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Introduction

1.1. Motivation

efrigeration technology has had a great impact on everyday life since it became
R widely available in the twentieth century. It increased the living standard by allow-
ing food to be stored for a longer time and decreased illness due to food spoilage '. Apart
from these positive effects, refrigeration based on vapor compression posed new risks to
human health due to the used refrigeration gases. The used gases are generally toxic,
detrimental for the ozone layer or are greenhouse gases’. This development sparked an
interest in refrigeration techniques that do not use the gas-to-liquid phase transition,
but focus on the solid-to-solid phase transition. One of the phenomena that can be used
in solids is the magnetocaloric effect. Efficiency studies show that a cooling cycle using
magnetocaloric materials is also more efficient compared to vapor-compression tech-
niques®. With a growing global demand for refrigeration”’, the increased efficiency
can further decrease the rate by which greenhouse gases are emitted. To maximize the
magnetocaloric effect, one has to find and optimize new material systems.

1.2. Magnetocaloric effect

agnetic refrigeration is based on the magnetocaloric effect (MCE), that is charac-
M terized by the isothermal entropy change and adiabatic temperature change re-
sulting from a change in applied magnetic field. The entropy change can be realized
in ferromagnetic® or paramagnetic’ materials and is most pronounced at the magnetic
transition temperature. In general, the transition is of second order showing a discon-
tinuous change of the heat capacity due to the magnetic transition.

By expressing the entropy S in terms of the heat capacity C'

T
C

= —d1 1.1

S /0 Td’ (1.1)

one can construct a schematic drawing that clearly illustrates the magnetocaloric effect
for materials having a second-order phase transition, shown in Figure 1.1. When the
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material is in the paramagnetic state, the application of an external magnetic field shifts
the critical point and the material can become ferromagnetic, lowering the heat capacity.

T AC
AT AS

ad

c/T

Figure 1.1: Schematic diagram of a second-order phase transition where there is an adiabatic temperature
change AT, ; due to a change in heat capacity AC. In the paramagnetic state, the heat capacity is large and
the entropy S is given by the surface of the black box. Due to the application of a magnetic field, the material
becomes ferromagnetic, with a lower associated heat capacity. The total entropy can initially be kept constant,
in accordance with an adiabatic process. The resulting temperature change can subsequently interact with the
environment, lowering the entropy of the material.

There are three main contributions to the entropy and heat capacity: structural, mag-
netic and electronic. A change in magnetization gives rise to a change in heat capacity
and thus gives rise to the MCE. This is most pronounced for rare earth-based materials
that have a high magnetization associated with the localized 4 f orbitals. For example,
ErAl, shows a AT, ; of 6 K for a field change of 0 — 2 T®. The low transition temper-
atures of rare earth-based materials are usually between 5 and 100 K and make these
materials unsuitable for room-temperature applications. The only candidate is Gd with
a transition temperature of 292 K, but the cost and limited availability of this material
make it impractical to use in large-scale applications.

Instead, cheap and abundant 3d-based intermetallic compounds with a high mag-
netization and a T~ around room temperature are preferred for room temperature ap-
plications. Because the structural heat capacity saturates to the Dulong-Petit limit (C'
= 3R) at the Debye temperature (generally between 400 and 500 K), the MCE for these
materials is generally small. Instead of using materials showing a second-order phase
transition, materials with a first-order phase transition (giant MCE) are used. Especially
Fe,P-based materials are interesting because of their high magnetization, high entropy
change and magnetoelastic transition.

For these compounds, there is a coupled magnetic and crystallographic transition,
without changing the crystal symmetry. In addition to a AC of about 1%, there is a
simultaneous enthalpy change at the transition, or latent heat, given by AH = TAS.
This can triple the AT, ; to about 4.2 K, measured in a field change from 0 — 1.5 T
for FeMn(P,As) . For these materials, the discontinuous change in entropy associated
with first-order phase transitions allows tapping into all three entropy reservoirs (lattice,
magnetic, and electronic contributions) of the material ''.
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In general, the isothermal entropy change and adiabatic temperature change are

given by
By
As“:/ (a—M> dB, (1.2)
B, 0T /g
By oM
AT, , = —/ - ( ) dB, (1.3)
o, \ar

where B, and By are the initial and final applied magnetic fields. Finding the mi-
croscopic origin of the coupling between magnetism and the crystal structure is not
trivial and is up to now only observed in Mn(As,Sb) ', La(Fe,Si), 5 and its hydrides ',
(Mn,Fe),(P,X) where X = As'*, Ge'®, Si'® , MnCoGe'’, Gd5(Ge,Si), '*, FeRh'’ and
Heusler alloys”’. In order to find new promising systems, the origin of this coupling
must be understood. This can yield boundary conditions that can guide the quest for
new systems.

1.3. Thesis outline

y using diffraction techniques, the magnetoelastic coupling in Fe,P-based magne-
B tocaloric materials as well as in a new material system has been investigated. The
fundamental knowledge obtained by the derived and calculated electron density helps to
establish the boundary conditions needed for finding new and effective magnetocaloric
materials.
First, the role that the (symmetry of the) crystal structure plays in these compounds is
discussed in chapter 2. Here the relation between the crystal structure, electronic struc-
ture and magnetic properties is introduced. The experimental methods and instruments
used to synthesize and characterize the structural and magnetic properties are described
in chapter 3.

The next four chapters discuss three different material classes. The first material, dis-
cussed in chapter 4, is based on Mn;Ga. For this material a simultaneous crystallographic
and magnetization change was reported. The microscopic origin is elucidated by X-ray
and neutron diffraction techniques and the applicability of the MCE of this transition is
discussed. The second material is discussed in chapter 5 and chapter 6 and is based on
Fe,P.In chapter 5, high-resolution X-ray powder diffraction was used to study the elec-
tron density in the ferro- and paramagnetic states. Experimental evidence was found to
support the theory of mixed magnetism and shows the importance of the presence of
different lattice sites occupied by magnetic atoms. The crystallographic properties are
discussed in chapter 6 and show that the magnetoelastic coupling in materials showing
first-order and second- order phase transitions is essentially the same. YFe; is discussed
in chapter 7, it is chosen for the high concentration of magnetic atoms and has two differ-
ent lattice sites for magnetic atoms. Although it is expected to crystallize in a CaCug type
crystal structure, single phase samples could not be attained. To understand the phase
stability of these compounds, an empirical model based on the Miedema parameters is
introduced. This last study shows how the nature of the elements can facilitate/hinder
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the formation of interesting phases and can provide boundary conditions to select new
promising materials.
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Theoretical background

2.1. Crystal chemistry

n solids, there are four main cohesive interactions: metallic, covalent, ionic and van
I der Waals interactions. For the three strongest, the degree to which the interaction is
present in a compound can be estimated by using the concept of electronegativity (EN).
This was first introduced by Linus Pauling as being the difference in energy between
the average bond strength of X-X and H-H compared to X-H, where X is the element of
interest and H is used as reference '. These values can be found in the appendix.

These interactions are one of the main driving forces for the arrangement of atoms
on a lattice. This principle can also be reversed: the interaction between atoms can be
gauged by looking at the crystal structure. Compounds with equal and high EN, attain
the lowest energy by pairing electrons with neighbors, giving rise to covalent bonds.
This is the case for C, where in diamond all four valence electrons are bound and all C
atoms have four nearest neighbors. This gives rise to a low number of nearest neighbors
and specific bond angles. In contrast, compounds with equal and low EN, attain the
lowest energy when the electrons are delocalized. For fcc Fe, the electrons are shared
between 12 nearest neighbors in a close-packed atomic arrangement. Compounds with
more than one atomic species and different EN values ionize. This gives rise to a packing
where all anions are paired with cations, according to their stoichiometry, to maximize
the Coulomb interaction. The most interesting compounds, from high-7', superconduc-
tors like (Ba,K)Fe,As, * to magnetocaloric materials like Fe,P*, show a mix of these in-
teractions, as is made clear in chapter 5. In this thesis the focus will be on intermetallics.
This class of materials shows a large variety of different possible (close-packed) atomic
arrangements. In order to understand this class of materials, one needs to understand
and classify the different crystal structures that can be adopted.
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2.1.1. Crystal structures of intermetallic compounds

Intermetallic compounds can form in various compositional ranges. Unlike covalent
and ionic solids, where the stoichiometry is fixed by the number of bonds or the charge,
the observed stoichiometries in intermetallic compounds is distinctly different. The
complexity of intermetallic compounds can be illustrated when subjecting covalent or
ionic solids to high pressure. Because this induces a close packing of the atoms, the
material becomes metallic. In the case of the archetypical salt NaCl, additional phases
like Na;Cl, Na,Cl, NajCl, are stable with excess Na, and NaCl;, NaCl, are stable in
excess C1*. These stiochiometries, that defy chemical intuition, are very common for
intermetallic compounds and need to be described using a different classification. This
is done by using a prototype compound that describes the atomic arrangement.

For a hexagonal close-packed (hcp) crystal structure, the packing of Mg is used as
prototype. Several modifications can be distinguished that lead to different prototypes.
The most common modifications are shown in Figure 2.1. The type of transformations
are listed in Table 2.1. For example, an ordered substitution of % of the atoms in Mg
will lead to the MgsCd prototype, discussed in chapter 4. Multiple substitutions lead to
the MgZn, Laves phase, while a redistribution leads to the CaCuy prototype, discussed
in chapter 7. This classification will be used throughout this thesis.
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2 12 BaPbs Y2 [ HoAl; V2] TiNig

B-TiCug, TiAlg ZrAlg, etc. |

la

ThMn45
Rz i Mo NiB,
Gedie wEr1_03003Gé2
ey CaRhyB,
YCogGeg
ScNigGeg

Figure 2.1: Relationships between structure types of intermetallic compounds’. The color code corresponds

to the types of transformation indicated with roman numerals.



Table 2.1: Relationships between structure types of intermetallic compounds showing common features and ways of transformation°.

Common features of structure Ways of transforming Examples of structure types
types Parent — transformed structure
Equal positions for all atoms Ia Ordered substitution Cu — AuCugy, ThMn,, — CeMn,Alg

(superstructure formation)
Ib Redistribution of the different
component atoms

Approximately equal positions II External deformation®

for all atoms Internal deformation
Equal positions for only part IITa Multiple substitution
of the atoms ITIb Redistribution of the atoms

or substitution of an atomic group
ITIc Inclusion or elimination
and redistribution of included atoms

All structure details (fragments) IVa Homeotectics (stackings
are equal of closely packed networks)®
IVb Certain modes of stacking of slabs
(polyhedra), homogeneous

homologous series ¢
Details (fragments) are only V Inhomogeneous homologous series,
partially equal interchanges different in two or more details

Va One-dimensional
Vb Two-dimensional
Vc Three-dimensional

MgCu, — AuBey, MgSnCu,
Cu — a-Mn
MgCu, — TbFe,

CaCuy — ThMn,,, Zr,Alg

Cu — ~'-Fe,N!, Mg — CdI,? FeS,*

CdMg,; — BaPbg, MgZn, — MgCu,

AIB, — a-ThSi,? Zr;Si,*— Sm;Ge,®

(AuCug, CaF,;) — HoCoGay, Ho,CoGag
Zr,Al; — o phase, P phase, p phase
(AlB,, a-Fe) — Ce,,Coq4?

2 These structure types do not belong to the family of close packing. They are shown for illustration of the transitions Illc, IVb

and Vc.
b External deformation is connected with changing of the ¢/a ratio.

¢ The term homeotectic was suggested by Laves and Witte and is related to structures that have similar composition and equal

CN but different ways of mutual placement of the fragments

4 Homology suggests the possibility of the construction of structures with similar sets of fragments but with different quantitative

ratios.

01
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2.2. Phase stability

he stability of the crystal structures mentioned in the previous section will now be
T described using thermodynamic properties. Especially for elastic or structural phase
transitions commonly found in giant magnetocaloric materials, analysis of the Gibbs free
energy has been proven to be most useful. The Gibbs free energy is given by

G=H-TS 2.1)

where H is the enthalpy and S is the entropy.

2.2.1. The role of entropy
The entropy can be expressed as
S =kglnW (2.2)

where k5 is the Boltzmann constant. Using this formulation, the entropy is dependent
on the number of possible configurations W. In a highly symmetric system, a given
atom can be distributed between a number (g) of symmetry-related positions. Removal
of a symmetry element then produces n sets of g/n equivalent positions, reducing or
eliminating the choice, and causing a decrease in S. This is beautifully illustrated for
WO;*. WO; undergoes five transitions from low to high temperature: monoclinic —
triclinic — monoclinic — orthorhombic — tetragonal — hexagonal®. Apart from the
first transition, this is exactly what is expected. In chapter 4, Mn;Ga is discussed that
shows two successive phase transitions as a function of temperature.

2.2.2. The role of enthalpy: the Miedema model

The enthalpy of formation was modelled by Miedema et al.’ to predict phase stability
of intermetallic compounds using a semi-empirical model. To evaluate the formation
enthalpy AH, two contact interactions at the interface of bulk metals are considered.
The general assumption of this model is that these interactions dominate at the atomic
level. When two metals are brought into contact with each other, the difference in work
function will cause a charge to flow, resulting in a dipole layer. This dipolar interaction
corresponds to a negative contribution to the enthalpy of formation and is given for
atom A in a matrix of B

AHy;, = —PV3?(A®)%) < nyl% >, (2.3)
where Vj/ 3 is the contact-surface area, < n‘l/‘/fs > is the average electron density at the
boundary of the Wigner-Seitz cell, A® is the difference in work function of A and B and
P is a constant. The second contribution to the interface energy is based on an electron
density mismatch. In order to remove any discontinuities in the electron density, energy

is needed to excite electrons to higher energy states. This positive term to the enthalpy
of formation is given by

A]_Isol = ij/s(Antﬁ/ﬁS)Q (2.4)

2This was pointed out to me by Stephen Blundell at the European Summer school on Magnetism (2015).
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where () is a constant. The interfacial enthalpy of A surrounded by B yields

V23
AH,p = —25—(—P(A¢")? + Q(Any%)?), (25)
< nyg >

where P and () are dependent on the atomic species. The total entropy change can be
determined by taking the concentration ¢ into account:

AH =cycp(fEAH g+ fEAHR ) (2.6)
where f§ represents the degree to which A is surrounded by B, given by
f5 = cs(1+7(cieh)?). 2.7)

The factor v takes the values of 8, 5 and 0 for intermetallics, metallic glasses and solid
solutions respectively and c?, is the surface concentration of A, given by

V23
cp = 26/}9? £ 2/3" 28)
CAVA +CBVB

For the formation of stable alloys, AH < 0 and rewriting Equation 2.5 leads to
AP x Q/PAny,g — AH (2.9)

If A® is plotted versus Anyy g, like shown in chapter 7, one can separate combinations
of elements that prefer to mix and ones that do not form stable alloys. All values have
been tabulated for elements in the metallic state’ and can be found in the appendix.
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2.3. Phase transitions

s a single composition can exhibit various symmetries, we can now focus on the
A transitions between them. In general, phase transition processes can be divided into
two classes: first-order phase transitions and second-order phase transitions. First-order
phase transitions show a discontinuous change in the order parameter and second-order
phase transitions show a continuous change (the second derivative being discontinuous).
A phase can be described by the free energy, that is dependent on thermodynamical
variables such as temperature, pressure and magnetic field. To do this, the potential is
considered as a function of the crystal structure and can be characterized by the density
function p(z,y, 2)*’. The parameter of interest (order parameter) is therefore the elec-
tron density in the crystal. To describe the density in terms of the point group G at

(") of the irreducible

the transition, it can be written down in terms of basis functions ¥,

representations

p=> > cMul (2.10)

where n is the number of the irreducible representation and ¢ is the number of the
function at its basis. To describe any changes as a function of the crystal structure, p is
rewritten by isolating the identity representation

p=po+Bp=py+ 3" Mw. @2.11)

The prime means that the identity representation is excluded from the summation. At
the transition, either Ap changes or Ap = 0, which requires all cim = 0. The latter

corresponds to a second-order transition, where all the cgm reduce to zero continu-
ously and take infinitely low values near the transition point. In this case, the crystal
transforms from a high symmetric point group G, to a low symmetric point group G, .
Despite the fact that the symmetry changes discontinuously, the physical properties re-
main constant at the transition temperature. An example can be found in chapter 4. If
the cgn) coefficients change discontinuously, the transition is of first order. In the case
where (G is not a subgroup of G, it is impossible to continuously transform one into
the other and the transition has to be first order. Point group relations are described in
Figure 2.2.
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Figure 2.2: Subgroup relations where the number of atoms in the unit cell is constant (no supercell formation).

The straight lines indicate one-dimensional representations, the curves indicate multi-dimensional represen-
ions®

tations®.

To discriminate between first- and second-order phase transitions, the analysis can
be taken further by considering the thermodynamic Gibbs free energy G(n, P, H,T).
In the vicinity of the transition, the potential can be described in terms of a polynomial
expansion as function of the general order parameter 7:

G =Gy+an+asn® +asn®+aum* +agn’® +agn® + ... (2.12)

where G, is the equilibrium value of the thermodynamic potential at the critical tem-
perature. When considering a structural phase transition, 7 corresponds to cgn), in mag-
netic phase transitions 7 corresponds to the magnetization M. The evaluation of these
so-called Landau coefficients yields a; = 0 for specific values of i ®’. This discussion will
prove useful in discriminating between first- and second-order magnetic phase transi-

tions. To describe a magnetic system, the change in free energy can be described by

B

AG:%M%FZM‘*JF%MG—;LOHM. (2.13)

where p H is the applied field and v > 0. At the transition, the potential can be evalu-
ated considering dG/OM = 0:

a+ BM? +yM* = uoH/M. (2.14)
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2.3. Phase transitions

The parameter o = o (T —T,) with ay > O ensuresthat M # OforT < Tpand M =0
for T' > T,,. The other coefficients are considered to be temperature independent. The
equation can be solved easily in the absence of a magnetic field. The coefficients can
be determined experimentally using an Arrott plot'*'!, where pyH /M is plotted as a
function of M2. When 3 < 0, there are three minima and the free energy diagram
looks like Figure 2.3. This corresponds to a first-order transition. For 8 > 0 only two
minima are found, corresponding to a second-order transition. The behavior of materials

showing various values for 3 is investigated in chapter 6.

(a) ()

AGO

-1.0 0 1.0 -1.0 1.0

3
3of

Figure 2.3: Free energy difference A® as a function of the normalized magnetization m = M /M where M
is the saturation magnetization. In (a), 8 > 0 and describes a second order phase transition, in (b) 8 < O that
describes a first-order phase transition. (1) High temperature, with only the paramagnetic phase being stable;
(2) the ferromagnetic phase is metastable but still separated from the paramagnetic phase by a free-energy
barrier; (3) the free-energy barrier is gone and only the ferromagnetic state is stable.

The presence of a nucleation barrier is illustrated for ferromagnetic materials show-
ing a first-order magnetic transition. At high temperatures, the material will be in the
paramagnetic state. Below a critical temperature T, the ferromagnetic state will have a
lower energy, but will not be formed initially. The kinetic barrier will retard the nucle-
ation of the ferromagnetic state. Once the barrier is overcome, the ferromagnetic state
will be readily formed and the magnetization will experience a jump. Since the entropy
is the derivative of the free energy with respect to the temperature, it will also show a

jump.
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2.3.1. Magnetoelastic coupling in hexagonal systems

In magnetic material systems there is a coupling between magnetism and unit cell pa-
rameters. In case of a volume change, this coupling gives rise to the magnetovolume
effect, where there is a volume contraction when the system becomes paramagnetic.
This magnetoelastic coupling can be characterized by the Landau theory of phase tran-
sitions by adding elastic terms and a bilinear magnetoelastic coupling to the free energy

o 1
AG = S M + gM‘* + %MG — o HM + 5 D Cineser+ Y &eM  (215)
ik i
where C; ; are elastic constants, ¢, is the elastic strain and ; is the magnetic coupling
constant. The strain and magnetoelastic coupling can be expanded for a hexagonal sys-
tem 2. The (symmetric) elasticity tensor has the following form:

k) 0 0 0 Cyuy O 0
0 0 0 0 Cyu 0
0 0 O 0 O 066 = %(Cll - C12)
Because e; = ey, e, = e5 = e4 = 0, the change in Gibbs free energy becomes
AG =2(Cyy + Cpp)ef +4C 5615+ Cz3e3 + 2661 M + Ege3 M (2.16)
and can be evaluated at the phase transition
0AG
S (a+2&eq + Ege5)M + BM3 +yM> — poH =0 (2.17)
0AG
ae = 4(011 + 2012)61 + 401363 + 2£1M = 0 (218)
1
0AG
Do = 4C 3e1 +2C33e5 + &3 M = 0. (2.19)
3

This yields three coupled equations. The bilinear magnetoelastic coupling in the first
equation effectively adds two terms to . Assuming y15H = 0, this equation has a trivial
solution (M = 0) and non-trivial solutions, given by:

a+2¢eq +Egeq + BM? +yM* = 0. (2.20)

This changes o = ay(T" — T}y) in Equation 2.14 and shifts T to higher temperatures.
Similarly, linear quadratic terms will affect 5. The remaining coupled equations result
in

€q 51033 — &3 _013
& _ (2.21)
M 20123 —U33(Cy1 +C15)

€3 _ §3(C11 + C1p) —26,Chg (2.22)

M 20%3— Cy3(Cyy +Cig)

By measuring e as a function of M, the magnetoelastic coupling constants can be exper-
imentally determined, and can be found in chapter 6.
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2.4. Magnetic properties

n this section, two models describing the properties of magnetic materials are dis-
I cussed. They are applicable to itinerant systems, that are of particular interest for
magnetocaloric applications. Itinerant magnetic systems are especially suited for this
purpose, due to the high concentration of magnetic atoms resulting in a potentially high
magnetization. Within the group of materials with itinerant electrons, two kinds of
magnetism can be distinguished. The first is characterized by a very weak band splitting
where the spin-up and spin-down states are very close to the Fermi level *, resulting
in a low magnetization and low transition temperature. The second is characterized by
a strong band splitting, resulting in a high magnetization and high transition tempera-
tures.

2.4.1. Saturation magnetization

The saturation magnetization determines the maximum magnetic entropy change and
therefore strongly influences the magnitude of the magnetocaloric effect. The origin of
the saturation magnetization in itinerant magnets is of quantum mechanical nature and
is intuitively difficult to understand. One approach is to use the chemical concept of
bonding '*. This will be explained using Fe as an example.

At room temperature, Fe assumes a body-centered cubic (bcc) arrangement. In this
arrangement, a central Fe atom is surrounded by 8 nearest neighbors at 2.5 A and 6
next nearest neighbors at 2.9 A. The atomic electronic configuration is [Ar]3d®4s2, so
at the I" point three filled ¢, , orbitals and two empty e, orbitals are present. In a band
picture the high symmetry lines in the Brillouin zone are plotted as a function of energy.
By summing these states over all orientations the density of states is obtained. The {5,
orbitals have a better overlap, giving rise to broader bands compared to the e, orbitals.
The total of three peaks in the DOS is characteristic for a bcc metal.

i |
] S, %o
%‘; 0% é I I &
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I NPT HNO1234 -04 0 04 08
DOS -COHP

Figure 2.4: Band structure, DOS and Fe-Fe COHP of bee iron, calculated without spin polarization. The dashed
line in the DOS curve corresponds to the projected DOS of the Fe 4s orbital and its integration '*.
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Like in molecular bonding, for each two orbitals that are mixed, a bonding and an
anti-bonding orbital are formed. This is illustrated by the Crystal Orbital Hamilton
Population (COHP), where the DOS is separated into bonding (+) and anti-bonding (-)
bands shown in Figure 2.4. In the case of Fe, there is occupation of anti-bonding states,
destabilizing the crystal structure. One way of stabilizing the material is to adopt another
crystal structure, but this does not happen. Instead the electrons shift in energy, splitting
into a spin-up and spin-down band. In chapter 5, we will show an example where a
change in bonding results in a change band splitting, resulting in a change of magnetic
moment.

- - | i
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Figure 2.5: DOS and COHP of bec iron, calculated with spin polarization '*

indicated by the red and blue (dotted) lines.

. Spin-up and spin-down are

A spin polarized calculation yields the spin-up (red, solid line) and spin-down (blue,
dotted line) occupation (Figure 2.5). The shape of both densities of states is more or less
the same, but they are shifted with respect to each other. The Fe-Fe bonding is now
maximized by removing electrons from the anti-bonding band.

2.4.2. Transition temperature
For weakly magnetic systems, the Stoner model is used to describe the transition tem-
perature. For systems like ZrZn,, the transition temperature is determined by exciting
spin-up electrons into the spin-down band by increasing temperature. The T is given
by

Tg =TI N(ep) —1) (2.23)

where T = ep/kg is the Fermi degeneracy temperature corrected for the effective
electron mass and I, is the Stoner exchange parameter averaged over the one-electron
states.

In strong magnetic systems the Stoner model breaks down and leads to an overes-
timation of the Curie temperature. For these systems, the magnetic moments persist
above the Curie temperature but lose long range order. Therefore, spin fluctuations are
used to describe such a system, replacing the magnetic moment by the spin density.
Then, using a Landau expansion, the free energy can be modeled 15
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Using this model, one can define a spin fluctuation temperature T's -

Mg

Toep=—"— 2.24
SF 10k X0 ( )

where M, is the total magnetic moment of the unit cell in p 5 at 0 K and x is the
exchange enhanced susceptibility at equilibrium

L (1 1 1
Xo! = (%) <N+<eF> * N—<eF>> — 2k (2.23)

where I is the Stoner exchange parameter. For materials where the critical temperature
is dominated by spin fluctuations, T\~ is approximated by T'qp. At the other extreme,
there is the Stoner theory, taking into account single particle excitations only, a descrip-
tion which may be valid for systems where T’ - is large compared with T'~. This leads
to the Mohn-Wohlfarth model

¢ Tc
—C 4L 2C _1-0 (2.26)
752 " Tgp

The validity of this model was investigated by plotting T /Tg - asa function of TS /T's j»
for various materials in Figure 2.6. For Fe, Co and Ni, which have T values of 770, 1115
and 354°C (1043, 1388 and 627 K) and magnetic moments of 2.2, 1.7 and 0.6 5 respec-
tively, the calculated values agree within an error or 3-5%. For Fe, the high magnetic
moment leads to a high T~. For Co, the increased density of states contributes to the
high T(-. For Ni, the lower T~ can be attributed to the reduced magnetic moment. The
model has been applied in chapter 6.

Although this model is not state of the art, it can approximate the Curie temperature
quite well as long as there is no phase transition affecting the magnetism of the mate-
rial. Extending this model by using a Heisenberg model and Monte Carlo simulations
does not significantly improve the predictions'’. In addition, methods that use a finite
temperature DFT approach are still far from usable '®. In case of phase transitions, other
DFT methods that model the ferro- and paramagnetic phases individually have been
used successfully '°.
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Figure 2.6: The solutions of Equation 2.26 (full curve) and the actual values for 12 different systems (open
circles). The broken line is the limit for pure Stoner behavior whereas the asymptotic limit for pure fluctuation

behavior is given by the chain line. The theory accurately describes the Curie temperatures of Fe, Ni and Co
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Experimental methods and
instruments

3.1. Introduction

his chapter describes the sample preparation methods and the used instruments.
T Samples were prepared using an arc-melting furnace' and a melt-spinning device”
followed by an annealing step. The crystallographic phases were characterized by X-ray
and neutron diffraction. Magnetic properties were measured using various magnetome-
ters. X-ray absorption experiments were performed at a dedicated setup in the European
synchrotron facility at Grenoble, France.
Section 3.2 is dedicated to a new setup of an arc melting furnace, constructed to replace
and improve an older instrument. It was constructed to ensure high quality samples,
by minimizing contamination by oxidation®. Not only does oxidation alter the material
properties, in some cases it can increase the melting temperature considerably. In that
case, a high electrical power is needed to produce these samples, which promotes evap-
oration. High-quality samples are important because some systems are very sensitive to
impurities. For instance, the superconductivity* or exotic magnetic states” are strongly
affected by impurities and defects®. Relevant elemental properties like melting points
and formation energies of oxides are listed in chapter 8.

3.2. Arc melting furnace

3.2.1. Main chamber

T he furnace is composed of a main chamber, copper crucible and torch (Figure 3.1).
The bottom plate of the main chamber is set on a hydraulic lift and has three connec-

tions. The first (14) is the crucible connection that has a KF25 stainless steel co-seal. An

O-ring with centering ring was not used because it promotes leakage due to the water

pressure in combination with the high vacuum. The second connection is an electrical

feedthrough (18) which is directly connected to the crucible, minimizing any electrical

23
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resistance. The third connection is the vacuum outlet for the argon flow, and is located
behind 18 in the figure.

Figure 3.1: Schematic drawing of the setup. 1. Ar inlet 2. Torch cooling 3. Power connection (-) 4. Height
manipulator 5. Handle 6. Vacuum seal 7. Z-bellow 8. Bellow insert 9. XY bellow 10. Paque insulation 11.
‘Wobble stick 12. Glass cylinder 13. Crucible 14. Crucible connection 15. Alumina cap 16. Tungsten electrode
17. Paque insulation 18. Power connection (+) 19. Crucible cooling

The main chamber is composed of a glass cylinder (12) that has been cut to precisely
fit in the metal seal, which incorporates an O-ring. The glass rests on a soft aluminum
layer that allows a vacuum level of at least 10~ mbar. The metal seals on the top and
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bottom are kept together by paque strips (17) which are placed along the edge. The top
part of the arc furnace is stationary and has been electrically isolated by a paque layer
(10). The bellow insert (8) prevents the torch from making contact with the upper part,
that can cause stray currents to affect the turbopump and the gauges. A wobble stick (11)
is used as a sample manipulator to easily turn the samples. The torch is controlled man-
ually by two handles (5), one on each side. The torch is sealed at (6) by two O-rings, that
are pressed into a notch and held by a metal ring that is screwed into the stainless steel
piece. The torch is composed of three layers, separating the two water flow directions
and the argon gas.

3.2.2. Vacuum system

The vacuum is controlled by a membrane pump (nXDS6i from Edwards) and a turbo-
pump (nEXT240D from Edwards) and is monitored by a pirani-type vacuum gauge
(AGP100), a wide-range gauge (WRG-S) and a piezogauge (ASG2). The pirani gauge can
measure the pre-vacuum from ambient pressure to 10~3 mbar, the wide-range gauge
can measure from ambient down to 10~2 mbar and the piezogauge can measure down
to 1 mbar and is used to control the argon pressure. Two needle valves (which have
a sensitivity of 0.1 L/min) control the argon flow, that is sustained by a separate small
laboratory pump. A separate pump was used to create an argon flow, thereby preventing
any gases formed in the melting process to enter the membrane pump. In addition, the
argon flow is filtered by steel wool, that is used because of the low cost. The system
is controlled by a programmable logic controller (PLC, type HTB1CODM9LP) that has
an integrated touchscreen. The pumps, valves and gauges are directly connected to the
PLC.

3.2.3. Electrical system

A DC power supply (IMS TIG 161) with a low voltage (< 20 V) and an adjustable current
between 10 and 160 A is used as generator. The maximum current is around 100 A
for the standard 2.4 mm electrode (Binzel, E3 tungsten alloy) but is higher for thicker
electrodes. The voltage of the IMS TIG 161 generator is given by AV (V) = 0.041(A) +
10 and the poweris given by P = AV'I. A current of 90 A can be sustained for any period
of time, but 100 A can only be sustained for 0.6 minutes and 160 A can be sustained for
0.2 minutes without the machine overheating. Good electrical conductivity between
the generator, the torch and the crucible is very important for the stability of the arc
and the heating of the sample. The torch should be attached to the (-) side and the
crucible to the (+) side. This way the electrons will travel from the crucible to the torch
and loose their energy in the sample, heating it up. The other way around the electrode
will heat up and melt above 25 A. Switching the connections could be a solution if the
power is too high and one needs to gently heat the sample. To ensure a stable arc, the
connection between (18) and the crucible needs to have a large contact surface and a
tight connection.
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3.2.4. Cooling system

The cooling system consists of four valves and one flow meter. The first two valves are
external and have to be operated manually. The water system will always run when the
external switches are turned on and this enables cooling of the turbopump. The other
two valves are solenoid valves (type EV210B from Danfoss) and allow water into the
crucible and torch. The flow meter is capable of measuring a range between 0.5 and 30
L/min. The connections are push-in fittings from Festo; they allow easy removing of
the tubes. The water flow inside the crucible was simulated using the Ansys Academic
R14.5 software and is shown in Figure 3.2. Details on operating the instrument can be
found in the manual.

Figure 3.2: Simulation of the velocity of the water flow shown in a cross section of the copper crucible. The
water (3.5 10° Pa) enters the crucible from the center, disperses at a notch on the inner wall and exits from
the side. This design ensures an equal distribution of water across the inner surface.

3.3. Melt spinning

o study metastable phases, the melt spinning technique was used. Intermetallic com-
T pounds in the solid state exist either as a solid solution, where any composition is
stable, or have a fixed stoichiometry. In the liquid state at sufficiently high tempera-
tures, solutions can be made with any composition, and by rapidly quenching the liquid
to room temperature it is possible to retain the starting composition. This is shown in
Figure 3.3. Using this technique, synthesis of metastable phases is attainable and can in-
crease the compositional range of a particular phase. This is the basis for melt spinning,
where quenching is achieved by spraying a liquid onto a rotating copper wheel, achiev-
ing cooling rates in the order of 10% - 107 K/s’. The wheel is rotating at a speed of 60
m/s. The resulting ribbons can be crystalline or amorphous, depending on the elements
present.

There are two additional advantages to this technique. First of all, arc melting can
always leave some inhomogeneities in the sample due to the nonuniform temperature
when melting. The induction furnace used in melt spinning makes sure that the samples
are homogeneous. Secondly, hard materials are difficult to process and powderization
of samples is not always trivial. The resulting ribbons require short annealing times and
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Heating coil

Amorphous
Nozzle ribbon

Rotating
Cu-wheel

Figure 3.3: Schematic view of the melt spinning technique. A heating coil liquifies a sample, that is sprayed
through a nozzle onto a rotating copper wheel, creating (amorphous) ribbons ®.

are perfectly suited for characterization by X-ray diffraction. This is due to the high
density and the fact that no force has been applied to the sample in order to achieve
powderization. The melt spinner is a commercial product instrument by Edmund Biihler
GmbH.

3.4. Annealing

T he samples obtained by arc melting or melt spinning were annealed in a tube furnace.
To protect the samples from oxidation, they were first sealed into quartz ampoules in
an Ar atmosphere of 200 mbar. The melt spun ribbons used in chapter 4 were annealed
at 650°C for 2 h and quenched to room temperature. The samples from chapter 6 were
annealed at 900°C for 2 days and quenched to room temperature.

3.5. Diffraction experiments

iffraction is scattering of radiation from a periodic lattice, giving rise to interference.
D The interference pattern, or diffraction pattern, can be used to determine the crystal
lattice. Each diffraction peak is determined by the scattering by one or multiple lattice
planes, given by indices (hkl). In these planes, the electrons (for X-rays) or nuclei and
magnetic moments (for neutrons) of atoms n are the source of the scattering. The sum
of all the waves scattered by these atoms is called the structure factor F'”:

n=N
Fhkl = Z fnexp<27ri(h$n + kyn + lzn)) (31)
n=0

When the scattering objects are not localized in one point, the sum in the structure
factor can be replaced by an integral over the volume V:

Foy = /Z/ poyexp(2mi(h= + kY +12)) dadb de. (3.2)
v a b c
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where x,y and z are the fractional coordinates of a unit cell with cell axes a,b and c.
Now the electron density can be written as a Fourier series

1 R Y z
Payz = 7 ;;; exp(?m(ha + kg + lg)) (3.3)

The structure factors were obtained by Rietveld refinement '’ using the FullProf soft-
11
ware '

3.5.1. Electron density plots

By using the structure factors as coefficients in a Fourier synthesis (performed by VESTA '?
using a .fos file as input), the electron density can be reconstructed. The resolution of
the electron density is given by the number of structure factors used. Due to the phase
problem, only the real part of the structure factor is measured, because the intensity of
a reflection is given by I = |F?|. The imaginary part (due to the phase) is calculated
using the crystallographic model and is determined by the atomic positions. The mag-
nitude of the structure factor is partly determined by the atomic form factor f, which
is a scalar derived from an isotropic electron density distribution. Because the electron
density distribution in real solids is generally anisotropic, the atomic form factor should
depend on hkl. This is reflected in the fact that the observed and calculated intensities
for different reflections always show some deviations. By using the observed intensities
to describe the real part of the structure factor, the anisotropic nature of the atomic form
factor (which does not contribute to the imaginary part) can be taken into account. To
measure changes in electron density as a function of temperature, the electron density
at two different temperatures can be reconstructed and the difference can be plotted.
In this way, all common features are removed and the electron density difference can
be visualized. This is complicated by the fact that thermal motion of atoms changes
the diffracted intensity. High temperature increases the thermal diffuse scattering and
decrease the intensity at the diffraction peaks. However, the total scattered intensity
should remain constant (neglecting any absorption). This means that the sum of the
structure factors over all lattice planes should be a constant. This constant was used as a
scale factor in the electron density plots, considering that the integral over the electron
density is equal to the number of electrons in the unit cell.

3.5.2. X-ray powder diffraction
Room temperature X-ray diffraction (XRD) measurements were performed on a PANalytical
X'Pert PRO diffractometer. The temperature-dependent X-ray diffraction experiments
were performed in 0.5 mm capillaries at the BM1A beamline at the ESRF using a wave-
length of 0.68884 A and a PILATUS2M area detector. Temperature control was achieved
using a liquid nitrogen cryostream.

3.5.3. Neutron powder diffraction

Neutron diffraction measurements were performed on the new neutron powder diffrac-
tometer PEARL of the TU Delft '°. Data were collected at 78 and 405 K using the (533)
reflection of the germanium monochromator (A = 1.665A). The sample was loaded under
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argon in a 6 mm diameter air-tight vanadium container (0.15 mm thickness). Cooling
was achieved using a stream of liquid nitrogen and a heat gun was used for heating. The
sample was measured for 10 min per temperature step. The data treatment consisted of
a correction for the detection efficiency.

3.6. Magnetization measurements

agnetization measurements were carried out in a superconducting quantum in-

terference device (SQUID) magnetometer (Quantum Design MPMS 5XL). Sam-
ples were put in a gelatin capsule, which was mounted in a transparent plastic straw.
Temperature dependent measurements were performed with a sweep rate of 2 K/min.
High-temperature magnetization measurements were performed in a VersaLab vibrat-
ing sample magnetometer (VSM) with an oven function. This instrument can heat a
sample from 350 to 1000 K. The sample was in contact with a resistive heater and fixed
by thermal paste.

3.7. X-ray Absorption Spectroscopy

part from scattering experiments, absorption experiments can also provide valuable
A information about the electronic structure of a material. By tuning the energy of
the X-rays to an absorption edge, the attenuated beam can be measured '*. In general,
the intensity is measured as a function of energy. X-ray absorption fine structure spec-
troscopy (XAFS) uses high-energy photons to excite electrons from a core level to an
excited state. The energy of the various core levels (1s, 2s etc.) is known and at a syn-
chrotron facility the energy can be tuned to an absorption edge. Because core levels are
not influenced by the chemical environment of the material, the excited state is of par-
ticular interest. For compounds containing Fe, the interesting excitations are a dipolar
coupling from 1s to 4p and a quadrupolar coupling between 1s and 4d orbitals.

The XAFS spectrum can be divided into two regions: XANES (X-ray Absorption Near
Edge Structure) and EXAFS (Extended X-ray Absorption Fine Structure). The XANES
region is determined by the absorption edge and depends on the final energy state, which
is highly influenced by the oxidation state. The EXAFS region is found at higher energies
and here the excited electrons have additional kinetic energy. This causes oscillations
due to scattering. By analyzing the oscillations, the local environment (electron density
around the absorbing atom) can be probed. Because in the Fe,P structure Fe and Mn
preferentially occupy different lattice sites, the electron density around the two lattice
sites can selectively be probed.

The experiments were performed on powders with particle sizes between 20 and
40 pm that were mixed with boron nitride to control the attenuation and pressed into
pellets. The measurements were performed in transmission mode. Boron nitride secures
the structural properties of the material without influencing the measurement. A nitro-
gen cryostream was used to cool and heat the samples with a temperature control within
2 K. For better statistics, two absorption spectra were recorded at each temperature.

All XAFS spectra were analyzed with the Athena and Artemis software packages .
In reducing the data, the same set of parameters was utilized for each absorption edge.
For the Fourier transform at the Fe edge, k values between 2 and 13 A~! were used;
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for the Mn edge, k values between 2 and 12 A~! were used since higher k values were
inaccessible due to an overlap with the Fe-edge. In fitting the data, an Einstein model
was used to calculate the static disorder. To simulate the XAFS data, 6 scattering paths
were used per temperature, based on the experimental lattice parameters. This accounts
for 96% of the partial occupations of crystallographic sites and occupational disorder.
The coordinates of the atoms were taken from neutron diffraction data. The energy
shift between the experimental data and the fit was determined per measurement and
the disorder and amplitude were fitted for the whole temperature range. A total of
5 parameters were used out of 13 independent points per measurement for the first shell
of Fe. For Mn there are 11 independent points for the first shell. All fits were performed
in k space.
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Mg3Cd-based materials

4.1. Introduction

C ompounds based on Mn and Ga can form a large variety of phases. The high spin
polarization and moderate transition temperatures qualify them as good candidates
for magnetocaloric materials. The structural and magnetic properties of Mg, Cd-type
(Mn;__Fe_);_5Ga have been studied.

The MgsCd-type crystal structure is composed of two layers, each containing three
magnetic atoms (Mn, Fe or Ni) and one non-magnetic atom (Ga, In, Ge or Sn) in a
hexagonal unit cell'. The magnetic atoms are arranged in a triangle in each layer, with
anon-magnetic atom above/below the center of this triangle in the other layer, as shown
in Figure 4.1. This phase is commonly referred to as the e phase. The hexagonal phase
is metastable and will form in a temperature range between a high-temperature cubic
and a low-temperature tetragonal phase’, and can be stabilized by quenching.

z="4

Figure 4.1: Unit cell of the Mg Cd type crystal structure. Three magnetic atoms (M) are arranged in a triangle
in one layer and a non-magnetic atom (X) in the center of the triangle, in the alternate layer indicated by
shading.
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The first magnetic study on the e phase in the Mn-Ga system showed a magnetic
moment of about 3.0 x5 for Mn”’. The magnetic moments are arranged in a triangular
antiferromagnetic configuration *. The triangular arrangement has been described using
an Ising model with the spins confined to the basal plane”. It gives rise to a complex
antiferromagnetic structure that can be described by a combination of three magnetic
sublattices, oriented at an angle of 120°. This often leads to exotic properties such as spin
ice, multicritical phenomena, and noncollinear ordering®.

Most of the triangular spin systems investigated so far are insulators, while Mn;Ga is
an example of a metallic system. This makes this system very interesting. Additionally,
there is a sudden change in magnetization that coincides with a distortion of the lattice
at T,;. A hexagonal-to-orthorhombic reduction in symmetry has been reported to take
place at the distortion temperature 7;, but no evidence has been presented to confirm
this”®. Using high-resolution X-ray diffraction, we will show that the symmetry is ac-
tually reduced to monoclinic. Such a behavior is highly uncommon, Tb3Ag,Sn, is the
only other example of such a transition”.

The outline of the remainder of the paper is as follows, first, the phase stability of
the € phase is investigated in the presence of Fe and Si substitutions. To explore if
the crystallographic transition persists, the magnetic properties of (Mn,Fe);_;Ga and
Mn;_5(Ga,Si) are reported. Finally, the origin of the crystallographic distortion is in-
vestigated using both X-ray and neutron diffraction techniques.

4.2. Experimental

n chips (99,9%), Ga pieces (99,99%) and Fe granules (99,98%) were melted in the
M arc melting furnace described in section 3.2. An extra 2 wt.% Mn was added to ac-
count for evaporation losses; the evaporation varied between 1.75 and 2.25 wt.%, based
on the change in mass. The obtained buttons were turned three times and subsequently
melt spun to facilitate the phase formation. Combined evaporation losses from melt
spinning and annealing result in a maximum deviation of 0.2 wt.% from the nominal
stoichiometry. The melt-spun ribbons were ductile, which is an indication that the rib-
bons are amorphous.
To find the transition temperatures of the tetragonal, hexagonal and cubic phases, differ-
ential thermal analysis (DTA) was performed on a Perkin—Elmer MAS-5800 instrument
with a heating/cooling rate of 10°C/min and a nitrogen flow rate of 50 ml/min. We ob-
serve transitions around 550, 600 and 700°C. These preliminary samples were sealed in
quartz ampoules, filled with Ar, and quenched in water. It was found that below 600°C
the tetragonal phase is stable and above 700°C the cubic phase is formed. Apart from
these phases, no other phases were observed after annealing at 450, 650 and 750°C for 8
h. All subsequent samples were annealed under argon at 650°C for 2 h and quenched in
water.
The diffraction experiments and magnetization measurements are described in section
3.5 and 3.6 respectively.
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4.3. Results and discussion

4.3.1. Phase stability of (Mn,Fe), 4(Ga,Si)
A ccording to the binary Mn-Ga and Fe-Ga phase diagrams?, the ¢ phase is stable only
with an excess of Ga. To verify whether this is also the case for melt-spun samples, a
stoichiometric MnsGa sample was made. The sample shows single e phase and contains
74.8 + 0.2 at.% Mn based on the experimental evaporation, EDX measurements show a
concentration of 75 4 2 at.% Mn. All other samples were made with a stoichiometry of
2.9:1 to facilitate the solid solution formation of Mn;Ga and Fe;Ga. The results on the
phase stability of the samples is summarized in Figure 4.2. Above 25% Si substitution,
the cubic Mn3(Si,Ga) phase is formed. The fraction of the a-Fe phase was found to be
strongly dependent on the annealing time. For that reason, the 8 h annealing time of
the preliminary samples was reduced to 2 h to reduce the formation of the a-Fe phase.
In samples containing Si, between 10% and 25% «-Fe was formed. It is expected that
the phase stability window of 600 to 700°C varies with composition. This complicates
the phase formation of the ¢ phase and can lead to a non-uniform distribution of second
phases.

Mny 9Ga Fe; ¢Ga
90 0 0 000 @ ®
0.1} 1
0.2} 1
® > ") ¢ >
0.3} 1
y 041 1

05 s

€ a-Fe
0.6 0 1
1\/111351
0.7} iy)
P (Mn;_,Fe;)29(Gai—,Si,)
0.8 : ' | '
0 0.2 0.4 0.6 0.8 1
Mny ¢Si ! Feaa®

Figure 4.2: Quaternary phase diagram of (Mn,Fe), oX. The € phase is shown in blue, the cubic Mn3Si phase
is shown in red and the «-Fe phase is shown in white. All samples were annealed at 650°C for 2h and char-
acterized by XRD at room temperature.
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4.3.2. Magnetic properties of (Mn;__,Fe, ), ¢Ga

he crystallographic distortion of the hexagonal structure is characterized by an in-
T crease in magnetization below room temperature shown in Figure 4.3 for x = 0. For
2 = 0.3 the antiferromagnetic regime is shifted to lower temperatures and shows two
magnetic transitions. For x = 0.4 there is a paramagnetic to ferromagnetic transition
at 230 K and a ferro- to antiferromagnetic transition at 150 K, where the Mn moments
start to align antiferromagnetically. Because the Mn moments cannot compensate each
other due to the stoichiometry and the alignment with the applied field, the magnetiza-
tion increases with decreasing temperature. The same behavior is observed for z = 0.5
but is absent for z = 0.6.
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Figure 4.3: Magnetization as a function of temperature under an applied field of 1 T for (Mn;_,Fe ), oGa.
For x = 0, the composition is Mny g5Ga.

Figure 4.4 shows the magnetization measurements for selected values of z. A very
low magnetization is measured for x = 0.1, comparable to the magnetization found in
Mn;Ge and Mn3Sn. In addition, the ferromagnetic component at low fields is absent
for 0 < = < 0.3 and the magnetization increases linearly with applied fields up to 15
T'°. The antiferro- to ferromagnetic transition at x = 0.3 gives rise to a larger saturation
magnetization. To determine the saturation magnetization for all samples, a Langevin
function with added linear component was used to fit the data. Above the Néel temper-
ature, the sample shows Curie-Weiss behavior (x = M/H = C /(T + 0y), which is
characterized by a linear response of M to the applied field H.

For high Mn concentrations, antiferromagnetic interactions dominate and decrease
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Figure 4.4: Magnetization curves of (Mn,;__Fe_ ), gGa and fits (Langevin function with added linear com-
ponent) as a function of applied field at 5 K.

Table 4.1: Magnetic transition temperatures 7'y and T extrapolated to zero-field and saturation magnetiza-
tion of (Mn,Fe)5 oGa

compound Ty X) To(K) M (Am?/kg) (up /atom)
Mn, ¢Ga 470 20.0 0.27
(Mng gFeg 1)2.9Ga 418 2.7 0.04
(Mno.SFeO'Q)Q.gGa 320 10.7 0.15
(Mng -Fey 3)5 9Ga 251 50 24.9 0.34
(Mng gFeg 4)9 Ga 156 230 76.5 1.05
(Mng 5Feq 5)q 0Ga 50 345 93.6 1.29
(Mng_4Feq 6)5.9Ga 420 111.8 1.54
(Mng 55Feq 75)5 9Ga 530 139.1 1.91

Fe, ,Ga 720 145.7 2.02
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linearly as a function of x. The same trend is observed for Fe. In the region where T
and T~ are equal, there is a small deviation from the linear behavior, as shown in Fig-
ure 4.5, This is in line with the findings on (Mn;__,Fe,);Ge'' and (Mn,__Fe,);Sn"".

700 (Mn,,Fe,), Ga
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500
< 400
300,
200

100

o

0.2 0.4 0.6 0.8 1

Figure 4.5: Critical temperatures of (Mn;__Fe, ), 9Ga as a function of z. The antiferromagnetic interaction
of Mn, oGa is weakened for increasing « as the ferromagnetism of Fe, §Ga gradually sets in. The crossover
with T’y = T ~ 190 K is around 2=0.37.

Using the experimentally determined saturation magnetization, the magnetic be-
havior of (Mn,Fe), ¢Ga is shown in Figure 4.6. The line between x = 0 and = 1 is
shown as a guide to the eye. Three regions can be distinguished: I is characterized by
the crystallographic distortion, II is dominated by antiferromagnetic interactions, III is
dominated by ferromagnetic interactions. In region II, the magnetization is relatively
low. This can be explained by considering a triangular antiferromagnetic arrangement
by magnetic moments of unequal magnitude. In region III, the magnetic moments ro-
tate in favor of a ferromagnetic arrangement. The fact that the saturation magnetization
does not exceed the value at z = 1 indicates that Mn always couples antiferromagneti-
cally, because the magnetic moment of Mn is larger compared to Fe. From the saturation
magnetization of Fe, 4Ga, the calculated magnetic moment per Fe atom is 2.0 1 5. The
magnetic properties are summarized in Table 4.1. The entropy change under an applied
field change of 0-1 T for the sample with z = 0is 0.1 J/K kg.
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Figure 4.6: The experimentally determined saturation magnetization measured as a function of « at 5 K. The
datapoints are connected by a cubic spline interpolant as a guide to the eye. In region I, the magnetization
is nonzero below T'; and zero above T};. In region II, below the diagonal line, T}; is absent and the AF Mn
sublattice couples AF to the Fe sublattice. In region III, above the diagonal line, the AF Mn sublattice couples
FM to the Fe sublattice.

4.3.3. Magnetic properties of Mn, 4-(Ga,Si)
hen substituting Si for Ga, the crystallographic distortion temperature decreases.
\; \' To keep the transition temperature around room temperature, a ratio of 2.95:1
was chosen. The unit cell of Mn, o5Ga;_,Si, reduces isotropically for y < 0.25 but
expands at higher values of y, which suggests that Si first substitutes Ga but for higher
Si concentrations it enters the lattice interstitially. At the same time, for y > 0.25, the
cubic Mng(Ga,Si) phase is formed as a second phase. This second phase is also antifer-
romagnetic and complicates the analysis of the magnetic properties. The ferromagnetic
contribution at low temperatures however persists and the transition broadens. The

structural properties are summarized in Table 4.2.

Table 4.2: Distortion temperatures, magnetization at 5 K in a field of 1 T (Am?/kg), lattice parameters a and
c and the volume fraction of cubic 2% phases f,..onq Of (Mn;_,Fe_)s o5(Ga,Si).

COIIlpOllIld Td (K) a (A) c (A) fsecond (0/0)
Mn, ¢5Ga 230 5405 4350 <1
Mn, 4:Gag 75Sig o5 220 5350 4313 <1
Mn, ¢5Gay 5Sig s 190 5358 4320 35
Mny ¢5Gag 95Sip 75 150 5370 4330 65
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4.3.4. Magnetoelastic transition of Mn, ¢Ga

o study the origin of the crystallographic distortion, high-resolution X-ray diffrac-
T tion measurements were performed as a function of temperature. In order to study
a sample that has both a steep increase in magnetization and could be measured well
below T'; using liquid nitrogen, the Mn, 4Ga sample was selected.
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Figure 4.7: Powder X-ray diffraction intensity of the {220} peak of Mn, Ga as a function of temperature (K)

When cooling the sample down, the {220} peak gradually splits, indicating a second-
order phase transition as shown in Figure 4.7. This is supported by DSC measurements
that did not detect any latent heat. It seems that the unit cell gradually changes and the
resulting symmetry is expected to be a subgroup of the P6;/mmc spacegroup. By reduc-
ing the symmetry to P1, one can change all unit cell parameters and find the parameter
relevant for the phase transition. It was found that a deviation of the 120 degree an-
gle results in the observed peak splitting, resulting in a hexagonal to monoclinic phase
transition. The corresponding space group is P2,/m, which is a subgroup of the or-
thorhombic space group Cmcm, a supercell of the original unit cell . The distortion
lifts the equivalence of the Mn atoms, they are no longer related by a threefold axis and
occupy three crystallographic positions, as summarized in Table 4.3.
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Table 4.3: Refined X-ray diffraction data of Mn, gGa. The atomic coordinates of Mnl / Mn2 / Mn3 are split
for the monoclinic phase.

100 K 200 K
S.G. P2,/m P65/mmc
a (A) 5.304(5) 5.349(7)
b (A) 4.304(6) 5.349(7)
c (A) 5.364(3) 4.309(1)
B 119.68(7) 120
Mn (%,4,2) (2e) | (x,2x,1) (6h)
x 5/8/% &
z 1/1/2 1
6’63 4
Ga (x,1.2) (2¢) | (%.3.3) (2d)
T 1 1
3 3
z 2 3
3 1
B,o (AQ) 0.33 0.61
Rp 4.42 5.85
pr 3.92 6.51
5.5 x10° . : '
{201} Mn, Ga
S calculated |
* observed
el difference |
4r 200K |
= {203} 1
= {400}
=]
y 100 K
/. T
{402} h 1
n A A S——
25 30 35

Angle (20)

Figure 4.8: X-ray diffraction data of Mn, ¢Ga at a temperature of 200 K (above the distortion temperature)
and at 100 K (below the distortion temperature).
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Table 4.4: Refined neutron diffraction data of MnzGa. The atomic coordinates obtained by XRD were used
as input. The magnetic moment vector is decomposed into three components along the crystallographic axes
(M, My, M_.). The individual moments of Mn are 2.6 1 g for 78 K and 2.2 i1 i for 405 K.

78 K 405 K
a (R) 5.420(9) 5.391(8)
b(A) 4.333(8) 5.391(8)
¢ (A) 5.313(3) 4.348(3)
B 119.18(7) 120
Mnl (1.6/0/-14) | (2.2/0/0)
Mn2 (0/0/-2.6) (0/2.2/0)
Mn3 (-26/0/0) | (-22/-2.2/0)
B,, (A?) 0.07 1.45
R, 4.62 491
Rop 6.65 6.28
8 {101} / Mn,Ga
Tr {110} 4056 K 4

Intensity (counts)

S

78K 4

calculated |
* observed
difference |

80 100
Angle (26)

120 140

Figure 4.9: Neutron diffraction data of Mn3Ga above and below the distortion temperature. The black and
purple atoms lie in different planes. The moment orientations are obtained from Rietveld refinement.
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By refining the unit cell dimensions, a good fit was obtained with the experimen-
tal powder diffraction pattern, shown in Figure 7.8. Due to the distortion, both the
in-plane angle as well as the cell lengths change, while the out-of-plane cell length
is hardly affected. Refinement of the atomic positions of Mn did not improve the fit.
The distortion of the triangular lattice of the Mn atoms will affect the magnetic proper-
ties. Therefore, neutron diffraction experiments were performed on Mn;Ga below and
above T;. Above the distortion temperature, the obtained triangular antiferromagnetic
arrangement confirms earlier findings*. Below the distortion temperature, the degen-
eracy of the Mn atoms is lifted and the magnetic moments were refined individually.
The atomic positions obtained from the XRD refinement were used as input. An in-
creased background was measured at low temperatures around the {101} peak, which
was attributed to the sample environment. The results are shown in Figure 4.9.

Above the distortion temperature, the magnetic moments of Mn lie along the crys-
tallographic directions, resulting in a zero net moment. The same holds for the other
layer, which has inverse chirality. The chiral solution, where both layers have the same
chirality, gives a higher intensity at the {100} peak and was discarded. Below the distor-
tion temperature, the net moment cannot point out of plane, as this would be visible in
the {200} and {201} peaks. The rotation of one local moment can reproduce the observed
intensity, keeping the magnitude of the moments constant, as shown in Figure 4.9. This
rotation partially cancels the moment in the [00-1] direction, leaving a net moment in
the [101] direction. The result of the refinements of the neutron diffraction data are
summarized in Table 4.4.
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Figure 4.10: Distortion of the 3 angle (left) and magnetization (right) of Mn, gGa measured at 1 T, as a
function of temperature. The magnetization and the distortion are correlated, but don’t coincide due to the
broadening by the applied field and the temperature control.
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By measuring the magnetization of the sample as a function of temperature, we can
see that the magnetization and monoclinic angle are indeed correlated, as can be seen in
Figure 4.10. The temperature difference can be attributed to the shift due to the applied
magnetic field and the temperature control. There is clearly a correlation between the
deviation of the 120 degree angle and the rotation of the magnetic moment of the Mn
atoms. It is now also clear how the stoichiometry affects the magnetization. In the
ferromagnetic state, three magnetic domains are expected to form where the in-plane
moments generate a net domain magnetization along three principal directions. If one
would apply an in-plane magnetic field or shear force on a single crystal, the material
would acquire a ferromagnetic component in-plane with a maximum magnetization of
about 70 Am?/kg. This is a domain reorientation and is expected to be a reversible
process. Generally, phase transitions involving a change in symmetry are of first-order.
However, in this case, the monoclinic symmetry can be described as a subgroup of the
hexagonal symmetry, which allow a continuous change of the 120 degree angle.

4.4, Conclusions

(Mn,__Fe_), 9Ga is shown to form an e single phase after quenching from a tempera-
ture between 600 and 700°C. Stoichiometric Mn3Ga is shown to form using melt spin-
ning, indicating that off-stoichiometry is not an intrinsic property of the material, but is
rather an experimental complication. When Si is introduced, the temperature window
of phase stability is expected to vary and second and third phases are observed. Magneti-
zation measurements show a low magnetization for Mn rich samples, consistent with an
antiferromagnetic arrangement of three magnetic sublattices. When substituting one Fe
atom for Mn, a ferromagnetic component is introduced while lowering the Néel temper-
ature. At x = 0.37 the Fe and Mn sublattices couple ferromagnetically and the material
becomes ferromagnetic. We attribute the crystallographic distortion in Mn;_sGa to a
rotation of the three antiferromagnetic sublattices below room temperature. This re-
duces the symmetry from hexagonal to monoclinic via a second-order phase transition.
The distortion results in a rotation of one of the magnetic moments in-plane. This effect
is linked to the magnetic lattice site, because replacing Ga with Si retains the distortion.
This study shows that there is a coupling between the magnetic structure and crystal
structure in this material. With the application of a magnetic field, a reversible magne-
tization change can be realized around room temperature.
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Origin of the first-order phase

transition in FeyP-based materials

5.1. Introduction

aterials such as Mn(As,Sb) ', La(Fe,Si), 5 and its hydrides’, (Mn,Fe),(P,X) where
X = As®, Ge*, Si° , MnCoGe® or Gd(Ge,Si),’ show a first-order magnetic transi-

tion, resulting in entropy changes in low field that are one order of magnitude larger than
for second-order transitions. Of these, the most promising magnetocaloric materials are
the Fe,P-based® and La(Fe,Si), ;-based” compounds. They show a large isothermal en-
tropy change and adiabatic temperature change in low magnetic fields in combination
with a small thermal hysteresis. In addition, they both exhibit a magneto-elastic tran-
sition, in which the atomic arrangement changes in a much more subtle way compared
to the full crystallographic phase transition encountered in other first-order materials.

Density Functional Theory (DFT) calculations predict a distinct change in electronic
structure and magnetic moments across the magneto-elastic transition in Fe,P-based
materials®~!!, shown in Figure 5.1. In particular, Fe atoms on the 3f site, shown in
Figure 5.2 display a partially quenched magnetic moment in the paramagnetic state. A
recent DFT study on La(Fe,Si), 5-based compounds also indicates, for the paramagnetic
state “the possibility of stable quenched Fe-moments”'>. We therefore propose that
competition between bond formation and moment formation lies at the basis of this
first-order magnetoelastic transition as it involves the same 3d electrons.

In order to experimentally verify that this mechanism is relevant in MCE materials,
one may probe changes in electron density around the Fe atoms. The
MnFe; 65P 552Si9 34Bo o7s -~ compound was chosen for its sharp first-order transi-
tion and an Fe/Mn ratio close to 1:1, which allows one to distinguish the high and low
moment sites. For La(Fe,Si); 5, experimental verification is more difficult as all moments
are Fe moments. We use X-ray Absorption Fine Structure (XAFS) and high-resolution
X-Ray Diffraction (XRD) to investigate the electron density. Extended X-ray Absorp-
tion Fine Structure (EXAFS), is sensitive to the local electronic environment around
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Figure 5.1: Partial density of states of Fe and Mn in the ferromagnetic (FM) and the paramagnetic (PM) state of
MnFeP( 47Sig 33 obtained by DFT calculations. The energy scale is plotted with respect to the Fermi energy.
In the ferromagnetic state there is a majority of spin-up electrons (red) compared to the spin-down electrons
(blue), which contribute to the itinerant magnetism. Both in the PM and FM states there is a large majority
of spin up electrons (red). The corresponding magnetic moments are 1.45 p g (FM), 0.67 11 5 (PM) for Fe and
2.93 pg (FM), 2.87 i g (PM) for Mn.

Figure 5.2: Unit cell of the hexagonal Fe, P structure (space group P62m) showing the Wyckoff positions and
the layered structure. The 1b and 2c positions are occupied by the nonmetal P and Si atoms and the 3 f and
3g positions are occupied by metal Fe and Mn atoms.

a particular type of atom. By applying a Fourier transform to the EXAFS signal, 1D
radial electron density plots can be obtained. By measuring below and above the criti-
cal temperature, changes in this radial distribution of the electron density are detected.
To characterize these changes also in 3D, we created charge density maps from high-
resolution XRD measurements above and below the critical temperature. Additionally,
we performed new DFT calculations for a compound with a stoichiometry close to the
experimental value.
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5.2. Experimental

reparation of the sample is described in a previous paper '°. Details on the X-ray ab-
P sorption and powder diffraction experiments can be found in chapter 3. The density
functional theory calculations on MnFeP 4-Si; 35 were done using Vienna ab-initio
simulation package (VASP) '* using generalized gradient approximation by Perdew, Burke
and Enrzerhof (GGA-PBE) "°. Frozen core charges were represented with pseudopoten-
tials of the Vanderbilt form '° utilizing the projector augmented wave (PAW) '/ frame-
work. For all the atoms, PAW data sets were used with frozen 1s, 2s, 2p and 3s core
state for Mn and for Fe an additional 3p state was frozen. For Si and P 1s, 2s and 2p core
state was kept frozen. The Brillouin-zone integration was done using a Gamma centered
k-point mesh of 6 x 6 x 6 k points in the irreducible part of the Brillouin zone. The
cutoff energy of the augmentation function was taken as 400 eV and, for smearing, the
Methfessel-Paxton scheme was used with a smearing width of 0.1 eV. The calculations
were relaxed using force and energy convergence criteria of 0.001 eV/A and 107 eV
respectively. The lattice parameters and the atomic positions within the unit cell of
MnFeP ¢-Sij 33 in ferromagnetic and paramagnetic states were independently relaxed
until the convergence criteria were achieved. The obtained values for ferromagnetic and
paramagnetic lattice parameters were a s = 6.13 A, cpp; =327 Aand apj, = 5.94 A,
cpas = 3.42 A. The c/a ratios of both phases are in agreement with the experimentally
determined ratios. For the FM phase, these ratios are 0.536 (XRD) and 0.533 (DFT) and
for the PM state these are 0.564 (XRD) and 0.576 (DFT). For the charge density plots,
the unit cell parameters and atomic positions obtained by Rietveld refinement of the
XRD data were used. To model the paramagnetic state, a 2 x 2 x 2 supercell was created
with alternative direction of magnetic moments within the XY plane. This was ener-
getically more stable compared to previous calculations'"'®. The magnetic moments of
weakly magnetic Fe atoms decrease from 1.45 4 5 in the FM state to 0.67 p 5 in the PM
state, where the strongly magnetic Mn atoms retain the moment from 2.93 y 5 (FM) to
2.87 pg (PM) during the phase transition.

5.3. Results and discussion

he absorption spectra measured at different temperatures are shown in Figure 5.3
T and have been split into XANES (X-Ray Absorption Near Edge Spectrum) and EX-
AFS (Extended X-Ray Absorption Fine Structure) parts.

The XANES part does not show a significant change across the ferromagnetic transi-
tion, so we expect no valence changes for Fe and Mn. The absorption edge most closely
resembles the absorption edge of pure Fe and Mn metals. In the EXAFS region, there is
a significant change in the Fe fine structure, in contrast to the Mn fine structure. The
fine structure data in k space and its Fourier transform are shown in Figure 5.4.

For the Fe signal, the fit is in good agreement with the data, but around 8 A~ there
are some deviations. The signal around this region is probably due to contributions of
the next nearest neighbors, which were not fitted. The fit of the Mn signal is slightly
more off due to the higher standard deviation of this signal compared to the signal from
Fe. There is a systematic shift in the main peak, which indicates that there is a system-
atic difference between the atomic positions measured with X-ray diffraction and the
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Figure 5.3: Normalized absorption of the Fe (a,b) and Mn (c,d) edges in MnFe o5Pg 555Sig.34Bg.07s- The
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Figure 5.4: Fits of Fe (a,b) and Mn (c,d) of MnFe( g5P 5825ig.34Bg.g7s in k and R space. The signals below
1.3 A are artifacts of the Fourier transformation. The distances have an offset with respect to the physical
distances due to the phase shift caused by the scattering of the photo-electron.
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Table 5.1: Results of the fits to the Fe and Mn edge data. SZ is the passive electron reduction factor. The E,
values are relative to the edge inflection point. The * indicates parameters that are common to both data sets
in the fit. The o is the thermal mean-square variation in atomic distance. The 6 E,X—Fe Was set to a fixed
value.

Fe-edge Mn-edge
S 0.457 4+ 0.014  0.490 + 0.012

E,(eV)100K | 6.92 +0.81 1.75 +£ 0.84

E,(eV)400K | 7.77 + 0.60 1.59 4 0.94

Op.x_p 477 + 321 474 + 442
05 x_si 475 + 185 340 + 142
05 x_pe 387 (fixed) 291* + 39
05, X Mn 291* + 39 177 + 237

data obtained with XAFS. It appears that the interatomic distances in the Mn layer are
reduced compared to the X-ray data.

In Figure 5.5 the Fourier transform of the Fe EXAFS data, measured below and above
T, are shown as a function of the distance from the central absorber atom. As X-
rays solely interact with electrons, this represents the radial distribution of the electron
density around Fe. Two electron density peaks around 2.3 and 2.7 A are caused by atoms
occupying the 1b/2¢ and 3 f/3g positions. We know from neutron diffraction that the
1b and 2c sites are occupied by P and Si atoms, while Fe and Mn atoms occupy the 3 f
and 3¢ positions . A small shift in peak position reflects the difference in interatomic
distances for the FM and the PM phase. In addition to the main two peaks, another
peak is visible located at smaller distances. This peak is located at distances of 1.8 and
1.6 A above and below T, respectively. Therefore our simulations based on the atomic
positions obtained from neutron diffraction clearly reproduce the 16/2¢ and 3 f/3¢ peaks,
but are not able to reproduce the first peak. Note that the position of the Fe absorption
edge is not affected, which excludes a change in Fe valence. The EXAFS results are
a first indication that the Fe electron charge is indeed redistributed locally across the
transition.

While the radially averaged electron density is probed by element-specific EXAFS, it
can be probed in 3D by high-resolution X-ray diffraction. The diffractograms measured
at different temperatures including the Rietveld refinement are shown in Figure 5.6.
The refinement parameters are shown in Table 5.2. The inverse Fourier transform of the
structure factors, as determined by Rietveld refinement”’, can be used to experimentally
obtain a 3D electron density plot, analogous to that obtained from DFT calculations.

As we are interested in the changes in electron density related to the magnetoelas-
tic phase transition, we subtract the electron densities of the ferromagnetic from the
paramagnetic phase. The difference maps are shown in Figure 5.7, in particular for the
electron density difference within the Fe layer. Figure 5.7(a) was generated by subtract-
ing the measured electron density at 150 K from the measured electron density at 450 K.
Figures 5.7(b) and 5.7(c) are both derived from first principle DFT calculations. In the
case of Figure 5.7(b) the Fe atoms are allowed to relax to the experimentally determined
equilibrium position, while for 5.7(c) the relative coordinates of the atoms were kept
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Figure 5.5: Radial plots of the electron density around the Fe atom as derived from EXAFS in the FM phase
(measured at 100 K) and in the PM phase (measured at 400 K). The PM curves have been shifted vertically by
0.02 A~1 for clarity. The connected points represent the measured data and the solid lines are fits to the data
based on the atomic positions using an isotropic model. The solid line represents the difference between the
FM and PM phase.

fixed.

The calculated experimentally determined electron density difference plots show
very similar features around Fe. The redistribution of electron density is asymmetric due
to a shift of the atomic position of Fe across the transition. Both the experimental shift
and the lattice parameters were used as input for the calculations in order to reliably
compare the two density plots. Similar calculations are performed to generate Figure
5.7(c), however keeping the relative atomic positions constant '*, It shows that electrons
shift from a d_,, to a d_. orbital when crossing the magnetoelastic transition from the
paramagnetic to the ferromagnetic state, respectively. In Figure 5.7(b) one lobe of the
d ,» orbital is obscured and the two lobes of the d,, orbital on either side of the atom
are smeared out.

The asymmetry that is observed in the direct subtraction can be reduced if one
switches to radial coordinates. By taking the atomic coordinates of Fe and summing up
all charges found at certain distance intervals we generate radial electron density plots
from the experimental XRD data at 150 and 350 K. This radial electron-density plot re-
produces the unidentified peak and peak position that were observed in Figure 5.5 at
short distance and the difference plot shows the same behavior as found in the EXAFS
results. XRD and EXAFS thus corroborate the earlier statement that was based on DFT
calculations; in these materials moment formation competes with bonding.

In the PM phase, a covalent bond is formed between Fe and the P/Si atoms, leading to
a decrease in the a/b and an increase in the c lattice parameters. This can be understood
from a magnetic and a chemical viewpoint. The Fe atoms only carry a sizable magnetic
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Figure 5.6: High-resolution X-ray diffraction of MnFe 5P 5555ig.34B(. 75 at 150 (a), 250 (b), 293 (c) and

350 K (d). The fits (calc) and residuals (difference) are also given.
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Table 5.2: List of XRD fitting parameters obtained from high-resolution synchrotron powder XRD. The fol-
lowing values are given: the positional parameter x for the 3 f, 3g positions, the a and ¢ axis in A with
uncertainty, the R factors for each angle interval and x? values.

150 K 250 K 293 K 350 K
3fz | 0.25404(26) 0.25457(33) 0.25270(27) 0.25245(24)
3¢ | 0.59721(37) 0.59647(42) 0.59260(35) 0.59215(31)
a(R) | 6.126(48)  6.105(41)  6.049(74)  6.039(59)
c(R) | 3.288(94)  3.319(19)  3.389(23)  3.409(47)

20 5-50 7-57 5-50 7-57 5-50 7-57 5-50 7-57
R 9.05 9.54 10.8 11.7 8.448.13 7.429.01
R 12.713.1 15.6 17.0 12.012.0 10.7 13.4
X2 7.016.5 10.212.8 6.175.01 4.67 5.78

moment when the exchange interaction between the Mn layers is sufficiently strong.
However, as the exchange interaction is overcome by magnetic fluctuations, we find
that the ferromagnetic transition is associated with a remarkably strong reduction of
the Fe magnetic moment. In other words, the ferromagnetic exchange field exerted
by the Mn moments on the Fe positions stabilizes the Fe magnetic moments, while as
soon as it vanishes, the Fe valence electrons rather bond with neighboring P/Si, which
destabilizes the moments.

The experimental correspondence with the DFT calculations indicates that the met-
alloid atoms play a crucial role in providing metastable behavior in these compounds,
namely that the electrons can switch between metallic and covalent character. Metal-
loids share properties of both metals and nonmetals. This was recognized early on by
Linus Pauling in his influential work on the chemical bond by looking at the crystal
structures of C, Si, Ge and Sn”'. Carbon, being small, has a large overlap of its orbitals
and prefers to make directional, localized bonds. For Si and Ge the overlap decreases
and for Sn the overlap is so small that above room temperature, the diamond structure is
transformed into a metallic phase. The metastability in bonding due to metalloids is the
basis for many first-order magnetostructural transitions, and for this system it is found
to be responsible for the magnetoelastic isostructural transition.
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Figure 5.7: Charge difference map across the ferromagnetic transition from high-resolution X-ray powder
diffraction at 350 and 150 K (a) and DFT calculations (b) and (c). The unit cells were uniformly scaled when
subtracting the phases. Structure invariant indicates that the relative Fe coordinate was fixed. The difference
between the FM state (blue) and the PM state (red) is shown.
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5.4. Conclusions

n summary, we observe a redistribution in the electron density around the Fe atom
I when going from the FM to the PM phase by XAFS and XRD measurements. This re-
sults to a formation of covalent bonds that strongly reduce the magnetic moment of Fe.
Therefore, mizedmagnetism is demonstrated to be the underlying phenomenon re-
sponsible for the first-order magnetic phase transition and the excellent magnetocaloric
properties found in Fe,P-based compounds.

Besides the magnetic (order-disorder) and crystallographic changes, there is also a
distinct electronic contribution to the entropy change, which allows tapping into all
three entropy reservoirs (lattice, magnetic and electronic contributions) of the material.
Apart from the early work on FeRh”’, the electronic contribution to the magnetocaloric
effect is usually disregarded or considered to be negligible. The electronic contribution
arises from the redistribution of electrons and a change in density of states at the Fermi
level, of which Fe shows the largest contribution.

This effectively boosts the magnetocaloric effect, as the entropy change relies not
only on Mn layer moment alignment, but also on the change in the electron density
of states in the Fe layer. Its relevance becomes strikingly clear when one considers the
temperature scales of each contribution. Applied magnetic fields of a few tesla corre-
spond to a few kelvin, while the ordering of the magnetic moments is characterized by
the T~ ~ 300 K. The structural contribution is characterized by the Debye temperature
for lattice vibrations © , ~ 420 K for Fe,P. The electronic contribution, however, can
reach up to the Fermi temperature 7' ~ 10,000 K.

The reduction in the Fe moment on only one crystallographic site in MnFe(P,Si)
and La(Fe,Si), ;5 indicates that both materials behave similarly. Now that the origin
of the giant magnetocaloric effect for these materials is established, we propose two
minimal requirements for possible candidate materials with further improved magne-
tocaloric properties. These materials should contain a metalloid element and a late 3d
transition metal that occupies two different crystallographic positions. These ingredi-
ents provide the necessary tools to design mixed magnets for cooling applications with
improved efficiencies.
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Comparison between first and
second-order phase transition in
FeyP-based materials

6.1. Introduction

n the last two decades, research into magnetocaloric materials has intensified due to
Ithe discovery of so-called giant magnetocaloric materials'. These materials have a
magnetocaloric effect that is enhanced by the presence of latent heat. For Fe,P-based
materials, the nature of the ferromagnetic transition is reflected by a discontinuous
change in unit-cell parameters”’. When the lattice parameters change discontinuously,
the magnetic transition is of first order (FOMT) and is generally accompanied by latent
heat and hysteresis. When there is no jump in lattice parameters, the magnetic transi-
tion is of second order (SOMT), without latent heat or hysteresis.

The transition can be modeled considering the change in Gibbs free energy across

the magnetic phase transition, as described in the Landau model *:

AG = %MQ + §M4 + %Mﬁ — o HM 6.1)

where the magnetization M is the order parameter and yi H the applied magnetic field.
Parameter o = ay(T — T|,) depends on temperature with respect to a characteristic
temperature 7, and o, 3,7 are constants (aq,vy > 0). Minimization with respect to
the magnetization M (OAG/OM = 0) leads to the equation of state:

poH
M
where 3 can be positive or negative, leading to a second-order or first-order magnetic
transition, respectively. For 5 = 0 (critical point), the transition is on the verge of
a first-order magnetic transition. Material properties in the vicinity of such a critical

a+ BM? +yM* =

(6.2)
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point (CPT) are of great interest for applications. For near room temperature cooling,
materials with a small negative value for 5 show a sizeable latent heat in combination
with a low hysteresis. For heat conversion, materials with a small positive value for 3
show a steep magnetization increase without latent heat.

To study the difference between strongly first-order, second-order and near-critical
behavior, we studied three samples with high-resolution powder X-ray diffraction (PXRD)
as a function of temperature. The critical temperature and the character of the phase
transition can easily be tuned by balancing the Mn/Fe and P/Si ratios®. The addition of
B, N and C causes a tempering of the first-order transition and leads to a simultaneous
increase in T "~".

Figure 6.1: Unit cell of the hexagonal Fe, P structure (space group P62m) showing the Wyckoff positions and
the layered structure. The 1b and 2c¢ positions are occupied by the nonmetal P and Si atoms and the 3 f and
3g positions are occupied by metal Fe and Mn atoms.

As shown in Figure 6.1, Fe,P has a hexagonal unit cell (space group P62m) con-
taining two layers of atoms. Both layers contain magnetic and nonmagnetic atoms. For
(Mn,Fe),(P,Si) there is a site preference for Mn on the 3¢ position, Fe prefers the 3 f
position and Si prefers the 2c position'’. While the nonmagnetic atoms occupy fixed
relative positions, the magnetic atoms have a translational degree of freedom, which has
not been systematically investigated so far.

In chapter 5, the origin of the giant magnetocaloric effect in Fe,P-based materials
was experimentally established. The basis for this effect lies in a special kind of two
sublattice magnetism where both weak and strong magnetism is present and is distin-
cly different from conventional two-sublattice magnetism''. One of these sublattices
is governed by strong magnetism (3¢ site) and the size of the moments is relatively
stable across the transition. The other sublattice is governed by weak magnetism (3 f
site) and the moment is strongly reduced in magnitude. This phenomenon was named
mizedmagnetism '’. The strong reduction of the moment of one sublattice in the para-
magnetic state was linked to the strengthening of a covalent bond between magnetic
and metalloid atoms, which was made clear by investigating electron density difference
plots. This study uses the electron density plots to characterize the difference in behav-
ior between first- and second-order magnetic transitions.
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6.2. Experimental

reparation of the samples is described in a previous paper®. High-resolution pow-
P der X-ray diffraction (PXRD) was performed at the ESRF at beamline BM01A using a
wavelength of 0.68884 A. The temperature control was achieved using a N, Cryostream.
The temperature range between 100 and 400 K was covered in temperature steps of 5 K.
The samples were put in 0.5 mm capillaries and spun. Rietveld refinement was per-
formed using the FullProf software '*. The electron density was calculated by VESTA
and processed in Matlab.

6.3. Results

Three samples were measured as a function of temperature. The first sample with com-
position MnFeP, 4Si, 4 shows a FOMT, the second sample with composition

Mn; ,Fey 3P 4Siy ¢ shows a SOMT and the third sample with composition
MnFeP 595S5ig 33Bg o75 shows a CPT. The temperature evolution of the {300}, {211}
and {002} PXRD reflections upon heating is shown in Figure 6.2. The effect of tem-
perature on the unit cell is directly visible. For the sample with a FOMT, the @ and
c-axes change discontinuously and there is a region of phase coexistence. For the sam-
ple with a SOMT, the unit cell changes continuously and no region of phase coexistence
is detected. For the CPT sample, a rapid continuous change of the lattice parameters is
present at T~. The value of T\~ is 275, 205 and 295 K for the FOMT, SOMT and CPT,
respectively.

FOMT CPT SoMT

T (K)

{300} {211}
20(°) 20(°) 200)

Figure 6.2: Intensity of scattering angle (26) as a function of temperature (T) for MnFePj 4Sig 4 (a),
MnFeP( 5955ig.33Bg. 075 (b) and Mn; ;Feq 3Py 4Sig g (c). The {300}, {211} and {002} peaks are shown
as the material crosses the transition upon heating.

While inspection of the raw data gives qualitative information, quantitative informa-
tion can be extracted using Rietveld refinement. The refinement is shown in Figure 6.3
and the parameters are listed in Table 6.1. To directly compare the materials, which
have different unit-cell volumes and transition temperatures, the normalized data are
plotted in Figure 6.4. Far below T, both the a and c axis show a similar temperature
dependence. When the temperature is close to T\, there is an abrupt change for the
FOMT and a more gradual change for the SOMT sample. At the same time, the FOMT
shows a much larger overall change in lattice parameters compared to the SOMT.
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Figure 6.3: X-ray powder diffraction patterns and refinements of MnFePj ¢Sip 4 (FOMT),
MnFePg 5955ig.33Bg. 975 (CPT) and Mn; rFeqy 3Py 4Sig g (SOMT) measured at 100 K and 400 K.
The asterisk denotes the (Fe,Mn);Si second phase, which was not included in the refinement.
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Table 6.1: Refined X-ray diffraction data at 400 K. The 3g positions are located at (x,0, %) and the 3 f positions
at (x,0,0).

FOMT CPT SOMT
S.G. P62m P62m P62m
a () | 59699) 5984(7) 6.126(0)
c(R) | 3458(7) 3375(3) 3.384(1
v, | 05893) 05929 0.592(6

)

)

xy 0.248(8) 0.251(7) 0.252(8)
By, (A2) | 1.089(5) 0.824(3) 1.119(0)
)

)

)

By, (A2) | 0.930(9) 0.860(9) 1.055(1

B,. (A2) | 1.066(6) 0.398(9) 0.807(0

B,, (A2) | 1.083(3) 0.938(2) 1.444(3
R 5.56 3.93 6.87

P

R 5.76 4.04 5.26

wp

Table 6.2: Relative change in cell parameters (%) across the transition with respect to the low temperature
(ferromagnetic) phase (;22-). For the SOMT sample, the properties at Tw — 20 K were used.

npM
composition ‘ ‘ a c c/a V Ty T
MnFeP 4Sij 4 FOMT | -2.64 498 107 -0.06 -2.41 -121

MnFeP, 505Sip 55Bo 75 | CPT | -0.64 093 201 -005 -036 -0.62
Mn, ,Fe, 5Py 4Sip ¢ | SOMT | -021 043 073 -0.13 -020 -0.60

The total change across the transition for all three samples is summarized in Ta-
ble 6.2. Although the lattice parameters change significantly, the change in cell volume
is limited. This absence of a volume change is beneficial for applications, as it reduces
hysteresis and cracking during cycling. Surprisingly, the internal parameters x ; and z,,
show the same sign as the change in the a axis.

The temperature dependence of the internal coordinates z ; and z, are shown in
Figure 6.5. The uncertainty in the phase coexistence region of the FOMT sample is
significantly larger due to the phase fraction. For that reason, the coordinate values
have been omitted in this region.

From the atomic coordinates and lattice parameters, the interatomic distances can be
calculated in the FM and PM states for all samples. The distances are given in Table 6.3.

Table 6.3: Interatomic distances in the FM and PM state (A).

FOMT CPT SOMT

FM PM FM PM FM PM
3f—1b | 2271 2287 | 2253 2.259 | 2.281  2.288
3f—2c | 2305 2270 | 2289 2.280 | 2.330  2.323
3g—1b | 2480 2494 | 2445 2444 | 2492 2490
3g—2c | 2480  2.453 | 2470 2470 | 2501  2.505
3f —3¢ | 2643  2.650 | 2.644 2.641 | 2.673  2.674
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Figure 6.4: Reduced lattice parameters as a function of reduced temperature, where z,.. ; = z(T +100 K).

T values are 275, 205 and 295 K for the FOMT, SOMT and CPT respectively.

3f position 3¢ position

0.259 T T T 0.598
0.258 M ]

. MnFePO_SSiO_4 0.596
0.257F o MnFeP o651, 3Boors 1

o Mn, ;Fe, Py ,Sige
0.256 1

0.594
0.255 1
& 8
0.254 r 10.592
0.253
10.59
0.252
G M
0.251F 1 L 10.588
0.25 . ) . . n . : .
-0.6 -0.4 -0.2 0.2 -0.6 -0.4 0.2

k 0 -0.2 0
(T'-Tc)/Te (T -Tc)/Te
Figure 6.5: Internal coordinates z ¢ and z, as a function of the reduced temperature. The data points in the
phase coexistence region of the FOMT sample were not included because of the large uncertainty. The error
bars are represented as a shaded region around the curve.
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The diffraction patterns can also be used to investigate the electron density, using the
structure factors obtained in the refinement. By taking the difference between the FM
and PM states, an electron density difference plot can be constructed. This is only valid
after normalization of the data. While the total electron density in the unit cell does
not change with temperature, the diffracted intensity decreases with increasing tem-
perature due to thermal diffuse scattering. The sum of all the structure factors should
remain constant when multiplied by a temperature-dependent correction factor. This
procedure was used to obtain the normalization constant.

For the sample with a FOMT, there is a temperature where the FM phase coexists
with the PM phase. In this region, the electron density difference between these two
phases can be obtained without applying a temperature-dependent normalization. The
Fe atom was used as center. The electron density difference is plotted in Figure 6.6 as a
2D color map in the a — b plane around Fe, both for the experimental data and for the
data obtained by DFT calculations. Details on the method are described in chapter 5.

DFT
w l ! S 2 e/A?
| H
-2¢/A3
Figure 6.6: The electron density difference plots of the PM state minus the FM state for the FOMT sample
(left) and a DFT calculation (right) with Fe at the center. The positive parts are associated with the PM state

and the negative parts are associated with the FM state. The white lines are directed towards the Si atoms and
the black lines are directed towards other Fe atoms.

XRD

For the other samples, there is no region of coexistence and the difference between
the two phases can only be shown by subtracting the electron density above and below
the transition. The results for all three samples in the a—b plane are shown in Figure 6.7.
The features around Fe are similar for all three samples, they show a ’'dipole’ feature
caused by the atomic shift and a region of high density parallel to the [110] direction.
Around Si the data do not show a consistent picture for the FOMT, CPT and SOMT
samples. The electron density difference plots comparing the PM state far above the
transition and just above the transition are shown in Figure 6.8. For these plots, the
features around Fe are still visible for the SOMT sample, but are absent for the other
samples.
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Figure 6.7: Electron density difference plots, between the PM phase far above the transition (7" = T +100
K) and the FM phase just below the transition (I" = T'5—20 K). The shift in atomic coordinates of the 3 f
position (preferentially occupied by Fe) is recognizable by the dipole feature. The positive (PM) electron

density is oriented towards Si and the negative (FM) electron density along the diagonal. The main features
are similar for all three samples. The scale is in e/A3.
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Figure 6.8: Electron density difference plots, between the PM phase far above the transition (17" = T'c+100
K) and the PM phase just above the transition (T’ = T(;+20 K). The scale is in e/A3.
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6.4. Discussion
T he difference in behavior between the three samples becomes most apparent when
we look at the change in lattice parameters. The change in lattice parameters for the
FOMT sample is about 5x more pronounced compared to the CPT sample and about 10x
compared to the SOMT sample. For these compositions, the changes in lattice param-
eters hardly affect the volume; the volume change is 1 to 2 orders of magnitude lower.
Apparently, the substitution of P for B, which leads to a smaller unit cell, has a pro-
found effect on the transition. However, the size of the unit cell is not the only factor
that decreases the magnitude of the effect, for the SOMT sample has the largest unit cell.

The change in lattice parameters with respect to the linear expansion observed in
the PM state corresponds to the elastic strain originating from the ferromagnetic order.
When the elastic energy and a bilinear magnetoelastic coupling are included, the change
in Gibbs free energy becomes:

_Qaa Baa Y ae
AG = GM? + TM* + MO — g HM + 1/2;cijeiej + zijfieiM (6.3)
where C, ; are elastic constants, e, is the elastic strain and ¢, is the magnetoelastic
coupling constant. Since the hexagonal symmetry of the system is not broken by the
ferromagnetic order, only the tensile strains within the basal plane e, = Aa/a and

along the sixfold axis e5 = Ac/c will develop:

o §1C33 — &3 —Ci3 (6.4)
M 2075 — C33(Cqq + Chg)
€3 _ §3(C11 +Cra) — 26,045 6.5)

M~ 20%; — C33(Cyy + Co)

Ascanbe seenin Table 6.2, all three materials have been chosen to have a low volume
change across the transition. In this case we find e,, = 2e; + e3 ~ 0. We therefore
define e = ¢; &~ —1e;. The change in c/a ratio is characteristic for the transformation
strain and amounts to A(c/a)/(c/a) = e5 — e; ~ —3e. In this case the magnetoelastic
coupling constants can be deduced from the dependence of the transformation strain on
the order parameter M:

Oe

§ ~ (2013 —Cq1 — 012)87M (6.6)
Oe

£33~ (Cy3— Css)aiM (6.7)

In Figure 6.9 the scaled transformation strains e; and — e are plotted as a function
of the normalized magnetization M. The linear dependence between the transforma-
tion strain and the magnetization confirms the presence of a bilinear magnetoelastic
coupling around 7\, and indicates that higher order terms are not required to describe
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Table 6.4: Calculated elastic constants for MnFeSij 35P( g6 in the FM state '° and magnetoelastic coupling
constants £(103 N/Am)) calculated from the elastic constants (GPa) and -2¢. (m/A).

M
‘ aaf\/[ &1 &
FOMT | 11.7 117 -1.95
CPT 154 0.15 -0.25
SOMT | 098 0.10 -0.14

the system. From the experimental slopes and the calculated elastic constants'®, the
magnetoelastic coupling parameters listed in Table 6.4 are deduced. The elastic con-
stants C'1,C14,C,5,C55,Cy, and Cgg are 308.3, 79.5, 114.0, 227.8, 119.5 and 114.4
GPa, respectively '°.

0.03 T T T T
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—e;
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Figure 6.9: Strain e = e; ~ —1e3 as a function of the normalized magnetization at T = 100 K. Linear fits

around 7'~ show that the coupling constants & are largest for the FOMT sample, followed by the CPT and
SOMT samples. M|, is the induced magnetization above T~ by the magnetic field of 1 T.

All linear fits intersect at M|, due to the tail above T, induced by the applied field
of 1 T. It also gives a small deviation in the lattice parameters compared to the linear
expansion, shifting the data up. A clear trend is visible: the coupling is strong for the
FOMT sample and decreases as the transition becomes second order.

Given the change in lattice parameters across the transition, we can investigate the
influence of the relative position of the atoms on the 3g (Mn) and 3f (Fe) site, respec-
tively. Because the ferromagnetism of the low temperature phase restrains the total
symmetry of the system because of the broken time-inversion symmetry, going to a
paramagnetic state could increase the total symmetry. In this case this could manifest



6.4. Discussion 69

itself due to the appearance of an inversion center in the crystallographic unit cell. The
relative positions of Mn and Fe could assume a value (z = 0.5) where the total symmetry
is increased due to an inversion center. However, the actual values for  are not close to
this symmetry point and the symmetry cannot be increased this way. Instead, it is more
insightful to focus on the changing interatomic distances.

For Mn, the change in the unit cell is large for the FOMT sample and would result in
a 3% change in Mn-1b distances. However, when the shift in the internal coordinate
is taken into account, we see that the distance only changes by about 1%. The change
in z ,-parameter therefore partially compensates for the change in unit cell parameters.
However, when we look at the SOMT and CPT samples, it is found that the lattice pa-
rameter change is compensated by the internal parameter of Mn so that both Mn-X
distance changes are effectively zero. This has been illustrated in Figure 6.10.
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Figure 6.10: Change in interatomic distances Ad induced by the lattice parameters as a function of internal
z-coordinate of Fe and Mn for the FOMT, CPT and SOMT samples. The arrows illustrate the changes for
both M-2c¢ distances in the FOMT sample: across the transition, the distance decreases (vertical line) due to
the change in lattice parameters. In addition, the relative position of Fe changes (diagonal line), the combined
distance change is between the original position (open circle) and final position (closed circle).

For the layer preferentially occupied by Fe, this is not the case. For the SOMT sam-
ple, there is also a compensation point at z ; = (.25, but Fe only shows a partial shift to
this position. This results in a reduced, but finite change in distance. The Fe-occupied
layer must play an active role in the transition, as was predicted earlier ”. The fact that
this behavior is observed for all samples, indicates that the mechanism behind the tran-
sition is also similar.
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V(d‘m

Figure 6.11: Tetrahedral and square-based pyramidal coordination polyhedra around the 3 f and 3g sites,
respectively. Across the transition, all samples show a change in the tetrahedron, moving the 2¢ position
closer and elongating the distance to 1b. For the FOMT sample the changes are large enough to affect the 3g
distances. No appreciable change in coordination takes place.

To illustrate the changes, it is useful to consider the atomic environment around the
magnetic 3f and 3g sites. The 3 f site has a tetrahedral coordination with two 2c and
1b sites at unequal distances (see Table 6.3). The 3g site has a square-based pyramidal
coordination with four 2c¢ sites and one 1b site. From Figure 6.10 it is clear that the
distances in the tetrahedral polyhedron change across the transition, while the distances
in the square-based pyramidal polyhedron hardly change.

This magnetoelastic transition can therefore be viewed as an isostructural phase tran-
sition. The first crystal structure (hex1) has ”large” interatomic distances in the a — b
plane, the second (hex2) has "small” interatomic distances. While the structural prop-
erties of both phases can easily be probed, the magnetic properties of both phases cannot
be easily probed. For the low temperature phase the magnetization is known, while for
high temperatures T\ is known. The calculations in chapter 5 show that the moments
size for hex? is significantly lower compared to hex1. The value of T/~ can be estimated
using the spin fluctuation temperature T'g 1, as proposed by Mohn and Wohlfarth '”:'¢

Mg
10kpxo

where M|, is the average magnetic moment per atom in y 5 at 0 K and x is the exchange
enhanced susceptibility at equilibrium which includes the exchange parameter /

L (1 1 1
o' = (4%) <N+<eF> * N(eF>> — 2l (63)

Using Equation 6.8, the reduction of the moment in one sublattice leads to a decrease
of the T by a factor of 2-3, based on previous calculations'””". The fact that the T~
values for all samples are in the same range, leads us to believe that the reduced moment
in the paramagnetic phase is present in all samples.

So far, the discussion has focused on the similarities between the samples, which
all transform from hexl to hex2. It is also important to investigate the difference be-
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tween the FOMT and SOMT samples. For that reason, we focus on the electron density
difference plots just above and below the phase transition, as shown in Figure 6.7 and
Figure 6.8. Apart from the dipole feature on the 3 f site, there is also a redistribution of
electron density around this site. All three samples show this, although with different
contrast. When crossing the transition, this feature disappears for the FOMT and CPT
samples, but not for the SOMT sample. This suggests that for the SOMT sample, the
electronic redistribution is not complete in this temperature interval. We believe that
short-range order is an important effect that is found to extend far into the paramagnetic
state. It causes a more gradual continuous change in the electronic structure”’’.

6.5. Conclusions

n summary, the structural and electronic properties of (Fe,Mn), (P,Si,B) samples with
I a FOMT, CPT and SOMT have been studied. Both the lattice parameters and the
internal coordinates of Mn and Fe change across the transition. For Fe in the tetra-
hedral coordination the two interatomic distances with the 2¢ position decrease and
the two distances with the two 1b position increase, while the Fe-Mn distance remains
constant. For Mn in the square based pyramidal coordination, all interatomic distances
remain constant. For the FOMT sample the changes cannot be accommodated and the
sample subsequently shows a large thermal hysteresis. The changes in the tetrahedral
arrangement around Fe are similar for all samples and the transitions can be viewed as
an isostructural transition resulting in different magnetic properties. Both the changes
in interatomic distances and the electron density plots clearly show that the mechanism
is the same for all samples. In addition, the T/~ of the samples is much lower compared
to the estimated 7, based on the low temperature phase. It is not yet clear what fac-
tors govern the sharpness of the transition, but based on the electron density difference
plots it is clear for the SOMT sample the observed changes are smaller and continuously
extending over a wide temperature range in the paramagnetic state, probably due to
short-range order.
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Phase stability of CaCus-based

materials

7.1. Introduction

The phase stability of crystal structures is of immense practical importance ', as the crys-
tallographic phase largely determines the material properties. Materials that crystallize
in the CaCug-type crystal structure, shown in Figure 7.1, are important as permanent
magnets” and are heavily used in metal hydride batteries®. This has given rise to a huge
number of publications on compounds having this crystal structure, which is reflected in
1600 entries in the Pearson Crystal Database . This data can give insight in the stability
of the phase. Generally, the combined data extracted from crystallographic databases
is used to predict the crystal structure, for a given composition”. Here we try to an-
swer a more experimentally relevant question: given a certain crystal structure, what
compositions are stable? This is highly relevant for technologically important YFey “*.
This composition does not result in the formation of the CaCujy phase, but instead forms
Y,Fe,, and Y4Fe,5.

Figure 7.1: The hexagonal unit cell of the CaCuj type crystal structure with general formula ABy.
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For intermetallic compounds, the Miedema model can be used to describe the sta-
bility based on the enthalpy of the phase compared to the enthalpy of the constituent
elements’. This semi-empirical approach has proven to show good agreement with ex-
periment ' and first-principle calculations''. In this model, the enthalpy of formation is
calculated by considering a cohesive contribution and a destabilizing contribution based
on the electron density. The cohesive contribution is based on the difference in work
function of the elements A®*, while the electron density difference, based on the av-
erage electron density at the boundary of the Wigner-Seitz cell Ant{,‘o’s, represents the
destabilizing contribution. The interfacial enthalpy of A surrounded by B is given by

v2/3
AHyp = —2—(=P(A¢")% + Q(Any%)?). (7.1)
< nyig >

2/3 . 1 . .
where V/ A/ % is the contact surface area of A, < nw/,%g > is the average electron density

and P and () are dependent on the atomic species. The total enthalpy of formation upon
alloying can be determined by taking the concentration ¢ into account:

AH =cacg(fEAH g+ fEAHR 4) (7.2)

where f# represents the degree to which A is surrounded by B. The free enthalpy
change is approximately equal to the Gibbs free energy change upon alloying. This
approach was initially used to describe binary compounds, but was later extended to
ternary compounds, by taking the sum of all contributions AH 4 g = AH), p+AH/, o+
AHp """ where AHy takes the composition into account. In this discussion, the
value of AH does not yield information on the adopted crystal structure.

Density functional theory (DFT) calculations do include the crystal structure and
can provide the free enthalpy. However, the prediction of a stable compound is not
straightforward and the value of the free enthalpy alone does not show the stability of a
particular phase. The proper way to do this is to evaluate the global minima of the free
enthalpy in a landscape of crystal structures and compositions '*. Another approach is to
analyze existing stable compositions using structure mapping'°~'". This method can be
applied to thousands of compositions in seconds, in contrast to the timescales encoun-
tered in using DFT methods. In this paper, we present a new approach that combines
the semi-empirical parameters that produce accurate results in the Miedema model and
the crystallographic data contained in the Pearson database®. This is realized by mak-

ing phase stability plots using A¢* and An‘l,‘//:?9 We extend these values from binary to
pseudo-binary compounds by taking the weighted average of the element values. This
allows to easily extend these parameters beyond the original scope and without using the
experimentally determined P and () parameters. The obtained stability plots allow for a
quick inspection of the phase stability across element combinations. We will show that
the application of such a model does not only give a good prediction on phase stability,
it also gives valuable information on the factors that govern crystal structure formation
in these compounds.
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7.2. Methods

Computational methods

Three different datasets were extracted from the Pearson’s Crystal Database (PCD)".
The first is used to assess the predictive power of the Miedema model and contains 3726
entries with unique compositions, by considering all metals without p-type valence elec-
trons. The second is used for the stability of compounds with the CaCuy-type crystal
structure, and contains 413 compositions. This number is reduced to 387 when only
considering compounds that have a generic formula ABy. The last set contains CaCus-
derived crystal structures and contains 863 unique compositions. For the stability maps,
unstable compounds were generated, based on the assumption that all stable binary com-
pounds have been found. For all entries, compositions containing hydrogen, radioactive
elements and actinides were omitted. The position of a compound in the stability map is
determined by properties of its atomic constituents. The Miedema parameters ®* '* and
n%/‘/,gs were used’, including atomic radii'’. The weighed properties were normalized
Q, = (aQ 4 +bQ ) /(a+b) for compounds with formula A B, °. An ellipse demarcates
the separation between stable and unstable compounds. The procedure to determine the
parameters describing the ellipse can be found in the appendix.

Within the DFT framework **”', the projector augmented wave method as implemented
in the Vienna Ab initio Simulation Package (VASP)?*~* was used to generate the total
charge and charge densities for ten AB; compounds, that is YCuy, YFey, YNiy, YCos,
YZng, YGay and BaCus, CaCuy, MgCuy, SrCu;. Exchange-correlation interactions
were taken into account via the Perdew- Burke-Ernzerhof type generalized gradient
approximation”®. The 4s and 3d electrons were treated as valence electrons for Cu, Fe,
Ni, Co, Zn. For Y the 4s, 4p, 5s, 4d, for Ga the 4s, 4p, for Mg the 2s, for Ca the 3s, 3p, 4s,
for Sr the 4s, 4p, 5s and for Ba the 5s, 5p and 65 electrons were treated as valence elec-
trons. The lattice parameters and atomic positions for all compounds were relaxed using
the conjugate gradient algorithm until a 0.01 meV/A force convergence was reached.
The plane-wave cutoff and the energy convergence criteria were set to 460 eV and 10~8
eVinall x 11 x 11(13 x 13 x 13) Gamma centered k-point mesh for the structural
relaxation (charge density calculation).
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The stability of Y(Ni;__Fe_)s against YNi5 and YFe; compounds have been inves-
tigated by the Exact Muffin-Tin Orbitals-Full Charge Density (EMTO-FCD) method”’.
The chemical disorder was treated via the coherent potential approximation (CPA)?%%’
and the electrostatic correction to the single-site CPA was described using the screened
impurity model®’ with a screening parameter of 0.6. The one-electron equations were
solved within the scalar relativistic and soft-core approximation. The Green’s function
was calculated for 24 complex energy points distributed exponentially in a semicircular
contour. The s, p, d and f orbitals ({,,,,,=3) were included in the EMTO basis set. The
one-center expansion of the full charge density was truncated at (!, =8. To obtain
the accuracy needed for the total energy calculation we used about 250 k points in the
irreducible wedge of the Brillouin zone. At each Fe concentration z, the equilibrium
total energy E(z) was derived from an exponential Morse-type function®' fitted to the
total energies calculated at 0 K for five different atomic volumes. The local density ap-
proximation (LDA)?” was used for the exchange-correlation functional which gives a
99% agreement for the theoretical lattice parameter compared to the experimental one
for YNiy. The mixing quantities AC, e.g. enthalpy of formation AH, Gibbs energy of
formation AG and mixing entropy AS, are calculated as AC = C(z) - (1-z)C(YNij) -
2C(YFeg). The configurational entropy and the magnetic entropy is taken into account
within the mean field approximation as S.,,,, ; = -k g[zlnz+(1-2)In(1-z)] and S,,, , , =

-k g[zIn(M+1)], respectively **.

Experimental methods

Fe granules (99,98%), Y granules (99.5%), Sn shot (99.99%) and Si spheres (99.9%) were
melted in an custom-built arc melting furnace. The obtained buttons were turned three
times and subsequently melt spun to facilitate the phase formation. Weight losses by
evaporation are less than 0.5%. The samples were sealed in quartz ampoules, filled
with Ar, annealed at 900°C for two days and quenched to room temperature. Room-
temperature X-ray diffraction (XRD) measurements were performed on a PANalytical
X'Pert PRO diffractometer using Co ka—radiation.
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7.3. Results and discussion

7.3.1. Phase stability in binary compounds

The Miedema plots’ were made using data obtained from the Pearson database. A total
of 628 binary combinations were found with a solubility larger than 7%. Nonradioactive
elements were selected from the s, p and d block of the periodic table. Elements from
the p-block in the periodic system have not been included in this section. Because of
the metalloid nature of these elements, an additional term (R) is needed to model the
formation enthalpy. A total of 217 unstable compounds was generated based on the
available element combinations. The combined data are plotted in Figure 7.2.
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Figure 7.2: The difference in work function | A®*| as a function of the difference in electron density \Ant‘/,?’s|
for all binary compounds of d metals combined with s, f metals. Stable compounds (628 red dots) were
extracted from the Pearson database, for cases where the solubility is larger than 7%. Unstable compounds
were generated, omitting the stable compounds (217 black circles). Above the black line, stable compounds are
present, while below the black line, mostly compounds that do not form are present. Element combinations
that are able to form the CaCuj crystal structure are indicated with green diamonds and show a linear trend.

The plot shows a separation between stable and compounds and compounds that do
no not form, illustrated by a demarcation line. The separation between stable and unsta-
ble compounds is clear where the individual elements have strong dissimilar electronic
properties. When elements have similar electronic properties, the separation is less pro-
nounced, especially for An‘l,‘/,ss < 0.2. For these compounds, the entropy of formation is
expected to have a relatively large contribution compared to the enthalpy of formation.

The (configurational) entropy can be kept constant by considering only one crystal
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structure. For compounds that crystallizes in the CaCuy prototype structure, the con-
figurational entropy is the same and a linear relationship is found between the work
function and electron density. This leads us to argue that the Miedema parameters can
give valuable insight into the phase stability of binary compounds.

Elements from the p-block in the periodic system have not been included. Because
of the metalloid nature of these elements, additional considerations are needed to model
the formation enthalpy.

7.3.2. Phase stability of CaCu; type compounds

Analogous to the original Miedema plot, the phase stability of a given crystal structure
can be investigated. In order to do this, compositions that form the crystal structure in
question are plotted together with compositions that do not form this crystal structure.
Assuming that the most common phases of binary compounds have been documented,
one can generate a list of unstable binary compositions. By analyzing the occurrence of
the various elements in the database, one can reduce the number of unrealistic elemental
combinations. This is shown in Figure 7.3.
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Figure 7.3: Histogram of the element combinations forming the CaCug crystal structure. Each increment on
the y-axis is equal to a unique composition. By filtering the raw data by only considering compounds with
generic formula ABg, a strict distinction between elements A and B can be made, indicated in two regions
containing green and brown columns respectively. The z-axis is based on the Pettifor coordinate and traverses
the periodic table first by group and then by period.

Elements from the s and f block occupy the A position, while elements from the
d block occupy the two B positions. The p-block elements are also present for some
compositions, but they form substitutional alloys and never fully occupy the B positions.
The demarcation between A and B is made by Y. Early d-block elements have been
filtered out because they have a different stoichiometry or act as dopants.
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Using the histogram, all combinations between A and B can be generated and com-
pared to the binary compounds found in the Pearson database. By calculating an average
weighted value for the properties of A and Bin (A;_,A’,)(B;_,B’,)5, it is possible to
also include pseudo-binary compounds. This approach has been used earlier” and uses
an average-atom model**. Using such a strategy, Figure 7.4 was made, by presenting
compounds with up to ten different elements. It contains 387 unique stable compounds
and 693 unstable binary compounds.
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Figure 7.4: Phase stability plot of A®}, and An%,‘/,azg > Which are weighted and normalized using the stoi-
chiometry. Green dots and red diamonds represent stable compounds and black circles are calculated binary
compositions. Binary compositions were complemented with multiary compounds (ternary, quaternary com-
pounds, etc.). The stability region is demarcated by an ellipse. Compounds found outside the ellipse are based
on Zn (left) and Pt/Ir (right), and Fe (below). Fe shows a deviation from the linear behavior and is found form
a metastable phase. The total probability is 94%.

The phase stability plot is similar to plots used for crystal structure prediction. They
both separate two or more regions in phase space. For crystal structure prediction these
regions represent two or more stable crystal structures, while in this case it separates
stable from unstable compositions. The main difference is that the demarcation lines in
crystal structure prediction plots have an arbitrary shape. For the phase stability plots
however, the demarcation line can be described by an ellipse showing a total probability
of 94% based on the number of experimental / calculated datapoints inside / outside the
ellipse. It has to be noted that the presence of p-block elements does not adversely affect
these fractions, while they do adversely affect Figure 7.2.

Because the plots are based on electronic properties, the shape of the ellipse can give
insight into the electronic properties related to the crystal structure. The linear relation-
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ship in the plot is reflected in the rotation angle of the ellipse and gives information about
the ratio between charge transfer and charge density mismatch. Apparently, this ratio
is a crucial factor governing phase formation. The major and minor axes of the ellipse
represent the tolerance in electron density mismatch and charge transfer, respectively.
While the stability plot can also be constructed using the electronegativity and valence
electron concentration to describe the electronic properties, the shape of the stability re-
gion does not allow the same reconstruction. In addition, the valence electron numbers
are integers and are therefore less suited for this purpose.

The ratio between the atomic radii also plays a large role in a crystal structure. To
illustrate the influence of the radii, a color code was added to the stability plot, cor-
responding to the weighted difference in atomic radius. For this prototype, the radius
difference shows a correlation with A®* and An%,[/,g’syw ,itincreases when moving from
the upper right corner to the lower left corner of Figure 7.5. This allows us to reduce
the 3D plot to 2D by omitting the radius difference. This simplification is probably not
valid when considering other prototypes.
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Figure 7.5: Phase stability plot of A®} and An%/‘//?g’ - The color code corresponds to the radius difference.
Unstable compounds are indicated by a star and stable compounds with a dot. Compounds with a small radius
mismatch are found in the upper right corner, compounds with a large radius mismatch are found in the lower
left corner. The correlation between A®7, and Ar,, contributes to the construction of simple 2D plots to
assess the stability. Stable compounds are found to have a radius difference between 0.66 and 0.86. Without

P 1/3 . e
considering Anv[/, S .4 DO reliable distinction can be made between stable and unstable compounds.

The proposed model uses the electronic properties of elemental solids and tries to
capture the interactions in alloys. To see how well the model describes these interac-
tions, DFT calculations were performed. A compound close to the center line of the
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ellipse was chosen as reference: YCu;. The number of valence electrons was varied by
substituting Cu by Fe, Co, Ni, Zn and Ga. The ionicity was varied by substituting Y by
Mg, Ca, Sr and Ba. The 4 end members, YFey, YGay, MgCug, BaCuy, are unstable while
the other 6 compositions form a stable CaCuy phase. Although it should be noted that in
addition the the CaCuy prototype *°, a different crystal structure is reported for YZn, “°.
To compare the difference in work function, the charge ¢ is calculated by integrating
the electron density over half the (average) A-B distance. The charge difference is ob-
tained relative to YCuy. The average electron density at half the (average) A-B distance
corresponds can directly be compared to An%,[/,gs - The comparison between the model
and the DFT calculations is shown in Figure 7.6.
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Figure 7.6: Electronic characteristics of CaCuy-type compounds based on elemental properties (a) and de-
termined from DFT calculations (b). Both the model in (a) and the DFT calculations in (b) show a linear
behavior. The charge g is obtained by integrating the electron density over half the (average) A-B distance.
p is the average charge density at the same Wigner-Seitz cell radius. Ag and Ap are determined relative
to YCus. While BaCuy is inside the stability region in (a), DFT calculations shows a large charge difference
and supports the observation that BaCuy is unstable. Because there are two reported crystal structures of
YZnj %3¢, this compound is indicated with a filled circle. The dashed lines are guides to the eye.

The calculations show relative changes in the total charge and density at the bound-
ary of the Wigner-Seitz cell compared to YCuy. The plot shows large deviations for
Fe and Mg based compounds, in line with the model. The relatively small deviation of
BaCujy is enlarged in the DFT calculations, and shows that the model underestimates
the charge transfer in Ba. YZn; follows the trend of the stable compounds, but is on the
tolerance limits.
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7.3.3. Stability of YFe;

Because of the technological importance of the Fe-based compounds and the fact that
there are some reports on Fe-based CaCug-type compounds, special attention is given to
this group of materials. YFey has been synthesized and the CaCuj-type crystal structure
was indeed found. By varying the composition from the ideal value of 16.7% Y, different
fractions of the CaCuj-type crystal structure were measured, together with Y,Fe; -~ and
Y¢Fey5. The samples were arc melted and subsequently melt spun. For the as-cast
sample containing 15 at.% Y, a volume fraction of 60% YFe; was measured, decreasing
the Y,Fe; , phase. This can indicate that an off-stoichiometry leads to stabilization or
hint to a particular cooling profile. The optimum atomic fraction of Y is not found at
16.7%, but is shifted to about 14%, as shown in Figure 7.7.
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Figure 7.7: Experimental properties of Y-Fe compounds with varying compositions, determined by powder
X-ray diffraction.

After annealing, YFe; was completely transformed into the other two phases, indi-
cating a metastable state. In fact, Fe-based compounds found outside the stability region
are all metastable. The refined X-ray powder diffractogram of the sample with 16 at.%
Y is shown in Figure 7.8. Because the unit cell of the Y,Fe, ; is related to the unit cell
of the YFe; phase, it is difficult to distinguish between the two phases. There is, how-
ever, a significant difference in the intensity of the {101} peak. The relative intensity
is decreased when the samples are annealed, indicating that the metastable YFey phase
is transformed. In addition, there is a small lattice mismatch between the YFey and
Y,Fe,, phases, around 50°, as shown in Figure 7.7. As a result, the {200} reflection is
found to be more narrow after annealing.
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Figure 7.8: Powder X-ray diffractogram of melt-spun Y;5Fegs. The CaCus-type crystal structure can be
recognized by the equal intensities at the {101} and {110} reflections. The YgFe,3 reflections are indicated
with an asterisk. After annealing, the relative intensity of the {101} reflection decreases as metastable YFey is
transformed. In this case, the phase is 30%. In addition, small deviations in the lattice parameters of the YFey
and the reduced unit cell of Y,Fe; - are visible in the {200} reflection.

7.3.4. Pseudo-binary crystal structures

The model can be extended to ternary crystal structures that are modifications of the
CaCuj-type crystal structure. The various modifications that can take place are shown
in Figure 7.9 and Table 2.1. The most common modification is an ordered substitu-
tion, where for PrNi, Al; three B positions are occupied by elements possessing p-type
valence electrons, while for CeCo3B, only two B positions are replaced. Another mod-
ification is a superstructure formation, due to the substitution of a B atom for boron or
silicon. There are five representatives of such a modification, each increasing the c-axis.
A redistribution of atoms can also occur and this is the case for YCo5Ga, and YNi, Al,
(substitution of B with Al or Ga). Finally, Si can distort the bond distances and angles,
giving rise to LaRu4Si, and to ErRh4Si,, where in the last case the symmetry is lowered
to orthorhombic. This already indicates that the electrons show more localized behavior
in these materials and that the Miedema model that assumes delocalized behavior will
at one point break down.

Modification I does not change the symmetry of the system, but shows a prefer-
ential occupation of substituting atoms. This indicates that the average-atom model is
no longer valid, because the atoms are not randomly distributed throughout the unit
cell. However, the properties of the atoms at the two crystallographic sites are treated
the same and does not result in differentiation in phase space, as shown in Figure 7.10.
Modification II does change the symmetry of the system because of the M-Si interac-
tions. This symmetry is a subgroup of the CaCuy symmetry, and it is expected that the
phase stability region is also a subgroup of CaCu;. Because these deformations are found
in Si-containing systems, these compositions are found in a more narrow region in the




84 7. Phase stability of CaCuj-based materials

ErRh,Si, CeCo,B
? Ce,Co, B,
Nd,Ni,,B,

LaRuy,Si, Ce,Co,B
la V /1 227773

W\ Lu,Ni, B,

CaCuq
YCo.Ga / \4 PrNiAl
m Ia 2753
YNLALL CeCo,B,

Figure 7.9: Relationships between crystal prototypes (see Table 2.1). Modifications are: Ia ordered substitu-
tion, Ila internal deformation with reduction of symmetry, IIb with reduction of symmetry, III redistribution
of atoms and V inhomogeneous homologous series (doubling of the unit cell).

stability plot. Modification III has a more profound effect on the unit cell dimensions
and is found in another part of the stability region. Apparently, the interactions that
give rise to this modification have a smaller tolerance. Modification V is only found in
the presence of B, which also confines the stability parameters.
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Figure 7.10: The phase stability of CaCuy (indicated by the ellipse) and crystal modifications. Modification
I is an ordered substitution and is found across the stability region. All other modifications (IIa/b internal
deformation with/without reduction of symmetry, I1I redistribution of atoms and V doubling of the unit cell)
are found to occupy a distinct part of the phase stability region and are governed by a substitution of d-metals
by p-metals.

7.3.5. Fe-based compounds

It was investigated whether by using this model, new stable Fe-based compounds can
be synthesized. By linearly interpolating two binary compositions in Figure 7.11, it is
possible to cross the stability region. Y(Fe;_,Ni_ )5 for 1 <z < 5 was made to test the
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validity for substitution of Fe with another element from the d-block. Once nickel is
introduced, the metastable phase that was detected earlier for YFey disappears, and the
2:17 and 1 : 3 phases are found. After the stability boundary is crossed, a stable phase
is formed.
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Figure 7.11: The phase stability of YFey compared to a selection of compounds. By linear interpolation, stable
compounds can be found by alloying YFey5 with the selected elements so that the composition falls inside the
stability region. The circles correspond to samples that have been made. Full circles indicate the CaCujy phase,
open circles indicate the absence of this phase.

Table 7.1: Main phases of Y(Fe;_,M,,)5 for different values of . Compositions with an asterisk are single
phase, the other samples formed multiple phases. Sn-based samples show a CeNiSi,-type crystal structure.

Ni Si Sn
Y(Fe,Ni); | Y,Fe;5Si; | YFeSn,
Y(Fe,Ni); | YFe,Si, YFeSn,
YFeNi, Y,Fe3Si; | YFeSn,
YFeNi,* | YsFe,Si, | YFeSn,
YNi * YSi, YSn,

Ul WO N~ 8

Based on Figure 7.11, two elements from the p-block should also stabilize the phase.
Either the CaCuy phase or a modification can be formed. To this end, Y(Fe;__Si_)5 and
Y(Fe;__,Sn_); were synthesized. The main phases are shown in Table 7.1. It was found
that this did not yield the expected phase and that further investigations are needed. In
the paper by Miedema’, special attention is paid to p-type elements, because of the more
localized nature of the electrons in these elements. When these elements are used for
substitution in already stable binary compounds, adverse effects are not noticed, but at
higher concentrations, for unstable binary compounds, the predictive power is indeed
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decreased.

DFT calculations have been performed on the series Y(Fe;_,Ni_ )5 and on YFe4 as
a stable reference. Upon alloying, the free enthalpy of YFey can be compared to YFe5 +
2 Fe. From Figure 7.12 it is clear that that latter is energetically more favorable, except
in the presence of a high Ni concentration. The crossover lies around x = 0.25, cor-
responding to the experimentally determined concentration. The mixing enthalpy and
entropy contributions are small, even at 600 K, and hardly affect the linear relationship
of the absolute values of H.
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Figure 7.12: The mixing enthalpy and entropy contributions at 600 K of Y(Fe,Ni;_, )5 (top) and formation
enthalpy (bottom). The total AG of mixing hardly affects the absolute formation enthalpy, which shows a
crossover with the formation of YFe3 + 2 bee Fe around = = 0.25.
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7.4. Conclusions

It is shown that by using the weighted Miedema parameters, a stability plot can be
made, resembling plots used in crystal structure prediction. The plots have in common
that they both model the charge transfer and electron density, but instead of using the
electronegativity and valence electron number, the work function and electron density
at the boundary of the Wigner-Seitz cell are used. By doing so, additional informa-
tion about the factors that govern crystal structure formation can be obtained. In this
case, the linear relationship between all stable compounds show a specific ratio between
charge transfer and electron density. This observation is supported by DFT calculations.
Not only does the empirical data show the boundary conditions for phase formation, it
also allows the prediction of new stable compounds by linearly interpolating two binary
compositions of interest. Although the nature of the valence electrons, being of d or p
type, must be carefully considered.
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Appendix

In chapter 7, the separation of two phases (stable and unstable) in a 2D plot is demarcated
by an ellipse. Stable compounds are preferentially inside the region described by the
ellipse and unstable compounds are preferentially outside the region. In this section, a
mathematical procedure to determine the best parameters for the ellipse is described.
The stable and unstable datapoints can be described by a Boolean function, separating
the data into two datasets, where one dataset is assumed to be normally distributed along
a line. This dataset D is given in matrix notation

D= ('Tl T2 x) (8.1)

Y Y2 Y
A linear fit can be applied by using a least-squares fitting procedure, yielding a and b in
f(x) =ax +0. (8.2)

The angle between the fit and the x-axis « is then given by
a = tan"1(a) (8.3)
and the intercept of the z-axis is given by

b
=——. 8.4
2o =~ (8.4)
The matrix R rotates the coordinates (x, y) clockwise over the degree «
R — ( cosa  sin a) (85)

—sin a  cos «

and the z-intercept that can be used to shift the data to the origin before rotating

x 0
rotated by using

Sy = ( 0) J where J is a 2 x ¢ matrix consisting of only ones. The dataset can now be

Dot =R x(D—s,)+s (8.6)

x
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around « so that the linear fit is on the z-axis. By calculating the standard deviations
along both principal axes o, o, and the mean 1, the data can be transformed into a

1
circular symmetric form, around the origin. This is done using matrices m,, = (Ul) J
o
I
and t, = ( 0) J

Y
By applying this procedure to both datasets, using common transformation matrices, an
ellipse can be drawn separating the data of the two datasets. This is easily done after
converting Dy, to polar coordinates (r;,¢) and using the criterion r; < 20, and
result in 94,4% of datapoints inside the region. The region is then described by a circle
that can be transformed back into an ellipse by using the inverse operation

D =Imyo (Drot - tx) (87)

sym Yy

e(t) =R x (@ZSE?((;))) — s, +tx> +s,. (8.8)

When the data is not normally distributed or there is no full separation between the
two datasets, the values z (sx), @ (R), it (sx), 0, and 0, can be used as a starting point
for a fitting routine. The optimal region can be determined by maximizing the total
probability
nin + nout
P=——"— 8.9
nr

based on the total number of datapoints n, the experimentally determined datapoints
inside the region n‘™ and the calculated datapoints outside the region nS“*

c .
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Summary

In this thesis, the boundary conditions for the development of giant magnetocaloric ma-
terials are investigated. The magnetocaloric effect is found in magnetic materials, when
they are subjected to an external magnetic field. This leads to abrupt magnetization
changes that cause a temperature change in the material. Materials based on Fe,P show
giant temperature changes around room temperature and are especially suited for cool-
ing applications. This is due to the large magnetization change that can be realized with
the application of a relatively small magnetic field around the ferro- to paramagnetic
phase transition. This transition is of a first order, giving rise to latent heat and rise to
“giant” effects.

After earlier studies investigated the relation between microscopic and macroscopic
properties of these materials, the focus of this thesis is on the electronic factors that play
a role in the stability and phase transitions of these compounds. After all, when the
mechanism behind these phase transitions is clear, is it easier to search for new mate-
rials that show similar phase transitions. Two strategies are possible: elucidating the
mechanism of Fe,P-based materials or investigating materials that show similar phase
transitions. The latter is described in the next paragraph.

The first investigated material is Mn;Ga, described in chapter 4. A literature study
shows that manganese (Mn) possesses a large magnetic moment and the material shows
a phase transition around room temperature. Both properties are essential for good mag-
netocaloric materials. Mn;Ga crystallizes in a MgsCd-type crystal structure, where the
magnetic atoms are arranged in a triangular configuration. The crystal structure is of ma-
jor importance for the magnetocaloric properties, because the triangular coordination of
the magnetic atoms affect the magnetic properties. The phase transition is investigated
using two different techniques that can determine the crystal symmetry. X-ray diffrac-
tion yields information about the electrons of the atoms, while neutron diffraction yields
information about the nuclei and the magnetic properties. By applying X-ray diffrac-
tion as a function of temperature, a change in the crystal structure was observed. This
is caused by a deformation of the triangular arrangement of the magnetic atoms. By ap-
plying neutron diffraction at different temperatures, the changing magnetic structure is
also detected. Above room temperature, the magnetic moments of Mn are arranged in
such a way that they yield no net magnetization. Below room temperature the magnetic
moments rotate, giving rise to a net magnetization. At the same time, the hexagonal
symmetry is lifted. Despite the fact that the material shows a magnetoelastic transition
around room temperature, the relatively low net magnetization and the second-order
phase transition exclude this material as being a candidate for cooling applications.
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The second material, covered in chapters 5 and 6, is based on Fe,P. This material
crystallizes in layers that have alternating magnetic properties. This is due to the dif-
ferent coordination that the magnetic atoms have with their neighboring atoms. Earlier
electronic calculations indicate that the magnetic properties of the atoms in one layer
change in the paramagnetic state, while the properties of the atoms in the other layer
hardly change when the material crosses the phase transition. At the same time, the
distances between the magnetic and non-magnetic atoms change, causing a deforma-
tion in the unit cell but hardly affecting the volume. Because the magnetic properties
are difficult to measure in the paramagnetic state, the electronic properties were mea-
sured, due to the coupling with the magnetic properties. This can give information about
the occupation (and orientation) of atomic orbitals. X-ray absorption experiments can
measure the energy of these orbitals in the ferro- and paramagnetic state. From these
experiments is it clear that the energies of these occupied orbitals do not significantly
change and no valence change takes place. By measuring the electron density in the
ferro- and paramagnetic state using X-ray diffraction, a different orientation of the or-
bitals is detected. The redistribution of the electron density shows a large resemblance
with the electron density obtained from calculations and is detected for materials having
different compositions of FeMn(P,Si,B). This shows that this redistribution is present in
materials with different compositions showing different magnetic behavior.

X-ray diffraction experiments also yield information about the interatomic distances.
Given the symmetry in this material, the magnetic atoms have a degree of freedom that
the non-magnetic atoms lack. By mapping this behavior, the magnetic atoms in one
layer show relatively constant interatomic distances across the transition. This is in in-
dication that the bonds between these atoms are constant. The magnetic atoms in the
other layer, showing the redistribution of electron density, show a difference in inter-
atomic distances. The interesting fact about these atom pairs is that they are composed
of a magnetic and metalloid atom, like Si, Ge and As. These elements are frequently
present in giant magnetocaloric materials, because their bond strengths can vary. This
is often the cause of the phase transition. For this material, the redistribution of electron
density causes a strengthening of the bond in the paramagnetic phase, at the expense of
the magnetic moment. This is shown by studying both the electron density and the in-
teratomic distances.
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The study of the underlying mechanism of giant magnetocaloric materials shows that
materials with different coordination number of magnetic atoms can lead to functional
behavior. Materials that crystallize in the CaCuj-type crystal structure show the same
versatility in coordination numbers and are potentially interesting. Y(Fe,Si)5 has a high
concentration of magnetic atoms that can lead to large magnetization changes and con-
tain the metalloid silicon. However interesting this material may be, when synthesized
it decomposes into two other compounds and no single phase was obtained. By using a
crystallographic database, it is possible to map all compositions that are stable. When all
unstable binary compositions are added, the difference between these two groups can
be investigated. By plotting the electronic properties of the elements, it is possible to
observe a separation between these two groups. These properties are based on the elec-
tron density and the work function. The plots show that YFe; can only be stabilized by
replacing the majority of Fe. Adding metalloid elements should increase the stability,
but in practice this approach is limited for metalloid elements.

In the quest for new functional materials to use in a magnetic refrigeration cycle,
it is important to know the electronic properties of the materials. By predicting these
properties, new candidate systems can be found, but hypothetical compounds can only
be useful when they are formed experimentally. When the electronic properties and
the phase stability are known, large leaps in material science can be achieved.






Samenvatting

In dit proefschrift worden de randvoorwaarden onderzocht voor de ontwikkeling van
materialen die een groot magnetocalorisch effect vertonen. Dit effect vindt plaats bij
magnetische materialen wanneer zij onderworpen worden aan een extern
magneetveld. Dit leidt tot instantane veranderingen in de magnetisatie waardoor er
een temperatuursverandering optreedt in het materiaal. Materialen die gebaseerd zijn
op Fe,P laten grote temperatuursveranderingen zien rond kamertemperatuur en zijn
uitermate geschikt om gebruikt te worden voor koeltoepassingen. Dit komt door de
grote magnetisatieverandering die gerealiseerd kan worden met een relatief klein
magnetisch veld rond de overgangstemperatuur tussen de ferro- en paramagnetische
toestand, welke rond kamertemperatuur ligt. Deze faseovergang is van een eerste orde,
waarbij latente warmte vrijkomt. Dit geeft aanleiding tot “reuze” effecten.

Nadat eerdere onderzoeken het verband tussen microscopische en macroscopische
eigenschappen van deze materialen hebben onderzocht, ligt de nadruk bij dit
proefschrift meer op de onderliggende elektronische invloeden die een rol spelen bij de
stabiliteit en faseovergangen van deze verbindingen.  Immers, wanneer het
mechanisme achter deze faseovergang duidelijk is, is het ook makkelijker om geschikte
nieuwe materialen te vinden. Hierbijj zijn twee strategieén mogelijk: het ophelderen
van het mechanisme van Fe,P-gebaseerde materialen of te zoeken naar materialen die
soortgelijke faseovergangen vertonen. De laatste strategie is beschreven in de volgende
paragraaf.

Het eerste onderzochte materiaal is Mng;Ga, beschreven in hoofdstuk 4. Een
literatuurstudie laat zien dat mangaan (Mn) een groot magnetisch moment heeft en het
materiaal een faseovergang laat zien rond kamertemperatuur. Beide eigenschappen
zijn essentieel voor goede magnetocalorische materialen. Mn3Ga kristalliseert in een
Mg;Cd-type kristalstructuur, waarbij de magnetische atomen in een driehoek zijn

gerangschikt. De kristalstructuur is van groot belang bij de magnetische
eigenschappen, omdat de driehoekige codrdinatie van magnetische atomen met
buuratomen de magnetische eigenschappen beinvloeden.  De faseovergang is

onderzocht met twee verschillende technieken die de kristalsymmetrie kunnen
bepalen. Rontgendiffractie geeft informatie over de elektronen van de atomen,
neutronendiffractie geeft informatie over de kernen en magnetische eigenschappen.
Door rontgendiffractie toe te passen als functie van temperatuur, is een verandering in
de kristalstructuur te zien. Dit wordt veroorzaakt door een vervorming van de
driehoekige configuratie van de magnetische atomen. Door neutronendiffractie toe te
passen op verschillende temperaturen is ook de veranderende magnetische structuur te
zien. Boven kamertemperatuur liggen de magnetische momenten van Mn zo, dat er
geen netto magnetisatie is, er is sprake van een antiferromagneet. Beneden
kamertemperatuur draait het magnetisch moment van een van de atomen waardoor er
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een netto magnetisatie optreedt. Tegelijkertijd wordt de hexagonale symmetrie
opgeheven. Ondanks dat het materiaal een magnetoelastisch effect laat zien rond
kamertemperatuur, zorgen de relatief lage netto magnetisatie en de tweede orde
faseovergang ervoor dat dit materiaal geen goede kandidaat is voor koeltoepassingen.

Het tweede materiaal, beschreven in hoofdstukken 5 en 6, is gebaseerd op Fe,P.
Dit materiaal kristalliseert in lagen die alternerend verschillende magnetische
eigenschappen hebben.  Dit komt door de verschillende codrdinatie van de
magnetische atomen met buuratomen. Elektronische berekeningen die eerder zijn
gedaan, laten zien dat de magnetische eigenschappen van deze atomen in één laag
veranderen in de paramagnetische toestand, terwijl de eigenschappen van de atomen
in de andere laag amper veranderen als het materiaal ferromagnetisch wordt.
Tegelijkertijd veranderen de afstanden tussen magnetische en niet-magnetische
atomen, waardoor de eenheidscel vervormt, terwijl het volume nagenoeg gelijk blijft.

Omdat de magnetische eigenschappen in de paramagnetische toestand moeilijk te
meten zijn, zijn de elektronische eigenschappen gemeten. De berekeningen laten zien
dat deze twee eigenschappen aan elkaar gekoppeld zijn en dat dit samenhangt met de
bezetting (en oriéntatie) van de atomaire orbitalen. Rontgenabsorptie experimenten
kunnen de energie van deze orbitalen meten in de ferro- en paramagnetische toestand.
Uit deze experimenten blijkt dat de energieén van de bezette orbitalen niet significant
veranderen en dat er geen valentieverandering plaatsvindt. Door de
elektronendichtheid te meten in de ferro- en paramagnetische toestanden met behulp
van rontgendiffractie, is er wel een verschil in oriéntatie van de orbitalen te zien. De
herverdeling van de elektronendichtheid toont grote gelijkenis met de berekende
dichtheid. Dit is aangetoond voor materialen met verschillende composities, bestaande
uit FeMn(P,Si,B). Dit laat zien dat deze herverdeling aanwezig is in materialen met
verschillende composities die verschillend magnetisch gedrag vertonen.

Rontgendiffractie experimenten geven ook informatie over de onderlinge afstand
tussen de atomen. Gegeven de aanwezige symmetrie in dit materiaal, hebben de
magnetische atomen een vrijheidsgraad die de niet-magnetische atomen niet hebben.
Door dit gedrag in kaart te brengen, is te zien dat de magnetische atomen in de ene
laag stabiele interatomaire afstanden hebben rond de overgang. Dit is een indicatie dat
de binding tussen deze atomen niet verandert. De magnetische atomen in de andere
laag, waar de herverdeling van de elektronendichtheid optreedt, laat een verschil in
interatomaire afstanden zien. Het interessante is dat de atoomparen bestaan uit een
magnetisch atoom en een metalloide atoom, zoals Si, Ge en As. Deze elementen zijn
veel voorkomend bij magnetocalorische materialen die reuze effecten laten zien,
omdat de bindingen die ze vormen kunnen variéren in sterkte. Dit is vaak de oorzaak
van de faseovergang. Bij dit materiaal zorgt de herverdeling van de
elektronendichtheid voor een versterking van de binding in de paramagnetische fase,
ten koste van het magnetische moment. Zowel de studie naar de elektronendichtheid
als de inspectie van de bindingsafstanden duiden dit aan.
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Het onderzoek naar het achterliggende mechanisme van reuze magnetocalorische
materialen, laat zien dat materialen met verschillende cooérdinaties rond magnetische
atomen tot functioneel gedrag kan leiden. Materialen die kristalliseren in de CaCug
kristalstructuur laten dezelfde verscheidenheid aan coordinatiegetallen zien en
kunnen potentieel interessant zijn. Y(Fe,Si); heeft een hoge concentratie aan
magnetische atomen, wat kan leiden tot een grote magnetisatieverandering en bevat
bovendien het metalloide silicium. Hoe interessant dit materiaal ook is, wanneer het
gemaakt wordt zijn twee andere kristalstructuren stabieler en is het niet mogelijk om
dit materiaal in de juiste fase te produceren. Door gebruik te maken van een
kristallografische database is het mogelijk om alle composities in kaart te brengen die
wel deze kristalstructuur vormen. Als hier nu alle binaire composities aan toe worden
gevoegd die niet stabiel zijn, is het verschil is tussen deze twee groepen te zien. Door
figuren te maken waarbij twee elektronische eigenschappen van de elementen gebruikt
worden, is een scheiding van deze twee groepen te zien. Deze eigenschappen zijn
gebaseerd op de elektronendichtheid en de werkfunctie. Deze plots laten zien dat
YFe; alleen maar gestabiliseerd kan worden als het meeste ijzer wordt vervangen. Het
toevoegen van metalloide elementen lijkt de stabiliteit van de fase op papier wel te
bevorderen, maar in de praktijk blijkt dat deze aanpak maar beperkt toepasbaar is voor
metalloide elementen.

In de zoektocht naar nieuwe functionele materialen om te gebruiken in
magnetische koelcycli, is het belangrijk om de electronische eigenschappen van
materialen te kennen. Door deze te voorspellen kunnen nieuwe modelsystemen
gevonden worden, maar hypothetische materialen kunnen alleen maar nuttig zijn
wanneer ze in de praktijk ook stabiel zijn. Alleen wanneer de elektronische
eigenschappen en de fasestabiliteit bekend zijn, kunnen grote stappen gemaakt worden
in materiaalonderzoek.
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