns the
magnetic moments in parallel irrespective of their positions in the crystal lat-
tice, thus increasing the magnetization. The magnetization in the martensite
state however remains unaffected as the strongest ferromagnetic exchange
in this configuration is still three times smaller than the antiferromagnetic
exchange between the host and excess Mn moments.

Several experimental studies have confirmed that the martensitic trans-
formation temperature depends almost linearly on the mean number of va-
lence electrons per atom (e/a) in the NiMn-based Heusler systems [[7, 46].
Thus, it is possible to tune the transition temperature in NisoMnos1 ;Alss_ 5
by adjusting the Al content of a large temperature range from 50 K to 550 K
[A6-438]. 'This system is very sensitive to the Al content as it was shown in
bulk samples that a difference in 2 at % corresponds roughly to a shift in the
transformation temperature of about 100K [A9]. 'The introduction of Co
results in a nonlinear dependency of Tyt of the (e/a) ratio. Furthermore,
with increasing Co concentration the martensitic transformation shifts to
higher temperatures. In compositions with a large T, — Tjr difference it
was found that the martensitic transformation can be completely suppressed
[50]. The magnetic contribution to the total entropy change AS, is of op-
posite sign as the lattice contribution. It is experimentally verified that if the
magnetic contribution is on the same order of magnitude the total entropy
change decreases with increasing T, — Tt until the MT would not lead to
a favorable entropy change anymore. Thus the martensitic transformation
is depleted. This is known as the kinetic arrest phenomena and provides
a lower limit to the transformation temperature range in the NiMn-based

shape memory alloys.



Experimental methods 3

In this chapter the theory behind the sample preparation by sputter depo-
sition and characterization by x-ray diffraction are presented. Briefly, only
the most important aspects relevant for this work are covered. For further
interest the reader is referred to additional literature as for both methods
several good references are available [51-53].

3.1 Sputter deposition

Fabrication of thin films by sputter deposition is a well as established method
in both research and development as well in industrial manufacturing. Over
the years many different modes of operations, such as DC, REF, pulsed, reac-
tive gas or ion beam assisted deposition have been developed and thus a large
variety of materials can be deposited as thin films. Even the mechanical and

Art-ions

Ground shield
Target clamp

Sputter target
Copper block

Cooling water

Magnetic array

Ficure 3.1: Illustration of a cross section through a typical magnetron sput-
ter source used in thin film deposition systems.
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crystallographic properties can be tuned by choosing the right conditions
from the broad parameter space. In this work the most common deposition
modes DC and RF are used and will be therefore focused on.

'The underlying principal of the sputter deposition technique can be de-
scribed as follows. Inside an ultrahigh vacuum chamber an inert gas, mostly
Ay, is injected under low pressure. A plasma is ignited and the Ar*-ions
are accelerated onto a target surface, consisting of the material for the thin
film. Upon impact the target atoms are sputtered off and eventually reach
the substrate surface forming a thin layer. A lot of heat is generated on the
sputter target and thus it is usually clamped on a water cooled copper block
to prevent the target from melting. The sputter source is surrounded by a
grounded shield as without it undesired parts, such as the target clamp or the
copper block would be exposed to the ion bombardment and contaminate
the film. Significant improvements of the deposition rate can be achieved
by placing a magnetic array below the target, which extends the path of the
electrons. Accordingly, areas of high ionization rates form above the target
surface. The plasma can be sustained at lower pressures and therefore the
films sufter less from incorporation of sputter gas defects with the drawback
of a non uniform erosion of the sputter target, which reduces its lifetime sig-
nificantly. A simple illustration of a commercial magnetron sputter source
is shown in Figure B.1].

The simplest mode of operation is the DC sputter deposition. By apply-
ing a constant negative voltage to the sputter target a plasma is ignited and
sustained by Townsend discharge. This kind of operation is limited to con-
ducting target materials as for insulating materials a positive charge would
build up at the surface, preventing further Ar'-ions from reaching the tar-
get. In order to deposit from insulating materials RF-mode operation has
been developed. Instead of a constant voltage an alternating electric field,
which changes its sign after half a cycle, with a commonly used frequency
of 13.56 MHz is applied to the target. The microwave field not only serves
to ignite the plasma but also the reversing sign of the field ensures that the
net current onto the target surface remains zero after one full cycle. A DC
bias has to be superimposed to the RF-field to account for the different mo-
bilities of the electrons and Ar™-ions. At such high frequencies the circuit
has to be matched by an impedance network to prevent power to be reflected
to the generator.

The sputter chamber used in this work, manufactured by Bestec GmbH,
is equipped with eight magnetron sputtering sources, which are arranged in
a confocal sputter-up geometry around the central substrate sample holder.
'The sputter sources hold 3” targets and six of them are operated in DC-
mode while the other two are operated in the RF-mode. Due to limitations
of the machine when sputtering from four sources simultaneously, one RF
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source and 3 DC sources have to be used. The distance between targets and
the substrate is 21 mm. A boron-nitride radiation heater is incorporated
into the sample holder and allows heating the substrate to temperatures as
high as 1000°C. To compensate the non uniform deposition due to the
confocal arrangement the substrate is rotated constantly during deposition
with a speed of 10 rpm. Ar gas is injected with a flow rate of 10 sccm and
the pressure in the chamber is regulated by a butterfly valve in front of the
turbo molecular pump.

3.2 X-ray diffraction

Sample characterization by x-ray diffraction (XRD) techniques has become
an integral part of material analysis since the discovery of x-rays. The mea-
surements are generally nondestructive and often does not need any com-
plex sample preparation beforehand. Many different samples can be investi-
gated, ranging from nanoparticles to powders, bulk materials, thin films and
even biological samples. XRD is suitable and accurate to determine crystal
structures, symmetries, disorder, grains as well as texture and strain analysis,
which is another reason for the wide success of this measurement method.
'The general concept of XRD can be described as follows. A monochro-
matic beam of x-rays with a wave vector Em is focused on the sample under
an angle w and scattered by the electron hulls of the sample atoms. The scat-
tered intensity is then monitored in an angle 6 by an x-ray detector. If the
atoms are arranged periodically on a lattice the transformation into k-space
shows discrete points, which reflect the periodicity of the sample. Their po-
sition G is given by the Miller indices h, k, [ and the reciprocal lattice vectors
b]‘:
G=h-by+k-by+1-bs. 3.1)

The reciprocal lattice vectors are calculated from the crystal lattice vectors
(7:1'!

> 27 .

b] = 7@771 X G, (32)

where V is the volume of the unit cell. An illustration of the [001]/[100]-
plane in the reciprocal space from a simple cubic lattice is shown in Figure

along incident k;,, and the diffracted k,,,+ wave vectors. If the difference
in Ak = kjy, — kout equals a reciprocal lattice vector G the diffracted waves
interfere constructively at the detector and a diffraction peak will be visible,

leading to the Laue equation:

—

G = Ak = kip — ko (3.3)
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Q;

F1Gurke 3.2: Schematic of a 2D slice in the reciprocal space of a simple cubic
system. Only reciprocal lattice points (crosses) lying inside the Ewald sphere
(outer cirlce) are relevant for a diffraction experiment. The grey shaded half-
circles indicated regions of the reciprocal space, which are not accessible in
a diffractometer. Also shown are the incident and diffracted wave vectors
(blue arrows) and the difference vector (pink arrow) for a usual scattering
geometry.

Eq. B3 is equivalent to the better known Bragg-equation:
n-A=2- dhkl . sin(@), (34)

which links the wavelength A, the order of diffraction n, the diffracted angle
6 and the inter planar spacing of the hkl-planes dp;.

'The used diffractometer in this work is a Phillips X’pert Pro MPD diffrac-
tometer equipped with Cu-anode, a secondary curved graphite monochro-
mator and a proportional counter detector. In standard configuration the
goniometer operates as a two-cycle goniometer in Bragg-Brentano geome-
try. A detailed list of the optics for this configuration is shown in Figure
53,

In this configuration a custom made cryostat can be mounted onto the
multipurpose sample stage to allow temperature dependent measurements in
the range from 140 — 400 K. The cryostat consists of a vacuum chamber with
polymide x-ray windows. The sample is placed on a copper block, which is
cooled by LNy from a pressurized Dewar. A self-wound resistive heater
in the copper block controls the temperature. Temperature is monitored
by a PT1000 sensor and feedback is provided by PID-loop control from a
Newport temperature controller.
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\ S

Ficure 3.3: Illustration of the 2-cycle configuration. All optical elements
of the diffractometer used in this work are shown as well.

\

F1GURE 3.4: Illustration of the 4-cycle configuration with a eularian cradle.
All optical elements of the diffractometer used in this work are shown as
well. The rotational axis for ¢ and 9 are indicated by the red arrows.

In this configuration not all reciprocal lattice points within the Ewald
sphere can be reached as indicated in Figure B.7 by the grey half cycles. In
these areas either the diffracted beam or the incident beam have to be below
the sample surface. In order to reach these points an eulerian cradle sample
stages can be employed in the system changing the diffractometer in a four-
cycle goniometer. ‘This configuration is shown in Figure B4.

An important technique used throughout this work to characterize epi-
taxial thin film samples are texture measurements. The scattering vector Ak
is held constant throughout the measurement while the sample is rotated
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by the eularian angles ¢ € [0°,360°] and ¢ € [0°,87°]. 'The intensity is
recorded for each ¢, 1p-pair. 'These rotations cause a movement of the re-
ciprocal lattice points along the surface of a sphere in the reciprocal space.
A diffraction peak is observed in this map if Equation .3 is met at a ¢, -
combination. From this the orientation of the unit cell and the peak sym-
metry can be determined. The intensity maps are often displayed in pole
figures. The polar angle ¢ is maintained as the polar angle in the pole figure
while the azimuth angle 1 is encoded in the radius. In this work the coordi-
nate system is always defined by the MgO-substrate. The center of the pole
figure at ¢» = 0° corresponds to the [001]y,0 direction, ¢ = 0°, 1) = 90°
corresponds to the [100]y,0 direction and ¢ = 90°, ¢ = 90° corresponds
to the [010]n,0 direction.

Not only is the angle of diffraction important but the intensity of the
peaks contain a lot of information about the sample system as well. The
effect on disorder, in the context of Heusler systems, is discussed in the next
subsection.

3.2.1 Role of disorder in Heusler systems on diffraction peaks

The main contribution to the intensity of a diffraction peak is the structure
factor Fjp, which is a measure of the scattering potential of the crystal
lattice. It is calculated by:

Fhkl — Z an . e[27ri(znh+ynk+znl)}, (35)
n=1

with f,, being the atomic scattering factor and @, Y, 2z the coordinates
within the unit cell of the n-th base atom. As a consequence certain hkl
diffraction peaks cannot be observed even if the Laue-condition is satisfied
depending on the crystal structure. Therefore it is possible to distinguish
between e.g. a simple cubic from a face-centered cubic and body-centered
cubic lattice.

Considering the general Heusler structure, it is best described as four
interpenetrating f.c.c. sublattices A, B, C, D with the base coordinates:

A B C D
0,0,00  (0.25,0.25,025) (0.5,0.5,0.5) (0.75,0.75,0.75)
(0,0.5,0.5) (0.25,0.75,0.75)  (0.5,0,0)  (0.75,0.25,0.25)
(0.5,0,0.5) (0.75,0.25,0.75)  (0,0.5,0)  (0.25,0.75,0.25)
(0.5,0.50) (0.75,0.75,025)  (0,0,0.5)  (0.25,0.25,0.75)
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L2,-order B2-order Al-order

Ficure 3.5: Illustration L2; - (left), B2- (middle) and Al-ordering present
in Heusler compounds.

and average scattering factors fa, fp, fc, fp. evaluating this for the
(111), (200) and (400) planes and rearranging yields following results [54]:

F(111) = 4\/(fa~fc)? + (fe=fp)?
F(200) = 4[fa — fB + fo — fD] 3.6)
F(400) = A[fa + fp + fc + fD]

It can be seen, that there are two types of diffraction peaks. One type
is always visible since it involves only sums of the average scattering factors
and the other one is only visible under certain conditions. The first type is
called principle reflections and the other ones are signatures of the order-
ing present in the unit cell. In the case of the standard L2;-ordering in
Heusler compounds with chemical formular XoYZ the structure factors are
the following (fa = fc = fx, fB = fv, [p = fz) all of the above reflec-
tions are visible. This changes in the presence of B2-ordering where the Y-
and Z- sublattices are interchanged equally. In this case the average scat-
tering factors become fp = fp and therefore the (111) plane is not visible
anymore. Upon further decrease in ordering, which results in Al-ordering,
where the atoms of the sublattices are intermixed equally all scattering fac-
tors become the same, thus only the principal 004-diffraction peak remains
visible. Those three peaks are therefore suitable to determine the atomic dis-
order in the sample. A visualization of the three discussed ordering present
in Heusler compounds in shown in Fig. B3,

'The principle 004-diffraction peak is also suitable to quantify the marten-
sitic phase transformation, as it is not dependent on the ordering in the
sample and is one of the most intensive peaks. Therefore, the peak is mea-
sured and a linear background is subtracted. The peak is then fitted with two
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PseudoVoigt-functions with an fixed ratio of 1:0.5 for the K,,; and K2 con-
tributions. If a martensite peak becomes visible, it is fitted by PseudoVoigt-
functions as well, to increase the accuracy. The area under of the peak is then
normalized to the highest measured area in the fully austenitic state. Thus,
the residual austenite fraction can be measured for a given temperature.



'The magnetic proximity effect in NipMnAl
4

In this chapter the enhancement of the magnetization in NioMnAl by the
magnetic proximity effect is described. After an introduction to the subject
a brief overview of the theoretical aspects of XIMCD and XRMR measure-
ments is given to the reader. In the experimental section the sample prepa-
ration and pre-characterization is presented first followed by the results of
the impact on the Ni and Mn magnetic moments.

4.1 Introduction

In chapter it was shown that the difference in the Gibbs free energy
between the martensite and austenite is proportional to the difference in
magnetization M between the two phases:

AG o< —pgH(Ma — Myy). (4.1)

In the development of inverse magnetocaloric materials many experimental
studies confirmed that a large change in magnetization from the marten-
site to the austenite state is necessary to drive the phase transformation ef-
ficiently. Conventionally this is achieved by the substitution of Ni by a fer-
romagnetic material such as Fe or Co. Ab-initio calculations show that the
substitution leads to an enhancement ferromagnetic coupling between the
host Mn atoms and the excess Mn atoms in the austenite state.

Another coupling phenomenon, which is able to enhance magnetic prop-
erties, is the magnetic proximity effect (MPE). When two materials with
different magnetic order are in close vicinity, the static magnetic exchange
coupling leads to a change in of magnetism at the interface due to coupling
to the other material. This effect is strongly related to the exchange Bias
effect in AFM/FM-bilayer samples. The MPE has not yet been considered
for manipulating MSMA materials but could be an interesting alternative
to the aforementioned substitution with FIM materials.

Directly measuring the change in magnetization due to the MPE dur-
ing MT is challenging because thin films do not show a complete transfor-
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mation into the martensitic state, even at very low temperatures. In such a
structurally and magnetically inhomogeneous thin film the separation of the
contributions from the martensite and austenite phase is not easily possible.
Therefore, in order to determine the strength and interaction length of the
magnetic exchange coupling in a proof-of-concept study, a Heusler com-
pound with an effective magnetic moment as low as possible is the material
of choice.

For this reason, stoichiometric NipMnAl is an optimal candidate for
this proof of concept study. Theoretical [53, 56] and experimental [57, 5§]
investigations have confirmed that this alloy is antiferromagnetic in the B2
structure with a Néel temperature close to room temperature and FM in its
L2, structure. Bulk studies confirmed that the desired B2 structure can be
easily prepared. In contrast, the ferromagnetic L2; order can only be ob-
tained in L.2; + B2 mixed phases under careful annealing procedures [5Y].
Furthermore, no martensitic transformation is present in the absence of ex-
cess manganese, which enables measurements at very low temperature to
enhance signal to noise ratio.

To answer the question whether MT might be improved by a static
MPE, we prepared thin NisMnAl/FM bilayer systems and investigated the
Ni and Mn moments by x-ray magnetic circular dichroism (XMCD) at their
respective Ly 3-absorption edges. However, from XIMCD measurements
only the mean spin polarization can be determined. In order to get an esti-
mated value for the penetration depth of the MPE x-ray resonant magnetic
reflectivity (XRMR) measurements [60, 1] are employed.

4.2 'Theory of XMCD and XRMR

4.2.1 Theory of X-ray magnetic circular dichroism

Absorption experiments with light are often used to investigate the elec-
tronic structure of materials and molecules as they are almost non destruc-
tive and given the circumstances a lot of information can be extracted from
those measurements.

Especially x-rays are often utilized since their high energy photons can
also excite the core electrons of the atoms present in the sample. This, is
exploited to access information about element specific magnetic properties
using the x-ray magnetic dichrosim effect. To probe the ferromagnetism in
materials circular polarized light is employed thus the method is called x-ray
circular dichrosim (XMCD), which will be described in this section.

In this experiment, the sample under investigation is irradiated with mo-
nochromatic and circular polarized x-rays. Two absorption measurements
p+(E) and p_(E) are obtained in the energy range of interest by either
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F1GuRrE 4.1: Illustration of the excitation process in a x-ray absorption ex-
periment with circular polarized light in a ferromagnetic material.

fixing the direction of the external magnetic field to saturate the sample and
switching the helicity of the incident light or equivalently by fixing the helic-
ity and switching the direction of the magnetic field. For the 3d transition
metals, which are investigated in this work, the usual energy intervals cover
the Ly g-absorption edges. 'The absorption process can be explained in a
one-clectron picture and is illustrated for the L3-absorption in Figure f1.

Absorption of a photon with sufficient energy is absorbed in the sam-
ple it can excite an electron from the 2p3/5 or 2p; /5 orbital to the d band.
If polarized light is used the process becomes dependent of the spin of the
electron according to Fermi’s selection rules for conversation of angular mo-
mentum. In a ferromagnetic material the d bands for the minority (blue)
and majority (orange) electrons are not symmetric but are shifted by a small
energy difference thus, leading to a different amount of available free states
Ny, for the spin channels. Since the transition probability is proportional
to IVp, there will be a difference in the absorption of left and right circular
polarized light. For analysis the average absorption (XAS-signal) and the
difference in absorption (XMCD-signal) are then calculated from 4 (E)
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F1GURE 4.2: Illustration of a) the average x-ray absorption spectra (XAS)
and b) the difference in left and right circular polarized light.

and p_ (F) according to:

XAS(E) = 3 ns (E) + p(B)] (42)
XMCD(E) = [j14(E) - i— ()] (43)

A typical illustration of those two spectra is shown in Figure f.2 a) and b).
The spectra can be divided in 4 energy ranges. In the pre-edge region
the absorption and difference in absorption should be normalized to zero as
the x-ray energy is not sufficient to excite the electrons in the d-band. This
is usually accomplished by fitting the experimental data in the pre-edge re-
gion with a polynomial of third or fourth order, which is then subtracted
from the spectra. The pre-edge region is followed by the the Lg- and Lo-
absorption edges. In the post-edge region the XIMCD-signal should also
fall to zero. It is also common practice to normalize the spectrum in this
region to one, which is equivalent of scaling the experimental data to a fixed
thickness. Furthermore the data have to be corrected for the incomplete
beam polarization P, and the angle ¢ between the external magnetic field
and the x-ray beam by 1/ P, cos(¢).
The next step in the analysis involves subtraction a background function
from the XAS-signal, which arises from electron transitions to unbound
free states. This background is assumed to be a two-step like function with
the jumps occurring at both absorption edge, which is illustrated in Figure
B a) by a red line. For this work an error-function of the from A[l +
erf((E — w)/0)]/2 with:

erf(z) = % /O exp™" dr, (4.4)

A the amplitude, 4 the centre and ¢ the width of the step. ;1 was chosen to
be the same as the turning point of the left flank of the respective absorption
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edge and o was fitted to the left flank data points. The amplitude for the two
steps are set to a 2:1 ratio due to number of initial electrons in the 2p-states.
However, the true background function is usually not known and therefore
this can be a large source of error for small XAS signals. The integral r
(marked in Figure .7 a) by the meshed area) is calculated from the corrected
XAS data as well the two integrals p (meshed area in Figure b)) and ¢
(blue marked area in Figure .2 b)). These quantities are used to determine
the orbital magnetic momentum m, and spin magnetic momentum mgp;,
in the standard sum-rule analysis for 3d-transition metals:

2
Mory = Nhﬁ (45)
3r
3p —2
Mg = Ny 220 (46)

N}, has be extracted from ab-initio calculations or from reference data.

Synchrotron facilities offer the possibility to produce monochromatic
x-rays over a broad range of photon energies with a high intensity, which
is not feasible with standard laboratory equipment. The absorption experi-
ments in this work were performed at the beamline 6.3.1 of the Advanced
Light Source (ALS) in Berkeley, USA. Measurements were taken in a Cryo-
stat at 80 K to improve the signal to noise ratio. The beam polarization was
fixed and the in-plane external magnetic field was switched between —0.4'T
and 0.4 'T. The degree of beam polarization provided by the bending source
was assumed to be P, = 60 £ 0.5% and an angle of ¢ = 30° is employed
between the incident beam and magnetic field. Two measurement modes
can be measured simultaneously, which are depicted in Figure f.3. In the
total electron yield (TEY), which is focused on in this work, Auger and sec-
ondary electrons are emitted from the sample surface upon absorption of the
incoming x-ray photons. By grounding the sample a net current is measured
to quantify the absorption. Due to the limited escape depth of the electrons
the probed region of this mode is confined to the surface region, which is
marked by the red region in Figure f.3 a). On the other hand the lumines-
cence yield (LY) is sensitive to the entire thickness of the film. Secondary
electrons in the thin film causes excitations in the substrate, which in turn
emits light in the visible range. Behind the substrate a photodiode is placed
to detect the visible light in the range A =190 nm to 1000 nm. This detec-
tion mode is not applicable for any kind of substrate as suitable emissions
bands are not always present. MgO as the substrate material offers a suitable
spectral response but produces artifacts in the absorption spectra due to the

second order Mg peak at 651.5¢eV.
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a) Total electron yield b) Luminescence yield

visible lig

Substrate —_— Substrate

F1curke 4.3: Illustration of the probe modes, a) total electron yield (TEY)
which is only sensitive to the surface, while b) the luminescence yield (LY)
is sensitive to the entire thickness of the film.

4.2.2 Theory of x-ray resonant magnetic reflectivity

Although XMCD is able to provide element specific information about
the magnetic interactions in the sample present, it can only provide lim-
ited amount of information about the spatial distribution of the magnetism.
X-ray resonant magnetic reflectivity (XRIMR) has proven to be able to over-
come this issue. The measurement is similar to XRD, which is described
above in chapter [3, but only grazing incidence angles are recorded. A typi-
cal range is from 0° to 10°. In this range the x-rays are not scattered by the
crystal lattice but from interfaces of materials with different refraction index
n, which is given by a dispersive part § and an absorption part 5 accordingly:

n(E) =1— 6(E) +if(E). 4.7)

The energy of the incident x-rays are set to the absorption edges of the ma-
terial of interest. Similar to XMCD two reflectivity measurements /4 are
collected with left and right circular polarized light. An average reflectivity
(XRR) and an asymmetry ratio AI are calculated from these two measure-
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ments:
XRR = %(g 4 1) 4.8)
(I —-1)
Al = E (4.9)

Exemplary measurements for an XRR and asymmetry ratio are shown in
Figure f4 for a fictional 30 nm ferromagnetic film.

a) b)

Intensity
Asymmetry ratio

-

Scattering vector q Scattering vector q

FIGURE 4.4: Illustration of an a) XRR measurement and b) the asymmetry
ratio for a fictional 30 nm magnetic material.

Simulation of the XRR data and asymmetry ratios in dependence of the
scattering vector ¢ = (47 /) sin 6, with A being the wavelength of the x-rays
and 6 the angle of incidence, are done using the ReMagX software package
[62]. Within this model all layers in the multilayer system are described
by six parameters: ¢ thickness, o roughness, 3, ¢ and the magnetooptical
parameters (49 and dp,qg, which describe the change in absorption and
dispersion due to magnetism. The latter two can often be neglected for
simulation of the XRR data. The XRR data are analyzed by a recursive
Parratt algorithm [63]. For this the true depth profile of multilayer system
is approximated by slicing it into m slabs with constant density as shown in
Figure B.3. In this convention m = 0 corresponds to the air/vacuum and
m = m + 1 to the substrate. The ratio between reflection and transmission
coeflicients of the j-th layer is given by the recursive formula:

X; = T _ e~ 12,5 % i1+ Xjpretd=it®

. . 4.10
t L+rjpXjped=i+i (4.10)

z; is the depth of the j-th layer from the top layer, ¢, ; = 2k, ; and 7 j+1
is given by:
4z,j — 4z,5+1 (4.11)

Tji4+1 = .
7,9+1
Gz, T Qzj+1
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Itis assumed that no reflection occurs from the substrate layer, thus X,, 11 =
0. The total reflection from the multilayer system is calculated from R =
| Xo|2. The roughness of the layers is often treated within the Névot-Croce
approximation. This assumes that the interface profile can be approximated

by an error-function as defined in Eq. f4. Equation f.IQ have to be multi-

5 ) ] 2
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F1GURE 4.5: Illustration of the slicing of the depth profile.

For the analysis of the asymmetry ratio the Zak matrix formalism [b4]
is used to fit the data because the Parratt algorithm does not account for the
change in polarization upon reflection from the layers. The difficulty of this
measurement method is the large number of free parameters, therefore for
multilayer systems a careful analysis scheme has to be employed, which will
be described in the following.

First the XRR data are analyzed. An initial model for the multilayer
system is developed by means of other acquisition methods, such as Auger
depth profiling. Based on this the model is refined by fitting only the thick-
nesses and roughnesses of the layers for the off-resonant data. The optical
parameters 3 and 0 are not fitted, because far from any absorption edges
both tend to not vary much. They can be extracted or calculated in the case
of alloys from the Henke tables [b5]. The refined values are exported and
the resonant XRR data are fitted by only refining this time £ and § for each
element available. If not for all XRR-measurements a consistent solution
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FIGURE 4.6: Analysis scheme for the analysis of the XRIMR data (adapted
and modified from [p1]]).

is found another model for ¢ and ¢ have to be found and the process is re-
peated. In case of a consistent solution the asymmetry data is analyzed. For
this an artificial magnetooptical profile is defined in the shape of a Gaussian
function with center z and width o for B,,4¢ and d,,44. The Gaussian pro-
file is convolved with the density profile of the layer. The FWHM of the
resulting function is defined as the effective penetration depth for the MPE.
In order to reduce the number of free parameters a two step fitting proce-
dure is employed. For the first fit 0,44 is set constant to 0, as given by the
Kramers—Kronig relations at the absorption edge. The other parameters are
then refined. In the second step z, 0 and (3,44 are then held constant and
Omag is refined. The whole analysis procedure is illustrated in Figure f-§. A

more sophisticated analysis scheme can be found in 1, b6].

4.3 Experimental details

4.3.1 Sample preparation and pre-characterization

Thin film multilayer systems were prepared by dc magnetron sputter depo-
sition in a vacuum system with a base pressure < 5 x 1077 mbar. 10 nm
thick NioMnAl films were co-deposited from pure element Ni-, Mn- and
Al-targets onto MgO(001) substrates at 450 °C to achieve epitaxial growth
conditions. Different 1 nm thick FM layers consisting of Co or Fe were
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Si (2 nm) Si (2 nm)
Si (2 nm) Fe (1 nm)

Ni,MnAl (10 nm) Ni,MnAl (10 nm) Ni,MnAl (10 nm)
MgO-Substrate MgO-Substrate MgO-Substrate

F1cure 4.7: Illustration of the investigated multilayer systems for the study
of the magnetic proximity effect. The samples are labeled by their ferro-
magnetic layer respectively from the left to the right: No-layer, Fe-layer,
Co-layer.

deposited on top of the Heusler material. A sample without a FM layer sev-
ered as a reference. To prevent from oxidation, all samples were capped by
a 2nm Si layer. Prior to the deposition of any FM and capping layers the
samples were cooled down to room temperature with a rate of 16 K/min to
avoid interdiffusion into the Heusler layer. Stoichiometry of the Heusler lay-
ers was derived from the individual deposition rates of the elemental targets.
All sample systems are illustrated in Figure f.7 and are labeled according
to their FM layers: No-layer, Fe-layer and Co-layer. An additional sample
with a 100 nm thick NioMnAl film on top of a MgO-substrate served to
determine the crystal growth and structure.

To investigate the deposition and crystallization behavior of the NisMnAl
film, x-ray diffraction was preformed on a 100 nm thick film. The thin films
grow epitaxially on top of the MgO-substrates with an in-plane relation-
ship [110]nme0 || [100]Ni,Mnal and an out-of-plane relationship [001]yg0
|| [001]ni,Mnal as determined by texture measurements (shown in Figure
B8 b)), which is a common growth behavior for Heusler compounds on
this substrate. 6/26-scans along the [001], [101] and [111] crystallographic
directions of the NizMnAl are shown in Figure f.§ a). Along the principal
(004), (202), (222), (404) and (444) diffraction peaks the order dependent
(002) peak is also observed indicating the desired B2 phase. The odd super-
structure peaks (111) and (333), associated with the FM L2, phase, are not
observed in the 6/26-scan along the [111] direction. The lattice constant was
determined to be a = 5.83 A, which is in good agreement with bulk values
[FY].

A temperature dependent resistivity measurement was additionally per-
formed for the 100 nm thick film in a closed loop helium cryostat between
2K and 300K in van-der-Pauw geometry. The measurement is shown in
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Ficure 4.8: X-ray diffraction measurements of a 100 nm thick NipIMnAl
film. Shown are §/260-scans along the [001], [101] and [111] direction of
the Heusler compound. MgO-substrate peaks are subscripted and the red
marked Miller indices indicate the position of the absent NioMnAl diffrac-
tion peaks.

Figure B.9. For this measurement the sample is split into a 5x 5 mm piece
and glued to a sample holder. On the four corners of the sample Au 50 nm
thick contact pads are placed by sputter deposition. Electrical contact be-
tween the samples and holder was achieved by Au-wire bonding to avoid
possible thermoelectric artifacts in the measurements due to dissimilar ma-
terials. The exact size of the sample is irrelevant as the geometric spacing of
the contacts are irrelevant for the van-der-Pauw method. The measurement
can be described as follows: On two neighboring contacts a constant current
is applied, while the voltage drop is measured. At least four measurements
need to be taken for this method. The contacts are then rotated and four
voltage drops are measured while the constant current is applied. The sheet
resistance p is then calculated by:

A (Sl Bl
~ In2 41 '

p (4.12)

In this equation ¢ is the film thickness and f a geometric correction factor,
which has to be solved numerically by the following equation:

_ n2/f
% = % arccosh (6 5 ) (4.13)
n

with Q = g;:gi For the prepared film a sheet resistance of 1.1 p{2cm

to 1.2 p2 cm was measured in the investigated temperature range. The be-
havior is typical for a metal, following a linear relationship for temperatures
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FIGURE 4.9: Sheet resistance in dependence of temperature for a 100 nm
thick NigMnAl film on MgO measured in van-der-Pauw geometry with
gold deposited contact pads at the four corners of the sample.

above 50 K and reaches a saturation value for very low temperatures due to
defect scattering. A kink is observed at a temperature of (267.4 £ 0.1) K.
This kink is theoretically predicted for antiferromagnetic materials near the
Néel temperature due to fluctuations of the sublattice magnetizations [67]
and were first measured in bulk antiferromagnetic Mnlr [68] and MnPt
[69] . Thus the temperature of this kink is regarded as the Néel temperature
which corresponds well with the values for NioMnAl thin films reported by
Tsuchiya et. al. [[f0]. The reported value is lower than the ones reported for
bulk [59, 71].

Antiferromagnetic B2-ordering is further confirmed by magnetization
measurements, which are shown in Figure .10 at 80 K for the No-, Fe- and
Co-layer samples. Without Co or Fe capping layers no FM response from
the pure NiMnAl film could be measured. The hysteretic magnetization
loops of the Fe and Co layers are clearly visible in the magnetization data.
Both are saturated well below 100 mT.

Furthermore, no enhanced magnetic moment is detected in the Fe- and Co-
layer samples in comparison to bulk samples. In fact the saturation magne-
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tization of both samples is around 300 kA m~! to 350 kA m~? lower than
in bulk (Fe: 1750 kA m™1, Co: 1450kA m™') [72]. The reduction could be

attributed to interfacial effects or the resolution of the magnetometer.
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F1GurE 4.10: Magnetic hysteresis loops at 80 K with an external magnetic
field applied in-plane for all three investigated sample systems.

4.3.2 Depth profile model for the Fe layer sample

XRMR is a measurement technique, which investigates magnetism reason-
ably well for simple systems, such as bilayers. However, if several more layers
have to be included in the model, analysis becomes quite complicated due
to the sheer number of free fitting parameters for simulating a multilayered
stack. This results in a parameter space with many local minima and a po-
tentially ambiguous best-fit solution makes it necessary to acquire additional
depth profile information or a more complex analysis procedure prior to the
fitting process.

In order to support the XRMR analysis with elemental depth profiles,
Auger spectra in the energy ranges 25 eV to 106 ¢V and 483 ¢V to 523 eV in
combination with Ar™ ion beam milling has been recorded on the Fe-layer
sample. The smoothed and differentiated spectra depending on the distance
to the substrate surface are shown in Figure .17 and Figure f:12. The Auger
lines of Mg, Ni, Al, Fe, Si and O can be clearly identified. Mn on the other
hand provides only a slightly pronounced Auger response at 41V and is
therefore not marked in the spectra. The multilayer system starts with a 85 A
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thick NizMnAl layer on top of the MgO substrate as indicated by the Ni
and Al signals, which is followed by an about 20 A thick Fe layer. The sharp
drop oft of those signals suggest that no significant interdiffusion between
those two layers occurred and that the interface is fairly smooth. In contrast,
a large overlap in the Auger signals is observed between the Fe and the 20 A
thick Si capping layer and therefore a very rough interface has to be assumed
here. Si proves to be a good protective layer as concluded from the absence
of O Auger lines in the Heusler material and Fe layer. Contributions from
O can only be seen at the MgO and the topmost Si atomic layers, which is
supported by the chemical shift of the Si signal to lower energies [73].

Based on this depth profile a refinement of the layer parameters ¢t and &
is done using an off-resonant XRR scan at 1000 eV. The measurement data
can be very well simulated by assuming a model consisting of MgO substrate,
NieMnAl, Fe, Siand SiO; layers with constant optical parameters § and 3
for each layer (Figure B.13). They can be taken from the Henke tables [65]
since far away off the absorption edges they do not change rapidly. The
best-fit solution of optical depth profile is shown in Figure f.14, which is
consistent with the previously discussed Auger depth profile.

4.3.3 Magnetic properties of Mn

The normalized XAS along with their respective XMCD spectra for Mn at
the Lo 3 absorption edges are shown in Figure f.I3 for all three sample sys-
tems. On first notice, the Mn spectra contain almost no multiplett features
as it is in the case for MnO [[74, [/3] or alloys with large differences in elec-
tronegativities of the constituting elements [[/6]. In fact, the shape of the
spectra resembles metallic Mn [[77, 78], since the electronegativities of Ni,
Mn and Al are close to each other. Additionally, an increased white line in-
tensity of the Co-sample compared to the other two is observed. This could
hint to a charge transfer between the Mn and Co atoms. In absence of FIM
layers, there is no XIMCD signal as no differences in absorption between left
and right circularly polarized light is detected. This is expected for the anti-
ferromagnetic state in NigMnAl and in accordance with the magnetization
data. However, this changes clearly when an Co- or Fe-layer is placed adja-
cent to the Heusler compound. The presence of an XMCD signal proves at
least partial FM ordering between the Mn moments close to the interface.
In order to quantify the induced magnetic moment, standard XMCD
sum rules for 3d transition metal elements were applied. For this, a two-
step background, as indicated in Figure f.15, was subtracted from the XAS
spectra. Furthermore, the signal was corrected for the angle of incidence
30° and for the degree of circular polarization of the x-rays ~ (60 £ 0.5)%).
The number of free electron states N, was calculated to be 4.07 using the
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F1GURE 4.11: Smoothed and first derivative of the Auger spectra of the Fe-
layer sample in the energy range 25 ¢V to 106 eV. The interface between the
MgO-substrate and the Ni;MnAl is defined as 0.

ab-initio density-of-states calculation from Ref. [79]. The results for the
spin and orbital magnetic moments, My and 1M, respectively, are listed
in Tab. B.1. The obtained spin magnetic moments are quite small only yield-
ing (0.19+0.02) up for the Fe-layer and (0.35 £ 0.01) 15 for the Co-layer
samples. Furthermore, Co seems to have a stronger effect on the induced
magnetization than Fe by a factor of around 2. At the same time in both
cases the orbital moment is negligible compared to the spin magnetic mo-
ment, which is usually the case for the transition metals. However, XMCD
can only determine the average magnetic moment at the probed volume and
therefore no clear estimation of the penetration depth can be made.

Therefore, XRMR was afterwards performed on this sample at the Mn
L3 edge at the energy of 638.8¢V for the Fe-layer sample. The resonant
XRR curve and their simulation are shown in Figure f.1§ with the corre-
sponding normalized asymmetry ratio data in the inset. To determine the in-
duced MPE we define a Gaussian function for the magnetooptic parameters
Omag and Brag close to the NisMnAl/Fe interface, which is convolved with
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F1GURE 4.12: Smoothed and first derivative of the Auger spectra of the Fe-
layer sample in the energy range 483 eV to 523 V.

the structural density profile of the NioMnAl layer. The resulting magnetic
depth profile is a Gaussian-like curve (slightly asymmetric Gaussian depend-
ing on the roughness of the interface). This procedure has been established
for the MPE at Pt interfaces. Details can be found in Refs. [61, 66, 80—
82]. A close up of the interface region and the determined Gaussian-like
magnetic depth profiles are visualized in Figure f.17. Also shown is the Mn
concentration at the interface. We used the FWHM of the magnetic depth
profiles to define an effective interaction length, which is determined to be
(7 + DA. This corresponds to the uppermost three to four atomic layers in
the NioMnAl. Notably, the magnetic change in dispersion 6,44 is signif-
icantly lower in magnitude and of opposite sign than the magnetic change
in absorption f,q4. Such a situation arises for Mn at the energy of max-
imum absorption at the L3-edge, as it was shown by Briick et al. [83] by
applying the Kramers-Kronig relations to reference XMCD data for metal-
lic M. 'Thus considering the relative sign and magnitude of 6,49 and Brmag
the solution seems to be valid model. It should be noted though that only
much smaller numbers for the magnetooptic contribution could be retrieved
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F16URE 4.13: Off-resonant XRR data (blue circles) and simulation (red line)
for the Fe-layer sample at 1000 eV.
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F1GURE 4.14: Magnetooptic d and 3 depth profiles determined by the fit
model for the off-resonant XRR scan at 1000 eV.
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F1GURE 4.15: XAS and XMCD data from the Mn Ly 3 absorption edges
for a) No-layer, b) Fe-layer and ¢) Co-layer sample.

Table 4.1: Calculated magnetic moments for Mn extracted from the exper-
imental data in Figure f.13.

Sample Mipin Moyt
No-layer (0.002 £ 0.001)5 (0 £ 0.003)15
Fe-layer ~ (0.19£0.02)up  (0.03 £0.02)up
Co-layer  (0.35+£0.01)up  (0.07 £0.02)up

by applying the Kramers-Kronig relations to our recorded XMCD data in
Figure B.15.

A similar value for the penetration depth is found in the Mn-based an-
tiferromagnet MnPd/Fe bilayers [83] and many studies [84-87] found an
induced magnetic moment in antiferromagnets in exchange-bias systems.
'They attribute this to existence of unpinned rotatable, uncompensated mag-
netic moments close to the interface. This could also be the case for our
investigated systems.
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F1Gure 4.16: XRR curve at the Mn Lz-absorption edge at 638.8 ¢V eV. The
inset shows the XRMR asymmetry ratio between left and right circularly
polarized light.

4.3.4 Magnetic properties of Ni

'The same investigation procedure for Mn was also carried out for the Ni
Ly 5 absorption edges. The XAS spectra shown in Figure f.1§ share the
same features observed for NioMnGa, NisMnln and Mn-rich NisMnIn
in the austenitic state [B8, 89]. In addition to the strong absorption peaks
from the Ni 2p — 3d transition, a satellite feature is located at 859.1¢V.
Ab-initio calculations for NisMnGa and NioMnln suggest that this feature
stems from a hybridization of the Ni 3d with the Ga 4s and with the In 5s
states, respectively. Thus, we conclude the same hybridization is happening
with the Al 3s sates. On closer inspection, we find of the Ni 3d with the Ga
4s and with the In 5s states, a small chemical shift in the satellite feature in
the presence of an Fe- or Co-layer. In contrast to the Mn absorption spectra,
there is no evidence of charge transfer in the case of Co or Fe since there is
no change in white line intensity between the three sample systems.

'The Ni magnetic moment follows the same behavior as the Mn magnetic
moment as there is no signal present in absence of a FM layer. However,
again a clear XIMCD signal is present at both the Fe and Co-sample. Sum-
rule analysis yields the following values for the spin and orbital magnetic
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Ficure 4.17: Magnetooptic peg and Bpeg depth profile at the
NizMnAl/Fe-interface for Mn. The gray line represents the Mn concen-

tration across the interface.

moments in table {2, assuming N;, = 2.22 [[/9]. However, due to the
low absorption cross section in Ni a large error for these values has to be
assumed. For Ni, the obtained magnetic moments are comparable of the
ones from Mn. However in this case Co and Fe do have the same impact
on the magnitude of the MPE.

Analysis of the XRIMR measurements at 851.3 ¢V shown in Figs. f.19
and F20 yields a similar penetration depth of about (6 4 1) A. In this case
however, another relation between B,,q4 and 6,,q4 have to be assumed to
result in a good fit of the of the asymmetry ratio data. The magnetooptic
parameters are of comparable magnitude and of different sign. This is ex-
pected to happen at an energy before the absorption edge [83]. The similar
penetration depth and magnitude of the FM enhancement compared to the
Mn magnetic moments suggest that the origin of this is the same as for the
Mn.

In both, Ni and Mn moments a ferromagnetic alignment could be in-
duced by a FM layer on top of the NioMnAl Heusler compound. Due to
the structural an chemical similarity we expect that these results apply to
NieMnj4,Al 5 in the austenite phase as well. Thus, the proximity effect
would increase the magnetization in the high temperature phase. Compar-
ing the obtained results to ab-initio calculations of the magnetic exchange
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Table 4.2: Calculated magnetic moments for Ni extracted from the experi-
mental data in Figure f.18.

Sample Mgpin Moy
No-layer (0.002 £ 0.003)up  (—0.003 £+ 0.004)up
Fellayer  (0.13+£0.07)up  (0.001 =+ 0.07)uzp
Co-layer  (0.11£0.06)up (0.022 +£0.03)up

parameters in Co-/Fe-substituted Nisg_,M,;Mns7 5Al12 5 (M = Co or Fe)
we find similar properties [f]. The Mn spins on the Al sublattice and the
host lattice show an antiferromagnetic interaction, which changes to a FIM
alignment regardless of their position if Ni is substituted for Co or Fe. Fur-
thermore, Co displays a FM coupling almost twice as strong as Fe, which is
also the case for the extracted Mn spin moment in the given study, which
further supports the assumption that the MPE has the same effect as sub-
stitution.

Not present in our samples is the exchange coupling between the Mn
and excess Mn atoms. The ab-initio calculations shows that these moments
couple ferromagnetically due to the Fe or Co in the cubic austenite state.
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This changes to an antiferromagnetic exchange, which is more than three
times larger than any other FM coupling, upon cooling to the tetragonal
martensitic state. If the MPE has the same effect on this exchange interac-
tion we expect also the ferromagnetic alignment to vanish. Thus, the MPE
would contribute to the difference in magnetization between the austenite
and martensite state. However a direct proof is still necessary but as men-
tioned in the introduction also challenging since the transformed Heusler
compound cannot be sliced into several sublayers with constant magnetoop-
tical properties as necessary for the XRIMR analysis. Also surface sensitive
XMCD could also be problematic because it cannot be guaranteed that the
whole interface region transforms into martensite and thus separation of the
contribution of martensite and austenite remains difficult.

4.4 Conclusion

In this proof-of-principle study Co or Fe layers are deposited on epitaxial
antiferromagnetic NigMnAl thin films and investigated by x-ray circular
dichroism (XMCD) and x-ray resonant magnetic reflectivity (XRMR) at the
Mn and Ni L-edges. A ferromagnetic response is found in the total electron
yield XIMCD signal for both Mn and Ni moments close to the interface of
the ferromagnetic thin film originating from rotatable uncompensated mag-
netic moments. Auger spectroscopy is used to establish a structural depth
profile for further analysis of the magnetic depth profile in the Ni;MnAl/Fe
sample system by XRMR. A penetration depth of the magnetic proximity
effect is determined to be around 7 A for Mn and 6 A for Ni. Due to the
similarity to the austenite phase of Mn-rich Ni-Co-Mn-Al systems, which
exhibit M'T, we conclude that the MPE will be able to enhance the austen-
ite magnetization. It has yet to be determined if a martensite phase in this
Heusler compound is similarly affected by the MPE. However, the small
penetration depth limits the applicability to systems with large surface to
volume ratios.
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Point defects in ion beam irradiated
Ni-Co-Mn-Al magnetic shape memory
alloys 5

5.1 Introduction

In chapter .4 we highlighted the importance of defects in the crystal lattice
for inhomogeneous nucleation to occur during the martensitic transforma-
tion. Defects in the form of substrates and seed layers [J0] as well as nanoin-
dentation by an atomic force microscope [97] have been investigated in this
context before. Still, introducing defects in a somewhat controlled manner
inside a crystal is a difficult task. One way to insert point-like defects in
a sample after deposition is by low energy heavy ion beam irradiation. If
ions are accelerated in a sufficient energy range the collision cascade in the
material causes vacancies and interstitial atoms in the crystal lattice. Such
techniques are used today in semiconductor physics to insert dopant mate-
rials [92]. In order to not artificially dope the system which changes the
electronic structure of the target material noble gases are preferred as the
ion species for irradiation experiments. The concentration of the inserted
defects is proportional to the ion fluence on the sample. Thus the defect
concentration can be tailored in a controlled manner. Previous studies in
the last years on the magnetocaloric material FeRh [93, P4], which under-
goes a first-order isotructural metamagnetic transition, reported a significant
influence of ion beam irradiation on the phase transition.

In this chapter a similar study on the Ni-Co-Mn-Al system is presented.
'This work was achieved in close collaboration with the Helmholtz Zen-
trum Dresden Rossendorf (HZDR) with Dr. Rantej Bali performing the
ion beam irradiation, Dr. Tino Gottschall providing magnetization mea-
surements and Dr. Rene Hiibner contributing transmission electron mi-
croscopy (TEM) data while sample deposition and XRD investigations were
performed at Bielefeld University.
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5.2 Sample preparation

Epitaxial NigsCosMn39Algo-thin films were grown on 10 mm x 10 mm
(001)MgO-substrates by magnetron sputter deposition. DC and RF sources
were used to co-deposit from 3-inch targets of Ni (DC), Mn (DC), A1 (DC)
and Co (RF) targets with a purity of 4N. Prior to the deposition of the
films the substrates were subjected to a chemical ultrasonic cleaning treat-
ment consisting of 10 min in acetone followed by 10 min ethanol and 5 min
deionized water. Finally the substrates were annealed at 700 °C for 30 min
to remove any residual chemical contaminates. In order to achieve good
growth conditions a 30 nm V seed layer is deposited at 450 °C immediately
followed by the deposition of the 200 nm Heusler layer. To avoid interdiffu-
sion into the Heusler compound a 2 nm Si capping layer is deposited after
cooling down the sample to room temperature.

Subsequently, the samples were cut into 3 mm x 5 mm pieces and irra-
diated with 150 keV Ne* -ions at the Ion Beam Center (IBC) facility of the
Helmholtz Zentrum Dresden Rossendorf (HZDR). The ion fluence on the
sample was varied from 1 x 10 ions/cm? to 5 x 10*ions/cm?. A non-
irradiated sample is kept as a reference. Temperature dependent magneti-
zation measurements were performed in a Quantum Desgin MPMS instru-
ment at the same facility. Furthermore TEM investigations were done at
the Electron Micoscopy Laboratory at the HZDR. A FEI Titan 80-300
microscope is used to investigate the structure and performing selected area
electron diffraction (SAED) measurements on samples. A FEI Talos F200X
microscope is utilized to obtain EDX mappings of the thin film cross sec-
tions. 'The TEM specimen were prepared by focused ion beam milling in a

Zeiss NVision 40.

5.3 Sample pre-characterization

The sputter deposited sample is characterized by XRD for crystallographic
properties and by TEM in combination with energy dispersive x-ray spec-
troscopy (EDX) mapping for homogeneity prior to the ion beam irradiation
to determine the initial conditions for the reference.

In Figure b1 a /26 XRD scan in the 2-cycle goniometer configuration
along the [001]p,0-direction is shown. Alongside the substrate (002)mg0
((42.909 £ 0.002)°) and (002)y peak ((60.971 £ 0.003)°) two peaks from
the Ni-Co-Mn-Al are visible. The peaks at the 26 angles (31.233 4 0.008)°
and (65.147 £ 0.003)° can be identified as the (002)4 and (004)5 peaks of
the cubic austenite phase respectively. Therefore, the epitaxial relationship

between the MgO-substrate, V seed layer and Ni-Co-Mn-Al Heusler layer
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F1GURE 5.1: 6/260-scan for the reference sample.

for the out-of plane direction can be expressed as: [001]ngo || [001]v |]
[001]4. According to the Equation B4 the lattice constant is determined
ot be a =(5.723 £0.001) A, which is in close agreement with reported
values in thin films [I6] and bulk material [93]] for this Heusler compound.
'The existence of the order dependent (002)5 peak indicates at least the B2-
ordering is present. Further analysis of these peaks intensities yields an order

parameter S for the B2 structure, which is defined by [96]:

S =/ T Tges - T5gi /T (5.1)

I5ake J I3k is calculated from the structure factors by assuming B2 or-
dering for a Nig5 CosMn3gAlzg composition with Niand Co occupying ran-
domly the 8¢ Wyckoft sites while Mn and Al distributed randomly on the 4a
and 4b sites of the L2; structure. Under these assumptions an order param-
eter of S =(1.04 £ 0.01) is obtained. A value greater than 1 is not possible
and can arise from a slightly different chemical composition as assumed, er-
rors in the peak fitting process or due to insufficient consideration of the
instrumental broadening. Still, since a the obtained value is close enough to
1 the assumed unit cell is used for further analysis.

Texture of the sample is investigated by recording a pole figure of the fun-
damental (202)5 peak. The measurement is shown in Figure p.2 a). Sharp
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Ficure 5.2: a) Texture measurement for the (202)4 peak at 44.276°. b)
6/26-scan along the [111], direction. Positions of the superstructure peaks
for L2; ordering are marked by the red dashed lines.

diffraction peaks with a four-fold symmetry are only detected at a )-tilt of
45° from the [001]y,0 direction, which is expected for a cubic structure
with the above mentioned epitaxial relationship. They are furthermore lo-
cated at the ¢ angles of 45°, 135°, 225° and 315°. They correspond to the
(110) g0 directions. This orientation is favorable as the lowest lattice mis-
matches between the MgO-substrate, V seed layer and Ni-Co-Mn-Al layer
are achieved if the epitaxial relationships [110]y,0 || [100]v || [100]ncma
for the in plane lattice components are satisfied [6, P7].

In order to verify that the Ni-Co-Mn-Al Heusler compound is indeed
B2 and not L2, ordered an additional 6/26-scan along the [111] direction
is performed (shown in Figure b)). The one peak visible is identified
as the fundamental (222) at 54.783°. 'The expected positions of the super-
structure (111)4 and (333)a peaks are marked by the red dashed lines in
the graph. No indications of the (333)5 peak is visible in the diffraction
pattern. However, at the (111)4 angle a very small signal barely above the
background is visible. This might indicate that a small fraction of the L.2;
phase is present in the Heusler compound.

Although XRD analysis suggest an epitaxial sample with a good qual-
ity and is in agreement with the literature, a number of defects present in
the the film are identified in TEM investigations. For this a cross section is
cut out from the sample along the [100]y0 direction. An overview of the
specimen, recorded in scanning mode (STEM), is shown on the left side of
Figure p.3. On the right side EDX-mappings of Ni (red), Mn (green) and
Co (blue) of the same area are superimposed on the STEM image to probe
the chemical distribution of these elements. The first notable kind of defect
present in the sample are grain boundaries, which are roughly orientated by
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Ni-, Co- and Mn-diffusion into V
60 nm

Ficure 5.3: a) STEM overview of the reference sample. The surface of the
sample is located at the top of the image. b) STEM image superimposed
of EDX maps of Ni(red), Co (blue) and Mn (green) recorded for the same

region.

45° to the surface normal. At these boundaries a change in the distribution
of Mn atoms is visible in the EDX-mapping. While Ni and Co remains al-
most evenly distributed in the Heusler thin film the Mn signal at the grain
boundaries is greatly reduced. It can be concluded that Mn tends to dif-
fuse away from grain boundaries. Consequently, due to that local variations
in chemical composition also local variation martensitic transformation tem-
perature Ty can be expected. Another type of defects present are indicated
by the yellow arrows in Figure 5.3 a). Several dark spots are visible in STEM
image of the Heusler thin film. Contrast in an TEM image can have dif-
ferent reasons. However, in the corresponding areas almost no EDX signal
from Co, Mn and Ni is detected. Thus, these defects are either voids in the
thin film or precipitates of pure Al. The cause of voids cannot be explained
but Al segregation can arise if temperature during the deposition is too high
such that the Heusler alloy decomposes. This is most likely the cause as also
a significant amount of Mn, Co and Ni interdiffusion into the V seed layer
is observed.

As alast method of characterization a SAED pattern of the Ni-Co-Mn-
Al layer is recorded and simulated with the JEMS software package. Scal-
ing inside the software was achieved by simulating a diffraction pattern for
the MgO-substrate and adjust the scaling parameter until a match with an
SEAD image of the substrate is achieved. For the Heusler compound the
same unit cell for the XRD analysis is assumed here as well. 'The measure-
ment and simulated diffraction spots for a (110) zone axis is shown in Figure
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F1GURE §5.4: Selected area electron diffraction image of the reference Ni-Co-
Mn-Al layer along the (100)vg0 zone axis. In a) the calculated diffraction
peaks and their hkl indices for the B2 ordered structure by the JEMS soft-
ware package are shown as red points. In b) unidentified spots are marked
by the open circles. Open circles might be satellite peaks of the full-color
reflections.

b4 a). All of the main diffraction spots are well reproduced by the simula-
tion, which confirms that the average ordering present in the Heusler layer
is B2. But also some smaller spots with lower intensity are visible that are
not explained by the simulation. Some of them are marked by open circles
in Figure p.4 b). These additional diffraction spots have not yet been clearly
identified. One possible assumption is that the colored outlined reflections
are satellite peaks of the full-color reflections due to modulations. Since
the possibility of small precipitates present in the sample could not be en-
tirely excluded they might also be the cause for those minor diffraction spots.
Similar to the XRD pattern, diffraction spots with very small intensity are
barely visible at the L2 superstructure positions {111} and {133}, which
are marked by the open white dashed circles. It is found that those signals
are most pronounced if the interface region of the V seed layer is included. It
can be therefore assumed that the interdiffusion of Ni, Co, Mn and possibly
Al atoms forms with the V atoms another Heusler compound (e.g. Mny VAL
[98, 99]). If the lattice constant is similar to that of the Ni-Co-Mn-Al sys-
tem these new Heusler cells would integrate into the multilayer system with
the same epitaxial relationships. The low intensity of the diffraction spots
suggest that only a very small portion of the sample is in the undesired L2
phase and thus can be ignored in the further analysis.
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FiGure 5.5: 0/20-measurements for all irradiated samples. Datasets are
offset to each other for better visibility.

5.4 Irradiation results

'The impact of the irradiation on the samples crystal structure is first investi-
gated by XRD. For all irradiated samples a §/26-scan in the range from 20°
to 80 is recorded, which are shown in Figure p.5. Offsets for the diffrac-
tion patterns are used for the purpose of better visibility. Up to an ion flu-
ence of 1 x 10!*ions/cm? barely any difference to the reference pattern is
visible. The absence of additional peaks from other phases attests the low
damage induced by the ion bombardment. Only above an ion fluence of
5 x 10™ions/cm? significant changes in the crystal structure become ap-
parent. Not only does the (002)5 peak vanish but the fundamental (004)
peak as well indicating that the concentration of generated defects is suffi-
cient enough to prevent coherent scattering of x-rays to occur. Noteworthy
is that the (002)y peak remains rather unaffected in this sample.

The out-of-plane lattice parameter, calculated from the (004) 4 peak and
the B2 order parameter S, as defined in the section above, can be used to
visualize the slight changes in the crystal structure caused by the ion beam
irradiation. Calculated values for both of them in dependence of the ion
fluence are shown in Figure F.§ a) and b) respectively. Other studies found
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in dependence of the ion fluence. b) Order parameter S for the B2 structure
in dependence of the ion fluence according to Equation F.J. Dashes lines
serve only as a guide for the eye.

that induced disorder by ion beam irradiation enlarges the unit cell [93, T00]
thus, an increase in the mean lattice constant is expected. Indeed, a mono-
tonic increase in the lattice constant from 5.723 A to 5.730 A is calculated
from the (004) 4 peak, which corresponds to an relative expanse of 0.12 %
on average. Accordingly the order parameter for B2 structure decreases with
increasing fluence further confirming the induced structural damage of the
crystal lattice.

For the characterization of the martensitic transformation temperature
dependent magnetization measurements for heating and cooling in the range
from 50 K to 350 K at external fields of 1'T and 2T were performed for the
reference sample and the four highest ion fluences. Magnetization data from
a pure MgO-substrate are subtracted from the obtained curves to exclude
the diamagnetic background. The final thermal hysteresis curves for all sam-
ples are shown in Figure p.7 a) and b).

The reference sample (blue curve) shows a clear thermal hysteresis from
the MT between 100K to 225 K. The transition region for cooling and
heating cover rather large temperature ranges of several tens of kelvin re-
spectively and displays a nonlinear behavior. This is probably due to the
large number of initial defects and the inhomogeneous distribution of the
elements present in the sample. Furthermore, the magnetization at very low
temperatures remains quite large despite the martensite having a rather weak
magnetic state in the Ni-Co-Mn-Al system. 'This points to a large residual
austenite present in the sample after M'T. Unfortunately, the exact amount
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Ficure 5.7: Magnetization in dependence of temperature for heating and
cooling in an external magnetic field of a) 1T and b) 2T of the irradiated
samples.

could not be determined from temperature dependent XRD measurements
as the accessible temperature range of the custom build cryostat is not suffi-
cient to cover the whole transition region. The Curie temperature 7 for the
reference sample is below room temperature, which is in accordance with
literature values for Co contents around 5 % [14, #8, 50].

The effects of point defects by ion beam irritation become apparent in
the temperature dependent magnetization curves of the 1 x 10% ions/cm?,
5 x 108 ions/cm?, 1 x 10 ions/cm? and 5 x 10'*ions/cm? samples. No-
tably, the magnetization diminishes upon increasing the ion fluence while
the thermal hysteresis of the M'T becomes less pronounced. No MT is mea-
sured anymore for the highest ion fluence of 5 x 10'ions/cm?, which can

be expected from the large radiation damage in the crystal structure indi-
cated by XRD.

For the other fluences a steady shift in the hysteresis towards higher
temperatures with increasing fluence is observed. The shift can be better
seen in the transition temperatures Ty (blue) and T4 (red) in Figure p-§
a) and b) for both external magnetic fields. They are defined as the inflec-
tion points of the hysteresis curves and are obtained by taking the numerical
derivative of the cooling and heating branch respectively. For a ion fluence
of 1 x 10'*ions/cm? a maximum increase of about 35 K for T and T4 to
the unirrdiated sample is measured at 1T. At 1T the shift in both tem-
peratures is slightly lower 29.1 K and 31.2 K respectively. Surprisingly, the
hysteresis width AT = T4 — Ty, shown in Figure p.8 c), remains rather
unaffected by the concentration of defects in this sample. For the reference
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Ficurek 5.8: Transition temperatures T (blue data points) and T'4 (red data
points) in dependence of the ion fluence for an external magnetic field of a)
1T and b) 2T. The data points were determined form the M(T)-curves in
Figure F.7. In ¢) the hysteresis width, defined as the difference of Ths and
T4 is shown. Dashed lines only serve as a guide for the eye.

and the irradiated samples an almost constant hysteresis width of about 15 K
is determined at an external field of 1T.

Interpretation of the obtained results remains difficult as many underly-
ing principles of the impact of structural disorder on the martensitic trans-
formation in NiMn-based MSMA’s are not understood so far. The situ-
ation is difficult to model, because many different types of structural de-
fects can be created in the collision cascade. They can range from slight
displacements of the atoms from their respective lattice positions to intrin-
sic interstitial atoms, extrinsic interstitial atoms (e.g. trapped Net-ions) or
vacancies [92, 01, 102]. Even clusters of the mentioned point defects can
occur. Each of them will affect the MT, either by induced strain fields in
their surroundings or by altering the exchange coupling between neighbor-
ing magnetic moments.
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The irradiation damage in the crystal can roughly be divided into two
regimes. Below a critical fluence the damage can be treated as disorder with-
out a change in the lattice on average, while above the critical fluence it is
more appropriate to treat the damage as a change of the crystal lattice to a
less symmetric structure. Our XRD results suggests that the critical fluence
is between 1 x 10 ions/cm? to 1 x 10" jons/cm?.

In order to get a qualitative insight about the influence of structural dis-
order on the magnetism and MT we take a look at the different in nature yet
related chemical disorder in Ni-Co-Mn-Al. A change in chemical disorder
is believed to be the reason for evolution in magnetization, entropy change
and cell volume observed during different annealing times in melt-spun rib-
bons [P€]. Very short annealing times lead to a transformation of A2 to the
desired B2 phase, which is accompanied by a sharp increase in magnetiza-
tion and entropy change during M'T. Upon longer annealing times a further
improvement of the magnetization and entropy change is observed at first.
Both quantities however decrease if the samples are annealed any further
although almost no change in B2 ordering is detected by XRD. During
annealing time a shift of approximately 31K for the MT towards higher
temperatures is observed as well.

The high sensitivity of the properties of Ni-Co-Mn-Al Heusler com-
pounds for chemical disorder is further confirmed by ab-initio calculations.
Studied were the impact on Co substitution in Niso_5;Co,Mns1.25Al15.75
[6, @5] and the impact of the distribution of Mn atoms on the Mn and Al
sublattice of two non-equivalent B2-cells in Nisg 75Cog.25Mng; 25Al15.75
[96]. The most important results obtained from these calculations are:

* Nearest neighbor interaction of host Mn and anti-site Mn moments
on the Al sublattice is antiferromagnetic regardless of their respective
pOSitiOl’lS in Ni50M1’131,25A118_75.

* Substitution of Ni by Co favors a parallel alignment of all nearest
neighbor moments in the austenite state.

* Chemical disorder in non-equivalent B2 configurations affect the in-
ternal energy and volume of the austenite unit cell.

* A ferromagnetic or antiferromagnetic alignment of the magnetic ground

state in the austenite phase is determined by chemical disorder.

Impacts on magnetization and electronic structure were also demon-
strated by ab-initio calculations in Ni-Co-Mn-Ga [103] and similar results
obtained in Ni-Mn-based MSMA’s annealing studies [104-106] further
highlights the sensitivity of chemical disorder in these systems. Based on
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this it can be assumed, that the properties of Ni-Co-Mn-Al is similar sen-
sitive to structural disorder. The ab-initio results might also explain the re-
duced magnetization measured in our irradiated samples. If Co atoms are
displaced from the unit cell during the collision cascade the strong ferro-
magnetic exchange between the neighboring magnetic moments will be lost
in the austenite state. As a result the magnetization would decrease. Simi-
larly, the ion beam irradiation would increase in Mn anti-site defects, which
are likely to couple antiferromagnetically to the neighboring Mn moments.
However, comparisons to chemical disorder cannot predict if a particular
point defect in a damaged cell will still show a martensitic transformation.
The less pronounced MT present in the M(T)-curves suggests that this is
not the case. Still, they can serve as nucleation sites for the martensite, which
lower the energy barrier and thus results in a shift in transformation temper-
atures as less undercooling is needed.

Interestingly the Heusler compound system behaves opposite to compa-
rable studies on performed on FeRh. FeRh, as one of the most promising
magnetocaloric materials, shows a first-order isostructural metamagnetic
transition from a cubic ferromagnetic at high temperatures to a cubic antifer-
romagnetic state at low temperatures. In contrast to our Heusler compound
irradiated FeRh thin film samples show a shift of the M'T towards lower tem-
peratures [93, P4]. Furthermore, with increasing ion fluence a stabilization
of the ferromagnetic ordering is observed at low temperatures. Eggert et al.
[94] attribute this to a second magnetic phase with an identical hyperfine
field splitting to the B2-FeRh phase evolving due to ion beam irradiation.
In these thin film studies the thermal hysteresis also broadens significantly
and displays a nonlinear behavior with increasing ion fluence [93, P4]. This
is in accordance with the findings of Malygin [#3]. Equation .1 predicts a
broadening of the transition region A7 proportionally to the defect concen-
tration C' in the sample. For point like defects the broadening should also
be especially pronounced since A7 is inversely proportional to r®, where
7 is the radius of the obstacle. 'This increase is not visible in our samples.
This might be masked due to the initial broad martensitic transition in the
sample.

Another very important aspect about the impact of ion beam irradiation
on the MT, which should be considered for applications, are the resulting
thermodynamic properties. The entropy change during the phase transition
is particular important in the context of magnetocaloric refrigeration. Their
ability to refrigerate is directly linked to the difference in magnetization
and the amount of volume participating in the martensitic transformation.
Cervera et al. [93] could measure a drop in cooling capacity by a factor of
2 for an FeRh sample irradiated with a fluence of 1.7 x 103 ions/cm?. Be-
cause the magnetization difference and the volume of transformed material
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is significantly reduced in our samples by irradiation a decrease in cooling
capacity can be expected in our samples as well. Although the transition tem-
perature can be tuned by ion beam irradiation the worsening of the magnetic
and thermodynamic properties in MSMA’s can limit this post-processing
method in applications.

5.5 Conclusion

Nig5CosMn3zgAlyg thin films were prepared and irradiated with 150 keV
Ne ions at different ion fluences to investigate the effects of point like de-
fects on the martensitic transformation in this system. We found that with
increasing concentration of defects the martensitic transformation shifts to
higher temperatures, which can be interpreted as an average decrease in the
nucleation barrier. This comes with the disadvantage of less material be-
ing transformed and deterioration of the magnetic properties in this system.
These might have direct impact on the desired properties such as cooling
capacity. A reduction in hysteresis width is not observed in the prepared
samples. A possible influence might be overshadowed by the already present
number of defects present in the sample during sample preparation, which
resulted in a very broad transition region. Therefore to further verify the ob-
tained results the experiment should be repeated after improved deposition
conditions. Nonetheless, the ion beam irradiation offers a new degree of

freedom to tailor NiMn-based MSMA’s to the desired needs.
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Martensitic intercalations in

Ni-Co-Mn-Al shape memory alloys 6

6.1 Introduction

Existing studies showed that thermal hysteresis can be minimized by ei-
ther optimizing the chemical composition of the material system of inter-
est [107], applying hydrostatic pressure to enhance the phase compatibility
between martensite and austenite [108] or nanoindentation [P1]]. Another
recently investigated option is just cycling through minor loops of the ther-
mal hysteresis [26, B1]. The latter method is based on the idea that the
reverse MT is stopped before the full austenite state is reached. Thus the
nucleation step is avoided as martensite nuclei are always present in the mi-
nor loop cycle. A physically very similar concept followed in this work is the
use of martensitic intercalations in thin film stacks, presented in this chapter.
Two material systems, an active transforming layer (AL) with a MT below a
working temperature and a martensitic intercalation (MI) with a transition
temperature well above the working temperature, are put together in a mul-
tilayer like fashion. As in the case for the minor loop concept martensite
is always present, which serves as nuclei while the AL undergoes thermal
hysteresis.

As stated in Chapter 2.5 in Mn-rich Ni5o—,CoyMnas 4 Alos_y, which
undergoes a cubic-to-tetragonal transition, the MT temperature can be shif-
ted by slightly varying the Al or Co content[[4, #8]. This offers the advan-
tage that the whole intercalation system can be constructed with the same
material system. In addition, the highly geometrical, controlled distribution
of martensite cores due to the layer stacking could be advantageous for the
transformation behavior. Moreover, in contrast to the simple minor loop
concept the full transformation cycle of the AL can be utilized. Little is yet
known about the transformation behavior of such martensitic intercalated
systems. Therefore we investigate these effects in sputter deposited epitaxial
thin film multilayer systems and characterize the MT in terms of hysteresis
width, transformation temperature and residual austenite.
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F1GURE 6.1: a) Illustration of the 2 MI and 3 MI sample systems. All sample
systems are capped with 2 nm Ru to prevent oxidation, which is not shown
here. b) Visualization of the austenite fraction in dependence of temperature
for the MI (red) and AL (blue) compositions calculated from temperature
dependent XRD measurements.

6.2 Experimental details

6.2.1 Sample preparation and characterization methods

Thin film Ni-Co-Mn-Al multilayer systems were prepared in a magnetron
co-sputter deposition chamber from 3” pure elemental Ni (DC), Mn (DC).
Al (DC), Co (RF) targets with a base pressure better than 5 x 10~% mbar
and a target to substrate distance of 21 mm. MgO(001) is used as the sub-
strate material and is heated up in the deposition chamber to 450 °C prior
to the deposition of the thin films. In earlier studies we found that a less
rigid seed layer than MgO improves the martensitic transformation in thin
films [90] and therefore a 30 nm V seed layer is deposited before any of the
Heusler films. In order to minimize diffusion effects between the active lay-
ers and martensitic intercalations the sample was immediately cooled down
to room temperature after the deposition of the Heusler layer. Furthermore
all samples are capped with a 2 nm thick Ru layer to prevent oxidation.
Sample systems were prepared with 0, 2, 3, 4, 7 and 13 MI’s. Every
intercalation layer has a thickness of 30 nm. The total thickness of the ac-
tive layers was always held constant at 600 nm and divided into equally thick
parts in order to have a constant amount of AL volume throughout the sam-
ple series. Thus, the thickness t51, of one AL in the sample systems can be

calculated by t4;, = %ﬁfi‘ |, with Ny being the number of martensitic

intercalations. An illustration of the 2 MI and 3 MI sample systems are
shown in Figure p.1] a).

Structural investigations were carried out in a Philips X’pert MPD x-ray
diffractometer in Bragg-Brentano geometry using Cu K, radiation. A cus-
tom build LNy cryostat with a temperature range from 140 K to 470 K was
utilized in order to investigate the crystallography in dependence of temper-
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Table 6.1: Martensite start M, martensite finish My, austenite start A
and austenite finish Ay temperatures for the AL and MI thermal hysteresis

shown in Figure .1 b).

Layer M, [K] M;I[K] A,;[K] A;I[K]
AL 232 204 248 271
MI 342 310 319 353

ature. 'The austenite fraction at a specific temperature was determined by
fitting the (004) austenite peak of the Heusler compound with a Pseudo-
Voigt function and measuring the area under the curve. The data is then
normalized to the measured intensity in the fully austenitic state.

Temperature dependent magnetization measurements in the range from
100K to 320K were performed in a 7T vibrating sample magnetometer
(VSM) with an in-plane applied external magnetic field of 500 mT.

High resolution images and selected area electron diffraction (SAED)
were recorded in a JEOL FS-2200 transmission electron microscope (TEM).
'The local micro-structure in the samples is determined by fast-Fourier trans-
formation (FFT) analysis of the images. Furthermore diffusion effects are
investigated by energy dispersive x-ray spectroscopy (EDX) mapping of the
samples cross section.

For convenience reasons, room temperature (RT) was chosen as the
working point for this study. Before the preparation of the intercalation
samples, a composition with a M'T below and a composition above RT have
to be found. For this 200 nm thick Ni-Co-Mn-Al films with different com-
positions were deposited and their transition temperatures were measured
by temperature dependent XRD measurements. Thin films with nominal
compositions NiggCo7zMns; Aljg for the ALs and NigzCozMngsAly7 for
the MI’s were found to be suitable. The nominal compositions were derived
from the individual deposition rates of each target. Their respective thermal
hysteresis is depicted in Figure p.] b). The AL (blue triangles) composi-
tion shows a very broad hysteresis between 200-250 K while the MI (red
diamonds) exhibit a very small hysteresis between 320-340 K. Both tran-
sitions are completed at RT and therefore their martensitic transitions do
not overlap. Tab. p.] lists the values for the transformation temperatures as

indicated in the figure.
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FIGURE 6.2: 6/20-measurements at room temperature for the sample series.

6.2.2 Structural Characterization and Temperature Profile of the
Martensitic Transformation

From both compositions the intercalations samples were fabricated. Fig-
ure p.2 shows the 6/26-scans used to determine the structural properties of
all investigated samples. The (002)n,0 peak at 42.91°%, the (002)y peak at
60.73° are clearly visible in all scans as well as the diffraction peaks (002)
30.97° and (004) at 64.54° associated with the austenite phase. The austen-
ite can be described in Ni-Co-Mn-Al as a cubic B2-structure with a lattice
constant of @ = 5.771. Martensite features from the intercalations are only
present in the 13 MI sample. At 32.36° the (200)nM and at 67.68° the
(400)nm peak are visible from the nonmodulated martensite unit cell. Fur-
thermore to the left of both austenite peaks there is also a diffraction peak
visible which could be attributed to the 14M modulation of the martensite,
which frequently occurs in this alloy to reduce the interfacial energy between
the martensite and austenite [16, T09]. The lattice parameters were found
to be a = 5.53 and ¢ = 6.62.

Characterization of the martensitic transformation was performed by
temperature dependent magnetization measurements in the range from 100-
320 K with an external in-plane magnetic field of 500 mT, which are shown
in Figure p.3. Transformation behavior differs widely between the 4, 7 and
13 MI samples on one and the 0, 2 and 3 MI samples on the other side.
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Ficure 6.3: Magnetic moment in dependence of the temperature. External

magnetic field of 500 mT applied in-plane.

Starting with the first three samples of the series we find a sharp martensitic
transformation occurring around 230 K.

Figure p.4 a) and b) show the values for the martensitic transformation
temperature 17 and reverse transformation temperature 74 alongside the
hysteresis width AT = Ty —T. These Temperatures are defined by the in-
flection points of the cooling and heating branch respectively. With increas-
ing number of intercalations we find a steady decrease in hysteresis width
from 16.9 K to 13.8 K. Looking at the transformation temperatures we find
that Ty remains constant at 278 K while T4 shifts to higher temperatures.
In this regard the martensitic intercalations behave similar to as the minor-
loops in Ni-Mn-Ga thin films [AT].

Figure b4 ¢) shows the amount of residual austenite at low tempera-
tures, which is another important quantity to characterize martensitic trans-
formations. The data points are calculated from XRD measurements of the
(004) 4 peak at 140K normalized to measurements at room temperature,
which are shown in Figure p.3. In contrast to the decrease in hysteresis
width, we find a steady increase in residual austenite from 2.5% to almost
20% for the 3 MI sample in this case. In thin film systems it was shown that
the martensite nuclei take the shape of flat, elongated diamonds with their
phase boundary inclined by a few degrees from the {011} 4 planes, which
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FIGURE 6.4: a) Transition temperatures, b) hysteresis width and c) residual
austenite content in dependence of the number of martensitic intercalations.
'The open symbols are the values for the second hysteresis in the 7 MI sample.

mainly grow in length not in width during martensitic transformation[BJ].
'The nuclei stop to grow if the tip of the diamonds touch other phases, such
as substrates or other martensite nuclei, because an energetically unfavorable
incoherent interface has to be formed. Thus, in thin films the thickness of
the film dictates the maximum size of a martensitic nucleus[f]]. As the thick-
nesses of the ALs become smaller with increasing number of intercalations
the maximum size of the martensite nuclei are reduced as well, leaving a lot
of untransformed material in between the nuclei. In this regard the MI’s can
be viewed as barriers for the growth of the martensite. At the moment it is
unclear if the martensite nuclei in the MI layers simply grow during cooling
and protruding inside the AL layers or if different martensitic nuclei begin
to grow inside the active layers, which is facilitated by local strain fields of

the MI layers.
The situation drastically changes for the 4, 7, and 13 MI sample systems
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FiGURE 6.5: 6/26-scans in the range 58° to 72° at 300K (red graph) and
140K (blue graph) for the a) 0 M1, b) 2 MI, ¢) 3 MI, d) 4 M1, e) 7 MI and
f) 13 MI samples.

in which the thicknesses of the ALs approaches the thickness of the M.
A sudden shift in the MT towards RT is noticeable. In the 7 and 13 MI
samples, a splitting of the hysteresis in multiple ones is observed, indicating
the presence of regions with different transformation behavior. Still, hys-
teresis width reduces further to 10.7 K except for the 4 MI sample,. The
residual austenite content at low temperatures decreases and remarkably for
the 7 and 13 MI samples, no intensity from the (004) 4 peak could be dis-
tinguished from the background. Thus, in these two samples the amount of
residual austenite can be neglected.

6.2.3 Interdiffusion across the interfaces

Since the deposition of the samples takes place at elevated temperatures,
diffusion has to be taken into account. Especially the light elements Al and
Mn tend to diffuse easily. In order to estimate this effect, a 30 nm thick
sample was deposited with the same composition of the ALs at the same
deposition temperature. To get a high difference in chemical composition
the power at Mn source is instantly halved and at the same time the power
of the Al source doubled after half of the deposition time. The sample stays
heated the same amount of time as the 13 MI sample. Thus the sample
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Ficure 6.6: Normalized concentration line profile of the test sample for Al
(upper panel) and Mn (lower panel) calculated from the EDX-mapping.

should be representative for the bottom most AL/MI-interface in the 13
MI sample as well as serve as a worst case scenario for all other interfaces.
A line profile is calculated from EDX-mapping of a cross section. Diffusion
between the AL's and MI’s can be ruled out as the reason for the shift in
transformation temperatures. From the normalized line profiles shown in
Figure p.g we find that only a region of about 9 nm for Al and 5.5 nm for
Mn around the interface is affected in the worst case. Thus most of the inner
parts of all layers should be chemically intact.

Instead, we find evidence that elastic coupling between the different lay-
ers rearranges the martensite nuclei and guides their growth during cooling.
In the 13 MI sample this leads to a very inserting long range ordering phe-
nomenon as can be seen from cross sections cut along the [100] 4 direction
in TEM. Figure p.7 shows two of these images. Over the entire area of
the Heusler thin film checker board like arrangement of brighter and darker
regions are seen. From FFT analysis of high resolution TEM (HRTEM)
images we could determine that the contrast results from martensite and
austenite regions. The existence of Moiré-pattern in all cells, which could
arise from overlaps of martensite and austenite lattices suggests that this or-
dering also extends in the third dimension as well. A detailed analysis of this
checker board will follow in the next chapter. Such a structure raises inter-
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Ficure 6.7: TEM images of an cross section from the 13 MI sample. The
phase contrast stems from different crystal structures inside the sample.

est because complex magnetic structures might emerge due to the periodic
arrangement of ferromagnetic and non-ferromagnetic areas.

6.3 Conclusion

Hysteresis and transformation behavior were studied in epitaxial Ni-Co-
Mn-Al magnetic shape memory alloy thin films with varying number marten-
sitic intercalations (MUI’s) placed in between. MI’s consists of a different
Ni-Co-Mn-Al composition with a martensitic transformation occurring at
much higher temperature than the host composition. With increasing num-
ber of intercalations, we find a decrease in hysteresis width from 17K to
10K. For a large difference in the layers thicknesses, this is accompanied
by a larger amount of residual austenite. If thicknesses become comparable,
strain coupling between them dominates the transformation process. This
manifests in a shift of the hysteresis to higher temperatures, a splitting of
the hysteresis in sub hysteresis and a decrease in residual austenite to almost
0%. A long-range ordering of martensite and austenite regions in the shape
of a 3D checker board pattern is formed at almost equal thicknesses.
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In this chapter the origin and behavior of the checkerboard sample are dis-
cussed. First the XRD data are presented as they allow the determination
of the lattice parameters and the general orientation of the martensite and
austenite unit cells. In the second part these results are then correlated with
the data obtained from TEM experiments. The TEM data in this chapter
was produced by Daniela Ramermann and was kindly made available for
this chapter. For further TEM-analysis the reader is referred to her PhD
thesis [110].

7.1 XRD analysis

In a first step, XRD analysis is performed on the sample. From this the cell
parameters for the martensite and austenite as well their respective orienta-
tions to the MgO-substrate can be measured. A 6/26-scan for the (002)
peak and the (004) 4 and (400) s peaks are shown in Figure 1. The peaks
are fitted by Pseudo-Voigt-functions as described in B22.J]. A linear function
is subtracted to account for the background noise.

A fit for the (004) 4 peak yields a 26-angle of (64.721 + 0.009)°, frorrol

which according to Equation B4 a lattice constant of (5.761 &+ 0.008) A
for the austenite unit cell is calculated. As for the martensite a position of

7000
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F1Gure 7.1: 6/20-scan for the a) (002),s peak and b) (004) .4 and (400),,
peak and their respective fits.
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(67.720 £ 0.010)° for the (002) s peak and a position of (26.803 + 0.023)°
for the (400)5s peak is determined. Therefore, the unit cell parameters of
the tetragonal cell are a =(5.534 +0.010) A and ¢ =(6.652 + 0.018) A.
These values are in close agreement with lattice constants found in other
studies for this alloy [16]. A tetragonality factor ¢y for the martensite of
(1.202 + 0.003) is found for this case. In order for the (004) 4 and (400)s
fit to converge the (002)y peak from the V seed layer at (60.781 + 0.013)°
has to be considered as well in the fitting process. Additionally two more
Pseudo-Voigt functions have to be introduced centered at (61.593 £ 0.186)°
and (66.775 £+ 0.169)° for the fit to converge. Both peaks could be caused
by the 14M-modulated superstructure occurring in this Heusler compound.

In order to get the orientation of these cells, texture measurements at se-
lected austenite and martensite diffraction peaks have been performed. The
pole figures for the austenite (004)4, (202)4 and (602)4 peaks are shown in
Figure 7.7 a)-c) on the left column. The austenite peaks are located close
to the positions with a 4-fold symmetry, which follow from the epitaxial
relationships: [001]4 || [001]ye0, [100]a || [110]pe0. On closer inspec-
tion there is a slight tilt observed of about (2 + 1) in either ¢ or 1) for all
peaks. This can be explained by assuming four different austenite orienta-
tions present in the sample, whose orientations are given by the following
matrices Ay, Aa, A3 and Ay (all entries are given in A). As usually defined
in crystallographic theory the columns of the matrices are the a, b, c-vectors

of the crystal structure.

4071 4071 0.201 4.071
A =|—4074 4074 00 |, Ay=|-4.074
~0.142 —0.142 5.757 0.142
4071 4.071  0.201 —4.071
Ay = | —4.074 —4074 —00|, Ay =|-4.074
0.142  —0.142 5.757 ~0.142

4.071
4.074
0.142

4.071
—4.074
0.142

—0.201
0.0
5.757

—0.201
0.0
5.757

Using these orientation matrices any arbitrary reciprocal lattice position
in a pole figure can be obtained by transforming the reciprocal lattice co-
ordinates into spherical coordinates and plotting their polar and azimuthal
angles. 'This is shown on the right column in Figure -] for the respective
(004), (202) and (602) peaks. Each color represents the diffraction peaks
for a different orientation (blue for Ay, red for Ay, green for A3 and black
for Ay). It can be seen that all of the pole figures can be reproduced well
by those four austenite orientations. However a tilt between the residual
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FiGure 7.2: Pole figures for the a) (004) 4 peak at 20 = 64.7°, b) (202) 4
peak at 20 = 44.33° and ¢) (602) 4 peak at 20 = 113.58°. On the right
side the measurements are shown and on the left side the corresponding
calculation of the peak positions for the crystal orientations given by the
orientation matrices A1, Ao, Az and A4. The measurements are normalized

to the maximum intensity in the pole figure.
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FiGure 7.3: Pole figures for the a) (202) s peak at 20 = 26.8°, b) (202)
peak at 20 = 42.59°, ¢) (220) s peak at 20 = 46.45°. On the right side the
measurements are shown and on the left side the corresponding calculation
of the peak positions for the crystal orientations given by the orientation
matrices M7, M, M3 and M,. The measurements are normalized to the
maximum intensity in the pole figure. The black open circles in b) are indi-
cating diffraction peaks from the (110) Vanadium peak.

78



7.1. XRD analysis

austenite and the MgO-substrate is usually not observed in a conventional
sample during its martensitic transformation.

Texture measurements for martensite diffraction peaks were performed
as well to investigate their orientations in the sample. Selected for this were
the (200) 57 at 20 = 26.8°, the (202) 57 at 20 = 42.59° and the (220) s peaks
at 20 = 46.45°, which are shown in Figure 3 a), b) and c) respectively.
Intensity for the (002),s peak was only observed in the center of the pole
figure at ¢» = 0° in the ¢-range 0° to 87°. Thus, the (100),,-directions
are always aligned parallel to the [001], qo-direction for all martensite cells.
This further implies that the long [001]p-axis of the tetragonal unit cell
has to be orientated in an in-plane direction. For such oriented martensite
cells with a tetragonality factor of about ¢ =1.202 the (202),, diffraction
peaks should be observed at a 9)-tilt of 39° with a two-fold symmetry for a
single martensite orientation. In Figure /3 b) four different peaks with a
two-fold symmetry are observed at this -tilt. Two of them are centered
at ¢ = £5° around the [110]y,0-direction at ¢ = 45° and the other two
likewise centered around the [110]y0-direction at ¢ = 135°. 'This can
be understood by solving the compatibility conditions for two martensite
variants. A coherent interface between them is possible if they are tilted by
a twinning angle oy to each other. The twinning angle can be obtained
by solving the twinning equation or the cp-ratio according to the equation:

oW = arctan cp — arctan c;l. (7.1)

For the measured cp-ratio this yields a twinning angle of 11.5°, which is
close to the difference of (10 £ 2)” measured in the pole figure around the
[110]ne0 and [TlO]Mgo—directions. Additionally this confirm the existence
of a modulated superstructure present in the martensite nuclei. Another,
more intense peak at a 1)-tilt of 45° with a four-fold symmetry is observed
in the pole figure. It belongs to the close {101} planes of the cubic Vana-
dium seed layer at 26 = 42.14, which grows on top MgO with the epitaxial
relationships (001)y || (001)mg0 and (100)y || (110)mg0- In the last pole
figure the (220)5s peaks are measured at the predicted v-tilt of 45°. ‘They
also show the twinning behavior of the (202)/-peaks, confirming the ob-
tained results.

As in the austenite case all texture measurements can also be reproduced
by considering four different martensite orientations, given by the matrices
M (red), My (blue), M3 (green), My (black) down below and a Vanadium
unit cell fulfilling the epitaxial relationships (black open circles).
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FiGurke 7.4: Pole figure for the (002)5; peak at 20 = 26.8°. The measure-

ment is normalized to the maximum intensity in the pole figure.

0.0 4364 5.02 0.0 4.276 5.096
My=| 00 4177 -3.631]|, My=| 00 —4.24 3.558
5.535 0.0 0.0 5.535 0.0 0.0
0.0 —4.364 5.02 0.0 4276 —5.096
Ms=1| 00 —4177 -3631|, My=| 00 —4.24 -3.558
5.535 0.0 0.0 5.535 0.0 0.0

As a final experimental verification to the determined orientations an
additional pole figure was recorded for the (002),; peak at 260 = 26.8°,
shown in Figure /4. In the case of the above mentioned martensite ori-
entations present, no signal should br observed in the )-range between 0°
to 87°. However, four signals were found at ¢ = 6° and ¢ = 45°, 135°,
225° and 315°, which cannot be explained by the orientations above. A
closer investigation is omitted as the intensity is rather small. A §/26-scan
at ¢ = 6° ¢ = 45° is shown in Figure [/]] a) and used to directly measure
the lattice parameter c for the martensite unit cells. It can be assumed that
those four additional orientations are not a major constituent of the checker
board itself but belong to martensite regions close to either the interface at
the Vanadium seed layer or the sample surface.

Summarizing, four austenite and four major martensite orientations are
identified by XRD texture measurements at room temperature in the sample.
A clear twinning behavior is observed for the martensite cells. However
from the XRD measurements alone, the micro structure of the checkerboard
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cannot be determined. Therefore in the next section results from TEM-
analysis of the sample is discussed.

7.2 'TEM analysis

For the TEM-analysis a cross section is cut out from the sample along the
[110]mgo direction by means of Ga™-ion beam milling at 30 keV and pol-
ishing at 5keV in a FEI Helios DualBeam FIB by Martin Gottschalk and
Bjorn Biker. Two different TEMs were utilized by Daniela Ramermann
for this work. A JEOL JEM-2200FS located at the Bielefeld University
and a JEOL ARM200F at the University in Paderborn.

7.2.1 General analysis

'The checkerboard consists of three different areas, which are shown in Figure
3. Visible are two regions of different sizes, which appear as squares and
are separated by rectangles. They are therefore labelled throughout this chap-
ter as Small Squares (SS), Large Squares (LS) and Rectangles (R). They are
not characterized by their brightness because they depend on the illumina-
tion conditions inside the TEM [T1(]. Both square regions align themselves
such that their edges are inclined by (45 £ 2)° to the sample surface. Further-
more, in both regions strong parallel Moiré-patterns can be observed but not
in the R regions. Notably, the Moiré-patterns from the LS and SS regions
are perpendicular to each other and are aligned parallel or perpendicular to
the sample surface respectively. Moiré-patterns are a kind of interference
effect observed in transmission electron microscopy if either [TT1]:

* two lattices with different lattice spacings are placed on top of each
other

* two lattices of the same kind are rotated against each other
* a combination of both aforementioned possibilities

A line profile over several checkerboard regions is utilized to measure
the size of the different regions. This is shown in Figure . From this a
size for the LS regions of (50 & 5) nm, for SS regions a size of (44 + 4) nm
and for the R regions (50 + 5) nmx (44 + 4) nm. However, it is difficult
to obtain the accurate values for the sizes because the contrast between the
regions is strongly dependent on the tilt of the sample. Figure [/.7 shows the
normalized contrast difference measured over the same area under different
sample tilts. It can be seen that the highest contrast is achieved at around 0°.
Within the region of —35° to 35° an oscillatory behavior of the contrast can
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Ficure 7.5: High resolution TEM-image of the checkerboard sample.
Marked are also the three different regions and area which is used for FFT-
analysis.
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Ficure 7.6: TEM-cross section of the checkerboard sample along with the
line profile over several areas for the calculation of their respective sizes.

be found. At higher tilt angles, the contrast drops to zero and no checker
board can be seen.

An explanation for this could be that the contrast difference is caused by
the overlap of different crystal lattices in certain regions. Depending on the
crystal structures and their orientation to each other electrons might pass
the regions easier under certain tilt angles.

From a relative thickness map, recorded in the TEM, a thickness of
about 80 nm at the surface of the sample, which increases to about 200 nm
to the substrate.

7.2.2 Microstructure analysis

In order to determine the microstructure of the checkerboard it is neces-
sary to link the cell orientations, measured by XRD in the section .1, to
the different regions shown in the TEM-images. If the first two monolay-
ers of the austenite and martensite orientations from the XRD analysis are
projected onto the [110]yz0/[001]pg0-plane, three different unique projec-
tions should be observable in the TEM-images. They are shown in Figure
[7-8 along the distances between the atoms. Note, that for the sake of sim-
plicity the small tilt between the MgO and the four different austenite ori-
entations is neglected as the deviations would result in a deviation less than
the resolution capabilities of the analysis down below. For the martensite,
two different projections are possible. The first one are the projections of the
orientation matrices M3 and My. The second projection stems from the M
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Ficure 7.7: Average intensity difference between bright and dark areas in
dependence of the tilt angle. Difference is normalized to the sum of the
intensities. The dashed lines serve as a guide to the eye. The data were

kindly provided by Daniela Ramermann [T10].
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Ficure 7.8: Projections of the first two atomic layers of martensite and
austenite orientations onto the [110]yg0/[001]y,0 plane from the XRD
measurements. The small tilt of the austenite cells relative to the MgO-
lattice is neglected fro simplicity.
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Rectangle Small Square Large Square

FiGure 7.9: FFT-images from the regions marked in Figure /23

and M orientations. Twinning is not visible if only the first two monolayers
are considered in for this projection.

Selective area electron diffraction of the defined areas containing only a sin-
gle element of the checkerboard structure was not possible due to their small
size and limitations of the TEM. Therefore, another approach to identify the
orientations is chosen. From the high resolution image the marked areas in
Figure [/.5 are cropped from the image and a fast-Fourier transformation
(FFT) is applied to them. They are shown for the three regions in Figure

In all FFT images several spots can be seen, which contain the inter-
atomic distances present. The rectangle regions shows only a small amount
of spots while the square regions display a much more complicated pattern.
Due to the high background and the weak intensity of the spots their po-
sition in the FFT image cannot be measured very well by simply taking
line-profiles of the images. In order to quantify them more accurately the
following analysis procedure is employed:

In a first step the absolute square values of the FE'T images are smoothed by
a gaussian filter in order to reduce the noise. Care must be taken in choosing
the window size for the filter as this could introduce artifacts or smooth out
low intensity signals. A window size of 2 by 2 pixel was deemed sufficient
for this study. Each pixel of the smoothed image is then assigned a radius
' from the image center, calculated from the pixel position and rounded to
the nearest integer value. ’ is then scaled by the FFT pixel scaling factor
to yield a proper distance in reciprocal space. From all pixels with the same
radius from the center the variance is calculated. If a peak is located in the
FFT image at a particular radius the variance should be significantly higher
than the variance obtained at a radius containing only smoothed noise. To
further enhance the visibility of the peaks the variance is divided by the sum
of the pixel intensities. Obtained values are plotted against 7/~! to con-
vert the radii to atomic distances in real space. This procedure is similar to
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power spectral density (PSD) analysis of signals. Possible peak positions and
widths are found by a peak search algorithm.

'The found peaks do not necessarily belong to a peak in the FF'T image but
can also be caused by artifacts of the transformation process or the smooth-
ing of the image. Thus itis necessary for each peak to calculate the anisotropy
of the intensity distribution. For a real signal most of the intensity of the
peak should be contained in certain angle intervals around the center while
for artifacts only noise should be detected. Therefore, from each peak po-
sition and width an inner radius r} and outer radius r/, is defined and the
pixels outside this interval are masked. The remaining pixels inside this ring
are then split in angle intervals of 1° beginning from the top of the image
in clock-wise direction and summed over. They are normalized by the total
intensity of the ring and plotted against the angle. For further discussion
only peaks clearly visible in the anisotropy spectrum are plotted and the rest
is discarded.

It should be noted that there are limitations to this analysis method. Peaks
close to the center of the FF'T image are less accurate to analyze because the
distance in real space is inversely proportional to 7. It is also evident that
the pixel density for a small radius is quite low compared to a larger radius
thus, in the anisotropy measurement not all angle intervals contain a pixel.
In all following variance plots, a single dashed, gray, vertical line is plotted
marking the distance where every angle contains at least one pixel.

Other sources of errors leading to deviations in the measurements can
occur during the sample preparation and measurement. The largest source
of error might be a misalignment to the [110]yg0 direction during the ion
beam milling process. Also local deformations in the TEM lamella and
sample mounting can further introduce errors. An error of 0.5% for he
measured lengths and an error of 5° for the measured angles is therefore
estimated to account for these sources of error.

Applying the aforementioned analysis procedure for the FF'T in Figure
9 of the rectangle region yields the variance and anisotropy plots shown
in Figure [[.I0 a) and b). Only two clearly visible peaks are found in this
region at the distances 2.022 A (red) and 2.810 A (blue) in the variance plot.
Comparing these values to the smallest atomic distances of the austenite pro-
jection in Figure [/.§ we find an almost perfect agreement for the distances
between the gray border atoms (2.862 A) and the distance between the bor-
der atoms and the red center atoms (2.023 A). Strong signals are observed in
the anisotropy plot at 170° and 350° for the 2.022 A distance and at 126° and
306° for the 2.819 A distance. Between them is an angle difference of 44°,
which is close to the expected value for the cubic austenite cell. However,
neither of the large signals shows the expected four-fold symmetry, which
could be due to the low quality of high-resolution TEM-image. Two smaller
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FiGure 7.10: a) Variance in dependence of the distance from the center
of the FFT-image for the R region. Investigated peaks are marked by a
colored cross. b) Anisotropy of the intensity for the investigated peaks in a)
in dependence of the angle.

peaks are measured at 93° and 273° for the 2.022 A distance. Between them
and the larger peaks only a 77° relation is calculated instead of the expected
90°. This can either hint at another austenite orientation present in this re-
gion or the peaks are caused by artifacts. A second austenite direction with
such a large tilt however stands in contrast to the measured XRD pole fig-
ures, which confirm only slight tilts of a few degrees between them. Also
one could expect Moiré-patterns to emerge from two tilted unit cells, which
is not observed in any rectangle region even under different tilt conditions.
Thus, those small peaks are likely to be caused by artifacts. To conclude
the rectangle regions consists of a single austenite orientation. Furthermore,
since the edge-atoms distances from the austenite point almost along the
(110)p1g0 or (001)y1, directions, those directions should be found around
35°,125°% 215° and 305°.

Focusing of the small square area, a much different behavior is found.
'The results of the peak analysis are shown in Figure [[.T]]. Five different dis-
tances are found with a clear anisotropy at 1.940 A (cyan), 2.044 A (orange),
2.209 A (green), 2.711 A (red) and 17.374 A (blue). Similar to the rectan-
gle region the austenite edge-center atom distance (2.023 A) fits well to the
measured 2.044 A with the large peaks occurring at almost same angle of
169° and 349°. Also two smaller peaks are located at 90° and 270°. Since
they also do not share 90° relations to the larger peaks they are considered as
artifacts as well. A distance matching the austenite edge-atoms is not found.
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Ficure 7.11: a) Variance in dependence of the distance from the center
of the FFT-image for the SS region. Investigated peaks are marked by a
colored cross. b) Anisotropy of the intensity for the investigated peaks in a)
in dependence of the angle.

On the other side clear indications for the presence of martensite cells are
visible. The smallest distance of 1.940 A is close to the expected value for
the edge-center atom of the martensite projection 1. Two small and two
large peaks are seen in the anisotropy plot for this distance at 84°, 172°, 264°
and 352°. Unlike the austenite those peaks feature an average distance of
(90 £ 2)° to each other, being the only lattice distance with a four-fold sym-
metry. From the XRD pole figures an angle of 45° between the [110]5,
direction and the [110]n,0 or the [001]y,0 is expected. Taking the esti-
mated angles for the MgO-directions confirms that the difference in angles
is between 47° to 49°. 'The edge-center distance from the first martensite
projection is measured and with a distance of 2.209 A, compares well to the
expected distance in the second martensite projection of 2.167 A. They oc-
cur at 163” and 343°. Special about this martensite direction is that its angle
to the [110]yz0 and its angle to the [001]yg0 direction do not coincide thus
allowing differentiation between the two MgO-directions. The calculated
difference between the martensite peak at 163” and the MgO-direction at
125° equals 38°, which is close to the expected value of 39° to the [110]mg0
direction. Conversely to the perpendicular MgO-direction at 215° their dif-
ference is 52°, which again is quite close for the expected angle of 51° to the
[100]ng0 direction. Thus the [001]yg0 direction can be associated with the
angle 35° and the [001]n,0 direction can be associated with the angle 215°.
It follows, the [110]pgo direction is found at 215° and the [110]yg0 direc-
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FiGure 7.12: a) Variance in dependence of the distance from the center
of the FFT-image for the LS region. Investigated peaks are marked by a
colored cross. b) Anisotropy of the intensity for the investigated peaks in a)
in dependence of the angle.

tion at 305°. The measured atomic distance of 2.711 A could be either the
edge atom distances from the [110]y,0 direction of the martensite projec-
tion 1 or from the [001]yz0 directions of both martensite projection. The
peak occurrence at 129° and 309°, which is close to the [110]yg0 direction,
suggests that the first assumption holds true. The last measured distance of
17.374 A peaks are found at about 42° and 222°. 'This large distance cannot
be associated with interatomic distances from the crystal structures. Instead
it belongs to the observed Moiré-pattern present in this region. Due to the
low accuracy and the large amount of possible combinations of interatomic
distances it is not possible to gain further insight about the microstructure
from them.

Similar to the small square area the large square region contains several
peaks inside the FFT image, which are shown in Figure /.12, Only four
different distances are found this time at 1.934 A (orange), 2.064 A (green),
9.325 A (red) and 19.340 A (blue). The two largest distances result from the
visible Moiré-patterns in this region. For the 19.340 A distance two large
peaks were found at 130° and 310° and two smaller peaks at 167° and 347°,
while for the 9.325 A Moiré-pattern only peaks at 148° and 328° were found.
'The small shoulder visible on the left side of each peak is probably an artifact
from the large 19.340 A Moiré. As in the case before, those peaks cannot be
utilized to obtain additional structural information about the sample as it is
not possible to determine which combination of lattice spacing would yield
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them. The smallest spacing of 1.934 A can be identified as the edge-center
atom distance of the martensite projection 1. Again their peaks have a 90°
distance to their neighboring peaks and are almost 45° tilted to their nearest
MgO directions.
For the 2.064 A distance, which is very close to the austenite center-edge
distance, six peaks can be seen. The peaks, located at 78° and 258°, have
an almost 45° difference to the nearest MgO directions and therefore fit the
expectations well. For the other four peaks this does not hold true. The
smallest peak at 71° has a difference of 36° to the [001]y,0 direction and
a difference of 54° to the [110]m,0 direction. Likewise the largest peak at
179° has a difference of 36 to the [001]y,0 direction and a difference of 54°
to the [110]pgo direction. The same holds true for the peaks 180° relative
to them. It is unlikely that these peaks result from the austenite as the angle
difference is not symmetric to the MgO directions. There might be a different
interpretation: On a closer look, in Figure .12 a) a small dip on the right
side of the corresponding peak at 2.18 A is barely visible. This small signal
cannot be separated from the peak but the measured distance for this dip is
very close to the center-edge distance occurring in the martensite projection
2. 'This interpretation, however leads to an inconsistency with the XRD
measurements, as this would necessitate a martensite unit cell orientation
with the long c-axis tilt by 3° in the out-of-plane direction. Such orientated
martensite cells with a 3° 1)-tilt were found in the pole figure Figure [/.4 but
they were neglected due to their low intensity. The existance of martensite,
oriented this way in the sample, could not be determined or in case it exists,
might belong to austenite orientations or are artificial spots otherwise.
Despite this, the analysis confirms that the contrast between the checker
board regions is caused by the presence of different martensite and austenite
unit cells. The rectangle regions, which show no Moiré-patterns, consist of
only austenite unit cells. In contrast to that, a martensite nucleus is present
in both square regions with different martensite orientations. This probably
results from a modulated structure, but this cannot be verified because of
poor image quality. Austenite signals could be measured in those regions
as well. The austenite is most likely located before or behind the martensite
nuclei, which is possible due to the large thickness of the TEM-lamella. The

exact 3D shape of those nuclei remains unclear.

7.2.3 Chemical analysis

Not only the mircostructure of the checkerboard regions is important but
also their position relative to the martensitic intercalations and active lay-
ers, which will be investigated in this section. The interfaces of these layers

can only be resolved by chemical analysis of the checkerboard. Thus EDX-
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measurements are performed in the ARM200F-TEM with a 200kV excita-
tion voltage in the energy range from 0keV to 20.48 keV with a resolution
of 10eV. In order to yield better HRTEM images the rather thick sam-
ple was rethinned in a second perparation step inside the FIB. Evaluation
and calculation of the chemical composition were carried out by the Gatan

GMS3 STEM SI toolbox.
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Ficure 7.13: a) STEM-dark field images used for the EDX-lineprofiles of
the rethinned lamella. The green boxes indicate the areas used to measure
the EDX-lineprofiles. Atomic concentrations in dependence of the depth
for several elements determined from EDX-measurements b) of the region
with visible checkerboard and ¢) without checkerboard. MgO-substrate is
always to the left of the profiles. The data was kindly provided by Daniela
Ramermann [110]

In Figure /.13 a) STEM-dark field (DF) images of the rethinned lamella
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are shown. Notable changes in the checkerboard are present compared to
the prior measurements. First of all, in the center part of the lamella the
checkerboard has completely vanished, while only a the ends of the lamella
the checkerboard is present. There are also notable changes in the sizes of the
rectangles and small squares at if the local thicknesses of the lamella changes.
One reason for this could be aging effects, such as oxidization, which is
discussed in more detail in the recent PhD-thesis of Daniela Ramermann
[1T0].

EDX-lineprofiles, perpendicular to the sample surface, were recorded at
the marked regions for an area with and without a checkerboard pattern to
ensure that no chemical deviations occur in those regions. They are shown
in Figure /I3 b) and c¢) respectively for O, Mg, Al, V, Mn, Co and Ni.
The MgO-substrate and V seed layer are easily recognized in the left part
of the profiles. Mn, Ni and Al seems to be constant throughout the entire
Heusler compound layer. The Co, however, shows a clear oscillatory behav-
ior, which is expected as the Co power was adjusted during the deposition
of the MI and AL films. For the determination of the chemical composi-
tion of the two layers, regions of 24.7 nm with around a Co maximum and
Co minimum were extracted and averaged over from the two lineprofiles.
'The compositions are accordingly labelled as On Check for the values from
profile Figure /.13 b) and Off Check from profile Figure .13 ¢). A third
lineprofile, which was recorded at another region without the checkerboard
and labelled Off Check2, is not shown here. The resulting values are listed
in Table /-]. Concentration measurements from EDX for thin sample sys-
tems tend to be only accurate within 5% without a proper calibration sample
[112], which was not available for this investigation.
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Table 7.1: Chemical composition of Heusler compound on areas with and
without checkerboard. The data points are taken from the lineprofiles shown
in Figure /I3 b) and c). The composition is averaged over a 24.7 nm wide
region. 'The listed errors are the standard deviation calculated from the data
points. The Off Check2 values are extracted from a lineprofile at another
position of the lamella, which is not shown here.

Region Ni[at.%] Co[at.%] Mn[at.%] Al[at.%]
On Check, Comax 58.6+1.0 6.0+0.3 265+0.7 89406
On Check, Co min 5894+04 454+02 2694+09 9.7£0.8
Off Check, Comax 54.0+0.4 55+04 23.1+01 173+0.6
Off Check, Co min 547+16 3.6+£01 243+04 175+1.7
Off Check2, Comax 50.7+09 53+03 23.6+1.1 20.3+0.1
Off Check2, Comax 51.5+08 3.6+01 250+0.5 19.9+09

For the Ni content, which should be equal throughout the sample, a
lot of variation was measured for the different lineprofiles ranging from
50.7 at% to 58.9at%. The difference between the Co minimum and Co
maximum within one lineprofile is always less then 1at%. The largest con-
centration was was found for the relatively thick checkerboard region, indi-
cating a thickness dependence in the final concentration result. The closest
value of around (51 & 5) at % to the nominal Ni concentration of 45 at % is
measured for the Off Check2 region. For Mn, which is also held at con-
stant power during the deposition process, the spread of the conentrations
is rather consistent, ranging from 23.1at% to 26.9 at%. In the NiMnAl-
shape memory system the Heusler compound, ab-inito simulations found
that excess Mn has to be present for the martensitic transformation to occur.
Therefore the measured Mn concentration should be closer to 30 at %, which
is in the error interval of 5%. For the Co concentration, a consistent value
of 3.6 at % for the minima and a value of 5.5 at % is measured form the line-
profiles without the checkerboard pattern. The checkerboard region yields
a 1at% higher value for both regions. The largest uncertainty factor is the
Al content. Large deviations for more than 10at% are measured between
the regions with and without the checkerboard. An Al content with less
than 10 at % is not possible because at such low Al contents the martensitic
transformation is suppressed by the kinetic arrest phenomena. The obtained
concentrations on the checkerboard regions are therefore considered too in-
accurate for interpretation purposes. The obtained values around 17 at%
and 20 at % for the non checkerboard regions are much closer to realistic Al
contents. A distinction between the regions of high Co and low Co content
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Ficure 7.14: Illustration of the relation between the thicknesses of the
martensite intercalaionts and active layers to the sizes of the R, SS and LS
regions. All sizes are scaled to the measured values.

cannot be made, because thee difference in the nominal Al concentration is
just 2at%. As a much lighter element than the other three, Al in particular
is, not easy to quantify in EDX due to it’s low x-ray fluorescence yield. This
might also explain the absence of oscillations in the lineprofile.

From the Co lineprofile, a thickness of (32.9 £ 8.2) nm for the layers with
low Co content is measured and a thickness of (49.4 & 8.2) nm with high
Co content. This agrees well with the intended thicknesses of 30 nm for the
MI layers and 50 nm for the AL layers. Based on this it is assumed that the
layer structure in the checkerboard sample is intact.

By illustrating the measured sizes for the R, SS and LS regions and the
thicknesses of the MI and AL layers, the relative relationship between them
can be seen in Figure [/.T4. 'The square areas are drawn as dark regions sepa-
rated by the rectangluar bright regions. The intercalations and active layers
are marked by the red and blue area respectively. The sizes of the elements
in the illustration scale to the measured values. A clear relationship between
the layer thicknesses and the sizes of the checkerboard regions is not visi-
ble. The interfaces seem to roughly coincide with the edges of the square
regions but this is not always the case. This is clear evidence that neither the
intercalations nor the active layers are fully in the austenite or martensite
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state. 'There may be a dependence between the region sizes and the thick-
nesses present but they are not mainly responsible for the final arrangement
of the checkerboard pattern. The elastic coupling between them might be
responsible for this.

7.2.4 3D model of the checkerboard structure

It is still challenging to determine an exact 3D model for the arrangement
of the martensite nuclei in the sample. A simple model is discussed in this
section based on the observations made before. First, the contrast in the
checkerboard is of crystallographic origin. Regions of pure austenite are
more transparent to the electron beam and therefore appear bright, while
regions containing martensite appear dark. In the thick lamella, the marten-
site is always accompanied by austenite, which is believed to be the reason
for the low transparency of the electrons in those regions.

Second, the regions containing martensite appear always as squares in the
TEM cross section with their edges pointing along the out-of-plane and in-
plane directions. Thus the martensite nuclei have to have a shape providing
a square cross section.

Third, a strong dependence of the lamella’s thickness on the visibility of the
checkerboard is observed. A strong difference in contrast can be seen in
rather thick lamellas, while it vanishes completely in thinner ones and is
replaced by layers with weak contrast difference in STEM images. Further-
more, a thickness dependence of the square and rectangle regions is observed
in the transition areas between checkerboard and non-checkerboard regions.
In the XRD measurements, only two martensite variants, which correspond
to the rotated cells given by the matrices U and Us given in Equation .,
could be measured and confirmed by TEM images. It is assumed that a
modulated arrangement of those two variants form all martensite nuclei in
the sample. From the measured lattice constants of the unit cells the values
a = 0.96059 and 8 = 1.15466 are calculated. Following the results of Ball
and James [28] from those two values a possible orientation for the habit
plane as a solution to Equation P.I{ can be calculated. One of the eight
possible solutions is given by the vector:

1.723
m = {0.096 | . (7.2)
1

'The values of this vector refer to the cubic austenite reference system. Con-
sidering the relative orientation to the MgO-substrate this vector translates
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Ficure 7.15: Illustration of the deformed octaeder martensite nuclei pro-
jected on the a) [100]n,0/[010]Mg0 plane and b) [001]n,0/[010]mg0 plane.
The colored lines are the axis of this shape and the slices through the habit
planes are shown as the black outline.

to
0.5639

m = | 0.6324 (7.3)
0.5311

in the MgO reference system. The other vectors are found by changing
the signs of the components. These vectors are inclined by a few degrees
to the {111}y,0 planes. Constructing a 3D shape form those planes re-
sults in a slightly deformed ocataeder. the projections of this nucleus onto
the [100]n1;0/[010]n,0 plane and onto the [001 nz0/[010]ng0 plane along
with the aspect ratios of the axis are depicted in Figure [/.IJ a) and b) respec-
tively. If this structure is looked at from the [110]n,0 an almost square cross
section can be seen, in which martensite and austenite overlap, which is a
key requirement for the checkerboard.

In experiments from the martensitic transformation of Ni-Mn-Ga thin
films, it is observed that martensite tends to nucleate in parallel, similarly
shaped nuclei in a regular distance dy. For this reason it is proposed that an
autonucleation process is of importance for the martensitic transformation
[B5]. This process assumes that a primary martensite nucleus induces an in-
homogeneous elastic stray field in the surrounding austenite matrix, which
facilitates the growth of other nuclei in a certain distance and direction. The
distance of two adjacent nuclei is proportinal to the width by of the marten-
site nucleus:

d() =7Tr- b(). (74)

In the FEM simulations, considering only the volume change during the
martensitic transformation, the proportionality factor 7 is determined to be
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around 2 for nuclei inside the volume [B5, T13].

It is possible to explain the occurrence of this regular pattern if this au-
tonucleation process is happening in the sample and the martensite nuclei
take the shape of distorted octaeder, with it’s faces inclined by a few degrees
to the {111}mg0 planes. The disappearance of the checkerboard at thin
points of the lamella can also be explained. At smaller thicknesses, the ar-
eas where martensite and austenite overlap also become smaller. If one also
assumes that electron scattering is mainly proportional to the superposition
of austenite and martensite, the areas of different contrast would completely
vanish for very small thicknesses. Instead, they could be replaced by layers
with light contrast differences, whereby the contrast could be caused by the
different composition of the active layers and martensitic intercalations. In
fact, Daniela Ramermann shows a correlation between the thicknesses of
these layers and the Co EDX lineprofile, further supporting the hypothesis
[110].

'The obtained data so far is insufficient to verify this model for the ar-
rangement of martensite nuclei in the intercalations sample. Thus additional
proof should be acquired by comparison of different TEM cross sections in
cut along different crystallographic directions or 3D structure reconstruc-
tions from several tomography measurements.

7.2.5 Influences of the MI and AL thickness on the checkerboard

formation

At last, the influence of different intercalation and active layer thicknesses is
investigated for the checkerboard. In this section four different samples are
considered. The first sample is the 7MI taken from the MI-sample series
presented in chapter f|. This sample consists of 7 martensitic intercalations
with a thickness of 30 nm and 6 active layers with a thickness of 100 nm.
Additionally, three more samples were prepared by sputter deposition in the
same manner as the samples in the intercalation sample series. Each of them
features 5 active layers, which are sandwiched between 6 martensitic interca-
lations. The first sample has a MI thickness of 10 nm and an AL thickness
of 30 nm and therefore labelled as MI10/30. For the second sample the MI
thickness was increased to 30 nm such that both thicknesses are equal. It is
referred to as MI30/30. The last sample is a simple reproduction of the orig-
inal checkerboard but with fewer intercalations. The sample is accordingly
labelled as MI30/50. For each TEM-investigation, a lamella is cut from the
sample along the [110]n,0 direction.

In a survey image of the 7MI sample, shown in Figure [/.1§ no immediate
checkerboard structures can be identified. In the inset a magnification of
an area close to the surface of the sample is shown. On closer inspection,
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Ficure 7.16: TEM cross section of the 7MI sample. A checkerboard is not
visible in the survey can. The inset contains a close up of the marked region.
Moiré-patterns, which are tilted by 90° to each other, are slightly visible
within. The data were kindly provided by Daniela Ramermann [T10].
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20 nm 100 nm

AR

Ficure 7.17: TEM cross sections of the MI30/30 sample (left) and the
MI30/50-sample (right). The top row is a magnification of the overview
images in the bottom row. The data were kindly provided by Daniela Ramer-

mann [T10].

rectangular regions containing Moiré-patterns can be identified. Similar to
the checkerboard sample those regions are tilted by 45° to the sample surface.
Another shared feature for both samples is the perpendicular arrangement
of the Moiré-patterns of two adjacent regions. Considering this the sample
might be on the verge of forming the regular arrangement of martensite
nuclei.

In the MI30/30 and MI30/50 samples the checkerboard arrangement
is present, as shown in Figure [[.T7, on the left and right side respectively,
although the contrast between the regions is not as large as in the original
checkerboard specimen. This could be due to a smaller thickness of both
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cross sections. The boundaries of between the regions, stretching over the
entire Heusler compound film, from the MI130/30 sample can be clearly seen
in a brigth-field STEM image, shown in Figure [/.18, where they appear very
bright. The low contrast in both samples makes it difficult to determine their
respective field sizes. In the MI30/30 sample small squares with an edge
length of about (25.3 £ 8.2) nm and large squares with (46.8 +7.6) nm
are measured. The rectangle areas have therefore sizes of (25.3 +8.2) nm
x (46.8 £ 7.6) nm. In the MI30/50 sample, slightly larger sizes were deter-
mined. Values of (38.3 + 5.2) nm for the small squares, (53.7 & 6.6) nm for
the large squares and (38.3 £5.2) nm x (53.7 & 6.6) nm for the rectangle
regions are obtained. The sizes are similar to the ones in the original checker-
board, thus the size of the regions is almost independent of the thicknesses
of the intercalations and active layers.

In the MI10/30 sample no notable features of a checkerboard formation
can be detected. This is important because this sample and the 7MI sample
represent the limits for the thicknesses of the intercalations and the active
layers for the checkerboard formation by autonucleation. FEM calculations
predict an inhomogeneous elastic stray field in an austenite matrix induced
by a primary martensite nucleus. This stray field can facilitate the nucleation
of secondary martensite nuclei in preferred locations and orientations. For
the formation of the checkerboard structure those stray fields from the pri-
mary nuclei, which will nucleate in the martensitic intercalations, need to
facilitate the nucleation of martensite in the active layer regions. The absence
of the checkerboard in the 7MI sample suggests, that the regular arrange-
ment of the nuclei is only possible, if the elastic stray fields from the top and
bottom martensitic intercalations penetrate most of the active layer region.
'Thus there is an upper limit to the thickness to the active layers.

On the other hand, if the martensite intercalation thickness is too small
nucleation of primary nuclei might not be possible. It is energetically unfa-
vorable to form small martensitic nuclei below a critical size because the elas-
tic energy stored in the habit-planes and twin boundaries exceeds the reduc-
tion in inner energy by the martensitic transformation. Thus, the checker-
board formation is suppressed, which might be the reason for the absence

of the checkerboard in the M110/30 sample.

7.3 Conclusion

In this chapter the structure of the checkerboard sample microstructure is in-
vestigated by XRD- and TEM-analysis. We found that in this sample four
different austenite orientations and at least four different martensite orien-
tations are present in this sample. The observed contrast in thick TEM
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Ficure 7.18: Bright-field STEM image of the MI30/30 sample. A rect-
angular pattern tilted by 45° to the surface normal is seen. The substrate is
located at the bottom right of the image. The data were kindly provided by
Daniela Ramermann [T10].
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specimen is due to the arrangement of evenly spaced martensite nuclei sur-
rounded by austenite. Regions, where martensite and austenite overlap ap-
pear dark while regions containing only austenite appear very bright. No-
tably, the checkerboard can only be seen if the specimen is rather thick and
vanishes completely in thin samples. Based on the data and phenomeno-
logical martensite theory the shape of the martensite nuclei might resemble
slightly deformed octaeders, which appear as squares in a cross section. No
clear relation between the position of this nuclei and the position of interca-
lation or active layer can be derived. Consequently, the arrangement of the
martensite cores in the austenite matrix is probably governed by local elastic
stray fields of the primary nuclei in the intercalations, which facilitate the
growth of secondary nuclei. Thus, it is important for this microstructure
to develop is a sufficiently large thickness of the intercalation layers such
that primary nuclei can form in the multilayer sample. Likewise, the thick-
ness of the active layers must not be too large because the induced elastic
strain fields has to to influence almost the entire volume of the active lay-
ers. Further studies of the minimum intercalation thicknesses and distances
at which this ordering occurs can provide insight into the energy barriers
during the nucleation process of martensitic transformation. It would also
be interesting to repeat this experiment with materials that do not undergo
a cubic to tetragonal martensitic transformation, such as NiTi. One could
expect to observe a different pattern in TEM cross sections.



Summary 8

In this work we investigated different mechanisms to influence the MT in
Ni-Co-Mn-Al thin film system. Special emphasis is given to the improve-
ment the thermal hysteresis occurring in this material to enhance their ap-
plicability. Three different approaches were investigated.

In the first method the MPE is investigated as an alternative to doping
the compound with ferromagnetic material to enhance the magnetization
in the austenite state. Because the investigation and quantification of the
proximity effect in a material with MT cannot reliably done by XMCD
and XRMR a proof-of-principle study with stoichiometric NioMnAl is per-
formed. The obtained results do indeed show a ferromagnetic alignment for
the Mn and Ni magnetic moments at the interface. Due to many similari-
ties found between these and the doping of the Mn-rich Ni-Mn-Al-system
it can be concluded that the MPE can be utilized to improve magnetization
in the austenite state. However, a major drawback is the small penetration
depth of less than 1 nm, which makes this method the least effective for real
applications.

Another way to change the transformation behavior is by utilizing struc-
tural defects in the crystal lattice, which might reduce the nucleation en-
ergy barrier and thus decreases hysteresis width. Point like defects can be
generated in the sample by ion beam bombardment. Up to an ion fluence
of 1 x 10 ions/cm? impacts on the martensitic transformation can be de-
tected. 'The main change is that with increasing fluence the transition shifts
to higher temperatures, while no significant reduction in the hysteresis width
could be measured. But a major impact on the magnetism in the Heusler
material is detected as well. Upon increasing the defect concentration a great
reduction in the magnetization in the austenite is measured, which can have
a negative impact on desirable effects such as the cooling capacity for mag-
netocalorics. However, the ability to tune the transformation temperature
by ion beam irradiation in these materials can be utilized to tailor them for
specific applications.

As a last method, investigated in this work, we prepared multilayer sys-
tems consisting of two different Ni-Co-Mn-Al compositions with one hav-
ing a MT above and one having a M'T below room temperature. The trans-
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formation behavior of the layers with MT below RT were investigated. We
find that the hysteresis width almost steadily decreases if more intercalations
are present, thus these can facilitate the growth of martensite in the ALs.
Two different transformation ranges can be distinguished. If the AL’ are
significantly thicker than the MI’s the transformation temperature for the
martensitic transformation shifts to higher temperature while the reverse
transformation is unaffected. However, the intercalations might also serve
as barriers, which limit the maximum size of the martensite nuclei in the
ALs. Thus, with increasing numbers of intercalations more residual austen-
ite remains present at low temperatures. If the thicknesses become compara-
ble elastic coupling between the layers dominates the transformation process,
which results in an ordered distribution of martensite and austenite regions.



Outlook: Magnetic shape memory
nanoparticles 9

In this work so far only defects and interactions between the MSMA and ad-
ditional layers were investigated and utilized in order to influence the MT
behavior in those alloys. Another possible way of changing the transfor-
mation in small volume systems is by controlling the size and shape of the
sample. Therefore, the transformation behavior in low dimensional systems,
such as nanoparticles (NPs) and nanowires, could be particularly interesting
to investigate. Especially Heusler compound nanoparticles in general are
relatively uninvestigated [IT4]. This is due to their difficult production as
Heusler compounds get their unique properties not only from their chem-
ical composition, which involves at lest three elements, but also from their
crystal structure.

Synthesis by conventional chemical means is often not possible, because
suitable precursor molecules and suitable crystallization conditions are not
available. To this authors knowledge, chemically synthesized Heusler NPs
with a M'T were not produced yet. Another production method, which was
utilized in the last years, is ball milling bulk material into powders of fine
NPs. The harsh preparation conditions of this method induce large elastic
stress in the material and the milling balls or chamber walls can introduce
chemical impurities. It was shown that by this method NPs around 10 nm
with martensitic transformation could be obtained after a subsequent anneal-
ing step [115].

Another method to produce small amounts of NPs for research purposes
is by employing modern lithography methods on thin films. Unlike ball
milling, the gentler approach of this method allows the production of sensi-
tive materials while retaining the crystallographic properties of the thin film,
which can be determined prior to the lithography steps. Although spherical
NPs cannot be produced almost any other arbitrary shape of the NPs, such
as cylinders, cubes or flat stars, can be manufactured with very small size dis-
tributions. The e-beam lithography process used in this chapter is illustrated
in Figure P a)-e¢).

To begin with, a Heusler thin film sample is spin coated with a positive
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Ficure g.1: Schematic illustration of the fabrication and transfer of
nanoparticles by e-beam lithography. a) Heusler alloy thin film is deposited
on a V sacrificial layer. b) A PMMA positive e-beam resist is spin coated
on the sample and irradiated by an electron beam. c) After developing a
thin metallic layer is deposited on the sample. d) Solid masks remain after
the lift-off process. €) Art-ion beam milling removes the majority of the
Heusler thin film except the regions covered by the mask. £) A PMMA film
is spin coated on the sample and 1 mm wide stripes are scratched of the edges
to expose the V sacrificial layer. g) A thick PDMS sheet is placed on the
PMMA film as a support. h) The nanoparticles are released by adding a few
drops of Chrome Etch solution and the PDMS support peeled off from the
substrate. i) The support and the nanoparticles are brought in contact with
a TEM grid or another substrate j) and dried. k) Finally the PDMS sup-
port is removed and the PMMA film is dissolved in warm NMP-remover,

followed by subsequent rinsing in ethanol.



e-beam resist layer. After exposure and development small holes in the resist
are obtained, which are filled by deposition of a Ta hard mask layer. The final
mask is created by stripping the resist layer. Finally the NPs are obtained in
a Art-beam milling process under normal incidence until the Heusler layer
is etched away. Only the areas covered by the mask are unaffected by the ion
beam irradiation. The thickness of the Ta hard mask should be chosen such
that it is removed at the same time as the Heusler layer.

Test samples, consisting of a 50 nm Ni-Co-Mn-Al layer and a 30 nm
V seed layer ontop of an MgO-substrate were produced to find optimal pa-
rameters for the lithography process. Two samples were coated with a sin-
gle layer and a double layer of Allresist AR-P 617.03 e-beam resist. The
first sample was coated at 6000 rpm for 60 s followed by 20 min softbake at
210°C on a hot-plate and the second sample was coated with the parame-
ters, 6000 rpm for 60 s 20 min softbake at 210 °C for the first layer and 6000
rpm for 60 s 20 min softbake at 150 °C for the second layer. Exposure of the
samples were performed in a CARL ZEISS LEO 1530 scanning electron
microscope (SEM) equipped with an Raith Elphy 5.0 lithography system at
20kV. For efficient exposure of nanoparticle arrays rectangles are drawn in
the center of each writefield with the width and height wwr — dy, where
wwr is the size of the writefield and dj the particle spacing in the pattern
generator. This avoids exposure artifacts at the borders. The particle spacing
is then determined by the step size, which is set to 200 nm. The samples are
then developed for 2 min and placed in for 30s in a stopper solution. They
are finally blown dry under a Na-flow and placed for 1 min at 100 °C to re-
move any solvents. A 50nm Ta film is deposited afterwards and the resist
is removed in a 15 min NMP ultrasonic bath followed by 10 min cleaning
in ethanol and blow dry under a Ny-stream. Due to the large difference in
density between the Ta and the other layers of the sample a large contrast
difference can be seen in SEM images. Thus the particle statistics are deter-
mined beforehand of the ion beam milling process, which is controlled by
secondary ion mass spectroscopy.

The determined particle radii and their yields in dependence of their
dose for the single layer and double layer are shown in Figure 0.7 a) and b)
respectively. For the size determination, SEM images of 5 um x 5 pm were
analyzed, while for the yield particles were counted in a 25 pm x 25 pm to
achieve proper statistics. For both samples rather large particles with radii
ranging from 55 nm to 100 nm were obtained. The particle size can be fitted
quite well with a linear function, which is shown as a red line. Critical is
the measured particle yields. For the smaller particles only yields between
50 % to 75 % were obtained, which significantly drops down to 5 % for larger
radii. It is most likely that due to the small spacing between the particles
and the thickness of the Ta mask, areas on top of the e-beam resist and in
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F1GURE 9.2: Measured particle radii (upper graph) and particle yield (bot-
tom graph) in dependence of the dose for a) single layer of PMMA resist
and b) double layer of PMMA resist.
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Ficure 9.3: SEM image of a dose test sample with a single layer of PMMA
resist, 30 nm Ta hard mask and 500 nm step size at a dose of 0.4 pA's cm 2.

the holes stay in contact and are therefore dragged away in the removal step
of the resist.

Smaller particles with almost 90 % yield could be prepared by a single
layer of e-beam resist, increasing the step size to 500 nm and reducing the
Ta thickness down to 30nm. The smallest particles obtained so far were
particles with a diameter of 47 nm at a dose of 0.4 pA'scm ™2 as shown in
Figure P33, They small particle loss is most likely caused in this case by
surface contaminations, which can be identified by the brighter areas.

Although, very small particles can be produced by this method, the small
volume of the samples is a major challenge for most analytical methods. Tak-
ing the case of the smallest particles with a 47 nm and a 500 nm distance at
perfect yield of 100 % only 0.7 % of the film volume would remain. Com-
bined with the small magnetization of the Ni-Co-Mn-Al shape memory
alloy in comparison to other ferromagnetic elements, like Fe or Co, makes it



difficult to measure the characterize the martensitic phase transition even in
modern magnetometers. This is further aggravated by the fact that they are
bounded to the MgO-substrate, which has a large diamagnetic background
at low temperatures.

One way to mitigate this is by the use of transfer processes for nanos-
tructures. Such processes were developed in the past to successfully transfer
graphene, other nanosheets and nanowires [TT6-11§]. An example for such
a process is illustrated in Figure P £)-k). The nanoparticles are first cov-
ered by a thin layer of PMMA or PLA. A rather thick PDMS sheet is then
placed on top of it for further support. The structure is then released from
the substrate by selectively etching the V seed layer in a chrome etchant.
This was utilized in the past to produce freestanding Ni-Co-Mn-Al and
Ni-Mn-Ga thin films [97, IT9]. The particles on the support structure can
be then placed on an arbitrary substrate or sample holder. In a last step
the support structure can be released by gently dissolving the PMMA oder
PLA layer in a warm bath of appropriate solvent. The benefit of this is
that the nanoparticle array can be transferred without significant loss to low
background substrates for magnetometry measurements, TEM-grids or spe-
cial chips for thin film flash differential scanning calorimetry measurements
[120-122]. All the mentioned techniques might be suitable to characterize
the phase transformation in these unique NPs. Due to their large surface
to volume ratio heat transfer between the surroundings and the particle is
especially fast, which is an important factor to consider in solid state refrig-
erator prototypes. A large variety of effects, such as e.g. superconductivity,
spinpolarization or topological effects [12] are found in Heusler compound
thin films and bulk samples. Thus Heusler nanoparticles in general are ex-
citing to investigate, which can lead to novel applications in other areas as
well beside magnetocaloric refrigeration.
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