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Abstract
Magneto-elastic coupling plays a signiﬁcant role in magnetocaloric materials
for magnetic refrigeration at room temperature. It can lead to the existence
of a so-called tricritical point where a metamagnetic phase transition changes
from ﬁrst order to second order. Controlling tricriticallity allows us to control
the hysteresis of the metamagnetic transition which is of relevance for cyclic
application of a magnetic ﬁeld in a cooling device.
This thesis investigates the two incommensurate antiferromagnets CoMnSi
and NiMn(Ge,Si) by means of powder neutron diﬀraction and magnetisation
measurements. The correlation between structural parameters and the magnetic structure is established. In CoMnSi a very broad magneto-elastic phase
transition is found to go hand in hand with the changes in thermomagnetic
hysteresis and a new cycloidal ground state is proposed. In NiMn(Ge,Si)
a ﬁrst order transition between two antiferromagnetic states in zero ﬁeld is
responsible for the changes in the metamagnetic critical ﬁeld. The antiferromagnetic exchange interaction decreases with the silicon content and it is
found that this is correlated with a decrease in the strength of the magnetoelastic coupling.
Furthermore this thesis investigates the peak splitting in the metamagnet LaFe13−x Six Hy due to hydrogen diﬀusion which is a direct consequence
of strong magneto-volume coupling. By means of time- and temperaturedependent magnetisation measurements the diﬀusion constant is estimated
to be D ≈ 10−15 - 10−16 m2 s−1 at room temperature. It is shown that the
thermodynamic driving force behind hydrogen diﬀusion and phase segregation may be attributed to the lower free energy of hydrogen interstitials in
the ferromagnetic state relative to the paramagnetic state.
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Chapter 1
Introduction
This dissertation investigates the magneto-structural coupling and its relevance for the occurrence of tricriticality in CoMnSi and NiMnGe1−x Six .
Furthermore the peculiar occurrence of magnetic peak splitting due to reversible hydrogen diﬀusion in LaFe13−x Six is investigated which is a direct
consequence of strong magneto-volume coupling.
Both CoMnSi and LaFe13−x Six have been investigated for their magnetocaloric eﬀects and their viability for magnetic cooling at room temperature [1, 2, 3]. Strong magneto-structural coupling is a common denominator
in materials with a large magneto-caloric eﬀect (see e.g. Ref. [4]) and manipulating the magneto-structural coupling of materials plays a key role in
the search for viable magnetic coolants. Recent examples include Heusler
alloys [5, 6], TMnX-type compounds (with T = transition metal, X = Ge,
Si) [7, 8] and antiperovskites [9, 10, 11].
In this chapter the magneto-caloric eﬀect, magneto-structural coupling
and tricriticality will be introduced. Chapter 2 deals with the experimental
methods and introduces the technique of neutron diﬀraction, the experimental diﬃculties that have arisen in the work presented here, and representation theory for the analysis of magnetic structures. Furthermore an original measurement software for a capacitance dilatometer cell is presented.
In Chapter 3 the results of neutron diﬀraction and magnetisation measurements of CoMnSi are discussed suggesting a new magnetic ground state for

14
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the material. Chapter 4 deals with the crystal structure and magnetisation
of NiMnGe1−x Six as function of temperature and silicon content with a focus
on the magnetic structure in NiMnGe0.9 Si0.1 . A detailed comparison of the
structural and magnetic properties of CoMnSi and NiMnGe0.9 Si0.1 is given
in Chapter 5. Chapter 6 takes a closer look at the time scale of reversible
hydrogen diﬀusion in LaFe13−x Six estimating the diﬀusion constant and discussing the origin of the driving force. Finally the results of this thesis are
summarised in Chapter 7 and an outlook for possible future work is given.

1.1

The magneto-caloric effect

The magneto-caloric eﬀect (MCE) describes the change in the relation between the entropy and temperature of a system under application of a magnetic ﬁeld as is schematically shown in Fig. 1.1. If the ﬁeld is changed adiabatically the materials undergoes a temperature change ∆Tad which can be
used for refrigeration. An established application is the adiabatic demagnetisation refrigerator for ultra-low temperatures [12, 13]. Away from low
temperatures the MCE can only be of signiﬁcant size near a magnetic phase
transition. Preferably, this should be a metamagnetic transition, which is a
magnetic phase transition that is driven by the magnetic ﬁeld instead of the
temperature. It has been demonstrated that the MCE can be big enough
around room temperature to allow for a magneto-caloric cooling cycle that,
at low cooling power, is more energy eﬃcient than the conventional liquid-gas
cycle [14, 15, 16]. This means magnetic coolers have the potential to replace
gas-compressors in domestic refrigerators, motivating the ﬁeld of magnetocaloric cooling near room temperature.
The MCE is often characterised by the isothermal entropy change ∆S and
the adiabatic temperature change ∆Tad across the transition. To minimise
energy losses the metamagnetic transition of a magnetic coolant should be
without hysteresis i.e. of second order. To be able to easily access the entropy
change of the entire transition the transition should be very sharp i.e. of ﬁrst
order. Therefore an ideal material has a transition point which sits right
in between ﬁrst and second order behaviour to reap the beneﬁts of both.
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Figure 1.1: Schematic visualisation of the MCE where a magnetic ﬁeld change
from H1 to H2 leads to change in the entropy, S(T ). The MCE is fully
characterised by the adiabatic temperature change ∆Tad and the isothermal
entropy change ∆S.
A magnetic system where a line of ﬁrst order transitions goes into a line of
second-order transitions is called tricritical and the point separating the ﬁrstand second-order line is called the tricritical point [17, 18]. The origin of the
name and the deﬁnition of tricriticality will be discussed in section 1.3.
Many materials with signiﬁcant MCE have in common that they exhibit
strong magneto-structural coupling. Examples are Gd5 (Si2 Ge2 ), CoMnGeBx
and LaFe13−x Six [4]. In these materials the change of lattice entropy across
the phase transition contributes signiﬁcantly to the total entropy change.
Hence materials with large magneto-volume coupling are a good starting
point in the search for materials with a giant MCE.
So far the search for an appropriate magnetic coolant with maximised ∆S
and ∆Tad has produced 2 potentially commercially viable material classes:
LaFe13−x Six and Fe2 P-type compounds [19]. However, even with a large MCE
the problems of degradation and corrosion, machinability and preparation
on an industrial scale, and controlling and minimising hysteresis have to be
overcome in these material classes. Furthermore, microstructural features
can have a signiﬁcant eﬀect on the eﬃciency of magneto-caloric materials.
Many prototypes of room temperature magnetic refrigerators have already
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been developed [20, 21, 22] and with major companies stepping into the
ﬁeld [23, 24] the future of the magneto-caloric fridge looks promising.

1.2

Magneto-structural coupling

Magneto-structural coupling (MSC) denotes the correlation between the spin
and the lattice degrees of freedom, between magnetic structure and crystal
structure. Like any coupling of the crystal structure to an additional ﬁeld,
MSC can lead to unusual thermal expansion behaviour. A prominent example is the invar eﬀect, i.e. a large region of zero thermal expansion, the
discover of which in Fe1−x Nix [25] resulted in the award of the Nobel Prize
in physics to Charles Guillaume.
An interesting aspect of MSC is its eﬀect on the order of magnetic phase
transitions. Bean and Rodbell [26] showed theoretically how a second order
ferromagnetic to paramagnetic phase transition can become ﬁrst order due
to the introduction of suﬃcient MSC. The basic assumption of the BeanRodbell model is a volume dependency of the exchange interaction which in
a ﬁrst approximation (i.e. for small volume changes and weak coupling) is
assumed to be linear. Assuming classical localised spins the magnetic equation of state can be calculated. The Bean-Rodbell model has been used to
successfully describe the magnetic behaviour of several giant magnetocaloric
materials like MnAs [26], LaFe13−x Six [27] and MnFe(P,As) [28, 29]. The
model, however, is phenomenological and its parameters are ﬁtted to match
the experimental observations, most importantly the transition temperature.
The exact shape of the magnetisation is not always well reproduced [27]. For
further developments of the model see e.g. Ref. [30, 31].
Magneto-structural coupling can signiﬁcantly enhance the magnetocaloric
eﬀect by increasing the structural entropy change at a magnetic phase transition if the structural entropy change has the same sign as the magnetic
entropy change. Furthermore MSC can lead to a sharpening of the magnetic
transition, i.e. an increase of the dm/dT (where m is the magnetisation),
increasing ∆S. Eﬀorts to generate a giant magnetocaloric eﬀect focus either on elastic deformations where the symmetry of the crystal structure is
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preserved or coupling the magnetic transition to a symmetry breaking structural phase transitions. All materials investigated in this thesis belong to
the ﬁrst case. Although they also exhibit a structural phase transition it is
well above the magnetic transition temperatures. The latter case includes
materials like Gd5 Ge4−x Six [15], MnAs [32, 33] and Ni-Mn based Heusler
alloys [5]. Another example that has drawn increasing attention in the last
decade are the TMnX-type compounds (with T = transition metal, X = Ge,
Si) [34, 35, 36, 7, 37, 8, 38]. These materials crystallise in the orthorhombic TiNiSi-type structure and hexagonal Ni2 In-type structure at low and
high temperatures, respectively. Their magnetic properties are quite diverse
and they often exhibit magnetic phase transitions around room temperature. Careful doping can bring the structural transition temperature down
to generate a joint magneto-structural transition with a giant entropy change.
However the biggest drawback of magneto-structural transitions is their usually large, magnetic and thermal hysteresis which is detrimental for magnetic
cooling applications. It should be noted that due to their magneto-structural
properties many magneto-caloric materials also show a signiﬁcant caloric effect under application or withdrawal of hydrostatic pressure [39].

1.3

Tricriticality

Technically a tricritical point is a point in a phase diagram where 3 critical
lines come together. The ﬁrst time the term was used to describe a physical
system was by Griﬃth in 1970 to denote the end point of the critical line
in the He3 -He4 phase diagram [17]. It is a special point in the sense that
at a tricritical point the scaling laws for conventional critical points are not
necessarily applicable.
In a magnetic system the tricritical point is characterised as the point
where a ﬁrst-order phase transition line goes into a second-order phase transition line in the H-T diagram. To be able to see all three critical lines
one needs to expand the 2D phase diagram by a 3rd dimension, namely the
thermodynamic conjugate ζ of the order parameter φ. This is schematically
shown for a metamagnet in Fig. 1.2 where the critical lines are indicated by
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Figure 1.2: Phase diagram for a metamagnet in the (ζ, T, H) space where ζ
is the thermodynamic conjugated of the order parameter. Note that only the
H-T plane with ζ = 0 is experimentally accessible. Cross hatching indicates
coexistence surfaces, the dashed lines are critical lines and the solid line
denotes a ﬁrst order transition. Drawn after [18].
the dashed lines. The conjugate ﬁeld ζ is the ﬁeld that couples linearly to φ
i.e. φ is the partial derivative of the free energy with respect to ζ. However
it is important to note that ζ is a “ﬁctitious” ﬁeld and in general is not
experimentally available.
In the case of a He3 -He4 mixture φ is the superﬂuid order parameter and
ζ cannot be easily visualised. In the case of a collinear antiferromagnet φ is
the staggered magnetisation and ζ is the staggered ﬁeld.
It can be illustrative to treat the tricritical point in the Landau expansion
of the free energy:
F = Aφ2 + Bφ4 + Cφ6 + . . . ,
(1.1)
where φ is the order parameter and the Landau coeﬃcients A, B and C are
in general temperature dependent. The system can undergo a second-order
phase transition if B > 0 and C = 0. The critical point is then given by
A(T ) = 0. The system can undergo a ﬁrst-order transition if B < 0 and
C > 0. The order of the transition changes from second-order to ﬁrst-order
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at B = 0 and hence in the Landau theory a tricritical point is deﬁned by
A(T, ω) = 0

B(T, ω) = 0.

(1.2)

To be able to simultaneously fulﬁl both criteria the additional thermodynamic parameter ω has been introduced. This is equivalent to the statement
that the tricritical point requires the coupling of the system to an additional
ﬁeld. An example would be a ferromagnetic system, like LaFe13−x Six , where
φ and ω represent the magnetisation and the relative volume change ∆V /V ,
respectively. Here the coupling between the magnetisation and the volume
can drive the ferro- to paramagnetic transition from second- to ﬁrst-order.
Tricritical behaviour has been found in variety of physical systems such as
liquid crystals [40], He3 -He4 mixtures [17], massless quantum chromodynamics [41] and metamagnets. A notable example of a tricritical metamagnet is
the incommensurate antiferromagnet MnP [42] which crystallises in the same
TiNiSi-type structure as CoMnSi and NiMnGe1−x Six .

Chapter 2
Experimental Methods
2.1

Magnetisation measurements

DC magnetisation measurements have been performed using the Vibrating
Sample Magnetometer (VSM) option of the Physical Properties Measurement
System (PPMS) by Quantum Design. The system used is equipped with a
9 T magnet, the magnetic ﬁeld of which is aligned parallel to the vibration
axis. The sample is typically vibrated at 40 Hz with a 2 mm amplitude and
data is averaged over a 1 second period.
The standard VSM option has a temperature range of 2 to 400 K. Bulk
and powdered samples can be measured. A powdered sample can be ﬁxed in a
plastic holder which is mounted onto the sample stick. Typical sample masses
ranged from 10 to 40 mg. For constant ﬁeld measurements the temperature
was ramped between 1 and 2 K/min which ensures a thermal equilibrium
within the sample. Most isotherms were recorded at a magnetic ﬁeld ramp
of 100 Oe/sec. To capture the details of the magnetic phase diagram in
CoMnSi and NiMn(Ge,Si) the minimum ﬁeld ramp of 10 Oe/sec has been
used. The standard VSM option can measure magnetisation changes as small
as 10−6 emu.
To measure the magnetisation above 400 K, the VSM oven option is used
which provides a temperature range of 300 to 1000 K. The VSM oven option uses the same pickup coil as the standard VSM option. The sample
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temperature is controlled with a heater and a thermocouple implemented in
the sample rod while the sample chamber is kept at 300 K and high vacuum
(≈ 10−8 bar) for thermal isolation. Small amounts of powdered sample are
put on the zirconia sample holder and covered with alumina cement. After
hardening of the alumina cement the sample is wrapped in a low emissivity
copper foil to keep heat loss from thermal radiation at a minimum. The direct
heating of the sample in the VSM oven option allows for a faster temperature
ramp. Tests on a nickel specimen showed that temperature ramps as fast as
10 K/min are feasible but typically 5 K/min has been used in the work presented here. The VSM oven option can measure magnetisation changes as
small as 10−5 emu.

2.2

Capacitance dilatometry

Capacitance dilatometry is one of the most sensitive methods for measuring
thermal expansion (THE) and magnetostriction of small solid specimens.
The miniature dilatometer cell (Model DIL20-08) at Imperial College has
been designed and supplied by the Institute for Solid State Physics of the
Vienna University of Technology [43]. It can measure samples with a height
as small as 0.3 mm and can detect length changes as small as 0.1 nm [44].
The dilatometer is based on two tilted ring-shaped silver plates which change
their capacitance with their tilt angle. A schematic cross section of the
dilatometer is shown in Fig. 2.1. The sample is clamped in between the
plates with a silver spacer hence a length change of the sample leads to a
capacitance change between the plates. The capacitance is measured with
a high precision capacitance bridge (Andeen Hagerling 2500A 1kHz) which
has an absolute resolution of 10−7 pF. To calculate the gap, d(T ), between
the plates from the measured capacitance, C(T ), additional contributions to
the capacitance have to be considered coming from the change of the radii,
thickness of the capacitor plates and the change of the length of the silver
spacer. The capacitor plates are mounted onto plate holders (see Fig. 2.1)
which also shield the plates from stray capacitances. Because the gap between
the plate holder and the capacitor plates is small the contribution of edge
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Figure 2.1: Schematic drawing of the dilatometer. Reprinted from Ref. [44],
with the permission of AIP Publishing.
eﬀects (Maxwell corrections) can be neglected and the gap between the two
capacitor plates is calculated using the tilted plate capacitance formula [45]
#
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where ro is the outer plate radius, ri is the inner plate radius at room temperature, b is the distance between center of capacitor and pivot and k0 is the
pivot distance, as depicted in Fig. 2.1 (which is assumed to be temperature
independent). Ao (T ) and Ai (T ) are the outer and inner capacitance areas,
respectively and their thermal expansion has to be considered accordingly as
Ao/i (T ) =
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(2.3)
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where ∆lAg−Lit /l is the thermal expansion of silver taken from literature. In
the last equation the term in the brackets is not squared (compared to [44]),
as is advised by the creators of the dilatometer cell, to account for additional
thermal expansions within the cell [46]. Equation 2.1 has to be solved numerically using an iterative approach since d(T ) occurs in the expressions for
C(T ) (Eq. 2.1) and γ (Eqs. 2.2a and 2.2b), respectively.
Since the cell is not aﬀected by an applied magnetic ﬁeld the magnetostriction is given simply by the calculated gap. The thermal expansion
however is dependent on the thermal expansion of the cell itself which has to
be accounted for. Hence an additional reference measurement of a material
with a well known thermal expansion is required (e.g. silver). This reference measurement has to be taken under the same conditions as the original
measurement. In particular the same silver spacer has to be used and the
reference sample has to have the same length as the investigated sample.
Using silver as reference sample has the advantage that as long as the the
length of the investigated sample plus the silver spacer is the same, the same
reference measurement can be used. Finally the thermal expansion of the
sample can be obtained through the following relation [45]:


∆l
l



sample

∆dsample − ∆dsilver
ref erence
=
+
lsample



∆l
l

silver

(2.4)

literature

where ∆l/l is deﬁned as [l(T0 ) − l(T )]/l(T0 ).

2.2.1

Software

The source code of the software described in this chapter is available in the
supplementary materials and under
https://github.com/OliverBaumfeld/DilatometerMeasurementControl.
The compact design of the dilatometer cell allows for an easy installation
within a PPMS both parallel and perpendicular to the magnetic ﬁeld. The
temperature and ﬁeld inside the sample chamber are controlled through the
PPMS MultiVu software whereas the capacitance bridge was not conﬁgured
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to interface directly with the PPMS software prior to this work. A LabVIEW
program provided on the homepage of the dilatometer [43] was being used for
magnetostriction and thermal expansion measurements but its performance
was unsatisfying as it recorded fewer and fewer data points with every measurement loop. Since no obvious error could be found in the source code of
the program a new software for capacitance dilatometry has been developed
as part of this dissertation work and is described in what follows.
Quantum Design provides templates and libraries to interface third party
instruments to the PPMS software environment in various programming languages 1 . Starting from these, a program has been written in Microsoft Visual
Studio 2010 using C++. The new program communicates with the PPMS
via advisories and GPIB commands. Advisories are the speciﬁc construct
Quantum Design provides for communication of the automated PPMS MultiVu software with user created application programs. An advisory is like a
ﬂag throughout the network of running programs such that any program set
up to accept advisories can catch them [47]. A detailed description how programs can be set up to accept advisories can be found in Ref. [47]. From the
MultiVi software an advisory with a speciﬁed advisory number can be sent
within a PPMS sequence using the ‘Set Advisory’ command. This causes
the current PPMS sequence to halt. The program then catches any sent
advisories using the template function provided by Quantum Design and depending on the advisory number the program then conducts a measurement.
It uses GPIB commands to trigger a single capacitance measurement of the
capacitance bridge and to request a range of sample chamber parameters such
as magnetic ﬁeld, temperature and pressure from the PPMS. The returned
values are written to an output ﬁle initially chosen via the user interface and
subsequently the PPMS sequence is continued.
The temperature is measured with a Cernox sensor (Lakeshore CX-1050SD) attached to the cell. Cernox sensors are made of zirconium oxynitride
thin ﬁlms whose resistance decreases signiﬁcantly with an increase in temperature [48]. They have a high resistance to magnetic ﬁeld-induced errors
up to 30 T [49] and the 1050 model delivers a good temperature sensitiv1

Quantum Design, http://www.qdusa.com/techsupport/softwareUpgrades.html
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ity from 1.5 K to 400 K. The resistance of the Cernox sensor is read by the
User Bridge (Channel 3) of the PPMS. The temperature is calculated using the calibration table provided by Lakeshore and the Akima cubic spline
method [50]. The calibration table is read upon starting the program from
‘CernoxCalibration.dat’ in the application folder. In case the Cernox sensor
is not in place or broken, a small check box deactivates the measurement of
the Cernox resistance.
Two assumptions about the capacitance bridge have been hard coded into
the software and have to be met in order for the software to work correctly.
First, the GBIP number of the capacitance bridge is assumed to be 28 which
is the default value. Second, the format of the return string of the capacitance
bridge has to be in the default format as speciﬁed in the AH2500 manual with
the loss given in nanosiemens.
Furthermore an option has been added to calculate the gap between the
capacitance plates from the measured data using Eqs. 2.1 to 2.3. The silver
literature data and the calibrated cell parameters are read from ‘AgOB400.dat’
and ‘DilConf.txt’, respectively, which have to be located in the application
folder. Note that the names of these ﬁles are hard coded.

Figure 2.2: The Ag reference measurement used in the calculations for
Fig. 2.3 and 2.4. Below 200 K the changes in the gap are small, hence below
200 K an acceptable calibration can be found without using a Ag reference
measurement.
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Figure 2.3: Thermal expansion measurement of Cu and BSi analysed with
and without subtraction of the silver reference measurement compared with
literature data. The same calibration parameters have been used for all
calculations.

2.2.2

Calibration

Equation 2.1 contains 4 parameters (ri , ro , b and k0 ) relating to the cell geometry. These 4 parameters can be measured manually but for a better accuracy
they should be adjusted in a calibration procedure using measurements of
standard reference materials. We used copper (SRM 736 [51]) and borosilicate glass (SRM 731 [52]). Because of this calibration step the formulae used
for calculating the gap and thermal expansion are not axiomatic. Various
alterations, some included in Eqs. 2.1 to 2.3, have been proposed from the
initial formulas given by Pott and Schefzyk [45], and Rotter et al. [44]. Furthermore the makers of the dilatometer do not subtract the silver reference
signal in Eq. 2.4 [46]. The use of the silver reference measurement requires
a very stable and reproducible measurement otherwise any artefacts in the
reference measurement are transferred to all other measurements. Hence
omitting it removes one source of uncertainty in the measurement. The silver reference measurement used for the calculations this thesis is shown in
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Fig. 2.2. Below 200 K the changes in the gap are small hence, below 200 K,
a good calibration can be obtained without the use of a silver reference
measurement. Above 200 K the use of a silver reference measurement for
calculating the linear THE becomes indispensable as shown in Fig. 2.3 for
∂ δl
is
Cu and BSi. The corresponding thermal expansion coeﬃcient α = ∂T
l
shown in Fig 2.4 and has been calculated by taking the average of the slopes
between a point and its two closest neighbours with subsequent smoothing
using adjacent-averaging over several data points.
In the graphs obtained without the silver reference the increased thermal
expansion below 200 K can be lowered by adjusting the calibration parameters but the large increase in the thermal expansion coeﬃcient around 225 K
requires the subtraction of a silver reference measurement. The massive
peaks in the thermal expansion coeﬃcient for BSi around 230 and 340 K are
artefacts of the measurements which appear infrequently with varying severity. A possible explanation for this large jumps in the THE could be due to
tension building up in the cell (for example due to friction between sample
and cell) that is suddenly released.
The repeatability of the thermal expansion measurement proves to be a
real obstacle as there is a lot of variation between multiple measurements of
the same sample. Many datasets have been taken to reduce the amount of
artefacts. It has been found that the connection between the wire going to
the top of the PPMS and the dilatometer cell can become frail at low temperatures depending on the quality of the soldering and the used solder material.
In general lead solder performed better, i.e. there were less artefacts, at low
temperatures. However not all sources for artefacts were found. Figure 2.5
shows two measurements of BSi as well as Cu made back to back with the
same sample under the same conditions but with very diﬀerent results. The
absolute diﬀerence between measurements is comparable for both samples
i.e. the relative error is much smaller for Cu. This means measurements of
samples with small thermal expansion are unreliable. Hence samples with
a thermal expansion similar to Cu can be measured but the accuracy and
repeatability of this particular dilatometer cell is not comparable with that
of the instruments presented in [53] and [45].
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∂ δl
Figure 2.4: Thermal expansion coeﬃcient α = ∂T
of the calibration meal
surement and the literature data [51, 52] of Cu and BSi analysed with and
without subtraction of the silver reference measurement. The same calibration parameters as in Fig. 2.3 have been used for all calculations. Artefacts like the ones around 240 K and 340 K appear infrequently in measurements. A possible explanation would be a sudden release of tension within
the dilatometer cell.

Finally changes in the evaluation formulae introduced above have to be
incorporated into the calibration as well. This further contributes to the
confusion in the data evaluation because when comparing the diﬀerent formulae the changes after calibration are often minimal and a “best” set of
formulas and calibration parameters can not be determined unequivocally
but depends on the context of the desired measurement.
In summary the dilatometer cell has some issues with accuracy and repeatability of small THE materials. It is suitable for measuring trends in the
THE of materials with medium to large THE and it works excellently for
magnetostriction measurements.
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Figure 2.5: Comparison of the (a) thermal expansion and (b) its derivative
i.e. the thermal expansion coeﬃcient α of two Cu and two BSi measurements made back to back demonstrating the limits of the repeatability of the
dilatometer experiment.

2.3
2.3.1

Neutron Diffraction
Introduction

Elastic powder diﬀraction is a powerful tool for measuring the periodic arrangement of atoms and magnetic moments in a material [54, 55, 56, 57].
Neutrons or X-rays are mostly used as the scattering particles. The production of X-rays can be cheap and fast and X-ray scattering machines can
be small enough to ﬁt on a table. For more advanced measurements, synchrotron radiation is being used which provides large intensities, a small beam
divergence and a narrow bandwidth. The scattering cross section of X-rays
depends on the number of electrons of the atom hence lighter elements hardly
scatter and they can be diﬃcult to detect. In other words, X-ray scattering
measures the electron density. By contrast, neutrons are scattered by the
atomic nuclei and even light elements have a signiﬁcant scattering cross section. Furthermore the scattering amplitude of neutrons by the spins of the
electrons is comparable to the nuclear scattering, thus allowing the measurement of the arrangements of magnetic moments within the material. Due to
the existence of magnetic ordering in our samples, neutron diﬀraction is the
natural choice for our investigations.

2.3. Neutron Diﬀraction

31

Figure 2.6: Bragg’s law: If the additional path taken by the second wave,
2d sin(Θ), is a multiple of the wavelength, λ, constructive interference occurs.
The scattering vector is deﬁned as h = k′ − k.
First measurements utilised the High Resolution Powder Diﬀractometer
(HRPD). To obtain more information about the incommensurate magnetic
structure the long-wavelength diﬀractometer WISH (Wide angle In a Single
Histogram) has been used. Both instruments are located at the pulsed neutron source (ISIS) of the Rutherford Appleton Laboratory in Oxfordshire,
UK.

2.3.2

Bragg’s law and structure factor

The principle behind elastic diﬀraction is covered by Bragg’s law
2d sin(Θ) = nλ

(2.5)

which states that if a material has a periodicity of wavelength d an incident
wave with wavelength λ is scattered at the scattering angle Θ due to constructive interference. A heuristic graphical derivation is given in Fig. 2.6.
Alternatively Bragg’s law can be stated as that constructive interference occurs when the scattering vector, h, is a reciprocal lattice vector, H. Here,
the scattering vector, h, is the wave vector transfer of the reﬂection as the
diﬀerence i.e. it is the diﬀerence between the wave vectors of the incoming
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and outgoing wave h = k′ −k. The reciprocal lattice is deﬁned as the Fourier
transform of the scattering potential. Bragg’s law gives the peak positions or
scattering angles for a given structure and wave length. The amplitude and
phase of a Bragg reﬂection at h is given by the structure factor, F(h), which
is deﬁned as the Fourier transform of the unit cell. Hence together with the
Bragg peak positions the structure factor, F(h), contains all the structural
information of the material.
In the presence of magnetic moments, m, in the material the jth moment
in the lth unit cell, mjl , can generally be expanded as a Fourier series
mjl =

X
q

Sqj exp (−2πiq · Tl )

(2.6)

where Sqj are the Fourier coeﬃcients, q is the propagation vector of the
magnetic structure (generally there can be more than one) and Tl is the
translation vector to the lth unit cell. A magnetic structure is called commensurate if all Fourier coeﬃcients are real which means, since the magnetic
moment has to be real, the product q · Tl has to be an integer. In this case
q only contains rational numbers and the magnetic unit cell is a multiple of
the nuclear unit cell. A magnetic structure with complex Fourier coeﬃcients
is called incommensurate in which case q can contain irrational values.
Similar to nuclear scattering a magnetic reﬂection occurs if the scattering
vector satisﬁes the condition: h = H + q and the remaining information
about the magnetic structure is contained in the magnetic structure factor,
Fm (h), which is given by the general formula by Halpern and Johnson [58]:
Fm (h) = 0.2695

X
j

fj (h)Sqj exp (2πi h · rj )

(2.7)

where the sum goes over all magnetic atoms in the unit cell, fj (h) is the magnetic form factor and rj is the position vector of the jth atom. Furthermore
only the magnetic moment perpendicular to the scattering vector contributes
to the magnetic scattering i.e. the magnetic interaction vector is given by
Fm⊥ (h) = ĥ × Fm (h) × ĥ

(2.8)
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where hath is the unit vector along h. This actually makes it possible to obtain, albeit limited, information about the direction of the magnetic moments
from powder diﬀraction data.
The problem of diﬀraction measurements is now reduced to determination of the structure factors, F(h) and Fm (h), from the measurement data.
However in elastic diﬀraction measurements only the intensity I(h) of the
scattered wave is detected which is proportional to |F(h)|2 and |Fm⊥ (h)|2
for nuclear and magnetic scattering, respectively. Hence information about
the phase is completely lost and a direct calculation of the structure factors
from the measurement data is impossible. This is called the phase problem.
One established solution to the phase problem is the so called Rietveld
reﬁnement [59, 60, 61]. Since Rietveld reﬁnement is no method for initial
structure determination hence the structure needs to be ﬁrst identiﬁed by
other means. For the materials investigated in this thesis enough structural
data is available in the literature to generate an initial model. The initial
model is used to calculate a diﬀraction pattern which is then compared with
the observed diﬀraction pattern. The diﬀerence in the observed and calculated intensities is then minimised by a least-squares technique by reﬁning a
set of free proﬁle parameters. There is no guarantee that the found minima
is global and it is generally good practice to not reﬁne all proﬁle parameters
at once but to deﬁne a reﬁnement procedure. This increases the chance to
ﬁnd a solution that is physically meaningful and close to a global minima.
The information that can be extracted from the data using Rietveld reﬁnment is limited and depends for example on the quality and quantity of the
sample and on the accuracy of the instrument. There exist many software
solutions to perform this Rietveld reﬁnement, both commercially and freely
available. For our analysis we use the software FullProf [62]. FullProf has the
advantage that it is freely available and is able to handle incommensurate
magnetic structures.
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HRPD

At the time of its initiation in 1985 the high resolution powder diﬀractometer
(HRPD, ISIS, UK) was the highest resolution neutron diﬀractometer in the
world. Today, after several upgrades, it is still a a very powerful instrument
for structural characterisations. The long ﬂight path of almost 100 m and the
resulting long time of ﬂight together with the large scattering angle (∼ 85
degrees) of the main detector bank lead to a ∆d/d resolution of ∼ 4 × 10−4 .
Two additional detectors at 45 degree and 30 degree scattering angle, respectively, extend the measurement range to d-spacings of up to 20 Å. This high
accuracy at small d-spacings makes HRPD the ideal instrument to study the
interatomic distances in CoMnSi and NiMn(Ge,Si). However due to the large
wavelength of the incommensurate magnetic structure in these materials the
dominant magnetic peaks are outside of the measurement range of HRPD.
This is where the long-wavelength diﬀractometer WISH excels.
For our materials a sample volume of 1.5 cm3 is ideal to get a good counting rate but generally it depends on the scattering cross sections and absorption of the elements involved. The sample holder is made of a rectangular
steel or aluminium frame (∼ 3x3 cm) with a vanadium window in the middle
for the neutron beam. The cavity in the middle of the frame is ﬁlled with
the powdered sample. The neutron beam is targeted at the centre of the
sample holder and hence the cavity in the middle must be more than half
ﬁlled. The heater and the temperature sensor are plunged directly into the
frame of the sample holder on opposite sides. This ensures a good thermal
connection during the measurement. The sample can be cooled down to 4 K
and heated up to above 500 K. Higher temperatures can be (i.e. have been)
attempted until the heater breaks.

2.3.4

WISH

The long-wavelength diﬀractometer WISH (wide angle in a single histogram)
delivers high-quality data in a broad range of scattering vectors and is optimised for magnetic studies both on powders and single crystals [63]. The
measurable d-spacing ranges from 0.7 Å to 50 Å. A double frame setting is
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Figure 2.7: Schematic sketch of the bottom end of the sample probe in the
WISH experiment. The thermal contact between the thermocouple and the
sample at the bottom of the vanadium can turned out to be poor in the high
temperature mode.
available, eﬀectively doubling the accessible range of scattering vectors.
For measurements in zero magnetic ﬁeld a cryostat provides temperatures
from 4 K to above 500 K. The powdered sample is mounted inside a vanadium
can at the bottom of the sample probe; a sketch is shown in Fig. 2.7. The
can has a diameter of about 5 mm and was ﬁlled with around 2 g of powder
in all experiments. The sample height in the vanadium can is about 8 mm.
Several thermometers and a heating element are mounted in the vicinity
of the vanadium can. Below 300 K the temperature of the whole sample
chamber inside the cryostat is changed. Helium is used as exchange gas to
ensure a good thermal connection of the sample. The cryostat itself cannot
be heated above 300 K to protect the indium seals at the top. Hence in
the high temperature mode the sample chamber is kept at 300 K and at
high vacuum i.e. without exchange gas. The sample is heated via a heating
element mounted several centimetres above the sample. We experienced
severe discrepancies between the recorded and actual sample temperature in
the high temperature mode which, we found, can be attributed to a poor
thermal connection between the sample, the heater and the thermometer.
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Figure 2.8: Comparison of the reﬁned lattice parameters (nuclear phase only)
of the HRPD and WISH experiments for NiMnGe0.9 Si0.1 . The discrepancy
stems from an erroneous temperature reading in the WISH experiment for
T > 300 K.
Figure 2.8 compares the reﬁned (nuclear phase only) lattice parameters
of NiMnGe0.9 Si0.1 in the HRPD and WISH experiments. They match excellently below 300 K but deviate signiﬁcantly above. Furthermore in the
WISH experiment the magnetic peaks disappear only above a recorded temperature of 450 K which is signiﬁcantly above the Néel temperature of 374 K
(derived from magnetisation measurements, see Chapter 4.2). All of this
points towards a mismatch between the temperature at the sample and the
temperature sensor. To test this hypothesis a HRPD lattice parameter is
interpolated using a cubic spline method (after Akima [50]) and the WISH
data points are projected horizontally onto the HRPD data to ﬁnd the corresponding temperature. The process is shown in Fig. 2.9 for the b-axis of
NiMnGe0.9 Si0.1 which is chosen because it has the largest thermal expansion. The obtained corrected sample temperature for the WISH data is then
used in Fig. 2.10 to plot the variation of the a- and c-axis with temperature.
The corrected WISH results are in good agreement with the HRPD data.
Furthermore the magnetic peaks now vanish above TN which justiﬁes our
approach.
The same procedure has been carried out for CoMnSi. The b-axis was
used for the interpolation because it shows excellent agreement of the HRPD
and WISH values below 310 K. The resulting corrected WISH data, shown
in Fig. 2.11, is again in excellent agreement with the HRPD data.
In later sections only the corrected temperatures are used in displaying
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data for the WISH experiments.

Figure 2.9: Schematic demonstration how the temperature in the WISH
experiment has been derived from the HRPD data for the b-axis of
NiMnGe0.9 Si0.1 .
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(b)

Figure 2.10: Comparison of the HRPD, WISH and corrected WISH data for
the (a) a and (b) c-axis of NiMnGe0.9 Si0.1 . The solid lines serve as a guide
for the eye.
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(a)

(b)

(c)

Figure 2.11: Comparison of the HRPD, WISH and corrected WISH data
for the a, b and c-axis of CMS. The irregularities in the c-axis between 200
and 350 K are artefacts stemming from the overlap of nuclear and magnetic
Bragg peaks. They disappear in the complete reﬁnement which includes the
magnetic structure.
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Representation analysis

Crystal structures are conveniently characterised by their symmetry and all
commensurate crystal structures can be classiﬁed into 230 crystallographic
groups which contain the symmetry operations that leave the structure unchanged. Similarly symmetry can be used to characterise commensurate
magnetic structures into 1651 magnetic (Shubnikov) groups by combining
the 230 crystallographic space groups with the time reversal operator. However, because magnetic structures are inherently more complex due to the
magnetic moment being a vector a simple categorisation into magnetic space
groups cannot adequately describe all possible arrangements of magnetic moments. This is especially true for incommensurate structures. Representation
analysis [64, 65, 66, 67] provides a general framework to analyse magnetic
structures based on symmetry considerations also including incommensurate
propagation vectors, q, and is hence the reasonable choice for our materials.
In the following a brief introduction to representation theory is provided. For
a more detailed treatment see e.g. Ref. [68].
A group is a set of elements plus a group operation that satisfy the four
group axioms (closure, associativity, identity element, inverse element). A
group is deﬁned by the relationship between its elements i.e. its group structure. To write down a group one needs a representation of the group similar to needing a basis to write down a vector. For example in a matrix
representation each group element is represented by a matrix where matrix
multiplication represents the group operation. Each group has an inﬁnite
number of possible matrix representations and each of these can be written
as a linear combination of so-called irreducible representations (IRs). The
latter cannot be expressed as a sum of two or more representations i.e. they
are irreducible.
A crystallographic space group G0 consists of all symmetry operations
that leave the crystal structure invariant. The little group, Gq , contains all
elements of G0 that leave the propagation vector, q, invariant. The magnetic
representation of a crystallographic site can then be decomposed in terms of
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the irreducible representations of Gq :
ΓM ag =

X

nν Γµν

(2.9)

ν

where nν is the number of times that the IR Γν of order µ appears in the
magnetic representation ΓM ag for the chosen crystallographic site. nν is given
by [64]
1 X
χΓM ag (g)χΓν (g)∗
nν =
(2.10)
n(Gq ) g∈G
q

where χΓM ag (g) is the character of the magnetic representation and χΓν (g)∗
is the complex conjugate of the character of the irreducible representation
with index ν. The sum goes over all symmetry elements g in Gq . With the
IRs determined the basic vectors can be projected out by using the method
of projection operators.
The magnetic structure can then be expressed in terms of the basis vectors, ψ n , associated with each IR. The magnetic moment at site j is then
given as
X
mj =
Cn ψ n exp(−2πi q · Tj )
(2.11)
n

where Cn are complex constants which can be reﬁned in Fullprof, Tj is the
translation vector necessary to project atomic site j out of the unit cell and
n is the number of basis vectors.
The software SARAh [69] has been used to ﬁnd the IRs and the corresponding basis vectors for a given atomic position and propagation vector.
Its result can be fed into FullProf to perform Rietveld reﬁnements of the
complex coeﬃcients Cn .
Landau’s phenomenological theory of second order phase transitions states
that only a single IR condenses at the critical point. Hence the basis vectors
of a single IR should be enough to describe most of the magnetic structures.
While this is not always the case it provides a good starting point even for
ﬁrst order phase transitions.

Chapter 3
CoMnSi
3.1

Literature Review

CoMnSi has been claimed to be a helical antiferromagnet which has been
investigated for its tricritical point, giant magnetoelastic coupling and enhanced magnetocaloric eﬀect [1, 71, 72]. At room temperature it crystallises
in the orthorhombic TiNiSi-type structure, sometimes also referred to as
Co2 P-type [73]. The structure is depicted in Fig. 3.1. At elevated temperatures (≈ 917◦ C) a martensitic structural transformation into the hexagonal
Ni2 In-type structure takes place [74] where the dashed zig-zag lines in Fig. 3.1
become straight. Such an orthorhombic to hexagonal transformation is quite
common in TiNiSi-type materials [74].
Early magnetisation measurements on CoMnSi suggested a noncollinear
magnetic ordering with a λ-type speciﬁc heat anomaly at 381 K associated
with the Néel temperature [76]. This was conﬁrmed by low temperature
neutron diﬀraction measurements ﬁnding a double spiral arrangement of the
magnetic moments similar to the related MnP compound [77, 75]. The magnetic moment is carried by the manganese and the cobalt where the manganese contributes the majority. At 4.2 K the magnetic moment was found
to be 2.6 ± 0.1 µB and 0.4 ± 0.1 µB for Mn and Co, respectively. The propagation vector of the double spiral points along the reciprocal c*-axis i.e.
q = (0, 0, τ ). At 4.2 K τ = 0.365 and it decreases towards τ = 0.2 at 350 K.
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Figure 3.1: Crystal structure of CoMnSi at 300 K, drawn in VESTA [70] from
two diﬀerent perspectives. The continuous and dashed lines denote the two
nearest Mn-Mn distances d1 and d2 , respectively.
The proposed magnetic structure has the magnetic moments lying in the b−c
plane i.e. perpendicular to the propagation vector. This is sometimes called
a proper spiral as opposed to a cycloidal spiral where the propagation vector
and rotation plane of the magnetic moments are parallel.
Group theoretical considerations show that for q = (0, 0, τ ) the phase
relation between the magnetic atoms at position A1 and A3 is well deﬁned
(see Fig. 3.1 for a deﬁnition of the atomic positions). The same is true for
the atomic positions A2 and A4. The term double spiral refers to these
two spirals, one going trough the atomic positions 1 and 3 and the other
through positions A2 and A4. A comparison of the calculated and observed
peak intensities for the proposed structure in Ref. [75] is shown in Fig. 3.3.
The model describes the experiment reasonably well but is not without its
problems. While the (000)± , (101)± , (002)+ and (200)± peaks are in good
agreement with the experiment, the model overestimates the (002)− peak
and underestimates the (011)− , (102)− , (110)± , (202)− , and (103)− peaks by
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Figure 3.2: Deﬁnition of the two shortest Mn-Mn distance d1 and d2 and the
Mn-Mn-Mn bond angles Θ1 and Θ2 enclosed by d1 and d2 , respectively. The
blue, red and beige ball depict the Co, Mn and Si atoms, respectively.
15 to 35 %. More recent neutron diﬀraction measurement obtained in zero
magnetic ﬁeld between 225 K and 300 K indicate two independent propagation vectors for the Mn and Co sites, both of the form q = (0, 0, τ ) [72]. They
have found τMn=0.25 and τCo=0.16 at 300 K. However this study focused on the
crystal structure because the main magnetic peaks were on the fringe of the
detectable window and the speciﬁc details of the magnetic structure in zero
ﬁeld have not yet been completely resolved. To reconcile out these inconsistencies in the models of the magnetic structure presented in the literature,
a more detailed investigation is presented in this thesis, taking advantage of
the progress in neutron diﬀraction techniques.
Below the Néel temperature CoMnSi exhibits a metamagnetic transition
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Figure 3.3: Comparison of the calculated and experimental peak intensities in
Ref. [75] for a proper double spiral at 4.2 K. The symbols on the side indicate
the accuracy of the calculated peak intensities for an easier comparison with
the structural reﬁnements presented in this thesis. Reprinted with permission
from John Wiley and Sons.
to a high magnetisation state. Figure 3.4 shows typical magnetic isotherms
and the deduced critical ﬁeld HC as presented in Ref. [2]. This metamagnetic
transition is initially of second order but becomes ﬁrst order (i.e. hysteretic)
at a so called tricritical point around 295 K. Not shown in Fig. 3.4 is a
second critical ﬁeld HC′ belonging to a subtle transition found at lower temperatures [78]. It was pointed out that according to Nagamiya’s theory of
noncollinear magnetism [79] this should be a transition from the double spiral
into a fan like structure [78]. However no conclusive experimental evidence
exists for this theoretical prediction in CoMnSi.
The main metamagnetic transition in CoMnSi is associated with a large
negative entropy change i.e. a large negative magnetocaloric eﬀect [71]. This
entropy change, ∆S, is dominated by the negative change in electronic en-
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Figure 3.4: Critical ﬁeld of the metamagnetic transition as a function of temperature for CoMnSi and 3 substituted alloys. Already small substitution can
have a signiﬁcant eﬀect on the critical ﬁeld. Reprinted ﬁgure with permission from Ref. [2] (http://dx.doi.org/10.1103/PhysRevB.87.064410) Copyright 2013 by the American Physical Society.
tropy which is partially compensated by a positive change of the lattice entropy [2]. The electronic entropy change most likely originates from features
in the band-structure and the particular proﬁle of the electronic density of
states around the Fermi energy plays an important role in determining ∆S [2].
Tricritical points play an important role for magnetic cooling where, by cycling through the metamagnetic transition, the magnetocaloric eﬀect is used
to establish a temperature gradient. To achieve a high device eﬃciency the
metamagnetic transition should be sharp like a ﬁrst order transition but without hysteresis like a second order transition. Close to the tricritical point,
i.e. the border between ﬁrst and second order behaviour, is therefore the best
working point for magnetocaloric coolants. Hence understanding the origins
of tricriticality and the underlying microscopic changes within the material
is of fundamental interest for the ﬁeld of magnetic cooling.
An important step in that direction in CoMnSi has been taken by Barcza
et al. [72, 1, 2]. Their neutron diﬀraction measurements reveal a strongly
anisotropic thermal expansion, shown in Fig. 3.5. Most interesting is the
negative thermal expansion along the a-axis up to around 300 K. This behaviour is mimicked in the interatomic distances as can be seen in Fig. 3.6
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Figure 3.5: Temperature dependence of the lattice parameters and
the volume in CoMnSi and 3 substituted alloys measured by neutron diﬀraction.
Reprinted ﬁgure with permission from Ref. [2]
(http://dx.doi.org/10.1103/PhysRevB.87.064410) Copyright 2013 by the
American Physical Society.
where the two shortest Mn-Mn distances d1 and d2 are depicted as a function
of temperature. As d2 points mainly along the a-axis the changes in the aaxis ﬁnd a direct correlation in d2 . Interestingly the temperature behaviour
of d1 is inversely correlated to d2 . Comparing the structural changes with
Fig. 3.4 we ﬁnd that the large changes in d1 , d2 and a coincide with the onset
of hysteresis (i.e. the tricritical point) and the rapid increase in HC . This
supports the idea that the coupling between structural and magnetic features
is essential for the emergence of tricritical points.
Under application of a magnetic ﬁeld all lattice parameters show a strong
response at the metamagnetic transition, see Fig. 3.7. As with the thermal
expansion the a-axis shows the opposite behaviour from the b and c-axes.
The jump in the lattice parameters becomes larger as the temperature is
decreased i.e. it grows in tandem with the hysteresis. Additionally the a-axis
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Figure 3.6: Manganese nearest-neighbour distances d1 and d2 as a function
of temperature for CoMnSi and 3 substituted alloys. Reprinted ﬁgure with
permission from Ref. [2] (http://dx.doi.org/10.1103/PhysRevB.87.064410)
Copyright 2013 by the American Physical Society.
shows positive thermal expansion in the high magnetisation phase while the b
and c-axis are remarkably temperature independent meaning their zero ﬁeld
thermal expansion is driven by changes in the magnetic structure.
In CoMnSi and related compounds such as MnP, CoMnP and NiMnGe
both the Néel temperature and the metamagnetic critical ﬁeld can be tuned
by substitution [76, 82, 2], pressure [83, 84] and sample preparation [85].
Substitution eﬀectively changes the total number of electrons and the interatomic distances. One example would be the substitution of Si with Ge
which increases the lattice parameters, weakens the antiferromagnetism and
eventually introduces ferromagnetism [86]. It should be pointed out that,
as shown in Fig. 3.4, small substitutions can lead to a large variation of
HC . Similarly small diﬀerences in the lattice parameters of quenched and
annealed samples lead to large variations in the Néel temperature of up to
200 K [1]. All of the cases above demonstrate the very strong dependence of
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Figure 3.7: Field dependence of the lattice parameters in CoMnSi.
The large jumps coincide with the critical ﬁeld HC of the metamagnetic transition.
Reprinted ﬁgure with permission from Ref. [2]
(http://dx.doi.org/10.1103/PhysRevB.87.064410) Copyright 2013 by the
American Physical Society.
the magnetic ordering on the structural parameters. Since the magnetic ordering depends on the particular balance of competing exchange interactions
between the magnetic moments the exchange interactions must be extremely
sensitive to the interatomic distances.
The idea that the interatomic distances play an important role was expanded by Gercsi et al. [87, 80] in band structure calculations of the ‘prototype’ compound MnP. The main result is shown in Fig. 3.8a which depicts
the diﬀerence in total energy between 3 hypothetical AFM states and a FM
state. It was found that the coupling between two Mn atoms, with distance
d, is FM for 2.65 < d < 2.95 Å, AFM for 2.95 < d < 3.37 Å and again FM
for d > 3.37 Å. Although it only considers collinear AFM this model successfully predicts the type of the ground state based on the 2 nearest Mn-Mn
distances d1 and d2 for a variety of MnP and Co2 P-type compounds. It is
interesting that the critical d values, derived from binary MnP, seem to be
inﬂuenced very little by the additional atom in P nma ternaries. In a similar
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(a)
Reprinted
figure
with
permission
from
Ref.
[80]
(http://dx.doi.org/10.1103/PhysRevB. (b) Reprinted from Ref. [81] with per83.174403) Copyright 2011 by the mission from Elsevier.
American Physical Society.

Figure 3.8: Energy diﬀerence between the AFM and FM ground states as a
function of (a) the interatomic Mn-Mn distance d1 and (b) the Mn-Mn-Mn
bond angle Θ2 at constant volume. The deﬁnition of the 3 collinear AFM
states is shown in the bottom right of (b). The bond angle is deﬁned in
Fig. 3.2.
approach Zhou et al. [81] calculated the magnetic ground state in MnP as
a function of one of the Mn-Mn-Mn bond angles. Their results, depicted in
Fig. 3.8b, show again a AFM or FM ground state depending on the width
of the bond angle. Although the models are seemingly diﬀerent the bond
lengths and the bond angles are inherently correlated through the symmetry of the crystal structure. The close relation of the two approaches and
their reconciliation on basis of the examples CoMnSi and NiMn(Ge,Si) will
be discussed in Chapter 5.
The relation between interatomic distances, electron numbers, and critical ﬁeld has also been investigated by means of ﬁrst principle calculations
based on a ﬁnite-temperature spin density functional theory [88]. Here the
fast and slow electronic degrees of freedom are separated so that slow-varying
“disordered local moments” are established at the Mn site by the fast electronic motions whose properties are in return aﬀected by the local moments.
The model successfully describes the increase of the critical ﬁeld HC due to
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Figure 3.9: (a) Theoretical predictions of the critical ﬁeld as a function of
d1 . The tricritical points are denoted by asterisks. (b) Experimental and
theoretical phase diagram of CoMnSi and related compounds. Both ﬁgures
are reprinted from Ref. [88], used under CC BY.
an increase of d1 as shown in Fig. 3.9a. The critical ﬁeld is also decreased by
a decrease of the electron count by compositional substitution, see Fig. 3.9b.
Furthermore the dependency of the interactions between the local moments
on the magnetic ordering itself brings about the possibility of a ﬁrst-order
“spin-ﬂip” transition and hence the model is able to describe tricriticality
in itinerant electron systems without or with only little anisotropy. In the
ground state the model predicts a helical magnetic ordering where the length
of the propagation vector depends on d1 as depicted in Fig. 3.10.
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Figure 3.10: Spin-Spin correlation function S (2) (q, m) at m = 0. Its maximum determines the propagation vector of the magnetic structure. The inset
shows S (2) (q, m) at qmax as a function of |m| for d1 = 3.07 Å. Reprinted from
Ref. [88], used under CC BY.
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Magnetisation measurements and phase
diagram

Figure 3.11: Temperature dependent magnetisation between 200 and 400 K
for samples ZS1 (a) and 40a (b) showing the large hysteresis that starts occurring below the tricritical point. Small diﬀerences in the sample preparation
can have an eﬀect on the sharpness of the metamagnetic transition.
In this thesis two diﬀerent polycrystalline CoMnSi samples have been investigated. The ﬁrst one has been prepared by Alexander Barcza during his
thesis where it is referred to as sample 40a. High purity elements were comelted in an radio-frequency induction furnace. To prevent the samples from
cracking a suﬃciently slow cooling rate was chosen. Afterwards the sample
was annealed for 60 hours at 1223 K. A complete description of the preparation details can be found in Ref. [72]. The second sample has been prepared
by Zsolt Gercsi, also using the induction melting technique. Afterwards the
sample was sealed in a quartz tube under protective He atmosphere for homogenisation and annealing treatments. For more details see Ref. [80]. It
will be referred to as ZS1 for the rest of the thesis. It should be pointed out
that for the presented investigation of the magnetic structure a single crystalline sample would be ideal. Unfortunately past eﬀorts using Bridgman,
mirror furnace and ﬂux growth methods have been without success [89]. The
material tends to break apart upon cooling possibly due to the strain induced
by the strong magneto-elastic coupling.
Figure 3.11 shows the magnetic isotherms of both samples between 200
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Figure 3.12: Magnetisation vs temperature for sample 40a at 0.01 T. The
maximum corresponds to the N’eel temperature. The enhanced magnetisation between 200 and K and TN coincides with the large changes in lattice
parameters and interatomic distances.
and 400 K. It can be seen that while the saturation magnetisation is the
same, sample 40a exhibits a much sharper metamagnetic transition. Such
diﬀerences are not uncommon [72] and can be explained by small changes in
the sample preparations.
The temperature dependent magnetisation in small ﬁelds is shown in
Fig. 3.12. The Néel temperature, here deﬁned as the maximum in the magnetisation, is consistent with previous investigations and there exists a small
diﬀerence between zero-ﬁeld and ﬁeld cooling measurements. The strong
shoulder between TN and 200 K coincides with the large changes in lattice
parameters and interatomic distances and indicates the presence of a very
broad magnetic transition. A closer look at the derivative of the magnetic
isotherms, Fig. 3.13, reveals a distinct maximum well below the critical ﬁeld
of the metamagnetic transition. The maximum can be attributed to a transition into a more ﬁeld aligned structure like a fan or cone structure [79, 90].
It is reasonable to assume that, like in MnP, the actual structure depends on
the angle between the magnetic ﬁeld and propagation vector. The critical
ﬁeld of this second more subtle transition, HC′ , is strongly temperature de-
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Figure 3.13: Derivative of the magnetisation between 4 and 270 K. The
datasets are separated by an oﬀset for better visibility. A distinct maximum is visible well below the critical ﬁeld which indicates a subtle transition
into a more ﬁeld aligned magnetic structure. The sharp increase at higher
temperatures is linked to the vicinity of the major metamagnetic transition.
pendent. At around 230 K HC′ trends towards zero ﬁeld but it is unclear if it
ever actually become zero. As HC decreases its shoulder becomes the dominating eﬀect in dM/dT and above 270 K it becomes impossible to distinguish
HC′ from the background.
The resulting magnetic phase diagram is depicted in Fig. 3.14. The temperature and ﬁeld dependence of the main metamagnetic transition is in good
agreement with literature [78, 2]. The subtle transition HC′ , however, happens at higher temperatures (6.7 T at 4 K) as suggested (4.5 T at 4 K) [78]
and since Ref. [78] only provides data for HC′ below 150 K our measurements
help to expand that picture and pick up a clear trend above 150 K where HC′
tends towards zero ﬁeld around 230 K. It is unclear if HC′ actually becomes
zero. Whether HC′ merges with HC above 270 K as suggested in [78] can not
be deduced from the data.
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Figure 3.14: Phase diagram derived from the derivative of the magnetisation.
The red triangles indicate the major metamagnetic transition from the AFM
state into a high magnetisation state for increasing and decreasing ﬁelds,
respectively. The blue triangles indicate the subtle transition between two
types of AFM states as shown in Fig. 3.13. The error bars are smaller than
the data points.
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Neutron diffraction
Crystal structure

Figure 3.15: (a) Relative and (b) absolute lattice parameters of CoMnSi.
The largest changes are between 200 and 300 K, in this region the changes
in the 3 lattice parameters almost compensate resulting in a small volume
thermal expansion.
The lattice parameters (Fig. 3.15) derived from our measurements are in
excellent agreement with previous investigations [77, 72, 1]. The resulting
volume thermal expansion is shown in Fig. 3.16. Compared to typical transition metals the linear thermal expansion coeﬃcient is much smaller at low
temperatures and between 200 and 300 K is almost zero. Only above 300 K
does the linear thermal expansion coeﬃcient reach a typical value, similar to
that of Cu or Ag, also shown in Fig. 3.16. The almost-zero thermal expansion stems from the negative thermal expansion of the a-axis and is linked
to a broad transition in both magnetism and structure. The changes in the
magnetic structure in this temperature regime will be the subject of the next
chapter.
The interatomic Mn-Mn distances (Fig. 3.17) are in good agreement with
the literature data as well [72, 1]. Due to the superior accuracy of the WISH
instrument the values presented here are likely to be more accurate. It is interesting to compare the Mn-Mn distances with the Mn-Mn-Mn bond angles
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Figure 3.16: Volume thermal expansion of CoMnSi measured with WISH
in comparison with other metals. The almost-zero thermal expansion in
CoMnSi between 200 and 300 K is linked to a broad transition in both magnetism and structure which will be discussed in Chapter 3.3.2.
shown in Fig. 3.18a. The interatomic distance d1 increases with temperature
while the bond angle enclosed by d1 , Θ1 , decreases. For d2 and Θ2 it is the
other way around. This suggests the rule here that if a bond length increases
the corresponding bond angle decreases and vice versa. The lattice parameters can be expressed in terms of bond lengths and angles. For example

a = 2d2 sin Θ22 . For the negative thermal expansion of a this means that
the decrease in the bond length is dominating but there is a slight compensation coming from the bond angle.
There exists an almost perfect linear correlation between Θ1 and Θ2 which
is demonstrated in Fig. 3.18b. Here Θ2 has been described by Θ1 as Θ2 = a+
b·Θ1 where a and b have been ﬁxed using the lowest and highest temperature
point. This can be visualised by looking at the right hand side of Fig. 3.18. A
decrease in Θ1 increases the height of the solid zig-zag line which the material
then compensates by increasing Θ2 narrowing the height of the dashed zigzag line shown on the left hand side.
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Figure 3.17: The two shortest Mn-Mn distances d1 and d2 as a function of
temperature.

3.3.2

Magnetic structure

Below TN a number of of magnetic peaks start appearing in the diﬀractogram
as the temperature is decreased. They can not be indexed within the P nma
crystal structure thus conﬁrming that q 6= (0, 0, 0). In contrast to the diﬀraction patterns presented in [72] no second propagation vector is visible in our
diﬀraction patterns. Hence both Mn and Co have the same q. It is possible
to index all undescribed peaks by using a single propagation vector pointing
along the c* axis as proposed in literature, i.e. q = (0, 0, τ ) with τ = 0.34
at 80 K in [77]. To obtain a value for τ the position of the (002)− peak has
been used due to its well deﬁned peak maximum. The result is presented in
Fig. 3.19 where both τ and the wavelength, λ, of the magnetic structure is
shown as a function of temperature. The striking feature is the near perfect
correlation of τ with d1 and d2 below 240 K as shown in Fig. 3.20. The change
in q has its maximum around 255 K as can be seen in the bottom part of
Fig. 3.19.

3.3. Neutron diﬀraction

60

Figure 3.18: (a) Temperature dependence of the Mn-Mn-Mn bond angles Θ1
and Θ2 enclosed by d1 and d2 , respectively 3.2. (b) The two bond angles are
linearly correlated. The parameters a and b have been ﬁxed using the ﬁrst
and last data point. In addition Θ2 correlates with d1 and Θ1 with 1/d1 .

Figure 3.19: (a) Propagation vector q = (0, 0, τ ) and (b) its derivative as
a function of temperature. Similar to the structural parameters the biggest
change in τ happens between 200 and 300 K.
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Figure 3.20: Correlation of the temperature dependence of the propagation
vector with the interatomic manganese distances d1 and d2 . below 240 K.
Above 240 K the propagation vector and the interatomic distance decouple.
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Table 3.1: Real and imaginary components of the basis vectors for the Mn1 site along the three crystallographic axes
for the space group P nma with q = (0, 0, τ ). ξ = 2πτ ∆z = πτ where ∆z is the shift in z between atom 1 and 2.
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With the propagation vector determined a representation analysis has
been performed using the software Sarah [69]. The little group Gq , containing
all symmetry elements in G0 that leave q invariant, only generates 2 of the
4 atomic positions in the unit cell. Thus the single atomic position in the
crystallographic phase is split into 2 for the magnetic phase for each magnetic
atom. The ﬁrst orbit consists of the atoms A1 (x, 41 , z) and A4 ( 12 −x, 43 , 21 +z)
and the second one of the atoms A3 (−x, 43 , −z) and A2 ( 12 + x, 14 , 12 − z). The
decomposition of the magnetic representation for the 4c site is ΓM ag = 1Γ11 +
2Γ12 + 1Γ13 + 2Γ14 i.e. there are 4 one-dimensional irreducible representations
(IRs) two of which appear two times in ΓM ag . The real and imaginary parts
of the 6 corresponding basis vectors ψi are tabulated in Table 3.1. The two
atoms of a single orbit are denoted as M1 and M2 where atom M1 is either
atom A1 or A3 and atom M2 is either atom A4 or A2, respectively. Each
basis vector points along one of the crystallographic axes and we can classify
the ψi into two groups.
For basis vectors ψ3 , ψ4 and ψ6 the magnetic moment of the second atom
M2 is rotated by πτ compared to the ﬁrst atom M1. The phase diﬀerence in
the magnetic moment, µ between a unit cell and the adjacent in c direction
is given by 2πτ , see Eq. 2.11), meaning in this case the phase diﬀerence
between 2 adjacent atoms of one orbit is always πτ . (Symbolically this could
be written as: M1 πτ M2 πτ M1 πτ M2 ... where πτ is the angle between
the two atoms belonging to the same orbit.) One can think of it as a single
spiral per orbit i.e. overall a double spiral where the phase diﬀerence between
the two orbits/spirals, Φ, is an adjustable parameter of the model. For basis
vectors ψ1 , ψ2 and ψ5 µ of atom M2 is rotated by πτ − π. One can think of it
as two spirals per orbit, one spiral going through the atoms M1 and another
one phase shifted by π going through the atoms M2. Since any 2 identical
sublattices with a phase shift of π lead to a complete negative interference
this has the important implication that the (000)± reﬂection is extinct for
basis vectors ψ1 , ψ2 and ψ5 . The existence of the prominent (000)± peak in
our measurements immediately restricts our model to the implication of at
least one of the basis vectors ψ3 , ψ4 and ψ6 . The extinction of the (001)+
and (001)− peak for all measured temperatures also allows us to completely
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Figure 3.21: Comparison of the experimental data at 50 K with the simulated
diﬀraction pattern using ψ4 and ψ6 (proper spiral) with χ2 = 71.5.

Figure 3.22: Comparison of the experimental data at 50 K with the simulated
diﬀraction pattern using ψ3 and ψ6 (cycloidal spiral) with χ2 = 27.5.

Figure 3.23: Comparison of the experimental data at 50 K with the simulated
diﬀraction pattern using ψ3 and ψ4 (cycloidal spiral) with χ2 = 75.
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eliminate the basis vectors ψ1 , ψ2 and ψ5 , because those peaks are generally
extinct for basis vectors ψ3 , ψ4 and ψ6 . For basis vectors ψ1 , ψ2 and ψ5 the
extinction of the (001)+ and (001)− peak can only be achieved by a very
speciﬁc set of values for the reﬁnement parameters which is not compatible
with the rest of the magnetic peaks.
The model proposed in literature for low temperatures, a proper spiral
where µ is perpendicular to the c-axis, requires a combination of ψ4 and ψ6 .
For a proper spiral it is assumed that the magnetic moment is a constant
as a function of atomic position. This puts restrictions on the coeﬃcients
corresponding to the basis vectors. One coeﬃcient must be real and the other
imaginary and both must be of equal size. The size of the coeﬃcients then
relates to the size of the magnetic moments. Hence the reﬁned parameters of
the magnetic structure in this model are the size of the magnetic moments
|µM n | and |µCo |, the phases between orbit 1 and 2: ΦMn-Mn and ΦCo-Co ,
and the phase between the Mn and Co spirals ΦMn-Co . A comparison of the
calculated and observed pattern at 50 K can be found in Fig. 3.21 together
with a visualisation of the magnetic structure. The match is not ideal and
the model has the same ﬂaws as in Ref. [75] as the same peaks are under- and
overestimated in our calculation and in Fig 3.3. If we use ψ3 and ψ6 with
the same assumption as above the quality of the ﬁt improves signiﬁcantly
as seen in Fig. 3.22. The reﬁned parameters of the magnetic model are:
|µM n | = 3.03 µB , |µCo | = 0.54 µB , ΦMn-Mn = 0.01 π, ΦCo-Co = 0.04 π and
ΦMn-Co = 0.22 π. For completeness the reﬁnement results of a combination
of ψ3 and ψ4 is shown in Fig. 3.23. The level of mismatch between the
calculated and observed pattern is similar to the ﬁrst model and makes this
model equally rejectable.
Concluding the analysis of the low temperature phase, the previous held
picture of a proper double spiral in CoMnSi has to be revised and a cycloidal
double spiral is proposed as a better ﬁt to the experimental data. Due to the
similarity between the diﬀraction patterns presented here and in Ref. [75] it
can be said that the new model provides a better ﬁt to the literature data.
The magnetic moments lie in the b-c plane and the included basis vectors are
ψ3 and ψ6 which belong to the IRs Γ2 and Γ4 , respectively. The quality of
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Figure 3.24: Temperature dependence of the (000)± peak in CoMnSi. The
inset shows the integrated peak intensity. Similar to the propagation vector
the peak intensity has its biggest changes above 200 K.
the ﬁst is visibly improved by reﬁning the angle between the two Mn spirals,
ΦMn-Mn . Since µM n is large, ΦMn-Mn = 0.01π ∼ 2 degree, can be determined
with conﬁdence. Because the Co moment is signiﬁcantly smaller the other
phase angles have less eﬀect on the calculated pattern and hence can only be
reﬁned with a larger uncertainty and they have little impact on the quality
of the ﬁt.
According to Landau’s theory only a single IR becomes critical at a second
order transition. This serves only as a starting point, however, the fact that
there are two IRs necessary in the low temperature model of CoMnSi might
suggest that two phase transitions are involved when the material is cooled
from the paramagnetic phase down to 50 K.
In the following the model derived above for 50 K is used as a starting
point for the analysis of the temperature dependence of the magnetic structure. Any reasonable model has to explain the large changes in the intensity
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of the (000)± peak whose temperature dependence is shown in Fig. 3.24.
Interestingly the (000)± peak intensity is constant at low temperatures and
increases signiﬁcantly upon heating from 200 to 300 K before dropping to
zero when approaching TN . The ﬁnal decrease in peak size is due to the decrease of the magnetic moment with increasing temperature but what causes
the increase in peak size between 200 and 300 K?
One possibility is that the absolute value of the magnetic moments increases signiﬁcantly. This would be in line with the M vs T measurements
which show an enhanced magnetisation between 230 and 350 K. A comparison of the temperature dependence of all magnetic peaks however reveals
that some peaks increase in intensity while others decrease. If µM n or µCo
would increase enough to describe the temperature dependence of the (000)±
peak all magnetic peaks should increase in intensity hence an increase of µ
can be dismissed.
Another possible explanation is that there are large changes in ΦMn-Mn .
However changing ΦMn-Mn in order to match (000)± is not compatible with
the temperature evolution of the other magnetic peaks.
The third hypothesis is that the plane of the rotation of the magnetic
moments changes with temperature. This uses the fact that only the part of
the magnetic moment perpendicular to q contributes to the peak intensity.
For the (000)± peak this means that ψ3 , pointing along the c-axis, contributes
nothing to its peak intensity. Hence a transition from ψ3 to ψ4 could explain
the large increase in the (000)± intensity with temperature.
Modelling such a shift has its diﬃculties as reﬁning the 6 coeﬃcients of
the 3 basis vectors at the same time leads to unreasonable and sometimes
divergent results. Hence more parameters of the model have to be ﬁxed. For
example one could assume that the magnitude of the magnetic moment is a
constant throughout the material and that all magnetic moments are parallel
to a single plane. By allowing an arbitrary tilting angle of this plane we get
a tilted spiral. These restrictions cannot be implemented into FullProf in a
simple way. A solution is to do a “manual” reﬁnement where the plane or the
magnitude of the magnetic moments is varied step by step to manually ﬁnd
a minimum χ2 . With “manual” reﬁnement we specify the manual change
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of a single parameter in a FullProf “pcr” ﬁle to ﬁnd the parameter value
where χ2 has a minimum as opposed to using FullProf’s automatic reﬁnement
procedure to ﬁnd a minimum in χ2 within a given parameter space. This
manual reﬁnement has been automated for the current study in a python
script.
The tilted plane of the magnetic moments is deﬁned by its normal vector, most conveniently in spherical coordinates. All possible normal vectors
describe a sphere where the direction of the normal vector is described by
a mixture of the basis vectors. For powdered materials the sign of a single
basis vector (i.e. if its coeﬃcients are positive or negative) is irrelevant for
the diﬀraction pattern. Hence it is suﬃcient to use only positive basis vector
coeﬃcients. In other words from the sphere of normal vectors only a single
octant is needed to describe all possible calculated diﬀraction patterns of the
model.
The following reﬁnement procedure has been used:
• Reﬁne the crystallographic phase.
• Manually deﬁne the background using around 20 background points for
each pattern and linear interpolation.
• Set up the magnetic phase of the *.pcr ﬁle using Sarah. Include ψ3 , ψ4
and ψ6 .
• Reﬁne the size of the magnetic moment using only ψ3 and ψ6 . It has
been observed that the minimum χ2 as a function of the tilting angle
does not change drastically with the moment size.
• Cycle through one octant of the tilted spiral in 5 degree steps creating
192 = 361 data points to ﬁnd the tilting angle with the smallest χ2 .
The coeﬃcients C1 to C6 are calculated using the relations in Tab. 3.2.
Zero parameters are reﬁned in this step.
• Manually reﬁne the size of the Mn and afterwards the Co magnetic
moment for the tilting angle with the lowest χ2 . Proﬁle parameters,
atomic positions and phase angles Φ are reﬁned in this step.
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• Final reﬁnement of the best model and ﬁne tuning the reﬁnement parameters.
BV
ψ3
ψ4
ψ6

Real part
C1 = − cos(α) sin(β)Cabs
C2 = cos(β)Cabs
C3 = sin(α) sin(β)Cabs

Imaginary part
C4 = − sin(α)Cabs
C5 = 0
C6 = − cos(α)Cabs

Table 3.2: Deﬁnitions of the coeﬃcients of the BVs in the tilted plane model.

Figure 3.25: Map of χ2 for the tilted spiral at 150 K. The plane of the magnetic moments is given by the tangent plane. The best ﬁt is given for a
mixture of basis vectors 3 and 6.
For low temperatures the resulting minimum χ2 lies close to ψ3 and ψ6 as
shown in Fig. 3.25 for 150 K where χ2 is shown as a function of the normal
vector of the plane of the magnetic moments. The plane of the magnetic
moments is given by the tangent plane. Above 200 K as the temperature
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Figure 3.26: Map of χ2 for the tilted spiral at 240 K. The plane of the magnetic moments is given by the tangent plane. The best ﬁt is given for a
mixture of all 3 basis vectors. The corresponding observed and calculated
diﬀraction pattern is shown in Fig. 3.28.
increases the minimum of χ2 starts shifting towards ψ4 and the best ﬁt is
given for a magnetic structures involving all 3 basis vectors. This is shown
for 240 K in Fig. 3.26. Above 250 K the position of the minimum χ2 does
not shift very much indicating that the model does not capture all changes
of the magnetic structure in this temperature region.

3.4

Summary

In conclusion we have measured in detail the magnetic and crystal structure
of CoMnSi between 4 and 400 K. The crystal structure is in excellent agreement with literature and it is conﬁrmed that a single propagation vector
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points along the c∗-axis. A better ﬁt for the magnetic structure has been
found for low temperatures i.e. a so called cycloidal spiral where the magnetic moments lie in the b-c plane. This is in contrast to literature where a
simple spiral with the moments lying in the a-b plane has been suggested.
The temperature evolution of the magnetic structure can be described by a
gradual tilting of the spiral above 200 K. However while providing a better
ﬁt to the data the goodness of the ﬁt is not 100% convincing.
As the temperature is increased the two nearest Mn-Mn distances, d1
and d2 , as well as the corresponding bonding angles, Θ1 and Θ2 , undergo
large changes between 200 and 300 K. Simultaneously, the critical ﬁeld of
the metamagnetic transition decreases by several Tesla and the hysteresis of
the metamagnetic transition is decreased until it vanishes at around 300 K.
The changes in the critical ﬁeld and hysteresis can be attributed to the
large changes in the magneto-elastic coupling which are shown in Fig. 3.20.
There the interatomic distances show a perfect correlation with q below
250 K. This link between the magneto-elastic coupling and the hysteresis of
a metamagnetic transition has been established for paramagnets close to a
ferromagnetic instability like MnAs, Gd5 Six Ge4−x and LaFe13−x Six .
In the case of CoMnSi, a non-collinear antiferromagnet, a strong coupling between structural and magnetic parameters goes hand in hand with
a large metamagnetic critical ﬁeld and a large hysteresis. As structural and
magnetic parameters decouple at higher temperatures the critical ﬁeld and
hysteresis are decreased. All this suggests a very broad magneto-elastic transition between 200 and 300 K. For a deﬁnition of the transition temperature
the derivative of the propagation vector can be used which has its maximum
around 250 K (see Fig. 3.19).
It should be pointed out that the background of the neutron diﬀraction
patterns changes with temperature from being rather ﬂat and linear at low
temperatures to having more variations as a function of diﬀraction angel
at higher temperatures. This raises the questions if there is a more subtle
disordering happening at higher temperatures.
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Figure 3.27: Details of the best calculated ﬁt and observed (WISH) diﬀraction pattern for CoMnSi at 150,K. For the simulated pattern only ψ3 and ψ3
were being used. (χ2 = 26)
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Figure 3.28: Details of the best calculated ﬁt and observed (WISH) diﬀraction pattern for CoMnSi at 240,K. For the simulated pattern the model with
the smallest χ2 in Fig. 3.26 is used (χ2 = 43).

Chapter 4
NiMnGe1−xSix
4.1

Literature Review

NiMnGe is a helical antiferromagnet that crystallises in the hexagonal Ni2 Instructure (space group P 63 /mmc) at elevated temperatures and exhibits a
martensitic structural transition into the orthorhombic TiNiSi-type structure
(space group P nma) at lower temperatures [91, 92, 93]. The crystal structure of NiMnGe is similar to the one of CoMnSi as shown in Fig. 3.1 and 3.2
with Ni substituted for Co and Ge for Si. The magnetic susceptibility and its
inverse are depicted in Fig. 4.1 showing a Curie Weiss behaviour in the hexagonal phase, a clear maximum in the susceptibility at the Néel temperature
and a second hysteretic magnetic phase transition at lower temperatures.
Interestingly the transition temperatures reported in literature are inconsistent. Bazela et al. [91] report a structural transition temperature, TS ,
of 470 K, a Néel temperature, TN , of 346 K and a second magnetic transition temperature, TM2 , of 185 K. Niziol et al. [94] measured TS = 493 K,
TN = 330 K and TM2 = 230 K while Fjellvag and Anderson [93] report
TS = 528 K, TN = 356 K and TM2 = 260 K. A possible explanation for the
deviations are diﬀerences in the sample preparation, this is supported by the
signiﬁcant diﬀerence between annealed and quenched samples [93].
Neutron diﬀraction measurements have found a helical antiferromagnetic
structure below TN with a propagation vector pointing along the a-axis. The
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Figure 4.1: Magnetic susceptibility and its inverse for NiMnGe. Reprinted
from Ref. [91] with permission from John Wiley and Sons.
propagation vector gradually increases with temperature and the intensity of
the (000)± peak exhibits a large jump at TM2 . Between TN and TM2 NiMnGe
orders in a simple double spiral structure similar to that seen in other MnPtype compounds. There are, however, conﬂicting models for the magnetic
structure below TM2 . Bazela et al. [91] report a shift into a cycloidal spiral
with the propagation vector lying in the bc-plane. Fjellvag and Anderson [93]
on the other hand propose a sudden phase shift between the two simple spirals
as explanation for the large changes in peak intensity at TM .
Substitution of germanium with silicon in NiMnGe increases the structural transition temperature, TS , and weakens the antiferromagnetic coupling [96, 95]. Consequently the magnetic and structural phase lines never
meet which is in contrast with many other dopants (like Al, Ga and Sn) where
with increasing substitution the martensitic transformation can be brought
down below the magnetic phase line [7, 37, 97]. As shown in the phase
diagram in Fig. 4.2 NiMnGe1−x Six is antiferromagnetic for 0 < x < 0.25,
ferrimagnetic for 0.25 < x < 0.55 and ferromagnetic for x > 0.55. Simultaneously, TM2 decreases with increasing Si content and disappears completely
for x > 0.15. The substitution of Ge with Si is isoelectronic and changes
in the magnetic state can be attributed to changes in the crystal structure.
There are indeed trends in the interatomic distances correlated with the
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Figure 4.2: Phase diagram for NiMnGe1−x Six with n = x. Reprinted from
Ref. [95] with permission from John Wiley and Sons.
changes in magnetism however the variation in the values is too large for
a convincing conclusion. Not surprisingly, the volume at room temperature decreases continuously with increasing x. An anomaly that caught our
attention was an apparent decrease in volume between 300 and 400 K for
x = 0.20 [95]. Exploring this apparent negative thermal expansion was one
of the key motivations for re-examining the NiMnGe1−x Six series.
The increasing TN with decreasing volume under Si substitution is consistent with magnetisation measurements under hydrostatic pressure in NiMnGe (dTN /dP = +2.3 K/kbar) [98, 99]. Since TS decreases with pressure the
two transitions couple at a triple point between 3 and 4 bar.
In summary, due to the isoelectronic nature of the Ge-Si substitution
NiMnGe1−x Six is an ideal system to explore the relations between crystal
and magnetic structure. However the structural data available before this
study was only available for two to three temperature points per composition. Furthermore before this work the actual magnetic ground state in the
antiferromagnetic regime needed clariﬁcation.

4.1. Literature Review

77

Figure 4.3: Selected magnetic isotherms for x = 0.10, 0.15, 0.20, 0.25, 0.30
and 0.35 between 4 and 400 K measured at 0.01 mT/sec. With increasing
silicon content the low ﬁeld susceptibility increases as the system changes
from antiferromagnetic to ferromagnetic ordering.
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Magnetisation measurements and Phase
Diagram

Figure 4.4: Magnetic phase diagram for x = 0.10 derived from the ﬁeld
derivative of the magnetisation. The upwards and downwards pointing triangles represent increasing and decreasing ﬁeld, respectively. The main metamagnetic transition between AFM 4 and the high magnetisation state is
indicated by the red triangles. Two AFM to AFM transitions are indicated
by the green and blue triangles.
Selected magnetic isotherms between 4 and 400 K are depicted in Fig. 4.3
for x = 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35. In accordance with literature
an antiferromagnetic behaviour is found for small x. Furthermore the initial
susceptibility is increasing with x hence the antiferromagnetism is weakening
and the materials become more ferromagnetic. The transition temperature is
increasing with x however the saturation magnetisation stays fairly constant.
The x = 0.10 compound with its pronounced metamagnetic behaviour
has the most complex magnetic phase diagram of the system which is shown
in Fig. 4.4. It has been derived from the ﬁeld derivatives of the magnetic
isotherms shown in Fig. 4.5. At very low temperatures the critical ﬁeld, HC ,
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Figure 4.5: Derivative of the magnetisation for x = 0.10 between (a) 4 and
400 K and (b) 200 and TN in increasing magnetic ﬁeld. The curves are stacked
for better visibility. The peaks in the derivative are identiﬁed as transitions
in the phase diagram. The maximum shown in (a)deﬁnes the critical ﬁeld
HC of the main metamagnetic transition. The two smaller peaks shown in
(b) are attributed to subtle transitions between two antiferromagnetic states.
where the antiferromagnetic state transitions into a state of high magnetisation is around 2 T and the transition is hysteretic. This metamagnetic transition from an AFM state into a PM state of high magnetisation is depicted
by the red triangles in Fig. 4.4. With increasing temperature the critical
ﬁeld increases while the hysteresis decreases. Around 300 K the hysteresis
disappears and the metamagnetic transition becomes second order which
corresponds to a tricritical point. Above room temperature the critical ﬁeld
is suppressed to zero as the Néel temperature (TN = 374 K) is approached.
Below the critical ﬁeld several subtle changes in the slope of M(H) can be
found indicated by the green and blue triangles in Fig. 4.4. They are characterised as smaller peaks in the ﬁeld derivative (see Fig. 4.5b). These features
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Figure 4.6: Temperature dependent magnetisation upon heating measured
under ﬁeld cooling (FC) and zero ﬁeld cooling (ZFC) starting conditions
very likely correspond to changes in the antiferromagnetic state from a low
magnetisation into a slightly higher magnetisation state. A possible example
would be the transition from a spiral into a fan-like magnetic structure as
found in MnP [100].
The temperature dependent magnetisation in low ﬁeld is depicted in
Fig. 4.6. A very sharp maximum deﬁnes the Néel temperature at 374 K.
The small jump around 300 K, emphasised on the right hand side of Fig. 4.6,
indicates a second magnetic transition between two antiferromagnetic states.
The transition is hysteretic with a width of 5 K. Below the second transition
temperature, TM2 = 300 K, there is a signiﬁcant diﬀerence between ﬁeld and
zero-ﬁeld cooling. The maximum at TN is not as signiﬁcant for larger x as
shown in Fig. 4.7 for x = 0.20 mainly because of an increased low ﬁeld susceptibility below TN . This is in agreement with the weakened antiferromagnetic
coupling also evident from the isotherms. The inverse susceptibility shows
Curie-Weiss behaviour at high temperatures but deviates from simple linear
behaviour below 500 K. This increased magnetisation below 500 K might be
linked to a pre-ordering of the magnetic moments or an increase in the size
of the magnetic moments. The coupling to an additional order parameter
can also lead to deviations from the Curie-Weiss law. The Curie temperature ΘC derived from the high temperature ﬁt is positive which is typical for
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Figure 4.7: Temperature dependent magnetisation and its inverse for x =
0.20. The maximum in M indicates the main magnetic phase transition.
The red line is linear ﬁt to the high temperature part of M −1 . Below 500 K
the inverse susceptibility deviates from the Curie-Weiss law.
ferromagnets.
Fjellvag and Anderson [93] pointed out the importance of the heat treatment on the properties of MnNiGe. They observed a lack of complete crystallographic order on the metal sublattice even after prolonged heat treatment.
A related phenomenon can be observed in our samples where an irreversible
change in the hysteresis has been found for x = 0.10 as shown in Fig. 4.8.
The left hand side shows two isotherms taken two years apart. The hysteresis width has signiﬁcantly decreased from 80 mT to 15 mT. This change is
irreversible i.e. cycling through temperature and magnetic ﬁeld can not bring
the initial hysteresis back. However the larger hysteresis is again observed
in diﬀerent parts of the x = 0.20 sample that have not yet been subjected
to any measurements as can be seen on the upper right hand side. Hence
the hysteresis change is not caused by time. However it can be induced by
compressing the small powder sample (around 5 mg), inside a PPMS powder
capsule, gently with a hammer. One possible explanation is that the particle
size of the powder plays an important role for the hysteresis. When going
through the hexagonal to orthorhombic structural transition the sample is
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(b)

Figure 4.8: Irreversible decrease in the hysteresis, ∆H, in NiMnGe1−x Six
with x = 0.10 as a function of time and impacts. The change seen over time
in (a) was replicated with a hammer in (b).
subjected to a lot of stress leading to a breaking up of the sample decreasing
the particle size. If not all of the stress is released during the annealing process it can have a signiﬁcant eﬀect on the magnetic properties. Compressing
the sample temporarily (as with a hammer) can lead to a release of stress
for example by further decreasing the particle size. This phenomenon highlights the large susceptibility of the magnetic properties to subtle changes in
the crystal structure i.e the signiﬁcant role of magneto-structural coupling in
NiMnGe1−x Six .

4.3
4.3.1

Neutron diffraction
Crystal structure

Neutron diﬀraction measurements have been performed on polycrystalline
powder samples at ISIS using the High Resolution Powder Diﬀractometer (HRPD) for silicon contents of x = 0.1, 0.15, 0.2, 0.25, 0.3 and 0.35

4.3. Neutron diﬀraction

83

Figure 4.9: Crystal structure for NiMnGe1−x Six with x = 0.10 at 4 K in (a)
perspective view and (b) projected along the b-axis and (c) along the a-axis,
drawn using VESTA [70]. The continuous and dashed lines denote the two
nearest Mn-Mn distances d1 and d2 , respectively.
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Figure 4.10: Comparison of the observed and calculated neutron diﬀraction
pattern for NiMnGe1−x Six with x = 0.15 measured with the backscattering
bank of HRPD.
in zero magnetic ﬁeld at temperatures ranging from 4 K to 550 K. The FullProf software [62] was used to perform Rietveld reﬁnements of the obtained
patterns. As an example the observed and calculated patterns are shown
for x = 0.15 at 20 K in Fig. 4.10. The reﬁnements conﬁrm that all samples
crystallise in the orthorhombic TiNiSi-type structure with the space group
Pnma (No. 62). No signs of secondary phases are visible in the patterns at
room temperature. The crystal structure for x = 0.10 at 4 K is visualised in
Fig. 4.9 where the two nearest Mn-Mn distances are designated as continuous
and dashed lines.
The temperature dependence of the normalised lattice parameters derived
from the diﬀraction measurements are depicted in Fig. 4.11. The volume
thermal expansion (THE) is dominated by the b-axis whereas the THE of
the a and c-axis is much smaller. All 3 axes show a very strong response
to the AFM-PM transition and the linear THE is even negative for the caxis. This decrease in c and the increase in a is larger for small x, linking
it directly to the strength of the antiferromagnetic interaction. Interestingly
the two contributions cancel each other out as the area spanned by the a
and c lattice parameter exhibits an almost perfect linear THE as is shown in
Fig. 4.12. That means the AFM-PM transition induces an area-preserving
distortion of the ac-plane where the size of the distortion is correlated to the
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Figure 4.11: Temperature dependencies of (a), (b) and (c) the normalised lattice parameters and (d) the normalised volume in NiMnGe1−x Six for x = 0.10
to 0.35. The changes in the lattice parameters is moved to higher temperatures as the Si content is increased.
strength of the AFM interaction.
The volume THE of NiMnGe1−x Six is comparable to that of simple transition metals below and above TN as can be seen in Fig. 4.13. Only at TN
is there a magnetically enhanced THE. This is better visualised in Fig. 4.14
where the derivative of the volume THE is shown. A broad maximum with a
width of around 100 K is present at TN . Interestingly there is no distinctive
feature in the volume and linear THE at TM2 = 300 K for x = 0.10. In agreement with literature, the lattice parameters and the volume are reduced by
the introduction of silicon [101, 95].
The temperature dependence of the lattice parameters can be related to
the temperature dependence of the interatomic distances and bonding angles.
The two nearest Mn-Mn distances are depicted in Fig. 4.15 as a function of
temperature. Their location within the structure can be found in Fig. 4.9.
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Figure 4.12: The changes in the thermal dependence of the a and c-axis
of NiMnGe1−x Six are opposite and the product a · c shows a small, linear
thermal expansion.
For all silicon contents, the Mn-Mn distance d1 , which lies predominantly in
the bc-plane, increases by about 3 % over the investigated temperature range.
The second Mn-Mn distance, d2 , which points predominantly along the a axis,
is remarkably constant over a 500 K interval. The two bond angles Θ1 and
Θ2 enclosed by d1 and d2 , respectively, are shown in Fig. 4.16. Here Θ1 stays
remarkably constant while Θ2 increases with temperature. The distances
between the Mn and the other atoms are either constant with temperature
or have their biggest changes around the magnetic-paramagnetic transition
temperature. See for example the Ni1-Mn and Ni2-Mn distances shown in
Fig. 4.17. None of the structural parameters show signiﬁcant changes at the
AFM-AFM transition.
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Figure 4.13: Thermal expansion of NiMnGe1−x Six with x = 0.10 compared
to that of some other metals. The enhanced expansion between 350 and
400 K is linked to the AFM-PM transition at 374 K.
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Figure 4.14: Volumetric coeﬃcient of thermal expansion of NiMnGe1−x Six .
The maxima of the broad peaks roughly coincide with the magnetic transition
temperatures.
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Figure 4.15: Temperature and silicon content dependence of the Mn-Mn
distances d1 and d2 . While d1 constantly increases with temperature, d2 is
remarkably constant for all x.

(a)

(b)

Figure 4.16: Comparison of the temperature dependence of the Mn-Mn-Mn
bond angles (a) Θ1 and (b) Θ2 . Similar to the Mn-Mn distances Θ2 increases
as a function of temperature while Θ1 is remarkably constant for all x = 0.10.
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Figure 4.17: Temperature and silicon content dependence of two of the NiMn distances. While the distance Ni1-Mn is almost constant as a function
of T , Ni2-Mn has its biggest changes near the main magnetic transition.
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Magnetic structure for x = 0.10

Figure 4.18: Comparison of the temperature dependence of the propagation vector q = (τ, 0, 0) and the interatomic Mn-Mn distances d1 and d2 in
NiMnGe1−x Six with x = 0.10
To get a better understanding of the magnetic structure and to clarify
the diﬀerent ﬁndings in literature, the magnetic structure of the sample with
the strongest AFM coupling, x = 0.10, has been investigated more thorough.
The x = 0.10 sample is the only one with distinct magnetic peaks visible
in the HRPD diﬀraction patterns. The WISH instrument has been used to
for a closer look at the magnetic peaks due to its better accuracy compared
to HRPD which provides a better resolution of the magnetic peaks and a
clear separation from the non-magnetic peaks. The superior scattering vector range of WISH compared to HRPD allows the detect the magnetic (000)±
peak. Data has been taken from 4 to 386 K in zero magnetic ﬁeld. The reﬁnement of the structural phase is in excellent agreement with literature [91] and
HRPD data. All magnetic peaks can be indexed with the propagation vector
pointing along the a*-axis as suggested in Ref. [91, 93]. The resulting propagation vector is shown in Fig. 4.18 together with the two nearest Mn-Mn
distances. There is an excellent correlation of q with d1 . At the AFM-AFM
transition at TM2 = 300 K there is no jump in the interatomic distances or
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the propagation vector. There is however a jump in the magnetic peaks at
TM2 which will be discussed later in Fig. 4.21.
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Table 4.1: Real and imaginary components of the basis vectors for the Mn1 site along the three crystallographic axes
for the space group P nma with q = (τ, 0, 0). ξ = 2πτ ∆x = πτ where ∆x is the shift in x between atom 1 and 2.
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Figure 4.19: Details of the observed (WISH) and calculated diﬀraction pattern for NiMnGe0.9 Si0.1 at 50 K using a model where the magnetic moments
are lying in the bc-plane. (χ2 = 55)
With the propagation vector determined a representation analysis was
performed in a similar way to CoMnSi in the last chapter. Again the single
atomic position in the crystallographic phase is split into 2 for the magnetic phase for each magnetic atom. The ﬁrst orbit consists of the atoms
A1 (x, 14 , z) and A2 ( 12 + x, 41 , 12 − z) and the second one of the atoms A4
( 12 − x, 34 , 21 + z) and A3 (−x, 34 , −z). The decomposition of the magnetic
representation for the 4c site is ΓM ag = 1Γ11 + 2Γ12 + 1Γ13 + 2Γ14 i.e. there are
4 one-dimensional irreducible representations (IRs) two of which appear two
times in ΓM ag . The real and imaginary parts of the 6 corresponding basis vec-
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Figure 4.20: Intensities of the WISH detector bank for NiMnGe1−x Six
withx = 0.10 at 295 K. Yellow denotes a high intensity, dark blue a low
intensity. The pronounced spots of high intensities prove the absence of a
good powder average in the sample.
tors ψi are tabulated in Tab. 4.1. The two atoms of a single orbit are denoted
as M1 and M2 where atom M1 is either atom A1 or A3 and atom M2 is either
atom A2 or A3, respectively. The magnetic structure can be thought of 2
spirals next to each other separated by a phase shift Φ which is an adjustable
parameter of the model. Two atoms within a single spiral are separated by
the Mn-Mn distance d2 while the two spirals are connected via d1 . In the
literature a simple spiral with the magnetic moments lying in the bc-plane
is suggested below TM2 [95, 93]. This gives a reasonable ﬁt (with χ2 = 55)
at low temperatures as shown in Fig. 4.19, however, the quality of the ﬁt
is worse compared to CoMnSi at 50 K. As the temperature is increased the
quality of the ﬁt in NiMnGe0.9 Si0.1 , using the same model, decreases significantly. Diﬀerent combinations of 2 basis vectors have been tested without
improving the quality of the ﬁt. Even a model combining 3 basis vectors
similar to the model used for CoMnSi is unsuccessful in improving χ2 .
A possible explanation for the unsatisfactory simulation of the magnetic
phase is a failure of the powder average assumption. The accumulated in-
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Figure 4.21: Comparison of the observed neutron diﬀraction pattern (WISH)
of NiMnGe1−x Six with x = 0.10 at 290 and 295 K. The jump in the magnetic
peaks with no change in the non-magnetic peaks conﬁrms an AFM to AFM
transition.
tensities of the WISH detector bank at 295 K is shown in Fig. 4.20. If the
orientation of the crystallographic grains is completely random Scherrer rings
are be visible at the detector banks with each Scherrer ring having an uniform
intensity. This is the case for all CoMnSi measurements. For NiMnGe1−x Six
there are no Scherrer rings but pronounced maxima in the intensities marked
by the yellow spots in Fig. 4.20 which are typical for a preferred grain orientation within the sample. The sample was never ground with a pestle and
mortar because it broke up into small particle during the annealing process.
The particles are smaller than 0.5 mm and have an elongated shape. Since
the thermal expansion is strongly anisotropic each particle might have a preferred grain orientation. If the particles orient themselves along the same axis
in the sample holder due to their elongated shape then this would explain
the absence of a perfect powder average in the sample.
As shown in Fig. 4.21 there is a clear jump in the magnetic peaks between
290 K and 295 K upon heating. There is no jump in the non-magnetic peaks.
This together with the jump in the magnetisation measurements at TM2 conﬁrms an AFM to AFM transition in zero magnetic ﬁeld. The (000)± peak,
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Figure 4.22: The (000)± peak for x = 0.10 as a function of temperature. A
sudden jump in the peak size occurs between 290 and 295 K indicating an
AFM to AFM transition.
shown in Fig. 4.22, is large at low temperatures, decreases continuously until
it jumps at TM2 then decreases again. All magnetic peaks intensities jump
at TM2 but not in the same direction. This means a simple change of the size
magnetic moment cannot explain this transition. It has been proposed for
NiMnGe that this transition is due to a jump in the phase Φ between the two
spirals [93]. However any change in Φ big enough to account for the change in
the (000)± peak would increase the (201)+ , the (010)± and the (001)± peaks
too much. Hence the changes at TM2 are incompatible with a sole change in
Φ. A more likely scenario is a change in the involved basis vectors, ψ1 to ψ6 ,
as has been suggested by Bazela et. al [91]. This corresponds to a tilting of
the plane of the magnetic moments.
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Summary

The magnetic properties and the crystal structure of NiMnGe1−x Six have
been measured between 4 and 400 K. The magnetisation measurements agree
well with literature data showing a decreasing antiferromagnetic exchange
interaction with increasing silicon content. The volume thermal expansion
coeﬃcient is strongly enhanced around the magnetic transition temperature
due to strong changes in all lattice parameters. The magnitude of the change
decreases with silicon content hence it is correlated with the strength of the
antiferromagnetic exchange interaction.
The negative volume THE reported in Ref. [95] for x = 0.20 between 295
and 403 K could not be replicated. As can be seen in Fig. 4.11 the volume
THE is positive between 0 and 500 K in all investigated NiMnGe1−x Six compounds. Because our results for x = 0.20 are consistent with results for the
other Si concentrations and the increased number of data point compared
to [95] it can be concluded that there is no negative THE for x = 0.20. Of
the two nearest Mn-Mn distances only d1 changes signiﬁcantly with temperature whereas d2 stays almost constant over the entire measured temperature
range for all x.
The detailed magnetic neutron diﬀraction measurements on NiMnGe0.9 Si0.1
presented here have conﬁrmed that the propagation vector lies along the aaxis and that its temperature dependence correlates remarkably well with
the next-nearest Mn-Mn distance d1 . This correlation persists in the whole
temperature range. Interestingly there is neither a structural feature nor a
feature in q at the ﬁrst order AFM-AFM transition at 295 K. A satisfactory
ﬁt of the magnetic structure of reasonable quality was not obtained. The
diﬃculties in the reﬁnement are probably linked to the absence of a proper
powder average in the sample. The ﬁrst order transition between two antiferromagnetic states at 295 K can not be explained by a jump in ΦMn . A
possible explanation could be a sudden change in the basis vector involved
i.e. a change in the plane of the magnetic moments.

Chapter 5
Comparison of CoMnSi and
NiMnGe1−xSix
CoMnSi and NiMnGe1−x Six crystallise in the orthorhombic P nma crystal
structure at low temperatures. Not surprisingly, all NiMnGe1−x Six compounds have larger lattice parameters compared to CoMnSi as Ni and Ge
are bigger than Co and Si, respectively. Both materials show antiferromagnetic (AFM) behaviour albeit NiMnGe1−x Six only for small Si contents.
All measured compositions exhibit a orthorhombic to hexagonal transition
at elevated temperatures. The structural transition temperature is much
higher (1190 K) in CoMnSi than in the NiMnGe1−x Six compounds where for
x = 0.10 the hexagonal phase can be already seen at 450 K.
Of the investigated NiMnGe1−x Six compounds NiMnGe0.9 Si0.1 exhibits
the most robust antiferromagnetic ordering with a Néel temperature comparable to CoMnSi. Both CoMnSi and NiMnGe0.9 Si0.1 show incommensurate
magnetic ordering with the propagation vector, q, pointing along the c*axis in CoMnSi and along the a*-axis in NiMnGe0.9 Si0.1 (see Fig. 5.1). The
diﬀerence in q means that diﬀerent Mn atoms are linked with each other
through the symmetry of the propagation vector. In NiMnGe0.9 Si0.1 there
are 2 spirals next to each other, one going through the atoms A1 and A2
and the other one going through atoms A3 and A4. In other words the magnetic moment at the Mn atoms A1 and A2 are symmetry related through the
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Figure 5.1: Comparison of the magnetic structure of CoMnSi and
NiMnGe0.9 Si0.1 . The propagation vector points along the c*-axis in CoMnSi
and along the a*-axis in NiMnGe0.9 Si0.1 . The two orbits of the magnetic
structure are indicated by red and blue arrows.
propagation vector as are the magnetic moments at atoms A3 and A4. This
is indicated by the blue and red arrows on the right hand side of Fig. 5.1 The
Mn atoms within each spiral are connected through the d2 Mn-Mn distance,
hence the exchange interaction across d2 determines |q|. The shortest connection between the two spirals is the d1 Mn-Mn distance. Hence the exchange
interaction across d1 determines the phase angle between the spirals.
Since the propagation vector in CoMnSi points along the c*-axis the magnetic moments symmetry-related through the propagation vector are the
atoms A1 and A4 and the atoms A3 and A2, respectively. The symmetry related moments are indicated by blue and red arrows in Fig. 5.1. As
in NiMnGe0.9 Si0.1 one can think of 2 spirals (red and blue) going through
the materials, however, in contrast to NiMnGe0.9 Si0.1 the two atoms of a
single spiral in CoMnSi are not connected via d1 or d2 . In CoMnSi the distance connecting two atoms of one spiral is bigger than in NiMnGe0.9 Si0.1 .

100
The shortest connection between the two spirals is given by either d1 or d2
depending on the temperature.
In both materials the phase angle between the two spirals (which in the
FullProf model is not subject to any symmetry constraints) does not change
signiﬁcantly as a function of temperature. This suggests that there is an
additional symmetry relation in the material which is not represented in the
FullProf model of the magnetic structure.
The magneto-structural coupling behaves very diﬀerently in the two compounds. In CoMnSi there is no response of the crystal lattice at the Néel
temperature. But there is a very broad structural transition between 200 and
300 K. In that region the lattice parameters, the interatomic distances (for
example the two shortest Mn-Mn distances d1 and d2 ) and the propagation
vector undergo their biggest changes. The volume thermal expansion in this
region is suppressed to almost zero. Above 300 K the thermal expansion is
roughly linear along all axes and interestingly there is no prominent feature
visible in the structural data at the Néel temperature.
In contrast the biggest structural changes in NiMn(Ge,Si) are found
around the main magnetic transition temperature, TM1 . The changes happen
in a broad temperature window of around 100 K both in certain interatomic
distances and the lattice parameters. The volume thermal expansion is enhanced in a broad region around TM1 and becomes linear above. At low
temperatures the thermal expansion is comparable to simple metals. Interestingly there are no visible structural changes at the secondary magnetic
transition TM2 .
In both compounds a single lattice parameter has regions of negative thermal expansion. In CoMnSi it is the a-axis below 300 K and in NiMn(Ge,Si)
it is the c-axis around TM1 .
In both compounds the structural changes ﬁnd an echo in the magnetic
phase diagram i.e. both exhibit a strong magneto-structural coupling. In
CoMnSi the critical ﬁeld of the metamagnetic phase transition rises sharply
just below TN , is constant in a small temperature window below and starts to
increase drastically in the region with the biggest structural changes. At the
same time the metamagnetic transition becomes hysteretic. In other words
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the broad transition is of magneto-elastic nature and the magneto-structural
coupling can be thought of being responsible for the hysteresis and hence
tricriticality in CoMnSi.
In NiMnGe0.9 Si0.1 , however, the large increase in the critical ﬁeld below
TN stops at 300 K at a maximum of 3.8 T and then decreases to about 2 T
at 4 K. There is no distinctive structural feature in the zero ﬁeld data at
the temperature of the inﬂection point of the critical ﬁeld (i.e. at ≈ 300 K).
However, there is a ﬁrst order magnetic transition at zero ﬁeld at TM2 ≈ 295 K
between two types of incommensurate magnetic states. Interestingly the
propagation vector is constant across this transition. Hence in NiMnGe0.9 Si0.1
the changes in the critical ﬁeld and the hysteresis around TM2 are linked to a
change in the zero ﬁeld state and are not linked to strong magneto-structural
coupling. There is however a strong response of the lattice parameters around
TN which is completely absent in CoMnSi.
The ground state in CoMnSi is strongly antiferromagnetic and at low
temperatures it takes a magnetic ﬁeld larger than 15 T to align the magnetic
moments [75, 78]. In NiMnGe0.9 Si0.1 the ground state is much closer to a
ferromagnetic (FM) instability as a ﬁeld of 2 T is enough at 4 K to break
up the antiferromagnetic ordering. This could explain the diﬃculties in the
theoretical description of NiMnGe0.9 Si0.1 . While an AFM ground state has
been successfully predicted for CoMnSi [88], the same theory predicts a FM
ground state for NiMnGe0.9 Si0.1 [102].
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Property

CoMnSi

NiMnGe0.9 Si0.1

Crystal structure at 300 K

Pnma

Pnma

Volume at 300 K

148 Å3

159 Å3

Negative thermal expansion

along the a-axis

along the c-axis

Structural Transition

1190 K

450 K

Magnetic ordering

helical AFM

helical AFM

Néel tempeature

381 K

374 K

Propagation vector

q = (0, 0, τ )

q = (τ, 0, 0)

Magnetic moment at Mn at
50 K

3.03 µB

3.3 µB

Magnetic moment at Co/Ni
at 50 K

0.54 µB

none

Hysteresis above 300 K

none

none

Hysteresis at low T

large

small

Critical ﬁeld at low T

> 15 T

2T

Theoretical ground state

AFM

FM

Changes the critical ﬁeld
are linked to

a
very
broad
magneto-structural
transition between
200 and 300 K.

a ﬁrst order AFM
to AFM transition
in zero ﬁeld.

q is correlated with

d1 and d2

d1 only

Table 5.1: Summary of the comparison between CoMnSi and NiMnGe0.9 Si0.1

Chapter 6
The dynamics of spontaneous
hydrogen segregation in
LaFe13−xSixHy
The results presented in this chapter have been published in:
[103] O. L. Baumfeld, Z. Gercsi, M. Krautz, O. Gutﬂeisch, and K. G. Sandeman, “The dynamics of spontaneous hydrogen segregation in LaFe13−x Six Hy ”
Journal of Applied Physics, Vol. 115, p. 203905 (2014)

6.1

Introduction

LaFe13−x Six (LaFeSi) crystallises in the cubic, NaZn13 -type structure (space
group F m3c) for 1.4 ≤ x ≤ 2.6 and in a related tetragonal structure (space
group I4mcm) for higher silicon contents [104]. The crystal structure for
x = 0.16 at 300 K is shown in Fig. 6.1. The data is taken from Ref. [105].
The La atoms occupy the 8a (0.25, 0.25, 0.25) site and the Fe atoms are
located at the 8b (0, 0, 0) site (Fe1) and at the 96i (0, y, z) site (Fe2). The Si
atoms are randomly distributed among the Fe1 and Fe2 sites [105].
LaFeSi undergoes a paramagnetic (PM) to ferromagnetic (FM) phase
transition with the Curie temperature, TC , depending on the silicon content
ranging from 195 K for x = 1.55 to 245 K for x = 2.2 [106]. Below a silicon
103
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Figure 6.1: Crystal structure of LaFe11.4 Si1.6 at 300 K where the La, Fe1 and
Fe2 sites are represented by red, light blue and dark blue balls, respectively.
The Si is distributed randomly between the two Fe sites. The Fe2 sites form
an icosahedron which encloses the Fe1 site.
content of x ≈ 1.8, the phase transition is of ﬁrst order with a giant magnetocaloric eﬀect (MCE). An itinerant electron metamagnetic transition can be
induced by a magnetic ﬁeld above TC but below a metamagnetic transition
temperature, TM [107, 108, 109, 110]. By increasing the silicon content TC
increases while TM decreases and the transition becomes less ﬁrst order until
the metamagnetic transition line merges with the magnetic transition line at
x ≈ 1.8 [109]. For x > 1.8 the magnetic transition is second order with a
much smaller MCE and no metamagnetic transition can be found.
The unit cell volume in the ferromagnetic phase is about 1 to 2% larger
than in the paramagnetic phase while the symmetry of the cubic crystal
structure is preserved across the phase transition [111, 109, 27]. This strong
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magnetovolume coupling is thought to be responsible for the tricriticality in
LaFeSi, i.e. the change of the phase transition from ﬁrst to second order at
x = 1.8. It has been shown that the tricriticality in LaFeSi is well described
by the Bean-Rodbell model which assumes a linear variation of the exchange
coupling with volume [26, 27].
LaFeSi is one of the most promising materials for magnetic refrigeration
at room temperature due to its giant MCE and comparatively low price.
However in order to utilize the giant MCE in LaFeSi for magnetic cooling,
the low transition temperature needs to be overcome. Although increasing
the silicon content increases TC , the FM-PM transition is broadened and the
MCE is drastically reduced [110, 3]. Other means of tuning TC , including
the replacement of La or Fe by various elements such as Ce, Co, Ni or Mn
have been tested, along with the introduction of interstitial atoms such as B,
C, N or H [112, 113, 114, 115, 116]. A promising way of tuning TC to room
temperature is the insertion of interstitial hydrogen because the favourable
characteristics of the magnetic transition are preserved [117, 118, 3, 119]. The
presence of hydrogen only increases the lattice parameters, thereby changing
the exchange interaction but it changes the density of states of the 3d-bands
of iron by only a small amount [120]. The entropy change, ∆S, and the
adiabatic temperature change, ∆Tad , remain high while the thermomagnetic
hysteresis is still small, due to the insensitivity of the electronic structure to
the hydrogenation [119]. Hydrogenation increases TC from about 200 K to
330 K as the hydrogen content, y, is varied from 0 to 1.75 [3].
For cooling application purposes, complete control of TC and the MCE is
desired. However, it has recently been discovered that the single, sharp magnetic phase transition of partially hydrogenated LaFe13−x Six Hy (y < 1.75)
is unstable [121, 122, 123]. The transition has been seen to split into two
separate transitions with distinctive TC s when the material is kept close to
its unsplit phase transition temperature, TC0 . Such a split of TC implies that
a diﬀusion of hydrogen atoms has taken place within the material, leading to
hydrogen segregation and hence an inhomogeneous distribution of TC values.
Thus far, the hydrogen diﬀusion has been thought to be driven by the
coexistence of PM and FM magnetic phases in the vicinity of a ﬁrst order
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TC . In the simplest model, diﬀusion of the hydrogen atoms would take place
from the lower volume PM phase to the higher volume FM phase [121, 122].
As a result, the TC of the PM regions TC1 decreases while the TC of the FM
regions TC2 increases, stabilizing the resulting states and eventually leading
to the appearance of two distinctive magnetic phase transitions.
When the material is held at temperatures well above or below the initial
TC0 the hydrogen segregation can be reversed and the initial, homogeneous
state can be recovered. It has been reported that the time for this thermally
activated recombination ranges from days to minutes as the recombination
temperature is increased [122, 123].
While the dynamics of recombination have been investigated, little has
been done to investigate the timescale of the transition splitting process which
is of great relevance to the eﬃciency of cooling cycles (as any change in the
apparent TC of a refrigerant would have a negative impact on the performance
of a device [123]). Splitting has been reported for samples with a completed
diﬀusion process i.e. after keeping the sample near TC0 for 1 or 2 months. In
this work we further investigate the dynamics of the hydrogen diﬀusion in
LaFe13−x Six Hy at intermediate time scales, focusing on the splitting process.

6.2

Experimental Details

All of our experiments have been conducted on a single powder sample of
LaFe11.6 Si1.4 H1.3 with a particle size smaller than 100 µm. Details of the
sample preparation are given elsewhere [122]. Since the magnetic state of
the sample strongly depends on its annealing history, the latter will be given
in detail. Between annealing protocols, the sample was heated well above TC ,
typically to 390 K at 1 K/min and subsequently cooled down 1 to reverse any
previous diﬀusion and to ensure that the hydrogen is uniformly distributed as
at this temperature the recombination speed is in the range of minutes [122].
1

Comparing measurements performed 12 months apart we observed a decrease of TC0
in the unsplit, recombined state of about 2 K indicating a slight loss of about 0.03 hydrogen
atoms per unit cell. The loss of hydrogen might have been thermally activated during the
heating to 390 K between the measurements assisted by the low pressure of about 10 mbar
in the sample space.
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We hereafter call this the recombined state. The sample was cooled down
to the temperature of interest, TA , and kept at TA for a period of time
lasting between several hours and 3 days. Subsequently the magnetisation
was measured from 270 K to 320 K with a sweep rate of 1 K/min in a low
magnetic ﬁeld of 100 Oe.

6.3

Results and Discussion

Figure 6.2: Temperature dependent normalised magnetisation (a) and its
temperature derivative (b) of LaFe11.6 Si1.4 H1.3 taken in a magnetic ﬁeld of
100 Oe on heating. The blue and red curves show a split state where, starting
from the recombined state, the sample was kept at TA = 300 K for 24 h and
48 h, respectively. The black curve shows the partially recombined state
where, after starting from a split state, the sample was kept at 320 K for
12 h.
Figure 6.2 shows the temperature dependent magnetisation 2 and its temperature derivative for LaFe11.6 Si1.4 H1.3 after two splitting protocols (TA =
300 K for 24 h and 48 h) and one recombination protocol (320 K for 1 h). The
transition temperature TC0 of the sample in the recombined state is around
2

The magnetisation is normalised because the exact sample mass could not be determined accurately after the measurement. Very small parts of the sample got lost when it
was removed from the PPMS powder capsule.
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296 K on heating, where TC is deﬁned as the peak maximum of the temperature derivative. As in previous measurements of this material [121, 122, 123],
the single sharp transition decomposes on splitting into two separate transitions with two distinctive TC s which corresponds to a splitting of the peak
in the derivative of the magnetisation. While in previous reports the “peak
splitting” was observed after months, here we show that a signiﬁcant splitting
occurs after only 24 hours.

Figure 6.3: Time dependent small ﬁeld magnetisation of LaFe11.6 Si1.4 H1.3 at
(a) TA = 292 K and (b) TA = 300 K. At t = 0 the sample has been in the
recombined state.
In Fig. 6.3 we show the time dependent magnetisation for TA = 292 K and
300 K. The magnetisation changes can be explained by the decomposition of
TC0 in TC1 and TC2 due to hydrogen diﬀusion from the PM regions into the
FM regions. TC1 of the PM regions shifts to lower temperatures as their
hydrogen content decreases which causes their magnetisation to decrease.
Likewise the magnetisation of the FM regions increases as TC2 increases as
they are now closer to saturation. The overall magnetisation, as shown in
Fig. 6.3, is then given by the sum of the magnetisation of the PM and FM regions. For TA = 292 K, which is below TC0 , the PM regions are predominant
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and the magnetisation decreases. For TA = 300 K, i.e. above TC0 , the FM
regions are predominant and the magnetisation increases. The rate of the
time dependent magnetisation change serves as an indicator for the diﬀusion
process although it is not a direct measurement of the diﬀusion rate. The
magnetisation in Fig. 6.3 (a) and (b) does not follow an exponential and a
physically meaningful ﬁt was not found. To estimate the diﬀusion constant at
room temperature we deﬁne a characteristic timescale τ as the time at which
the magnetisation is midway between its value at 0 and 72 hours which gives
τ ≈ 15 hours. We also note that the slope of the magnetisation has signiﬁcantly decreased after 3 days but it has not saturated. Therefore it can be
assumed that there is still some ongoing diﬀusion. The similarity of the time
constants of the 292 K and 300 K magnetisation curves is remarkable but its
origin is unclear given the complicated temperature and history dependence
of the magnetisation.
With a tentative characteristic timescale of τ ≈ 15 h and a characteristic magnetic domain size of l ≈ 25-30 µm, derived from imaging experiments [122], the diﬀusion constant D can be estimated by considering the
diﬀusion equation in the two limiting cases of homogenisation in an inﬁnite
periodic sample and diﬀusion in a semi-inﬁnite sample [124].
In the ﬁrst case it is useful to Fourier expand the concentration proﬁle
with the nth Fourier component of each dimension having a time dependent
amplitude of
A = exp(−tDπ 2 n2 /l2 ),
(6.1)
where 2l is the wavelength of the ﬁrst harmonic. For a periodic concentration
proﬁle higher harmonics can be neglected and for 3 dimensions the point of
half amplitude is given by
A = 0.5 = exp(−tDπ 2 n2 /l2 )
Rearranging gives
D = 0.0234 ×

l2
t

3

.

(6.2)

(6.3)
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which leads to
D ≈ 2.5 × 10−16 m2 s−1 .

(6.4)

For a semi-inﬁnite sample the concentration proﬁle is proportional to the
√
error function erf(x/2 Dt). Since erf(0.5) ≈ 0.5, the depth at which the
hydrogen concentration is midway is given by
x
√
≈ 0.5.
2 Dt

(6.5)

If we assume that for τ = 15 h the depth is half the domain size l then
D = 0.25 ×

l2
t

(6.6)

which leads to
D ≈ 2.9 × 10−15 m2 s−1 .

(6.7)

For particles smaller than 100 µm the geometry of the real sample is
somewhere between those two limits and so must be the diﬀusion constant
which is then approximately D ≈ 10−15 - 10−16 m2 s−1 near room temperature.
Due to the dimension of the diﬀusion constant D (length2 /time) the error or
variation in the characteristic magnetic domain size dominates in comparison
to the error in the characteristic timescale τ . As shown by Zimm et al. [123]
the speed of the reverse process is temperature dependent and might be
described by an Arrhenius-type equation. It is reasonable to assume a similar
temperature dependency for the peak splitting process. Since the speed of
diﬀusion is dependent on the number of unoccupied sites it can be expected
that diﬀusion is slowest for materials close to full hydrogenation.
Temperature dependent magnetisation measurements were taken after
keeping the recombined sample for 3 days at several values of TA around
TC0 . The results are presented in Fig. 6.4 as temperature derivatives of the
magnetisation. In the 310 K curve no second peak can be distinguished and
the magnetic transition looks similar to that found in the recombined state
shown in Fig. 6.2. By going to lower annealing temperatures a small and
broad second peak emerges with a median above 310 K. This peak, corre-
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Figure 6.4: Temperature derivatives of the normalized magnetisation after
the sample has previously been in the recombined state and was afterwards
kept for 3 days at TA = 310, 305, 303.5, 302, 298, 295 and 292 K and after
2 days at TA = 300 K showing the development of the two phases. The left
and right black arrows indicate TC1 and TC2 , respectively and the gray line
at 296 K indicates TC0 .
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Figure 6.5: Schematic free energy landscape at a PM-FM boundary where
each minimum represents a hydrogen site. Hydrogen migration across the
magnetic phase boundary occurs with the hopping rates j + and j − where
∆G1 and ∆G2 are the corresponding activation energies.
sponding to TC2 of the FM regions present at TA , is shifted to lower temperatures while increasing in size. The increase in size is attributed to the
increasing percentage of FM regions as TA approaches TC0 . At lower TA the
FM phase becomes the majority phase and TC2 shifts towards TC0 . A similar behaviour can be found for the lower temperature peak corresponding
to TC1 of the PM regions present at TA as TA is increased. Because of our
deﬁnition of TC as the maximum of dM/dT and because of the asymmetry
of the transition, the annealing temperature at which the peaks of TC1 and
TC2 are of the same size is not TC0 . The relevant TA is closer to 300 K and
corresponds instead to where the magnetisation is halfway between its FM
and PM value.
The separation between the peaks is limited by the thermodynamic driving force of the diﬀusion. If this force is attributed to a gradient in the
hydrogen concentration, n, per unit cell volume, V , then, in equilibrium, it
must be the same in the PM and FM phase and hence nPM /nFM = VP M /VF M .
Typical equilibrium values of the hydrogen concentration in the sample can
be estimated from TC1 and TC2 to be nPM ∼ 1.2 and nFM ∼ 1.4 which gives
nPM /nFM = 0.86. This would correspond to a 14% decrease of the volume
in the PM phase compared to the FM phase whereas the experimentally determined decrease is about 1 to 2% [109, 27, 117]. In the following we will
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show that an atomic jump process model [125, 126] with diﬀerent activation
energies ∆G1 and ∆G2 , as shown in Fig. 6.5, would be a reasonable origin
of the driving force. We restrict our analysis to classical thermal activation
although for the lightweight hydrogen, quantum corrections can not be ruled
out even at room temperature.
Neutron diﬀraction measurements on LaFe13−x Six Hy compounds have
shown that the hydrogen occupies either the 24d or 48f position inside a
2La–4Fe octahedron [127, 128]. The spontaneous magnetostriction below TC
increases the La-H and Fe-H distances and it is reasonable to assume that
this changes the free energy of the hydrogen atom on its interstitial sites.
This means that the energy barrier for a hydrogen atom jumping from a PM
to a FM site, ∆G1 , is diﬀerent from the energy barrier for jumping from a
FM to a PM site, ∆G2 . The jump rate from the PM to the FM site, j + , is
given as


−∆G1
+
(6.8)
j = ν1 · nPM (nmax − nFM ) · exp
kB T
where ν1 is the number of jumps attempted per second, nPM denotes the
occupancy of the PM site and (nmax − nFM ) is proportional to the probability
that the FM site is unoccupied. The jump rate in the opposite direction
j − is deﬁned accordingly. The principle of detailed balance states that in
equilibrium the jump rates across each energy barrier are equilibrated and
therefore j + = j − . This leads to the following relation for the free energy
diﬀerence ∆G = ∆G2 − ∆G1 :
∆G = kB T · ln



ν2 nFM (nmax − nPM )
·
ν1 nPM (nmax − nFM )



.

(6.9)

At 300 K and in equilibrium (at large t) the hydrogen occupations for this
sample are given by nPM = 1.20(5), nFM = 1.40(5) and nmax = 1.75(10) [122].
The jump attempts per second ν1 and ν2 should be proportional to the Debye frequency which depends only slightly on the volume and their ratio is
therefore close to one. Using these values the free energy diﬀerence is given
as ∆G = 15(6) meV. This is not incompatible with the tentatively estimated
activation energy in the PM phase of 440 meV [123]. The activation energy
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in the PM phase is the size of the amplitude on the left hand side of Fig. 6.5.
Density functional theory calculations show that a hydrogenated PM phase
is in equilibrium with a FM phase of higher hydrogen concentration, corroborating a free energy argument [120].

6.4

Conclusion

Our measurements demonstrate that the timescale of hydrogen diﬀusion is
faster than initially reported. It has been found that a signiﬁcant part of the
hydrogen diﬀusion in LaFe13−x Six Hy happens within hours but that there are
still measurable diﬀusion-related magnetisation changes after 3 days. The
diﬀusion constant at room temperature is estimated to be D ≈ 10−15 10−16 m2 s−1 . This is at the slow end of the diﬀusion of small concentrations of interstitial hydrogen in metals which typically ranges from 10−8 to
10−15 m2 /s at room temperature but it is faster than the diﬀusion of heavy
interstitials such as C and N [129]. We have examined the range of annealing
temperatures around TC0 where a signiﬁcant splitting of the transition can
be expected and the evolution of the magnetisation within this temperature
window. Nonetheless a large thermodynamic driving force is present in the
two-phase region around TC0 . The origin of this force may be explained by
a free energy diﬀerence of the hydrogen atoms in the PM and FM unit cell
rather than solely by the PM-FM volume change.

Chapter 7
Summary and Outlook
In this thesis elastic powder neutron diﬀraction has been used to establish
the correlations between magnetic structure, crystal structure and tricritical
metamagnetism in CoMnSi and NiMn(Ge,Si). In addition, the time-scale of
hydrogen diﬀusion in magnetocaloric LaFe13−x Six Hy has been investigated.
For CoMnSi a cycloidal spiral is proposed as the new ground state as
opposed to the simple spiral suggested in literature. The temperature dependence of the propagation vector has been measured and it correlates excellently with the interatomic distances and bonding angles at low temperatures.
However, they decouple above the magneto-elastic transition temperature of
∼ 255 K where the change in the propagation vector has its maximum. The
magneto-elastic transition is very broad (> 100 K) and a possible interpretation for the changes in the magnetic structure during the magneto-elastic
transition might be a tilting of the plane of the magnetic moments. Coming
from high temperatures the tricritical point coincides with the onset of the
magneto-elastic transition and the hysteresis of the metamagnetic transition
increases as the temperature is decreased and the magneto-elastic transition
progresses.
The NiMn1−x Six series has been studied between x = 0.10 and x = 0.35.
All Si contents exhibit an increased thermal expansion around the main magnetic transition temperature. The size of this enhanced thermal expansion
decreases with the silicon content and hence with the strength of the antifer-
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romagnetic coupling. Only one of the nearest Mn-Mn distances undergoes
signiﬁcant changes whereas the second one stays remarkably constant with
temperature. This is in contrast to CoMnSi where both Mn-Mn distances
undergo large changes during the magneto-elastic transition. For x = 0.10
the propagation vector has been determined which correlates with one of the
nearest Mn-Mn distances up to TN . Interestingly there is no jump in q at the
ﬁrst order transition between two antiferromagnetic states at TM2 = 295 K in
zero ﬁeld. However the critical ﬁeld of the metamagnetic transition has its
maximum at TM2 and a small hysteresis can only found below TM2 . The way
the magnetic peak intensities change at TM2 suggest that there is a sudden
reorientation of the plane of the magnetic moments.
The extent of complete crystallographic order in NiMn1−x Six seems to
have a signiﬁcant inﬂuence on the hysteresis below TM2 but no signiﬁcant
changes in the structure could be picked up with our methods. Total diﬀraction techniques like pair distribution function methods could help to quantify
the subtle relations between strain and magnetic hysteresis. In both CoMnSi
and NiMn(Ge,Si) measurements under pressure could provide another way
to tune the tricritical point and help to clarify the correlations between the
interatomic distances and the magnetic transitions.
Furthermore, the peak splitting in LaFe13−x Six Hy due to hydrogen diffusion has been investigated. The diﬀusion constant at room temperature
has been estimated to be D ≈ 10−15 - 10−16 m2 s−1 which is at the slow end
of the diﬀusion of small concentrations of interstitial hydrogen in metals. It
is shown that the origin of the large thermodynamic driving force can be
explained by a large free energy diﬀerence of the hydrogen atoms in the PM
and FM unit cell. Neutron diﬀraction measurements on LaFe13−x Six Hy would
grant further insight into the hydrogen diﬀusion process. For the application
as a magnetic coolant the currently followed strategy is to fully hydrogenate
the material and then tune the Curie temperature down with Mn doping
[121, 130]. This route allows for a better control of TC since it is generally
diﬃcult to accurately control the hydrogen content for partial hydrogenation.
The small change of the TC in the recovered state also raises the question if
LaFe13−x Six Hy will actually maintain its overall hydrogen content after years
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of use in a magnetic refrigerator.
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Appendix A
Supplementary Material
Filename:
DilatometerMeasurementControl.zip
Description:
The ﬁle contains a copy of the source code (Visual Studio C++ project)
and an executable of the measurement control software for the capacitance
dilatometer as described in chapter 2.2.1.
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