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»What is a scientist after all?
It is a curious man looking through a keyhole,
the keyhole of nature, trying to know what’s going on.«
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Abstract

A large magnetocaloric effect can be observed in materials with first-order magneto-
structural transition. Applying a magnetic field stabilizes the phase with higher mag-
netization and shifts the transition temperature to higher or lower temperatures. An
adiabatically applied field induces a phase transformation and leads to an adiabatic
temperature change. This temperature change is used in magnetocaloric refrigerators
which is induced by applying a magnetic field cyclically. The material has to have a
reversible adiabatic temperature change for each field-cycle to be an effective refrigera-
tion material. The reversibility of the adiabatic temperature change depends on the
hysteresis properties of the transition. A minimization of the thermal and magnetic
hysteresis is important to improve the efficiency of magnetocaloric refrigerators.

The Mn3GaC antiperovskite is a magnetocaloric material with a narrow hysteresis
which shows a fully reversible first-order isostructural transformation at about 164 K
from the antiferromagnetic state to the ferromagnetic state in an applied field of 2 T.
The transformation is accompanied by a volume contraction of about 0.5%. The small
hysteresis can be explained by the low magnetocrystalline-anisotropy-energy which was
determined using a Mn3GaC single crystal. The hysteresis properties of polycrystalline
and single crystal MngGaC are equivalent. However, in pulsed magnetic fields with
fast field-sweep rates, the structural response of the transformation cannot follow the
field change, which leads to a reduced magnetocaloric effect. This is in contrast to
adiabatic magnetization measurements in pulsed fields showing a full transformation.
The different time-responses of the structural and magnetic transition can be explained
by the large volume change (0.5%) at the first-order transformation.

Mn-Cr-Co-Sb pnictide has a first-order isostructural transition from an antiferro-
magnetic state to a ferrimagnetic state and has, like Mn3GaC, a narrow hysteresis.
The transformation in Mn-Cr-Co-Sb can follow the fast field-sweep rates. This can
be explained by the ten times smaller volume change during the transformation in
Mn-Cr-Co-Sb compared to MngGaC.

Another class of magnetocaloric materials are off-stoichiometric Ni-Mn-In Heusler
alloys. However, these alloys are not stable and decompose into stoichiometric NioMnIn
and NiMn when annealed between 650 and 750 K. In Ni-Mn-In alloys with 5% In,
annealing in a magnetic field leads to the formation of shell-ferromagnetic nano-
precipitates. The ferromagnetic hard-shell remains pinned up to fields of 5T while the
rest of the precipitate shows a soft ferromagnetic behavior. A selective formation of
precipitates can be a further opportunity to tune the hysteresis in Ni-Mn-In Heusler
alloys.



Kurzfassung

Ein grofler magnetokalorischer Effekt lésst sich in Materialien mit einem magnetostruk-
turellen Ubergang erster Ordnung beobachten. Das Anlegen eines magnetischen Feldes
fithrt zu einer Stabilisierung der magnetischen Phase, welche die gréflere Magnetisierung
aufweist. Dies fiihrt zu einer Verschiebung der Ubergangstemperatur zu héheren oder
niedrigeren Temperaturen. Das adiabatische Anlegen eines magnetischen Feldes fiihrt
zu einer Phasenumwandlung und zu einer adiabatischen Temperaturdnderung. Diese
Temperaturdnderung wird fiir die magnetokalorische Kiithlung verwendet und wird
durch ein zyklisch angelegtes Magnetfeld induziert. Das verwendete Material ist nur
dann ein effektives magnetokalorisches Material, wenn es eine reversible adiabatische
Temperaturdnderung fiir jeden Feldzyklus aufweist. Die Reversibilitédt der adiabatischen
Temperaturinderung hingt dabei von den Eigenschaften der Hysterese des Ubergangs
ab. Eine Minimierung der thermischen und magnetischen Hysterese ist daher wichtig
fiir die Optimierung der Effektivitdt der magnetokalorischen Kiihlung.

Mn3GaC Antiperovskite sind magnetokalorische Legierungen mit einer schmalen
Hysterese. Mn3GaC hat einen voll reversiblen isostrukturellen Ubergang erster Ord-
nung bei etwa 164 K in einem angelegten Feld von 2 T. Dabei handelt es sich um einen
Ubergang von einer antiferromagnetischen zu einer ferromagnetischen Phase, welcher
von einer Kontraktion des Volumens von etwa 0.5% begleitet wird. Die schmale Hys-
terese kann durch eine geringe magnetokristalline Anisotropie-Energie erklart werden,
welche mithilfe eines Mn3GaC Einkristalls bestimmt wurde. Die Eigenschaften der
Hysterese sind fiir polykristalline und einkristalline Mn3gGaC Proben dquivalent. In
gepulsten Magnetfeldern ist die Felddnderung so schnell, dass die strukturelle Reaktion
des Ubergangs nicht folgen kann, was zu einer Verringerung des magnetokalorischen
Effekts fithrt. Im Gegensatz dazu zeigen adiabatische Magnetisierungsmessungen in
gepulsten Feldern einen vollstindigen Ubergang. Der Unterschied in der Reaktionszeit
der strukturellen und magnetischen Umwandlung kann durch die grofle Volumenén-
derung des Phaseniibergangs erster Ordnung erklért werden.

Mn-Cr-Co-Sb Pniktide haben einen isostrukturellen Phaseniibergang erster Ordnung
von einer antiferromagnetischen in eine ferrimagnetischen Phase. Ahnlich wie Mn3GaC
weist auch Mn-Cr-Co-Sb eine schmale Hysterese auf. Die Umwandlung in Mn-Cr-Co-
Sb kann allerdings den schnellen Felddnderungsraten folgen. Dies ldsst sich durch die
zehnmal geringere Volumenénderung wahrend des Phaseniibergangs, im Vergleich zu
Mn3GaC, erklaren.

Eine weitere magnetokalorische Materialklasse sind nicht-stochiometrische Ni-Mn-In
Heusler Legierungen. Diese Legierungen sind jedoch instabil und entmischen bei einer
Wérmebehandlung zwischen 650 und 750 K in eine stochiometrische NioMnIn Phase
und eine NiMn Phase. Ni-Mn-In Legierungen mit einem In-Anteil von 5% zeigen nach
einer Wéarmebehandlung in einem Magnetfeld die Entstehung von Nanometer grofien
Ausscheidungen mit sowohl hart wie auch weich ferromagnetischen Eigneschaften. Die



hartferromagnetische Schale ist dabei gepinnt bis zu einem externen magnetischen Feld
von 5T. Der Rest der ferromagnetischen Ausscheidung zeigt hingegen ein weichmag-
netisches Verhalten. Eine gezielte Bildung solcher Ausscheidungen kann eine weitere
Moglichkeit sein, um die Hysterese in Ni-Mn-In Heusler Legierungen zu variieren.



Acronyms and Abbreviations

AF antiferromagnet or antiferromagnetic
bcc body center cubic

CCD charge coupled device

chap. chapter

DOS density of states

DSC differential scanning calorimetry

EBSD electron backscatter diffraction

EDX energy dispersive X-ray spectroscopy
EPM enhanced paramagnetic

eq. equation

ESR electron spin resonance

FC field-cooled

fig. figure

FW field-warmed

FI ferrimagnet or ferrimagnetic

FM ferromagnet or ferromagnetic

FMR ferromagnetic resonance

HLD-EMFL Helmholtz-Zentrum Dresden-Rossendorf at the High Magnetic Field
Laboratory in Dresden

LLG Landau-Lifshitz-Gilbert

MCAE magneto-crystalline anisotropy energy
MCE magnetocaloric effect

PM paramagnet or paramagnetic

PPMS physical property measurement system



RSO
SAE
SE2
SEM
SQUID
XRD
ZFC

reciprocating sample option

shape anisotropy energy

secondary electron

scanning electron microscope
superconducting quantum interference device
X-ray diffraction

zero-field-cooled






Symbols

a lattice parameter

« damping-term

«; direction cosine

b high-frequency magnetic field
B.g effective magnetic field

Byt external magnetic field

I} molecular field constant

c lattice parameter

Ce critical lattice parameter c
Cp specific heat, heat capacity
Er Fermi energy

F free energy density

G Gibbs free energy

g Landé g-factor

0% gyromagnetic ratio

H magnetic force

h reduced Planck constant

4, m Jacobian matrices

0 polar angle

kp Boltzmann constant

Ky cubic anisotropy constant

A relaxation frequency

AK i wavelength of copper radiation
m high-frequency magnetization
M magnetization

Mg saturation magnetization

152; Bohr magneton

1o permeability in vacuum

N demagnetization-tensor

D pressure

¢ azimuth angle

Q heat

S entropy

AS entropy change

t time

T temperature

ATyq adiabatic temperature change
Te Curie temperature

ATyt thermal hysteresis

T; transition temperature

TN Néel temperature

U internal energy

%4 volume

w resonance frequency

X susceptibility

X high frequency susceptibility tensor
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1 Introduction

Solid-state magnetic refrigeration is a topic which has been in focus since the last 30
years [Gut1l, Gsc08]. Cooling technology based on the magnetocaloric effect (MCE)
which is defined as the emission or absorption of heat when an applied magnetic field
causes a substantial entropy change in a magnetocaloric material [RG13]. The effect was
first observed by Weiss and Picard in 1917 in Ni [Weil7,Smil3] but was also mentioned
in 1881 by Warburg [War81]. In 1933, Giauque and MacDougall used Gda(SO4)s-salt to
achieve a temperature of 0.25 K by adiabatic demagnetization [Gia33]. This lead to the
award of the Nobel Prize in chemistry in 1949. The first magnetocaloric demonstrator
was build by G. V. Brown in 1976 using Gd plates as a heat exchanger [Bro76]
demonstrating the proof-of-concept for room-temperature magnetic refrigeration. In
1997, Pecharsky and Gschneidner [Pec97] observed a giant MCE in Gds(SiaGesz) near
room temperature. This was a milestone in developing and designing magnetocaloric
materials and devices.

Magnetic refrigeration technology is based on the principle of a magnetic refrigeration-
cycling [Teg02,Mn13,RG13]. The working-flow of a magnetocaloric cooling cycle is
schematically shown in fig. 1.1. In the first step the magnetocaloric material is
at the temperature T in state A and undergoes a magnetic field-induced adiabatic
transformation from state A to state B. The change of magnetic entropy during the
transformation leads to an adiabatic temperature change AT,q. An exchange liquid or
gas transfers the heat from the material to the hot reservoir. After the heat transfer, the
temperature is back at 77 and the material undergoes the reverse transformation from
state B to state A by decreasing the magnetic field. The reverse adiabatic temperature
change —AT,q is removed by a second heat transfer which leads to a temperature
decrease of the cold reservoir and the refrigeration cycle resumes.

The value of AT,q correlates with the isothermal entropy change AS of the field-
induced transformation and become large in the vicinity of the first-order transition
temperature so that the magnetocaloric refrigerator can only efficiently operate in a
temperature range close to this temperature. A possibility to increase AT,q is to use
magnetocaloric materials with first-order transition, since such a transition exhibits a
larger AS compared to materials with a second-order transition [RG13,Liul2a]. The
disadvantage of materials with a first-order transition is the presence of transitional
hysteresis leading to a reduced, reversible AT,4q due to hysteresis losses [Tit12,Sko13,
Chil6].

There are already prototype systems currently running to test the efficiency of the
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Figure 1.1: Schematic of a magnetocaloric cooling cycle. The material transforms adiabatically
from state A to state B by increasing and decreasing an external magnetic field. Based on
the MCE of the transformation, heat can be absorbed or expelled form the environment. The
schematic is based on fig.1 in [Teg02] and [WWW15]

technique [Tag06, Yul0, Loz14, Scal5]. However, there are a number of challenges to
be met to be able to make this technique compete with common gas-compression
refrigeration [Kit10]. An effective magnetocaloric material has to undergo large AT,q
in a magnetic field change of one to two Tesla. The limit of the field-value is given
by the maximum value of commercially available permanent magnets which are used
for the refrigeration. The permanent magnet is also the largest expense factor of the
device [Bjg16]. Additionally, the material should have a high thermal conductivity to
enable efficient and fast refrigeration cycles. To minimize production costs, the material
should contain no rare-earth or other expensive elements. The minimization of the
thermal and magnetic hysteresis of the transition is also a key aspect for developing an
efficient magnetocaloric material [Gut16, Tis14].

In recent years, a number of material families have been identified as potential
candidates. Gadolinium and gadolinium alloys such as Gds(Ge,Si)4 exhibit large MCEs
and are presently used in several prototype refrigerators [Pec97,Pec99, Tag06]. Because
of the high costs of the constituent elements, a mass production for the market has not
been possible. Another promising material is La(Fe,Si);3, which has also a large MCE
and contains only a small amount of the relatively cheaper rare-earth element La [Fuj02].
Furthermore, the composition of the alloy can be varied by substituting Fe with Co or
Mn, or doping the alloy with hydrogen or carbon to vary the transition temperature
over a broad range and to reduce hysteresis losses [Fuk06,Zhal2,Liul2b, Kral4, Kael7].



Even better would be the use of materials containing no rare-earth elements such as
Ni-Mn-X (X:Ga, In, Sb, Sn) Heusler alloys [Kre05b, P1a07, Kre07b, Dub09], whereby
the criticality of elements like Ga has to be considered. These alloys exhibit a large
MCE, and the transition temperature can be tuned by varying the composition [Aks07,
Kre(7a,Sot08]. Due to the first-order magnetostructural transition, these alloys exhibit
a thermal hysteresis [Tit12]. Therefore, understanding the origin of hysteresis is essential
to reduce hysteresis losses [Gut16]. Another promising material class are Mn-based
antiperovskites; a prototype being Mn3GaC [C12]. The alloy exhibits a first-order
isostructural transition from an antiferromagnetic (AF) to a ferromagnetic (FM) state
below room temperature. The transition temperature can be tuned by replacing carbon
partially by nitrogen so that such materials can be used for refrigeration applications
at higher temperatures [C13]. The significant advantages of this class of materials is
the narrow thermal hysteresis and the large significant AT,q of 5K [C13].

Cr or Co doped MnySb pnictides are also suitable for magnetic refrigeration and
exhibit a MCE close to room temperature with a narrow hysteresis [Tek17b]. The
material transforms from an AF state to a ferrimagnetic (FI) state and carries no long-
range ferromagnetic ordering [Swo60, Clo60, Kan84]. This property differs from other
materials mentioned above having a first-order transition from an AF to a FM state.

This study focuses on the origin and the effects of transitional hysteresis, whereby,
intrinsic and extrinsic origins are possible [Gut16]. A list is shown in fig. 1.2. The
intrinsic origins include two subcategories; magnetism and the order of the transition.
Magnetic properties such as the local magnetic moment, magnetic ordering, spin
fluctuation, magnetic anisotropy or the building of domains can influence the width of
the hysteresis just as the electronic structure. The study of these properties help to
understand the origin of hysteresis. The width of the hysteresis depends on the order
of the transition, whereby the coupling of lattice, magnetic and electronic entropies
plays a crucial role. However, this coupling enables also multi external stimuli and
can induce a caloric effect for example by a combination of magnetic and pressure
fields [Mn10, Liul2a].

The time dependence and the microstructure are extrinsic origins of the hysteresis.
The study of the transition dynamics under different magnetic field-sweep rates is
important, since the time dependence of the MCE gives the limit of the operating
frequency of the refrigeration cycle [Sch15, Got16c]. The width of the hysteresis is
also influenced by the microstructure including, grain-size, coexisting phases, grain-
boundary movements during phase transitions, the influence of interface-stress, various
defects, phase impurities, or finite size effects.

Within the framework of this study, the transition dynamics and the limit of operating
frequency for the different materials have been investigated with magnetization and
AT,q measurements under different magnetic field-sweep rates. These have been
undertaken for antiperovskites and pnictides. Magnetic, structural and magnetic
anisotropy characterization of a Mn3GaC single crystal were done and compared with
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Figure 1.2: The origin of hysteresis can be divided into intrinsic and extrinsic origins. A
detailed understanding of the hysteresis can help to master the hysteresis and to investigate
materials with high reversible MCE [Gut16].

polycrystalline powder to study the effect of magnetic anisotropy and grain boundaries
on the width of the hysteresis. The magnetic anisotropy is studied by ferromagnetic
resonance (FMR). Furthermore, decomposition experiments of off-stoichiometric Heusler
alloys are done to examine the effect of phase coexistence and the stress at the interfaces
on hysteresis. These are also studied by FMR.



2 Fundamentals

This chapter gives an overview on the MCE and the fundamental concepts related
to first- and second-order phase transitions and the effect of hysteresis at first-order
transitions on the MCE. I further present three magnetocaloric material classes: Ni-
Mn-based Heusler alloys, Mn3GaC antiperovskite, and doped MnySb pnictides. 1 focus
on magnetostructural transitions and the possibilities of tuning them.

2.1 Magnetocaloric effect and thermodynamics at first- and
second-order transitions

This section describes the fundamentals of the MCE at first- and second-order magnetic
phase transitions. An extensive description of the MCE can be found in reference [Tis03].
In addition, this section discusses the effect of the thermal hysteresis of first-order
transitions on the MCE.

The MCE is defined as the emission or absorption of heat of a material when
magnetized or demagnetized by an external magnetic field. The origin of the MCE lies
in the change of the internal energy U due to a change in an external magnetic field.
U of a system depends on its entropy S, volume V', and magnetization M or field H
so that

U=U(S,V,H). (2.1)

The total differential of U is,
dU =TdS — pdV — MdH, (2.2)

where T is the temperature of the system, and p is the pressure. In magnetic systems
at constant volume, the free energy F and its total differential are

F=U-TS (2.3)
and
dF = —-58dT — pdV — MdH. (2.4)
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The Gibbs free energy GG and its total differential at constant pressure is given by

G=U-TS+pV-MH (2.5)
and
dG =Vdp — SdT — MdH. (2.6)

Under isobaric conditions, all terms containing dp vanish. Based on (2.4) and (2.6), S
and M can be described by

S(T, H) = — (gg)j{ (2.7)
and
M(T, H) = — (%)T, (2.8)

respectively. From equations (2.7) and (2.8), the Maxwell relation,

oS oM
(), (%),
can be obtained. The total differential of S depends on T, H and p. In the case of
isobaric conditions, d.S is

S oS
ds = (aT)HdT+ <8H>TdH. (2.10)

The isothermal (d7" = 0) entropy change AS can then be calculated by integrating eq.
(2.9) for a given magnetic field-range H; < H < Hj so that

H.
AS — 2<8M

A 6T)H dH. (2.11)

Varying the magnetic field under adiabatic conditions (dS = 0) causes a temperature
change AT,q4, which can be calculated using the heat capacity C), defined as

C, = <ffT2>p. (2.12)

Here Q) is the added heat. From the second law of thermodynamics, dS = §Q/T so
that the heat capacity can be rewritten as

C, =T (g;)p. (2.13)
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The differential of the total temperature under adiabatic and isobaric conditions can
then be obtained using (2.9), (2.10) and (2.13) as
T <8M

— — | dH. 2.14
C’H,p )H ( )

AT, =
d oT

The finite value of AT,q4 can be calculated by the integrating (2.14) over the field-range
H, < H < Hy, namely,

AT, = —

Hy <8M
or

— dH. 2.15
o Cup )H (2.15)

The entropy and temperature change AS and AT,q are characteristic parameters of
the MCE and are used for characterizing magnetic refrigeration materials. Both can be
large when OM /0T is large as in the vicinity of a magnetic phase transition classified
as first and second-order.

In the case of second-order magnetic transitions, the order parameter is the saturation
magnetization Mg, and the transition is continuous. Fig. 2.1(a) shows schematically
the temperature-dependent magnetization of a material which transforms from a FM
to a paramagnetic (PM) phase at the Curie temperature T¢. Mg can be described by
the Brillouin function [Sto06]

M(Ha T) _:U'BH
_— L = h 2.1
M tan ( T ), (2.16)

where pup is the Bohr magneton and kp is the Boltzmann constant.

(a) (b)

H>0

Saturation
Magnetization
Total entropy

o initial state
e final state

H>0

T T
Temperature Te Temperature Te

Figure 2.1: MCE at the second-order transition. (a) Schematic of the temperature-dependent
magnetization in the vicinity of the second-order transition temperature T with external
magnetic field. (b) Temperature dependence of the total entropy with (black) and without
(red) external magnetic field. The isothermal and adiabatic processes are marked in blue.
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Fig. 2.1(b) shows the temperature dependence of the total entropy for zero (red)
and applied (black) magnetic field. The increase of the magnetic ordering due to
an isothermally applied external field leads to a decrease in the entropy by AS. An
adiabatically applied field leads to a temperature increase by AT,q.

In the case of a first-order transition, a conventional or an inverse MCE can be
observed. A material shows a conventional MCE when the increase of a magnetic field
leads to an increase in the temperate. For an inverse MCE, the increase of a magnetic
field leads to a decrease in the temperature.

(a) T, increases (b)
c with increasing H -
cS 7 g
SF S
SN H>0 g
5© et
%5 2
N & ! )
= ‘\ T B
\ H=0 o initial state
\ H>0 o final state
T T !
T(H>0) T, T(H=0)  T(H>0)
Temperature Temperature

Figure 2.2: Schematic of the conventional MCE at the first-order transition. (a) Schematic
of the temperature-dependent magnetization in the vicinity of the first- and second-order
transition temperature T; and To with an external magnetic field. (b) Temperature dependence
of the total entropy in the region of T; with (black) and without (red) external magnetic field.
The isothermal and adiabatic processes are marked in blue.

Fig. 2.2(a) shows schematically the temperature dependence of the magnetization
of a material undergoing a first-order magnetostructural transition with conventional
MCE. In the low temperature-region, below the transition temperature 7;, the material
behaves as a FM. However, at T;, the magnetization drops discontinuously to a lower
magnetization state due to the magnetostructural transformation. The presence of an
external magnetic field furthers the stability of the low-temperature, high-magnetization
state and shifts T; to higher temperatures as the field increases. The first-order
magnetostructural transition can take place not only from a magnetically ordered
to a magnetically disordered state, as in a second-order transition, but also from
one magnetically ordered state to another ordered state with a different magnetic
configuration discontinuously. This causes a discontinuous entropy change at T; (fig.
2.2(b)). Under applied field, the large shift of the transition temperature and the sharp
drop of the entropy lead to a large MCE. In the case of first-order magnetostructural
transitions AT,q can be estimated using the Clausius-Clapeyron equation

dH  ASy 217)

ar —  AM’
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where AS)s is the change in the entropy and AM is the change in the magnetization
when a field is applied. The temperature change AT,4 can then formulated by using
eq. (2.17) and the relation AT = —TAS);/Cq to give

T /0H
AT 1=— | — | AM. 2.1
» CH(aT) (2.18)

The total entropy change can be described as the sum of the entropy changes of the
magnetic, ASyy, lattice ASy¢, and electronic, AS,], subsystems, so that

AS = ASy; + ASp + ASq. (2.19)

All terms depend on H and T'. Such a separation the subsystems is only possible when
there is no phase transition. In this case, the adiabatically applied field results in a
negative ASys and ASy,; has to be positive since ASg = 0. A positive AS),; is related
to an increase in the temperature so that AT,q is positive (see fig. 2.2(b)).

That the decoupling of entropies is not always possible becomes clear when materials
showing the inverse MCE are taken into account. The inverse MCE describes the case
of decreasing temperature when an external magnetic field is applied in contrast to
materials showing the conventional MCE experiencing an increase in the temperature.

(a) (b)
"""""" H>0
AS
=0

AT,

Saturation
Magnetization
Total entropy

o initial state
e final state

T, decreases
with increasing H

T T
T(H>0) T T(H>0)  T(H=0)
Temperature Temperature

Figure 2.3: Schematic of the inverse MCE at the first-order transition. (a) Schematic of the
temperature-dependent magnetization in the vicinity of the first- and second-order transition
temperature T; and T with an external magnetic field. (b) Temperature dependence of the
total entropy in the vicinity of T; with (black) and without (red) external magnetic field. The
isothermal and adiabatic processes are marked in blue.

The M(T)-curve of an inverse MCE material is shown in fig. 2.3(a). Here, the high-
magnetization phase is stable for 7' > T;, and the low-magnetization phase for T' < T;.
An external field stabilizes the high-magnetization phase causing a shift in T; to lower
temperatures. The entropy-curves for H = 0 (red) and H > 0 (black) are shown in
fig. 2.3(b). The increasing field leads to an inverse MCE shown as an increase in AS
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and a decrease in AT,q. Above T}, the entropy in zero field is higher than the entropy
with field leading to a conventional MCE for T > T;. For the inverse MCE, ASj,
and ASj,; are both negative. This makes it impossible to describe such a system by
independent subsystems as in eq. (2.19). Therefore, in materials with inverse MCE, a
significant change of the electronic structure must occur [C12,Got16b, Wol16]. A strong
cooperative contribution of ASys, ASj,; and ASe to AS is given in reference [Grul5|.
The study shows a change of vibrational density of states at the first-order transition
of LaFei3.4Six related to magnetic disorder indicating an interconnection of magnetic,
electronic and vibrational degrees of freedom.
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Figure 2.4: Overview of the adiabatic temperature change |AT,q| (in an external field of 2T)
of potential materials for magnetocaloric refrigeration. Materials which undergo a first-
order transitions are denoted by filled ellipses and materials which undergo a second-order
transition are marked with striped filling. [Liul2a]

For the performance of a magnetocaloric refrigerator, materials with conventional
or inverse MCEs can be used. |AS| and |AT,q| can be compared for potential magne-
tocaloric materials. Fig. 2.4 gives an overview of |AT,q| of different materials which
can be interesting for magnetocaloric applications near room temperature. Materi-
als exhibiting a first-order transition are denoted by filled areas, and materials with
second-order transition are marked with striped areas. This figure shows that the use
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of materials with a first-order transition can improve the performance of magnetic
cooling devices due to their larger AT,q.

Gadolinium is know as a magnetocaloric material (see fig. 2.4) showing a FM/PM
second-order phase transition at T = 292 K. Differential scanning calorimetry (DSC)
measurements on Gd show, however, an anomaly of the specific heat in the vicinity
of T [Grib4] at which a strong spontaneous magnetostriction also occurs [Bir60].
The latent heat (transitional enthalpy) is required for the spontaneous magnetization,
whereas the second-order transitional enthalpy is spread over the range from lowest
temperatures to T¢. Thermal expansion measurements show further a volume change
at To [Bir60]. Similar behavior in the specific heat and spontaneous magnetostriction
at T can also be observed in a-Fe [Pep01]. From an experimental point of view, this
raises the question whether the magnetic transition in these materials can be described
by a classical second-order transition (no volume change); at least at the transition
temperature T¢.

To compare AT,q of materials with a first-order transition, the hysteresis of the
transition has to be taken into account. AT,q in fig. 2.4 considers only AT,q for
the first application of the external field and does not take into account the effect of
hysteresis losses on cycling the field effecting the reversibility of AT,4. The hysteresis
of the first-order transition is related to the presence of energy-barriers which have to
be overcome for the nucleation of the new phase. The volume-difference of the two
phases and the distortion energy at the phase boundary determines the energy-barrier
landscape [Mey73]. The width of the hysteresis is governed by the driving force of the
transformation which is the difference of the Gibbs free energy AG = G — Gp in the
super-cooled or super-heated state (A and B) [Hor92]. G includes parameters such as
the crystal structure, chemical order and elastic and inelastic distortion.

Fig. 2.5(a) shows schematically the temperature dependence of the Gibbs free
energies of the two magnetic phases G (red) and Gp (black) in the vicinity of a
first-order transition with equilibrium transition temperature Tj. Fig. 2.5(b) shows the
temperature dependence of the magnetization. Phase A is thermodynamically stable
for T < Ty while B is stable for T' > Ty. At Ty Ga = Gg. However, the transformation
from A to B does not start at Ty but at a higher temperature Tp1. The super-heating
corresponding to a temperature difference Tg; — T which is required to overcome the
nucleation energy.

The transformation from the low-magnetization phase A to the high-magnetization
phase B leads to an increase of the magnetization M (T') with increasing amount of phase
B. (fig. 2.5(b)). The transformation is complete at T2 and no further increase of the
magnetization can be observed. The finite slope of the hysteresis is related to the elastic
distortion energy. The reverse transformation from phase B to A also requires nucleation
energy which leads in this case to super-cooling Th1 — Ty. The transformation finishes
at Ths. The temperature difference between the forward and reverse transformation
branches is defined as the thermal hysteresis ATj,y¢;. Depending on the material, AT,y
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Figure 2.5: Schematic of the temperature-dependent Gibbs free energy (a) and magnetization
(b) in the vicinity of a first-order phase transition T.

can range from a few Kelvin [C12, Tit12] up to several 100 Ks [Hor92].

The performance of a reversible transformation cycle requires, therefore, an external
magnetic-field which is able to overcome the hysteresis. A fully reversible transformation
cycle leads to a fully reversible AT,4. In case of a partial transformation, the reversibility
of AT,q is reduced [Tit12,Sko13, Chil6].

A large and reversible AT,q4 in oscillating magnetic fields is an essential requirement
for a refrigerant-material. Fig. 2.6 shows schematically the transition cycles of the
total entropy of an inverse magnetocaloric material as a function of temperature. The
material transforms from a low temperature low-magnetization state (B) to a high
temperature high-magnetization state (A). The hysteresis is equivalent to the gap
between the forward (dashed line) and the reverse (solid line) transformation paths.
The red curve shows S(T') before and the black curve shows S(7') after the field change.
The initial state is shown with open circles and the final state is shown with filled
circles. Fig. 2.6(a) shows the transition when a field H; is applied adiabatically (S
is constant). The initial state in zero field lies along the reverse transformation path.
When H; is applied, the material follows the reverse transformation path from B to
A and the transformation ends at the final state. Due to adiabatic conditions, the
increase of the field (from zero to H;) leads to a decrease of the temperature from 7} to
T5. When the field is turned off, the hysteresis has to be overcome before the material
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Figure 2.6: Schematic sequence of the temperature change of a material with inverse MCE.
Sequence (a)-(e) show the temperature dependence of the total entropy for a cycled magnetic
field. A detailed description of the sequence is given in the text. [Sch15]
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can transform back to phase B. Fig. 2.6(b) shows that the hysteresis is overcome
after the field is decreased by AH reaching the forward transformation path. During
the field change of AH, the temperature of the sample increases from 75 to T35 due
to the conventional MCE since the state of the system now does not change. The
phase-fraction A/B remains constant during this process. The further decrease of
the field (fig. 2.6(c), red curve) leads to a reverse transformation from A to B and
to a decrease in T' from T3 to Ty, related to the inverse MCE. This is now possible
since the state of the material can change along the forward transformation path.
The magnetic field can now be applied again, but it has to be considered that the
initial state (fig. 2.6(d)) of the material is now different from that of the virgin state
(fig. 2.6(a)). In fig. 2.6(d), the initial state lies on the forward transformation path,
and the hysteresis has to be overcome again by increasing the field by AH to start
again the phase transition. On applying AH, the temperature increases from Ty to T5
due to the conventional MCE, since the phase-fraction is again constant. A further
increase of H leads then to the transformation and to a drop of T to Ts (see fig. 2.6(e)).
Due to hysteresis, the initial temperature change AT = T; — T3 is larger than the
reversible change AT = Ty — T3. Narrowing the hysteresis reduces To — T3 and T5 — Ty,
and therefore, increases the reversible temperature change. Since a magnetocaloric
refrigerator operates with an oscillating magnetic field, the effect of hysteresis plays an
important role on the efficiency of the device.
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2.2 Magnetocaloric materials and magnetic transitions

Many materials are candidates for magnetocaloric cooling [Liul2a,Fael2]. However,
these should not contain harmful elements or expensive rare-earths. In this thesis
three material classes are investigated: Ni-Mn-based Heusler alloys, antiperovskites and
pnictides, all undergoing first-order transitions with a narrow transitional hysteresis of
less than 15 K. This section gives an overview on the structural and magnetic properties
and possibilities to tune the MCE and transition of such materials.

2.2.1 Transitions in Ni-Mn-based Heusler alloys

Ni-Mn-X Heusler alloys with main group elements X as Ga, In, Sn and Sb are interesting
as magnetic refrigeration materials due to the presence of a first-order magnetostruc-
tural transition [Pla09,Sut04,Liul2a]. The alloys transform form a low-temperature
martensitic phase with low magnetization to a high-temperature austenitic phase
with larger magnetization [Acell, KreO5a, Kre06a, Moy06]. The transformation can
be induced by applying a magnetic field, causing a large change in the magnetization
and leading to a large MCE [Kre05b, Kre07b, Liul2a]. Due to the magnetostructural
transition, the transformation can also be induced by applying elastic, or pressure
fields [Mn10]. I present in this section an overview on Ni-Mn-X Heusler alloys and dis-
cuss how MCEs can be improved. I also review the decomposition in off-stoichiometric
Heusler alloys and its consequences on the MCE.

2-1-1 stoichiometric NigsMnX full Heusler alloys have an L2; structure in the austen-
ite state conforming with a F'm3m space group [Web69]. The crystal structure is
schematically shown in fig. 2.7(a). The Mn and X atoms are located in the center
of a body centered cubic (bcc) cell with Ni atoms located at the corners. The L2
structure builds a regular array of alternating bee cells of Ni-Mn and Ni-X. In the case
of chemical disorder among the Mn and X atoms, the structure becomes B2 as shown
in fig. 2.7(b). The acquired structure at room temperature depends on the thermal
treatment during preparation. The L2:-B2 order-disorder transition is located in the
range 900 < 7' < 1080 K depending on the chemical composition [Ove99, Xul6]

With decreasing temperature, off-stoichiometric Ni-Mn-X compounds (as well as
stoichiometric in the case of X as Ga) undergo a martensitic transformation. The
martensite state can be tetragonal L1y or modulated 5M (10M), 7TM (14M) or
40 [Acell, Larll, Kaull, C14a]. The transition is diffusionless but in most cases
involves a volume change, which can be large as in Ni-Mn-Sn or nearly vanishing
as in Ni-Mn-Ga. In both cases, different martensite variants are formed to reduce
the elastic energy generated by the lattice mismatch at the martensite and austenite
phase boundary (habit plane) [Kaull, Fael2,Niel2]. The transition from austenite to
martensite starts with the formation of internally twinned martensite nuclei having a
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Figure 2.7: (a) L2, structure of stoichiometric NigMn;X; full Heusler alloys. (b) Chemical
disordered B2 structure of the Heusler alloy were Mn and X are randomly distributed in
their sublattices.

— B2

diamond-like shape [Niel7]. The energy for the formation of twin boundaries in the
diamond-shape nuclei is lower than the elastic energy for the formation of a single
martensite variant. The transformation progresses by the growth of two martensite
variants of the diamond-shaped nuclei leading to the complex hierarchical morphology
in the martensitic state.

The magnetic moment is in most Mn-based L2; Heusler alloys related to the Mn atoms
having a moment of about 45 [Web67, Web69]. The exchange coupling of neighboring
Mn atoms depend on their inter-atomic distance [Pep01]. In the case of elementary
Mn, the coupling is AF. However, in Ni-Mn-X alloys, the Mn inter-atomic distance
is larger than in elementary Mn leading to a FM exchange coupling [Sut04, KreO5a,
Kre06b, Aks07]. The following parameter have influence on the interatomic distance
in Ni-Mn-X and leading therefore to a change in the magnetic behavior: chemical
ordering [Ito08], Mn-concentration, pressure, and temperature. The magnetization can
drastically change at the martensitic to austenitic transformation temperature. The
martensitic transformation temperature Mg depends linearly on the number of valence
electrons in Ni-Mn-X [Kre07c|.

Fig. 2.8 shows the magnetic and structural phase diagram of (a) Ni-Mn-Sn, (b)
Ni-Mn-In and (c¢) Ni-Mn-Ga as a function of the valence electron concentration, e/a,
calculated as the average of the s and d, and s and p valence electrons of the different
elements weighted to the concentration [Pla09]. The regions with different structure
are separated by dashed lines, whereby the cubic structure relates to the L2, and
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Figure 2.8: Magnetic and structural phase diagram of (a) Ni-Mn-Sn, (b) Ni-Mn-In and (c) Ni-
Mn-Ga, reference [Pla09] fig.4. Isostructural regions are separated by dashed lines. Magnetic
transitions are indicated by triangles. Martensitic transformations are shown by circles.
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B2 structures. The Curie temperature of the austenite (T/4) and martensite (T3)
states are shown with triangles. The martensitic transformation Mg is shown with
circles. The alloys can exhibit a 5M, 7M and L1j structure at low temperatures, which
varies systematically with increasing e/a. The further decrease of the temperature
leads also to inter-martensitic transformations whereby the L1j structure is the ground
state [C15a,Dut16]. The composition NisoMnsy exhibits an L1g structure and is AF
with a very high Néel temperature T of about 1100 K [Kas59]. In general, an increase
of Mg is observed with increasing e/a. T/ slightly decreases with increasing e/a and
Mn content. This relates to the weakening of the FM coupling due to the increase
in the number of Mn-Mn nearest neighbors, which leads to a strengthening of AF-
exchange. TM drops rapidly with increasing e/a, except for Ni-Mn-Ga. This is related
to the increase of AF exchange, the FM exchange is expected to vanish when the
stoichiometry reaches NisoMnsg. However, no measurements have been carried out to
determine T temperature in this composition-range.

Tuning of the MCE in Heusler alloys

It can be seen in fig. 2.8 that varying the Mn content in Ni-Mn-X enables tuning
the magnetic and structural transformation temperatures and thereby influencing the
MCE. However, there are also further possibilities to tune the transition temperature
and the MCE, which will be discussed in the following.

The field-induced martensitic transition in Ni-Mn-X leads to a MCE with an entropy
change between 9 Jkg 'K~! and 27 Jkg7'K~! [Kre05b, Aks07, Kre07b, Bho07, Dub09,
Got16b]. The martensitic transformation can be varied over a broad temperature-
range by adjusting the X-element content. A further method to tune the martensite
temperature is to dope Ni-Mn-X with a fourth element by substituting Ni, Mn, or X by
Fe, Co or Cu, as in most common cases [Kre07a, Dub09, Got16b, Liul2a]. The doping
can increase or decrease the entropy change at the transition.

Further optimization of the MCE can be attained by heat treatment influencing
the chemical order, which has a large effect on the first-order transition [I1to08, Miy11].
For example, annealing of NisoMnsgSni; above the B2/L1( transition improves the
chemical homogeneity, and the extension of the annealing-duration increases the
intensity and sharpness of the martensite transformation and thereby the MCE [SchO08].
Direct AT,q measurements of doped and undoped Ni-Mn-X report values from 2 to
6 K [Aks07, Tit12, Liul2a).

A high AT,q is essential for magnetocaloric refrigeration, but it also has to be
reversible. As mentioned previously, the width of the thermal hysteresis limits the
reversibility of AT,q (chap. 2.1), especially when the applied field is not large enough
to overcome the hysteresis. This was shown by AT,y measurements on NisoMnssSnys
and NisgMnszInis [Titl?]. NisgMngsSni5 exhibits a AT,q of —2.5K at the martensitic
transition while NisgMngsIngs exhibits a AT,q of only —1.4 K. The values are measured
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in an applied field of 5 T. However, the martensitic transition in NiggMnssSni5 has a
thermal hysteresis of 30 K, while in NisgMnssIn;s the hysteresis is only 16 K. AT,q
measurements under field-cycling show that a reversal of the transformation cannot be
achieved in NisgMngsSnys, since the hysteresis cannot be overcome by a field of 5T.
This leads to zero AT,q after the first application of the field. In contrast, a reversible
AT,q of 0.7K is observed in NisgMngsIn;s. Here the field of 5T is able to overcome
the hysteresis (16 K), and a reverse transformation can be induced.

In reference [Niel6], it is demonstrated that the martensitic transformation can
locally be promoted by artificial defects. Therefore, nano-indentations are insert in a
Ni-Mn-Ga epitaxial film. The plastic deformation in the vicinity of the indentation
acts as an elastic stray field. This leads to a change in the nucleation barrier and
decreases the hysteresis. Therefore a selective insert of defects can be used to tune the
martensitic transition and the MCE.

Decomposition of off-stoichiometric Heusler alloys

Annealing Heusler alloys above the By/L2; transition can increase atomic ordering.
As opposed to this, heat treatment at about 150 K below the By/L2; transition leads
to phase decomposition [Yuh09]. It turns out that off-stoichiometric NisoMnas, X, (X
as Sn, In, Ga) 0 < y < 25 alloys decompose into stoichiometric, FM, L2; NisoMnasXas
and AF, L1y NisopMnsy when annealed in the range 600 < T' < 750 K [Cak16, Sch08,
Krel6,C17a]. The decomposition leads to a change of the Mn content of the initial
alloy shifting the martensitic transformation temperature to higher temperatures. In
the case of NisgMng7Snig and NisgMns;Sngs, a decrease in the transition temperature
is observed after the decomposition [Yuh10].

A rather interesting effect can be observed in AF NisgMnysIns and NisgMnysGas
Heusler alloys annealed at 650 K in a magnetic field. The decomposition leads in this
case to the formation of FM NisgMnosXss5 precipitates of nanometer dimensions which
can be detected by X-ray diffraction [Din18]. Magnetization measurements indicate
a strong pinning of the moment of the interface between the AF matrix and the FM
precipitate along the field direction leading to the shell-FM effect [Cak16]. The effect
is shown and described in a video [Youl6]. The pinned shell of the nano-precipitates
cannot be rotated in external fields up to 5T, whereas the FM NigsgMnosXos core
is free to rotate. This leads to vertically shifted M (H)-curves [Cakl6, Krel6, C17a].
The remanent magnetization of the FM precipitates is always positive or negative,
depending on the direction of the applied field during annealing [C17b].

The vertically shifted M (H)-curves can only be observed when the precipitates
have nanometer dimensions, since the effect is related to the surface-to-volume-ratio
of the precipitates. The effect is masked when Ni-Mn-In is annealed at 750 K due
to the larger precipitate-volume [C17b]. First studies on the size-determination are
done on NisgMnysIns as a function of annealing-temperature and time, by Scherrer
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analysis [Din18]. This shows a systematic increase of the precipitate-size depending on
annealing-temperature and time. It is shown that the alloys annealed at 650 K exhibit
a precipitate-size of about 3 to 5nm. Furthermore, the growth stops at this size and
a longer annealing time leads only to an increase in the number of precipitates. The
locking of the growth process can only be observed at 650 K while an increase of the
precipitate-size is present for the annealing-temperatures 700 and 750 K.

The decomposition of Ni-Mn-X below the By/L2; transition shows that the cooling
procedure of the preparation has to be fast to ensure a homogeneous alloy. The
quenching of the alloy leads instead to stress and strain in the sample which can be
reduced by subsequent annealing at 650 < T' < 750 K. However, this range corresponds
to temperatures where decomposition takes place. A selective decomposition of Ni-Mn-
X can therefore be a possibility to tune the magnetic properties and the hysteresis at
first-order transitions. Due to this, further studies on the microstructure and interface-
coupling between the AF matrix and the FM precipitates are necessary to understand
this effect in more detail.
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2.2.2 Transitions in Mn3;GaC antiperovskite

MnzGaC exhibits two transitions: A first-order transition at T; = 164 K from a low-
temperature AF state to a high-temperature FM state and a second-order transition at
the Curie temperature T¢ = 248 K from the FM state to the PM state [Bou66, Kan87a].
The magnetic transition from the AF to the FM state is accompanied by a decrease in
the volume of the unit cell, while the structure of the alloy remains cubic. The transition
can be regarded as a first-order magnetostructural transition, which is verified by the
rapid change of the heat capacity of MnzGaC at T; [Bou66, Gar83].

Mn3GaC shows an inverse MCE with a AT,4 of about 5K in a field change of
2T [Toh03,Sch15]. The narrow thermal hysteresis of 4 K in combination with a large
shift of T; with a rate of —5 KT ™! leads to a fully reversible transition in fields up to
2T. These field-values can be supplied by a permanent magnet making Mn3GaC an
interesting material for magnetocaloric refrigeration [Bou66, Toh03, 12, Sch15].

The structural and magnetic properties of Mn3GaC were firstly studied by L. Howe
and H.P. Myers [How57]. Later, D. Fruchart et al. studied the structural and magnetic
properties in more detail [Fru70, Fru78]. The alloy has an antiperovskite or metallic
perovskite structure with Pm-3m symmetry. Fig. 2.9(a) shows the unit cell of Mn3GaC.
The carbon atom is located at the (%, %, %) position in the center of an octahedron
of Mn atoms, and the Ga atoms are located at (0,0,0) [Fru70]. The cubic cell has a
lattice constant of 0.896 nm [Bou66, Fru70, Kan87b, Toh03, C14b].

®@Mn ©Ga @C

Figure 2.9: (a) Antiperovskite MngGaC Pm — 3m structure. Ferromagnetic (b) and antifer-
romagnetic (c) structure of MngGaC. This graphic is partly based on fig.5 in [Fru78, Gar83]

The magnetic structure of the high-temperature FM state is shown in fig. 2.9(b).
The magnetic moments of the Mn atoms (1.2up) point along the [1,1,1] direction so
that it is the easy axis of the magnetization [Fru78, Gar83]. In the low-temperature
AF state, the Mn atoms have a magnetic moment of 1.8up [Fru70,Fru78, C14b], and
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point along the [1,1,1] direction (see fig. 2.9(c)); with the magnetization in alternating
planes aligning antiferromagnetically.

The first-order AF/FM transition at 164 K is an isostructural transition, which is
accompanied by a volume decrease of 0.5% in the FM state. The magnetic moment
likewise decreases from 1.8up(FM) to 1.2up(AF) [Fru78, Mot88, C14b]. Therefore,
the transition can be either induced by an increase of the temperature, by applying
hydrostatic pressure, or by applying a magnetic field. In all cases the transition
temperature shifts to lower values [Bou66, Toh03, Kan87b, C14b]. Neutron diffraction
studies carried out under magnetic field show that both phases are present at the
transition [C14b]. However, the FM state is progressively stabilized with increasing
field. The studies show further that the lattice parameters, the magnetic moments, and
the vibrational properties in the range of phase-coexistence deviate from the values in
pure AF and FM states. This can be explained by local strains and crystallographic
disorder which also lead to the hysteresis of the transition.

Isothermal field-dependent magnetization measurements in the vicinity of T; give
an entropy change of AS = 15Jkg 'K™! in a field of 1T [Toh03]. A AT, of —5.4K
is calculated by eq.(2.9) and (2.15) using AS and the heat capacity [Gar83]. Direct
measurements of AT, show an inverse MCE with a AT, between —3.2K and —4.7K
[C12,Sch15].

Tuning of the transition of Mn3GaC by doping

Mn3GaC offers many possibilities for doping with various elements. This section
presents an overview on the effect of doping Mn3zGaC on the transition temperatures
and the structure.

Mn can be substituted by other transition metals as example Fe, Ni, Co and Cr
[Wan10,Toh04,Har93]. The substitution of Mn with Co in Mnj_,Co,GaC (0 < z < 0.05)
[Toh04] leads to a decrease of T; down to 100 K with increasing x. The substitution
also increases the shift of T; with applied field from a rate of —5KT~! (z = 0) to
—9KT~! (x =0.05). AS of about 15Jkg 'K~! is not effected by the increase of Co
content. Mnjs CoxGaC shows a MCE in a large temperature-range between 50 and
160 K which makes these alloys interesting for low temperature magnetic refrigeration.

Doping with Ni leads in Mn3 4 NiyGaC (0 < z < 0.1) to a decrease in the lattice
parameter ¢ with increasing Ni content [Wan10]. Furthermore, a intermediate canted
FM state is observed between the AF and the FM state. The transition temperature
from the FM state to intermediate FM state decreases with increasing x. The same
behavior is observed in the transition temperature from the intermediate FM to the AF
state. On the other hand, T¢ from the FM to the PM state increases with increasing
Ni content while the saturation magnetization also increases. Ni has three more valence
electrons than Mn and can therefore influence the density of states (DOS) near the
Fermi energy Er which is otherwise controlled by the Mn 3d-electrons [Mot88, Shi02].
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An intermediate FM state is also observed in Mn3GaC when the alloy is compressed at
p > 3kbar [Kan87b, Kam98]. The substitution of Mn by Ni acts as a chemical pressure
effect enhancing the FM interactions. The shift of transition temperature towards
lower temperatures can therefore be explained as a combination of a chemical pressure
effect and a correlating electronic band filling effect due to the substitution of Mn with
Ni. The substitution of Mn with Fe also has a similar effect as the substitution of
Mn with Ni. Studies on Mns g5Feg.05GaC show a decrease of a and T; compared to
non-doped MnzGaC [Har93]. Furthermore, an intermediate FM state between the AF
phase and the FM phase is also observed in this alloy.

The substitution of Mn with Cr leads in Mng «CryGaC (0 < x < 0.05) to an increase
of T; and an increase of the lattice constant a with increasing = [Har93]. The alloy
shows no presence of an intermediate FM state. In fact, the FM state is completely
suppressed for x > 0.15, and the alloys transforms directly from the AF phase to
the PM phase. Parallel to this, T¢ decreases with increasing amount . Cr has one
electron less than Mn while Ni, Fe, and Co have more electrons. The difference in the
number of electrons can also be the reason why Cr-doped Mn3GaC show an increase
in T; and a decrease in a while Ni, Fe, and Co-doped Mn3GaC show a decrease in T;
an an increase in a compared to non-doped Mn3GaC.

Another option to manipulate the magnetic transition in MngGaC is to substitute
Ga by Al or Sn, whereby Al has the same number of valence electrons as Ga and
doping with Sn increases the number of electrons [Koy04, Wan09, Wan11].

The substitution of Mn with Al in MngGa; xAl,C (0 < 2 < 0.15) shows that the
lattice parameter a decreases linearly with increasing Al concentration = [Koy04, Wan11].
The results of magnetization measurements suggest the presence of an AF state at low
temperature, an intermediate phase, a FM phase, and a PM phase at high temperatures.
The transition temperature from the AF phase to the intermediate phase decreases
with increasing Al content, while the transition temperature from intermediate to FM
phase remains constant. On the other hand, T increases. The smaller Al atom can act
as a positive chemical pressure on Mn3Gaj Al C resulting in a decrease in a since the
FM phase has a smaller volume than the AF phase, the FM phase is further stabilized.

The Mn3SnC alloy has in comparison to Mn3GaC no sharp transformation between
a AF an a FM phase but exhibits a FI state [Wan09]. The alloy undergoes a first-order
transition to the PM phase at To ~ 279 K with a narrow thermal hysteresis of ~ 2.5 K.
The entropy change —AS at this transition is comparable to the one of MnzGaC which
makes this alloy also interesting for magnetocaloric application.

A further possibility of shifting 7T; to higher temperatures is by the substitution of
carbon with nitrogen. Reference [I’'H79a] and [I’H79b] show that an increase of the
nitrogen content x in Mn3GaCy_«Ny leads to an increase of T; while To decreases rapidly.
Already, for z > 0.2, the FM phase is completely suppressed. These can be used to
suppress also the transitional hysteresis and will be discussed in the next section.

The transition temperatures T; and T are also strongly correlated to carbon de-
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ficiencies in Mn3GaC. An decrease of the carbon content leads to a decrease of T;
and an increase of T¢ [Lew06, Dial4]. A carbon deficiency of about 4% is sufficient
to destabilize the AF state completely [Fru78]. In Mn3GaC the magnetic moment is
located at the Mn atom, so that direct Mn-Mn and indirect Mn-C-Mn interactions have
to be taken into account to describe the magnetic transitions. In the case of MnsGaC,
the superexchange Mn-C-Mn interaction is strongly AF while the Mn-Mn interaction is
weak FM [Goo63]. In alloys with carbon deficiency, the AF interactions are weakened
and the FM interaction becomes dominant shifting 7; to lower temperatures.

The sharp change in the magnetization with a simultaneous change of the cell-volume
is a characteristic of Mn-based MngAC (A as Ga,Sn and Al) antiperovskites. The DOS
at Fr of Mn3GaC and Mn3SnC show that the Mn 3d-electrons are dominant in the
band at Er [Mot88].

The sharp first-order transition and the multiple methods to tune the transition tem-
perature and the electronic configuration makes Mn3GaC interesting for magnetocaloric
applications.

Influence of long-range FM ordering on hysteresis and kinetic arrest

The partial substitution of carbon with nitrogen in Mn3GaC shifts 7; to higher
temperatures by enhancing AF exchange. In the case of a Mn3GaCog5Ng.15, T; and T
approach each other [C13]. The coincidence of the two transition temperatures leads
to an enhanced paramagnetic (EPM) state without long-range FM order. Neutron
polarization and depolarization experiments on Mn3GaC and Mn3GaCg g5Ng.15 show
that in Mn3GaCg.g5Ng.15 no long-range ferromagnetism occurs and no FM domains are
formed [C16]. The temperature-dependent magnetization of MngGaCyp g5Np. 15 shows
a decrease of the transition temperature with increasing applied field by a rate of
—2.5KT~! [C13]. The study shows further that the transition exhibits no thermal or
magnetic hysteresis. AT,q measurements show a fully reversible inverse MCE with
AT,q of 3.2 K in an applied field of 3T. The absence of hysteresis enables a full reversible
MCE in small fields which makes these alloy interesting as a magnetocaloric refrigerant
and raises also the question whether long-range FM ordering has an influence on the
hysteresis at first-order transitions. For this reason an investigation of the MCE at
first-order transitions from the AF to the FI state is worthwhile for searching materials
with narrow or no thermal hysteresis.

Another effect which influences the properties of the first-order transition is the
kinetic arrest. This effect was found in carbon deficient Mn3GaC [C15b]. Magnetization
studies on Mn3GaCyp g show besides the shift of T; and T (mentioned above) also
a thermal broadening of the first-order transition. The effect can be explained by
the enhancement of FM exchange in the AF phase due to carbon deficiency. The
inhomogeneous magnetism in the ground state leads to effects of kinetic arrest which
can also effect the MCE at the first-order transition.
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2.2 Magnetocaloric materials and magnetic transitions

2.2.3 Mny X,Sb pnictides (X:Ti, V, Cr, Fe)

A further interesting material class for magnetocaloric applications are the d-metal
pnictides MM’A,| where M and M’ are transition metals and A is P, As or Sb [Fru05].
In this thesis I focus on the MnySb-based pnictides due to their broad spectrum of
magnetic transitions depending on the doping element and composition. MnsSb is a FI
with a Néel temperature of Ty = 550 K [Hea55, Wil57]. Fig. 2.10(a) shows the MnsSb
unit cell, with tetragonal P4/nmm symmetry and lattice constants a = 0.408 nm and
¢ = 0.656 nm. The Mn atoms are located at two different sites Mn(I) and Mn(II).
Mn(I) occupies the 2a positions (0,0,0) and (3, 3,0), while Mn(II) is located at the 2c
positions (%,0, z1) and (0, %,71) Sb occupies (%,0,22) and (0, %,,72) positions, where
z1 = 0.295 and z3 = —0.280 [Heabb, Alp63]. Due to the different electronic states of
Mn(I) (mix of 3d°4s% and 3d") and Mn(II) (3d°4s?), the magnetization in the atomic

planes of the two Mn sites align antiparallel.
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Figure 2.10: (a) Crystal structure of MngSb. FI structure above (b) and below (c) 240K. In
the case of Cr doping, Mng.,X,Sb exhibits a low temperature AF structure (d). The figures
are partially based on fig. 1 in [Kan84, Clo61].
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Two different magnetic structures were observed for the FI state [Wil57]. Fig.
2.10(b) shows the magnetic structures above 240 K, whereby the magnetization easy-
axis is along the c-axis. Fig. 2.10(c) shows the structure below 240 K. In this case,
the magnetization easy-axis is rotated by 90° and is along the a-axis. The total
saturation magnetization at room temperature is 1.185, where Mn(I) has a moment
of —1.48 +0.15up and Mn(II) a moment of 2.66 + 0.15up [Alp63].

The substitution of Mn in Mns.,X,Sb with a third element X as Ti, V, Cr, Fe or
Co, can change the magnetic transition behavior. Substituting Cr, V or Co leads to a
first-order transition from a low-temperature AF state to a high-temperature FI state
[Swo60, Bit62, Kan84]. The magnetic AF/FI transition is accompanied by a contraction
in the lattice parameter ¢ for the FI state and a change in the resistivity [Jar61]. The
increase of the Cr or Co amount y leads to an increase of the transition temperature
T;. T; can also be shifted to lower temperatures by applying pressure or magnetic
field [Tek15, Bar04].

In contrast to doping with Cr, V and Co, substituting Mn with Ti leads to an
extension of ¢. These different behaviors are related to the different occupation of the
Mn sites. In case of Cr, V, and Co, the doping-element occupies the Mn(I) sites, while
Ti occupies the Mn(II) sites [Aus63, Bla78, Kan84]. This suppresses the AF phase .

The contraction of the lattice parameter ¢, (Ac), depends on the doping-element and
its amount. However, studies on concentration on a series of Cr-doped Mng_,Cr,Sb
(0 <y <0.16) compounds show that the AF/FI transition always appears when ¢
falls below a critical value of about 0.653 nm [Swo60, Bie62, Dar63]. This behavior of
the transition can be described by Kittel’s model of exchange-inversion [Kit60]. The
model describes the occurrence of a first-order magnetic transformation when the net
exchange interaction, which is coupled with the elastic strain of the lattice, changes
sign. The model assumes a magnetic structure with two exchange coupled lattices,
whereby the interlattice exchange energy FEypgg can be described as

Engg = —p(c —c.)VMa - M3, (2.20)

p denotes 083/0c, where ( is the molecular field constant connecting the magnetization
M 4 and Mp of the two sublattices, V is the lattice volume, and ¢, is the critical lattice
parameter at which the interlattice exchange interactions changes sign. At a first-order
magnetic transition, the elastic energy of the lattice also has to change. In this case,
the contraction of the lattice (Ac) is proportional to the square of the magnetization
M? which is also confirmed for Cr-doped MnySbh [Clo61].

Neutron diffraction studies on Cr-doped Mng ;Cr,Sb exhibit a FI phase above T;
similar to that in MnsSb (fig. 2.10(b)) and an AF phase below T; as shown in fig.
2.10(d) [Clo60]. Compared to the low-temperature FI structure of MnsSb (fig. 2.10(c)),
AF Mny CrySb (fig. 2.10(d)) has antiparallel ordering of the Mn(I) layers as well
as antiparallel ordering of the Mn(II) layers having no Mn(I) layer inbetween. The
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2.2 Magnetocaloric materials and magnetic transitions

magnetic moment in Mny CrySb rotates at the AF/FI transition by 90° into the
c-plane. The rotation of the easy-axis of magnetization through the exchange inversion
contributes to the energy of Bloch domain-walls which lowers the energy and also
reduces the dimension of the wall [Kit60]. The low domain-wall energy makes it easier
to induce the first-order AF/FI transition and could explain the low magnetic hysteresis
in this alloy, which makes it interesting for magnetocaloric cooling.

First studies on the entropy and adiabatic temperature change at the first-order
transition on Cr-doped Mng.yCrySb (0 < y < 0.12) display a AS between 7.5 Jkg 'K~
and 5.5Jkg 'K~! depending on the Cr content [Carl3]. Temperature and field-
dependent magnetization measurements show also a decrease of T; with increasing
field at a rate of —3 KT~!. Furthermore, a narrow thermal hysteresis of 2 K has been
observed independent of the Cr concentration. The substantial AS, the large shift
of T;, and the narrow thermal hysteresis make this alloy an interesting material for
magnetocaloric refrigeration.

Several studies on Cr-doped Mnj ,CrySb show, however, a residual magnetization
in the AF phase that reduces the MCE at the first-order transition [Dar63, Carl3,
Tek15, Tek17b]. X-ray diffraction studies show the presence of a FM MnSb phase with
Te = 585K, explaining the residual magnetization [Oki68]. The presence of MnSb
cannot be prevented and is independent of the Cr content. The amount of MnSbh
impurity-phase, however, can be largely suppressed by substituting Sb with Ga or
In [Tek15, Tek17b]. The suppression of the MnSb phase reduces the FM background
and increases the entropy change at the AF/FI transition. Direct adiabatic temperature
change measurements show a fully reversible AT, of 0.7K to 1.7 K depending on the
Cr content.

Studies on Mnj g2Coq.185bg.95Ing 05 show, however, that adding In leads to a broad-
ening of the thermal hysteresis [Tek17a]. In also stabilizes the FI state and shifts the
transition temperature to lower values. The study shows furthermore the presence
of kinetic arrest in Mny goCog.185bg.95Ing.05 and Mny goCog.18Sb, whereby the effect
increases in the case of In-doping. These effects are similar to the behavior in carbon
deficient MngGaC [C15b]. They lead to hysteresis broadening and need to be avoided
to improve the reversibility of the MCE.
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3 Experimental methods

This chapter provides an overview of the experimental techniques that were used for
the synthesis and the characterization of the samples. The first part discusses sample-
synthesis. The characterization techniques are divided into the sections structural
analysis, magnetic characterization, and adiabatic magneto-calorimetry.

3.1 Sample preparation

Two different sample-preparation techniques are used in this thesis: arc-melting and
solid state reaction. These are discussed individually below.

Arc melting:

The arc-melting sample-preparation method was used for preparing Ni-Mn-based
Heusler alloys and MnySb-based pnictides. In case of the arc-melted samples, pure
elements were used to obtain an ingot of 4g. The purity of the elements is 99.95 %
or better. To reduce MnO contamination, the raw, oxidized Mn was cleaned by arc-
melting under argon atmosphere. Subsequently, all constituent elements were molten
together. To achieve homogeneity, the ingot is turned, and the melting process is
repeated five times. Due to the high vapor pressure of Mn, the final composition
contains less Mn than the aimed concentration. To compensate the evaporation losses,
either 3% Mn is given as excess, or the concentration is balanced after obtaining the 4 g
sample. To improve the chemical order, the sample is annealed under argon atmosphere
in a quartz tube. The annealing takes place at 1073 K for 5 days. Subsequently, the
quartz tube is quenched in ice water. For energy dispersive X-ray spectroscopy (EDX),
the ingot is polished with 1200-grit SiC abrasive paper. The structural and magnetic
characterization by X-ray diffraction (XRD) and superconducting quantum interference
device (SQUID) are done on powder samples prepared by grinding a part of the ingot.
To release the stress after grinding, the powder is again encapsulated in a quartz tube
under argon atmosphere and annealed at 1073 K for 1 day and quenched in ice water.

The annealing studies in Ni-Mn-based Heusler alloys in presence of a magnetic field
are performed in a furnace which is incorporated in the SQUID magnetometer. The
furnace operates in the temperature-range of 300 < 7' < 800K and the field can be
varied between 0 and 5T.

29



3 Experimental methods

Solid state reaction:

The solid state reaction preparation technique is used to synthesize Mn3GaC-based
antiperovskites. Powder and small pieces of the constituent elements are mixed in
proportion to obtain a 4g sample. Firstly, the powder-mixture is encapsulate in a
quartz tube under argon atmosphere and annealed at 1073 K for 5 days. Afterwards, the
sintered powder is ground. The powder is then pressed at a pressure of 6.3 x 101 Nm—2
to a pellet. The sample is then again encapsulated in quartz under argon atmosphere
and annealed at 1073 K for another 5 days. For better homogeneity, the pellet is again
ground and pressed and annealed for a second time. For characterization methods
requiring powder samples, a small part of the final pellet is scraped off.

Growth of Mn3GaC single crystals by solid state reaction:

Mn3GaC single crystals grow as a by-product of a solid state reaction of off-stoichiometric
Mn,Ga,C (z = 4,5 and y = 2,3). However here, after the annealing step, phase-
separation is observed. Fig. 3.1(a) shows a pellet of a decomposed MnyGaoC with a
precipitate on top. Fig. 3.1(b) is a scanning electron microscope (SEM) image of the
surface of this precipitate containing cubic Mn3GaC crystals highlighted in red. The
faceting suggests the single crystallinity of the crystals. The crystals can be separated
by grinding the sample and subsequently screening the granular powder.

Figure 3.1: (a) Off-stoichiometric Mn;GayC pellet with segregation on top. (b) SEM image of
the surface of the segregation, cubical faceting MnsGaC single crystals are highlighted in red.
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3.2 Structure analysis

This section discusses X-ray diffraction and electron microscopic methods for structural
characterization.

3.2.1 Powder X-ray diffraction

The crystal structure of the sample is analyzed by XRD. A PANalytical X-Pert PRO
diffractometer is used for measurements at room temperature, and a Philips PW1729
is used for temperature-dependent structure analysis. Both instrument were used in
the Bragg-Brentano geometry with continuous #-26 scan with step size of 0.01° and a
scanning speed of 0.001°s~!. Copper radiation with wavelength A\g,, = 0.15405nm
and \g,, = 0.15443 nm is implemented in both diffractometers. The powder is spread
on a zero-background holder for the X-Pert Pro instrument.

In the case of PW1729, the powder is fixed with Apiezon grease on a aluminium
holder. The sample holder is fully covered with powder to avoid diffraction from the
holder. The sample stage is cooled by evaporated liquid nitrogen with constant gas-flow.
Temperatures in the range 120 < T' < 400 K can be controlled. The diffractogram were
analyzed by FullProf Suite software to determine the crystal structure and the lattice
constants [RC93].

3.2.2 Electron microscopy

The microstructure of the surface of the bulk sample is analyzed by a Zeiss LEO 1530
SEM. The SEM includes an in-lens and a secondary electron (SE2) detector.

The chemical composition of the sample is determined by an Oxford Instruments
XMAX 80 mm? EDX detector, and the spectra are analyzed using INCA 4.14 software
(Oxford Instruments). The EDX-spectra are calibrated by a Cu-reference before
each analysis. Additionally, an Oxford Instruments Nordlys electron backscatter
diffraction (EBSD) detector is adapted to the SEM which enables a microstructural-
crystallographic characterization of the surface of the sample. The EBSD technique is
capable of identifying the texture, defects, and the grain morphology of the surface,
which is used in this thesis to verify the single crystallinity of the MnzGaC crystal.
The electron backscatter pattern, or the Kikuchi-pattern, is generated by the wide-
angle inelastic scattering of the primary electron beam and the atoms. A part of the
incoming electrons interfere at the lattice-planes and produce the electron backscatter
pattern which is then detected by a charge coupled device (CCD) camera. The spatial
resolution of the EBSD depends on the spot size of the electron beam.

The patterns are processed by Flamenco software by CHANNEL 5, and the structure
can be identified using a corresponding database. Since the database did not contain
the Mn3GaC crystal structure, the electron backscatter pattern was simulated using
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Pm — 3m symmetry and a lattice constant of 0.88 nm for Mn3GaC. Fig. 3.2(a) shows
an example of an electron backscatter pattern of the MnzGaC crystal (see chap. 4.2).
As the next step (fig. 3.2(b)), the band edges in the pattern are detected which are then
compared with the simulated pattern (fig. 3.2(c)). The crystallographic orientation of
the sample surface is indexed in fig. 3.2(d).

(d)

Figure 3.2: (a) Electron backscatter pattern of the MngGaC crystal. (b) Area of band detection
with highlighted band edges. (c¢) Electron backscatter pattern with concurrent simulation of
MnsGaC crystal structure indexing the crystal orientation (d).
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3.3 Magnetic characterization

A thorough knowledge of the magnetic properties of a material is essential for under-
standing the MCE at first and second-order magnetic transitions. This section gives an
overview on the devices and techniques which are used for magnetic characterization.

In chap. 2.1, we show that the field-induced phase transition can occur under
isothermal or adiabatic conditions leading either to a change in entropy or to a change
in sample temperature. A magnetic characterization under isothermal and adiabatic
conditions is performed to compare both transformation paths. The setups used are
described in the following sections.

The last section of this chapter describes FMR and electron spin resonance (ESR)
techniques. These techniques were employed to study magnetic anisotropy.

3.3.1 Magnetometry

A SQUID and a PPMS-14 (physical property measurement system) are used for magne-
tization studies under isothermal conditions. Both devices measure the magnetization
as a function of temperature M (T") and magnetic field M (B). The SQUID magnetome-
ter (Quantum Design MPMS XL) reaches a maximum field of 5T and has a standard
temperature range of 5 < T' < 400 K. The temperature range can be extended to
300 < T < 800K by a furnace which can be inserted into the cryostat of the magne-
tometer. The magnetization measurements can be performed in two different scan
modes depending on the magnetic signal. Samples with large magnetic moment 300 to
10~ Am? are linearly moved through the detection coils (DC mode). For small signals
1075 to 107° Am?, a reciprocating sample option (RSO) is used to reduce the signal to
noise ratio. The PPMS-14 (Quantum Design) is used for magnetization measurements
in fields up to 14T and in the temperature range 5 < 7T < 400 K.

The isofield studies of the magnetization M (T) are performed using a zero-field-
cooled (ZFC), field-warmed (FW), and field-cooled (FC) protocol. A bifurcation in the
ZFC and FC magnetization measurement provide information on the presence of mixed
FM/AF interaction [Zie75, Wac83, Dum02,May17]. Any difference in FC and FW M (7))
paths issues information on the presence of first-order structural transformations. For
a ZFC measurement, the sample is cooled in zero-field from 380 to 5K to ensure a
unmagnetized state. Subsequently, a field is applied and M (7T') is measured while the
temperature is increased from 5 to 380 K. Afterwards, the FC-curve is measured at
applied field by decreasing the temperature form 380 to 5 K. The FW-curve is recorded
during reincreasing the temperature from 5 to 380 K.

Isothermal M (B) measurement are carried out to determine the saturation magneti-
zation Mg, saturation field Bg, the coercive field B¢, and the remanent magnetization
Mp. Additionally, M (B) can be used to determine the total isothermal entropy change
ASp. In chap. 2.1 eq. (2.11), we show that ASy can be calculated by numerically
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integrating OM /0T in the field range Hy < H < Hj using the relationship

Hy M
asr = [ (20 an
T Hl 0T H

1 Hz

Q

T T (M(T3) — M(Ti11) dH. (3.1)
i — 4441 JH;p

This method is actually not valid at pure first-order transitions, due to the discontinuous
nature of M(T) at the transition [Gig99]. However, most magnetocaloric materials
show a finite width at the transition, causing M (T) to spread over the transition
range [Dubl12]. In the case of a first-order transition, care has to be taken that the
sample is brought to a well defined state before the M (B) measurement is performed.
Namely, the sample is warmed or cooled far below or above the transition temperature
before each M (B) measurement.

The magnetization measurements under adiabatic conditions were performed in
pulsed magnetic fields at the Helmholtz-Zentrum Dresden-Rossendorf at the High
Magnetic Field Laboratory (HLD-EMFL) in Dresden [Wos07]. A magnetic field-
pulse is generated by a solenoid with a pulse duration of 75 ms with the maximum
field-pulse reaching 71T [Zhe06]. The magnetization of the sample is measured by
a system of pick-up coils [Skoll]. Fig. 3.3(a) shows schematically the pick-up coil
system, and fig. 3.3(b) shows the actual unit. The field pick-up coil (1) measures the
induced voltage proportional to the magnetic field change dB/dt. The magnetic field
is subsequently calculated by integrating the voltage over time and is normalized by a
reference measurement. A sufficient distance between the field pick-up coil and the
position of the sample (2) minimizes the influence of the magnetization of the sample
on the field measurement. The sample is placed at the center of the magnetization
pick-up coil which detects the magnetic signal and the magnetic field. To detect
only the magnetization of the sample, the magnetization pick-up coil is additionally
connected in series with a compensation coil compensating the field-signal so that
only the magnetization signal is read. At each temperature setting, the sample is
removed and a reference measurement is done to detect the background signal. Since
background signals cannot be fully avoided, a fine compensation circuit is connected
to the unit to compensate the background signal. Fig. 3.3(c) shows the plastic tube
sample holder. The sample is fixed with a toothpick and covered with cloth to avoid
movement. A detailed description of the setup can be found in [Skoll].
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Figure 3.3: Pulsed-field magnetometer at HLD-EMFL. (a) Schematic of the pick-up coil
system. (b) Picture of the setup. (c) Schematic of the sample holder [Skol1].

3.3.2 Magnetic resonance

As given in reference [Sto06], the position of the FMR line is a function of the size and
direction of the applied magnetic field. Therefore, measuring the angular dependence of
FMR can give information on internal magnetic fields and magnetic interactions [Kit06].
FMR is based on the resonant absorption of electromagnetic radiation by a FM
material. In our setups, the resonances can be measured in the microwave range
between 100 MHz and 40 GHz. In the classical picture, at resonance, the magnetization
M precesses around the effective magnetic field B.g, which is a superposition of the
external magnetic field Beyt and the internal field of the sample.

The following section gives an overview on magnetic resonance. A more detailed
description can be found in references [Von66, Poo83, Mec97].

The resonance condition is fulfilled when,

w="vBeg ; 7= g%B, (3.2)

where w is the resonance frequency and = is the gyromagnetic ratio [Kit06]. v depends on
the Landé g-factor, up and the reduced Planck constant . In our FMR measurements,
we keep w constant and vary Beg.
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The precession of M can be described by the Landau-Lifshitz-Gilbert (LLG) equation
[Lan35, Gil04]
oM @ oM
— =-—v(M x B — (M x—). 3.3
S = (M x B + 1 (M x 20 (33)
The first term on the right describes the undamped precession, while the second term
describes the damping of the precession with the damping-term o = \/(yM), where A
is the relaxation frequency.
Beg of the sample is a combination of the external field and the different contributions
from the internal field arising from shape and magneto-crystalline anisotropies [Kag88].

The different contributions can be considered with the free energy density function
F(M, B) [Hel94,Kit06], given as

dF = Bog - dM. (3.4)

The perturbation series of equation (3.3) gives the resonance condition [Skr66, Smi55]

w 1+ a?

(’y) 2 VE sin?(6)

, (3.5)

PF PF [ PF 2
002 942 \ 900¢

where 6 and ¢ are the polar and azimuth angles of the position of equilibrium of the
magnetization vector M. At resonance (eq. (3.5)), the boundary conditions

OF
% =0 and % = O, (36)

must be fulfilled. For the systems used in this work we take F'(M, B) as,

F(M,B) = iK4(a%a% +atad + a3ad) + %mM -N-M - M -B. (3.7)
The first term on the right is related to the contribution of the magneto-crystalline
anisotropy energy (MCAE) with the cubic anisotropy constant K4 and the direction
cosines «; [Kit06]. The second term describes the anisotropic energy density due to
the reduced dimension of the sample that leads to a demagnetizing field described
by the demagnetization-tensor N. In our studies, the shape of the sample can be
approximated by a spheroid [ZinTG}. The last term is the Zeeman energy [Skr66].
Angular dependent FMR is a direct measurement of the free energy density surface
[Pri82]. An example is given in reference [Lin08].
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M and Bgg can be described by static and dynamic contributions as

M = Mg +m - ™! (3.8)
and »
b-ev Fy
i oF
Beg = 0 + FMy i Py, = O (39)
Bext FMZ !

Here b - ¢! is the high-frequency magnetic field of the microwave, Fy;, are the compo-
nents of Beg and m - € is the dynamic component of the precessing magnetization.
The high-frequency susceptibility tensor x describes thereby the response of m on the
dynamic component of the magnetic field b

m = xb. (3.10)

Egs. (3.8) and (3.9) can be used in the LLG equation (3.3) and can be rewritten as
(3.10) by linear approximation. A detailed description is given in [Mec97]|. The use of
a linear polarized microwave reduces the components of the x-tensor that have to be
considered to the x,, component. Y., is complex, whereby the imaginary part ng is
proportional to the energy absorption of the high-frequency field of the microwave of
the FM sample.

With our setup we are able to measure small differences in the resonance field by
modulating Beyt and using a lock-in amplifier. The absorption due to the FM material
is directly proportional to the field-derivative of X;x, so that

O(FMRabs)  OXon
oB " 8B

(3.11)
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The FMR setup for external fields up to 1.6 T

A microwave resonator can be used to measure the energy absorption of the high-
frequency field of the microwave. Fig. 3.4 shows schematically a microwave resonator
placed between the poles of an electromagnet generating a maximum field of 1.6 T.
The high-frequency magnetic field of the microwave be®* is perpendicular to Bex; in
the region of the sample, and the absorption leads to a precession of M around Beg
(see inset).

sample

B.; quartz rod
Qo

electro magnet

microwave cavity

modulation coil

Figure 3.4: Schematic of FMR in a microwave cavity placed between the poles of an electro-
magnet with field Boy. The field-modulation is done by modulation coils. The high-frequency
field (be®™?) of the microwave is perpendicular to Bey in the range of the sample which leads
to a precession of the magnetization Mg (upper left box).

FMR measurements on the MnsGaC single crystal discussed in chap. 4.2.2 are carried
out in a Varian TE102 rectangular cavity. The microwave is generated by an X-Band
klystron. A temperature-controlled nitrogen flow quartz-inset is incorporated into the
cavity for temperature-dependent studies between 100 and 800 K. In combination with
the quartz-inset, the cavity has an eigenfrequency of 9.238 GHz. The sample is placed
into the nitrogen flow and can be rotated by a goniometer with an angular resolution of
0.5° [Mec97]. Beyy is superimposed on the field of the modulation coils. In the present
studies, we use a maximum field-amplitude of 1.5 mT and a frequency of 100 kHz.
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The FMR setup for external fields up to 12T

Here we describe a further method to measure the FMR. In this method, the sample
is not placed in a cavity but is mounted on an electrical short of a semi-rigid coaxial
cable acting as a high-frequency resonator [Roel2]. The FMR setup is implemented in
a He gas-flow cryostat with a superconducting magnet. The temperature and field can
be varied in the ranges 5 < 7T < 300K and —12 < B < 412T, respectively.
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Figure 3.5: (a) Schematic of FMR setup implemented in a temperature controlled cryostat
which contains a superconducting magnet (12T ). The generated microwave (synthesizer)
carries through the circulator. The standing wave in the cable acts as a resonator whereby the
slide screw tuner ensures a node at the short at the end of the cable. (b) The near field effect
at the short generates an alternating magnetic field (be't) at the sample. The absorption of
the microwave is detected by the Schottky diode. (c) Picture of the the actual mounted sample.

Fig. 3.5(a) describe the setup. The microwave is generated in the synthesizer
and is delivered through the circulator to the coaxial cable. The microwave is then
carried through the cable to the short. The near-field effect at the short generates an
alternating magnetic field at the sample, which is fixed directly on top of the short (fig.
3.5(b)). The slide-screw tuner ensures that nodes are located at both ends of the coaxial
cable. The use of a slide-screw tuner provides a two-fold increase in the sensitivity with
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respect to a unit without a tuner. The microwave absorption derivative is detected by
a Schottky diode and is analyzed by a lock-in amplifier. The magnetic field B is swept
at a rate of 1mTs™!. A field-modulation coil around the sample-holder generates the
modulation of B. Two different sample-holders allow the sample to be mounted parallel
or perpendicular to B. Fig. 3.5(c) shows the actual mounted sample. In this case, the
longitudinal axis of the sample is parallel to B. The sample-temperature is measured
by a sensor at the bottom of the sample-holder, and the temperature is controlled by
the He gas-flow which is regulated by a heater and a capacitive temperature sensor at
the bottom of the cryostat. The setup enables also multiple frequency FMR studies. A
detailed description of the setup can be found in reference [Riel4].

Simulation of angular dependent FMR

The MCAE density of Mn3GaC can be determined by comparing the results of angular
dependent FMR measurements on the Mn3GaC single crystal discussed in chap. 4.2.2
with simulations based on a general analytical solution of the LLG equation (eq. (3.3)).
For the calculation of MCAE, the sample should be oriented with a crystal edge
along the x, y, or z-axis of the coordinate system of the experimental setup in order
to solve the LLG equation. In the case when the sample is mounted with the axis
off this directions, the solution of the LLG equation has to be linearized for each
orientation to obtain an analytic solution. However, simulations eliminate the necessity
for linearization by employing x in its Jacobian matrix form (eq. (9) in [Zin17])

X=- ((Jm)_l -Jb> : (3.12)

where J ~and J, are the Jacobian matrices in magnetization m and microwave
magnetic field b, respectively [Zinl6,Zinl17]. The field-derivative of the projection
of x in the direction of m and b is proportional to the field-derivative of the FMR
absorption and can be written as

O(FMRubs) e
0B 0B ’

The advantage of this non-linearized projection of x is that all possible excitations

(3.13)

are included in the calculation of the spectra, and the complete signal of the angular
dependent FMR can be simulated [Zinl6,Zin17].
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3.4 Adiabatic magneto-calorimeter

3.4 Adiabatic magneto-calorimeter

To study the dynamics of the MCE at first-order magnetostructural transitions, AT,q
measurements were performed using different field-sweep rates. The field and the time
dependence of AT,q for the rates 11 mTs™! (slow), 700 mTs ™! (medium), 20 Ts~! (fast)
and ~ 1kTs™! (very fast) are compared. The following section describes the setup
and the data analysis for the different rates. The AT,q measurements with a slow rate
of 11mTs~! were performed at our laboratories. The measurements with the rate of
700 mTs~! are done at the Institute of Functional Materials at the Technical University
of Darmstadt. The fast rate (20 Ts~!) is used in the setup at the University of Parma in
the Department of Mathematical, Physical and Computer sciences. The measurements
in pulsed magnetic field with very fast rates of ~ 1kTs~! are done at the HLD-EMFL.

Slow field-sweep rate (11 mTs™!)

A calorimeter was designed for measuring directly AT,q when a magnetic field up to
5T is applied or removed. This calorimeter operating in the temperature range 100 <
T < 750K and is based on a similar design of an existing calorimeter [Aks10, Tit12]
operating in the range 5 < T < 290 K. Both setups can be placed into a helium cryostat
with a superconducting magnet. The magnetic field can be continuously varied in the
range —5 < B < 5T with a field-sweep rate of 11 mTs™ .

Fig. 3.6 shows a schematic drawing of the high-temperature adiabatic magneto-
calorimeter inserted into the helium cryostat. The sample is hung using silk thread or
tungsten wire depending on the temperature-range of the measurements. The wires
are electrically and thermally insulated with ceramic beads. The temperature of the
sample is measured with a chromel/constantan thermocouple. The cylindrical design
of the double bifilar heater enables a homogeneous temperature at the sample area. A
Lakeshore TG-120-P controls the power to the heater up to 22 W, and the temperature
of the heater is measured with a further thermocouple which also acts as the sensor
for the temperature control. The inner container houses the heater and the sample.
The outer container can be filled with He-gas or pumped down to about 1 x 10~° mbar
thereby, enabling or preventing heat exchange between the sample and the He-flow of
the cryostat. During the measurement, the inner and outer containers are evacuated to
attain adiabatic conditions. For changing the temperature of the sample between 100
and 290 K, both containers are filled with He-gas, and the temperature of the He-flow
and the heater are adjusted to the new temperature. To change the temperature above
290 K, the outer container has to be evacuated, and only the inner container is filled
with He-gas. The temperature of the He-flow is set to the maximum value of 290 K,
and the temperature of the heater is adjusted to the new temperature. After the
system reaches thermal equilibrium, the heater is switched off when both containers
are evacuated.
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Figure 3.6: Schematic drawing of the high-temperature adiabatic magneto-calorimeter for
AT,q measurements with slow field-sweep rate 11 mTs™! inserted into a helium cryostat with
a superconducting magnet (5T ).

During the experiment, the field and the temperature are read out while a program
controls the field-sweep. Fig. 3.7 shows schematically the time dependence of the
sample-temperature and the magnetic field during the measurement. The waiting
period before and after a field-sweep is necessary to account for the non-adiabatic
contributions to the temperature change. To calculate AT,q, the temperature drift
during the waiting times t < t1, to < t < t3, and t > t4 are linearly extrapolated. The
average time in the range of temperature change corresponds to the time where the
shaded areas are equal. The intersection with the linear extrapolation at this average
time is AT,q.
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Figure 3.7: Schematic time dependence of the magnetic field, the sample-temperature and the
determination of AT,q considering the example of an inverse magnetocaloric sample

Medium field-sweep rate (700 mTs—!)

The AT,q measurements for moderate field-sweep rates (~ 700 mTs~!) are performed
in a setup which is implemented into two nested Halbach magnets [Got16a, Got12].
The magnets rotate against each other and therefore generate a sinusoidal magnetic
field profile. The maximum field of 1.93 T can be applied with a field-sweep rate of
700mTs™!. AT,q is directly measured by a differential T-type thermocouple mounted
between two sample-plates and is fixed with a silver-based epoxy (fig. 3.8 (a)). The
wires of the thermocouple are twisted to avoid induction signals. One of the ends of
the differential thermocouple is fixed close to the sample at the sample holder (fig. 3.8
(b)) and the other end is referenced to ice water. To ensure adiabatic conditions, the
sample holder is mounted into a vacuum tube and additionally wrapped with insulating
wool. The temperature is controlled by a resistive heater next to the sample.

(a) (b)

Copper wire Reference thermocouple

M ~_—~_~ Constantan wire
T /A

Insulating screen

Figure 3.8: (a) Sample-plates with thermocouple in between. (b) Schematic of the sample
holder of the AT,q-measurement setup with medium field-sweep rate (700 mTs™t). AT,q is
measured with a differential thermocouple (fig. 3.8 [Got16a]).
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Fast field-sweep rate (20 Ts~1)

This setup consists of an electromagnet and a cryostat which contains a pneumatic
movable sample probe. The device is described in detailed in [Porl3]. AT,q can be
measured by turning on and off the magnetic field while the sample is static or by
mechanically moving the sample with a pneumatic driven holder into a static field.
The low inductive electromagnet reaches a maximum field of 2.02 + 0.005 T with a
field-sweep rate of 2 Ts~!. The pneumatic cylinder drives the sample into the static
field in 100 ms giving a field-sweep rate of 20 Ts~!. This rate is within the range of the
time response of the temperature sensor. Fig. 3.9 (a) show the pneumatic movable
sample probe placed in a vacuum chamber (1 x 10~% mbar) at the bottom of the probe
stick. The stick is connected to the pneumatic cylinder which moves the sample inside
the cryostat placed between the poles of the electromagnet. The sample is glued with
thermo-conductive paste on top of a Cernox bare chip (fig. 3.9 (b)) to measure the
temperature of the sample. The chip has a time response of 0.135s. Fig. 3.9 (c) shows
a schematic side view of the sample holder with a sample placed on top of the Cernox
bare chip. The sample-temperature is controlled by nitrogen gas-flow. After thermal
equilibrium is reached, the probe is pumped, and the AT,y measurement is performed.
AT,q is calculated from temperature change during the magnetic field change. The
static magnetic field is subsequently measured with a Hall probe, and the field profile
is determined by the detection of the induced voltage in a pickup coil.
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Figure 3.9: (a) Schematic of the measurements probe of the AT,q-measurement setup with
fast field-sweep rate (20Ts™1). (b) AT,q-measurement probe with Cernoz bare chip. (c)
Sketch of the side view of the measurement probe. Fig. 1 and 2 [Porl3]
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Very fast field-sweep rate (~ 1kTs™1)

The AT,4q measurements in pulsed magnetic fields reaches a field-sweep rate up to
1500 Ts~!. A magnetic field pulse is generated by a solenoid with a pulse duration of
150 ms, and the field can be varied up to 70 T [Sch15, Got16c, GZ15,Set16]. Due to the
constant duration of the pulse, the field-sweep rate increases with increasing maximum
magnetic field. Fig. 3.10 shows the pulse profile of a 2, 5, 7, 10 and 12T pulse. The
corresponding field-sweep rate as a function of field is shown in the inset of fig. 3.10.
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Figure 3.10: Profile of a 2, 5, 7, 10 and 12T magnetic field pulses. The corresponding
field-sweep rate as a function of field is shown in the inset.

Fig. 3.11 (a) shows schematically the sample holder which is located in the bore
of the solenoid. The absolute temperature is measured with a PT 100 sensor and
AT,q of the sample is measured with a differential T-type thermocouple. To ensure
a fast response of the thermocouple, 25 um Cu and constantan wires are used. Due
to the large resistivity of the thin constantan wires, the differential thermocouple is
prepared in a Y-shape (shown in fig. 3.11 (b)) to minimize the length of the constantan
wire. Due to this Y-shape, it is possible to build a differential thermocouple with a
total resistivity of about 190 2. One thermocouple is glued with silver-based epoxy
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between two sample plates, while the reference is fixed at the holder close to the sample.
The pickup coils at the bottom of the sample holder enable the measurement of the
magnetic field by integrating the induction in the coils over time. To get absolute
values of the magnetic field, the signal is normalized using reference measurements of
the solenoid. The temperature is controlled by a coil resistance-heater which covers the
sample holder. Induction signals in the AT,q signal can be subtracted by a reference
measurement far below the transition temperature.
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Figure 3.11: (a) Schematic of the sample holder of the AT,q measurements with very fast field-
sweep rate (up to 1.5kTs™1). (b) Sample-preparation of the Y-shape differential thermocouple.
Fig. 3.10 and 3.9 [Got16a]
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This chapter presents the results and discussions of the experimental analysis and
simulations. The chapter is divided in four sections. Section 4.1 present the magnetic
and thermodynamic studies on MnzGaC. The measurements are done to compare the
isothermal and adiabatic magnetization in the vicinity of the first-order transition.
Furthermore, AT,; measurements on different field-sweep rates are performed to study
the transition dynamics. Section 4.2 gives details on the magnetic and structural
characterization of a Mn3GaC single crystal. FMR analysis and simulations are done
to determine the magnetocrystalline anisotropy-energy. The section compares also the
magnetic behavior of single crystal and polycrystalline Mn3GaC particularly around the
first-order transition. Section 4.3 presents the results on magnetic and thermodynamic
studies on Cr and Co-doped MnySb. Similar to the investigations on MnsGaC, the
AT,q measurements at different field-sweep rates are performed to study the transition
dynamics. The last section present the magnetic characterization of nano-precipitates
in decomposed off-stoichiometric Ni-Mn-In Heusler alloy.

4.1 Transition dynamics of Mn3GaC at different time-scales

Antiperovskite Mn3GaC is a material exhibiting a first-order AF/FM transition with
narrow thermal hysteresis and a sufficiently large shift of the transition temperature
T; promising a reversible transformation in small fields up to 2T [Toh03, 12, Sch15].
Previous studies show a reversible AT, of 2.8 K in 3T at a field-sweep rate of 11 mTs™!
[C12]. Using such material in cooling devices requires that the transformation of the
material from one state to the other can follow the field-sweep rate of the device.
The operating frequency of magnetic regenerators is at the moment 1-10Hz. In
combination with a permanent magnet of 2T, a field-sweep rate of 2 — 20 Ts~! can be
achieved [YulO,Loz14]. The MCE at the first-order transition in Mn3zGaC is based on
a nucleation and growth process of domains of the new phase [Cas04,(14b] so that
the dynamics of this process can limit the operating frequency of the regenerators.
Therefore, an investigation of AT,4 over a broad range (10mTs™! to 1kTs™!) of
field-sweep rates is required to study the time dependence of the MCE at the first-
order transition. The following section presents direct AT, g4 studies performed at slow
(11mTs™ 1), medium (700 mTs™ 1), fast (20 Ts~!) and very fast (~ 1kTs™!) field-sweep
rates. The measurements are presented in chap. 4.1.2,4.1.3, 4.1.4 and 4.1.5, respectively.
For consistency, all measurements are carried out on the same sample except the one
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for 20 Ts~* (chap. 3.1). The magnetization measurements in section 4.1.1 and the
AT,q studies with field-sweep rates of 11 mTs™!, 700 mTs~! and ~ 1kTs™! are made
on sample Mn3zGaC 1, and the AT, studies with 20 Ts~! are performed on sample
Mn3GaC 2. A comparison of the studies with different field-sweep rates is given in
chap. 4.1.6. In addition to the AT,4 studies, a comparison of the magnetic behavior of
MnzGaC under isothermal and adiabatic conditions in the vicinity of the first-order
transition is able to estimate ATy , the results are shown in section 4.1.1.

4.1.1 Isothermal and adiabatic magnetization

In this section, the magnetization of Mn3GaC is studied under isothermal and adiabatic
conditions. The entropy change ASt of the field-induced first-order transition can
be determined from the isothermal magnetization measurements. On the other hand,
adiabatic magnetization measurements in pulsed fields enable the observation of the
magnetization during the transformation of the material. These can be compared to
AT,q studies. As mentioned in chap. 2.1, a coupling of the magnetic and structural
subsystem is expected for materials exhibiting the inverse MCE. Therefore, the com-
parison of the adiabatic magnetization process and AT,q enables to draw conclusions
about the structural subsystem.
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Figure 4.1: Temperature-dependent magnetization of MngGaC' powder in 5mT (red) and
5T (black). M(T) is measured under ZFC, FC and FW conditions. FC and FW curve show
a thermal hysteresis ATyyss = 5K at the first-order transition, which can shifted by field with
a rate of —=5.7KT~! [Schi5].
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Fig. 4.1 shows the temperature dependence of the magnetization M (T") of MngGaC
powder in the range 10 < 7' < 380K in an external field of 5mT (red) and 5T (black).
The magnetization is measured with the ZFC, FC, FW protocol (chap. 3.3). M(T)
exhibits a first-order transition at T; = 163K from the AF to the FM state with
increasing temperature. The transition is shifted to lower temperatures with increasing
measuring field at a rate of —5.7KT~!. The thermal hysteresis ATiyst between the FC
and the FW curves is 5 K. The background magnetization at low temperatures is due
to FM impurities in the sample. The sample has a Curie temperature of To = 253 K.
The temperature of the first and second-order transition are in agreement with previous
studies [C12, Toh03]. Small variations are due to minor deviations of the carbon
concentration [Dial4].
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Figure 4.2: Field-dependent magnetization of MnsGaC compact sample at 145K, 150K and
160 K measured in increasing (full symbol) and decreasing (open symbol) field [Sch15].

Fig. 4.2 presents the isothermal field-dependent magnetization measurements M (B)
in the vicinity of T;, where the field-induced transition can be observed *. The figure
shows M (B) at 145 (red), 150 (blue) and 160 K (black) for increasing (filled symbols)
and decreasing (open symbols) fields. The measurements are done on a compact
Mn3GaC 1 sample. At the beginning of the measurements, the sample is in the AF
state, for all temperatures. The steep increase of the M (B)-curve with increasing filed

*The measurements are done by Dr. Tino Gottschall at the Technical University of Darmstadt.
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corresponds to the transformation from the AF to the FM state. The critical field value
BY, is marked in the 145 K-curve as an example. The AF/FM transformation finishes
at B%,, where the M (B)-curve shows a saturation. For decreasing field, the reverse
transformation from the FM to the AF phase starts at the critical field Bgz. This
value is 1.1 T lower than Bfgl due to the hysteresis at the first-order magnetostructural
transition. The reverse transformation is finished at B, where M (B) is almost zero.
The critical fields decrease with increasing temperature. At 160K, a reverse FM/AF
transformation cannot be observed, since the sample remains in the FM phase when the
field is decreased. The decrease in M (B) is, in this case, the decrease in magnetization

in the FM phase.
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Figure 4.3: (a) Field-dependent magnetization of MnsGaC powder in the range 137 < T <
164K measured in 3K steps. (b) Entropy change ASt of powder and compact samples
MnsGaC 1 calculate by integrating M (B)-curves for 2T and 5T field.

The following M (B) measurements are done on a powder form of sample MnzGaC
1 to compare M(B) and ASy with the measurements on the compact sample to
investigate the effect of sample-morphology. Fig. 4.3(a) shows a series of M (B)-curves
between 137K (blue) and 164 K (red) with a step-size of 3K. The plot shows M (B)
for increasing field only. At 137K, the sample is in the AF phase, and only a FM
contribution as background and a linear contribution from the AF can be observed.
The non-linear increase above 4.5T indicates the start of the transformation to the FM
phase. The critical field BY,; decreases with increasing temperature. At 158 K, a field of
2T is sufficient to induce a full transformation. M (B) at 161 K shows a steeper increase
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4.1 Transition dynamics of Mn3GaC' at different time-scales

since the sample is already partially transformed to the FM state at 0 T. The increase
of M(B) is at this temperature a combination of the saturation of the FM part and
the field-induced transformation of the AF part. Above 163 K, Mn3GaC is in the FM
state, and the magnetization M (B) at 164K is the initial magnetization curve. The
comparison of Bgl of powder and compact (fig. 4.2) samples show that Bfgl are equal,
at similar temperatures. By contrast, B};l of the powder sample is higher than B%l in
the compact sample. A much sharper increase of the M (B)-curve is seen in fig. 4.2 for
the compact sample. The same effect was also observed in La(Fe,Si);3 [Was15, Lov15].

ASt of powder and compact samples is calculated by integrating M (B) (eq. 2.11).
Fig. 4.3(b) shows ASt as a function of temperature for applied fields of 2 (red) and
5T (black). AS7 of the powder sample is calculated from M (B) in fig. 4.3(a) and
are shown with filled symbols. ASy of the compact sample is calculated from M (B)
in fig. 4.2 and are shown with open symbols. For the powder, the 5 T-curve shows
that in the case of a full transformation from the AF to the FM state, the maximum
entropy change AST s is 13.7Jkg 7' K~!. A complete transformation can take place
in the range 145 < T < 160K. For lower temperatures, the transformation is not
complete in 5T, and the sample remains in a mixed AF/FM state showing a smaller
ASt. At 161 K, the temperature is close to T;, and the sample is in a mixed AF/FM
state at the start of the measurement leading to a lower ASp. Above T;, the sample is
in the FM state showing a conventional MCE with negative ASr. The same effects
are observed in 2T, whereby the entropy change AST 0. = 13.7 Jkg 1K~ of the full
transformation is also reached at 160 K. AST 4, = 13.7 Jkg~'K~! is comparable to
AST maz = 15 Jkg K~! obtained in previous studies [Toh03, 12, Dial4]. ASt of the
compact sample exhibits the same ASt 4, of 13.7 Jkg~'K~! as the powder sample. A
difference in AS7(B,T) between powder and compact sample is only present for 145 K
in 5T. Due to the lower critical field B%; of the compact sample, the transformation
can be completed in 5T leading to a higher ASy compared to the powder sample.
AS7 and the magnetization difference between AF and FM states are independent
from the shape of the sample, while the critical fields B%, and B, and the steepness
of the transformation depend on the sample-morphology.
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Figure 4.4: Magnetization of compact sample MnsGaC' 1 in pulsed magnetic field of 10T.
The profile of the magnetic pulse is shown in (a) (black, left axis) together with the time
dependence of the magnetization at different temperatures (right axis). The field-dependence
M (B) is shown in (b), the field-sweep direction is indicated by arrows.

We have also studied the magnetization process in the vicinity of T; of the compact
sample Mn3GaC 1 in pulsed fields. Due to the fast field-sweep rate of 1.3kTs™!, the
measurements can be considered to be performed under adiabatic conditions *. Fig.
4.4 shows the (a) time and (b) field dependencies of the magnetization at 96 (orange),
140 (red), 151 (blue) and 161K (green). For all temperatures, a field-pulse of 10T
is applied. The critical magnetic fields of the adiabatic measurements are defined
as B¢, B%,, B¢, and Bf, and are marked by dashed lines on the 140 K-curve (fig.
4.4(b)). The profile of the pulse (black) is shown in fig. 4.4(a) (left axis). The field
increases after 2ms and reaches the maximum field of 10 T in 8 ms. Afterwards, the
field decreases and reaches 0T in about 20 ms. After 20 ms, the direction of the field
reverses and a field of —0.75T is reached at 39 ms. At 140 and 151 K, the sample is in
the AF state. The applied filed leads to an increase in M (B) (right axis) due to the
transformation from the AF to the FM state. The saturation magnetization is about
65 Am?kg~!. M(B) decreases to zero when the field is reversed, which indicates a full
reversible transformation. The negative field of 0.75 T is not sufficient to induce the
transformation, and M (B) is close to zero in the negative field-range. At 161K, the
temperature is close to T, so that the sample is not able to transform back to the AF

*The measurements are performed at HLD-EMFL in collaboration with Dr. Yuri Skourski.
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state, and remains in the FM state when the field is reversed. This leads to a increase
in M (B) in the negative field-range. At 96 K, the field of 10 T is not sufficient to induce
a transformation, and the sample remains in the AF phase in the complete range of
the applied field. The low background magnetization during the pulse is related to FM
impurities as also observed in M (B) in fig. 4.4(b). At 140K and 151 K, the field is large
enough to induce the first-order transition so that magnetization increases after B,
is exceeded. M (B) saturates at B%,, indicating that the transition can follow a field-
sweep rate of 1.3kTs™!. When the field is reversed, the sample starts to transform back
to the AF phase at B%, and is fully transformed at B%,. Increasing the temperature
to 151 K leads to a decrease in the critical fields. At 161 K, the magnetization increases
immediately after the pulse is applied and saturates below 1T. The FM state remains
when the field is reversed and leads to a negative magnetization at negative fields.

To compare the isothermal and adiabatic magnetizations, the critical fields are
plotted in fig. 4.5 as a function of temperature. The isothermal critical fields are shown
as open symbols, and the adiabatic critical fields are shown as filled symbols. The
linear decrease of B, (black), B, (green), Bk, (blue) and B, (red) is shown by
the straight lines. B§1 and Bfml decrease at a rate of —4.8 KT~! while Bng and B,
decrease at a rate of —5.4 KT~!. The different rates lead to an increase in the width of
the field-hysteresis ABap/py. ABar/py increases from 1.0 T at 155 K to 1.3 T at 140 K.
A similar effect is also observed in Ni-Mn-In-Co [Got16b]. By contrast, the width of
the transformation, AB; = ng — B}j (j = 1,2), is independent of temperature. The
AF to the FM transformation AB} = 0.2 T is slightly narrower than the FM to the AF
transformation with ABy = 0.1T.

The comparison of the adiabatic measurements (filled symbols) and the isothermal
measurements show that the critical fields do not coincide except for B%,. The values
of BY, are larger by 0.4T than those of Bfgl. The increase can be explained by a super-
cooling of the start of the transformation due to a slow nucleation process relative to
the fast movement of the phase boundary between the AF and FM phases. A slow
nucleation process was also observed in Ni-Mn-In Heusler alloys [Got16¢]. This shows
that the field-sweep rate plays an important role on Bg;. B%, is about 0.6 T higher than
B};l, but it has to be considered that the temperature of the sample decreases by AT,
due to the adiabatic conditions of the measurements. Previous studies have given a
AT,; between 3 and 5 K for MngGaC [Toh03,C12]. AT, of the MnzGaC 1 sample can
be measured by the distance between B, and the linear fit of B};l. The measurements
at 140 K shows a AT,4 of 3.2K, and at 151K, a AT,y of 3.9 K is measured. The values
fit within the range of AT,y reported in the literature. Direct AT,y measurements
on Mn3GaC 1 are given in chap. 4.1.5. The results are in agreement with the values
obtained from the magnetization measurements.

To compare Bg, and Bf92, the decrease in the temperature by AT,q has to be
considered as well. The shift of B, by the corresponding AT,q of 3.2K (140K)
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Figure 4.5: Critical field values Bg//‘}j (j = 1,2) of the first-order transition of compact
MnsGaC 1 for isothermal (open) and adiabatic (filled) M (B)-curves for different tempera-
tures, see fig. 4.2(a) and 4.4. The error bar is smaller than the size of the symbols.

and 3.9K (151 K) is shown with the blue horizontal lines. The left end of the line
corresponds to the shifted B%,, which is lower than the linear fit to BQQ. The lower
values of the shifted B¢, indicates that the FM to AF transformation also has a slow
nucleation process. The effect of super-cooling is however smaller in case of the FM
to AF transformation compared to the AF to FM transformation. The difference can
be explained by the different field-sweep rates of the field-pulse (fig. 3.10(b), chap.
3.4). The super-cooling of B¢, and B¢, increases with increasing field-sweep rate. B%,
coincides with the linear fit to B};z, which shows that the movement of the phase
boundary between the AF and FM phases can follow the field-sweep rate for the pulse.
The temperature of the sample is increased during the full reverse of the transformation
by AT,4 and is equal to the temperature before the pulse.

The comparison of critical fields in isothermal and adiabatic M (B) measurements
shows that the field-sweep rate of the magnetic field influences the nucleation process
of the first-order transition. However, the movement of phase boundary is independent
of the field-sweep rate up to 1.3kTs™1. A AT, of 3.2K (140K) and 3.9K (151 K)
were determined for the adiabatic M (B) measurements, which will be compared to
direct adiabatic AT,; measurements in chapter 4.1.5.
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4.1 Transition dynamics of Mn3GaC' at different time-scales

4.1.2 AT,q at slow field-sweep rate 11 mTs!

This section discusses the direct AT,; measurements on Mn3GaC 1 carried out using
a superconducting 5T magnet with a field-sweep rate of 11mTs™!. The setup is
described in chap. 3.4. AT,y is measured during the field-sweep between 0 T and 5T
in the temperature range 130 < T < 170 K.
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Figure 4.6: Direct AT,y measurements of compact MnsGaC' 1 performed in 5T magnetic
field with field-sweep rate of 11mTs™1. (a) shows the oscillation of the magnetic field with
time (blue) and the corresponding variation of temperature (red) around 150K. The time
range with changing field are highlighted in blue. ATyq is shown for each field change. (b)
shows the field dependence of temperature change Ty — T for measurements around 144K,
150K and 160K. The critical fields are marked for the measurement around 150K, the
field-sweep direction is indicated by arrows [Schl15].

Fig. 4.6(a) shows the temperature change around 150 K during the 5T field-sweep
as a function of time. The field-sweep from 0 to 5T and back to 0T is done four
times. The blue curve (bottom plot) shows the profile of the magnetic field (right
axis). The blue highlighted areas corresponds to the time-range where the field is
changed. The red curve (left axis, upper plot) shows the temperature of the sample.
The temperature shows a fast decrease and increase in the time-range where the field
is changed. However, a variation of temperature is also observed in the time-range
where the magnetic field is constant. This temperature-drift is related to non-adiabatic
conditions. AT, is calculated for each field-sweep by taking this into account (chap.
3.4). The values of AT,4 vary between 4.2 and 4.4 K. Within an error of £0.1K, AT,
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4 Results and discussion

is reversible at the first-order transition. The comparison of |AT,4| for increasing and
decreasing fields shows that |AT,q| for decreasing fields (4.4 K) is larger than |AT,,| for
increasing fields (4.2 K to 4.3 K), for all field-oscillations. The difference is caused by
the temperature-drift in the time-range where the field is held constant. The drift can
initiate the AF/FM transformation before the field is applied so that AT, reduces.

Fig. 4.6(b) shows the temperature change Ty — 7" at 144K, 150K and 160K as
a function of field. T corresponds to the equilibrium temperature before the field
is applied. The field-sweep direction is indicated by arrows. The critical fields are
marked for the 150 K-measurement. All measurements show a decrease in Ty — T above
B¢,. Above B%, the temperature increases caused by the conventional MCE in the
FM phase and the temperature-drift due to non-adiabatic conditions. At 5T, the
temperature increases by 1 K during which the field is held constant. This is caused by
non-adiabatic conditions. Reversing the field leads to a small increase in 7" in the range
5T > B > BY¢,, which is also caused by non-adiabatic conditions and the conventional
MCE in the FM phase. The fast increase in 7" in the range B¢, > B > Bf, is due to
the reverse FM/AF transformation. The slow decrease in T below B, is again related
to non-adiabatic conditions. For the 160 K-measurement, the sample is not able to
transform back to the AF state and remains in a mixed state on removing the field. For
all three temperatures, a full transformation from the AF phase to the FM phase can
be observed. The maximum Ty — T slightly decreases with increasing temperature from
—4.5K at 160K to —4.0K at 144 K. The critical fields of the adiabatic measurements
coincide with those of the isothermal magnetization measurements presented in chap.
4.1.1.

56



4.1 Transition dynamics of Mn3GaC' at different time-scales

4.1.3 AT,q at moderate field-sweep rate 700 mTs~!

AT,q measurements in the range 140 < T < 170K on sample Mn3GaC 1 have also been
carried out in a nested Halbach magnet setup with a field-sweep rate of 700 mTs~! and
a maximum field of 2T *. The setup is described in chap. 3.4.
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Figure 4.7: Direct AT,; measurements of compact MnsGaC 1 performed in 2T magnetic
field with a field-sweep rate of T00mTs™ 1. (a) The bottom graph shows the oscillation of
the magnetic field as a function of time. The top part shows the variation of AT,q for the
start temperatures 156, 158, 160, and 168 K. The mazimum, minimum, and zero field are
marked with dashed lines. (b) shows the field dependence of AT,q, the field-sweep direction
is indicated by arrows [Schl15].

Fig. 4.7 shows the measurements at 156 (black), 158 (red), 160 (blue) and 168 K
(green). Fig. 4.7(a) shows the time dependence of AT,4 in the upper panel and the
magnetic field-profile in the lower panel. The magnetic field oscillates between 2T
and —2T. The maximum, minimum and zero field positions are indicated by dashed
lines. The measurement at 168 K (green) shows a faint conventional MCE, with the
sample warming and cooling in phase with the field. On increasing the field to 2T, the
measurements at 156 (black), 158 (red) and 160 K (blue) show a negative AT,; due
to the inverse MCE. At 160 and 158 K, the sample shows a full transformation from
the AF phase to the FM phase with a AT,q of —4.7K. At 156 K, a field of 2T is not
sufficient to induce a full transformation, and the sample remains in a mixed AF/FM
state. The incomplete transformation results in a AT, reduced to —3 K. Reducing

*The measurements are performed by Dr. Tino Gottschall at the Technical University of Darmstadt.
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4 Results and discussion

the field to zero causes AT, to increase, and at 156 and 158 K, the sample returns to
the AF state. At 160K, the temperature is too close to T; so that the sample remains
in a mixed state at 0 T and AT,q # 0K. The overshoot in AT,4 at 156 K close to 0T
is due to non-adiabatic conditions and is explained below. Reversing the field gives
nearly the same AT,4 behavior for 156 and 158 K.

Fig. 4.7(b) shows AT, as a function of field. The critical fields are marked on the
160 K-curve. The field-sweep directions are indicated by arrows. AT,, at 168 K (green)
shows a slow increase with increasing field due to the conventional MCE in the FM
phase. The forward and reverse path of AT, are the same. The measurements at
156 (black), 158 (red) and 160 K (blue) show a decrease of AT, after B%, is exceeded.
Comparing B%, and Bk, (fig. 4.5 in chap. 4.1.1) shows that B%, is 0.57T greater.
On the other hand, Bf, = B}l. This shows that at a field-sweep rate of 700 mTs ™!,
the nucleation process in the FM phase is already too slow leading to super-cooling
of Bg,. The same effect was also observed in the adiabatic M (B) measurements in
pulsed fields (fig. 4.5). At 158 and 160K, the transformation is complete at B,
with a AT, = —4.7TK. At 156 K, the transformation is not complete, and the sample
exhibits a mixed AF/FM state at 2T leading to a lower AT,,. Decreasing the field
from 2T shows no change in AT,; which verifies nearly adiabatic conditions. AT,q4
increases when B, is exceeded. A reverse transformation to the initial AF state is
only observed in measurements at 156 K leading to a symmetric AT,4-curve for the
reverse field-direction (0 <» —2T). In the case of the measurements at 158 and 160 K,
the sample is not fully transformed back to the initial AF state, and the AT, 4-curve
in the negative field-direction is not symmetric to the positive field-direction. The
irreversibility of the transformation reduces also AT, in the negative field-direction
(—4.5K for 158 K and —2K for 160 K).

A positive AT,y at 156 K is observed in the time-range 8 <t < 9s and 17 < t < 18s,
fig. 4.7(a), and also in the corresponding field-range 0 < B < 0.8 Tand —0.8 < B< 0T
in fig. 4.7(b). The effect can be explained by a slight increase of the temperature during
the measurements due to non-adiabatic conditions. The positive AT,4 originates from
different AT,y for increasing and decreasing field. A AT,; = —3 K is observed for
increasing field related to the AF to FM transition. For decreasing field, a AT, = 4K
is observed related to the FM to AF transition. The increase in |AT,,4| can only be
explained if during the reverse transformation more FM phase is transformed to the
AF phase than the FM phase being transformed from the AF phase during the forward
transformation. This requires a decrease of the AF/FM ratio at the end of the forward
transformation (A) and at the start of the reverse transformation (B) (see fig. 4.7(b)).
The decrease of the AF/FM ratio can be explained by an increase of the temperature
leading to a further transformation to the FM state. Due to the sharp transformation
(fig. 4.2), a slight increase of 0.1 K — 0.2 K is sufficient to change the AF/FM ratio.
The effect is not observed at 158 K since the sample is fully transformed to the FM
state at 2T and an increase of the temperature does not change the AF/FM ratio.
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4.1 Transition dynamics of Mn3GaC' at different time-scales

Furthermore, the measurements at 156, 158 and 160 K exhibit a 0.3 K increase in
the temperature during the time-range 0 <t < 45, marked by black, open circles in
fig. 4.7(a). For all measurements, the increase is observed when AT,4 reaches —2.5K
to —3 K. The increase can be related to an additional conventional MCE which is
superimposed on the inverse MCE. An increase in temperature can only be observed if
the AF/FM ratio does not change when increasing the field. In fig. 2.6, it is shown
that the transformation branch cannot be left during increasing field, which means
that a pause of the transformation is not possible. The increase of AT,; by 0.3K can
be explained by a secondary phase of Mn3GaC with slightly lower carbon content. In
this case, the carbon-deficient phase has a lower 7; than the main phase [Dial4]. The
increasing field will first transform the carbon deficient phase (lower 7T;) and, second,
transform the main phase (higher 7;). It is known that carbon-deficient MnzGaC
has a lower AS than the alloy without carbon deficiencies [Dial4] assuming also a
lower AT,q value. This matches with the AT, 4-curves in fig. 4.7(a), where the 0.3 K
increase is observed when AT,; reaches —2.5 K to —3 K. The reduced AT,y of about
—2.5K to —3 K then corresponds to the inverse MCE of the carbon-deficient phase.
The subsequent increase of 0.3 K with increasing field would then correspond to the
conventional MCE in the FM state. The further increase of the field induces the
transition in the main Mn3GaC phase leading to a decrease in AT,5 to —4.7 K. In this
case, the two phases have a AT,4 of about —3K and —4.7K which is in agreement
with AT,4 reported in the literature [Toh03,(12,Sch15]. For the reverse field-direction,
the increase in the AT,4-curve can only observed at 156 K, since the transformation is
fully reversed.

The AT,; measurements at a field-sweep rate of 700mTs~! show super-cooling
in B¢, due to the slow nucleation process of the first-order transition. A further
comparison of the measurements with different field-sweep rates is given in chap. 4.1.6.
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4 Results and discussion

4.1.4 AT,q at fast field-sweep rate 20 Ts~!

The AT,; measurements with a field-sweep rate of 20 Ts~! in a field of 2T are carried
out in an electromagnet using a pneumatic sample-holder to move the sample in and
out of the magnetic field *. The setup is described in chap. 3.4. The measurements
are performed on sample Mn3GaC 2. For this sample, 7; = 161 K and T¢ = 250 K.
Compared to sample MngGaC 1, T; decreases by 2 K while T decreases by 3 K. These
small differences can be explained by a slight variations in the carbon concentrations
[Diald].
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Figure 4.8: Direct AT,q measurements of compact MngsGaC' 2 performed in 2T magnetic
field with a field-sweep rate of 20 Ts~t. The field profile (blue) scales with the right avis
and the time range of changing field is highlighted in blue. The left axis shows the time
dependence of AT,q for the start temperatures 152, 153, 158, 159, and 256 K.

AT,4 is measured in the temperature-range 124 < T < 164 K in the vicinity of T;
as well as at 256 K; close to T. Fig. 4.8 shows the time dependence of AT, at 152
(black), 153 (green), 158 (pink), 159 (light blue) and 256 K (red). The field-profile
(blue) is scaled on the right axis. The time-range of the field-sweep is within the range
of each blue bar. During the waiting-time 0 < ¢ < 1.2s, no temperature change is
observed. At 1.2s, the sample enters the static field leading to a decrease of AT, for

*The measurements are performed at the University of Parma in collaboration with Dr. Francesco
Cugini, Prof. Dr. Massimo Solzi and Dr. Oznur Calkar.
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4.1 Transition dynamics of Mn3GaC' at different time-scales

the measurements below 160 K and an increase of AT,y for the measurement at 256 K.
The large oscillations in the range 1.2 < ¢ < 1.6s are related to induction signals, which
are generated by the mechanical vibrations of the sample-holder when the movement
is halted in the field. Oscillations can also be observed in the field-profile. During the
waiting-time between 1.6 and 3.1, nearly no change in AT,y is observed indicating
that the conditions are adiabatic. At 3.1s the sample is moved out of the magnetic
field leading to an increase in AT,4 for the measurements below 160 K and a decrease
for the measurement at 256 K. During the waiting-time at the end of the movement,
a nearly constant AT,; is observed for all measurements. The 256 K-curve shows a
AT,q of 0.6 K caused by the conventional MCE. The remaining AT,y for t > 3.3s is
caused by drift due to imperfect adiabatic conditions. At 158 and 159K, a AT,y of
—3.6 and —3.4 K is observed showing a nearly full transformation from the AF to the
FM state. After the sample is moved out of the field, AT, remains at —1.1 and —2.2K
showing that the transformation is not reversible, and the sample is then in a mixed
AF/FM state at t > 3.3s. The measurements at 152 and 153K yield a AT, of —1.1
and —1.7 K when the field is applied. These lower values with respect to the higher
temperature values show that for both temperatures the transformation from the AF
to the FM state is not complete at 2T, and the sample remains in a mixed state for
1.5s < t < 3s. The subsequent decrease of the field causes the state to transform back
to the AF state. At both temperatures, AT,y reverses back to zero, which also shows
that the transformation is fully reversed, and the sample is in the AF state.

The AT,; measurements performed with a field-sweep rate of 20 Ts~! show that a
nearly full transformation can be induced at 158 and 159K in a field of 2T. Here,
the maximum AT, of —3.6 K is, however, smaller than the maximum AT,4 of —4.7K
observed for Mn3GaC 1 (chap. 4.1.3). It is not clear if the difference in the maximum
AT, is related to the different field-sweep rates or to the use of different samples.
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4 Results and discussion

4.1.5 AT,q in pulsed fields up to 1 kTs™?!

This chapter presents AT,q measurements on sample MngGaC 1 using field-sweep rates
up to 1kTs™! with pulsed fields up to 10 T *. The setup is described in chap. 3.4.

AT, (K)
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Time (ms) B (T)

Figure 4.9: Direct AT,q measurements of MngGaC 1 performed in 10T pulsed magnetic fields
with field-sweep rate of about 1kTs~t. (a) Time dependence of ATaq (left axis) for the start
temperatures 143, 153, 163, and 258 K. The magnetic pulse profile (red) is scaled with the
right azis. (b) shows the field dependence of AT,q, the field-sweep direction is indicated by
arrows [Schl15].

Fig. 4.9(a) shows the time dependence of AT,q at 143 (red), 153 (blue), 163 (black)
and 258 K (green) and the field-profile of the magnet-field pulse (red, right axis). Fig.
4.9(b) shows AT,q as a function of field. The direction of the field-sweep is indicated
by arrows. As shown in fig. 4.9(a) the field-pulse starts after a waiting time of 17 ms
and reaches the maximum field of 10T after 30 ms. The decrease of the field is slower
than its increase, and the field reduces to 0T at about 120 ms. For the measurement
at 268 K, AT,q4 increases by 2.3 K. 258 K corresponds to the PM state and is close to
Tc so that the positive AT,q is caused by the conventional MCE at the second-order
PM/FM transition. At 163K, the sample is in the FM state 7; < T' < T¢, and the
increase of AT,4 of about 0.3K is also related to the conventional MCE, occurring
in the FM phase. The influence of eddy-current during the field-pulse has a minor
effect on AT,q4, since no measurable increase of the temperature can be observed at

*The measurements are performed at HLD-EMFL in collaboration with Dr. Tino Gottschall, Dr.
Mahdiyeh Ghorbani Zavareh and Dr. Yuri Skourski.
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4.1 Transition dynamics of Mn3GaC' at different time-scales

163 K after the field pulse. The measurements at 143 and 153 K show a negative AT,q
of —3.0 and —3.8 K, respectively. This is due to the inverse MCE at the first-order
transition from the AF to the FM phase. At both temperatures, the AT,q-curves fully
reverse after the field-pulse indicating a reversible transformation.

The data taken at 258 K shows a delay of about 3ms with respect to the field-profile
caused by the thermal lag with the thermocouple. The delay can be observed as a
deviation of the AT,q4-curve for both increasing and decreasing fields in fig. 4.9(b). In
the case of the first-order transformation at 143 and 153 K, AT,q decreases after B,
is exceeded. AT,q decreases continuously until the field reaches its maximum at 10T.
A maximum |AT,q| of 3.0 and 3.8K is observed for the measurements at 143 K and
153 K, respectively. The AT,q measurements presented in section 4.1.2 and 4.1.3 show
a maximum |AT,q4| of 4.7K for a 5T field change for Mn3GaC 1 in the case of a full
transformation from the AF to the FM state. A field change of 10T should therefore
also be sufficient to induce the full transformation. However, measurements in fig. 4.9
show for a 10T field change a reduced AT,q of —3.0 and —3.8 K for 143K and 153K,
respectively. Besides this, Bf, cannot be observed in fig. 4.9(b) for 143K and 153 K
indicating that the transformation is not complete.

For decreasing field, a week decrease in AT,q can be observed until B¢, is exceeded.
In this range, the AF/FM ratio does not change, and the week decrease in ATy
corresponds to the conventional MCE in the FM phase. This can be confirmed by
the decrease in AT,q at 163 K showing the conventional MCE of the FM phase. The
slopes of the AT,q-curve at 163K and the ones at 143K and 153K in the range
10T > B > B%, are equal confirming the conventional MCE in this range. The further
decrease of the field (B < B%,) leads to a fast increase of AT,q due to the inverse
MCE of the FM to AF transformation. The reverse of AT,q to 0K is reached at B%,,
indicating a full reversible transformation to the AF state.

Comparing the AT, 4-curves for forward (B%;, < B <10T) and reverse (B%, < B <

¢) transformations at 143 K and 153 K, the reverse transformation shows a much
faster increase compared to the forward transformation. This relates to the slower
field-sweep rate of the pulse (fig. 3.10) for decreasing fields, which also decreases the
delay of the thermocouple reading.

The assertion of an incomplete transformation is in contrast to the results of adiabatic
magnetization measurements in pulsed-fields given in chap. 4.1.1, where a complete
transformation is observed. The inconsistency of the two measurements can be explained
by different time-responses of the magnetic and structural transformations. The
magnetic response is fast and can follow the field-sweep rate of about 1kTs™!, while
the structural response is slower and cannot follow the field-sweep rate. The reason
for the slow structural response can be due to the large volume change (about 0.5%)
at the transition. The volume change induces strain and stress in the material [C14b]
leading to a slow response.

The comparison of the critical fields in isothermal and adiabatic magnetization
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4 Results and discussion

measurements, presented in chap. 4.1.1 fig. 4.5, indicated a AT,q of 3.2K at 140K,
and 3.9K at 151 K. This values coincide perfectly with the direct measurements of
AT,q in fig. 4.9.

The AT,q measurements of the sample MnzGaC 1 in pulsed-field with a file-sweep-
rate up to 1kTs™! show that the structural transformation of the first-order AF/FM
transition cannot follow this rate, leading to a reduced AT,q compared to slower field
rates. A detailed comparison of the AT,4 measurements with different field-sweep rates
is given in the next chapter.

4.1.6 Comparison of AT,y at different field-sweep rates

In this chapter, we compare the results of the AT,q measurements presented in chap.
4.1.2, 4.1.3, 4.1.4, and 4.1.5. AT,q is also compared with AS obtained from the
isothermal magnetization measurements in chap. 4.1.1.
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Figure 4.10: (a) Entropy change ASt of compact MngGaC 1 for 2T (red) and 5T (blue) field
change as a function of target temperature (fig. 4.3(b)). (b) Target temperature dependent
AT,q for different field-sweep rates. For 10T pulsed field AT,q is lower due to the incomplete
transformation. The AT,q at 20 Ts~! show a lower AT,q and a shift of the transition the
different carbon content in sample MnsGaC 2 [Schl15].

Fig. 4.10 shows AS (open symbols) and AT,q (full symbols) in the vicinity of T; as
a function of temperature. Fig. 4.10(a) shows AS for an isothermally applied field of 2
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4.1 Transition dynamics of Mn3GaC' at different time-scales

(red) and 5T (blue). Fig. 4.10(b) shows AT,q as a function of temperature. The AT,q
measurements at a field-sweep rate of 11 mTs™! and a maximum field of 5T are shown
in blue. The data for 700 mTs ™! and 20 Ts~! for a maximum field of 2T are shown
in red and green, respectively. The data for 1kTs™! and a maximum field of 10 T are
shown in black.

The 700 mTs!-data show a AT,q around zero for T < 152K, since 2T is not
sufficient to induce the AF to FM transition. Between 154 and 162 K, AT,q is negative
showing the inverse MCE. A nearly constant AT,y of about —4.7K in the range
158 < T' < 162K indicates a complete AF/FM transition in 27T. Above T; = 163K,
the sample is in the FM phase, and AT,q is close to zero.

The 11 mTs ™ !-data show a AT,q around zero for T < 144K, since a field of 5T
is not sufficient to induce the AF/FM transition. The transition can be induced in
the range 144 < T < 162K giving a negative AT,q. A value of —4.5K is observed at
161.2K and the value gradually reduces to —4 K at 144 K. Above T;, the sample is in
the FM state and the conventional MCE leads to a AT,q of about 0.2K in 5T.

Measurements at 1kTs™! show a negative AT,q even at 123 K and attain a value of
—3.7K at 153 K. As the measurements with 11 mTs ™!, AT,4 decreases with decreasing
temperature. Above T;, the sample is in the FM state and a conventional MCE with
a AT,q of about 0.2K can be observed. The 11 mTs™! and 700 mTs ™ '-measurements
show a comparable AT,q for a full transformation, while the measurements with a
1kTs -rate show a lower AT,q. This verifies that maximum AT,q depend on the
field-sweep rate. The AS, observed in the isothermal magnetization measurements
in chap. 4.1.1, and AT,q4-curves have similar profiles for the 2T and 5T-data. The
AS-curve for 5T shows, as the AT, 4q-curves, a decrease with decreasing temperature.

AT,q for the field-sweep rate of 20 Ts~! is measured on sample Mn3zGaC 2, which
has a slightly lower T; of 161 K than that of sample MnzGaC 1. Therefore, this sample
shows a shifted AT,q-curve compared to the AT,q-curve for 700 mTs~! and the AS-
curve for 2T. A full transformation from the AF to the FM state with a nearly constant
AT,q of about —3.5 K is observed in the range 156 < T < 159 K. Below 156 K, a lower
AT,q is observed, since 2T is not sufficient to induce a full AF/FM transition. For
T < 149 K, no transformation can be induced and AT,q is zero. The same is observed
for T' > 161 K, where the sample is in the FM state. The lower value of AT,y = —2K
at 161 K can be explained by a mixed AF/FM state at the start of the measurements.
The comparison of the maximum |[AT,q| of 20 Ts~! and 700 mTs~-measurements
shows a lower value of |AT,q| for 20 Ts~! arising possibly from the different carbon
concentrations in the sample and is also the reason for the different 7; [Dial4].

The AT,q measurements and the isothermal AS show that a full transition can be
achieved even in a 2 T field with a field-sweep rate of up to 20 Ts~!. The maximum AT,q
of —4.7K is measured for the moderate field-sweep rate of 700 mTs ™! in a field of 2 T.
The value is close to —5.4 K which is estimated from the data of Tohei et al. [Toh03]
for a full transformation from the AF to the FM phase in 27T. The comparison of
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AT,q of the samples MngGaC 1 and Mn3GaC 2 shows that the carbon concentration
in Mn3GaC is an important parameter regarding AT,4. The measurements in pulsed
fields with rates up to 1kTs™! also show a reduced AT,q compared to lower rates,
which shows that also the field-rate plays an important role. The optimum field-rate for
this alloy is between 700 mTs~! and 20 Ts~!. This is equivalent to a 2 T field-oscillation
with a frequency between 0.3 and 10 Hz, which matches with the operating frequency
of active magnetic regenerators at the moment [Yul0].
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4.2 Characterization of Mn3GaC single crystal and
comparison with polycrystalline sample

This chapter presents the results of investigations on structural and magnetic prop-
erties of a Mn3GaC single crystal, which as obtained for the first time. The results
are compared with those of polycrystalline specimens. The first section deals with
the compositional (EDX) and structural (EBSD) analysis. In the second part, the
results on magnetic properties investigated by magnetization and magnetic resonance
measurements techniques are shown.

4.2.1 Structural characterization

A Mn3zGaC single crystal of size 15 x 15 x 28 um? is separated from a segregated off-
stoichiometric MnzGaC sample which was prepared by solid state reaction (see chap.
3.1). The crystal is fixed by carbon tape on a Si substrate to handle the crystal for
the different analysis. Carbon tape and Si substrate are chosen due to there good
conductivity necessary for characterization by SEM, EDX and EBSD.

SEM EDX mapping

. 30um

Figure 4.11: (a) SEM image of the MnsGaC' crystal with small pieces of Ga-rich phase at
the corners. (b) and (¢) show the Mn Ky (red) and the Ga K1 (green) emissions of the
EDX mapping of the crystal.

The SEM image in fig. 4.11(a) show a faceted rectangular crystal. Irregular smaller
crystallites are located at the corner of the crystal as well as on top of the facets. An
EDX analysis is carried out to determine the composition of the crystal. Fig. 4.11(b)
and (c) show the Mn K,; (red) and the Ga K, (green) emissions of the EDX mapping.
The crystal itself is composed of a Mn-rich phase with a Mn/Ga ratio of 3 : 1, while the
small irregular crystallites at the corners are composed of a Ga-rich phase with a ratio
of 7:18. The composition of the Ga-rich phase is close to that of MnyGas [Kim08].

EBSD measurements were carried out to confirm the antiperovskite structure of
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EBSD grid

1 um
Mn,GaC (Pm-3m)

. a=0.388 nm . other phases

_ no identification
a=0.381nm . possible

Figure 4.12: (a) SEM image of the surface of MnsGaC crystal, the green frame marks the grid
of the EBSD analysis. (b) EBSD grid ((9.6 x 4.8) pm with a resolution of 0.08 um) the color
code corresponds to the identified phases. (¢) EBSD grid with color coded crystal orientation
direction. Color code of the Euler angles and crystal orientation directions, see [Noll5] fig. 7.

Mn3GaC *. The analysis identifies the crystallographic orientation of the sample and
verifies its single-crystallinity. Fig. 4.12(a) shows the surface of the MnzGaC crystal
which is used for the analyses. The grid of the analyzed area is marked with the green
frame. The EBSD image is a 20 ° projection of fig. 4.11(a). No surface treatment was
carried out. The grid has dimensions of 9.6 x 4.8 ym? with a resolution of 0.08 zm. The
diffraction pattern of each cell is compared with a simulated pattern of the antiperovskite
structure of Mn3GaC and other potential phases. The identification process is described
in chap. 3.2.2. Fig. 4.12(b) shows the EBSD grid, and the phases of the cells in color
code. The red cells are identified as Mn3GaC with a lattice constant of a = 0.388 nm.
The green cells also correspond to a Mn3GaC structure but with a smaller lattice
constant (a = 0.381nm) [Lew06]. The two different lattice parameter of Mn3GaC are
chosen to consider the variation of a given in the literature. Reference [Dial4] shows
that the cell volume of Mn3GaC, decreases with decreasing carbon concentration zx.
Therefore, the EBSD analysis can estimate the carbon content. The blue cells are
identified as other phases, and the black cells are marked as cells where an identification
is not possible due to insufficient contrast in the diffraction pattern. The analysis shows
that the main part of the surface is identified as Mn3GaC with Pm — 3m symmetry
and a lattice constant of a = 0.388 nm (red). The second common structure is Mn3GaC

*The measurements are performed together with Dr. Detlef Spoddig.
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with a = 0.381nm (green). The missing phase boundary between the red and blue
areas indicates that both areas belong to the same structure and a distinction between
the different a parameters cannot be made. The resolution of lattice constant obtained
from EBSD measurements depends on the quality of the Kikuchi pattern which again
depends on the quality of the sample surface. Other phases (blue) are only detected in
or near areas where an identification is not possible. The un-identified areas (black)
and other phases (blue) are mainly located at the corner of the crystal where a clear
identification is difficult. A reliable phase identification is obtained at the center of
the facet. The diffraction patterns give also the crystallographic orientation of the
Mn3GaC surface. Fig. 4.12(c) shows the measured Euler angles ¢, 0 and 1) of the
diffraction pattern using the common representation of the color code given next to
the figure [Noll5]. The surface is determined to be a (100) plane after taking into
account the tilt of the surface with the detector. The black area corresponds again to
the cells with insufficient contrast of the diffraction pattern. The other orientations
(blue, orange, green, etc.) coincide with the areas which were identified as other phases
in fig. 4.12(b).

EBSD and EDX confirm the antiperovskite structure of MngGaC and its composition,
respectively. It further shows that the crystal grows with surfaces parallel to {100}.
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4.2.2 Magnetic properties

The magnetic properties of the MnzGaC single crystal are studied using magnetization
and FMR measurements. Angular-dependent FMR, measurements in combination
with simulations provides information on the magneto-crystalline anisotropy energy of
Mn3GaC. Regarding the MCE, the field-induced transition along the magnetization
easy-axis leads to the fastest change of the magnetization [Fril6].

Magnetization

The temperature-dependent magnetization of the Mn3GaC single crystal is shown in fig.
4.13. M(T) is measured in a field of 50mT (red, right axis) and 2T (black, left axis).
The measurements are done using the ZFC, FC and FW protocol (see chap. 3.3.1).
The background due to the carbon tape, the Si substrate, and the FM impurities of
the MnyGas phase, is subtracted from the data. The background is determined from
the data in the AF temperature-range (7' < 140K). The crystal exhibits a FM/PM
transition at T = 236 K and an AF/FM magnetostructural transition at 7; = 163K in
a field of 50 mT. The difference of the FC and FW measurements in the vicinity of T;
shows a thermal hysteresis of AT}y = 3K. M(T') measured in 2T shows a decrease
of T; by —5 KT ™!, while the hysteresis remains as 3 K. The transition temperatures,
thermal hysteresis, and shift of the transition temperature are similar to those in
bulk Mn3zGaC [Toh03,C12,Sch15]. The narrow hysteresis, AThys = 3K, of the single
crystal is the same as in bulk Mn3GaC with no carbon deficiency [Dial4, C15b]. A
thermal broadening of the first-order magnetostructural transition is observed in carbon
deficient alloys [C15b]. Due to the absence of broadening and the identification of a
homogeneous Mn3GaC phase (EBSD measurements chap. 4.2.1), we consider that the
single crystal has no carbon deficiency.
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Figure 4.13: Temperature-dependent magnetization of MngGaC' single crystal for an applied
field of 50 mT (red, right axis) and 2T (black, left axis).

Ferromagnetic resonance

Regarding the MCE, a sharp field-induced transformation (with a fast change of the
magnetization) favors reversible AT,q4 in low magnetic fields. The smallest saturation
field is obtained when the magnetization easy-axis is parallel to the field-direction. The
easy-axis is governed by the shape, surface, and magnetocrystalline anisotropies (see
chap. 3.3.2). The influence of the MCAE on the MCE is, for example, shown by AT,q
and AS measurements on a CoB single crystal [Fril6]. The study shows an increase
of AT,q and |AS| when the field is applied along the magnetization easy-axis with
respect to applying the field along the hard-axis. For a powder sample of CosB, these
are at intermediate values. An anisotropic MCE can also be observed on single crystal
rare-earth metals [And89, Sko16].

Till now, no measurements on Mn3GaC single crystal have been reported. In previous
studies, it has been suggested that the MCAE has to be small to cause a sharp first-
order transition [Toh03]. In this case, the effect of the MCAE on the thermal hysteresis,
AT,q, and |AS| would also be weak. This explains the similar M(T) results obtained
for measurements on bulk and single crystalline Mn3GaC shown above. Here, FMR
measurements are carried out on the Mn3GaC single crystal to estimate the MCAE.

The FMR measurements were carried out in a Varian TE102 cavity with an eigenfre-
quence of 9.238 GHz equipped with a cooling-attachment operating in the temperature-
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range 100 < T < 300K. A field-modulation of 1.5 mT with a frequency of 100 kHz was
applied *. The details of the setup are described in chap. 3.3.2.

(a) (b) (c)

carbon tape
001
Si substrate ik

Figure 4.14: FMR quartz-tube sample-holder (a) with MnsGaC crystal shown in (b) and (c).
(d) shows the sketch of the crystal orientation related to the coordination system of the FMR
setup.

Fig. 4.14(a) shows the quartz-tube sample-holder with the sample fixed with silica
glass. The images 4.14(b) and 4.14(c) show the sample on top of the carbon tape fixed
on the Si substrate. The sketch in fig. 4.14(d) shows the orientation of the crystal
with respect to the coordinate system of the FMR setup. Fig. 4.14(d) shows the
crystal-orientation for the rotation angle § = 0°. The longitudinal axis of the crystal is
at an angle 26 °© with the y-axis and 13 ° with the z-axis. The crystallographic axes are
marked in red. In the FMR setup, the magnetic field generated by the electromagnet
is aligned along the y-axis, and the magnetic component of the high-frequency field of
the microwave is aligned along the z-axis. The sample is rotated in the y-z plane.

Temperature-dependent FMR measurements are performed at constant rotation-
angle § = 0° in the temperature-range 150 < T < 270 K. Fig. 4.15 shows the spectra
in the field-range 0 < B < 0.6 T. All spectra are subtracted from a reference spectrum
taken at 140 K which includes the ESR of the carbon tape, of which the position is
indicated by the red line. The origin of the ESR are free radicals giving a temperature-
independent signal. At 140K, no FMR signal can be observed, since the sample is
in the AF phase. The same applies for the measurements at 150 K and 160 K. For
T > T; = 163 K, the crystal is in the FM phase and FMR can be observed at 0.289 T
at 170 K. With increasing temperature, the saturation magnetization decreases, and
the FMR shifts to the ESR position at 0.332 T. Above T = 236 K, the sample is in
the PM state, and thus, the ESR of the crystal is superimposed by the ESR signal
of the background, which is by far stronger due to the large amount of carbon tape.

*The measurements are performed together with Dr. Ralf Meckenstock.
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4.2 Characterization of MnsGaC single crystal and comparison with polycrystalline sample

The spectra measured at a temperature above T show a small dip around 0.332T.
The presence of this dip is related to the broader line width of the PM signal with
respect to the line width of the ESR signal of the carbon tape. The subtraction of the
reference spectrum gives the spectrum for MnsGaC.

In addition to the main resonance around 0.289 T, further minor resonances can
be observed in the field-range 0.330 < pgH < 0.463T up to 220K. As the main
resonance, the additional resonances are only present in the FM phase. The intensity
of the excitations increase with increasing temperature and reaches a maximum at
210 K, while the resonance field shifts to the ESR position as the main FMR does. For
T > 220K, the minor resonances superimpose with the ESR of the background and
can no longer be detected. The origin of these lines are discussed below, where we
study the angular dependence of the FMR.

ESR C-tape
T
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Figure 4.15: Field-dependent FMR absorption derivative O(FMRaps)/0B spectra of MnsGaC
crystal performed in the temperature range 150 < T < 270K at constant angle (§ =0°). All
spectra are subtracted by a reference spectra at 140K to eliminate the ESR background signal.

Angular-dependent FMR spectra are performed in the FM state of the crystal to
study the different resonances in more detail and to determine the MCAE of Mn3GaC.
Angular-dependent FMR spectra of the MnzGaC crystal are shown in fig. 4.16(i) in
the range 0.2 < B < 0.5T. The measurements are performed at 200 K. The FMR
absorption derivative 9(FMRays)/0B is gray scaled where black is negative and white
is positive. An angular range 220 ° is chosen since we expect a twofold shape anisotropy
energy (SAE) and a fourfold MCAE. A minimum range of 180° is required to include
all crystallographic directions. Due to the 13 ° tilt between the longitudinal crystal-axis
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and the y-axis, the range must be further extend by a minimum of 26 ° to ensure that
all principle crystalline-axes are included in the angular-dependent measurements (see
fig. 4.16 (a), (c), (e), and (g)). The crystal is rotated in steps of 1°. Fig. 4.16(a),(c),(e),
and (g) show schematically the orientation of the crystal for the rotation-angles 0°, 86 °,
130°, and 170°. Fig. 4.16(b), (d), (f), and (h) show the corresponding orientations
of the Mn3zGaC unit cell. The angular-dependent gray scale plot of 9(FMRys)/0B
principally provides FMR line positions on crossing from bright to dark shades. The
gray scale plot shows a twofold symmetry with an easy-axis at about 0° and 170°
and a hard-axis at 86°. The ESR of the carbon tape at 0.322T is independent of
sample-rotation.

At 0° (fig. 4.16(a)), the longitudinal axis of the crystal is aligned principally along
the y-direction, and therefore, parallel to the external magnetic field. The rotation
aligns the longitudinal axis more and more along the x-axis. A nearly perfect alignment
of the longitudinal axis and the x-axis is attained at 86° so that the short-axis is
essentially parallel to the magnetic field (fig. 4.16(c)). Concerning the SAE, the parallel
alignment of the short-axis with the magnetic field corresponds to the hard-axis of
magnetization, and the parallel alignment of the longitudinal axis with the magnetic
field corresponds to the easy-axis. This situation is seen in the angular-dependent FMR
in fig. 4.16(i) where an increase of the FMR field from 0.28 T (0°) to 0.36 T (86°) is
seen. Further rotating to 170° leads again to a parallel alignment of the longitudinal
axis and the field (fig. 4.16(g)). The angular-dependent FMR measurements in this
angular range show a decrease of the FMR field to the minimum value of 0.28 T. The
dominant influence of the SAE is shown by the twofold symmetry of the FMR field in
this range. The influence of the MCAE is reflected in the asymmetry of the principle
twofold symmetry. The effect can especially be observed around 86° at the steep
maximum and at the broad minimum in the range 150° < 6 < 200°. Additional
FMR can be observed in the range 0.35 < B < 0.45T for the whole angular range.
These additional resonances were already observed in temperature-dependent FMR,
measurements (fig. 4.15) in the range 190 < T' < 210 K. These additional resonances
can be related to excitations occurring at the edges of the crystal [McMO06]. Concerning
the volume-to-surface ratio of the crystal, we would expect a much lower intensity for
these edge modes compared to the main FMR. On the other hand, the width of the
main FMR is at least four times broader than the width of the edge modes. In the case
of large samples with dimensions greater than the penetration depth of the microwave
(~ 2 pm), the resonance-width is additionally broadened [Poo83, Fra88]. Therefore, the
broadening can be explained by an inhomogeneous excitation in the crystal due to its
large dimension. This indicates that the additional FMR corresponds to excitations at
the edges of the crystal which normally extend about 150 nm [Mec08]; far smaller than
the penetration depth of the microwave. Since the edge modes are governed by the
surface of the crystal, their angular dependence shows a fourfold symmetry.

The presence of a second weaker FMR which can be seen below the main FMR
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Figure 4.16: Angular-dependent FMR spectra of MngGaC crystal. (a)-(h) show the orienta-
tion of the schematic crystal and the unit cell of cubic MngGaC' at the rotation angle 0°, 86 °,
130°, and 170°. (i) Angular and field-dependent FMR absorption derivative O(FMRaps) /0B
in gray scale measured at 200 K
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in the range 30° < ¢ < 110°, and in the range 140° < # < 190° above the main
FMR is most probably due a second phase in the Mn3GaC crystal with a different
crystallographic orientation. The angular dependence of these FMR is shifted relative
to the main FMR, which indicates that the second phase has a different crystalline
orientation than the main crystal.

In summary, the angular-dependent FMR study shows a dominant SAE compared
to MCAE for Mn3GaC. A value for the MCAE cannot be calculated straight-forward
since the sample is not aligned along a distinct direction of the experimental setup.
However the MCAE can be estimated by simulating the FMR described in chap. 3.3.2.
The results are given in the next section.

Simulation of angular-dependent ferromagnetic resonance spectra

To analyze the angular-dependent FMR spectra in fig. 4.16(i) we compare the spectra
with a general analytical solution of the LLG equation (3.3) [Zinl7,Zin16]. A description
of the calculation is given in chap. 3.3.2.

For the calculation of the free energy density F' in eq. (3.7), we assume a fourfold
MCAE K, due to the cubic structure of MngGaC. The SAE and the demagnetization
matrix N are calculated by the crystalline orientation shown in fig. 4.14(d). The
shape of the sample shown in fig. 4.11(a) is approximated as an ellipsoid and is used
to calculate the SAE. The saturation magnetization of the crystal is known from the
magnetization data (chap. 4.2.2). This makes K4 the only free parameter for the
calculation.

The best match of the simulation and measurements is obtained for a MCAE

Ky = —5.49kJm 5.

The calculated angular and field-dependent spectra are shown in fig. 4.17(i) *. The
amplitude is plotted in gray scale in the same field and angular range as the measured
spectra in fig. 4.16(i). The angular dependence of the simulated line-position agrees
well with the measured one. The simulations show, similar to the measurements, a
twofold symmetry due to a dominant SAE and an asymmetry in the twofold symmetry
due to the MCAE. The good agreement between the measurements and the calculations
gives validity to the assumption of a dominant SAE and a small MCAE. The negative
sign of K, indicates that the {111}-direction is the magnetization easy-axis and the
{100}-direction is the hard-axis.

Fig. 4.16 (a), (c), (e), and (g) show the crystal-orientation at the angle 0°, 86°,
130° and 170°. The corresponding orientation of the MnzGaC unit cell is shown in
4.16 (b), (d), (f), and (h). At 0° (fig. 4.16(b)), the (120)-direction is nearly parallel to
the external field. Rotation by 86 ° aligns the (00-1)-direction nearly parallel to the

*The simulations are performed together with Benjamin Zingsem.
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Figure 4.17: Simulation of the angular-dependent FMR spectra of Mn3GaC crystal. The
simulation is performed on in the same field and angular range as the measurements in
fig. 4.16. (a)-(h) show the orientation of the schematic crystal and the unit cell of cubic
MnsGaC at the rotation angle 0°, 86°, 130°, and 170°. (i) show the simulated field and
angular-dependent amplitude of éfy X éf for MngGaC' crystal.
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field. During the rotation from 86 ° to 170°, the (-1-1-1)-direction becomes parallel to
the field at 160°. At 170°, the (-1-20)-direction is nearly aligned along the field, which
in the cubic system is equivalent to the (120)-direction. At 160°, the (111)-direction
of the crystal is nearly parallel to the y-axis, while for 86°, the (001)-direction is
parallel to the y-axis. In the vicinity of these angles, a deformed, sine-like FMR is
observed, which identifies the {111}-direction as the easy direction of the MCAE and
the {001}-direction as the hard direction. This is in agreement with the results of
previous studies on Mn3GaC powder that identify the {111}-direction as the easy-axis
and the {001}-direction as the hard-axis [Fru78|. Between 160 ° and 200 °, the (110)-
direction becomes parallel to the external magnetic field. The direction corresponds to
a moderate hard-axis of the crystal which leads to a broadening of the FMR in this
range. In conclusion, it can be said that the estimated anisotropy K = —5.49kJm~3
of Mn3GaC is one order of magnitude smaller than that of bce Fe [Hal98, Tun82], so
that this low anisotropy can be the reason for the sharp magnetostructural transition
T; in this alloy [Toh03].

Concerning amplitude and line-width, the simulation gives constant values, whereas
in the measurements, the amplitude in the hard-direction reduces and the line-width
broadens. Both effects can be explained by the inhomogeneous excitation of the sample
by the microwave. The simulation considers a homogeneous microwave excitation,
and a smaller line-width is expected. The reduction of the amplitude in the hard-
direction of the measurement can be related to the position of the crystal. As shown
in fig. 4.17(c), the external magnetic field is almost perfectly oriented along the (00-1)-
direction, which is, regarding the SAE and the MCAE, a hard-axis. For this reason,
the edge modes have also their hardest direction along this orientation. Due to this,
the highest pinning of the main mode by the edge mode takes place at this orientation
reducing the excitation of the main mode by the microwave. The assumption requires
support by micro-magnetic simulations.
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4.3 Transition dynamics of (Mn,Cr,Co)Sb pnictides probed at
different time scales

This chapter presents results on the MCE of Mn;j g7Crg.09Co00.04Sb studied by AS
estimated from magnetization and the direct AT,q measurements performed with
different field-sweep rates. Doped Mng yX,Sb (X as Cr, Co) alloys exhibit several
magnetic phases, depending on the different doping elements, doping contents, and
temperature (chap. 2.2.3). Studies on the nitrogen doped system, Mn3GaCj Ny (chap.
2.2.2), show that suppressing long-range FM order, and therefore, the absence of FM
domains in the EPM state, could be the origin of the absence of transitional hysteresis
at the first-order AF/FM transition. Using this argument, we search for a doped
Mny., X, Sb alloy that exhibits a AF/FI transition close to room temperature to study
the effect of the absence of ferromagnetism on the transitional hysteresis and the MCE.

We choose Mnj goCrg.07C0g.04Sb1.07 as our sample system, since such alloys can
exhibit an AF/FI first-order transition close to 300 K. The sample is prepared by arc
melting and is subsequently annealed at 1073 K for 5 days (chap. 3.1). EDX analysis
shows that the compound is homogeneous.

Section 4.3.1 presents the magnetization of Mny goCrg.97Co00.045b1 .07 measured under
isothermal conditions. The AT,q measurements under adiabatic conditions are carried
out in a magnetic field with a field-sweep rate of 11 mTs~!. The results are presented
in chap. 4.3.2. AT,q measurements are also carried out in a pulsed-field with a rate up
to 1kTs~! and are presented in chap. 4.3.3. Chap. 4.3.4 gives a comparison of the
results of AT,y measurements at different field-sweep rates.

4.3.1 Isothermal magnetic transition with narrow hysteresis

This section present the results of the magnetization measurements on
Mnj goCrg.07Co00.04Sb1.97. Temperature and field-dependent magnetization measure-
ments are carried out, and the magnetic entropy change around the transition is
calculated.

Fig. 4.18 shows M (T') measured in an applied field of 5mT (red) and 5T (black).
The magnetization is measured with the ZFC (open circle), FC (filled square) and
FW (filled circle) protocol. The sample is in an AF phase at low temperature and
in a FI phase at high temperature with a transition temperature at 306 K for 5mT.
The FC and FW measurement displays a narrow thermal hysteresis of ATy, = 2.5 K.
M(T) at 5T shows a decrease of T; to 281K at a rate of —5 KT~!. In the FI phase,
the alloy has a net magnetization of 29.5 Am?kg~! at 292 K. The background at low
temperatures (7 < 200K) is due to the presence of a FM MnSb impurity phase, which
been verified by XRD.
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Figure 4.18: Temperature-dependent magnetization of Mn; g2Crg.97Co00.045b1.07 for an ap-
plied field of 50 mT (red, right azis) and 5T (black, left axis).

Isothermal M (B) measurements are performed in the vicinity of 7; to calculate AS
(see chap. 3.3.1 eq. (3.1)). Fig. 4.19(a) shows the M (B)-curves in the temperature-
range 275 < T < 315K with an increment of 5 K between the measurements. At 275K,
M (B) shows a nearly linear increase with increasing magnetic field which is related to
the AF phase. For the M (B) measurements above 275 K, s-type magnetization curves
are observed indicating that the applied field induces an AF/FT transition. The onset
of the transformation decreases with increasing temperature. At 315K, the sample is
in the FI state (T; = 306 K). For 305K and 310K, the sample is in a mixed AF/FI
state in zero field, so that the transformed FI parts leads to a fast increase in M (B)
below 0.5 T. The transition progresses by further increasing the field.

The curves at 280, 285, and 290 K exhibit a slight shoulder just before the AF/FI
transformation. This can explained by a second Mn-Cr-Co-Sb phase with a different
chemical composition. Due to the different stoichiometry, this second phase has also a
slightly higher transition temperature leading to a transform at lower field values.

AS of the transformation is calculated using equation (2.10) and M (B) in fig.
4.19(a). Fig. 4.19(b) shows AS(T) for applied fields of 1, 2, 3, 4, and 5T. The curves
show a peak with a maximum of 4.74 Jkg7'K~! at 293K for 5T. Compared to other
magnetocaloric materials as example Mn3GaC (15 Jkg='K—!) [Toh03] or NisoMn3z7Sni3
(18 Jkg~'K~1) [Kre05b], the value for Mnj goCrg.07Cog.04Sb1 07 is about three times
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Figure 4.19: (a) Isothermal M(B) of Mn; s2Crp.97C00.045b1.07 in the temperature range
275 < T < 315K measured in steps of 5K. (b) Temperature and field dependent AS in the
vicinity of T;, calculated form M (B) measurements in (a).

smaller. However, it can still be interesting for magnetocaloric applications due to the
narrow hysteresis which should give a reversible AT,4 in small magnetic fields.
AS(T) of Mn;j g2Crg.97Co00.04Sb1 o7 exhibits no plateau as in MngGaC (see fig. 4.3).
This can be explained by the strong increase of the magnetization in the FI state with
decreasing temperature in the range 290 < 7' < 380K (see fig. 4.18). This increase and
the increase in the difference in the magnetization before and after the transformation

AM leads to an increase in AS (eq. (2.9)).
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4 Results and discussion

4.3.2 AT,q at slow field-sweep rate 11 mTs~!

This section presents the results of the adiabatic AT,y measurements on Mnj goCrg o7
Co0.04Sb1.97 carried out in a field of 5T with a field-sweep rate of 11mTs™! . The
measurement setup is described in chap. 3.4

AT,q is measured in the vicinity of the AF/FI transition in the temperature-range
260 < T < 318 K. The field is cyclically applied for four times to observe the reversibility
of AT,q. Fig. 4.20 shows the time dependence of the cycled field (blue, right axis) and
the corresponding temperature change of the sample (red, left axis) measured around
287K (AF state). The sample was initially cooled down to 260 K to ensure that it is in
a defined initial state. The field of 5T (blue, right axis) is applied and reversed after a
waiting-time of 11 min. The blue highlighted areas corresponds to the time-range of
changing field.

290
289 |
288 |

287 |

Temperature (K)

286 |
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0 20 40 60 80 100 120 140
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Figure 4.20: Direct ATyq measurements (red, left axis) of Mny s2Crg.o7 Cop.045b1.07 around
287K, done in a oscillated magnetic field of 5T with a field-sweep rate of 11 mTs™1 (blue,
right axis). The time range of changing field is highlighted in blue.

The sample-temperature shows a decrease in the range of increasing field and an
increase in the range of decreasing field due to the inverse MCE. The temperature
change during constant field is due to non-adiabatic conditions. AT,q is determined by
taking this into account (chap. 3.4). The sample exhibits an inverse MCE with a |AT,q|
between 1.8 K and 2.2 K, for increasing and decreasing field. |AT,q| increases with
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4.3 Transition dynamics of (Mn,Cr,Co)Sb pnictides probed at different time scales

further cycles due to non-adiabatic conditions causing the temperature of the setup to
shift to higher values. At 287K, a full AF/FI transformation cannot be induced by
5T, and the sample remains in a mixed AF/FI state. With increasing temperature
more amount of the AF phase can be transformed leading to an increase of |AT,q|.
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Figure 4.21: Field dependence of the AT,q measurements at 283 (black), 289 (red), 294
(green), 301 (blue), and 318K (yellow). The left side shows AT,q for increasing magnetic
field, the right side shows AT,q for decreasing magnetic field. The critical fields B, Bp,
Bg,, and Bg, are shown for the data at 294 K.

Fig. 4.21 shows the field dependence of AT,4 at 283 (black), 289 (red), 294 (green),
301 (blue), and 318K (yellow). Figs. 4.21(a) and 4.21(b) shows AT,q for increasing
fields and decreasing fields, respectively. Only the first cycle is shown. A negative
AT,q is observed in the measurements at 301 K and below. At 318 K, an increase of
AT,q up to 0.2K is observed with increasing field. This is due to the conventional
MCE in the FI phase. The same behavior can be observed for decreasing field (fig.
4.21(b)), the different values of AT,q are related to the temperature-drift, due to the
non-adiabatic conditions. At 283 K, the AT,q-curve shows an increase to —0.8 K. This
AT,q is much smaller compared to the values obtained at higher temperatures since a
field of 5T is not sufficient to induce a full transformation from the AF to the FI state.
The decrease of the field shows a decrease of AT,q back to zero due to the full reverse
transformation to the AF phase. At 289 K, AT,q4 increases to —2.0 K with increasing
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4 Results and discussion

field. The transformation is still not complete at 5T. The decrease of the field shows a
full reversal of the transformation to the AF state. The remaining AT,q at 0T is due
to temperature-drift. The measurements at 294 K show an increase of AT,q to —2.3K
in the range B¢, < B < Bf, and a nearly constant AT,q for B, < B < 5T showing
that the sample is fully transformed to the FI state. The decrease of the field shows a
slight decrease in AT,q in the range 5T < B < B%, due to the conventional MCE in
the FI phase and the temperature-drift. The further decrease of the field leads to the
transformation from the FI state to the AF state (B%,). The remaining AT,q at 0T is
again due to the temperature-drift. At 301 K, the sample is in a mixed AF/FI state
which leads to a lower AT,q (—2.1K) compared to the full transformation at 294 K.
The decrease of AT,q above 3.5T is due to the conventional MCE. The same effect
is observed on decreasing field in the range 5 < B < 3.5 T. However, the slope of the
AT,q-curves are different in this range. This is related to the conventional MCE which
leads to a decrease in AT,q for increasing field and an increase for decreasing field.
The superimposed drift leads then to the different slopes.

The AT,4-curves at 283 K and 289 K exhibit a shoulder-like feature at 3.5 T and 2T,
respectively, for increasing field. These features are not present in the measurements at
294 K and 301 K. For decreasing field, the feature can only be observed in the 283 K-
curve, at about 2.5'T. The feature shifts to lower fields with increasing temperature.
The effect is most likely correlated with the shoulders observed in the magnetization
data in fig. 4.18, which is explained by the presence of a second Mn-Cr-Co-Sb phase
with a different chemical composition. The effect disappears at higher temperatures,
since the second phase has already transformed and only AT,q of the major phase is
observed.
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4.3 Transition dynamics of (Mn,Cr,Co)Sb pnictides probed at different time scales

4.3.3 AT,q in pulsed field with up to 1 kTs™! field-sweep rate

This section presents the AT,4 measurements on Mnj goCrg.9g7C0g.04Sb1 .97 in pulsed
magnetic fields *. First we show results of the measurements in a pulsed field of 10T
with a field-sweep rate up to 1kTs™! in the range 250 < T < 330 K. Then we present
AT,q measurements at constant temperature and different field-sweep rates (0.6 to
1.6kTs™!). The setup and the field-profile with the corresponding field-sweep rates are
given in chap. 3.4.

B (T)
oy T T T T T T T =
1 I Mn; ,Crg 67C00 04Sb1 o7 | 104 R
I 5
0 W 0
2 I
=
8 L
- L
< L
-2
F — 260 K
I —270K |
-3 - —280K |
I 330K
L. v v vy T I O AU NR B
0 50 100 150 0 2 4 6 8 10
Time (ms) B(T)

Figure 4.22: Direct AT,q measurements of Mny g2Crp. 97C00.045b1.07 in 10T pulsed magnetic
fields with a field-sweep rate up to 1kTs™1. (a) Time dependence of AT,q at 250 (black),
260 (red), 270 (blue), 280 (green) and 330K (yellow) (left axis). The magnetic pulse profile
(red) is scaled with the right axis. (b) shows the field dependence of AT,q, the field-sweep
direction is indicated by arrows.

Fig. 4.22(a) shows the time-dependent AT,q measurements at 250 (black), 260 (red),
270 (blue), 280 (green), and 330K (yellow) (left axis). The data are taken during a
field-pulse of 10 T. The field-profile is shown in red (right axis). The field increases

*The measurements are performed at HLD-EMFL in collaboration with Dr. Catalina Salazar Mejia
and Dr. Yuri Skourski.

85



4 Results and discussion

after 20 ms and reaches the maximum field of 10 T after 33 ms. The decrease of the
field is slower than the increase and gives varying field-sweep rates. At 120ms, the
field reaches 0 T. Fig. 4.22(b) shows the AT,q measurements as a function of magnetic
field. The direction of the field-sweep is indicated by arrows.

Fig. 4.22(a) shows for the measurements at 7" < 280K the inverse MCE, where
AT,q is negative. At 330K, the sample is in the FI phase and the measurements
show a positive AT,q due to the conventional MCE. The shape of the AT,4-curve
follows directly the profile of the magnetic field. For T' < 280K, the maximum in
AT,q decreases with decreasing temperature. The measurements at 7' < 270 K have a
peak shape, while at 280K a small plateau in the range 30 < ¢ < 40ms is observed.
The plateau is an indication that the AF/FI transformation is complete, and at lower
temperatures, where this is not observed, it is incomplete. The approach of AT,q4 to
zero for t > 120 ms at all temperatures is a result of the fully reversible transformation
to the AF state.

Fig. 4.22(b) shows the AT,4-measurements as a function of field. The conventional
MCE at 330K (yellow) is observed by the increase of AT,q with increasing field. The
AT,q4-curves for increasing and decreasing fields nearly coincide. This shows that there
is very little lag between the thermocouple read-out and the instantaneous field.

At 280K, AT,q shows an increase of —3.4 K with increasing field up to 9.2 T. The
slight decrease of AT,q above this field indicates that the transformation is complete
and the sample shows a conventional MCE. The slow increase of AT,q in the field-
range 10 > B > 8.5T relates also to the conventional MCE of the FI phase. The
further decrease of B shows a decrease of AT,q, due to the reverse transformation to
the AF state. The AT,q-curve exhibits full reversibility. The different paths taken
by the AT,q-curve for increasing and decreasing field is characteristic of a first-order
transition, since the field has to overcome the hysteresis before the sample can undergo
the reverse transformation. The deviation of about 0.5T can be compared with the
hysteresis in the magnetization study in chap. 4.3.1, fig. 4.18. M (T') shows a hysteresis
of 2.5K and a shift of T; with a rate of =5 KT~!. Due to this, an increase in B by 0.5T
should be sufficient to overcome the hysteresis. This is roughly the difference between
AT,q-curves for increasing and decreasing field. The same effect is also observed for
the measurements at 270 and 260 K. The smaller values of AT,q at 10T for these
temperatures show, however, that the transformation is incomplete and the sample
remains in a mixed AF/FI state. For the measurement at 250K, the difference in
the paths taken by the AT.q4-curves cannot be properly resolved due to a smaller
signal-to-noise ratio.
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Figure 4.23: Direct ATnq measurements at 290K in pulsed magnetic fields of 5(red), 7 (blue),
10(green), and 12T (black), the field-sweep direction is indicated by arrows.

AT,g-measurements at 290 K using different field-sweep rates are shown in fig. 4.23.
The different field-sweep rates are achieved by applying field-pulses with different
maximum fields of 5, 7, 10, and 12T. Since the duration of the pulse is constant, an
increase in the maximum field leads to an increase in the field-sweep rate (chap. 3.4 fig.
3.10). Before each measurement, the sample is cooled down to 240 K to ensure an initial
AF state at the beginning of the measurement. All measurements show an increase in
AT,q. The smaller maximum value of |AT,q4| at the field-pulse of 5 T indicates that the
transformation is not complete in this field. In contrast, the pulses of 7, 10, and 12T
show a saturation of the AT,4-curve at about —3K at 7T. The measurements with
10 and 12T pulses show further a decrease of AT,4 in the field-range 8 < B < 10T
and 9 < B < 12T, respectively, due to the conventional MCE in the FI phase. The
effect can also be observed in the increase of AT,q with decreasing field in the range
12 > B > 6.5T. The further decrease of the field leads to a decease of AT,q4, due to
the reverse transformation to the AF state. This can be observed for all measurements
and all pulses indicating a full reversal of the transformation. For AT,q values below
—0.5 K the signal-to-noise ratio becomes small, and a proper analysis is not possible.
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4 Results and discussion

The comparison of the AT,q-curves in different magnetic fields shows that the curves
deviate in the range of increasing AT,q (1 < B < 8T), while the curves more or
less coincide in the range of decreasing AT,q (6.5 > B > 0T). The deviation can be
explained by the different field-sweep rates of the pulses and a delay in the temperature
measurement. Fig. 3.10 (chap. 3.4) shows different field-sweep rates in the increasing
field-direction for different maximum fields. On the other hand, the field-sweep rates
for decreasing field (B < 6'T) is equivalent for all pulses. This explains why the curves
in fig. 4.23 coincide in the range of deceasing AT,q (6.5 > B > 0T). The increase of
the field sweep-rates also cause an increase in the delay of the temperature reading.
A small delay was already observed in fig. 4.22(b) in the measurements at 330K
indicating that the effect will become more dominant at increasing field-sweep rates.
In the measurements with a 12 T-pulse the increase in the delay of the temperature
reading leads also to a spreading of the AT, 4-curve in the range between 6.5 K and 8 T.
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4.3.4 Comparison of AT,y at different field-sweep rates

In this section, we compare AT,q presented in chap. 4.3.2 and 4.3.3 for the different
field-sweep rates.
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Figure 4.24: (a) Temperature dependence of mazimum AT,q of the measurements in an
applied field of 5T with a field-sweep rate of 11 mTs™! (red) and in pulsed field (10 T) with a
field-sweep rate up to 1kTs™! (blue). (b) Field-dependent AT,q measurements at 290 K with
an applied field of 5T. The measurements with 11 mTs™! is shown in red, the measurement
in pulsed field with 0.6kTs™! is shown in blue.

Fig. 4.24(a) shows the maximum AT,q of the measurements using 11 mTs™! (red,
chap. 4.3.2) and 1kTs™! (blue. chap. 4.3.3) as a function of temperature. For the
field-sweep rate up to 1kTs™! in pulsed field up to 10 T, a maximum AT,q of —3.4K
is observed at 280 K. The field-dependent AT,4-curve (fig. 4.22) shows a full AF/FI
transformation at this temperature. Fig. 4.24(a) shows a decrease of AT,q below
280 K indicating that the transformation is not complete and the sample remains in a
mixed AF/FI state at 10 T. Above 280 K, AT,q(T) decreases also, this is due to the
temperature which is to close to T; and the sample is in a mixed AF/FI state before
the field is applied. Above T; = 306 K, the sample is in the FI state, and a positive
AT,q(T) is observed due to the conventional MCE.
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For the field-sweep rate of 11 mTs™! with a field of 5T, a maximum value of —2.5K
is observed at 294 K. The lower value shows that the field of 5T is not sufficient to
induce a complete AF/FI transformation. This is also the reason for the lower AT,q
below 294 K compared to the measurements at 1kTs™!. In the range 294 < T < 306 K,
the AT,q-curves at 11mTs™! (5T) and 1kTs™! (10T) coincide. In this case, the
sample is in a mixed AF/FI state and both fields are sufficient to transform the sample
to the FI state. Applying a 5 T-field above T; leads to a conventional MCE and a AT,q
of about 0.3 K. The effect increases when a higher field (10 T) is applied.

Fig. 4.24(b) shows field-dependent AT,q measurements at 290 K for an applied field
of 5T and a field-sweep rate of 11mTs™! and 0.6kTs™'. The AT,4-curves coincide
particularly well in the range 2 < B < 5T showing that the transition-dynamics
can follow both sweep-rates. The small deviation below 2T can be related to non-
adiabatic conditions or small differences in the temperature calibration between the
two measurements. In this respect, the narrow hysteresis and a reversible MCE of
2.5 K, which is also obtained in fast field-sweep rates make Mny goCrg.g7Cog.045b1.07 an
interesting material for magnetocaloric cooling at 300 K.
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4.4 Magnetic properties of ferromagnetic nano-precipitates in
decomposed off-stoichiometric NiMnlin

This chapter presents studies on the magnetic properties of Heusler nano-precipitates
obtained by decomposing NisgMnys 1Ins.9. Annealing off-stoichiometric Ni-Mn-In alloys
leads to decomposition into AF NisgMnsg and FM stoichiometric NisgMnogInes Heusler
(see chap. 2.2.1).

Previous studies on annealed NisgMnys1Ings9 have shown the presence of a FM
phase [Cak16,C17b]. The M (B)-curve of an annealed NisoMnys 1Ing 9 sample exhibits
a magnetic hysteresis which is absent in the measurements on the initial state (non-
annealed) of the sample. It was further shown, that the presence of a magnetic field
during annealing shifts the magnetic hysteresis vertically. This vertical shift was
explained by a shell-ferromagnetic nano-precipitates model. The model is explained
as the formation of nano-precipitates which have a pinned, hard-magnetic shell and a
soft-magnetic core; all embedded in an AF matrix [Cak16,17b]. The magnetization of
the shell is pinned along the magnetic field-direction during annealing. After annealing,
the magnetization of the shells remains pinned, while the magnetization of the core
can rotate. The pinned shell leads to vertically shifted M (B)-curves. The effect of
shell-ferromagnetic nano-precipitates can be seen in reference [Youl6]

Fig. 4.25 shows the field-dependent magnetization of the initial state of Nigg ¢Mnys 5
Ingg (red) and the annealed state (blue) with nano-precipitates. The sample was
annealed at 650 K for 1 hour in an applied field of 4.5T. The preparation is given
in detail in chap. 3.1. The measurements are performed at 300 K in the field-range
—5 < H <5T (inset fig. 4.25). The initial state of the sample is AF and exhibits a
linear dependence of the magnetization with field, with a susceptibility x of 1.21 x
1075 Am?kg~'T~!. The low field region, —0.7 T < B < 0.7 T, shows however a slight
change of the slope close to zero-field, which is related to MnO inhomogeneities observed
in magnetic resonance measurements [Sch17a].

M (B) of the annealed sample (blue) shows a vertically shifted magnetic hysteresis
loop in the low field region —0.2T < B < 0.2T and a linear behavior of the mag-
netization for higher fields (inset fig. 4.25). The magnetic hysteresis indicates the
formation of FM precipitates. The M (B)-curve of the annealed Nigg Mnys 5Ing. 9 alloy
is similar to previous measurements [Cak16,17b]. The comparison of the slopes of the
initial and decomposed samples show an increase by 7 % for the decomposed sample.
The increase in the susceptibility (xy = 1.30 x 107° Am?kg ' T~!) relates to the for-
mation of AF NisgMnsg phase having a five times larger susceptibility than the initial
Nigg 6Mnys 5Ing g alloy [Kasb9]. The green M (B)-curve in fig. 4.25 shows the magneti-
zation of the decomposed alloy without the AF matrix. This is done by subtracting the
linear contribution in M (B), which is related to the AF matrix. The M (B)-curve is
vertical shifted by Mgpig = 4.6 x 1072 Akagfl, and has a coercive field Hc of 17mT.
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Figure 4.25: Field-dependent magnetization of Niyg sMnys 5In,. 9 at 300K for the initial state
(red) and decomposed state, annealed at 650K in 5T for 1 hour (blue). The field-dependent
magnetization of the FM precipitates after subtraction of the AF background is shown in
green. The inset shows the full field-range of the measurement [Schl7a].

A remanence of MpP"" = 6.1 x 1072 Am%kg ™! and M{¥e" = 3.1 x 1072 Am?kg ! are
observed for the upper and lower branches. The soft FM phase nearly saturates at
about 0.6 T, whereas the upper and lower hysteresis branches do not overlap at high
fields, which indicates that a complete saturation of the sample requires a field larger
than 5T. The magnetization above 0.6 T and below —0.6T can be used to estimate
the saturation magnetization of the soft FM part to be 4.5 x 1072 Am?kg~!. M(B)
measurements at 10 K exhibits a saturation magnetization of 0.125 Am?kg~!. Assum-
ing that the soft FM part of the sample has a stoichiometric NisgMnosInos composition
with a saturation magnetization of 80 Am%kg ™! [Kre06a], the amount of FM phase of
the NisgMnasInos precipitate can be estimated to be about 0.16 %.

To study the complete magnetization of the FM nano-precipitate, M (B) measure-
ments in a field-range —14 < B < 14T are done. The results are discussed in chap.
4.4.1. Additionally, FMR measurements are performed to study the magnetic interac-
tions of the precipitate and the AF matrix. The results are given in chap. 4.4.2.
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4.4.1 Field-dependent magnetization of nano-precipitates

Here we discuss the results of field-dependent magnetization measurements on annealed
NisoMnys.1Ing9. The measurements are performed in a PPMS (chap. 3.3.1) in magnetic
fields up to 14T *.

A NisgMnys.1Ing 9 ingot was used in preparing a sample of 5.6 mg and dimensions
1.45 x 1.05 x 0.50 mm. The sample was annealed in the SQUID magnetometer in 4.5T
at 650 K for 17 hours (chap. 3.3.2).

Fig. 4.26 shows the field-dependent magnetization and its derivative of the annealed
sample at 300K (red) in the field-range of —14 < B < 14T. The direction of field-
sweep is indicated by arrows. The red M (B)-curve (fig. 4.26(a)) is nearly closed. The
incomplete closure of the curve can also be observed in the derivative dM (B)/dB in fig.
4.26(b), where differences of the curve with increasing and decreasing field occur around
+14T. The figure also shows an increase of dM (B)/dB when a field of £5 T is reached.
The maximum is reached around +8 T, after which further increasing the field leads to
a gradual decrease. In the case of M (B)-measurements in the range —5 < B < 5T
(fig. 4.26(a), blue), a minor loop is observed in the inset for —1 < B < 1T. This is
similar to previous measurements in this field-range [Cak16,C17b]. Here, a negative
shift of the minor loop is observed because the sample was previously magnetized in
—14T. The minor loop lies on the lower hysteresis branch of the measurements done
in the range —14 < B < 14 T(red).

The susceptibility x of the AF matrix is determined by the linear fit to M (B) for de-
creasing field case in the range between 7T and 1 T giving x = 8.19x 1076 Am?kg~!T— 1,
The subtraction of the AF contribution leads to the M (B)-curve related to the FM
part of the precipitates (fig. 4.27). The direction of magnetic field-sweep is indicated
by arrows. Even the M (B)-curve for —14 < B < 14T is vertically shifted. This
shows that the magnetization is still not saturated in 14 T. The bending of M (B) at
high-fields (10 to 14'T), is due to non-linear behavior of the coupled FM and AF parts.
At positive high-field, the soft FM core and the hard FM shell are aligned so that
MPP?" = 0.18 Am?kg~'. Below 0.3 T, the magnetization of the soft FM core starts
to rotate. The magnetization is reversed at —0.3 T. The difference in magnetization
between 0.3 T and —0.3 T is 0.136 Am?kg~!. Half of this value is the saturation mag-
netization of the soft FM core, M = 0.068 Am?kg~!. The remanent magnetization
corresponds to the remanence of the hard FM phase, Mﬁﬁe” = 0.114 Am?kg~'. The
further reversal of the field shows an increase in M (B) above a field of about —4 T. The
change of M (B) corresponds to the rotation of the hard FM shell. The lower branch ex-
hibits as the upper branch a rotation of the soft FM core in the range —0.3 < B < 0.3 T.
The magnetization change in this range is again 0.136 Am?kg~! so that M ¢ is well
determined as 0.068 Am?kg~!. At 0T, for the lower branch, M5! = —0.074 Am?kg .
The half of the difference of M2"!" and M3z shows that the M (B)-curve is vertically

*The measurements are performed by Dr. Tino Gottschall at the Technical University of Darmstadt.
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Figure 4.26: (a) Field-dependent magnetization of decomposed Niyg ¢Mnys.s5Iny 9 (red) at
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300 K measured in the field-range —14 < B < 14T. The blue curve shows the minor loop
of M(B) in the field-range —5 < B < 5T the sample was previously magnetized in —14T.
The inset shows the vertically shifted minor loop in the range —1 < B < 1T. (b) shows
the derivative of the magnetization dM(B)/dB. The direction of field-sweep is indicated by
arrows [Sch17b].
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Figure 4.27: Field-dependent magnetization of the FM precipitates in decomposed
Niyg.6Mnys 5In, 9 at 300K, the AF matriz is subtracted. The direction of field-sweep is
indicated by arrows [Sch17b].
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shifted by 0.020 Am2?kg ™! related to the remanent pinning of the FM shell.

The saturation magnetization of NisgMnasInos is 75 Am?kg ! [KreO6a]. Assuming
that the precipitates also have this composition, the concentration of the soft FM phase
can be estimated to be about 0.24%. The concentration is calculated from the ratio
of the saturation magnetization of the precipitates, 0.18 Am?kg ™! with respect to the
saturation magnetization of NisgMnasInas.

The magnetization measurements in fig. 4.27 give evidence for the presence of hard
and soft FM phases. To understand the coupling of the hard and soft FM phases in
more detail FMR measurements are preformed. The results are given in chap. 4.4.2.

4.4.2 Magnetic resonance of nano-precipitates in the field-range up to
115 T

The magnetization measurements in fields up to 14T indicate the presence of a hard
and soft FM phases. To provide further evidence we carry out FMR measurements in
external fields up to 12 T. The setup is described in chap. 3.3.2 and fig. 3.5¢) shows the
assembling of the annealed NisgMnys.1Ing9 alloy. A microwave frequency of 9.048 GHz
and a field-modulation of 16 mT and 123 Hz were used in the measurements *.

Fig. 4.28(a) shows the O(FMR,,.)/0B of annealed NisoMnys1Insg at 300K in
the field-range —11.5 < B < 11.5T. Fig. 4.28(b) shows a magnification of the
spectra for —1.5 < B < 1.5T. The spectrum with field-sweep form 0T to 11.5T is
marked as 1 (red). Afterwards, the field is decreased from 11.5T to 0T (spectrum
2, red). The same measurement is performed in the reverse field-direction (3, blue)
and (4, green). The direction of field-sweep is indicated with arrows. All spectra
show two resonances; a major FMR at +0.15T and a minor ESR at £0.34 T. The
resonance fields are independent of the field-sweep direction. The ESR signal at
0.34 T is related the PM MnO impurities at the surface [Sch17a]. The reason for the
increase for the intensity of the ESR for the spectrum 1 and 2, and 3 and 4 is most
probably related to the over-modulation of the signal. The major FMR at about
40.15T is due to the FM precipitates. The resonance position is in good agreement
with the magnetization value for NisoMngsIngs [KreO6a]. The shape of the resonance
describes the polycrystalline morphology of the sample. The FMR signal from the
various crystallographic orientations superimpose and give a distribution for the FMR.
Assuming a cubic anisotropy for the precipitates, using the magnetization value for
NisoMnasIngs and the line-width of 247 mT, we obtain a value of 4 x 10* Jm~2 for the
crystalline anisotropy. Before the first spectrum (1, black) was taken, the sample was
saturated in —11.5'T. The further increase of the field above 6 T shows additional FMR
absorptions (inset fig. 4.28 above). These absorptions are most probably related to
the rim of the precipitate coupled to the surrounding NisgMnso matrix. The changes

*The measurements are performed together with Dr. Detlef Spoddig and Dr. Ralf Meckenstock.
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Figure 4.28: Bidirectional field-dependent FMR absorption derivative (FMR,,.)/OB of de-
composed NiggeMnyssIngg at 300K. (a) Full spectrum with field-range —11.5 < B <
11.5T, the insets shows a magnification of the signal in range of 6 < B < 10T. (b) Magnifi-
cation of the full spectrum in the range —1.5 < B < 1.5'T. The direction of field-sweep is
indicated by arrows [Sch17b].
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in d(FMR,,,)/0B are detected in the range 6 < B < 10T, which reflect to changes
in the hysteresis-curve in fig. 4.27. At the maximum field of 11.5T, the hard FM is
nearly in full alignment along the field-direction. The decrease of the field (spectrum
2, red) shows an increase of the intensity of the FMR around 0.15T compared to
the non-aligned case of spectrum (1, black), arising from the hard FM phase. This
supports the picture that the precipitates is composed of a hard and soft FM phase.
The same effect is observed for the spectrum in the reverse field-direction (3, blue
and 4, green), where FMR occurs —0.15T. The changes of 0(FMR,,,)/0B above
67T is due to the alignment of the hard FM phase and are similar to these in the
positive field-direction. A comparison of spectra 2 (red) and 4 (green) shows that
the spectra are point symmetric to the origin. In contrast to, spectra 1 (black) and
2 (blue) are not symmetric, since spectra 1 (black) is obtained with the sample in
the initial state. Integrating spectra 3 and 4 give a ratio of 1 : 2.4 for the intensities.
Since FMR probes the magnetization of the sample a similar ratio is expected in
the magnetization measurements in fig. 4.27. Actually, a ratio of 1 : 2.7 is observed
between the magnetization of the soft FM phase (Mg¢ = 0.068 Am%kg™') and the
magnetization of the hard FM phase M (—2T)“rer — M (-2 T)lower = (0.184 Am?kg 1.
M(=2T)wprer — M(—2T)lwer = 0.184 Am?kg ! is the difference of the magnetization
in the upper and lower hysteresis branch at B = —2T (M (—2T)"P¢" = 0.042 Am?kg
and M(—2T)lewer = —0.142 Am?kg™'). A similar ratio is found if we assume a
precipitate-size of 2nm, in this case, the surface-to-volume ration is 1 : 2.

This supports the interpretation that the rim of the precipitate is only contributing
to 0(FMR,,)/0B if the hard and soft FM phases are aligned parallel. Bidirectional
FMR measurements along in the field-range —1.5 < B < +1.5 are done to validate this
interpretation. The sample was magnetized in —12 T to ensure a defined initial state.
Fig. 4.29 shows the bidirectional FMR spectrum starting from —1.5T. The directions
of the field-sweep are indicated by arrows. The intensity of the different field-sweep
directions are the same since this field is not strong enough to align the hard FM phase
along the field-direction and only the soft FM phase contribute to d(FMR,,)/0B.
This supports the interpretation that the rim of the precipitate is contributing to the
FMR signal only if the coupling to the surrounding is in the right field-direction.
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Figure 4.29: Bidirectional field-dependent FMR absorption derivative O(FMR,,)/0B of de-
composed NigggMnys5Ingg at 300K in the range —2 < B < 2T. The sample was saturated
in —12T before performing the measurement. The direction of field sweep is indicated by

arrows [Sch17b].
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To summarize the results of the magnetic resonance studies we could proof the
magnetization value of NisgMnasIngs and estimate a crystalline anisotropy of 4 x
10* Jm~2. High field FMR measurements up to 11.5 T verified the existence of a strong
coupling of the rim of the precipitates with the surrounding NisgMnsg matrix. The
measurements further proof that the magnetization of rim and soft FM phase are the
same.

In conclusion, the annealing temperature of 650 K is an crucial parameter for the
preparation of shell-ferromagnetic nano-precipitates in annealed NisoMnys1Ing9. The
effect of shell-ferromagnetim shown in chap. 4.4.2 and 4.4.1 can only observed for
nano-precipitates with a size below 3nm, since the effect is related to the surface of
the precipitates, and therefore the surface-to-volume ratio has to be around 1:2. The
increase of the precipitate-size decreases the surface-to-volume ratio, the magnetic
behaviors of the volume dominate and the effect of shell-ferromagnetim can not be
detected anymore [C17b]. The two investigated sample are annealed at 650 K for 1 hour
(fig. 4.25) and 17 hours (fig. 4.27). Both samples show a size of the nano-precipitates
of about 3nm [Dinl8|, which is close to the detection limit of XRD [O’C15]. The
longer annealing duration therefore just increases the amount of nano-precipitates but
has no influence on the size of the precipitates [Din18]. The increase of the annealing
temperature to 700 and 750 K increases the size of the precipitates, which was shown
by previous XRD studies [Cak16,Krel6,17a]. The restricted size of the precipitates
for 650 K may explained by the NisgMnsg matrix acting as a barrier for the diffusion
of the In atoms. The NisgMnosInos precipitates can only grow if In diffuses form the
base NisgMnys.1Ing 9 alloy through the NisgMnsg matrix. If the thermal energy is not
high enough to overcome the NisoMnsg barrier the precipitates stop growing.
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4.5 Conclusion

The results of investigations on the field-sweep rate dependent phenomena of MCEs
have been presented in the material-classes Mn3GaC antiperovskites and Mn-Cr-Co-Sb
pnictides, and the magnetic properties of a Mn3GaC single crystal and ferromag-
netic nano-precipitates in decomposed off-stoichiometric Ni-Mn-In Heusler alloy are
presented.

The AF/FM first-order transition in MnzGaC exhibits a narrow thermal hysteresis
of 5K which can be induced by a magnetic field which shifts the transformation
temperature by dT;/dB = —5.7KT~!. The large shift and the narrow hysteresis enable
a fully reversible transformation with a cyclically applied field of 2T. The field-induced
transformation leads to a AS of 13Jkg 'K~! and a AT,q of 4.7K, which are also fully
reversible making this material interesting for magnetocaloric refrigeration below room
temperature. Adiabatic magnetization measurements in pulsed fields have shown that
the magnetization dynamics can follow the fast field-sweep rates of 1.3 Ts~'. However,
the comparison of isothermal and adiabatic critical fields exhibit a super-cooling for
the start of the transformation at fast field-sweep rates. This shows that the nucleation
process is influenced by the magnitude of the field-sweep rate. AT,q measurements at
different field-sweep rates show that the structural transformation of the first-order
AF /FM transformation cannot follow a rate of 1 Ts~! and gives a lower value for ATyq
compared to lower rates. This is in contrast to the results of the adiabatic magnetization
measurements in pulsed fields and can be explained by different time-responses of
the magnetic and structural transformation. The slow structural responses can be
explained by a volume change of 0.5% occurring at the isostructural AF/FM transition
causing stress and strain in the sample [C14b]. This influences the MCE. However, a
rate of 1 Ts~! corresponds to a frequency of 500 Hz for a cyclically applied field of 2 T.
This is far above the operating frequency of magnetic refrigerators (1 — 10 Hz) so that
Mn3GaC is a potential magnetocaloric refrigerant at low temperatures.

The first studies on a Mn3GaC single crystal have shown that the transition temper-
ature, width, and d7;/dB are comparable with those of polycrystalline samples. This
shows that these parameters do not depend on the sample morphology. FMR . studies
and simulations on the single crystal show that the {111}-direction is the magnetic
easy-axis and yield a MCAE of K4 = —5.49kJm™3. The small value of K, can be
also the reason for the small hysteresis [Toh03]. Therefore, the magnetic anisotropy
in Mn3GaC depends mainly on the shape of the sample which can be optimized for
magnetocaloric refrigeration devices.

The Cr and Co-doped MnsSb pnictides undergo a transformation from the AF to
the FI state. The first-order transition is close to room temperature. The transition
temperature decreases with increasing applied field with d7;/dB = —5KT~! and has
a narrow thermal hysteresis of 2.5 K. The material shows a reversible inverse MCE
with a AS = 4.8 Jkg7'K~! and a AT,q = —2.5K in a field change of 5T. The narrow
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hysteresis and the sufficient AT,q in 5T field makes the material a possible candidate
for magnetocaloric refrigeration.

AT,q measurements in pulsed fields show that the full transformation requires a field
of 7T or more. In contrast to MngGaC, the structural transformation in Mn-Cr-Co-Sb
can follow the field-sweep rate of 0.6 Ts~!. The faster response time in Mn-Cr-Co-Sb
can be explained by the ten-times smaller volume change (0.05%) of the transformation,
compared to Mn3GaC (0.5%), which leads to less strain and stress. Therefore, the
volume change during the first-order transition has not only an effect on the energy-
barrier which has to be overcome for the formation of a nuclei, which relates to the
width of the hysteresis, but also influences the structural response time.

NisoMngg.<Iny Heusler alloys are well known magnetocaloric materials. Recent studies
have shown that off-stoichiometric alloys (0 < x < 25) are not stable and decompose
into FM NisMnlIn and AF NiMn when annealed in the range 650 < T < 750 K. The
partial decomposition can shift the transition temperatures due to the change in the
chemical composition. The selective decomposition can, therefore, also be used to tune
the magnetocaloric properties. For example the NiMn phase can act as nucleations
centres for the transition similar as nano-indentations [Niel6]

The annealing of NisgMnysIns at 650 K leads to the formation nano-precipitates of
FM stoichiometric NioMnIn embedded in an AF matrix. Annealing in a magnetic field
leads to a shell-ferromagnetic effect which gives a monopolar-like response. The effect
is related to a vertical shifting the magnetic hysteresis due to the pinned FM shell
of the precipitates. Magnetization and FMR measurements in fields up to 14T have
shown that the pinned FM shell of the precipitate rotates in fields above 5T while the
soft FM phase is already saturated at about 0.3 T. The FMR analysis shows a strong
coupling between the hard FM phase and the AF matrix. The effect relates to the
surface-to-volume ratio of the precipitate and can only be observed for precipitate sizes
of several nanometer. Further studies on annealed Ni-Mn-In Heusler with first-order
transitions are necessary to study the effect of decomposition on magnetism and width
of hysteresis to show if the selective formation of decomposition can improve the MCE.
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Schlussfolgerung

1 Die Arbeit présentiert die Resultate der Untersuchungen des magnetokalorischen
Effekts in Bezug auf dessen Abhéngigkeit von der Felddnderungsrate des angelegten
Magnetfeldes. Es wurden die Materialklassen MngGaC Antiperovskite und Mn-Cr-
Co-Sb Pniktide untersucht. Weiterhin wurden die Resultate und Untersuchungen der
magnetischen Eigenschaften eines Mn3GaC Einkristalls und der ferromagnetischen
Nanometer grofien Ausscheidungen in einer nicht stéchiometrischen Ni-Mn-In Heusler
Legierung présentiert.

Der AF/FM Phaseniibergang erster Ordnung in Mn3GaC zeigt eine schmale ther-
mische Hysterese von 5 K. Dieser kann durch ein Magnetfeld induziert werden, wobei
sich die Umwandlungstemperatur mit einer Rate von d7}/dB = —5.7 KT~! verschiebt.
Die schmale Hysterese und die starke Verschiebung erméglichen einen vollstdndig
reversiblen Ubergang fiir ein zyklisch angelegtes Feld von 27T. Der feldinduzierte
Phaseniibergang fithrt zu einem AS von 13 Jkg !K~! und einem AT,q von 4.7K, diese
sind ebenfalls vollstandig reversibel. Diese Eigenschaften machen die Legierung in-
teressant fiir magnetokalorische Kiithlung unterhalb Raumtemperatur. Adiabatische
Magnetisierungsmessungen in gepulsten Magnetfeldern haben gezeigt, dass die Mag-
netisierungsdynamik den Feldinderungsraten von 1.3 Ts~! folgen kann. Beim Vergleich
der kritischen Magnetfelder der isothermen und adiabatischen Messungen zeigt sich
jedoch eine Unterkiihlung des Umwandlungsbeginns fiir schnelle Felddnderungsraten.
AT,q Messungen bei unterschiedlichen Felddnderungsraten zeigen, dass die strukturelle
Umwandlung des AF/FM Phaseniibergangs erster Ordnung der Rate von 1Ts™! nicht
folgen kann. Dies fithrt zu einer Reduzierung von AT,4 im Vergleich zu den Messungen
geringerer Raten und steht im Widerspruch zu den adiabatischen Magnetisierungs-
Messungen in gepulsten Feldern. Dies kann durch unterschiedliche Reaktionszeiten der
strukturellen und der magnetischen Umwandlung erklédrt werden. Eine langsame struk-
turelle Reaktionszeit kann auf Verzerrungen und Spannungen zuriickzufithren sein die
wéahrend des isostrukturellen AF/FM Phaseniibergangs mit der Volumenénderung von
0.5% entstehen [C14b]. Dies beeinflusst wiederum den magnetokalorischen Effekt. Eine
Feldinderungsrate von 1 Ts~! entspricht jedoch einer Frequenz von 500 Hz fiir ein zyk-
lisch angelegtes Feld von 2T. Diese Frequenz liegt weit oberhalb der Arbeitsfrequenz
eines magnetokalorischen Kiihlgeréts (1 — 10 Hz), so dass die Mn3GaC Legierung fiir
die magnetokalorische Kiihlung unterhalb Raumtemperatur potentiell in Frage kommt.

Die ersten Untersuchungen an einem Mn3GaC Einkristalls haben gezeigt, dass sich
die Umwandlungstemperatur, die Umwandlungsbreite und d7;/dB mit denen einer
polykristallinen Probe vergleichen lassen, und zeigt weiterhin die Unabhangigkeit
dieser Eigenschaften beziigliche der Probenmorphologie. Ferromagnetische Resonanz
Messungen und Simulationen am MngzGaC Einkristall zeigen eine magnetisch leichte
Richtung entlang der {111}-Achse und eine magnetokristalline Anisotropie-Energie
von K; = —5.49kJm~3. Der geringe Wert fiir die magnetokristalline Anisotropie-
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Energie kann auch die Ursache fiir die schmale Hysterese sein [Toh03]. Die magnetische
Anisotropie-Energie in Mn3GaC ist damit hauptséichlich durch die Form der Probe
bestimmt und kann fiir die magnetokalorischen Kiihlgeréite optimiert werden.

Die Cr und Co dotierten MnoSb Pniktide haben einen Phaseniibergang von einer
antiferromagnetischen in eine ferrimagnetischen Phase. Dieser Ubergang liegt nahe
bei Raumtemperatur. Dieser Phaseniibergang erster Ordnung verschiebt sich beim
Anlegen eines Magnetfeldes mit einer Rate von d7;/dB = —5KT~! zu geringen
Temperaturen. Der Ubergang hat eine schmale Hysterese von 2.5 K. Das Material
zeigt einen reversiblen inversen magnetokalorischen Effekt mit AS = 4.8 Jkg7'K~!
und AT,q = —2.5K in einem sich dndernden Feld von 57T. Die schmale Hysterese
und die hinreichend grofie AT,q in 5T machen diese Legierung zu einem potentiellen
Material fiir magnetokalorische Kiihlung.

AT,q Messungen in gepulsten Magnetfeldern zeigen, dass eine vollstdndige Phasen-
umwandlung eine Feldstidrke von mindestens 7T benétigt. Im Gegensatz zu MnsGaC
kann die strukturelle Umwandung in Mn-Cr-Co-Sb den Feldéinderungsraten von 0.6 Ts !
folgen. Die schnelle Reaktionszeit in Mn-Cr-Co-Sb kann durch die zehnmal geringere
Volumenénderung (0.05%) verglichen mit MngGaC (0.5%) erkldrt werden. Die Volu-
menénderung von Phaseniibergingen erster Ordnung hat somit nicht nur einen Effekt
auf die Energiebarriere welche bei der Keimbildung der neuen Phase tiberwunden wer-
den muss, und somit auch mit der Hysteresenbreite korreliert, sondern sie hat auch
einen Effekt auf die strukturelle Reaktionszeit.

NisoMnsg.«Iny Heusler sind bekannt als magnetokalorische Legierungen. Jiingste
Studien haben gezeigt, dass nicht stéchiometrische (0 < z < 25) Legierungen instabil
sind. Sie entmischen beim Heizen im Bereich zwischen 650 und 750 K in eine fer-
romagnetische NisMnIn und eine antiferromagnetische NiMn Phase. Eine teilweise
Entmischung fithrt zu einer Verschiebung der Phaseniibergangstemperatur da sich die
chemische Zusammensetzung der Probe éndert. Eine gezielte Entmischung kann daher
genutzt werden um die magnetokalorischen Eigenschaften der Probe zu verdndern.
So kann die NiMn Phase beispielsweise als Nukleationszentrum fiir die Umwandlung
dienen, &hnlich wie Nanoeinpriagungen [Niel6].

Das Heizen von NiggMnysIns bei 650 K fiihrt zur Entstehung von Nanometer grofien
Ausscheidungen der ferromagnetischen stochiometrischen NisMnln Phase, eingebettet
in einer antiferromagnetischen Matrix. Das Heizen in einem Magnetfeld fithrt zu der
Entstehung von Nanometer groffen Ausscheidungen die sowohl hart als auch weich ferro-
magnetischen Eigneschaften aufweisen und zusammen ein monopoldhnliches Verhalten
zeigt. Der Effekt ist verbunden mit einer vertikalen Verschiebung der magnetischen
Hysteresekurve und lasst sich auf die gepinnte ferromagnetische Schale der Ausschei-
dung zuriickfithren. Magnetisierungs- und ferromagnetische Resonanz-Messungen in
Feldern von bis zu 14T haben gezeigt, dass die gepinnte ferromagnetische Schale der
Aus-scheidung erst ab Feldern von 5T gedreht werden kann. Im Gegensatz dazu ist
die weichmagnetische Phase bereits bei 0.3 T geséttigt. Die ferromagnetische Resonanz

104



4.5 Conclusion

Analyse zeigt eine starke Kopplung zwischen der hartmagnetischen Phase und der anti-
ferromagnetischen Matrix. Der Effekt ist mit dem Oberfliche-zu-Volumen-Verhéltnis
der Ausscheidungen verkniipft und kann nur fiir Nanometer grofie Ausscheidungen
beobachtet werden. Es sind weiterfithrende Untersuchungen an Ni-Mn-In Heusler
Legierungen mit Phaseniibergéingen erster Ordnung nétig, um den Effekt des Heizens
und der Entmischung auf die Magnetisierung und die Breite der Hysterese zu unter-
suchen. Auf diese Weise kann auch gezeigt werden in wie weit eine Entmischung den
magnetokalorischen Effekt beeinflusst.

die Entstehung von Nanometer groflen Ausscheidungen mit sowohl hart wie auch
weich ferromagnetischen Eigneschaften. Die hartferromagnetische Schale ist dabei
gepinnt bis zu einem externen magnetischen Feld von 5T.
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