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Abstract

The giant inverse magnetocaloric effect was measured for four different NiMnSn
alloys. Their content of elements was varied by only 1-2% respectively, but showed
big changes to the phase transition temperatures and magnetic entropy change. It
was expected that an increase in valence electrons per atom (e/a) and a decrease in
the size of the unit cell (Vcell) would increase their phase transition temperatures
respectively.

Increasing the amount of Ni by 1 % at cost of Mn, increased the transition temper-
atures but also slightly reduced the magnetic entropy change (ASy,) and refrigerant
capacity (RC).

Introducing 2% of Si or Ge on cost of Sn reduced Vcell, as confirmed with XRD
measurements. This is supposed to hold e/a constant, but is not yet confirmed
experimentally.

Si and Ge doping strongly decreased the RC and significantly shifted the transition
temperatures down and up, respectively.

This thesis contains information about their lattice constants, martensitic and
austenitic phase transition temperatures, Curie temperatures, isothermal magne-
tization measurements, critical exponents, magnetic entropy change and resulting

refrigerant capacities.
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1 Introduction

The magnetocaloric effect (short: MCE) describes the temperature increase of a
material by applying an external magnetic field, due to a change of it’s magnetic
entropy. While such an effect may be noticeable in all magnetic materials, it is
usually small.

When talking about magnetocaloric materials, it refers to those that show a strong
MCE, which is observed when the material undergoes a phase transition. Such
materials are of particular interest for application in refrigerant cycles, where they
could replace cooling liquids.

For that, a phase transition near the working temperature is needed. This transi-
tion should not only feature a large adiabatic temperature change, but should also
happen over a temperature range as wide as possible. Here we study 4 ferromagnetic
NiMnSn(X) based Heusler alloys on how doping affects their MCE. Their chemical

formulas and masses are presented in table 1.1.

Table 1.1: The samples and their mass. Cubic shape with a side length of 3 mm.

Sample Mass (mg)
Ni43M1’146SH11 125.4
Ni44MIl45Sl’111 111.7

Ni43MH468I19G62 112.7
Ni43Mn46Sn9812 107.8

Those materials show a so called giant inverse magnetocaloric effect (GIMCE),
where a phase transition between a tetragonal martensitic phase at low temperatures
and a cubic austenitic phase at high temperatures happens (sec. 4.8).

The consequences are very big changes in magnetization. An important charac-

teristic to describe this effect is the magnetic entropy change ASy; (chp. 4).



1 Introduction

Table 1.2: The elements of the used alloys.

Element Symbol Atomic Number Element Category
Nickel Ni 28 transition metal
Manganese  Mn 25 transition metal

Tin Sn 50 post-transition metal
Germanium Ge 32 metalloid

Silicon Si 14 metalloid

The term inverse corresponds to the sign of ASy; and means that it is positive
during the phase transition and negative outside of it. In normal MCE materials,
AS) is always negative and just increases in magnitude during phase transition.

As a consequence, the giant inverse MCE leads to an adiabatic temperature de-
crease, while the normal one would lead to an increase.

Doping the samples affects their giant inverse MCE (GIMCE) in both magnitude,
temperature width and start/end temperatures of the phase transition.

The samples where provided by Dr. Vyacheslav Viktorovich Marchenkov and
are property of his research group.!! They focus on unraveling what exactly influ-
ences the MCE, so that hopefully some day it becomes possible to design materials

specifically for defined working temperatures.



2 Magnetic Refrigeration

The basic principle of magnet refrigeration is similar to conventional refrigeration
with liquids.? In figure 2.1 this method is visualized. We start at (1) where the
material sits without an external magnet field. The magnetic moments in the solid
are randomly aligned and the resulting macroscopic magnetic moment is zero. We
now apply an external magnetic field |]§| > (. This results in an interaction with the
magnetic moments of the solid and they begin to align, as is illustrated in point (2).
Adiabatic means we have no interaction with an external heat source and thus the
total entropy remains constant, as long as the process is reversible. For a constant
total entropy, the 1st law of thermodynamics simplifies, with external magnetic field

B and magnetic moment M.

dE =T dS +BdM = BdM (2.1)
—~—

0

We now see that the internal energy only depends on the change of magnetic
moment. This means, if the magnetic moments align, then magnetization increases
and thus the internal energy E increases. While the total entropy stays constant,
the magnetic entropy contribution obviously decreases with magnetization, since
the disorder of the magnetic moments decreases. This all results in the sample in
(2) heating up due to an adiabatic temperature increase, which is dependant on a
change in the magnetic contribution of the entropy.

This energy can be transported off by some process, cooling the material down to
the temperature of its surroundings. The magnetic field remains applied and thus
the sample stays magnetized, as illustrated in (3).

In another adiabatic process, the magnetic field now is turned off. Thermal fluc-
tuations in the material now will distort the orientation of the magnetic moments
again, ultimately getting rid of the magnetization completely. This increase of mag-
netic entropy results in the sample cooling down, to a temperature lower than its

surroundings. It can now act as a heat sink, absorbing enough heat energy until it is



2 Magnetic Refrigeration

at equilibrium with its surroundings again. We now have completed a whole cycle,
and in theory this can be repeated as many time as desired. While in general all
magnetic substances show such a behaviour, it is normally way to small for practical
application.

In order to make use of this process, one requires a very big entropy change around
the desired working temperature. We will later see that the adiabatic temperature
change and magnetic entropy change in first approximation are only connected by
the specific heat capacity at constant magnetic fields. This means also low heat
capacities are needed, so that the material experiences a maximal adiabatic temper-
ature change due to magnetization.

This search leads to Heusler alloys, which show the giant inverse magnetocaloric

effect, which will be discussed in chapter 4.
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Figure 2.1: The basic magnetic refrigeration cycle for a normal MCE.
Graphic inspired by Wikipedia article Magnetic refrigeration.?



3 Superconducting Quantum

Interference Device

(a) Both SQUIDs. (b) Airlock.

Figure 3.1: A look at the SQUIDs.

The measurements were performed with 2 RF-SQUID machines, manufactured by
Quantum Design. SQUID is short for Superconducting Quantum Interference
Device, where RF stands for radio frequency. They consist of a superconducting
loop that contains a single Josephson junction.

SQUIDs allow for very sensitive measurements, but need to be cooled with liquid
4He, which is also used to set different surrounding temperatures in the sample
chamber. The one on the left side in figure 3.1a is limited to fields of 1 T and a
maximum temperature of 330 K. The right hand SQUID Quantum Design MPMS*
reaches Bp.x = 7 T and T},.x of over 360 K.

The sample chamber is deep inside the He-bath surrounded by a vacuum. Thus
the sample needs to pass through the airlock shown in figure 3.1b. Samples get
attached to an individually prepared sample holder which is then attached to the

bottom end of a metallic rod. The manuall® explicitly shows the use of a simple

*  Magnetic Property Measurement System



3 Superconducting Quantum Interference Device

straw as a holder, but it is not unusual to build one from hard aluminium foils which
display a more reproducible background signal. A special tape, that can withstand
very cold temperatures without loosing its adhesion, can be used to fixate the sample
so that it doesn’t fall out.

This chapter will provide a short overview about the basic principles of how a
SQUID works, and how measurements are performed. For details, a look at the

literature is recommended.

3.1 A Superconducting Loop

We first look at how a superconducting loop responds to a an external magnetic
field. The inner volume of a superconductor is field free and is shielded against
external fields. However the hole inside the ring is a non superconducting area and
magnetic flux lines can become “trapped” in it.

For our calculation we start with the 2nd Ginzburg-Landau Equation of supercon-
ducting, which gives a relation between the supra current density jl(f"), the vector

potential A(F) of a magnetic field B(F) and the wave function of the cooper pairs
U (F).5: p 170]

- ieh > = 4¢? 9 o
js(r) = —— (V"'VU — VU ) — —|U(F)|"A(F 3.1
Jo®) = —~( ) = @A) (3.1)
In semi classical approximation we assume that the wave function consists of a
constant amplitude Wy and a local phase ®(r). This is also called the macroscopic

wave function of the superconducting state.

T~ Uy 0 = /e (3.2)

With this the first term on the right side of 3.1 can be simplified. The amplitude
is not affected by the nabla operator and we obtain the gradient of the local phase

and the cooper pair density |Wo|* = n,,.

UV — UV = 2T |*VP (3.3)

We now rearrange equation 3.1 to obtain an expression for the gradient of the

local phase.
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- 1 m - N
Vo =—|—j(F) + 2eA(r 3.4
et + 20A® 3.4

Equation 3.4 can now be solved by integration over a selected path. For this,
we choose a path deep inside the superconductor. The current of a superconductor
flows on its surface and its inner volume is field free. So if we integrate over a closed
circle inside of the conductor, we have no supra current, hence ;(F) = (0. For the
gradient of the phase we have another condition. This term describes the change
of the local phase inside the material. The wave function has to “connect to itself”
after a full run through the loop, to not interact destructive with itself. This means

that the change in phase can only be an integer multiple of 2.

Figure 3.2: Choosing the integration path. They grey area is our superconductor,
the dashed line represents the chosen path.

%ﬁ@-d§:%2ﬁe§(?‘)-d§:n-2w (3.5)

The integral over the vector potential can be rewritten by using Stokes’ theorem.
This is especially helpful, because per definition the magnetic field B is the curl of

the vector potential.

j[[i(?)-d§z/ﬁx&(?)-df‘:/ﬁ-dﬁ (3.6)

Equation 3.7 now has the form a flux integral, which describe the flow of a vector
field through a chosen surface. For our integration path, we chose a closed circle
inside of the superconducting loop. This means this equation gives the total mag-
netic field trapped inside the hole of the loop. By putting all together, we see that
only a whole numbered multiple of the so called fluxon ®, can exist inside of a

superconducting loop.% P- 170)
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ﬁ-dﬁz@:n;%n-z(ﬁ-lo_m\?\% (3.7)
€

20

If an external magnetic field is applied, a shielding current will start to flow inside
the loop, shielding against the external field. If the field increases, this shielding
current also increases. The superconducting state is stable as long as the critical
current I, of the superconductor is not exceeded. If the current exceeds I.., then the
superconductor returns to a normal conducting state.

By introducing a Josephson junction (sec. 3.2), it serves as a weak link in the con-
ductor and lowers I.. When the ring returns to normal conducting state, magnetic
field lines can enter or leave the loop. Without a Josephson junction, the barrier
between individual fluxon states would be too high to allow for transition.

This effect plays a major part for performing measurements with the Josephson

Junctions.

3.2 Josephson junctions and RF SQUID

To construct an RF SQUID, this superconducting ring now is cut open at one spot.
There, a non superconducting layer is introduced and the ring closed up again. This
is a so called Josephson contact, which usually has a width of nano meters. Since
the wavelength of the Cooper pairs is longer than this non superconducting layer,
the pairs can tunnel through it due to quantum mechanical effects. This tunnel
effect also leads to a phase difference for the wave functions, before and after the
Josephson contact. It can be shown, that current which flows through the contact
is directly dependant on this phase difference. This is the 1st Josephson equation
(eq. 3.8).0

I, = I.sin (¢) (3.8)

Where ¢ is the gauge invariant phase, depending on the phases ®; before and
after the contact. The integration borders denote the path between superconducting
areas 1 and 2, which are separated by the Josephson junction. ®, is the fluxon from

equation 3.7.1%

o 2
ab:@l—@g—l/A-dg (3.9)
q)() 1
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After some calculation, one can obtain a relation between the gauge invariant
phase and the electric field in the junction. Equation 3.10 is called the 2nd Josephson

equation. [6117]

dp 2w (25
—=— [ E-.ds 3.10

ot~ @, /1 ° (3-10)
We see that the integral on the right side is just the definition of the voltage. If

we apply a constant voltage Vj, we get the following phase.

o(t) = 6(0) + flj;vot (3.11)

Inserting this into equation 3.8, it shows that the resulting current in the junction

is an alternating current.

i(t) = Lsin <¢(o) + 2;1/@) _ I,sin (¢(o> 4 Z;%t) (3.12)

Further more, if we apply an AC with v(t) = Vj + V; cos(wt), this expression gets
an addition term in the sinus.
27V

. . 2m
i(t) = I.sin (gb(()) + ao%t + Do

sin (wt)) (3.13)

The SQUID uses a flux locked loop, where the flux through the SQUID is held
constant. A resonance tank is coupled to the SQUID through “rf-coils”. When
the flux from the input coils changes, this results in an output of a phase sensitive
detector. A feedback current runs through the rf-coils and compensates the flux
change, keeping the total flux through the SQUID constant.®!

3.3 Measuring the magnetic moment

The SQUID control software operates with cgs-units. We can either perform the
calculation in cgs units and convert afterwards, or convert first and use SI all the
way. Table 3.1 provides a list of how to convert between those units.

When applying a magnetic field, the software asks for a value specified in Oersted.
Here it is important to understand the mechanism before converting. In cgs-units
the correlation between B and H simplifies by setting pg = 1.

—

B(G) = p, H(Oe) (3.14)
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Table 3.1: converting CGS to SI units.

Quantity Symbol CGS SI
Magnetic field B 1G 1074 T
Magnetic field strength ~ H 1 Oe 107 A/m
Magnetic moment m 1 emu 1073 Am?
Energy E 1 erg 1077 J
Entropy S 1 erg/K 1077 J/K

In Vacuum g, becomes 1 and therefore B and H are of the same numerical value.
By charging the magnet to create a field of a certain magnitude in Oersted, we apply
an ezternal magnetic field B of the unit Gauss in the sample chamber. This field
now can be converted easily to SI units by using table 3.1. For example, a field of
10 000 Oe equals 1 T in the sample chamber.

To measure the longitudinal magnet moment of the sample, the SQUID uses a
gradiometer of second order. It consists of 3 consecutive pickup coils. The 2 outer
coils consist of a single loop, while the middle one has 2 loops and is orientated in
the opposite direction. The sample is moved up and down in these pickup coils.

During this process it produces a voltage as show in figure 3.3. The different
orientation of the loops results in the change of sign from the voltage and provides
a sharper contrast than a coil with just a single loop. A coil with two loops would
be called a gradiometer of first order. The measurement then gives us the magnetic
moment of the sample in emu, which can be converted to Am? by multiplying with
1073, Gradiometers are used to strongly reduce environmental noise.

The external magnetic field B produced by a magnetic dipole moment is given by

equation 3.15.

(3.15)

Here, m = mZ is the longitudinal magnetic moment along the z-axis. Only the
z-component, of B couples into the pickup coils.l”’ This can be easily understood
because in an ideal setup, the surface vector of the loops is parallel to the moving
direction of the sample. Then no horizontal components of the magnetic field would

change its flux through the coils.

10
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SQUID RESPONSE

|
: ANETAN
) <<:> — \\{

' SCAN (cm)

VOLTAGE (V)

Figure 3.3: Gradiometer of 2nd order and response voltage. Illustration taken from

the SQUID manual.

3 2
—“ﬂ =m m (3.16)

TAn (@24 2+ (242 + 22
The magnetic flux through a single pickup coil “X” is given by equation 3.17.

@X:/BMA (3.17)

For a Gradiometer of 2nd order, the total flux ® is the sum of fluxes through all

loops.

(btotal = (I)l - 2CI)2 + CI)S (318)

The minus sign for the double loop in the middle comes from its different orien-
tation of this coil. We now have a correlation between the magnetic moment and

the voltage of the gradiometer.

U < ®yoia1 X B, xm (3.19)

Comparing equations 3.16 and 3.18 shows that the magnetic flux depends linear
on the magnetic moment.

The detection coil is a single piece of superconducting wire, formed to a gra-
diometer of 2nd order (fig. 3.3).'% As the sample moves up and down in the sample
chamber, the flux through the gradiometer coils changes, which is proportional to
the magnetic moment.

It is adjustable how many times the SQUID moves the sample through the pickup

coils for one measurement. In our experiments three measurements each with 48

11
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(a) Bottom end of the rod. (b) A sample and its holders.

Figure 3.4: Utensils to measure the sample.

points were performed.

This could be set to higher values, but the signal of the analysed Heusler alloys
is big enough to obtain good results with those settings. When performing multiple
measurements, i.e. repeating the movement through the pickup coils, the SQUID
software calculates a mean value and the standard deviation.

In order for the software to properly calculate the magnetic moment from the
measured voltage, the sample needs to be centered in the middle of the pickup coils
before starting the measurement. This sets the 0 point for the z-axis, from where the
dipol signal is being expected. Since the pickup signal has a clear form, one could
actually correct it for small deviations. Only if the sample becomes too off-centered
a significant part of the signal can get cut off. It is not advisable to test how much
margin of error the software allows here.

Figure 3.4b shows two different sample holders. The one below is a simple straw
as used in the SQUID manual. Its advantage is that the sample can be quickly
attached inside of them, are sturdy enough to not deform easily and can just be
disposed afterwards without causing additional work.

Above is a self prepared sample holder made of aluminium. The used aluminium
foil is thick enough to hold itself into form, but can still easily get deformed by
careless handling. Cutting and folding these sample holders takes a bit of more time
and effort than just using a new straw. They usually are necessary if you want to
make measurements of weak signals and to be sure that there are as few disturbing
effects as possible.

For the Heusler alloys, the choice of sample holder didn’t make any difference,

because their signal was very strong. Between the sample holders is one of our

12
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samples, showing the same cubic form that all 4 others also have.

After the sample is inside one of those holders, it gets attached to the lower end
of the rod from figure 3.4a. The glass cylinder is needed for the airlock in figure 3.1b
to slide the sample in. After purging the airlock, the glass remains in the airlock

while the sample is lowered into the chamber.

13



4 The Magnetocaloric Effect

The nature of the MCE comes from the different contributions to the total entropy
in a solid. It consists of the magnetic order, as well as electronic and lattice con-
tributions. If a magnetic field is applied adiabatically, the magnetic entropy will
decrease as the magnetic order increases.

In an adiabatic process, the total entropy remains constant. So the loss of mag-
netic entropy is compensated by an increase of lattice entropy. This results in the
solid heating up. When the field is turned off adiabatically, then thermal fluctua-
tions will lead to a decrease in magnetic order. The increase in magnetic entropy
then is compensated by a decrease of lattice entropy. This means the energy pro-
vided for magnetic disordering is provided by the lattice and results in an adiabatic
temperature decrease. Thus the nature of the MCE is a reversible process of entropy
transfer between the magnetic subsystem and the lattice.

Conventional magnetocaloric materials show a ASy < 0 and AT,q > 0 when
a magnetic field is applied, while inverse materials show ASy > 0 and AT,y <
0.01% Box 1] For inverse materials, the magnetization increases at higher temperatures,
while the magnetization decreases for conventional materials.

Our Heusler alloys undergo a first order phase transition between a tightly packed
martensitic phase at low temperatures and a cubic austenitic phase at high temper-
atures (section 4.8, lattice space groups in table 4.5). This is accompanied by big
changes in magnetization between both phases. The consequences are big changes of
ASy\ and AT,4. Because of this, it is also called the giant effect. All 4 samples in this
thesis show both, inverse and giant behaviour, over their phase transition. When
both behaviours occur simultaneously, it is called the giant inverse magnetocaloric
effect.

In this chapter we will derive basic thermodynamic equations to describe the
magnetocaloric effect. They provide a rough description of it and are enough
for our usage. The contents of sections 4.4, 4.5 and 4.6 are based on the cited

sources. [1[12-15][16, chp. 1]

14
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Figure 4.1: Example of how to find Ts;a,¢ and Tgnq of the austenitic phase transition.
NigyyMnysSn;; in a field of 0.1 T.

4.1 Phase Transition

The measured Heusler alloys undergo a first order phase transition between a closely
packed tetragonal martensitic phase at low temperatures and a cubic austenitic
phase at high temperatures. Figure 4.1 demonstrates how to identify the start and
end temperatures of the transition from the martensitic to the austenitic phase.

Those are called the austenitic start and end temperatures. The martensitic start
and end temperatures are just the inverse process of this, but they are not identical.
They are obtained with field cooling measurements where the start temperature is
higher than the end temperature.

As seen in figure 4.1 it’s not always easy to tell where exactly the transitions start
and end, because it could be somewhere between two measured points. This phase
transition then results in a big change of magnetization.

Those temperatures are dependant on the external magnetic field and the “di-
rection” of the phase transition. Tsia¢ and Tg,q are different for martensitic —
austenitic and austenitic — martensitic. The martensitic transition temperatures
are usually lower than the austenitic ones. So while cooling down the phase transi-

tion happens at slightly lower temperatures.

15
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Figure 4.2: Thermal hysteresis shown for NigsMnysSnq; in a field of 0.5 T. The mag-
netization during the phase transition is clearly shifted. This gives the different
start end end temperatures for the martensitic and austenitic transitions.

To find the transition temperatures we need to run temperature cycles. Tgiar/End
also are affected by the strength of the external magnetic field. Because of that we

need to run these cycles for multiple different constant fields.™

4.2 1st Law of Thermodynamics

The first law of thermodynamics is the principle of conservation of energy.

dE = 6W + 6Q (4.1)

Here, dF stands for the change in internal energy, 6W the work performed and
0@ is the change in heat. dF denotes an exact differential®, while 6Q) and dW are
generally inexact ones. For reversible processes, we can write () and 0W as the

following 2 expressions.

* ¢ dE =0 for every path.

16



4 The Magnetocaloric Effect

aw =Y X, d¢; (4.2) 6Quey = T'dS (4.3)

As seen in equation 4.2, dW can now be written as an exact differential. Here X;
denotes intensive variables, that don’t change with the size of the system, while d(;
stands for a change of extensive variables, which depend on the size of the system.
The change of heat dQ,e, can be rewritten as a differential for the entropy dS.

Under influence of an external magnetic field ]:3;, and when changes in volume
and pressure are negligible, the first law of thermodynamics now takes the form of

equation 4.4.107]

dE =TdS + Bdm (4.4)

Here m denotes the magnetic moment of the system. Since B and m are usually
parallel, their vector characteristics can be ignored.? In literature it is very common
to find the magnetic field and magnetic moment as H and 1\71, where M is called
magnetization. This is due to different unit systems i.e. CGS, where B and H are
the same in vacuum and only differ in a solid. Also magnetization and magnetic

moment are connected by a volume integral.

rﬁ:// MdV (4.5)

In this thesis we will often talk about magnetization and magnetic moment as if
they where the same. The reason is that we are actually measuring the magnetic
moment, but analyse it divided by the mass of the sample. The magnetic moment
then can also be interpreted as the moment of a unit volume, where M and i then
are basically the same and normalized to kg. It is also simple to convince yourself
that for SI units B and m are the correct choices. B -1 has to be in the dimension
of an energy, here J. In SI the magnetic moment has units Am? and the magnetic
field T. T can also be written as J/Am?2. So the product of the B and m will be
of units J, which is the required dimension of energy. In section 4.3, we will norm
the extensive variables to mass mg and handle them like “densities”. The magnetic

moment will then be written as M with units Am?kg~!.

T Sometimes dF = T'dS — mdB is used instead.['”]
I B-m= Bmcos(@)‘azo = Bm

17



4 The Magnetocaloric Effect

4.3 Thermodynamic Potentials

The internal energy E from equation 4.4 is one of the so called thermodynamic
potentials. It describes how energy can be exchanged in isolated systems, depending
on its natural variables S and M. There are several different types of thermodynamic
systems, which then also depend on different natural variables. By performing
Legendre transformations, we can obtain different thermodynamic potentials, to
describe a different type of system.

The state of a thermodynamic system is completely determined by the natural
variables of it’s corresponding potential. A system is in thermodynamic equilib-
rium, if its thermodynamic potential shows a minimum or maximum. To describe
the magnetocaloric effect, we need the internal energy FE, the free energy F', the
enthalpy H and the Gibbs potential G. The correlations between those thermody-

namic potentials, and their natural variables, are shown in table 4.1.1'7]

Table 4.1: The thermodynamic potentials.

E(S,M) =TS + BM
F(T,M)=E—-TS
H(S,B)=FE — BM
G(T,B)=H—TS

There also exist several thermodynamic “response functions”. They describe how
the system reacts to an external stimulus. One of them is the specific heat capac-

ity under a certain condition. The general definition, where a variable X is held

o (1) "

For MCE materials, the heat capacity at constant magnetic fields for a reversible

constant, is given by equation 4.6.

process, is of particular interest. For constant magnetic fields, it can be expressed

with the enthalpy, as shown in equation 4.7.

(), 0, @

In the last step we used (0G/9T)z = —S5, which will be derived in section 4.4, or

can be read from a Guggenheim square (fig. 4.3).
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Per definition, the entropy S is an extensive variable (J/K) and depends on the
size of the system. For a comparison between multiple samples, we are looking at
an intensive entropy instead.

S — 5 (4.8)
mo

This is simply the entropy divided by the mass my of the sample. In SI units S
now becomes JK'kg=!. We will do the same for the magnetic moment m, resulting
in M with Am?kg=!. Those no longer depend on the size of the system and allow
for comparison between samples of different mass.

As a consequence, the potentials £, F', H and G also change units from J to J/kg,
while the intensive properties, 7" and B, remain unchanged.

Since the extensive properties appear only linear in the definitions of the thermo-
dynamic potentials (tab. 4.1), we can use either form. We can derive our formulas
for basic SI units, and perform calculation with “densities” (normalized to mass).

Performing operations within the Guggenheim square (fig. 4.3), proofs that table

4.2 are the correct SI units to use, if we norm by mass.

Table 4.2: SI units for the Guggenheim square.

property S B T M EFE F H G
units J/(Kkg) T,J/Am? K  Am?/kg J/kg
—M F T
E G
S H B

Figure 4.3: The Guggenheim square with a magnetic field. Magnetic moment M
and magnetic field B are replacing pressure and volume.
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4.4 Magnetic Entropy change
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(a) At the phase transition. (b) At room temperatures.

Figure 4.4: The magnetic entropy change in NigsMnySngGesy. 4.4a shows the giant
inverse magnetocaloric effect.

The entropy of a solid can be defined as the sum of 3 contributions. % che- 1]

5(37 T) = SM(87 T) + Slattice(T) + Sel(T) (49)

Here S\ (B, T) and Sq(7T) denote the magnetic and electric contributions, while
Sattice(1') comes from the atomic lattice. Since only Sy depends on an external mag-

netic field, we can directly calculate its change between 2 different field strengths.!S!

ASyi(Ty, AB) = S(Ty, By) — S(Th, Bo) (4.10)

Equation 4.10 means that AS), is negative if an increasing field leads to increased
order of the magnetic moments.
By using the definition of the specific heat from equation 4.6, it is possible to

derive equation 4.11 for the magnetic entropy change AS);.

ASn(T, AB) = / BT - CO.T) (4.11)

0 T
In order to only evaluate the magnetic component, we need the difference of the
specific heat with and without a magnetic field.!¢!
A different method, without measurements of C', can be derived from the Gibbs
free energy. It gives us a correlation between entropy and magnetic moment, when

we compare the coeflicients of its total differential with its Legendre transformation.

dG =dH — §dT — TdS = —SdT — M dB (4.12)
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oG oG
== T — B 4.1
—— —
-5 -M

We now have identified expressions for the entropy and magnetic moment as
derivatives of the Gibbs energy. Next we individually perform partial derivatives of
S and M. By allowing the partial derivatives to commute, it is possible to obtain
a direct relation between different differential quotients. There are many of such
expressions and they are called Maxwell relations. An easy way to obtain those
relations is to simply read them from the so called Guggenheim scheme, also called
Born square. We will spare us this part, but want to show where this particular
Maxwell relation comes from in the first place.

(), 5(5),-5(5), (), o
oB), o0B\oT), dT \0B), orT ) 4
The Maxwell relation from equation 4.15 now provides a link between Entropy .S,

an external magnet field B, temperature T and the magnetic moment M.

5),- (),

After performing integration, we obtain an equation that allows us to calculate the
entropy difference ASy := S(B,T)—S5(0,T) by solely using parameters that we can
measure.

Strictly speaking this relation could not be used for first order transition, because
(0G/0T)z = —S would not be continuous. It has however been suggested that it

can be used to calculate ASy;, because the transition is not truly discontinuous. 819!
Buax [ OM
ASw(T, AB) = / %) 4B (4.16)
0 or ) 5
The partial differential can be approximated by using numerical differentiation.
OM _ M(T + AT) — M(T)
or ~ AT

With that, we obtain an equation that is suited for numerical integration. If we

+0(AT?) (4.17)

restrict to a constant AT, we can further simplify.
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ASu(T, AB) ~ AlT [ OB"‘“ M(T+ AT, B)dB — [ " (T, B dB] (4.18)

In words, ASy(T,AB) describes the change of magnetic entropy at a specific
temperature 7" when an external field B is increased.

Equation 4.18 now also gives us a blueprint for our measurement procedure. We
measure the magnetic moment at a fixed temperature in an increasing magnetic
field, up to a maximum field of B.,. For that we ramp the field up in multiple
steps and measure at each point, until we reach the chosen B,... It is important
to add more points at low fields, since the change of magnetization is bigger in
this region. For higher fields the changes (normally) become smaller as the sample
reaches saturation. If we have done enough data points, the integral can be evaluated

by applying the trapezoid rule from equation 4.20 between the different field steps.

/abf(x) dz ~ W(b —a) (4.19)
> [ myan ~ y MR g ) a2

The sum of those trapezoid integrals then gives us the complete integral at a
fixed temperature, which is needed for equation 4.18. So basically the calculation
of AS simplifies to evaluating the difference of the areas under two magnetization
curves. If the steps of the magnetic field are identical across the measurements from

diferent temperatures, AS can be written as equation 4.21. For simplicity, we use
the notation M (T + AT, B;) = M; and M(T, B;) = m,.

ASu(T) = %AlT Y (Biy1 + Bi)[(Mig1 + M;) — (mig1 + my)] (4.21)

i
Since all the magnetic moments only appear in linear form, propagation of uncer-

tainty can be easily applied to get equation 4.23 for the error of ASy;.

OASy )’
e, = ( aM-M> a2, (4.22)

Inserting our approximation for the entropy change results in our full expression

of the propagated error.
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1 \? 2
oas, (T) = <2AT) Z(B,;H + B;)? [(Jﬁ/fm + 0]2\41,) - (Uan + ami> ] (4.23)

Given the strong signal and precise measurement of SQUIDs, the standard devi-
ation usually gets ignored in publications. The results in chapter 7 will show that
this is justified.

4.5 Adiabatic Temperature change

To find an expression for the adiabatic temperature change AT,q, we look at the
enthalpy H.

dH =dE — MdB — BdM =TdS — M dB (4.24)

Comparing coefficients leads to expressions for 7" and M as partial derivatives of

the enthalpy.

0H OH
dH = <&9>Bd5+<83>sd3 (4.25)
— ——
T -M

By requiring that the partial derivatives permute, we obtain the Maxwell relation
from equation 4.26. This gives a connection between temperature, magnetic field,

magnetic moment and entropy.

(5. (500 (), (),

From said Maxwell relation, it is now possible to calculate an expression for the

adiabatic temperature change AT,4.

Buax (OM
ATy = — /0 (aS)BdB (4.27)

We want to simplify this expression. This is possible by using the specific heat at
constant magnetic fields, so we can rewrite the partial derivative. For that we first
look at the definition of the enthalpy when applying a constant magnetic field. In

equation 4.28 we see that the 2nd term becomes zero and the total differential of
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the enthalpy only consist of T'dS.
dH =TdS - MdB =TdS (4.28)
~—~

=0

This can be used to write the specific heat at constant magnetic field in a simple

cuiry - (12) - (%) —r (%) .

We again require that partial derivatives permute and manipulate the quotient of

form.

expression 4.27. Expanding by 7" und 995 lets us obtain a form that now directly
includes the specific heat capacity. Also the partial derivative now describes a change
of magnetic moment by temperature in a constant field. This information can be

easily obtained from experiments.

oM T oM T <8M> (4.30)
B

05 ~ TS 9T ~ Cp \ OT

By inserting this into equation 4.27 we obtain expression 4.31.

ATou(T, AB) = —/OB"‘“ (CB(g B)> (%A;) dB (4.31)

If we now compare equations 4.16 and 4.31, we notice that they both depend
on (OM/0T)p. So we have obtained a direct correlation between ASy and AT,q,
although information about Cg(T, B) is still needed to get the actual adiabatic

temperature change.

Unfortunately we have no data about the specific heat of the analysed materials.
However a publication about NizsMnysSni; has shown that its heat capacity is always
positive and increases sharply during the phase transition.!®!

We will focus on the magnetic entropy change and the resulting refrigerant ca-
pacity, which will be introduced in section 4.6. Even though we can not evaluate
the adiabatic temperature change, we have derived that it is closely related to the
magnetic entropy change. This establishes AS); as an important parameter for the
magnetocaloric effect, with a direct mathematical formulation. We also now have

derived equations to describe the magnetic refrigeration cycle from chapter 2.
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4.6 Refrigerant Capacity

There are at least 2 different definitions of the refrigerant capacity (RC). The one
used in this thesis is shown in the equation 4.32.016 chp- 1]
It defines how much energy can be transferred between the cold and hot sinks in

[16, chp- 1] Tt ig the integral of ASy over temperature. RC

an ideal refrigerant cycle.
still depends on the applied magnetic fields and has the dimension of an energy.
Here everything that was measured was directly converted into SI units and nor-

malized by mass, so the refrigerant capacity is calculated in J/kg.

RC(AB) — TTh°° ASy(T, AB)dT [J/kg] (4.32)
AT;

RC(AB) ~ Y- SU[ASW(T, + AT} + ASu(T)) (4.33)

e X () k(i + AT) + o3, () (434

An alternative definition is given by approximating the integral as

RCrwim = ASY™0Trwiu (4.35)

where ASY K is the peak value of ASy\; and dTpwnw is the temperature range of
full width at half maximum of the peak. This definition is due to the usually very
sharp and tight peak form, but here we use the definition from equation 4.32.

Thinking about the refrigerant capacity can be a bit misleading. As mentioned it
is an energy flow between the hot and cold region in a magnetic refrigeration cycle.
The refrigerant capacity however does not take the specific heat capacity of the
material into account. This can be easily understood by remembering the definition
of the heat capacity. It is defined as the amount of energy a body needs to absorb,
in order to raise its temperature.

The refrigerant capacity only defines how much energy flows between the hot and
cold temperature regions. It does not tell us anything about how much a body
warms up from this energy flow. Materials with a big specific heat will absorb a
big amount of energy and experience a lower adiabatic temperature change than
materials with low heat capacities. To obtain a big refrigerant capacity, we want a

big magnetic entropy change over a temperature range as wide as possible.
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4.7 The Giant Inverse Magnetocaloric Effect
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Figure 4.5: Examples for isothermal magnetization measurements.

We now have equations to analyse the magnetic entropy change and adiabatic tem-
perature change. However these equations alone describe a general change of entropy
and temperature, and not the giant magnetocaloric effect itself. So far we only men-
tioned the giant MCE in section 4.1 and did show a corresponding entropy change
in figure 4.4.

In section 4.4 we mentioned that the calculation of ASy; is done with isothermal
magnetization curves. If the measurements of two different temperatures are similar
to each other, the entropy change will be small. The phase transition of the giant
MCE materials however leads to big changes in magnetization over a short temper-
ature range. As derived in equation 4.18, the magnetic entropy change simplifies to
the difference of two isothermal magnetization curves. If the magnetization shows
big changes, it will result in a big entropy change. This is the reason why it is called
the giant effect.

Figure 4.5 gives two examples for this. In figure 4.5a we have two measurements
at different temperatures without a phase transition. As expected the magnetic
moment is higher for lower temperatures because of less thermal fluctuations. Figure
4.5b now shows how the magnetic moment changed over the phase transition with
the giant inverse MCE. We see that the magnetization is stronger for 202 K than it
is for 170 K.

The austenitic phase shows a larger magnetic order at higher temperatures than
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the martensitic phase at low temperatures. Transitions between a low-temperature
state, which zero-field order parameter is small or zero, and a high-temperature state,
whose zero-field parameter is large, lead to an inverse magnetocaloric effect.['!: Box 1]

The measurement for 188 K shows the behaviour during the phase transition. For
low fields it still behaves like in figure 4.5a, but as the magnetic field gets stronger
the magnetic moment suddenly increases. The reason is that an applied magnetic
field decreases the phase transition temperatures. We will see this effect in practice
in section 6.1, when searching for the phase transition temperatures.

With a change as strong as this, it was questionable if few ramp up steps for high
fields were enough. A measurement with more steps at high fields was performed to
check this. The results are shown in figure 4.6. It shows no odd behaviour at higher
fields. The discrepancy for 224 K at 4 T results from a double measurement of this
point. It is the effect of the magnetic properties of the sample changing over time.
This effect will be further discussed in section 4.9.

Not having to measure a lot of high field points is important for practical reasons.
The performed isothermal measurements take a long time to finish (3 to 4 days).
During this time the magnetic field repeatedly is ramped up to 7 T. With smaller
field intervals, the He level of the SQUID would fall too low to safely allow that.
Measurements then could only be performed over short temperature ranges.

This increase in magnetization is why it is called the inverse MCE. In the regular
MCE, the magnetic moment would strongly decrease instead and result in a negative
entropy peak. This also leads to a sign change of AT,4. Instead of heating up, the
material now cools down when getting magnetized. That means that in this case
the magnetic order becomes more disturbed by an applied field during the phase

transition.

4.8 Unit cell volume and valence electrons

The austenitic and martensitic phase transition temperatures are closely related to
the structural state of the alloy. This also determines its magnetic properties. It
was suspected that two main parameters affect the phase transition temperatures.
Those are the size of the unit cell (Vcell) and the number of valence electrons per
atom (e/a).l"

The choice of elements for NiggMnygSny; and NigyyMnysSny; was dictated by at-

tempts to change the transition temperatures. Since Ni and Mn have a different
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Figure 4.6: Isothermal magnetization of NigyMnysSny; with more field intervals
than usually.

amount of valence electrons (tab. 4.3), e/a should change. Increasing e/a was
suspected to also increase the transition temperatures. It can be calculated with

equation 4.36.

1
c/a= N > @l (4.36)

Here ¢; are the valence electrons per element, IN; the number of atoms from the
element and N the total number of atoms. N amounts to 100 because it stands for
the atomic percent at%.5

This is only a theoretical approach. Publications have shown that the actual at%
of elements can be noticeable different from their chemical formula.[%!

Finding the actual at% of elements in those alloys is an upcoming task of Dr.
Marchenkov’s group. They will also take a closer look at how the elements arrange
in the lattice and if the expected ion radii of the elements are correct.

Table 4.3 shows that Ni and Mn both have an unfilled 3d subshell with a different
amount of valence electrons. Since Ni has 3 more valence electrons, e/a should
slightly increase. For samples NigjgMnygSngGey and NigzMnygSngSia, Sn atoms were
replaced with elements from the same group. These contain the same amount of

valence electrons and should not change e/a.

§ Atomic percent. The relative representation of different elements in an alloy.
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21, tab. 6.6]

Table 4.3: Valence electron configuration! of used elements.

Element Period Group electron configuration valence electrons
Ni 4 10 [Ar] 3d%4s? 10
Mn 4 7 [Ar] 3d°4s? 7
Sn 5 14 [Kr] 5s*p? 4
Ge 4 14 [Ar] 4s52p? 4
Si 3 14 [Ne] 3s%p? 4

Table 4.4: Calculated valence electrons per atom.

Sample e/a
Ni43MH468D11 7.96
Ni44Mn45Sn11 7.99

Ni43MH4GSD9G62 7.96
Ni431\/[n468n9812 7.96

Calculated e/a for all samples in table 4.4 show a tiny increase for NigyMnysSn;
compared to the other 3.

The intention for samples NiyizsMnyugSngGes and NiggMnygSngSis was to change
Veell while not changing e/a. It was expected that a decrease of Vcell would increase
the transition temperatures. However this turned out to not be true, as can be seen
in chapter 6.1 and subsequent chapters.

Atomic radii in compounds are different from free atoms, depending on how the
atoms affect each other. To better understand this an example image is given in fig-
ure 4.7, where the distance between ions can become bigger than their atomic /ionic
radii. It is necessary to perform x-ray diffraction (XRD) in order to find the actual
lattice constants.

Measurements where performed and provided by Dr. Marchenkov’s group. They
are shown in figure 4.8 for room temperatures. All samples show the same space
group in the respective phases. For their space group in table 4.5, F' stands for face

centered while I means body centered. 1122724

¥ I coming from the german Innenzentriert.
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Table 4.5: Space groups for all samples in martensitic and austenitic phase. Pro-
vided by Dr. Marchenkov via private communication.

Phase Shape Space Group Space Group #
Austenitic cubic Fm3m 225
Martensitic tetragonal [4/mmm 139

Table 4.6: Expected ions and radii for elements in the alloys, provided by Dr.
Marchenkov via private communication.

Element Ion Charge Ion Radius

€o pm
Ge +2 73
Sn +2 93
Si —4 271

Expected ion radii for Heusler compounds can be seen in table 4.6. If an atom
becomes negatively charged, its ion radius increases because the repulsion between
the electrons increases. On the contrary for a positive ion the ion radius decreases,
since there is less repulsion. 2> - 103]

Introducing elements with different radii also leads to a change of chemical pres-
sure. While external pressure gets applied externally to change a volume, chemical
pressure comes internally from the elements in an alloy. Them occupying more are
less space in the lattice, due to their ion radii, either decreases or increases the
chemical pressure.

Table 4.6 shows that the expected ion radius for Si drastically increases for Si
doping, while decreasing slightly for Ge doping. This means the chemical pressure
from Si and Ge doping will be very different in sign and magnitude.

Lattice constants and Vcell for austenite and martensite phases are listed in tables
4.7 and 4.8 respectively. The martensite phase features a tetragonal (a = b # ¢)
unit cell while the austenite phase is of cubic (a = b = ¢) shape.l' The absolute

errors are written in bracket notation where 1.01(20) corresponds to 1.01 £ 0.2.

I XRD patterns, lattice constants and lattice space groups for both phases where provided by
Dr. Marchenkov via private communication.
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(a) Negative ions don’t touch. (b) Positive ion too small to touch.

Figure 4.7: How different atomic radii affect the distance between ions. Pictures
inspired by Mortimer - Basiswissen der Chemie.[? section 7]

Values of Vcell are compared in table 4.9. It shows that the volume of the marten-
site phase is about half of the austenite one for all samples. As desired, Vcell de-
creases in both phases when doping with Ge and Si, with Vcell of NiggMnysSngSis
being smaller than of NigsMnygSngGes.

However, the ratio of Vcell between both phases increases for doping with Si. The
ratios for most samples are rather similar if you consider their standard deviations,
but for Si doping the difference to Ge doping is bigger than one o.

Uncertainties in table 4.9 were calculated with equation 4.38.

() )] G e
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Table 4.7: Cubic lattice constants for austenitic phase. Results provided by Dr.
Marchenkov via private communication.

Sample a=b=c Veell

A A3
Ni43MH4681’111 59981(7) 21579(4)
Ni44MIl45SH11 5997(1) 21566(8)
Ni43Mn4GSH9G€2 59784(6) 21368(4)
Ni43MD4GSHQSiQ 59702(4) 21279(3)

Table 4.8: Tetragonal lattice constants for martensitic phase. Results provided by
Dr. Marchenkov via via communication.

Sample a=1b c Veell
A A A3
Ni43MI1468H9G82 4125(2) 6370(5) 1084(1)

Table 4.9: Unit cell volume for the austenitic (Vcelly) and martensitic (Vcellyy)
phase. Comparison between tables 4.7 and 4.8. Uncertainties calculated with

equation 4.38.

Sample Veell 4 Veelly, Veellys/Veell 4
A3 A3

NigsMngeSn, 215.79(4)  109.6(1)  0.5079(5)

NigyMnysSni, 215.66(8)  109.6(1)  0.5082(5)

NigMngSngGe,  213.68(4)  108.4(1)  0.5073(5)

NigMngSneSia  212.79(3)  108.20(8)  0.5084(4)
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Figure 4.8: X-ray powder diffraction patterns of Heusler phases. The red crosses
are experimental points, the solid black line is the calculated profile, and the
vertical marks correspond to the positions of the Bragg reflections. The difference
curve is plotted at the bottom of the figure. Graphs provided by Dr. Marchenkov
via private communication.
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4.9 Magnetic Ageing

B =0 B>0
VAN
(a) Before any field. (b) Aligned domain grows with field.

Figure 4.9: The size of magnetic domains in a ferromagnet changes with an applied
magnetic field.

Magnetic ageing describes the change of magnetic properties in ferromagnetic
materials over time. It can be caused by change in the magnetic domains (reversible)
or its crystal structure (irreversible). The reversible effect is caused by external
influences like magnetization, temperature changes or mechanical manipulation (e.g.
vibration). Repeated magnetization can restore the original magnetization of the
sample.

This change in magnetic properties over time dictates some restrictions on how we
can process the measured data. For the magnetic entropy change we need isothermal
magnetization measurements.

The magnetic field is ramped up in multiple steps, up to a total of 7 T. If there is
no phase transition, we should get results like they were previously shown in figure
4.5a.

This remains true if there is no disturbance in the measurement procedure. The
SQUID mechanics are usually reliable enough to guarantee nearly equal waiting
times between heating, charging and measurement.

It is however not possible to directly compare two individually performed magne-
tization measurements, because the absolute magnetic moment has changed. Figure
4.10 shows an example for this. In figure 4.10b a result like in figure 4.5a was ex-
pected. However the magnetic moment measurements cross over and at 7 T, the
magnetization is even stronger for the higher temperature.

Unlike discussed in section 4.7, this is not due to a phase transition. It is the

result of a change in magnetic properties. Since calculation of the magnetic entropy
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Figure 4.10: Figure 4.10a: Magnetic ageing produces a change in magnetization.
Figure 4.10b: After measuring isothermal magnetization for 308 K, the sample
was stored at room temperature in an envelope at the laboratory for 3 days, while
the SQUID was used for other experiments. This leads to magnetization curves
overlapping when they shouldn’t. With 7T, = 274 K those measurements are about
40 K above T,. Both graphs are from NigzMnygSny;, which was measured 3 times
at high temperatures. Figure 4.10a compares the 2nd and 3rd, figure 4.10b the
1st and 2nd measurements.
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Figure 4.11: Entropy of NigMnyeSny; calculated from isothermal magnetization
measurements. Figure 4.11a shows errors due to the change of magnetic properties
when measurements from 2 different sessions are combined. A spike appears at
the temperature where the data are combined. Figure 4.11b shows results of a
third measurement and the correctly measured entropy change.

change requires isothermal measurements between two temperatures, this would lead
to erroneous results.

Consequences can be seen in figure 4.11a. Isothermal magnetization measure-
ments were performed with a break in between. The measurement procedure was
paused after 308 K and continued a few days later.

During the pause, the sample was stored at room temperature. The magnetization
at 310 K then was stronger than it would have been in an uninterrupted procedure.
This resulted in the spike at 308 K in figure 4.11a.

However calculation of the magnetic entropy change can still be done with indi-
vidually measured data, if there is an overlap in measured temperatures. Figure
4.11b shows results from a third measurement which examined the error at 308 K.

Apart from 308 K the results are in good agreement with each other. The dis-
crepancies near 294 K are again from different magnetic properties of the sample.
It wasn’t heated up from lower temperatures before the measurement was started.

This shows that magnetic entropy changes from different measurements can be
compared, as long as they are calculated individually.

Figure 4.12 shows magnetic ageing for subsequent temperature cycles. The mag-
netic moment becomes weaker with each cycle performed. For these cycles the

sample is cooled down at zero field first. Then the magnetic field is charged and
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4 The Magnetocaloric Effect

Ni43Mn465ngGez

#1 0k1T, 10 to 130 K —+—
#1 0k1T, 130 to 10 K ——><—
#2 0k1T, 10 to 130 K
#2 0k1T, 130 to 10 K
#3 0k1T, 10 to 130 K
#3 0k1T, 130 to 10 K —&—1
#4 0k1T, 10 to 130 K —@—
#4 0k1T, 130 to 10 K —A—
#5 0k1T, 10 to 130 K —A&—
#5 0k1T, 130 to 10 K ——
#6 OK1T, 10 to 130 K
#6 0k1T, 130 to 10 K

Moment, Am? kg1

0 20 40 60 80 100 120 140
Temperature, K

Figure 4.12: The magnetic moment gets weaker with each performed temperature
cycle.

Figure 4.13: Ferromagnetic and Antiferromagnetic coupling between spins. B is
frustrated because it can’t decide if it wants to become an up or down spin.

afterwards the sample is heated up. After reaching the highest temperature it is
cooled down again with the field remaining applied (also called field cooling, FC).

We see that the magnetic moment actually increases during the heating process
until about 100 K. When cooled down with field the magnetization keeps increasing
with decreasing temperature. This means that below 100 K the ferromagnet shows
irreversible behaviour.[% P 23]

Similar measurements are usually observed for superparamagnetism of nano-
particles.[2%/[26]

For Ni-Mn alloys there have been publications to describe this effect as a combi-
nation of superparamagnetism and spin glass freezing. 2% fie- 21[27-29]

For Ni-Mn-Sn alloys, coexistence of ferromagnetic and antiferromagnetic order
has been observed.”)

Spin glasses originate from competition between ferromagnetic and antiferromag-
netic couplings of the spins. At low temperatures they are frozen in an arbitrary

state with disordered spins. Figure 4.13 illustrates the problem. Spins A and B have
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4 The Magnetocaloric Effect

ferromagnetic coupling (+), B and C antiferromagnetic (-).

When reaching low temperatures, the system wants to minimize its energy by
aligning the spins according to their coupling. If A and C are both up spins, then
B can’t decide if it wants to be an up or down spin. This phenomenon is called
frustration.!*"]

Answers to this effect are beyond the limits of this thesis. Here we only handle
the giant inverse MCE and calculate the corresponding magnetic entropy change

and refrigerant capacity for the phase transition and at high temperatures.
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5 Curie Temperature

In ferromagnetic materials, the magnetic moments are coupled by long range inter-
actions, which leads to formation of magnetic domains. If the ferromagnet is heated
above a certain temperature, the thermal energy becomes bigger than this interac-
tion. This leads to disorder of the magnetic moments in the individual magnetic
domains. Above this temperature, a ferromagnet shows paramagnetic behaviour.

This temperature is called the Curie temperature 7},.5!

5.1 Magnetic Susceptibility

The relation between magnetic flux density ]§, magnetic field strength H and mag-

netization M is given by equation 5.1.*

]§ = Ho (ﬁvac. + M) (51)

The magnetic response function, called magnetic susceptibility, is defined as the

change of magnetization by magnetic field.

oM
X = o,

(5.2)

If the magnetization is a linear function of the applied magnetic field M (H), this
relation simplifies.
. M . /loM
XTH T B

This is normally the case if the material is para- or diamagnetic and for weak

(5.3)

magnetic fields.

By using M ~ yH,,., we can transform equation 5.1.131 sec: 3.52]

*  Spoken names of B and H vary in literature. We just refer to them as B and H.
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5 Clurie Temperature

Table 5.1: Comparison of y and u, for different forms of magnetism. For ferro-
and antiferromagnetism, both depend on the applied field.Pl3!]

magnetism X x| i
paramagnetic >0 <1 > 1
diamagnetic <0 <1 <1
X(H)  Ix(H)]  pe(H)
ferromagnetic >0 > 1 > 1
antiferromagnetic <0 > 1 <1
Emat. - (1 + X) Noﬁvac. = Uy Noﬁvac. - /«Lrﬁvac. (54)
———— Hﬂ/_/
HT BvacA

w, is called the relative permeability and is a material specific parameter.! Values
for x and p, differ for different forms of magnetism, as can be seen in table 5.1.

For a pure antiferromagnet, the magnetization vanishes completely below its Neel
temperature. The more general form is called ferrimagnetism, where sublattices with
different magnetizations show antiparallel coupling. This results in a hyperbolic M-
T (magnetization vs temperature) curve. !’

By looking at y, the response of the magnetic system, we can determine its type
of magnetism. This can be done by performing M-puoH (magnetization vs external
magnetic field) measurements, usually done in hysteresis loops.

A different approach is possible by using the Curie-Weiss law, shown in section
5.2.

5.2 Curie-Weiss Law

Curie’s law describes x for ideal paramagnetism, depending on temperature T, with

the Curie constant C.

NIQ

X = (5.5)

1 Compared to cgs system: B =H +4M and B = ,uﬁ with 4 as material specific parameter.

—

In vacuum, where = 1, this becomes B = H.
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5 Clurie Temperature

This means the inverse susceptibility, 1/x = T/C is linear in temperature and
passes through the origin at 7" = 0.

A ferromagnet shows paramagnetic behaviour above its Curie temperature T..
Equation 5.5 can be modified by introducing the temperature offset T, and a critical

exponent . This exponent has typical values between 1 and 1.5.13

C
X = 7(T — Ty (5.6)
For T' > T, and small 7, x can be approximated by the Curie-Weiss law. There, T,
is replaced with the Weiss constant ©.. This again describes a linear 1/x behaviour

in temperature for the paramagnetic phase, but with ©, > T..

C

X = 5.7
X=7 6. (5.7)
If we measure in a constant magnetic field, equation 5.3 simplifies.
1 H const. 1
-t — — 5.8
X M ’H:const. M = M ( )

With the high temperature behaviour for ferromagnetism, we obtain equation 5.9.

l _ (T_TC)W

H 1
—_— = — — VT >T, 5.9
X C M‘Hconst. . M ( )

Therefore, in M-T measurements 1/ is proportional to 1/M, with the magnetic
field acting as a scaling factor. This only works as long as M = yH remains true,
since it is only an approximation.

For ferromagnetism the behaviour above T, is not exactly linear, but is affected by
the critical exponent . Equation 5.10 describes temperature dependence of 1/y in

constant magnetic fields for paramagnetism, 5.11 for ferromagnetism with 7" > T..

1 1

X o 57 X T  (paramagnetism) (5.10)
1 1 .
- 0 g O (T'—T.)" (ferromagnetism T > T,) (5.11)
X

Figure 5.1a shows typical behaviour for a ferromagnet. The critical exponent is
small enough for an almost linear 1/M for T' > T,, but shows clear curvature near
T.. Performing a linear fit from high temperatures to 1/M = 0 would yield a positive
O, with ©, > T.. A ©, > 0 indicates ferromagnetic interaction, while ©, < 0 would
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5 Clurie Temperature

correspond to antiferromagnetism.!*0 P 20: fig- 8]

We can see that the magnetization doesn’t actually reach M = 0 at T.. The
theoretically sharp magnetic phase transition is usually smoothed out due to inho-
mogeneities and interactions in the material.l3% fie- 1[33, p. 77]

The difference between T, and O, will increase if you fit from higher temperatures,
because the critical exponent +y is not exactly one.*

The M-T curve in figure 5.1a (green curve) shows a clear change in curvature at
T.. From a mathematical perspective, this defines an inflection point of the curve.
An inflection point is defined by d?f(z)/dz? = 0 and thus a maxima or minima in
df(x)/dz. This way we can obtain T, by looking at dM /dT.[32I34

We use numerical differentiation to calculate dA//dT .

dM _ M(T + AT) — M(T)
ar "~ AT
We then can find T, by looking at the minima in figure 5.1b. It shows 7, at 278
K.

There are also other methods to find 7.. In section 5.3 we will discuss the

(5.12)

Arrott plots, introduced by Anthony Arrott, for ferromagnetic to paramagnetic

transitions. 3

1 Landau theory predicts v = 1. This is not observed experimentally.
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5 Clurie Temperature

=
(o)}
T

1/Mvs. T —+—

0250 260 270 280 290 300 310 320 3’§0 340
Temperature, K

(a) M and 1/M plotted over temperature with 7. = 278 K and ©. ~ 286 K. Measurement
in B=0.1T. M in units of Am?kg~!.

t Ni44Mn45Sn11, B=0.1T

field heating curve —+—

S o o o
0] [e)] £y N
T T T T

dM/dT, Am—2kg1K1

'
=
T

-l1.2 ¢

_1. 1 1 1 1 1
4250 260 270 280 290 300
T, K

(b) dM /AT shows a minimum at 278 K, which is the Curie temperature 7.

Figure 5.1: Obtaining 7T, by M-T measurements in constant magnetic fields for
Ni44MD45SH11 .
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5 Clurie Temperature

5.3 Arrott Plots

The method of Arrott plots uses M-ugH measurements to determine 7T,.. Anthony
Arrott showed 2 proofs in his publication. One featured the the Weiss-Brillouin
molecular field treatment, the other was for a generalized molecular field. Here we
will only discuss the general proof. For more information, a look at the publication
is recommended. %!

This proof depends of the existence of an effective field H.g. In his own words:

The more general proof of this relationship depends on the existence of
something mathematically equivalent to an effective field, H.g. As long
as the magnetization reverses without change in magnitude when H.g is

reversed, the magnetization is an odd function of H.g and vice versa. 3l

Arrott used the alternative definition for the internal energy (see page 17, foot-
note). We will derive it in a form that is consistent with chapter 4.

The fields inside matter can be vastly different than the applied vacuum fields.
This is due to the geometry of the sample and can be described with a demagneti-

zation factor A'. The H field transforms as shown in equation 5.13.15 appendix][35]

—

Hi = ﬁvac. - NM (513)

The B field transforms accordingly.

Ei = Mo (ﬁl + 1\71) = Bvac. + /lo(]. - N)M (514)
Arrott’s method is valid for fields that can be represented as a power series.
1
Hy=~M + BM?> +~yM° + ... (5.15)
X
1/x vanishes at T, eliminating the linear term.

H; =BM> +~yM° + ... ¥V T =T, (5.16)

For small magnetic moments M, we write the effective field B.g as a power series

in terms of M.

B.
POt — o M+ 8 M3+~ M + .. (5.17)
kT
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5 Clurie Temperature

Here p is the moment per atom, with units J/T. The quotient is dimensionless and
the coefficients «, (3, v, ... have dimensions to the inverse power of the corresponding
magnetization.$

There is a defined correlation between Beg and the total energy E of the material.

It can be obtained from the Guggenheim square in figure 4.3.

oF
Beg = — 5.18
= (518)
The energy E can be written as the following equation.¥

Ey is the none magnetic contribution to the energy, B M is the energy of the ma-
terial in the external field B and f(M) is the internal energy due to magnetization.
f(M) is an even function, when the internal energy doesn’t change upon reversal

of magnetization. This means the contribution of f'(M) to Beg. is an odd function.

B = (gf;) =B (5.20)

f'(M) can also be written as a power series and has units T.

f'(M)=aM+bM>+cM° + .. (5.21)

We now express B in terms of Beg and f'(M).

. kgT
B =B —f(M)=(aM+BM + .. )2~ —aM—bM>— . (5.22)
1
Rearrange by powers of M.
Oél{B
B=|——T-1{aM + ... (5.23)
pua

With T, = pa/kpa, we end up for B near T, with equation 5.24, where A and B

are constants.

B=poH=eM+AM +BM°+ ... (5.24)

§ With M as Am?/kg, a as kg/(Am?), 3 as (kg/(Am?))3, ...
§ For Ey =TS and f(M) = 0 this is the internal energy from table 4.1.
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5 Clurie Temperature

The important parameter for the Arrott plot is e.

€= E:C — 1}a (5.25)

€ vanishes at T, leaving M3 as the biggest contribution to the power series. If
we plot pgH-M?3, we should see a straight line that passes through the origin, for
an isothermal M-pugH measurement at T.. At other temperatures, the leading term
eM will result in curvature, since we are plotting for M? instead of M. The sign
of € changes at T,, and so will the curvature of the Arrott plot. Convex curves are
below T, and concave ones above it.

Arrott’s original result (in Gaussian units) was equation 5.26, with magnetic field

H and magnetization M .5

H=eM+AM+BM°®+ .. (5.26)

M3

B=[.IOH

Figure 5.2: Example for an jioH-M? Arrott plot. € < 0 is ferromagnetic and shows
convex curvature. € = 0 is linear and passes through the origin at T'="T,.. ¢ > 0
is paramagnetic end shows concave curvature. 3> fie: 1

For ST units, the fields are proportional in vacuum By,.. = poHyac.-

In practice, plots of M2-H/M are often used, since 1/x = H/M. Linear fits
toward the origin are performed (from high fields to low fields) and T is determined
by which fit passes through the origin.

In more recent history, there were also ideas to introduce critical exponents in

this method, but we will not discuss those further.?%
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5 Clurie Temperature

The H ~ M?3 behaviour is also predicted by the Landau theory of critical expon-
ents. 7]
The field H is the applied external magnetic field, which in cgs system would be

identical to B. In SI units we will plot M-H with B = poH.

5.4 Critical Exponent

In section 5.2 we introduced the critical exponent v for a ferromagnet above its
Curie temperature. Since 7 represents a (small) deviation from linear behaviour, it
also has an influence on M-H measurements.

The magnetization of a paramagnetic system can be described by the Brillouin

function. !

M(T, B) = MyBy(x) (5.27)
r = gJ;S;B (5.28)
By(z) = (1 4 21J> coth [(1 + 21(])4 - 21J coth (23) (5.29)

In this equations M is the saturation magnetization (Am?/kg), J the total angu-
lar momentum (dimensionless), g; the g-factor (dimensionless), pup the Bohr mag-

neton (J/T) and B the magnetic field (T).

For the classical approximation J — oo, B; transforms into the Langevin function.

L£(2) = Bu(x) = cothz — (5.30)

x
Therefore, for a classical system we can describe the magnetization with the

Langevin function.

M(T, B) = MyL(x) (5.31)

In table 5.2 we show the different limits of B; for B and T variations.
For now, we are only interested for the behaviour in M-H measurements with
constant temperatures. Typical results are demonstrated in figure 5.3. It can be

seen that the maximum magnetization decreases with increasing temperature.
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5 Clurie Temperature

B=poH

Figure 5.3: Typical Langevin functions for constant temperatures 17 < Tp < Tj
with varying magnetic field.

Table 5.2: Limits of the Brillouin function for variations of 7" and B.

B T x B;(z)
— 0 const. —0 0
const. — 00 — 0 0
— 00 const. —1 1
const. —0 — 1 1

For paramagnetism, when there is no interaction between the magnetic moments,
the magnetization scales with temperature (eq. 5.32). So the isothermal curves in
figure 5.3 would collapse into a single curve, if you plot M-H/T.P!

)1( = ]\}/{[ = (1; x T  (paramagnetism) (5.32)

If we want to use this approach for a ferromagnet, we have to consider its Curie
temperature and critical exponent.

)1( = ]\Z = (T_CTC)W x (T'—=T.)" (ferromagnetism T > T,) (5.33)

The correct plot would be M-H/(T — T.)”. By this, the measurements should at
least converge for weak magnetic fields.

Like mentioned at the end of section 5.3, for SI units we will plot M-H/(T —1T,)".
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6 Measurements

In this chapter we discuss the performed measurements. Section 6.1 shows the search
for the phase transition temperatures, 6.2 isothermal magnetization measurements
for AS\; calculation (see equations 4.18 and 4.21) and 6.3 the numerically calculated
ASy.

The resulting refrigerant capacities are discussed in chapter 7.

6.1 Temperature Cycles

35

10 to 360 Kelvin —5—
360 to 10 Kelvin —&—

Moment, AmZkg!

50 100 150 200 250 50

Temperature, K

Figure 6.1: Temperature cylce of NigisMnyuSngSis in a field of 0.1 T.

We start with temperature cycles in constant magnetic field. From these, we can
obtain the start and end temperatures of the phase transition, as discussed in section
4.1. Figure 6.1 is an example of these measurement. In this figure we are interested
in the behaviour between 150 and 200 K.
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Comparison of both SQUIDs

55
High Field SQUID 100 to 350 Kelvin —=—
High Field SQUID 350 to 100 Kelvin +—v—
50 - W/%V;‘*v’\ Low Field SQUID 100 to 350 Kelvin —&—

W/v ) Low Field SQUID 350 to 100 Kelvin

Moment, Am? kg1

%00 210 220 230 240 250 260 270 280
Temperature, K

Figure 6.2: Comparison of NigyyMnysSn;;temperature cycles at 0.5 T in the 2 dif-
ferent SQUIDs.

The sudden change of magnetization is due to the phase transition. It happens
at different temperatures depending, whether the sample is heated up or cooled
down. This behaviour is called thermal hysteresis. Outside of the phase transition
the magnetization is mostly the same, apart from very low values of temperatures,
which are not considered here.

For these temperature cycles, the sample is inserted into the SQUID at low tem-
peratures and zero field. This temperature is chosen a few K lower than the first
measurement. The sample then is heated to the first temperature in the sequence at
zero field. Then the magnetic field is charged and the magnetic moment is measured
in increasing temperature intervals of 2 K.

Measurements are performed in fields of 0.1, 0.5, 1, 5 and 7 T. At the highest
temperature in the sequence, the field remains charged and the measurements are
repeated in decreasing temperature. These are also called field cooling measure-
ments. Between cycles at different fields, the sample is heated up and cooled down

in zero field.
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6 Measurements

The samples are very sensitive regarding to their thermal and magnetic history.
Therefore, the temperature regulation in the SQUIDs posed a potential problem.
The 1 T SQUID has shown a few problems with over heating while settling for a
target temperature. If this effect were too big it could affect the observed transition
temperatures.

A comparison measurement between the 1 T and 7 T SQUID with the same
sequence was performed. The magnetic moment is shown in figure 6.2. Small
differences can be observed in total magnetization but the transition temperatures

are not affected.

6.1.1 Martensitic aus Austenitic phase transition

We define the thermal hysteresis as AT = Agiat — MEng. This is the difference
between the start of the austenitic and end of the martensitic transition. Sometimes
it is difficult to decide which temperatures are the right choice for the transition
temperatures. This is because it is usually somewhere between measured points.
For our analysis this does not provide any problems, because we always approach
from outside of the phase transition.

While the uncertainty in the temperatures may look quite large, its contribution
to the magnetization changes becomes insignificant, because the contributions from
the end point are very small.

In the following, we show a figure and a table for each sample, respectively. The
transition temperatures are determined from the figures. Thermal hysteresis is cal-
culated and put in the table, together with the transition temperatures. A general
pattern for all samples is, that the phase transition temperatures shift to lower tem-
peratures for higher magnetic fields. Thermal hysteresis doesn’t change noteworthy

for a each sample.
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80 r
0.1T, 100 to 350 K +—F—
0.5T, 100 to 350 K ¢

1T, 100 to 350 K

5T, 100 to 350 K

70 7T, 100 to 350 K
0.1T, 350 to 100 K —S—
0.5T, 350 to 100 K —@—
1T, 350 to 100 K —A—
60  5T,350t0 100 K —A—
7T, 350 to 100 K 57—

Moment, Am2kg™
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Temperature, K

Figure 6.3: Temperature cycles of NigisMnyeSn;.

Table 6.1: MStart/End and AStart/End of Ni43MH4681111.

Temperature (K)
Field (T) MStart MEnd AStart AEnd Ajﬁ(AStaurt - MEnd)

0.1 200 186 190 205 4

05 200 184 190 204 6
10 198 183 190 204 7
5.0 190 175 180 9% 5
70 186 170 176 91 6

Measurements and transition temperatures of NigjgMnygSni; shown in figure 6.3
and table 6.1. We can see the transition shifting between 170 and 205 K in fields

from 0.1 T to 7 T. Thermal hysteresis is around 6 K. The full transition decreases
above 0.5 T.
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Figure 6.4: Temperature cycles of NigyyMnysSn;.

Table 6.2: MStart/End and AStart/End of Ni44MH45SIl11.

Temperature (K)

Field (T) MStart MEnd AStart AEnd Ajﬁ(AStaurt - MEnd)

0.1 242 208 220 248 12

05 238 210 220 244 10
0 239 212 220 241 8
5.0 230 200 210 243 10
0 230 195 205 244 10

Temperatures of NigygMnys55Sn;; are shown in figure 6.4 and table 6.2. Replacing 1

% Mn with Ni has shifted the transition temperatures to a range between 195 and

240 K. This is a clear shift toward higher temperatures compared to NiggsMnygSny.

Thermal hysteresis also has increased to 10 K.
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0.1T, 10 to 360 K —+—
0.5T, 10 to 360 K ~—x<—
50 1T, 10 to 360 K

5T, 10 to 360 K T
7T, 10 to 360 K T V—s
45] 01T,360t0 10K —O— T
0.5T, 360 to 10K —@—

1T, 360 to 10 K —&— /
5T, 360 to 10 K —&—
7T, 360 to 10 K ——

40t

Moment, AmZkg!
N w w
(8, o wv

N
o
T

I f L
220 225 230 235 240
Temperature, K

245 250

Figure 6.5: Temperature cycles of NigjgMnygSngGes.

Table 6.3: MStart/End and AStart/End of Ni43MH4GSngG62.

Temperature (K)
Fleld (T) MStart MEnd AStart AEnd AZTI(AStart - MEnd)

0.1 242 230 235 245 5

0.5 242 230 236 245 6
0 242 230 235 245 6
50 238 226 232 242 6
70 236 224 230 240 6

Figure 6.5 and table 6.3 present the results for NiyjsMnysSngGes. Doping with Ge,
shifts the phase transition to temperature ranges between 230 and 245 K. This is

even higher than NigyyMnysSny;. Thermal hysteresis remains about 6 K.
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Figure 6.6: Temperature cycles of NigjgMnySngSis.

Table 6.4: MStart/End and AStart/End of Ni43MD46SHQSiQ.

Temperature (K)
Fleld (T) MStart MEnd AStart AEnd AT’(AStart - MEnd)

0.1 186 166 176 194 10

0.5 184 164 178 192 12
10 186 164 176 92 12
5.0 180 156 168 188 12
70 18 152 168 186 14

Measurements and transition temperatures of NigzMnySngSis shown in figure 6.6
and table 6.4. The phase transition has shifted to lower temperatures than Niys-

MnygSny;. Thermal hysteresis is around 12 K.
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The full temperature cycles of all samples are shown in figure 6.7. It was men-
tioned before that the martensitic transition temperatures are always lower than the
austenitic ones. This mean the cooling down measurement for one sample is always
the left curve when looking at the thermal hysteresis.

It is interesting that in figure 6.7a the magnetization of NijsMnysSni; does barely
change above 200 K for a field of 0.1 T. This is above the phase transition and the
magnetic moment does even slightly increase for rising temperatures. At 250 K this
behaviour ends and a strong decrease in magnetization follows over a range of 30 K.

NigyMnysSn;; shows the same decrease of magnetic moment over this temperature
range. However its phase transition has shifted and its magnetization decrease
follows directly after it.

NigsMnygSngGes shows the same pattern but its total magnetic moment is much
lower in weaker fields.

The phase transition for NizsMnygSngSis has shifted to lower temperatures than
NigsMnygSny;. It also shows a sharp decrease in magnetization after the transition
for higher temperatures. Compared to the other samples this one happens between
200 and 250 K.

For weak fields the total magnetization of NiggsMnyeSngGes is much weaker than for
the other 3 samples. The other samples reach similar maximum magnetic moments
for 0.1 T. In higher fields NiggsMnygSny; and NigyMnysSny; show stronger signals
than the other two samples.

The important observation for us are the phase transition temperatures. In the
section 6.2 we will use those to define temperature ranges for isothermal magnetiza-
tion measurements. From these, we can calculate the magnetic entropy change and

refrigerant capacity.
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Figure 6.7: Temperature cycles of all samples in various magnetic fields.
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Figure 6.7: Temperature cycles of all samples in various magnetic fields.

6.1.2 Curie Temperature

In section 5.2 we discussed how to find 7. from M-T measurements in constant
magnetic fields.

Figure 6.8 shows 1/x ~ (T — T.)” behaviour for T" > T, with 1 < vy < 1.5. The
curves are nearly linear for high 7', but near T, the curvature due to 7 is clearly
visible.

dM /dT was calculated for a field of 0.1 T in a heating process. The result is
plotted in figure 6.9 and the T, are listed in table 6.5. The T, are defined by the
4 minima above 230 K. There is almost no difference for 7. between NigjsMnyseSnig
and NigMnysSng;, which have a 1% difference in Ni and Mn at%.

By reducing the Sn content, which was done for samples NigMnysSngGe, and
Nig3MnysSngSis, T, decreases by a lot. This is in good agreement with a publication
for Ni-Mn-Sn alloys, where big increases in T, were observed, when the Sn at% got
bigger than 10%.30: fie. 3al

The publication also lists a graph for T, in dependence of Sn at%, up to 40 percent.
For NisoMnso_,Sn, samples, T, is ~ 240 K for x = 10 and increases to 320 K for
z = 13. T. reaches 360 K for x = 40.[30. fig. 32]
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The 4 big maxima in figure 5.2 are from the martensitic to austenitic phase tran-
sition. Since we used the heating measurement for calculation, these peaks are a bit
more on the right than the ASy; peaks, which we will see later.

As we can see in figure 6.7, for T, it doesn’t matter if we use a heating or cooling
curve, since magnetizations for both are identical in this region.

It can be seen that any linear fit would lead to a ©. > 0 from to the Curie-Weiss

law. This indicates dominance of ferromagnetic interaction.!*0: - 20, fig. 8]

t 1/xvsT
0.7 .
Ni43Mn46Sn1l —+—
Ni44Mn45Sn1l —=—
Ni43Mn465Sn9Ge2
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0.5
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T, K

Figure 6.8: 1/x over temperature for all samples. Field heating curves in 0.1 T.

Table 6.5: T, for all samples.

Sample T. (K)
Ni43MD4GSD11 274
Ni44MH45SIl11 278

Ni43 Ml’l46 Sng GGQ 251
Ni43MH4GSHQSiQ 239
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Figure 6.9: dM /dT-T of all samples for field heating in 0.1 T.

6.2 Isothermal Magnetization

In section 6.1 we performed measurements where we held the magnetic field constant
and varied the temperature. In this section we present measurements at constant

temperatures, in a magnetic field which is ramped up in multiple steps from 0 to
Brax=T7T.

6.2.1 M-B measurements

In section 4.4 we derived an equation for the magnetic entropy change. It was
also shown that it is an important parameter for the giant MCE. Equation 4.18
provided an approximation for its calculation. For this we need measurements of
the magnetic moment at constant temperatures in increasing magnetic fields. We
call this isothermal magnetization measurements. ASy; then can be interpreted as
the difference of area under the plotted magnetization curves.

If a magnetic field is applied, the magnetic moments will begin to align. Thermal
fluctuations work against the alignment and the magnetization will be lower for
higher temperatures. For the giant inverse MCE the magnetization will increase over

their phase transition. This means stronger magnetization for higher temperatures.
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Figure 6.10: NigzMnysSn;; measurements during its phase transition. Measured
between 170 and 220 K.

As a result a positive AS); is expected during the phase transition and a negative
one otherwise.

We look at 2 different temperature ranges for each sample. The first one depends
on the sample itself. It covers the range of their phase transition and gives us
the giant inverse MCE. For that we identified the start and end temperatures in
section 6.1. Measurements begin 10 K below M,,q and stop 10 K above Ag..¢ these
temperatures. The 2nd measurement is near room temperature between 270 and 350
K. In all cases the temperature increases in steps of 2 K. This increase in temperature
is done in zero field. The samples get inserted at low temperatures and then heated
up at zero field to the start temperature of the procedure.

The field gets ramped up in many steps up until 7 T. Measurements are done at
specific steps for this increasing field. In low fields we measure at intervals of 0.1 T
up to 1 T. The magnetization changes a lot at this interval and so we need many
points. From 1 to 5 T we measure in steps of 0.5 T. Then we also measure at 6 and
7 T. This gets repeated for all temperatures. The SQUID needs about 2 and a half
minute to settle for the next temperature. We then also wait another minute after
the temperature has settled.

We first look at NigzMnygSny;. Measurements for the giant inverse MCE are done

between 170 and 220 K. The isothermal magnetization measurements are shown in
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Figure 6.11: Nigz3MnysSn;; measurements between 272 and 308 K.
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Figure 6.12: Niyj3MnysSn;; measurements between 310 and 342 K.
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Figure 6.13: NigzMnygSn;; measurements between 292 and 324 K.

figure 6.10. At 7 T we see the magnetization increase at 180 K. It continues to
increase until 202 K. For the magnetic entropy change this means an expected peak
width of 22 K. This results in a magnetic entropy increase in this temperature range.

1 after the transition is

In total we observe a magnetization increase of 60 Am?kg~
over.

The strongest magnetization is seen for 194 K which is still during the phase
transition. This is because the transition temperatures shift to lower temperatures
for higher fields. The transition is already over for the fully charged 7 T field, but
not in the weaker fields.

For the mentioned magnetization increase we compared the measurements before
and after the transition. We also see big differences in magnetization for higher
fields during the phase transition. At 186 K the magnetic moment increases from 30
to 68 Am?kg~! between 6 and 7 T. With rising temperatures this behaviour shifts
to lower fields.

The measurements near room temperature had to be interrupted at 308 K. As
discussed before in section 4.9, individual measurements can be used to calculate the
magnetic entropy change. Comparing figure 6.11 and 6.12 shows that the magnetic
moment has increased from 36 to 40 Am?kg~! between 308 and 310 K, after the

sample was stored a few days at stable room temperature.
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Figure 6.14: NiyMny;Sn;; measurements between 190 and 258 K.

A third measurement also was performed between 292 and 324 K to ensure a
correct result for the magnetic entropy change. The results for this measurement
are shown in figure 6.13. In all 3 individual cases, the behaviour of the magnetic
moment looks as expected and we have no crossing lines when plotting it. For the
3 sessions, the magnetic entropy has to be calculated individually. The comparison
of the entropy for all 3 measurements was shown in figure 4.11 and the results are
consistent with each other. We will discuss the results for the magnetic entropy
change in section 6.3. Measurements for other samples were not interrupted and
finished in one session.

NigyMnysSn;; was measured between in ranges from 190 to 258 to cover the phase
transition. Figure 6.14 shows the isothermal magnetization in the temperature range
of the phase transition. The magnetic moment starts to increase at 212 K until 240
K. An entropy peak width of 28 K is expected. This is a total increase of 50
Am?kg~!. Compared to the previous sample, only very strong fields of over 6 T
show big effects during the phase transition. For 222 K the magnetic moment at 5
T is only 30 Am?kg™!, while for 7 T it increases to 56 Am?kg~*.

High temperature measurements of NigygMnysSny; are conducted between 270 and
346 K. Their results are illustrated in figure 6.15. The signal keeps decreasing and

the magnetization differences between temperatures are slowly decreasing.
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Figure 6.15: NigyMnysSn;; measurements between 270 and 346 K.
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Figure 6.16: NijzMnysSngGe, measurements between 215 and 255 K.

This means that the magnetic entropy change will slowly approach zero. Except
during the phase transition it will never become positive.
The phase transition of NigizsMnyeSngGes was measured between 215 and 255 K

(figure 6.16). We see the magnetization starting to increase at 233 K. The transition
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Figure 6.17: NijzMnysSngGe, measurements between 270 and 350 K.

complete at 243 K. This means an expected entropy peak width of 10 K. That is
less than half those of the previous two samples. We also can expect a very tight
AS\ peak. This is because only four measurements are actually during the phase
transition and they show big differences in magnetization. Over the transition the
magnetization increases from 18 to 52 AmZkg~!.
moment between 233 and 243 K is 34 Am?kg~!.

High temperature measurements of NiggsMnyeSngGey were implemented between

The total change of magnetic

270 and 350 K and are shown in figure 6.17. The magnetization continues to decrease
with rising temperatures and no atypical behaviour is observed. The magnetic
moment at 270 K for 7 T is 43 Am?kg~! and decreases to 17 Am?kg~! at 350 K.
Differences in magnetic moment get smaller for higher temperatures. A negative
entropy change that approaches zero is expected.

Phase transition measurements for NiysMnygSngSis were conducted between 144
and 196 K and are shown in figure 6.18. The transition starts at 172 K and is
over at 188 K. An entropy peak width of 16 K is expected. This is wider than
for NigzsMnyeSngGes but smaller than the other samples. Over the phase transition
the magnetization increases from 25 Am?kg! at 170 K to 52 Am?kg™' at 188
K. A smaller peak value than for NigzgsMnysSngGes is expected because the plotted

magnetization curves are more similar to each other during the phase transition.
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Figure 6.18: Niyj3MnysSngSis measurements between 144 and 196 K.
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Figure 6.19: Niy3MnysSngSis measurements between 270 and 350 K.
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Figure 6.20: Magnetization changes over the phase transition. The AT at the
bottom denotes the temperature range.

The magnetization after the phase transition remains similar for rising temperatures.
This was also the case before the transition. Very small entropy changes outside of
the transition are expected.

Figure 6.19 shows measurements for NiyjzsMnyeSngSis between 270 and 350 K. Dif-
ferences in magnetic moment decrease with rising temperatures. The total decrease
over 80 K is 22 Am?kg™'. As for the other samples a negative entropy change that
approaches zero is expected.

The magnetization changes for all samples during their phase transition can be
seen in figure 6.20. It shows that doping with Ge and Si leads to a decrease in
transition width and smaller increase in magnetic moment. The transition width
of NigygMnysSny; is about 4 K wider than for NigMnygSny; while the change of

magnetization has decreased.

6.2.2 Arrott Plots

Arrott plots of isothermal measurements, as introduced in section 5.3, were done to
confirm the magnetic state of the samples.

Plots for NigsMnyeSny; (fig. 6.21) and NiggMnysSny; (fig. 6.22) show a change in
curvature, near their respective T, from table 6.5. Those were obtained by different

measurements, and the Arrott plots confirm them.
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Thus, NiggMnyeSny; and NiggMnygsSng; undergo a transition from ferromagnetic
to paramagnetic at 274 and 278 K respectively.

NiggMnyeSngGey (fig. 6.23) and NiggMnyeSngSiy (fig. 6.24) show only concave
curvature. It can be concluded that those 2 samples are already in a paramagnetic
state, at these temperatures.

Figure 6.25 shows an Arrott plot near T, for NiggMnysSngGey and shows curvature
reversal between 251 and 253 K. This confirms 7. from table 6.5, meaning NiysMny¢-
SngGe, undergoes the ferro- to paramagnetic transition shortly after its martensitic
to austenitic phase transition.

For Niyj3MnyueSngSis no M-H measurements near 7T, were performed.

Ni43Mn46Snl11l
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35000

30000

25000

(Am? kg'1)3

20000
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10000

5000

Figure 6.21: Arrot plot of NigsMnygSni;. Curvature changes between 274 and 276
K. T, from table 6.5 was 274 K.
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Figure 6.22: Arrot plot of NigygMnysSni;. Curvature changes between 276 and 278
K. T, from table 6.5 was 278 K.
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Figure 6.23: Arrott plot of NigsMnysSngGe,. All isotherms show concave curvature.
The sample is already above T..
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Figure 6.24: Arrott plot of Nigi3sMnysSngSis. All isotherms show concave curvature.
The sample is already above T..
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Figure 6.25: Arrott plot of NiggMnysSngGey near T, = 251 K. Curvature changes
between 251 and 253 K.
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6.2.3 Critical exponents

In section 5.4 we discussed how the critical exponent affects M-H measurements.
By introducing the critical exponent and plotting M-poH /(T —T,)?, the isothermal
measurements should converge in the paramagnetic state. Since M ~ Xﬁvac. is only
an approximation for weak magnetic fields, the scaling may fail for strong fields.

Most samples, apart from NigzMnyeSngSis, scale well for a critical exponent v =
1.2.

For Niy3sMnygSngSis this comes close, but it converges better if you increase the
exponent up to vy = 1.35.

In section 5.2 we mentioned that the ferro- to paramagnetic phase transition is
usually not as sharp as it would be in theory. Because of this, the curves may not
align instantly for 7T slightly above T..

For results, see figures 6.26 - 6.29. Critical exponents listed in table 6.6.

Table 6.6: Critical exponents v for all samples.

Sample T. (K) Y
Ni43MH4GSH11 274 1.2
Ni44MH45SI111 278 1.2
Ni43Mn4GSn9Geg 251 1.2
Ni43MH4GSHQSiQ 239 1.35
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(b) Near T, = 274 K. Curves are converging well above 278 K for weak fields.

Figure 6.26: Scaling of isothermal M-H measurements with critical exponent v =
1.2 for NigzsMnygSny;. Curves begin to converge for 7' > T, and weak fields.
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Figure 6.27: Scaling of isothermal M-H measurements with critical exponent v =
1.2 for NigyyMnysSn;;. Curves begin to converge for weak fields above 282 K.
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Figure 6.28: Scaling of isothermal M-H measurements with critical exponent v =
1.2 for Ni43Mn4GSH9G€2.
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Ni43Mn465n95i2, T, = 239, y = 1.35
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Figure 6.29: Scaling of isothermal M-H measurements with critical exponent v =
1.35 for Ni43Mn46Sn98i2.

6.3 Magnetic entropy change

Equation 4.18 is used to calculate the magnetic entropy change from the isothermal
magnetization measurements. Results for phase transition are shown in figure 6.30a
and for high temperatures in figure 6.30b.

The samples without Ge and Si doping show a wider transition range. Replacing
1 % Mn with Ni has decreased the peak value and shifted it to higher temperatures.
Replacing 2 % Sn with 2 % Ge shifts it to even higher values but decreases the
transition width. Doping with 2 % Si decreases transition width, peak value and
transition temperature.

Transition temperatures and peak values are presented in table 6.7. The giant
inverse MCEs of NigzMnggSnyi; and NiggMnygSngSis, as well as NigyMnysSni; and
Nigz3MnyeSngGe, are overlapping at a tiny temperature range. Between those pairs
is a gap of 15 K.

For high temperatures ASy; is always negative and slowly approaches zero for all
samples. NigzMnyeSny; and NiggMnysSny; show bigger magnetic entropy changes
than the other two samples.

We see that doping with Ge has shifted the giant inverse MCE to higher temper-
atures. This was expected from the decreasing of the unit cell. For Nig3MnysSngSis
however, the peak has shifted to slightly lower temperatures. This was unexpected,
because the atomic radius of Si is smaller than of Ge (table 4.3). Currently no

explanation of this observation can be given.
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In section 4.8 we already discussed the lattice parameters and Veell for all samples.

It turned out that Vcell for the Si doped sample was indeed smaller than for the

Ge doped one. This means the size of Vcell alone cannot be the only remaining

parameter, when e/a is already held constant. A possible candidate could be the

ratio between Vcell in both phases (tab. 4.9) but this currently cannot be proven

Upon consultation with Dr. Marchenkov, a qualitative explanation was suggested,

why the phase transition temperatures differ so much between NigzsMnysSngGey and
NigsMnygeSngSis. The expected ion radii for Get?, Sn*™2 and Si~* are 73, 93 and
271 pm respectively. Even though we only dope by 2%, we drastically change the

chemical pressure. Chemical pressure comes from introducing new elements into the

lattice, which change its Veell. It decreases for Ge (smaller ion radius than Sn) and

increases for Si (higher ion radius than Sn) doping.

Table 6.7: Magnetic entropy changes during the phase transition for all Samples.

Temperature (K)

ASy (JK-kg™)

Sample Titart Tend Range Peak value
Ni43MD4GSH11 180 200 20 45
Ni44Mn45 Snn 210 238 28 30
Ni43Mn46SH9G62 231 241 10 40
Ni43MD468HQSiQ 170 188 18 30
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Figure 6.30: Comparison of the magnetic entropy changes.
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Table 7.1: Refrigerant capacity over the phase transition region, the giant inverse
magnetocaloric effect. Fields up to 7 T.

Sample Temperature range (width) RC ORC
K J kg J kg
NiggMnyeSny; 180 - 200 (20) 393.23 3.76
Ni44MH45SIl11 214 - 238 (24) 333.01 1.93
NigMngeSngGe, 230 - 241 (11) 202.91  2.32
NigsMnSneSis 172 - 186 (14) 181.44  1.13

The magnetic entropy change from figure 6.30 can now be used to calculate the
refrigerant capacity. As mentioned in section 4.6, this is the amount of energy that
can be transferred between two temperatures. For the phase transition the magnetic
entropy change is positive, resulting in positive refrigerant capacity. The RC of high
temperature measurements will be negative.

The integral according to equation 4.32 is done over the peak width for the phase
transition. For high temperatures we use the whole range measurement. The entropy
change for the giant inverse MCE is an order of magnitude bigger than at high
temperatures, but only over a short temperature range.

We don’t have measurements for the heat capacity. However a publication’!
shows measurements for NigjsMnyseSng; in fields of 0 and 5 T between 150 and 250
K. Apart from the phase transition region, it shows a almost linear pattern. For 150
K it’s 300 JK~'kg~! and increases to 400 for 250 K. During the phase transition it
increases to 1050 JK~kg~!. This ensures an adiabatic temperature decrease during
the giant inverse MCE.

Refrigerant capacities over phase transition for all samples are shown in table 7.1

and figure 7.1. The table also lists the temperature range where the RC was eval-
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Figure 7.1: Comparison of refrigerant capacities over the phase transition with
fields up to 7 T.

uated. We see that NigsMnygSni; has the biggest energy flow over the transition
range. NiggMnysSny; slightly increases the transition range but its RC is smaller.
Doping has shifted the phase transition temperatures but also decreased phase tran-
sition range and refrigerant capacity.

High temperature results are displayed in table 7.2 and figure 7.2. Since there was
no phase transition, we evaluated over the whole measurement range. As shown in
the brackets in table 7.2 this varies between 70 and 78 K. This is 3 to 4 times as
wide as calculations for the phase transition.

NigygMnysSn;; shows the biggest RC out of all samples. This was expected after
we saw their magnetic entropy changes in figure 6.30b. NigzMnygSny; is similar to
it, while the other two show a smaller RC.

In the end we notice that doping with Ge was effective in raising the phase transi-
tion temperature to warmer regions. However we lost half of its refrigerant capacity
in the process, compared to the one of NiggMnygSny.

Doping with Si shifted the phase transition slightly to lower temperature regions
while also losing half of the refrigerant capacity.

Replacing one Mn with a Ni atom shifted the phase transition to higher temper-
atures and shows only a slight decrease in refrigerant capacity.

Propagation of error proofed to be insignificant, as can be seen in table 7.2 and
figure 7.2.
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7 Results

Table 7.2: Refrigerant capacity over high temperature intervals. Covered temper-
ature differences are between 70 and 78 K with fields up to 7 T.

Sample Temperature range (width) RC ORC
K J/kg J/kg
Ni43Mn46Sn11 270 - 340 (70) -210.39 0.23
Ni44MD45SIl11 270 - 344 (74) -238.33 0.20
NiysMnyeSngGes 270 - 348 (78) -140.46 0.14
Ni43MIl46SH9SiQ 270 - 346 (76) -108.67 0.14
250 - ,
NigzMngeSny;
NigaMngs55n1;
200 | Niz3MnggSngGes
- Ni43Mn465n95i2
D 10t 140.46
= 1 108.67
.

Figure 7.2: Comparison of refrigerant capacities for high temperatures. Tempera-
ture intervals of 70 to 78 K with fields up to 7 T.
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8 Conclusion

Doping NigzMnygSny; has a significant influence on the giant inverse MCE. Exchang-
ing only 1 or 2 at% of atoms managed to shift the phase transition temperatures on
wide temperature ranges.

All samples show a giant inverse MCE, which is strongest for the initial alloy Niys-
MnyeSny;. Increasing the Ni amount by only 1%, while decreasing Mn has shifted
the phase transition to higher temperatures. This was expected because e/a got
increased.

It was expected that a decrease in Vcell would shift the transition to warmer
regions, but this turned out to be wrong. Section 4.8 showed that Vcell decreased
continuously for doping with Ge and Si, as their atomic radii got smaller. While it
clearly worked for NiggMnygSngGe,, for NiggMnygSngSis the phase transition dropped
to lower temperatures than NigjgsMnygSny;. Upon consulting with Dr. Marchenkov
it was mentioned that maybe the ratio of Vcell between both phases could play a
role, but impossible to say for sure without further analysis of new samples.

However, the big differences in expected ionic radii (sec. 6.3) at least provide an
idea why doping by only 2% can cause such a big shift in transition temperatures,
due to chemical pressure. If the expected ion radii of Si, Ge and Sn proof to be
correct, it could also be a clue why Si and Ge doping is shifting the transition
temperatures in different directions. Si would occupy more space in Vcell than Sn,
while Ge would occupy less.

An article about NiMnlIn alloys has shown that the actual at% can differ from
their chemical formula.?”) Dr. Marchenkovs group will take a closer look at the
actual e/a in the alloys of this thesis, as well as the actual position of the ions with
electron microscopy and how it affects the phase transition temperatures.

Doping NigsMnygSny; has resulted in a decrease of refrigerant capacity over phase
transition for all other 3 samples. At high temperatures the Si and Ge doped samples
show a smaller entropy change than the other two samples. Compared to the phase

transition region however, this ASy; is one order of magnitude smaller.
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