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Thermodynamic and Magnetic Studies on the van-der-Waals Ferromag-
net Fe;GeTe, and the Rare-Earth Orthochromite SmCrQO;

This work presents thermodynamic and magnetic studies on the quasi-2D van-
der-Waals ferromagnet FesGeTey and the rare earth orthochromite SmCrOgs. For
Fe3;GeTe, dilatometric measurements feature a distinct anomaly in thermal expan-
sion along the ¢ axis, which is associated with the ferromagnetic phase transition,
implying a significant magnetoelastic coupling. At low fields, magnetostriction mea-
surements show a rise caused by the alignment of magnetic moments with the mag-
netic field and a hysteresis at higher fields of unknown origin. The entropy change
in SmCrO3 associated to the spin rotation transition in zero field is determined to
47(6) mJ mol ' K~ from heat capacity measurements, which agrees to the thermo-
dynamic analysis of the phase boundaries for B || ¢. A Schottky anomaly, signalling
the presence of an internal magnetic field at the Sm3*-sites, is observed for T' < Tsgr.
It disappears above T" > Tggr, suggesting a change of the internal field by the ro-
tation of the moments of the Cr®"-ions. Furthermore, the magnetic phase diagram
from [1] is continued up to magnetic fields of 14 T.

Thermodynamische und magnetische Untersuchungen des Van-der-Waals
Ferromagneten Fe;GeTe, und des Seltenerd-Orthochromit SmCrO;

In dieser Arbeit werden thermodynamische und magnetische Untersuchungen des
quasi-2D Van-der-Waals Ferromagneten FesGeTes und des Seltenerd-Orthochromit
SmCrOj diskutiert. Dilatometrische Messungen an FesGeTe, entlang der ¢ Achse
zeigen eine deutliche Anomalie in der thermischen Ausdehnung, welche mit einem
ferromagnetischen Phaseniibergang assoziiert wird. Die Anwesenheit dieser Anoma-
lie deutet auf eine starke magnetoelastische Kopplung hin. Bei tiefen Magnetfeldern
ist ein Anstieg in der Magnetostriktion sichtbar, welcher durch das Ausrichten
der magnetischen Momente entlang des Magnetfeldes verursacht wird. Zusétzlich
zeigen die Messungen bei hohen Magnetfeldern eine Hysterese mit unbekanntem
Ursprung. Mit Hilfe von Warmekapazititsmessungen wurde eine Entropiednderung
von 47(6) mJ mol ™' K=! in SmCrOs ermittelt, welche dem Spin-Rotations-Ubergang
im Nullfeld zugeordnet wird. Dieses Ergebnis stimmt mit den Ergebnissen thermo-
dynamischer Untersuchungen der Phasengrenzen von B || ¢ iiberein. Des Weiteren
wurde eine Schottky Anomalie fiir 7' < Tgrr gefunden. Diese deutet auf ein in-
ternes Magnetfeld an den Sm3*-Gitterpositionen hin. Die Schottky Anomalie ist
oberhalb von T' > Tsgr nicht beobachtbar, was durch eine Anderung dieses internen
Magnetfeldes durch die Rotation der magnetischen Momente der Cr3*-Tonen erkliirt
werden kann. Dariiber hinaus wurde das magnetische Phasendiagramm von [1] um
Messungen bei Magnetfeldern bis zu 14T erweitert.
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Chapter 1

Introduction

"A whole new World" as Aladdin sings in the same named musical [2] opens up when
exploring strongly correlated electron systems. These systems show a "hundred
thousand things to see" such as superconductivity, spin liquids or two dimensional
ferromagnetism which are "[s|hining, shimmering, splendid".

The first new world explored in this work is that of Fe3GeTe,. Its "new fantastic
point of view" is a ferromagnetic long range order down to the monolayer limit [3].
Magnetic two dimensional order is not expected when the system is isotropic as
shown by the Mermin-Wagner-Berezinskii theorem [4]. However, it was proven
that a single layer of Fe3GeTe, can order, as the material hosts magnetocrystalline
anisotropy [5]. Exploring the world of two dimensional magnetism has "new horizons
to pursue", which may show new exotic phases such as quantum spin liquids [6].
The method used for studying Fe3GeTe, in this work, is high resolution capacitance
dilatometry which allows to measure length changes of macroscopic samples down
to 1 pm [7] and therefore deepen the understanding of the interplay between lattice
and magnetism [8].

The second new world explored within this work is SmCrOs. SmCrOs; hosts a
sublattice of the magnetic moments of the samarium and a chromium that interact
with each other. This interaction gives rise to a rich phase diagram [9, 10] and a
range of phenomena such as a spin reorientation transition [11]. The order of the
spin reorientation transition is not "crystal clear" [12, 13, 14|, showing the need for
further research. Moreover, SmCrO3 hosts spin phonon coupling and ferroelectric
order [15, 16]. Investigations using magnetization and heat capacity measurements
are conducted in order to further investigate the spin rotation transition and expand
the phase diagram.

The structure of this thesis is as follows: Chapter 2 gives a short overview of the
theoretical concepts used in this work. Chapter 3 briefly describes the technique
of heat capacity, high-resolution capacitance dilatometry and magnetization mea-
surements and specifies the setups used. This is followed by the thermal expansion
and magnetostriction measurements on Fe3GeTey, presented in chapter 4. Chapter
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5 shows heat capacity measurements on SmCrO3z and the entropy change in the
spin rotation transition is calculated and compared to the entropy change calcu-
lated using the Clausius-Clapeyron equation. Magnetization measurements allowed
for expansion of the phase diagram up to 14T. In chapter 6 this work is concluded
and the results are summarized.



Chapter 2

Theoretical Background

This chapter introduces the theoretical models and methods used in this work. The
derivation and precise explanation of the formulas and concepts is omitted. For a
more detailed insight into them it is referred to literature. For this introduction the
following resources were used [17, 18, 19, 20, 21|.

2.1 Thermodynamic Potential and Response Func-
tions

The thermodynamic potential describes the equilibrium of a system using a cer-
tain set of variables. Assuming a constant number of particles in a solid the total
differential of the Gibbs free energy G can be written as:

dG = Vdp — SdT — MV dH (2.1)

where V' is the volume of the solid, p is the pressure it is subjected to, S is the
entropie, T is its temperature, M = m/v is its Volume magnetisation with m the
magnetisation and H the magnetic field strength!. By calculating the second deriva-
tive of dG with respect to the state variables p, T, H the response functions are
obtained. They are shown in table 2.1 and describe the change of the system if one
of the variables describing the environment is changed.

The thermal expansion coefficient 5 and the magnetostriction coefficient A describe
the volume change of the solid when temperature or applied magnetic field are
changed respectively. In this work not the volume change is measured but the
length change along an axis making the thermal expansion coefficient a vector.
Furthermore the magnetic field has a direction from which it is applied making the

'In latter chapters both magnetic field and magnetic field strength are denoted with B
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Response function Symbol Definition Gibbs presentation
Magnetic Susceptibility X % B(BJ\Q/) » T - % % |p,T
Specific heat capacity p T2, ~T7 gz—? |p, H
Thermal expansion coefficient B + g—T | - (98;—6% |
Magneostriction coefficient A T r -3 66:76(;[ 7

Table 2.1: Thermodynamic response function their symbol, definition and Gibbs
representation.

uniaxiale magnetostriction coefficient a Tensor:

1 0L;
1 0L,

where «; is the uniaxial thermal expansion coefficient measured along the crystallo-
graphic direction ¢ and );; is the entry ¢j in the uniaxial magnetostriction coefficient
measured along the crystallographic direction ¢ with magnetic field applied parallel
the direction j. In this work the magnetic field is applied parallel to the axis along
which the length change is measured: ¢ = j. Thus only one index will be written in
the case of this work.

2.2 Thermodynamic Phase Transitions

A change of the intensive variables can lead to a abrupt change of the macroscopic
properties of a thermodynamic system [20]. An example for a phase transition is
water freezing or the emergence of long range order in a magnet.

Phase transitions can be categorized by the Ehrenfest classification. It classifies
them by order n, where a phase transition is of order n if a n'® derivative of the
thermodynamic potential exists which is discontinuous where as all derivatives of
lower order are continuous [17].

In Fig. 2.1 the Gibbs free energy and one of its first and second derivatives, the
volume and heat capacity respectively are shown in dependency of temperature.
In (a) and (b) a first and second order phase transition occur respectively at a
temperature indicated by the dashed line. The first order phase transition causes a
jump in the volume and a ¢ like anomaly [17]. The second order phase transition
causes a kink in the volume and a jump in the heat capacity.
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Figure 2.1: Gibbs free energy G, one of it’s first derivative the Volume V and one
of its second derivatives the heat capacity C. The dashed line marks the temperature
of a first (a) and second (b) order phase transition. From [17].
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2.3 Clausius-Clapeyron Equation

The Clausius-Clapeyron equation can be derived from the thermodynamic potential
and the continuity of the Gibbs free energy [22]. Due to the continuity of Gibbs free
energy it must be equal at the phase transition in both phases one and two:

Assuming a constant pressure (dp = 0) the equation can be transformed to:
dH
AS =-A 2.
S me s (2.5)

giving the Clausius-Clapeyron equation where AS is the jump in entropy, Am is
the jump of magnetisation and 4#/4r is the temperature derivative of the magnetic
field strength. [22]

2.4 Thermal expansion and Griineisen Scaling

This introduction is additionally to the sources at the beginning of the chapter based
on [23]. In a solid an interplay of repulsive and attractive forces exist between the
atoms [23]. The result is a potential depending on the distance between the atoms.
If the energy of the solid and the potential is known the equilibrium position can
be calculated. At finite temperatures the atoms oscillate around the equilibrium
position. The potential and the equilibrium position with growing energy are shown
in Fig. 2.2. Tt shows the potential energy of an atom in dependence of the distance
between the atom and a neighboring atom for the harmonic (blue) and anharmonic
(red) case. Furthermore, it shows the equilibrium position of the atom for different
energies if the potential is harmonic or anharmonic. For the equilibrium position
to change with temperature one needs to include anharmonic terms which are of
the order three or larger. Including these leads to an equilibrium position at larger
distances between the atoms for states with higher energy. This simple model can
only explain longitudinal vibrations. As a transversal vibration leads to a length
change orthogonal to the propagation vector of the vibration.

With the definition of the uniaxial thermal expansion coefficient in eq. 2.3 and a
anharmonic potential the uni axial thermal expansion coefficient can be calculated
using thermodynamic relations:

_10L| Ohws(q) Ons(q)
_Ea_Tp_"Z< oV oT ) (2.6)

where & is the compressibility, ws the vibration frequency and ng(q) is the occupation
probability of the phononic state with momentum vector q of the branch s.

The heat capacity of a phonon of the branch s is given by:

hws( ) (9715( )

&s(@) = — 5 (2.7)
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by defining the Griineisenparameter for a phonon g from the branch s:

Oln w,(q)
g = —— 27 2.8
’Vq, 3IH(V) ( )
equation 2.6 can be rewritten as:
K
a=3 > cs(@) Vg0 (2.9)
q7s

This equation shows that the thermal expansion coefficient can be put into relation
to the heat capacity. If one dominant energy scale drives the entropy changes in the
system, eq. 2.9 can be simplified to [24]:

1

@ = ZKC. (2.10)

This allows to investigate if a single energy scale drives the entropy changes of a
system by measuring heat capacity and thermal expansion and examining if their
ratio is constant.

Ui (u)h Uh
(u)
7 ?
s //// ’
i 74
5 74
/4
N 7

Figure 2.2: Potential energy of an atom in dependence of the distance to a neigh-
boring atom. The blue curve is the harmonic and the red curve the anharmonic case.
The equilibrium distance (u) of the atom to a neighboring atom is marked for both
cases in the corresponding colors. From |[23].
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2.5 Heat Capacity

This introduction is based on the introduction of [25] combined with the re-
source [26].

From the definition of heat capacity follows that a change in entropy can be deter-
mined from the heat capacity by:

_ [ &
AS_/TdT. (2.11)

2.5.1 Lattice Specific Heat
Einstein Model

The Einstein model describes atoms in a lattice which oscillate harmonically with
one frequency wg. In this work it is used to describe optical phonons. Its specific
heat is given by:

2 A
g = 3nER<0—E xp(F) (2.12)

T 2
(ot
where R is the molar gas constant, 0 = fwe/ky is the Einstein temperature and ng
is the number of atoms per unit cell. The model describes the lattice specific heat
well for high temperatures at T' > 0, but at low temperatures (T < ) its specific

heat capacity behaves exponential which deviates from the observed heat capacity
of a lattice.

Debye Model

The Debye model assumes a linear dispersion relation w(q) = vsq and a density of
states D(w) of zero above, the Debye frequency wp. From this follows, that the
density of states is given by:

D(w)=<{ “b (2.13)

2
3nD3w w S WD
0 w > wp

where np is the number of atoms per unit cell and w is the frequency. With the
energy relation of a harmonic oscillator the heat capacity cp follows as:

TD 4
cp = anDxDS/ ( T eXp(f) dx (214)
0

exp(z) — 1)?

where x = op/7 = hwp/ipT with p the Debye temperature and % the reduced Plank
constant. The Debye model is used to describe the contribution of accoustic phonons
to the heat capacity.

To describe the contribution of a lattice with several atoms per unit cell to the
specific heat a model that contains several Finstein and Debye models that are
added up is used.
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The materials in this work have lattices with several atoms per unit cell. Thus it is
possible that they have several acoustic and optic phonon modes. To describe the
heat capacity of the lattice a model containing a sum of several Einstein and Debye
models is used. The Debye models describe the acoustic and the Einstein models
describe the optical phonons.

2.5.2 Schottky Anomaly

When a System has two discrete energy levels seperated by the energy A a broad
anomaly shows in the specific heat which is called a Schottky peak. Its cause is an
increase in entropy when the thermal energy is large enough such that the higher
energy level can be populated. As the heat capacity is the derivative of the entropy
the increase in entropy causes a peak in ¢,. For a two state system the heat capacity
of a Schottky anomaly is given by:

CSchottky = R( (215)

kT

AN ep(Er)
X

where kg is the Boltzmann constant. The maximum of the Schottky anomaly is at
approximately Tpy = 0.42 &/kg [26].






Chapter 3

Experimental Methods

3.1 Heat Capacity

Heat capacity in this work is measured using the heat capacity option of the Physical
Properties Measurement System (PPMS) built by Quantum Design (The informa-
tion given in this chapter is taken from [27]). The PPMS is a cryogenically cooled
device accessing temperatures between 1.8 K and 400 K with the heat capacity op-
tion installed (50 mK with the dilution refrigerator option). Measurements can be
conducted in magnetic fields up to 14 T.

The heart of the heat capacity option is the puck shown in Fig. 3.1 (b). The
important components for a basic understanding of a normal measurement operation
are explained in the following. The sample is mounted to the sample platform by
Apiezon® N-grease! to ensure good thermal contact. Connected to the sample
platform are a heater and a thermometer in the form of two resistors, that are
controlled over two Gold wires. In total there are eight gold wires which establish
thermal contact from the sample platform to the puck. In the puck frame is another
thermometer. The puck is mechanically and thermally connected to the PPMS
through the chuck fingers and 12 hole pins. A thermal radiation shield is put on
top of the puck also functioning as a mechanical shield for the sample. To suppress
thermal exchange with the surrounding by gas the sample champer is kept below a
pressure of 1 mTorr while measuring by a charcoal inset and a sorption pump [28].
Fig. 3.1 (a) shows a sample installed on the puck.

Samples were mounted using a microscope and the PPMS sample mounting station.
The sample platform was cleaned carefully using ethanol and a cotton swab and a
wooden pick. Then N-grease was applied using a metal tweezer or a wooden pick.
To spread the grease on the platform, it was heated using a heat gun at 50°C for
10s to decrease its viscosity, the method is adapted from [29]. Background mea-
surements (addendas) at the temperature and fields of the planned coming sample

1 Apiezon® N-grease was used, as the temperature regime in which investigations were con-
ducted is below 200 K
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measurements were performed. The sample was then installed on the sample plat-
form by gently pressing it into the grease until it connected to the platform. Some
samples were so small, that handling them with tweezers was impossible. These
were installed by taking one side of a tweezer and applying a very small amount of
N-grease onto it as a glue to which the sample stuck and then performing the afore
mentioned steps.

Fig. 3.2 shows the temperature of the platform during one heat capacity measure-
ment against the time after the heater was turned on. While the heater is on the
temperature rises, the decreasing slope is due to more heat energy being lost to the
puck with an increasing temperature difference between puck and platform. When
the platform temperature has risen up to the programmed temperature the heater
is turned of. The temperature then decreases to the puck temperature. Assuming
good thermal contact, such that the platform and the sample are at the same tem-
perature T at all times the rising and falling temperatures can each be described by
the differential equation [27]:

dT
Ctotal% = —Kw(T — Tb) + P(t) (31)

where t is the time and P(t) is the power of the heater which is constant for the
temperature rise and 0 when the temperature falls. Ty, is the temperature of the puck
frame which is constant as its heat capacity is much larger than the heat capacity
Cotal Of the platform, the grease and the sample. K, is the thermal conductance of

(b)
PUCK' FRAME' AND
/ﬁwmz GUARD
/
//
THERMAL /
RADIATION /

SHIELD

SAMPLE PLATFORM

CHUCK —

H GREASE

Fingers
INDEXING KEY

Gold wires

N PUCK INTERFACE

FIBERGLASS 7~
CONNECTOR

Figure 3.1: (a) A sample attached to the platform through a thin layer of N-grease.
(b) Exploded view of the Puck modified, from [27].
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the gold wires. The solution of this model is:

t Ky, P(t
T(t) :A-eXp(— — ) +Tb+—K() (3.2)

By fitting the solution to the temperature curves the total heat capacity of the
platform, grease and sample can be determined. As the heat capacity of the platform
and sample are known from the addenda measurement the heat capacity can be
extracted.

When the sample and the platform are not thermally perfectly connected to each
other the sample temperature Ti,mpe and platform temperature Tpjatform may differ.
Then the model in eq. 3.1 cannot be applied. In this case the Two-tau model™
can be used in it the different temperatures lead to a heat flow between sample
and platform with a thermal conductance of K,. The model is described by the
equations [27]:

dT, atform
Cplatform% = P(t) - Kw (Tplatform (t> - Tb) + Kg (Tsample(t) - Tplatform (t))

deam e
Csample dt o = _Kg (];ample (t) - Tplatform(t>) (34)

33.6 T T T T T T T T

33.4 -

w
o
N
1
|

w
w
o
|
1

w
N
o
1
|

32.6 | 4

Platform Temperature (K)

324 | Heater on Heater off -

1 L | L | 1 | L
0 2 4 6 8 10
Relative Time (s)

32.2

Figure 3.2: Temperature of the platform as a function of time after the heat pulse
was applied.
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where cplatform and csample are the heat capacities of the platform and sample respec-
tively. The heat capacity of the platform is known by the addenda.

Detecting a first order phase transition by measuring temperature rises and then
fitting one of the models can be difficult. As the heat capacity is calculated from
a temperature rise it is the heat capacity over a temperature interval and not for
a single temperature. A first order phase transition can occur in a very narrow
temperature interval that is smaller than a temperature rise. In this case the phase
transition is only in one measurement point and the fit of the models won’t work, as
they assume a constant heat capacity for all temperatures during a temperature rise.
A first order transition leads to a kink in the temperature rise curves (Fig. 3.2) [27].

3.1.1 Measuring Heat Capacity on SmCrQOj;

Heat capacity measurements were conducted on a SmCrO3 sample using the mount-
ing method described in chapter 3.1. The mounted SmCrO3 sample is shown in
Fig. 3.3 (a), with the ¢ axis pointing into the picture. When measuring the heat
capacity of SmCrOj3 starting at low temperatures the sample coupling is at first
above the by Quantum Design recommended value of 90% (27, p. 4-15|. With rising
temperatures the sample coupling drops below this value around temperatures of
10 to 15K (see 3.4 (a)). For higher temperatures there are measurements where
a sample coupling cannot be determined anymore or it is determined to be 100%.
Furthermore the temperature rise curves to which the PPMS fits to determine the
heat capacity also show a oscillation with a frequency of the order of 0.6sec. Re-
mounting the sample several times with varying amounts of grease, did not improve
the sample coupling. Different potential causes where investigated:

e Between 1.8 to 10K the cooling is done with different modes. Therefore mea-
surements starting at higher temperature and with going in temperature down
instead of rising temperature were performed. 2

Figure 3.3: Platform of the heat capacity puck with (a) the SmCrOgz and (b) the
Copper sample. In (a) the crystallographic orientation is noted.

2This also eliminated the theory that helium which condenses on the calorimeter or in the
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e The roughness of the surface of the sample seemed to be large. The sample
was polished, which decreased the mass from 2.41 mg to 0.69 mg.

e A small temperature rise could make fitting difficult for a small sample. There-
fore the temperature rise was increased from 0.5% up to 4%.

e The thermal contact between the fingers of the Puck and the PPMS or another
characteristic of the Puck may have changed over time. To take these factors
into account the Puck fingers were spread using the spreading tool and the
Puck was recalibrated.

These measures did not improve the sample coupling. The problem is caused by the
small heat capacity of the sample, as Quantum Design specifies that the sample mass
should be in the range from 1 to 200 mg [27, p. 1-2]. Accordingly the sample mass
of 2.41 mg is on the lower limit of the calorimeter capability and this became even
worse after polishing the sample and reducing its mass to 0.69 mg, which directly
implies a small heat capacity. To investigate this a Copper piece was ground down
to 0.74mg and its heat capacity was measured, the mounted sample is shown in
Fig. 3.3 (b). The sample coupling of SmCrO3 and Copper against temperature can
be seen in Fig. 3.4 (a). Unlike the sample coupling of SmCrOj3 the coupling of Cop-
per at low temperatures is below 90%. Similar to the sample coupling of SmCrO3
going to higher temperatures the sample coupling can not be determined anymore
or is 100%. The different behavior of the sample coupling at low temperatures can
be explained when looking at the different sample contributions to the total heat
capacity against temperature shown in Fig. 3.4 (b). In the case of Copper at low
temperatures it is dominated by the heat capacity of the addenda. Its heat capacity
is so small, that other fluctuations are larger and the heat capacity is determined to
be negative. The heat capacity of SmCrO3 dominates the total heat capacity at low
temperatures. The difference originates in the contribution of a Schottky peak to
the heat capacity of SmCrO3 which is discussed in a later chapter. Going to higher
temperatures the percentage share of the sample heat capacity in the total heat
capacity reaches a maximum. This originates in the lower Debye temperature of the
samples in comparison to the sample platform. The difference in the Debye temper-
atures also causes the decline of the curve towards higher temperatures. Above some
temperature the share of the sample heat capacity in the total heat capacity is so
small, that a two 7 model cannot be fit by the PPMS to the temperature rise curves
anymore. Then a one 7 model is used. In the one 7 model the sample coupling is not
determined. Thus no sample coupling or a sample coupling of 100% is determined
[27]. The oscillation of the temperature rise curves is also seen in the measurement
on the Copper sample with a similar mass. It is likely not a characteristic of the
sample but a size effect when measuring.

As the problem of a small sample size cannot easily be fixed the measured heat
capacity of Copper is compared to literature values [30, 31] and a measurement on
Copper with a larger sample size that was performed by Ahmed Elghandour which

material, when being at low temperatures for longer times [27, p.13.3], is the cause of a Schottky
peak at low temperatures.
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are depicted in Fig. 3.5. At low temperatures the heat capacities align. Above 100 K
the heat capacity of the sample with a mass of 0.74 mg starts to show fluctuations
and becomes smaller than the other measurements. Too further analyze the validity
of measurements with a small sample coupling due to small heat capacities the heat
capacities before and after polishing the crystal are compared with measurements on
a polycrystaline sample performed by Gupta and Poddar [32] in Fig. 3.6. At tem-
peratures below 20 K the heat capacities align above they start to deviate strongly
from each other

From this it is concluded that the measurement data is feasible below 20 K. Slightly
above the error may also be caused by the error introduced into the literature data

100 I ®e ‘. ' L ] .‘ L] ..I-.QQ' “I L] -
S ol
g or. - W)
2 1t E - i
g_ 60 | :'0.' 2 8)100 s a5 N
Py = R
Q . o 80 e o
o &8 S ol A,
L 40 1% Q 60 VLI
o e’ o s o® gu.0s
S 4 @ 40} TR
© N o L .0. 2
(@))] 20 L E 20 PR .U I
@® 0 5 10 15 20
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(a) T (K)
0 L | L 1 L 1 L | L
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Figure 3.4: (a) Sample coupling versus temperature for SmCrOs with a mass of
2.41mg and 0.69 mg and a Copper piece with a mass of 0.74mg. (b) The fraction the
Samples Heat Capacity makes up of the total heat capacity.
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through the digitization. At temperatures above 40 K the measurements no longer
give reasonable values as can be seen not only by the divergence of the measurements
from the literature value but also by the divergence of the two measurements with
different masses. This makes a phonon fit impossible. But the properties at low
temperatures including a Schottky peak and the spin reorientation phase transition
can be investigated. No field measurements were conducted before polishing, so
the analysis of the effect of the field on SmCrOj is done using data obtained after
polishing.

Furthermore measurements on a sample containing U?* were conducted but not
successful likely due to a to small sample mass of 0.33(5) mg. It was not possible to
establish a sample coupling above 90% for any heat capacity measurement. Mag-
netisation measurements showed a sample signal in the order of micro emu which
cannot be measured due to the background of the straw sample holder being of the
same order of magnitude with a low reproducibility.

30 T T T T T T
e 0.74mg
e 6.18mg .
25 « White & Collocott W
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Figure 3.5: Heat capacity of Copper versus temperature for different masses and
from literature ([30, 31]). Sample with mass of 6.18 mg was measured by Ahmed
Elghandour using the same experimental setup.
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Figure 3.6: Heat capacity of SmCrO3 versus temperature for different masses and
from literature [32], where a polycrystalline sample was measured. The heat capacity

from [32| was digitized using the Origin digitalizer for temperatures between 20K to

50 K no precise data could be obtained.
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3.2 High-Resolution Capacitance Dilatometry

In this work thermal expansion and magnetostriction measurements are performed
using a mini-dilatometer from Kiichler Innovative Measurement Technology |7, 33|.
This instrument enables the measurement of length changes down to 1pm [7]. The
mini-dilatometer is installed in a homebuilt setup (OS), consisting of an commercial
Oxford Instruments Integra AC He cryostat [34, 21| with a variable temperature
inset. This variable temperature inset provides access to temperatures between
1.5 K and 300 K. The OS also contains a superconducting magnet that can generate
fields up to 15T. Furthermore a second mini dilatometer is used in a PPMS, where
temperatures down to 1.8 K and fields up to 14T can be accessed.

This work provides only a brief introduction of the mini-dilatometer, further details
are provided in |7, 35|. Figure 3.7 depicts a schematic representation of a mini-
dilatometer. The principle of operation is as follows: The sample (4) is fixated in
between the external frame (3) and the mobile part (1). Be-Cu flat springs (2) press
the mobile part upwards. If the sample expands or contracts the springs will move
the mobile part upwards or downwards respectively. The mobile part is connected
to the upper capacitor plate (4) which thus also moves changing its distance to the
lower capacitor plate (6) thereby changing the capacity between the two plates. The
capacitance bridge AH2500A, made by Andeen-Hagerling, measures the capacitance
of the capacitor in the mini-dilatometer. It is connected to the mini-dilatometer via
coaxial cables and measures the capacitance with a relative precision of 5 ppm [21].

The installation of a crystal into the mini-dilatometer begins with measuring the
samples thickness. Then the crystal is cleaned with an appropriate chemical and
the mini-dilatometer is cleaned using ethanol. In this work Fe3GeTe, is measured.
It is a layered Van-der-Waals material. It was not cleaned, as the Van-der-Waals
bonds may be destroyed or changed. To clean the mini-dilatometer the top part ((9)-
(12) and the upper part of (3)) is removed. Subsequently, the interior is cleaned
with ethanol. The crystal is then installed in the mini-dilatometer, and the top
is reassembled. The distance between the capacitor plates is set such that the
capacitance is 20 pF: First the screw (12) in Fig. 3.7 is unscrewed, such that it is
loose. Then the cubic piston (10) is pressed down by turning the screw (9). Thereby
the distance between the capacitor plates changes. When the desired capacitance is
set, the screw (12) is tightened and the sample-adjusting-aid (11) is demounted.

When installing the sample in the home built setup with an Oxford cryostat (OS),
the mini-dilatometer, attached to an inner sample rod, is inserted into a steel vacuum
jacket. The jacket is evacuated three times with a turbo pumping station and flushed
in between with helium. Following the pumping operation helium gas, as exchange
gas, is inserted up to a pressure of 30 mbar. Subsequently, the jacket is sealed and
inserted into the cryostat.

Before installing the sample rod in the PPMS, the sample rod is carefully heated
using a heat gun, which is set to 50°C (the mini dilatometer is not heated), to
evaporate water stored on the sample rod. Subsequently, the sample rod is installed
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in the PPMS, making sure that there is no leakage at the O-ring. The chamber is
then alternately pumped out and flushed with helium, whereby the last cycle is a
flushing cycle, which ensures that exchange gas is present in the chamber.

In this work only zero field thermal expansion measurements are shown. They are
measured with the sequence:

1. Cool down to 2K with a rate of 3K min—'.

2. Beginn procedure to relax the sample and cell by heating up to 60 K with
1 Kmin™!.

3. Cool down to 2K with a rate of 0.67 Kmin™".

4. Cool down to 1.7K for the OS and 1.8K for the PPMS with a rate of
0.3 Kmin™*

5. Heat up to 305K with a rate of 0.3 K min™'.
Only the data taken while heating up to 305K is further analyzed.

Before measuring magnetostriction, the sample chamber is cooled (with the sample
inside) and the sample is allowed to thermalize for 240 min. The magnetic field
is then swept at a rate of 50 Oe/sec. After the upward sweep, a waiting period of
between five minutes and one hour is implemented and the field is swept down again.
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Figure 3.7: Schematic view of the mini-dilatometer (a) a 3D-view, (b) side cut-
away view, (c) front cut-away view. (1) mobile part, (2) Be-Cu flat springs, (3)
external frame, (4) sample, (5) upper capacitor plate, (6) lower capacitor plate, (7
and 8) guard rings, (9) adjusting screw, (10) cubic piston, (11) sample-adjusting-aid,
(12) lock screw, (13) sapphire-washer, (14) insulating piece of Vespel, (15) electrical
connection. Modified, from [7].
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3.2.1 Cell Effect

The following is from [35]. When changing temperature or field the cell also expands
changing the distance between the capacitor plates and thus the capacitance changes.
The measured data thus includes a contribution from the cell:

ALsample — ALsample _ ALCEH. (35)

meas

Where ALS3mPle ig the measured length change, ALs™Pk is the length change caused
by the sample and AL is the change of the cell, the cell effect. To determine
the cell effect a reference measurement with high-purity copper (99.999%) with
approximately the same thickness as the sample is performed. By calculating the
difference between the literature length change ALS® and measured length change

LC for Copper the cell effect is obtained?:

meas

AL = ALF — ALSE (3.6)
Using eq. 3.5 and eq. 3.6 the length change of the sample can be calculated:
AL = AL — ALOY + ALG (3.7)

From this follows, that the relative length changes of the sample can be calculated
by:

(AL)Sample  ALgmele - ALC . (AL)C“

meas meas
Ly L

Ly lit

where Lg is the length of the sample before the measurement. A correction of
the cell effect is only performed for thermal expansion measurements and not the
magnetostriction measurements. The cell effect is of the order of 2 — 3 - 1077 for
magnetistriction measurements [34], which is 2 orders of magnitudes smaller than
the relative length changes of the sample measured in this work.

(3.8)

The FesGeTes; measured in this work has a thickness of 0.268 mm along the ¢ axis.
This is a rather small sample size to perform dilatometric measurements on, for
comparison the materials measured in [35] have a size of 4mm along the measured
axis. As not all crystals can be grown to any size along all axes the effect of the
thickness on the measurement is investigated.

To investigate the influence of thickness on the measurement, measurements on alu-
minium pieces with a size of 0.380 mm and 1.92mm are conducted. The cell effect
is determined using a piece of copper of similar thickness to the aluminium piece.
Figure 3.8 shows the relative length changes 4L/1 of the aluminium pieces and lit-
erature in dependency of temperature [36]. The measurements were conducted in

3When determining the cell effect with a copper measurement the cell effect does not only
contain expansion of the cell but also other sources that influence the measurement. Note that it
does not contain errors that are dependant on the thermal expansion of the sample for example an
error that depends on the distance of the capacitor plates. This could be improved, by performing
the measurement from which the cell effect is determined with a sample that has a similar thermal
expansion as the sample for which the thermal expansion is to be determined.
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the PPMS (a) and the OS (b). All datasets show a similar form, a convex thermal
expansion at low temperature followed by a parabula like thermal expansion. In
Fig. 3.8 (a) the 1.92mm dataset is smaller than the literature dataset, the differ-
ence increases with increasing temperature. The two datasets measured with the
0.38 mm piece are different, although measured with the same procedure, indicating
an uncertainty of the order of 24% at 200 K. The dataset measured second denoted
as 0.380mm 2 has larger relative length changes than the literature dataset. The
dataset obtained first denoted as 0.380 mm has larger relative length changes below
approximately 120 K and smaller relative length changes for higher temperatures
than the literature dataset. A dataset that is smaller than the literature dataset is
obtained by measuring the aluminum piece with a thickness of 1.920 mm. Although
it is smaller than the dataset from literature it shows the smallest deviation to the
literature dataset of the measured results. The dataset obtained by measuring the
aluminium piece with a thickness of 0.380 mm is smaller than literature and deviates
more from it than the dataset obtained with the aluminium piece with a thickness
of 1.920mm in the OS.

Fig. 3.9 shows the thermal expansion coefficients « of the datasets shown in Fig. 3.8.
Fig. 3.8 (a) depicts the measurements performed in the PPMS with no applied
field. The dataset from literature shows a shape that is similar to the shape of heat
capacity in the Debye model [36]. The curve measured with an aluminium piece with
a thickness of 1.920 mm behaves similar to the dataset from literature but seems to
be compressed by a factor. Furthermore, it shows an anomaly from 210 K to 238 K.
The origin of this anomaly is not clear, it has been consistently measured with
different samples in the PPMS. Thus different causes have been suggested, with one
being that there is oxide on the surface of the cubic piston in the mini-dilatometer
((10) in Fig. 3.7 (b)), but the mini-dilatometer installed in the OS does not show
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Figure 3.8: Relative length changes of aluminium against temperature measured in
(a) PPMS and (b) OS no external field was applied. Measurements were performed
with two aluminium pieces with different length as denoted in the legend. Literature
dataset from [36].
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this behaviour. An observation made by Kiichler is that he has seen this in some but
not all data measured in different PPMS [37]. From this observation it is followed,
that water or another contamination in the sample chamber is a likely cause. The
two measurements performed on the aluminium piece with a thickness of 0.380 mm
are over and under the dataset from literature. Their shape is dominated by wiggles
and broad peaks. The measurements goes up to 210 K as for larger temperatures
the anomaly seen in the 1.920 mm measurement would be seen and the aim of this
investigation was not to investigate the anomaly. The inset shows a zoom in below
temperatures of 60 K where the measurements with the sample with a thickness of
0.380 mm already show a substantial deviation from literature. The measurement
with the sample with a thickness of 1.920mm lies below the literature but the
deviation is smaller than 10%. Fig. 3.9 (b) shows the measurements on aluminium
conducted in the OS. The measurement with an aluminium piece with a thickness
of 1.920 mm shows the same form as the literature curve and the smallest deviation
of all curves, similar to the corresponding relative length changes. Below 60 K the
measurement shows no directional deviation from the literature. The measurement
with an aluminium piece with a thickness of 0.380 mm lies below the literature
dataset for all temperatures and shows a approximately linear region between 50 K
and 200 K which is not expected from literature.

The measurements with the aluminium pieces show that in the PPMS even with
samples that have the same thermal expansion as the thicker piece (44/r(200 K)~
4 x107"m and a(200K) ~ 3 x 107 mK~!) the determination of global properties
(such as phonon fits) must be performed carefully as the dataset is compressed by
a scalar factor in comparison to literature. In the OS the deviation is below 5% for
all temperatures measured. Thus global properties can be investigated.

Measuring samples that have a thermal expansion of the order of 44/L(200K) ~
107"m and a thermal expansion coefficient of the order of a(200K) ~ 7 x
107 m K1) leads to broad bumps in a which makes the determination of global
properties impossible. Furthermore measurements with small sample thickness are
not reproducible indicating a large uncertainty. The measurement conducted with
the 0.380mm thick piece of aluminium also shows large deviations from the lit-
erature value and broad anomalies making the determination of global properties
impossible. It can thus be concluded that for samples with relative length changes
at 200K ~ 107" m and a(200K) ~ 7 x 107 m K~! the mini-dilatometer can only be
used to determine features which occur in small temperature intervals as the devia-
tion does not show these. For thin samples with sufficiently strong magnetoelastic
coupling, the magnetic properties can be analysed also over broader temperature
ranges. However it can still not be possible to analyze the phononic properties. The
lower resolution and the limited trustworthiness of the data seen here can be mainly
attributed to the absolute length change becoming smaller with decreasing sample
size.

Furthermore these measurements show that the OS currently has a higher precision
than the PPMS setup. To improve the PPMS setup the sample chamber is warmed
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up and serviced. Furthermore the PPMS setup is improved for dilatometric mea-
surements as specified in [33]: the capacitance bridge will be galvanically isolated
from the grid using an isolating Transformer and the measurement computer will
be isolated from the setup using an optical USB repeater.
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Figure 3.9: Thermal expansion coefficient of aluminium against temperature mea-
sured in the (a) PPMS and the (b) OS no external field was applied. Measurements
were performed with two aluminium pieces with different length as denoted in the
legend. The inset shows a zoom in of temperatures up to 60 K. Literature dataset
from [36].



26 Experimental Methods

3.3 Magnetisation Measurements

Magnetisation measurements have been conducted using a Magnetic Properties Mea-
surement System (MPMS3) from Quantum Design and a PPMS from Quantum De-
sign. In the MPMS3 the DC mode was used while in the PPMS the VSM option
was used.

This work only provides a brief introduction of the DC and VSM option, further
details are provided in [38]. The principle working method of the DC option is that
the sample holder is passed through a coil which picks up the resulting flux produced
by the sample being moved through it. At different positions of the sample holder
in the coil the flux through the coil is measured by a SQUID in the MPMS. In the
PPMS the Voltage induced by the flux through the pick up coil is measured. While
passing the sample holder through the pick up coil the environment (magnetic field,
temperature) is stable. Passing the sample holder through once gives one scan. The
movement of the sample holder through the pick up coil is centered around the
sample position, the sample offset. From one scan the magnetisation of the sample
is then extracted by fitting a dipole like model onto the measured data. The VSM
option vibrates the sample holder through the pick up coil. The vibration is centered
around the position where the sample is in the pick up coil. Vibrating the sample
through the pick up coil leads to a change of flux through the pick up coil from
which the magnetisation is determined. Acquiring data by this method is fast and
thus measurements can be performed without stabilizing the environment.

The low measurement time of the VSM mode makes it possible to acquire many
measurement, points and perform temperature and magnetization sweeps fast in
comparison to the DC mode. An advantage of the DC mode is that backgrounds
subtraction is more precise as a difference in sample offset between the measurement
with and without sample can be corrected after the measurement. This is not
possible with the VSM mode. A difference of the sample offset can have a influence
even when they are only shifted by less than a millimeter to each other.

Before measuring samples were cleaned and weighted. They were then mounted
onto a quartz or a brass sample holder shown in Fig. 3.10 (a) and (b) respectively.
The sample holders used in the MPMS and the PPMS are only different concerning
their length. Fig. 3.10 (a) shows the Quartz sample holder of the PPMS with a
sample mounted onto it using Apiezon® N-grease under a microscope. The sample
was measured using the VSM mode. As the sample is very light the vibrations by
the measurements do not cause the sample to detach. Fig. 3.10 (b) show a sample
on the quartz piece of the brass sample holder. The two quartz pieces are pushed
together to hold the sample in place.

When measuring the magnetisation in dependency of the temperature either the
magnetic field was already applied while cooling (FC measurement) or the magnetic
field was applied after cooling but before measuring (ZFC measurement). Measure-
ments were always performed while the temperature increased.



3.3 Magnetisation Measurements 27

Additionally to magnetisation measurements conducted on SmCrO3 and Fe3GeTe,y
magnetisation measurement were conducted on RbCd,;Bi, and BaAg; gsBis. The
magnetisations of the RbCd;Bis and BaAg; gBi; samples did not show a large enough
magnetisation to be measured above 1.8 K. But the measurements on the BaAg; 3Bi,
sample did show a small contribution of a brillouinfunction with a spin of two in the
isothermal magnetisation curve at 1.8 K. It is attributed to a niobium impurity of
a few permille up to a percent in the sample which was introduced by growing the
crystal in a niobium tube.

Figure 3.10: (a) Quartz sample holder of the PPMS on the sample mounting station
photographed through a microscope. (1) Quartz sample holder (2) sample mounted
with N-grease. (b) Brass sample holder of MPMS. In the Brasstube (1) are two quartz
pieces (2), which are pushed together to hold the sample (3) in place.






Chapter 4

Dilatometric Measurements on
FesGeTeo

This chapter presents thermal expansion and magnetostriction data obtained from
high-resolution dilatometry measurements on FezGeTe,. To accurately understand
and interpret the data it is supplemented by specific heat and magnetisation mea-
surements.

Van-der-Waals materials are an intriguing material class exhibiting magnetic long
range order down to the monolayer in the case of Fe3GeTe, [3]. The long range order
in Fe3GeTe, at the monolayer limit is stabilized by magnetocrystalline anisotropy
arising from spin orbit coupling [5]. Furthermore the transition temperature of the
formation of long range order can be greatly enhanced up to room temperature for
three layer samples by doping with lithium ions [5]. Combined with the stability
at ambient conditions these findings render FesGeTe, as an optimal material for
further fundamental research and future applications in microelectronic devices [5].

Fe3GeTe, is a layered material which crystallizes in the P63/mmc space group.
Figure 4.1 (a) depicts a top view of a Fe3GeTe,y layer whose structure is made up
of hexagons. Their edges are occupied alternatingly by iron (labeled as Fel) and
tellurium atoms. The center of each hexagon is occupied by a germanium atom.
Furthermore a unit cell is depicted. Figure 4.1 (b) shows the structure with the
point of view rotated by 90° in comparison to Fig. 4.1 (a). Two layers that interact
by van-der-Waals (VAW) forces are shown. A layer can be sepearated into 3 parts.
The upper and the lower parts consist of the tellurium atoms and the iron atoms
in the position Fel that make up the hexagons shown in Fig. 4.1 (a). The middle
part consists of the germanium atoms and additional iron atoms (labeled Fe2) that
were hidden in Fig. 4.1 (a) by tellurium atoms. A larger Fe2 occupation deficiency
reduces the temperature of the ferromagnetic phase transition 7, = 220 K 39, 40|. T
is furthermore reduced by the application of uniaxial pressure [41]. Upon application
of uniaxial tensile strain of 0.32% to thin flakes the coercive field increases by 150%
[42] highlighting the importance of magnetoelastic coupling in Fe3GeTes. To deepen
the understanding of the interplay between lattice and magnetism in Fe;GeTey high



30 Dilatometric Measurements on Fe;GeTe,

resolution capacitance dilatometry measurements are performed in this work.

Single crystals of Fe3GeTes were grown and provided by Reinhard Kremer and Eva
Briicher. The crystals were grown from a stoichiometric mixture of powders of
the elements Fe, Ge and Te using a minute amount of iodine as mineralizer. The
growth process was conducted in evacuated quartz glass tubes in a two-zone furnace
at temperatures between 650 °C and 750 °C [39]. Fig. 4.1 (c¢) shows the sample used
in measurements performed in this thesis. It has a grayish color and exhibits a
thickness of 0.268(1) mm along the ¢ axis that is orthogonal to the image plane in
Fig. 4.1 (¢). Dilatometric measurements were performed along the ¢ axis with the
magnetic field applied parallel to it.

Figure 4.1: (a) Top view on the schematic crystal structure with unit cell and (b)
side view with unit cell of FesGeTes. (c¢) FesGeTey sample in the open dilatometer
cell. The ¢ axis is orthogonal to the plane of the image. (a) and (b) are modified from
[43].

4.1 Thermal Expansion Measurements

Figure 4.2 shows the relative length changes dL. /L. and their temperature derivative
a. as a function of temperature in zero magnetic field. The measurements were
performed in the homebuilt setup specified in chapter 3.2 (OS). The relative length
changes show konvex temperature dependence at temperatures below 150 K. For
larger temperatures the T dependency is rather linear. At 216 K there is a jump
superimposed onto the linear part shown in the inset. The pink lines approximate
the linear part. Because of the jump they do not lie on each other. The thermal
expansion coefficient rises up to 160 K and stagnates above. Broad bumps at 80 K,
160 K, a wiggle above 270 K and an anomaly with a maximum at 216 K can be seen.
The cause for the broad bumps and the wiggle above 270K is the measurement
accuracy. As the sample is only 0.268(1) mm thick the changes per Kelvin seen
here are of the order of 1nm. In principle it is possible to see length changes
of the order of 1pm with the dilatometer [7]. For samples such as the Fe3GeTey
measured in this work the resolution limit is reached if one wants to look at the
global properties of the material (see chapter 3.2.1) [37]. These broad bumps are
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superimposed on the lattice expansion over large temperature intervals making a
phononic fit impossible. The anomaly at 216 K in . is also seen in the relative length
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Figure 4.2: (a) Relative length changes of FesGeTes measured along the ¢ axis
without an applied field as a function of temperature. (b) Corresponding thermal
expansion coefficient. The insets depict a zoom in of the anomaly at 216 K. The pink
lines in the inset of (a) are a guide to the eye.
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changes and shown in the inset. It can be attributed to the ferromagnetic phase
transition [44]. A magnetoelastic coupling which causes the ferromagnetic phase
transition to be visible in «, as an anomaly is to be expected as an influence of strain
on the magnetic properites of Fe3GeTe, has been reported before [8]. The vertical
line in the inset of 4.2 (b) goes through the maximum of the peak. The right side of
the anomaly drops off faster than the rise of the left side making the anomaly non
symmetric although it appears to be symmetric when looking at 4.2 (b). The peak
appears to have a A-like form which one would expect as the phase transition is a
ferromagnetic phase transition. However it cannot be ruled out, that the background
contributes an anomaly that causes this asymmetry. Although it is not possible to
perform a Debye fit to isolate the magnetic contribution to «. it is scaled to the
heat capacity in the vicinity of the ferromagnetic phase transition. Figure 4.2 shows
the thermal expansion coefficient and the heat capacity from Kremer and Briicher
[39] in the temperature range from 190 K to 240 K. The axis are scaled such that
the heat capacity data and thermal expansion overlap between 200 K and 215 K.
But the anomalies in a and ¢, are not scalable to each other. A scaling is made
impossible due to the thin anomaly in «, which the heat capacity is lacking and the
different behavior above the anomaly. The different behavior above the anomaly
could be caused by the measurement resolution as described before.
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Figure 4.3: Detailed view around the anomaly of the thermal expansion coefficient
and zero field heat capacity measured by Kremer and Briicher [39] as a function of
temperature. Heat capacity data with open circles are from a different measurement
cycle.
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4.2 Magnetostriction Measurements

Fig. 4.4 depicts magnetistriction measurements along the ¢ axis versus magnetic field
parallel to the ¢ axis in the PPMS and the OS setup. Measurements were obtained
while increasing the field (up sweep) and decreasing the field (down sweep). The
data was obtained at a temperature of 2K. Starting at B = 0 and increasing the
field the data show an expansion and a kink at approximately 0.4 T in the up and
in the down sweep. For fields larger than the field that the kink occurs at the
up sweeps show a concave behavior except for the up sweep labeled as 5 PPMS.
The two up sweeps measured to different magnetic fields in the OS do not deviate
from each other. But the two curves measured in the PPMS deviate from each
other and from the curves measured in the OS as they show different curvatures.
Furthermore the measurements in the OS show a contraction of the material, while
the measurements in the PPMS show an expansion. The down sweeps all show
a convex temperature dependence although the curvature varies largely with the
14 PPMS measurement having the larges curvature, the measurements conducted
in the OS having approximately the same curvature and the 5 PPMS having the
smallest curvature. The concave and convex behavior in up and down sweep lead
to a hysteresis forming in each measurement cycle consisting of an up and down
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Figure 4.4: Magnetostriction measured along the ¢ axis as a function of the magnetic
field along the ¢ axis. The legend notes the maximum field at which data points where
taken for the curve and the device used to measure the data.
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sweep. The measurement cycles were conducted up to different fields. Even when
taking this into account the size of the hysteresis varies greatly due to the different
size of the curvatures and follows no simple dependency on the magnetic field. The
concave and convex form of up and down sweep lead to a butterfly like shape of
a measurement cycle. Butterfly like shapes in magnetostriction appears in models
containing domain wall translation [45]. But one would expect to see these domain
wall effects in the magnetisation as a hysteresis which is not observed (inset Fig. 4.5).
The different non compatible behavior of magnetistriction datasets measured in the
OS and the PPMS further complicate the interpretation of the measured data.

Fig. 4.5 (a) shows a zoom in of the magnetostriction measured in the OS between
0T and 1T at 2K. Below a magnetic field of 0.5'T FesGeTey expands with rising
field up to a kink at 0.3T in the down sweep and 0.4 T in the up sweep. At higher
fields the afore mentioned hysteresis opens. Fig. 4.5 (b) shows the magnetisation
measured with a field applied along the ¢ axis the inset depicts all magnetisation
data obtained. The magnetisation of FezGeTe, can be divided into two regimes.
A first regime at small fields where the magnetisation rises strongly followed by a
second regime where the magnetisation is in saturation. The magnetisation sat-
urates at approximately 1.50(5) ug/Fe which is higher than the reported values of
1.2 up /Fe found for Fey g3GeTey [44] and approximately 1.3 up/Fe found for a sample
with the same element composition of Fey go(1)Gep.2(3)Tep as the sample investigated
here [39]. The origin of the high saturation magnetisation in the sample investigated
in this work is not known. The transition between the two regimes takes place at
0.45T for the up sweep and 0.357T for the down sweep. These applied fields ap-
proximately match with the field of the transition between the two regimes in the
magnetostriction. That the magnetisation is in saturation above 0.45T makes it
extremely unlikely, that the hysteresis at higher fields is caused by a torque whose
origin are the magnetic moments in the magnetic field. The magnetostriction can
thus be divided into two parts. At small fields it is influenced by the moments that
are aligning with the magnetic fields. At higher fields a hysteresis occurs whichs
origin remains elusive.
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Figure 4.5: (a) Magnetostriction measured along ¢ axis in the OS against the mag-
netic field parallel to the ¢ axis up to 15T. (b) Magnetisation measured versus
magnetic field parallel to the ¢ axis. The inset shows the whole measurement interval
of the magnetisation data.






Chapter 5

SmCrQOs

5.1 Introduction

The structure of SmCrOj is shown in Fig. 5.1. It can be classified as a distorted
perovskite structure and belongs to the space group Pbnm or Pnma from the or-
thorombic crystal system [1]. The Cr’>-ions are centered in an octahedron formed
by the O?~-ions that are located at the edges of the octahedron. Neighboring octa-
hedra share an oxygen ion. The Sm3*-ions are located in between the octahedra.The
magnetism in SmCrOs is caused by the 3d electrons of the Cr3*-ions and the 4f elec-
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Q

Figure 5.1: Schematic of the structure of SmCrOs. Image is created with Vesta [46]
using the ICSD file 251099 [47].
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trons of the Sm3*-ions. Fig. 5.2 (a) shows the magnetic susceptibility as a function
of temperature, measured at a static magnetic field of B = 0.01T applied along
all three main crystallographic axes [1]. The measurements are performed in the
field cooled mode. For the magnetic field applied along the a and ¢ axis, zero field
cooled measurements are additionally shown. Two distinct features can be seen in
all datasets: A sudden change in magnetisation at a temperature of 33K and at a
temperature of 192 K. These two features show that there are at least three phases
in the material. At temperatures above 192 K, the susceptibility is low and inde-
pendent of the direction of the applied magnetic field. The magnetic moments are
not long-range ordered and the corresponding phase is the paramagnetic phase [1].
Below 192K down to 33 K, the magnetic susceptibility increases drastically when
the field is applied along the ¢ axis. When applied along the ¢ and b axis, a slight
increase is still visible. Neutron scattering experiments show, that the magnetic
moments of the chromium atoms are in the antiferromagnetic I'y configuration here
[48, 49, 50]. This configuration is shown in Fig. 5.3 (c¢). The light green arrows
symbolize the direction of the magnetic moments of the chromium ions and the dark
green arrows symbolize the resulting magnetic moment. In the I'y configuration, the
chromium moments are in the ab plane. Neighboring moments are not perfectly anti
parallel. Instead, they are tilted to each other resulting in a ferromagnetic moment
along the ¢ axis [51, 9, 10]. These weak ferromagnetic moments cause the highly
anisotropic behaviour of the susceptibility between 33 K and 192 K.

If the temperature drops below 33 K, a decrease of the susceptibility with magnetic
field applied along the ¢ direction and an increase in the susceptibility with magnetic
field applied along the a or b direction occurs. This indicates a spin reorientation
transition (SRT) at which the moments rotate such that the weak ferromagnetic
moments are in the ab plane below 33K [1, 48, 49, 50|. There are two possible con-
figurations for the magnetic moments of the chromium ions: The I'y configuration,
in which the moments have a non zero component along the ¢ axis and a resulting
magnetic moment in the ab plane, and the I'y configuration, where the chromium
moments lie in the ab plane and there is no resulting magnetic moment [51, 9, 10].

The exact configuration of the magnetic moments of the chromium ions remains
unclear and is closely connected to whether the SRT is a continous or discontinous
phase transition. Neutron scattering experiments with high energy (hot) neutrons
reveal the coexistence of the I'; phase and the I'y phase near the phase transition.
Furthermore it was concluded, that the SRT is a discontinuous phase transition
[12]. In contradiction to this conclusion, Sau et al. [13] noted that the use of hot
neutrons leads to a low resolution of the scattering data and a mixing of the mag-
netic peaks with the nuclear peaks [13|. Instead, their measurements show that the
SRT corresponds to a change in the spin configuration from I'y to I'y, suggesting
a continous phase transition [13]. Furthermore DFT calculations show that the I'y
configuration is lower in energy than the I'y configuration [13]. The magnetization
as a function of temperature at constant magnetic field was measured by Sau et al.
A hysteresis was obtained when first decreasing and then increasing the temperature
in the vicinity of the SRT [14]. It was concluded, that the phase transition is made
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up of a continuous rotation followed by a discontinuous transition into a different
spin configuration [14]. Magnetization measurements on a SmCrQOj single crystal
conducted by Yuan et al. show a spin configuration that is not strictly a ['; or a
I’y configuration but a mixed or inhomogeneous spin configuration [1|. Furthermore
these measurements do not show a hysteresis in the vicinity of the SRT, indicating
a continuous transition [1].

Below a temperature of 16 K the fc and zfc curves split, as seen in Fig. 5.2 (a).
The splitting of fc and zfc curve is larger when measuring along the o axis than
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Figure 5.2: Magnetic susceptibility x at B = 0.01 T against temperature. (a) Tem-
perature dependence of x = M/B for magnetic fields along the crystallographic a, b
and ¢ direction. Data with full points is field cooled, data with open points zero field
cooled. (b) Magnetic susceptibility at lower temperatures. Tn, Tn2 and Tsrr Tno
are highlighted. (¢) The derivative of the Magnetic susceptibility with respect to the
temperature. Image from [1].
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when measuring along the ¢ axis. The splitting confirms the presence of a weak
ferromagnetic moment [1]. A zoom in of the fc and zfc curves in this temperature
region is shown in Fig. 5.2 (b). With decreasing temperature, the susceptibility
measured in the zfc mode vanishes at the compensation temperature marked as
Teomp = 6 K. At Tionp the samarium sublattices magnetic moment is equal to the
magnetic moment of the chromium sublattice but the moments are anti parallel, thus
compensating each other. Figure 5.2 (c) shows the derivative with respect to the
temperature of the susceptibilities shown in Fig. 5.2 (b). At 3K a maximum can be
seen in the derivatives marked as Tyo. The presence of the maximum at Tyo and the
decrease of the zfc curve of the susceptibility measured with a field applied parallel
to the ¢ axis implicate that the magnetic moments of the samarium sub lattice are
ordering [1]. For larger temperatures below 192 K, the samarium moments are not
ordered, but the chromium moments influence them. This causes the samarium
sublattice to show weak ferromagnetic moments with a parallel alignment to the
magnetic moment of the chromium sublattice [9].

(a) z (b) z (c) z

y

M (Ay G, C) M (Fe C, Gy) [, (Gy A, F)

Figure 5.3: Abstractions of possible configurations for the magnetic moments of the
chromium in SmCrO3 [51, 9, 10]. The light and dark green arrows show the chromium
magnetic moments and the resulting magnetic moments, respectively. The z, y and z
axis are parallel to the crystallographic a, b and c¢ directions, respectively. From [1],
after [51].
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5.1.1 Entropy Changes at Tgrr

To investigate the nature of the SRT the Clausius Clapeyron equation (eq. 2.5)
can be used [22]. To determine the different quantities the method used in [1] was
adopted. The determination of AM, from the experimental data is shown in Fig. 5.4
(a) for an isothermal magnetisation curve at 15K. In the figure the magnetisation
versus the applied magnetic field in the direction of the ¢ axis and the derivative
of the magnetization with respect to the applied magnetic field are shown. At
high and low fields the magnetisation increases linearly with the magnetic field.
The magnetic fields at which the magnetisation increases linearly are separated by a
broad jump centered at 9.09(10) T. The jump in magnetization is identified as AM..
The magnetic field B, at which it occurs is determined from the maximum of the
derivative of the magnetisation as shown in Fig. 5.4 (a) and varies with temperature.
To determine A M, linear fits are performed to the linear parts in the magnetization
below and above AM.. Then the difference between the linear fits is calculated
at B.. The isothermal magnetisation measurement data at other temperatures is
shown in 5.5 (a). The jump in magnetisation in isothermal magnetisation datasets
above 20K and one of the two datapoints from isothermal magnetisation curves
at 20 K were determined in [1|. Figure 5.4 (b) shows B, as deduced by the above
mentioned procedure for different temperature from the data shown in Fig. 5.5 (b)
To determine 9Be/or, two linear fits to B, for T" > 13.5K (yellow line in Fig. 5.4
(b)) and T" < 15K (blue line in Fig. 5.4 (b)) were performed. To determine the
entropy change in the SRT ASgsgr, the Clausius-Clapeyron equation (eq. 2.5) is used.
Therefore the parameters of —0.50(3) TK™! (for T > 13.5K) and —0.70(3) TK™*
(for T < 15 K) are inserted for 9B¢/ar together with the values determined for AM..

Fig. 5.4 (c¢) shows the resulting entropy change in the SRT for magnetic fields
applied along the ¢ and ¢ axis respectively. The values for magnetic field applied
along the a axis are from [1], the data points for the applied field along the ¢
axis for magnetic fields smaller than B. = 6.3 T determined in this work are from
measurements reported in [1].

For the magnetic field applied along the ¢ axis, the entropy change rises linearly with
increasing magnetic field up to B, = 5T. For higher B, the slope is larger with a
jump or kink from 9 to 10 T. The jump or kink could be caused by the approximation
of the slope shown in Fig. 5.4 (b) by two linear fits. A determination of 95</ar by
a discrete derivative or a Polynomial of second order was not favorable, as the
derivative lead to scattering of the entropy change values due to the measurement
uncertainty and the polynomial of second order is ill fitting at temperatures above
25 K as the B, show a linear dependency in temperature. The entropy change in the
SRT determined for fields along the a axis is smaller than that determined along
the ¢ axis and is linearly dependent on the magnetic field that the SRT occurs at
for B. <3.6T.

For B < 5T and B < 3.6 T for the magnetic field respectively applied along the
¢ and ¢ axis a linear approximation of ASsgpr(B) seems reasonable. A fit to the
data yield ASspr(B || ¢ = 0) = 32(14)mJmol ' K~! and ASsgr(B || a = 0) =
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—1.5(14) mJ mol ' K~'. The entropy change determined with field applied along the
a axis is within the 1.1 o-interval from 0Jmol ' K~' suggesting that the negative
entropy change is a statistical artifact.

ASsrr(B = 0) has no external magnetic field applied. Consequently, the material
is subjected to the same environmental conditions in both extrapolations. Through
this one can assume, that the material is in the same state for both extrapolations'.
The deviation of the entropies determined by both extrapolations is within the 2.40-
interval, which is no significant deviation. To determine if the entropies determined
with the Clausius-Clapeyron equation are correct, the entropy change in the SRT
must be determined using another method.

!This is a assumption, as [1] found hysteretic behaviour in isothermal magnetisation curves.
At 35K near Tgrr = 33.1(4) K there is no remanent magnetisation in the isothermal magnetisa-
tion measurement with field along the ¢ axis. The remanent magnetisation in the measurement
with field along the a axis is of the order of 0.004 ug/f.u.. Calculating an entropy change with
the Clausius-Clapeyron equation with this remanent magnetisation gives an entropy change of
5.4mJmol ' K~' amounting to roughly 10% of the difference. Note that the different remnant
magnetisation indicate different internal fields not taken into account here.
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Figure 5.4: (a) Magnetisation and derivative of the magnetisation with respect to
the magnetic field against applied magnetic field in crystallographic ¢ direction at T
= 15K. The determination of the jump size in magnetisation at the SRT, AM,, is
indicated by blue lines and is described in the text. (b) B. for fields parallel to the ¢
axis as a function of temperature. The linear fits indicate the determination of 9Bc/aoT
as described in the text. (c¢) Entropy change associated with the SRT against the
magnetic field at which the SRT occurs. The entropy change in the SRT is determined
with the Clausius-Clapeyron equation for fields applied in crystallographic ¢ and a
direction. Solid orange and green lines illustrate linear fits performed for fields below
5.3T for B || cand 3.6 T for B || a. The data with field applied in the crystallographic
a direction are from [1], the data points below 6.3 T with field in the crystallographic
¢ direction are determined from measurements reported in [1].
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Figure 5.5: (a) Isothermal magnetisation and (b) field derivative of the magnetisa-
tion against applied magnetic field in crystallographic ¢ direction. Isothermal magneti-
sation measurements measured at temperatures larger than 20 K and the one marked

by* are reported in [1].
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5.2 Heat Capacity Measurements

5.2.1 Heat Capacity at B=0T

A method to determine the entropy changes are heat capacity measurements as the
heat capacity ¢, is connected to the entropy S by eq. 2.11. Figure 5.6 (a) shows
the zero field heat capacity measurements against temperature in the temperature
range from 1.8 K to 40 K. The measurements were performed on a sample with a
mass of m = 2.41(3)mg. A broad anomaly is observed at 3K, the broadness of
the anomaly suggests a Schottky peak, which will be further investigated in chapter
5.2.2. A second sharper anomaly is observed at 33 K, corresponding to the SRT a
zoom in of it is depicted in the inset. Its shape appears to be symmetric and not
A like, which indicates a first order phase transition. Figure 5.6 (b) shows the heat
capacity from the same measurement as the heat capacity shown in Fig. 5.6 (a) in
the temperature range from 170 K to 210 K. An anomaly is observed at 190 K which
is caused by the antiferromagnetic ordering of the Cr** moments [1].

The anomaly associated with the antiferromagnetic phase transition is shown in
Fig. 5.7. The figure depicts the heat capacity measured in [32] in (a) and the heat
capacity measured in this work in (b) from 150K to 240 K at zero applied magnetic
field. To determine the jump in heat capacity linear fits are performed above and
sufficiently below the anomaly [52]. The linear fits are performed in the temperature
regions where the anomaly is approximately linear as the result will be compared
with mean field theory where fluctations are neglected. The dark blue lines are the
best fit whereas the light blue dashed lines are a fit that is still reasonable. The pink
vertical line signals the temperature of the phase transition. At its temperature the
difference between the two dark blue and two light blue lines is taken to determine
Ac,. Its position can be determined from a construction of equal areas between the
vertical line, the linear fits and the measurement data. But as the uncertainties are
dominated by the uncertainty of the fit a precise determination of the temperature is
not performed. The jump in specific heat at the phase transition is thus determined
t0 8.5(15) Jmol ™" K~! for the heat capacity measured by Gupta and Poddar [32] and
to 5.6(25) Jmol ' K~ from heat capacity measurements in this thesis. The values
do not deviate significantly. The jump Ac, in heat capacity at the phase transition
can be calculated in a mean field approximation by [53]:

5Nkg (25 +1)2—1

2 (2S+1241 (5.1)

MF __
Acp =

With S = 3/2 for SmCrO; the jump in heat capacity is calculated to Ac)'™ ~
18.3Jmol ' K~!. The deviation between the jump in heat capacity calculated from
experiment and from mean field theory is significant. The origin of this deviation
might be short range order above Ty or incomplete or imperfect long-range order
below T.
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Using the Ehrenfest relation [17]:

dTy AL

the field dependence of the phase transition can be determined from the jump in
heat capacity and the jump in the derivative of the magnetisation. Tl is the tem-
perature of the phase transition and M is the magnetisation. Figure 5.8 shows the
derivative of the susceptiblity as a function of temperature at a magnetic field of B
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Figure 5.6: (a) Heat capacity as a function of temperature measured at zero magnetic
field in the temperature range from 1.8 K to 40 K. The inset depicts an anomaly at
33K. (b) Heat capacity from the same measurement as the heat capacity in (a) as a
function of temperature measured at zero magnetic field in the temperature range from
170K to 210 K. The measurement was performed on a crystal with m = 2.41(3) mg.
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= 0.01 T applied in the crystallographic (a) ¢ and (b) a direction. The construction
is similar to that used to determine the jump in heat capacity. The dark blue lines
are the best fit. Their difference is calculated at the vertical pink line marking the
temperature of the phase transition. The dashed light blue lines are a fit that is
also plausible and are used for the determination of the uncertainty. The jump in
9x/or is thus determined to 0.05(3) erg G2 mol~! K~! for an applied magnetic field
along the ¢ axis and 0.85(15) erg G2 mol~* K~! for an applied magnetic field along
the a axis. Using equation 5.2 and the obtained values? the temperature depen-
dence is determined to 0.17(13) K'T~! for magnetic fields parallel to the ¢ axis and
0.0029(6) K T~! for magnetic field parallel to the a axis with a strength between 0T
and 0.01T. Figure 5.9 shows the temperature at which the antiferromagnetic phase
transition occurs as a function of the applied magnetic field in (a) crystallographic ¢
direction and (b) crystallographic a direction. The darkblue line is a linear fit used
to determine 97/op and the lightblue dashed line is used to determine the upper
value which still seems plausible. To determine the change of temperature of the
antiferromagnetic phase transition with field 97/o5 is determined to 0.29(6) K T~!
for B || c and 0.17(14) KT~ for B || a. The values calculated using the Ehrenfest
relation and those determined from Fig. 5.9 agree within their uncertainties.

The measured heat capacity is assumed to include magnetic and phononic contri-
butions. To determine the magnetic entropy change at the SRT it is first necessary
to separate the magnetic contribution to the heat capacity from the total heat ca-
pacity which is dominated by the heat capacity of the lattice. This is achieved by
subtracting a linear background in the vicinity of the SRT peak, which serves as an
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Figure 5.7: Heat capacity of SmCrQOj3 as a function of temperature in the range from
150K to 240K at a magnetic field of 0T. (a) Shows the heat capacity from [32], (b)
shows the heat capacity measured in this work. The linear fits show the construction
to determine the heat capacity jump at the antiferromagnetic phase transition as
described in the text.

2The derivative of the susceptibility is multiplied with the applied magnetic field to obtain the

magnetisation.
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approximation of the local background. The subtraction of a global Debye fit was
also performed but proved to be insufficient due to the lacking measurement preci-
sion of the heat capacity and the resulting high noise. Note, that the T3-behavior of
phononic background expected at low 1" does not describe the background at the rel-
atively high T' of the SRT. The by the linear background approximation subtracted
heat capacity against temperature is shown in Fig. 5.10. A horizontal line em-
phasizes ¢, = 0. If the linear background were to approximate the real background
perfectly in the vicinity of the phase transition only the anomaly would deviate from
this line. However as can be seen the background subtracted heat capacity deviates
from the line. The deviation from zero in the vicinity of the anomaly can be split
into two contributions. Firstly, a contribution which scatters around a value and
exhibits similarities to noise. Secondly a contribution which deviates towards posi-
tive values. The first contribution is a consequence of measurement precision. The
second contribution shows the limits of the linear approximation of the background.
By using eq. 2.11, the entropy change is determined from the heat capacity shown
in Fig. 5.10. For the lower and upper boundary of the integral the temperature of
the beginning and end of the peak are chosen. The entropy change associated with
the SRT is then determined to ASggr = 47(6) mJ mol ™' K—'. The value agrees with
the value of 32(14) mJ mol ' K~! obtained from the magnetisation data at low field
parallel to the ¢ axis by means of the Clausius-Clapeyron equation within their un-
certainties. In contrast the entropy change determined by the analysis based on the
Clausius-Clapeyron equation for the magnetic field parallel to the o axis deviates
significantly from the entropy change determined from heat capacity. The entropy
change associated with the SRT is determined using the Clausius-Clapeyron equa-
tion to —1.5(14) mJ mol ' K. The entropy change deviates from the entropy change
determined from heat capacity by 5.4 o-intervals. The deviation could be caused by
the assumption that a linear extrapolation to 0T is valid for magnetic fields applied
along the a axis. For example it could be that at lower magnetic fields parallel to
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Figure 5.8: 9x/o7T as a function of temperature with an applied magnetic of 0.01 T
along the (a) ¢ axis and the (b) a axis. The linear fits show the construction that is
used to determine the jump at the antiferromagnetic phase transition as described in
the text. The data is from [1].



5.2 Heat Capacity Measurements 49

195 T T T T T

194 |

N —
X
=193 . {1935
= )
192 N ] 1402
7 o T,
| lin. fit "
= =lin. fit unc lin. fit
— -lin. fit unc
191 ! ! ! 191
0 2 4 6 8 0 2 4 6 8
Bllc(T) Blla(T)
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Figure 5.10: Heat capacity corrected by a linear background versus temperature.
The background was fitted such that the heat capacity is zero in the vicinity of the
peak corresponding to the spin rotation phase transition. The horizontal line indicates
where 0 is.
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5.2.2 Heat Capacity at B 20T

For the measurement in applied magnetic fields, a SmCrO3 sample with m =
0.69(5) mg was used. Fig. 5.11 illustrates the heat capacity against temperature
measured at various static magnetic fields. All curves show a Debye-like rise and
three distinct anomalies, a broad peak at a temperature of 3K, a dip at 28 K and a
peak that occurs at different temperatures depending on the applied magnetic field.
The inset shows measurements at 0T with different sample masses in the range of
25 to 30 K. Here the dip at 28 K is only visible in the measurement with a sample
mass of 0.69(5) mg but not in the measurement with a sample mass of 2.41(3) mg.
The cause of the dip remains evasive. It could be that the properties of the sample
have changed by polishing it. This seems unlikely, as there would need to be an
effect contributing a negative heat capacity which amounts to a negative entropy
change. The dip could also be a measurement artifact introduced by measuring a
sample with a very small mass. But this also seems unlikely as the dip does not
appear in an heat capacity measurement conducted on a copper sample with a mass
of m = 0.74mg in Fig. 3.5.

The peak of the SRT is shifted towards lower temperatures with increasing magnetic
field. This can be explained by the fact, that for increasing fields in crystallographic
¢ direction it becomes energetically favorable for the magnetic moments to remain
in the ¢ direction leading to a suppression of the SRT. Furthermore, for each in field
measurement, in the temperature range between the temperatures of the in field
SRT and the zero field SRT the heat capacity measured in field is lower than in zero
field. As temperature increases, the discrepancy between the in-field curves and the
zero-field curve diminishes, becoming smaller than the measurement precision above
28 K. Figure 5.12 (a) shows ¢;*(B = 14'T), the heat capacity measurement at B =
14T, versus temperature. A Schottky contribution is fitted below a temperature
of 5 K. Below 5K the experimental data are fully explained by the fitted Schottky
contribution. Thus the heat capacity is dominated by the Schottky contribution
in this temperature regime. Above 5K the fit lies below the data which signals
the contribution of the SRT to the heat capacity. For temperatures above 10 K the
measured heat capacity is smaller than the heat capacity that the Schottky peak
should contribute. Thus the Schottky peak contributes less to the heat capacity
than expected from the fit. To further investigate this the heat capacity of the
Schottky anomaly fitted to ¢;*?(B = 14T) is added to the in field measurement
data above Tsgr as shown in Fig. 5.12 (b). Furthermore shown is the zero field
measurement and the in field measurement without an added Schottky above Tggr
against temperature.

Figure 5.12 (c) shows heat capacity measurements for varying magnetic fields versus
temperature. For the in field measurements the contribution of a Schottky anomaly
has been added in the same way as for the 14T measurement curve. The deviation
of the in field data from the zero field data is reduced by adding the contribution
of the Schottky anomaly. Without the addition of the contribution of the Schottky
anomaly the in field curves deviate from the zero field curve up to 28 K. With the
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contribution of the Schottky anomaly the in field data deviates from the zero field
data up to 21.0(5) K, 16.5(5) K and 16.5(5) K respectively for an applied magnetic
field of 7T, 10 T and 14 T. The in field data agrees with the zero field data at lower
temperatures than without the addition of the Schottky contribution. From these
observations it is concluded, that the two state system causing the Schottky peak
no longer contributes to the heat capacity at temperatures larger than Tsgr. This
may be caused by a shift in the energy levels, such that either both states or only
the ground state are occupied above Tggrr.

The evolution of the energy gap of the Schottky anomaly Agchottky in an external field
applied along the ¢ axis is shown in Fig. 5.13. The energy gap rises approximately
quadratically with external field, Agchottky 15 9.7(23)% larger at 14T than at 0T.
As the change of 14T of the total field causes a 10 % rise, assuming that Agchottky
depends linearly on the external field the internal field acting on the two state system
can be very crudely approximated to an order of magnitude of 150 T.

Further investigation of the SRT requires the separation of the SRT peak from the
total heat capacity. To seperate the peaks first the fitted Schottky peak was sub-
tracted with the parameters obtained by fitting below 5K up to the middle of the
SRT peak. The exact ending of the Schottky peak in the SRT could not be deter-
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Figure 5.11: Heat capacity versus temperature for various magnetic fields applied
along the crystallographic ¢ axis. The measurements in the main plot were performed
using a crystal of mass m = 0.69mg. The inset displays the heat capacity of the
sample before and after polishing in the range of 25K to 30 K.
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mined. The end of the Schottky peak at high temperatures is assumed to be abrupt
(Heaviside step function like). This assumption leads to a discontinuity which can
be seen in the 14T curve at 10 K. The temperature at which the subtraction of the
Schottky peak ends was chosen such that the discontinuity is minimalized. Then a
combination of a Debye-Einstein model was fitted at temperatures above the tem-
perature of the SRT and subtracted from the heat capacity. The resulting heat
capacities showed negative values for some datasets or the data still showed a back-
ground, furthermore some datasets were not measured up to higher temperatures.
For the datasets where the subtraction of the background by a Debye-Einstein model
was not feasible (4T, 7T, 8T, 11T, 12T, 13T, 14T), a polynomial of third order
was fitted to the data at temperatures above and below in the vicinity of Tsgr. The

4 T T T 8 T T T T T T
]
7 | No Schottky |  Schottky
added ! added s d
3F 6 I E
|
1
< <5r ! .
© © !
£ 2} E4r | ]
2 2 sy I
& $£3t P : 4
1+ 2b 4 .L 1
e, i 00
1k he -°°.°.°.°.ww°’fas _
(b) AR
0 1 1 1 0 1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20 25 30 35
T (K) T (K)
T T T T T T T T
| | I
sl | | | _ ?(B=0T)
| | | exp(B 7T)
No Schottky | ] | Schottky ” exp B=10T)
added ! ! ! added R =
ol i ! : o] exF’(B—14 )
< | | | 4 CPB=7T) +cSB=7T)
s | | | 7 exl’( =10T)+c3(B=10T)
| | 1 o
S 4l ! : ! & { - gr@=1nrE=U
& 7R ! ! ! e cS(B=14T)
J "-"“ | | | &
{ . Seseesse, : | g}:/e
2L ey, W - Ve s |
g Opo, 10 1o o1 0903§
% l..""l- eecvs, | o 50°°
L TP, °'°P. o«*aao’
(© A |
| I 1
0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35
T(K)

Figure 5.12: Heat capacity measurements against temperature for various magnetic
fields. (a) Measurement performed at a magnetic field of 14 T and a Schottky anomaly
fitted below a temperature of 5K. (b) Measurement performed at a magnetic field
of 14T with the contribution of the Schottky shown in (a) added to the data above
10K. Grey and blue filled points display the zero field and field measurement. (c)
Measurements with a applied field of 0, 7, 10 and 14T. The contributions of the
Schottky anomaly fits is added to the data above Tggrr.
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peak in the zero field curve was determined as discussed in chapter 5.2.1. In Fig. 5.14
the resulting SRT peak is shown for different applied fields in the crystallographic ¢
direction. With increasing magnetic field the peaks become broader in temperature.
Starting with 0 T their amplitude first becomes smaller, then larger up to 12T before
they decrease slightly in their maximum again. Furthermore, a second broad small
peak can be seen at 7K for an applied field larger or equal to 8 T. This second
feature grows in size with increasing field and is then not discernible anymore from
the SRT peak starting at 12'T. The origin of this peak is not known.

The entropy change associated to the SRT peak for varying magnetic fields is cal-
culated using eq. 2.11. The results are compared to the entropy change calculated
using the Clausius-Clapeyron equation (eq. 2.5). Figure 5.15 (a) shows the resulting
entropy changes versus the applied magnetic field in crystallographic ¢ direction of
the SRT. The rise of the entropy change for increasing magnetic fields up to 8T,
determined from the heat capacity measurements, is linear. At larger fields between
10T and 14 T is a second interval where the entropy change rises linearly but with
a larger slope than at lower fields. The increase of the slope of the entropy change
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Figure 5.13: Energy gap of the Schottky anomaly in kelvin as a function of magnetic
field applied in the crystallographic ¢ direction.
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from the linear regime at low fields to that at high fields may be caused by the afore
mentioned broad peak. As it starts to merge with the SRT peak at 10T and grows
with magnetic field it cannot be determined and separated at fields above 10T and
could thus contribute to the calculated entropy change. The entropy change deter-
mined from the Clausius-Clapeyron equation in Fig. 5.15 (a) lies above the values
determined from heat capacity for non zero fields smaller than 10T. At fields larger
or equal to 10T the values determined with the Clausius-Clapeyron equation are
smaller. The entropy change determined from the Clausius-Clapeyron equation is
in agreement with the values determined by heat capacity within the measurement
uncertainties. However the uncertainties of the entropy changes determined from
heat capacity measurements are large. The uncertainties of the entropy changes de-
termined by heat capacity are dominated by the background subtraction. Due to the
large errorbars it is not possible to determine wether the entropy change determined
from heat capacity is larger or smaller than the one calculated with the Clausius-
Clapeyron equation. If the entropy change determined by the Clausius-Clapeyron
equation based analysis were significantly larger than the entropy change deter-
mined from heat capacity measurements a first order phase transition is extremely
unlikely. This would render the validity of the Clausius-Clapeyron equation highly
unlikely as a prediction of a to high entropy change would necessitate a negative
entropy change contribution for it to still be valid, which would be a very unusual
phenomenon. If the entropy change is lower than the entropy change measured in
heat capacity there can simply be another contributor to the entropy change. Thus
to gain further insights measurements of c, with a better signal to noise ratio al-
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Figure 5.14: Heat capacity associated with the SRT for varying B-fields applied
parallel to the crystallographic ¢ direction versus temperature.
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lowing a more precise determination of the entropy change associated with the SRT
are needed. Low magnetic fields are of particular interest, as the entropy change
determined by the Clausius-Clapeyron equation could be significantly higher than
that determined by heat capacity measurements in this regime.

A potential contributor to the entropy change at Tsgr can be found in the two
state system that contributes a Schottky anomaly to the heat capacity. Assuming
that the two state system is fully disordered at 35 K above Tsrr independently from
the applied field it must contribute the same entropy changes when going from
the ordered state at 1.8K to the disordered state at 35K for all applied fields.
This assumes that the two state system is in the same state for 1.8 K and 35K
independently of the applied field. That the two state system is fully disordered
independently of the applied field at 35 K seems reasonable, given that the maximum
of the Schottky peak occurs within the temperature range of 3.1 to 3.6 K, depending
on the field, which is a magnitude lower than the temperature of 35 K. The argument
presented in the paragraph above can also be phrased as: The heat capacity that
the Schottky anomaly does not contribute above Tggr in field compared to zero
field leads to an entropy change ASschottky that is not contributed above Tggy. This
entropy change must be contributed at other temperatures up to the temperature
where the two state system is fully disordered. The entropy change missing in
the Schottky peak could be contributed towards the entropy change in the phase
transition.

ASsrr(B1) = ASschottky (B1) + other contributions (5.3)
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Figure 5.15: Entropy change as a function of the magnetic field in the crystal-
lographic ¢ direction. (a) The entropy change (ASsgr) associated with the SRT,
determined from heat capacity and via the Clausius-Clapeyron analysis, as described
in the text. (b) AS determined by three different methods (described in the text):
ASsrr is the entropy change determined from heat capacity. ASschottky is the entropy
change determined from the integral of the Schottky peak in the heat capacity includ-
ing the data for temperatures above Tsrr. ASgg is the entropy change calculated by
ASgir = ASschottky (B # 0) — ASschottky (B = 0), as described in the text.
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Where ASsgr(Bi) is the entropy change associated with the SRT in the magnetic
field By, ASschottky(B1) is the entropy change the Schottky peak would have if it
continued above Tggrr in the magnetic field By. Other contributions are the con-
tributions at the magnetic field By to ASsgr by other contributors not identified
in this work. Fig. 5.15 (b) shows ASggrr(B;) determined from heat capacity mea-
surements and ASschottky (B1) against the magnetic field parallel to the ¢ axis. For
the majority of applied magnetic fields they are in agreement within the scope of
their uncertainties. However the entropy change the two state system contributes is
greater than the entropy change associated with the SRT at all fields except 10T.
This could indicate that the entropy change ASschottky is not wholly contributed
to ASsrr. A part of the entropy change ASsottky could also be contributed at
temperatures below Tsgr. In heat capacity the size of the Schottky peak increases
at low fields within the uncertainties for increasing magnetic field, which increases
the entropy change contributed by the Schottky peak below Tsrr by ASqig.:

ASgir.(B1) = ASschottky T<Tsgr (B1) — ASSchottky T<Tepy (B = 0) (5.4)

Where ASschottky T<Tsgr (B1) and ASschottky T<Tery (B = 0) are the entropy changes
below Tggr of the Schottky anomaly respectively in the magnetic field B; and B = 0.

The entropy change contributed by the two state system to ASsgr is corrected for
the increase of contributed entropy change by the Schottky anomaly below Tsgr by
subtracting ASdiff_ from ASSchottky:

ASSRT<BI) = ASSchottky<Bl> - ASdiﬂ‘.(Bl) + other contributions (55)

The corrected missing entropy change is shown in Fig. 5.15 (b), it lies below ASsgr
determined from heat capacity for fields above 4T, but the datasets agree within
the scope of their uncertainties. The uncertainty of the entropy change, that the
Schottky anomaly contributes to the entropy change associated with the SRT is
increased by the correction due to the uncertainties of the total entropy change of
the Schottky fits below Tsgr.

5.3 Magnetic Phase Diagrams

Anomalies found in the magnetisation M (T, B) and heat capacity can be used to
expand the magnetic phase diagram of SmCrOs, initially constructed in [1]. Fig. 5.16
shows the derivative of isothermal magnetization versus the applied magnetic field in
¢ direction. Data measured at temperatures higher than 20 K and the measurement
labeled with 20 K* are taken from [1]. The maxima in the data obtained in [1| and
the data obtained in this work are at the same positions as can be seen for the
two measurements performed at 20 K. But the linear background and the peak size
are different. It is not possible to transform the curves into each other by scaling
the data with a factor and adding a constant. The difference might be caused by
the polishing of the sample or a imperfect mounting of the sample onto the sample
holder causing the magnetic field to not be perfectly parallel to the ¢ axis. The
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magnetic field at which the SRT occurs increases with decreasing temperature and
the anomaly cannot be detected below 8 K. Fig. 5.17 (a) depicts the derivative
of the magnetic susceptibility x = M/ for different magnetic fields applied along
the ¢ axis. At the temperature of 190 K and below 35K several anomalies can
be seen. The inset shows the anomalies below 35 K. The anomalies at 190 K are
caused by the antiferromagnetic ordering of the chromium atoms moments. Its
temperature is rather constant in field. The anomaly below 35K is caused by the
SRT. With increasing magnetic field the temperatures and amplitudes of the SRT
peaks decrease. Fig. 5.17 (b) depicts the derivative of the susceptibility x = M/B
for different magnetic fields along the o axis. At 190 K an anomaly caused by the
antiferromagnetic transition with a similar behavior as the anomaly caused by the
antiferromagnetic transition in 5.17 (a) can be seen. Below 5K there is a second
anomaly. Its temperature is rather constant in field. The origin of the anomaly is
the ordering of the samarium moments [13|. This anomaly can also be seen when
the field is applied along the ¢ axis in the heat capacity data.

Using the magnetization measurements shown here a magnetic phase diagram for
the field applied along the ¢ and ¢ axis can be determined. For the phase diagram
with the magnetic field applied along the ¢ axis the data are supplemented with
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Figure 5.16: The derivative of the isothermal magnetization 9M /9B versus the applied
Magnetic Field. The data above 20K and the one marked by * are from [1].
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data from heat capacity measurements. In the phase diagram with the magnetic
field parallel to the ¢ axis three phases occur and in the phase diagram with the
magnetic field parallel to the a axis four phases occur which are explained in chapter
5.1. In the AF III the samarium atoms moments are ordered [13]|. Fig. 5.18 (a) shows
the phase diagram with the magnetic field applied along the ¢ axis. Tiomp is the
compensation point measured in [1]. It is caused by the antiparallel alignment of the
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Figure 5.17: Derivative of the magnetic susceptibility 9x/aT measured at various
applied magnetic fields versus temperature. The magnetization was measured in the
field cooled mode. (a) Magnetic field applied along the ¢ axis, the curve at 1, 5 and
7T are from [1|. (b) The magnetic field applied along the a axis. The insets depict
the anomalies at lower temperature in greater detail.
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magnetic moment of chromium atoms and the samarium atoms which compensate
each other leading to x = 0. The antiferromagnetic phase transition shifts only
slightly in temperature with increasing magnetic field for magnetic fields applied
along the @ and ¢ axis. Furthermore the ordering of the samarium atoms moments
shifts only slightly in temperature with increasing magnetic field parallel to the a
axis. The temperature of the SRT drops linear with increasing magnetic field. To
higher magnetic fields the value of the slope increases which can be seen in Fig. 5.4
(b). Above a magnetic field of 10T, Tsgr determined from the heat capacity is
larger than that determined from magnetisation measurements. The difference in
temperature has a size of 1.7 K. The cause is probably that the temperature at which
the heat capacity change is strongest is not the temperature at which the change in
magnetisation has its maximum. As the width of the peak of the SRT increases in
field (Fig. 5.17 (a) inset) and heat capacity (Fig. 5.14) the determined temperatures
can also lie further apart in the temperature range at which the SRT takes place.
The magnetic phase diagram with a magnetic field applied along the a-direction is
shown in Fig. 5.18 (b). The I'y configuration with the resulting magnetic moment of
the chromium atoms along the a axis extends up to the paramagnetic phase. The
anti-ferromagnetism with the resulting chromium moments along the ¢ axis is inside
a dome.
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Figure 5.18: Magnetic phase diagrams of SmCrOs for an applied B-field in the
crystallographic (a) ¢ direction and (b) a direction. PM is the paramagnetic phase.
In the AF I phase the Cr moments order in an antiferromagnetic configuration with
the resulting moment of the Cr atoms along the ¢ axis (I'y configuration). In the
antiferromagnetic AF II phase the resulting moment of the Cr atoms are aligned
along the a axis (I’ configuration). The Cr moments do not change from the AF II
phase to the AF III phase but the Sm3t moments may order in the AF III phase.
Data below 7T with the exception of Tggr ¢}, is from [1].



Chapter 6

Conclusions

For the present work heat capacity and magnetisation measurements on SmCrOs;
and thermal expansion and magnetostriction measurements on Fe;GeTey were con-
ducted. The heat capacity is measured using a relaxation method whilst thermal
expansion and magnetostriction are determined using capacitive dilatometry. These
methods access a temperature regime that spans from 1.8 K to 300 K with applied
magnetic fields from 0T to 15T for measuring with capacitive dilatometry and from
0T to 14T for measuring heat capacity.

Dilatometric measurements on the 2D Van-der-Waals material Fe3GeTey were per-
formed along the ¢ axis. The thermal expansion coefficient shows a broad anomaly
including a narrow peak. The overall feature can be assigned to the ferromagnetic
phase transition, showing that there is magnetoelastic coupling in FezGeTe,. The
shape of the ferromagnetic phase transition in thermal expansion differs from that
seen in heat capacity measurements [39]. The magnetostriction data show a expan-
sion of the material up to a kink at 0.4 T, which is caused by the magnetic moments
aligning with the field. At higher magnetic fields the kink is followed by a large
hysteresis between up and down sweep of the magnetic field. The origin of the
hysteresis remains elusive.

Heat capacity measurements on SmCrOj feature a Schottky anomaly, an anomaly
at the spin rotation transition and an anomaly at the antiferromagnetic phase tran-
sition. The entropy change associated with the spin rotation transition in zero field
is determined to 0.047(6) Jmol ' K~' from heat capacity measurements. It is in
good agreement to the entropy change of 0.032(14) Jmol ' K~! determined from
magnetisation measurements along the ¢ axis. However it deviates significantly
from the entropy change of —0.0015(14) Jmol ' K~ determined from magnetisa-
tion measurements along the a axis. The deviation is probably caused by the too
simple approximation of the entropy change to B = 0T by a linear function. The
Schottky anomaly is not observable when measuring in an applied magnetic field in
the I'y configuration. Thus the Schottky anomaly does not contribute to the heat
capacity measured in field above Tsgr where the chromium magnetic moments order
is described by the I'y configuration
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The entropy changes associated with the spin rotation transition are determined for
magnetic fields up to 14T and compared to the entropy changes calculated using
the Clausius-Clapeyron equation. The values agree within their uncertainties. The
suppressed ordering of the Schottky anomaly in the I'y configuration is identified as
a contributor to the entropy changes of the spin rotation transition. Furthermore
the magnetic phase diagrams in [1] are continued up to magnetic fields of 14 T.
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