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1. Introduction

Solving the problem of environmental pollution is an ongoing task for research, nowadays.
Two approaches are possible, either more ecologically friendly processes of energy
production must be supported or the current produced energy must be more efficiently
used. One possibility for energy saving is based on the magnetic refrigeration process at
room-temperature, which was reported to exhibit a potential energy saving of 20%-30% [1].
This process is based on the magnetocaloric effect (MCE), which the temperature change of
a material triggered by the application or removal of a magnetic field. The individual
members of the series Mns_Fe,Sis (x=0-5) are known for their magnetocaloric properties [2].
The magnetic phase transitions and the magnetocaloric properties of the individual
compounds have been studied by magnetization measurements. Although the MCE in these
materials is only of moderate size, they are still good candidates for further optimization via
e.g. doping as they are composed of cheap and non-toxic elements. Furthermore, it is
possible to synthesize these materials as large single crystals, which is not possible for most
other magnetocaloric materials (MCM). This is a major advantage for investigating the
fundamental mechanism of the magnetocaloric effect as a series of experimental techniques

are only viable if large single crystals are available.

This manuscript reports the characterization of the elastic properties of selected compounds
in the Mns_Fe,Siz series. The method of choice to obtain the elastic properties is investigated
by Resonant Ultrasound Spectroscopy (RUS). This method allows quantifying the elastic
properties by measuring their characteristic resonance spectra. The advantage of RUS
compared to other methods is that it is possible to determine the complete elastic tensor of
a material out of one single measurement. However, obtaining all elastic moduli requires
single crystals, since in a polycrystalline material only two of the elastic moduli can be
characterized [3]. Thus, to be able to characterize the full elastic moduli of the compounds,
large single crystal of individual compounds in the Mns_Fe,Sis series were synthesized in the

course of this thesis using the Czochralski method.

The investigations presented here are focused on two compounds in the series, MngFeSis
(x=1) and MnFe4Sis (x=4) due to time limitations. These two representatives are the most

interesting ones, since the compound with x=4 has the magnetocaloric transition at room-
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temperature and is thus a promising candidate for applications and the compound x=1,
which has the magnetocaloric transition below 100K, has exactly the reverse iron to
manganese ratio [2]. The combination of the studies on both compounds is thus promising

for studying the effect of exchange of Mn for Fe on the elastic properties.

In the following, the elastic moduli of MnFe,Siz were presented for different magnetic fields
at room temperature in order to observe the influence of the magnetic field on the magnetic
transitions. For the Mn4FeSis sample investigation were carried out at different
temperatures and in different fields. The obtained resonance frequencies are given as a
function of temperatures and magnetic fields and furthermore, elastic properties are

extracted from these data at various temperatures.
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2. Theory

2.1 Elasticity of solid

Materials will deform when a force is applied to them, and, in case the material is elastic, it
will return to its original shape after the force is removed. The elastic moduli describe an
object’s tendency to be deformed elastically under load. They are defined as the
proportional constants between any strain in a solid (strain is displacement caused by
applying a stress) and the corresponding stress (the stress is the force per unit area). This
stress-strain relationship can be adequately described by Hooke’s law. However, all real
solids dissipate energy when strained and are not elastic for large deformations, thus Hook’s
law is not strictly valid. Therefore elastic moduli are useful only in case of low dissipation.
The general form of Hook’s law is

O-ij = Cgij

Where o is the stress tensor, c is the stiffness tensor and € is the resulting strain tensor.
Subscript i refer to the direction of applied stress and j refer to the direction of the resulting
strain. If i=j, the deformation is assumed to be compressional. If not, the deformation is a

shear process.

In the general 3-D case, the stress and the strain tensor are 2" rank tensors with 9 stress
components oj; (3 compressional, 6 shear) as shown in Figure 2.1 and 9 strain components

£y, respectively.
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Figure 2.1: For a 3-D object, an off-axis surface stress produces nine stress

components [4].

The stiffness tensor cjy is a tensor of fourth order, i.e., it is represented by a 9x9 matrix.
However, due to the fact that oj and gy are symmetric tensors (for example 01,=02;, €13=€31),
some components are similar or related to each other and thus the 9x9 matrix can be
reduced to a 6x6 matrix through the following translation of subscripts [3]:

11->1, 222,333

23(or 32) =>4, 13(or 31) -5, 12(or 21) -6

Using this notation the new matrix represents a crystal with 21 independent elastic moduli.

Therefore, the general form of the Hooke’s law is given by

01 €11 C12 €13 €14 C15 C6 €1
/02\ /021 C22 (€23 Ca4 C35 Cze\ /52
1031 | €1 €32 C33 C34 C35 C36 &3

04 | | Ca1 Caz Caz Cas Cus Cue &4

05/ Cs1 Cs2 (€53 Cs4 Cs5 Csg &5

O¢ Ce1 Co2 Co63 Coa Cos5 Cep €6

Nevertheless, the symmetry of the crystal can force some of the elastic moduli to be
identical or can require them to be zero. Thus in high symmetrical crystals, such as cubic or
hexagonal, the number of elastic moduli can be significantly reduced. As an example, for a

hexagonal structure, only 5 independent elastic moduli and one additional elastic modulus
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. C11-C . . .
Cee that is calculated from “le are needed to describe the elasticity of solid. The form of

the elastic matrix is then:

€11 €12 ¢13 O 0 0

C1 €11 €13 O 0 0

C13 €13 C33 O 0 0
0 0 0 ¢ O 0
0 0 0 0 ¢4 O
0 0 0 0 0 e

2.2 Sound propagation in elastic material

Within a material, the atoms (or ions, molecules) perform vibrational motions about their
equilibrium positions. If a material is not stressed or compressed beyond its elastic limit, the
individual particles perform elastic oscillations. When the particles are displaced from their
equilibrium positions, the restoring forces will arise from the resistance of the solid itself.
The constants describing the resistance to deformation are called elastic moduli (see section
2.1) [5]. If one considers the connection of particles as elastic springs as shown in Figure 2.2,

all the particles have an influence on neighboring particles.

Figure 2.2: Oscillating masses or particles connected by means of elastic springs [6].

—_— U
k Y
1| _]% 4
F(x) / ' F(xtdn)
bt wHdx

Figure 2.3: A long rod is used as a simple system to illustrate the effect of sound

wave on the atoms in the material. The drawing is inspired by [3].
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Sound waves travel with different speed in different materials, since the mass of atomic
particles and the spring constants are different. Consider the following simple system which
is shown in Figure 2.3. In a long rod with cross-section area A and density p, a longitudinal
wave of compression leads to a displacement u of a particular atom in the rod from its

equilibrium position. According to Newton’s second law

2

(pAdx) C;Tl; =F(x +dx)—F(x)

and
dzu _ 1dF _ do—ij
Parz ~Adx  dx

where gjis the compression stress.

. . d . .
Hooke’s law and the strain, defined as ¢ = ﬁ, lead to the equation for a long rod with

propagating longitudinal waves (i.e. waves that move the atoms parallel to the direction of

travel of the wave).

d’u (cij) d*u

de? p /) dx?
This is solved by
u(x, t) = uge!kx-t)
Where
w Cij
—_= _ = C
k p E

The above expression is a general equation for compressional waves to get the Young’s
modulus speed of sound Cg. The subscript i of Young’s modulus c refers to the direction of

applied stress and j refers to the direction of the resulting strain.

2.3 The resonance of a spring

An object vibrates after an initial stimulus with a driving force. The frequency of this
vibration is called natural frequency. Every object has its own natural frequencies,
depending on the material and the geometry of the object. If a periodically varying force is

applied to the object, it vibrates with the same frequency as the applied force. This is called
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forced vibration. If the frequency of the applied force coincides with the natural frequency
of the material, the amplitude of vibration will reach a maximum value. This phenomenon is

called resonance, and the corresponding frequency is called resonance frequency.

A S AL AL LS AL AL AL LA LSS

Figure 2.4: Model of a spring and a mass to illustrate the resonance frequency. The

drawing is inspired by [7].

In order to calculate exemplary a resonant vibrational frequency, a model system of a spring
and a mass is given, as shown as Figure 2.4. The spring is stretched the distance h by the

attached mass. Hooke’s law (neglecting damping and the mass of the spring) leads to:
F = —kh

Where, k is spring constant. Using Newton’s second law, one obtains the equation of

motion:

d?y

mg—kxzmazmﬁ

Where, m is the mass attached to the spring and g is the acceleration due to gravity. This

differential equation can be solved with the ansatz
y = Asin(wt — @)

Where
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A is the amplitude of motion, w is the angular frequency, @ is a phase constant. This ansatz
is applied to the differential equation and solved for w. The expression for the resonant

vibrational frequency is thus given by:

2.4 Crystal growth

Crystallization is defined as a phase change within a crystalline product growing from
solution (or from a gas phase). Crystallization from a solution can be thought of as a two
steps process. The first step is nucleation that is the creation of small nuclei containing the
newly formed crystals. Nucleation refers to the beginning of the phase separation process.
Nucleation occurs relatively slow as the initial components of the future crystals must
impinge on each other in the correct orientation and placement to form the crystal. When
the solution is saturated and encounters a dust particle or a solid surface, for example, a
seed crystal will tend to adsorb and aggregate on the surface. The solid surface thus provides
the nucleation site for the formation of crystals [8]. Nuclei that succeed in achieving the
critical cluster size will then start growing in a second step. New atoms, ions, molecules or

polymers will be added to the nucleus and will be arranged into the lattices.

A solution which is used for crystallization must be supersaturated. Supersaturated solution
means the solution contains more atoms than under saturation. Supersaturation is needed
as the driving force. Otherwise nucleation and growth cannot occur continuously and
simultaneously. Depending on the individual conditions, the process of nucleation and

growth can lead to crystals with different sizes and shapes.

The structure of the crystal surface is the basis of the crystal growth theories. The Kossel
model of the crystal surface is the most common model in use and shown in Figure 2.5. In

this model, the crystal surface is described as consisting of cubic units. Edge vacancies and
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kinks appear along the steps of the surface. The area between the steps is called a terrace.
The terraces may contain both ad-atoms (the growth units attached to the surface) and
terrace surface vacancies. In this model, ad-atoms will form one bond and atoms attached to
the steps and kinks will form two and three bonds, respectively. Hence, kink sites will offer
the most stable configuration and further ad-atoms will be incorporated preferentially close
to the location of the kink until they reach the face edge. Then a new layer can be formed by

the above procedure. Therefore, mechanisms of growth can be represented as Figure 2.6.

Figure 2.5: Kossel model of a crystal surface [9].

TS

r—_ﬁﬂh‘h%‘?i / et rf:ﬁ‘"“*;;T i e
(a) - N [ e | ¥

Figure 2.6: Schematic representation of crystal growth. a) Incorporation of growth

units to kink. b) The step is formed close to the face edge. c) Formation of

nucleus [9].

2.5 Single-crystal X-ray diffraction
Single-crystal X-ray diffraction is a non-destructive analytical technique that provides the
basis for the determination of the crystal structure of the material. Crystals are solids

characterized by an ordered, periodic arrangement of atoms (ions, molecules).
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The basic unit of a crystal structure is called unit cell. If one combines the unit cell with
translations in the three directions of space, a crystal is generated. Each crystal structure is
characterized by its symmetry and crystallizes in one of the 230 space groups. Thus a single
crystal is a perfect periodic arrangement of atoms, with a periodically repeating crystal
lattice. In Figure 2.7, sketches of crystalline, polycrystalline, and amorphous states are
depicted. Comparing with single crystal, a polycrystal contains various orientation and size of
small single crystals. An amorphous material has random arrangement of atoms, for

example, glass is a common amorphous material.

Polycrystalline ~ Amorphous

Figure 2.7: Schematic representation of the crystalline, polycrystalline, and

amorphous state [10].

Figure 2.8: Two waves incident in the spacing of crystal with distance d of lattice [11].

As X-rays have wavelengths that are comparable to typical distances within a crystal lattice,
they provide an effective method to analyze the crystal structure. X-rays are generated in a
cathode ray tube, in which a tungsten filament is heated by a generator which applies a
current. The filament emits electrons that accelerate towards a target metal. Upon striking
the target, the electrons have energy to dislodge inner shell electrons of the target material,

the X-rays are generated.
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X-rays propagate as waves. If two waves which propagate close to each other meet,
constructive interference between them can only occur if they have the same wavelength
and are in phase. Sir William H. Bragg and Sir W. Lawrence Bragg described the condition for
constructive interference of waves scattered by the periodic arrangement of atoms in a
crystal. This is illustrated in Figure 2.8. Incoming waves of wavelength A are scattered by two
parallel lattices planes with an interspacing d under an incident angle 8. To obtain
constructive interference, the path difference between the two incident and the scattered

waves, which is 2d sin 6, has to be an integer of wavelength A of the incident X-ray, so that
2d sinf = ni

This expression is known as Bragg’s law.

2.6 Magnetism and magnetic phase transition

The magnetic moments of atoms can, depending on temperature and applied magnetic field,
align in different ordered states. The disordered paramagnetic state and selected ordering
schemes are sketched in Figure 2.9. In the paramagnetic state the magnetic spins are
randomly arranged. This state is present in all magnetic materials above their magnetic
order temperature. The ferromagnetic state is defined by spontaneous ordering of the spins
in the same direction, even without applied magnetic field. In case the spins are aligned anti-
parallel to each other and the overall sum of the magnetization is zero, one calls this anti-
ferromagnetism. Ferrimagnetism is an anti-parallel alignment, in which the magnetic

moments do not compensate each other completely.
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Paramagnetism Ferromagnetism

s —
b B

/ e —
—

\ — -
Anti-ferromagnetism| Ferrimagnetism
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— — e o
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Figure 2.9: Four different types of magnetic states are sketched: paramagnetism,

ferromagnetism, anti-ferromagnetism and ferrimagnetism.

The transition between disordered and ordered arrays of atomic magnetic moments or the
transition between two differently ordered states is called magnetic transition. If the
ordered phase has a net spontaneous magnetization below ordering temperature, the Curie-
Weiss law can be used to describe the degree of magnetization. The degree of

magnetization is called magnetic susceptibility x and is given by:

M is the magnetization (magnetic moment per unit volume), H is magnetic field, C is the
material-specific Curie constant and T, is the ordering temperature, also known as Curie
temperature. If the magnetic material transforms from paramagnetism to ferromagnetism at

a critical temperature, this temperature is called the Néel temperature.

2.7 The Magnetocaloric effect

The magnetocaloric effect (MCE) is defined as the temperature change of a magnetic
material by the application or removal of a magnetic field. Magnetic refrigeration is a cooling
technique based on the MCE. The magnetocaloric material (MCM) is separated into two

subsystems in a typical magnetic refrigeration cycle: the magnetic moments and the lattice
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[12]. The four main stages of the magnetic refrigeration cycle are illustrated in figure 2.10. In
the absence of a magnetic field the orientations of the magnetic moments are in a random
condition that is the material is in the paramagnetic state. With the application of the
magnetic field the magnetic moments orient parallel to that field, decreasing the magnetic
entropy. If the magnetization is performed in an adiabatic condition, the lattice entropy has
to increase to compensate the decreasing magnetic entropy, as the overall entropy of the
system stays constant. The increase in lattice entropy leads to an increase of the
temperature of the material. The excessed heat can be removed through an exchange
medium and the magnetic material is cooled back to the initial temperature. If then the
magnetic field is removed, the magnetic entropy will rise again as the spins disorder. Again
this is compensated by the lattice entropy which decreases leading to a decrease of the

temperature of the material. This decrease in temperature can be used for cooling.

I st

7« K\ > >
\\7’ \L. ‘x -—%"%‘—;._>
+H
NS R —— Remove heat
-8 B O
’\ D E SO U S
P A ﬁ'T S

Figure 2.10: Illustration of a magnetic refrigeration cycle in four steps: a) Application
of magnetic field leads to an increase of temperature. b) Removing of
heat causes temperature reduction to the initial temperature. c) The
removal of the magnetic field results in disordering of the spins and as a

consequence a decrease of temperature below the initial temperature.
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d) The temperature increases again by absorbing heat. The drawing is

inspired by [13].
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3. The Experimental Methods

3.1 Czochralski method

The Czochralski process [14] is a method of crystal growth used to obtain large single
crystals. The process is commonly performed in an inert atmosphere. Figure 3.1 illustrates

the setup for the growth of the single crystals used in this work by the Czochralski method.

The sample chamber is airtight and filled with argon. A seed crystal is mounted on a rod.
Both of the seed crystal and the rod are made of tungsten. The holder is connected to an
additional support unit made of aluminum oxide. A crucible of suitable size is put on the
holder. Copper coils surround the holder. A generator supplies a large alternating current
which passes through the coils to heat the solid which lies in the crucible. The solid is
inductively heated due to its electrical conductivity. The seed crystal is immersed into the
molten material and then slowly drawn out of the melt while the material will crystallize at
the interface between the seed crystal and the melt. The precise control of the temperature
gradients, the rate of pulling and the speed of rotation are key factors to obtain large single-

crystals as cylindrical ingots from the melt.

¢
Rod
— Seed
Melt
Single crystal
R 1\ 7 —
\"\. )
\
7 Colls
-—= Crucible
Holder
Support

Figure 3.1: lllustration of the setup used for the growth of single crystals with the Czochralski

method.
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3.2 Laue method

The Laue Method [15] is a common method used to determine the orientation of large single
crystals while white radiation is reflected from or transmitted through a fixed crystal. The
incident angle 8 is fixed in this method and each crystal plane (hkl) has a particular
orientation with respect to the incoming beam. Consequently, only when the wavelength
Ais satisfying Bragg’s law (see section 2.5), constructive interference for the scattered
beams from the set of parallel lattice planes can occur and a diffraction spot is recorded on
the detector. Thus each spot corresponds to a set of parallel lattice planes (hkl) and a

particular wavelength.

In the back-reflection method as shown in Figure 3.2 a), the film is placed between the x-ray
source and the crystal. The beams, which are diffracted in a backward direction, are
recorded on the detector. The Laue instrument used for our investigating was a Multiwire
MWL100 Real-Time Back-Reflection Laue Camera System (MWL100 Camera System) and is
displayed in Figure 3.2 b). It can be used for characterization and orientation of crystals by
dynamically viewing the back-reflection images on a computer screen in real time. The
grown crystal is fixed on a rotatable holder. The crystal is then rotated till a suitable
orientation is found and a regular diffraction pattern is produced. The quality of the

diffraction pattern directly allows judging the quality of the single crystal.



THE EXPERIMENTAL METHODS 17

E MULTIWIRE LABORATORIES, Ltd.

Laue Method

a) b)

Figure 3.2: a) lllustration of the back- reflection method [16]. b) Multiwire MWL100 Real-
Time Back-Reflection Laue Camera System (MWL100 Camera System) [17].

3.3 Traveling wire EDM

Electrical Discharge Machining (EDM) is an electrothermal cutting process. An illustration is
shown in Figure 3.3. The piece of material that is being worked on is cut by a traveling
cooper wire. Both the work piece and the wire are used as electrodes. A power supply is
connected to the wire and work piece and produces electrical discharges (also called sparks)
between them. The sparks then melt and vaporize parts of the work piece. The work piece is
kept wet with deionized fluids as cooling fluid. The used deionized fluid then travels through

a filter which removes the chips from the work piece.
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Copper wire

Reel / Spark
/‘/’/
O / Tank

Workpiece

—

\ Deionized fluid

\
O ;
O Chips from workpiece

Figure 3.3: lllustration of traveling wire Electrical Discharge Machining. This draw is inspired

by [18].

3.4 Resonant Ultrasound Spectroscopy

Resonant ultrasound spectroscopy is an experimental technique that allows quantifying the
elastic properties of solids by measuring the acoustic resonance spectra. The advantage of
RUS compared to other methods is that it is possible to determine the complete elastic

tensor of a material out of one single measurement [19].
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Determination of

glastic constants

Figure 3.4: Schematic diagram of the RUS measurement and the fitting procedure of the

elastic moduli. It is inspired by [20].

Figure3.4 illustrates the procedure of a RUS measurement. The sample is put between two
transducers. The upper transducer is used to generate propagating waves with various
frequencies. The second one is used as a detector to detect the transmitted waves, affected
by resonance effects. The transmission is recorded and thus a spectrum with amplitude as a
function of frequency is obtained. The resonance frequencies are then fitted with Lorentzian
functions and their peak positions are extracted with the program “RUSdataReducer” (see
appendix Al). The extracted resonance frequencies, g;, are used in a fitting processes in
order to adjust the elastic moduli of the measured sample. The application of this fitting
process to a sample with rectangular parallelepiped shape was reported by I. Ohno [21] and
the corresponding software is called “rectangular parallelepiped resonance (RPR)”

(download from [22]).

In this fitting process, the dimensions of the sample and guessed elastic moduli have to be
introduced as input parameters (see appendix A2). The guessed elastic moduli must be very
close to the solution otherwise the software is not able to calculate reasonable values. In this
manuscript, the initial elastic moduli were taken from already existing data of the x=4
compound, which will be published soon. The dimensions can be directly measured and are

thus accurately enough.
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From the initial parameters, the RPR code calculates theoretical resonance frequencies, f;,
from the energy equation according of the system. This procedure is pointed out in detail in

reference [3].

The measured and calculated resonances are compared and a deviation, F, is calculated

according to the Levenberg—Marquardt algorithm [3] with:

F= iwi(fi - g)?

Where, N is sum number of measured frequencies and w; is a weight factor. The algorithm
try to reduce F by changing the initial guessed elastic moduli and dimensions. The best
obtained results of the dimensions, elastic moduli, resonance frequencies and the

corresponding error are in a “rusout.dat” file (see appendix A4).

Data processing

Since some peaks are too small or overlapping with other peaks in the spectra, they cannot
be extracted. These peaks must be introduced to the analysis by adding zero lines in the
input file [3]. This procedure is necessary for the fitting procedure, since the order of the
frequencies determine their relative contribution to certain elastic moduli and thus the
resulting magnitude of these moduli (see appendix A3). Consequently, this step is repeated
until the fitting procedure returns a reasonable agreement between the measured
resonances and the resulting adjustment, indicated by a low deviation F. In the performed
data analysis (see section 6.1) usually about 4 resonances are artificially introduced,

depending on the quality of the spectrum.
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4. Sample Descriptions

4.1 The system Mns.xFexSis

The compounds in the series Mns_Fe,Sis crystallize hexagonal in the space group P6s/mcm,
as reported by Binczycka in 1973 [23]. The unit cell of one individual representative is shown
in Figure 4.1. For the different stoichiometries, the Wyckoff positions [24] 4d and 6g are
occupied in a disordered way by Mn and Fe with different probabilities. For example, in
MnFe,Sis the 4d position is occupied by 99.2% Fe and 0.8% Mn and the 6g position is
occupied by 67.2% Fe and 32.8% Mn. The silicon atoms are incorporated into Wyckoff
position 6g. The lattice parameters of the unit cell and volume decrease with increasing x

due to the smaller atomic radius of the Fe-atom when compared to Mn [25].

The magnetic behavior of the compounds in the system Mns,Fe,Sis was investigated by
Songlin et. Al. [2], leading to the magnetic phase diagram shown in Figure 4.2. It can be seen
that different stoichiometries imply different magnetic ordering temperatures and that, in
general, the magnetic transition temperatures increase with increasing Fe-concentration.
The individual compounds of the series exhibit antiferromagnetic order for stoichometries
with x<3 and ferromagnetic order for the stoichometries with x>4. For stochiometries with

3<x<4 the antiferromagentic and ferromagnetic order co-exist.

‘ Mn/Fe 4d
0 Mn/Fe 6g
@ -

oL
L

La ao—I—ob

® O
0060 6 66
® ©é
0660 6 66
e O

Figure 4.1: Schematic representation of the unit cell of individual compounds in the series

Mns.Fe,Sis (left) projection along [001] and (right) projection along [110].
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350 + Mn_ Fe Si, _|

150 L AF+F F

Figure 4.2: Magnetic phase diagram for the individual compounds in the series Mns.

«Fe,Siz (P=paramagnetic, AF=antiferromagnetic, F=ferromagnetic) [2].

4.2 Sample preparation

Polycrystalline samples of the individuals compounds in the series Mns_,Fe,Sis with x=1 and 4
were prepared by induction melting [26] of stoichiometric amounts of Mn, Fe and Si.
Approximately 80 g of the polycrystalline material were used for the growth of single crystals.
The single crystals were prepared with the Czochralski method (see section 3.1) using a
pulling rate of 15mm/h and tungsten as seed. The obtained ingots of MnFe,Siz and Mn4FeSi;
are shown in Figure 4.3 a) and Figure 4.3 b), respectively. In the case of Mny4FeSis, the ingot
broke during the growth, probably related to a strong temperature gradient in the sample.

However, the individual parts were still useable for the subsequent measurements.

Figure 4.3: a) The cylindrical ingot of MnFe,Sis. b) The broken ingot of MngFeSis.
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After the synthesis, the orientations and the quality of the crystals were checked with the
Laue method (see section 3.2). The Laue diffraction diagrams of the crystals aligned along
the [001]-axis are displayed in Figure 4.4. In the diffraction diagrams the six fold symmetry is
clearly visible. The crystals were moved into different orientations and the resulting
diffraction patterns were inspected. This confirmed that both crystals were composed of one

individual single crystal.

Afterwards, the obtained single crystals needed to be cut to rectangular parallelepiped with
Traveling EDM (see section 3.3) to obtain suitable specimen for the RUS measurements. For
these crystals were first cut parallel to the c-axis and then a second cut parallel to the a (or
b)-axis was performed. The third cut was chosen perpendicular to the other two cuts.
Consequently, the faces of the cut crystal exhibit 90° angles between each other. Since, the
unit cell is hexagonal and the angle between a-axis and b-axis is 120°, the axes are a (or b),

1/2a +b (or 1/2b + a) and c for the cut parallelepiped shape.

Both samples were polished after cutting in order to obtain even surfaces without cracks.
This is necessary as cracks can result in geometrical errors and reduce the accuracy of the
subsequent RUS measurements. The MnFe,Siz sample with a size of 1.38mm x 2.22mm x
1.404mm and the Mn4FeSi; sample with a size of 0.925mm x 1.581mm x3.300mm are shown
in Figure 4.5. The dimensions of the samples were measured with a digital micrometer,

which has an accuracy of +0.01mm.

a) b)

Figure 4.4: The Laue diffraction diagram of a) MnFe;Sis and b) Mn4FeSis along the [001]-

direction.
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a) b)

Figure 4.5: The a) MnFe,Sis and b) MngFeSis samples as cut for the RUS measurements.
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5. Experimental

The RUS data is recorded with a low-temperature setup introduced as a probe into a Physical
Properties Measurement System (PPMS). This instrument can change the temperature and
magnetic field in the range from 1.8-400 K and 18 T, respectively. The PPMS is shown in
Figure 5.1 a), the RUS probe is shown in Figure 5.1 b). The sample is put between the two

piezoelectric transducers, which are mounted to the probe, as shown in Figure 5.1 c).

Figure 5.1: Photos of low-temperature setup for the RUS measurements. a) The
Physical Properties Measurement System. b) The probe option for the
RUS measurement. c) Mounting of the sample between the two

transducers.
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Before every measurement with this system, two kinds of reference measurements are
performed. The first measurement is the recording of the background frequencies from the
setup itself. This is done by measuring the empty probe. The obtained resonances are

excluded for further analysis in the obtained data sets.

The second reference measurement is performed at room temperature with a simplified
setup shown in Figure 5.2. This setup leads usually to better defined resonance frequencies
with less noise due to the simpler mounting of the sample. Extracting and analyzing data of
the room-temperature measurement can help to analyze the data obtained with the setup

for low-temperature setup, because the modes are basically the same for the same sample.

Figure 5.2: The setup for RUS measurements at room temperature.

After the reference measurements, the sample is sandwiched between the two transducers
of the probe. Then, the probe is inserted into the PPMS. Due to the weak coupling between
sample and transducers and the tiny stages of the two transducers, the sample can shift or
tilt when the probe is inserted. As a result, the transducer can lose the responding signal.
This is checked with a test measurement. In case the sample is lost, the probe is taken out
and the mounting process is repeated until a good test spectrum is obtained. After the test
measurement, the sample can be measured at various temperatures or in various magnetic
fields. The resonance frequencies are scanned by a connected frequency generator in

combination with a computer.
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6. Results and Discussion

6.1 Results

6.1.1 Investigation of intrinsic error

The MnFe,Sis and MnyFeSi; sample were measured at room temperature with low-
temperature and room-temperature setup along different axes in the absence of a magnetic
field. The elastic moduli should be equal, since they depend only on the material and the
sample shape. The observed differences can be understood as errors due to mounting the
sample and deviations in the setup. For example, the sandwiched sample can tilt under the
pressure of the upper transducer or the resulting force due to the mounting in the setup can
be different. Especially the mounting in the low-temperature setup is difficult and thus larger

errors are expected.

The Table 6.1 shows the extracted elastic moduli of the MnFe,Si; sample. A comparison of
the elastic moduli obtained from measurements with room-temperature and low-
temperature setup reveals that the differences between the c11, €33, €12 Caq and cgg moduli
are smaller than 0.4%. The c,3 moduli exhibit differences about 1.5%. The obtained elastic
moduli from measurements along different axis exhibit differences smaller than 0.3% in the

C11, C33, Ca4, and cgg moduli and about 1.1% in the c3and ¢y, moduli.

Table 6.1: The obtained elastic moduli of MnFe,Si; with errors measured with low-
temperature (LT) setup and room-temperature (RT) setup. The unit of elastic

modulus is GPa.

Setup Axis C11,C22 C33 C23,C13 C12 Ca4 ,Css Ce6
Perpendicular

LT- setup 241.5(7) | 306(2) | 61.6(9) | 85.009) | 70.8(2) | 78.3(2)
to c-axis

Perpendicular

RT- setup 241.91(9) | 304.8(6) | 61.0(1) |85.237(2) | 70.927(7) | 78.33(4)

to c-axis

Perpendicular

to c-axis

c-axis 241.6(2) | 305.2(2) | 60.6(5) | 84.9(3) |70.919(2) | 78.3(1)

242.2(4) | 305.41(6) | 61.3(2) | 85.8(6) | 71.01(8) | 78.19(8)
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The Table 6.2 depicts the obtained elastic moduli of the Mn4FeSis sample. The elastic moduli
obtained from measurements with room-temperature and low-temperature setup exhibit
differences smaller than 0.6 % between the cq1, Ca3, Casa and cgg moduli. The c1; moduli exhibit
differences about 0.9 % and the c,3 modulus exhibit a difference of 2.3 %. The obtained
elastic moduli from measurements along different axis exhibit differences smaller than 0.4%

in the cq1, €12, Ca4, and cgg moduli and about 1.0% in the cs3and c;3 moduli.

Table 6.2: The obtained elastic moduli of Mn4FeSi; measured with low-temperature (LT)

setup and room-temperature (RT) setup. The unit of the elastic moduli is GPa.

Setup Axis C11, C22 C33 C23, C13 C12 Caa4, Css Ces
LT- setup c-axis 212(1) 268(3) 52(1) 97(1) 68.06(8) 57.7(2)
RT- setup c-axis 212.4(1) 267(1) 51.7(2) 96.54(5) | 68.034(1) | 57.92(8)

Perpendicular
211.7(5) 270(2) 52.0(1) 96.2(4) 68.06(3) | 57.75(9)
to c-axis
Perpendicular
212.30(3) 267(1) 51.3(6) 96.5(1) 67.98(6) | 57.92(8)
to c-axis

The errors of the elastic moduli of all these measurements are, according to the output of
the RPR code, smaller than 10 %. This value represents the error of the absolute value of the
elastic moduli, strongly influenced by the sample shape and the model which was assumed
for the analysis of the data. However, this value gives no indication for the relative error

between different measurements with the same sample and the same applied model.

Comparing the obtained elastic moduli from measurements with different setups and along
different axes, all differences in the moduli were found to be smaller than or near 1% for
MnFe,Sis and MngFeSi;, except the cy3 modulus. Consequently, an error of 1% can be
expected as the worst case scenario by re-mounting the sample. Nevertheless, in the
following measurements with the low-temperature setup, the samples were measured
without re-mounting in between the measurements. Thus, the relative error between the
measurements without remounting will be probably much less than 1%. That indicates an
observed tendencies of the elastic moduli, measured with changing magnetic field or

temperature, are often reasonable, even if their absolute value changes by less than 1%.
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Consequently, the obtained errors of the elastic moduli in this section are used as error bars

in the following analysis.

6.1.2 RUS on MnFe4Siz with low-temperature setup

The MnFe,Sis single crystal was measured with applied magnetic fields in the range from O T
to 0.5T at room temperature. The field was applied perpendicular to the c-axis. The

measured frequency range was 600 KHz to 4000 KHz.

A representative resonance spectrum of MnFe,Siz at room temperature in the absence of
magnetic field is shown in Figure 6.1. The depicted y-axis of the resonance spectrum is the

square of the real and imaginary components of the lock-in amplifier signal.

The application of a magnetic field changes the elastic moduli in a material. Consequently,
the resonance frequencies also change if a magnetic field is applied, as shown in Figure 6.2.
The magnetic field dependence of selected resonance frequencies is shown in Figure 6.3.
The resonance frequencies increase with increasing magnetic field. As the elastic moduli are
intimately related to these resonances, this indicates that the stiffness of the material

becomes larger with applied magnetic field.
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Figure 6.1: Resonance spectrum of MnFe,Sisz at room temperature in O T.
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Figure 6.4: The elastic moduli of MnFe,Siz at room temperature with a linear fit to the

data. The given error bar is the relative error calculated in section 6.1.1.

Table 6.3: The slope, m, of the linear fit in Figure 6.4 indicates the change of the

elastic moduli. The slope m is in units of GPa/T.

Elastic moduli C11,C22 C33 C23,C13

C12

Ca4,Css

Ce6

m 7(1) 2(1) 2(1)

5.4(9)

0.2(2)

0.8(3)

Elastic moduli (GPa)
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The obtained elastic moduli of the MnFe,Siz sample, calculated from the extracted
resonance frequencies, with the linear fit are shown in Figure 6.4. The obtained slope m of
the linear fit is given in Table 6.3. The c1; and ¢y, elastic moduli increase most drastically with
increasing magnetic field. The c33 and c,3 elastic moduli slightly increase with increasing
magnetic field, but in the limits of the error bar. On the other hand, the c44 and cgg elastic

moduli (which is calculated according to@) stay basically constant as a function of

magnetic field.

6.1.3 RUS on Mn4FeSi3 with low-temperature setup

The Mn4FeSis single crystal was measured along the c-axis in a temperature range from 20 K
to 300 K without magnetic field. In addition, the crystal was measured at 65 K with magnetic
fields in the range of 0 T and 0.5 T and the field was applied parallel to the c-axis. The chosen

frequency range was from 100 KHz to 4000 KHz.

The extraction of the elastic moduli was only possible in the range of 150 K and 300 K. The
spectra below 150 K exhibited a high level of noise and the resonance peaks could not be
extracted accurately. This effect is probably due to the piezoelectric transducers, which
become harder and less sensitive with lower temperatures. Still, a limited number of

resonance frequencies in the low frequency region could be extracted to lower

temperatures.
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Figure 6.5: Five selected resonance frequencies as a function of temperature.
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Figure 6.5 depicts five selected resonance frequencies as a function of temperature between
20K and 300K. The resonance frequencies decrease continuously with decreasing
temperature in the range from 300 K to 105 K. At about 90 K a drop occurs in the resonance
frequencies. This anomaly arises from a magnetic transition, which occurs about 90 K [2].
Below 90 K the frequencies rise again and the resonance frequencies start to combine or to
split, respectively, indicating a strong change in the elasticity. In the literature [2], a second
magnetic transition around 65 K is reported, however, no indication of a change of the

resonance spectra as a result of this transition can be found.

A section of the measurements on MnyFeSi; under applied magnetic field at 65K are
depicted in Figure 6.6. Due to the low temperature and, as a consequence of this, the high
level of noise, only a few selected resonance frequencies could be reliably extracted. The
resonance frequencies at 0.320 MHz and 0.328 MHz decrease with rising magnetic field. This
indicates a lower stiffness of the corresponding elastic moduli at low frequencies. The

resonance frequency at 0.322 MHz seems to be independent of the applied magnetic field.
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Figure 6.6: Three resonance frequencies extracted from the measurements

with applied magnetic field on Mn4FeSi; at 65 K.
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Figure 6.7: The elastic moduli of Mn4FeSis as a function of temperature in the
absence of magnetic field. The given error bar is the relative error

calculated in section 6.1.1.

The temperature dependence of the elastic moduli of the Mn4FeSis sample in the absence of
magnetic field, calculated from the extracted resonance frequencies, are shown in Figure
6.7. It can be clearly seen the elastic moduli change significantly with decreasing
temperature. The ¢y, €33, C23 and cee elastic moduli decrease with decreasing temperature,

while the ¢y, and c44 elastic moduli increase with decreasing temperature.
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6.2 Discussion

The two single crystals MnFe,Sis and MnyFeSis were investigated with RUS, in order to
guantify the elastic moduli by measuring their resonance frequencies. The MnFe,Siz sample
was measured in various magnetic fields between 0T and 0.5 T at room temperature. The
MngFeSiz sample was measured at different temperature between 20 K and 300 K without

magnetic field and under various applied magnetic fields between 0 Tand 0.5 T at 65 K.

In the literature it is reported that about 300 K the MnFe,Siz material exhibits a transition
from paramagnetic order to ferromagnetic order [2]. At this temperature, in the transition
region, the elastic moduli of MnFe,Si; were recorded. It was found that the elastic moduli
C11, C33, C12 and c3become larger and the shear moduli c44and cgg stay nearly constant. This
behavior indicates that MnFe,Siz material becomes harder under applied magnetic fields.
The reason for this observation could be magnetostriction, leading to a decrease of the
sample volume and thus an increase of the elastic moduli. The overall change of the elastic

moduli with an applied 0.5 T is only about 1%.

The extracted elastic moduli of the Mny4FeSi; sample indicate that the material becomes
harder along the elastic moduli c13, ¢33, C23 and cge With increasing temperature. In contrast,
the c1; and cy4 elastic moduli decrease with an increase in temperature. Commonly,
temperature increase leads to positive thermal expansion and thus to a decrease of the
stiffness. But, in our results, the opposite behavior of some elastic moduli in Mng4FeSi; was

found.

According to the data reported by Songlin et. Al. [2], the compound Mn4FeSi; has two
magnetic transitions at 94 K and 64.5 K, respectively. The investigation of the single
crystalline sample of MnyFeSis revealed an anomalous behavior of the resonance
frequencies at approximately 90 K, which might well be related to the magnetic transition at
94 K where to compound changes from paramagnetic to anti-ferromagnetic order. The
magnetic transition might be accompanied by changes in the unit cell volume and
consequently changes in the stiffness of the sample. On further decreasing of the
temperature to 65 K, no indication reflecting the second magnetic transition was found in
the resonance spectra. The second magnetic transition is related to a change from a

collinear antiferromagnetic phase to a non-collinear antiferromagnetic phase [2] and
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probably, there is no influence from this type of transition on the elasticity of the compound
or the changes are too small to be observed at this low temperature where the level of noise

in the measurement is considerable.

The measurements on Mn4FeSisat 65 K in an applied magnetic field indicate that the applied
magnetic field has only a small influence on the resonance frequencies. The corresponding

moduli become slightly softer as a response to the magnetic field.

The obtained elastic moduli of MnFe;Sis and Mn4FeSiz at room temperature without an
applied magnetic field are shown in Table 6.4. The indicated errors are taken directly from
the RPR code and are thus the absolute errors of the measurements. The relative errors
calculated in section 6.1.1 cannot be used, since the samples are different. The absolute
errors bars of the results overlap, but the elastic moduli represent a trend such as the most
MnFe,4Siz moduli are larger than the Mn4FeSis moduli. The lattice parameters of MnyFeSis
and MnFe,Si; were investigated by Vancliff Johnson [25] and are shown in Table 6.5. The
volume of the MnFe,Sis unit cell is smaller than the volume of the Mn,4FeSis unit cell in
accordance with the smaller atomic radius of Fe when compared to Mn. The smaller volume
can explain that the sample of MnFe,Sis is harder, as the crystal structure is same and thus

the atomic bonds within the structure will be similar.

Also the fact that the magnetic states of both compounds at room temperature are
different, as MinsFeSis is in a paramagnetic state while MnFe,Sis is ferromagnetically ordered

at room temperature [2], can have an influence the stiffness of the samples.

Table 6.4: Comparison of the elastic moduli of Mn4FeSizand MnFe,Sis. The units of elastic

moduli are GPa.

Axis C11,C22 C33 C23,C13 C12 C44,Css Ce6

Mn,FeSis c- axis 212(19) | 268(25) | 53(5) 97(9) 68(6) 58(5)

Perpendicular
MnFe,Sis 241(19) | 306(24) 61(5) 84(7) 71(5) 78(6)
to c-axis



http://www.sciencedirect.com/science/article/pii/0022459672901223
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Table 6.5: Lattice parameter and unit cell volume of Mn4FeSiz and MnFe,Sis at room

temperature (data from reference [25]).

a(A) c(A) V(A®)

MngFeSis 6.8840 4.7876 196.5

MnFe,Sis 6.8004 4.7298 189.4
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7. Summary

The investigated compounds MnFe;Sizand MnyFeSis; are magnetocaloric materials with only
a moderate MCE [2]. However, the advantage of these materials compared to other
magnetocaloric materials is that they can be produced as single crystals, giving access to
various measurement methods with larger information yield as compared to polycrystalline

samples, e.g., in case of Resonant Ultrasound Spectroscopy (RUS).

The MnFe,Sizand MnyFeSis single crystals were produced with the Czochralski method and

investigated with RUS at different temperatures and various fields.

The results obtained on the MnFe,Si; sample reveal that the elastic moduli ¢4, €33, c;and cy3
become larger and the shear moduli c44 and cgg stay nearly constant with increasing magnetic
field. This indicates that the sample becomes on average harder. One possible explanation
could be magnetostriction which accompanies the onset of ferromagnetic order and leads to

a decrease of the sample volume and thus to an increase of the elastic moduli.

The extracted elastic moduli of the MnyFeSi; sample in the range from 150 K to 300 K
indicate that the material becomes harder along the elastic moduli cq4, ¢33, €23 and cgg and
softer along the ci;; and c44 elastic moduli with increasing temperature. Below this
temperature range, the resonance frequencies exhibit a strong anomaly at about 90 K. This
temperature nearly coincides with the onset of antiferromagnetic ordering in this material
[2] and the observed anomaly thus most probably reflects the magnetic transition. The
second magnetic transition reported in the literature at 65 K [2], which corresponds to a
transition from an anti-ferromagnetic to another anti-ferromagnetic state, is not reflected in

the elastic moduli of the material.

By comparing the obtained elastic moduli of MnFe,Si; and MngFeSis at room temperature, it
is found that the former material is harder than the latter which corresponds well with the
fact that the unit cell volume of MnFe,Si; is smaller than the one of MngFeSis [25], and thus
provides an explanation for the increased stiffness. However, also the fact that Mn4FeSisand
MnFe,Siz are not in the same magnetic state at room temperature [2], can have an influence

over the stiffness of the materials.
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Appendix

) B N ) L ool et fesso | siu
U ) — EMMG M e
Select Peak

' m CAUsers\Qivi\Desktopimnfedsiditestihysloop\0p0yApril_20144040814\300.000K_600_

“_ Sm-p o -‘mDD ;
ol utput File | (fregout.dat
I g o e el 9

Figure Al: Common spectrum with resonance frequencies. The frequencies are
extracted with the program “RUSdataReducer”. The spectrum is recorded

on MnFe,Sis at room temperature in the absence of a magnetic field.
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File Edit Search Wiew Enceding Language Settings Macro Run  Plugins  Window
o X
eEHHERhaldimkioe | ayltx|BE[=T 7
[ rusin dat 3 guessed elastic moduli
1 MnFe45i3-RT yorleLzzier w -
2 5 3 12 0 0.026500 1.00 1 0 O 0O O O0OOOOOD f// |
3 2.9%95129 0.585222 0.810234 0.674368 0.746334
5 0.1404 0.138 0.222
5 0.70786529 0.0 1.0 sample dimensions y
& 1.01318834 0.0 1.0 I
i 1.0224069 0.0 1.0
8 1.22818152 0.0 1.0
9 1.24410247 0.0 1.0
10 1.30275286 0.0 1.0 i
11 1.38811658 0.0 1.0
12 1.45252% 0.0 1.0
15 1.58556112 0.0 1.0
1 1.618368506 0.0 1.0
A 1.6649627T76 0.0 1.0
16 1.68651318 0.0 1.0
33 0.0 0.0 0.0
18 1.73875581 0.0 1.0
1EE] 1.78538488 0.0 1.0
20 1.80464531 0.0 1.0
21 1.84965582 0.0 1.0
22 1.893159655 0.0 1.0
23 1.97783376 0.0 1.0
24 1.982589 0.0 1.0
25 1.99450024 0.0 1.0
26 1.99882845 0.0 1.0
27 0.0 0.0 0.0
28 Z2.0645478 0.0 1.0
259 2.081188 0.0 1.0
30 Z2.09248281 0.0 1.0
21 0.0 0.0 0.0 e
= n 4 ancnmcasa A n )
ILn:1 Col:1 Sel:0]0 UMEX AMSI as UTF-8 INS

Figure A2: The input file with recorded resonance frequencies and sample parameters. The
data is recorded on MnFe,Sisz at room temperature in the absence of a magnetic

field.
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FCAser

: . e
File Edit Search View Encoding Language Settings Macro Run Plugins Window ? X
o HEHE Bl aD|Idec|inglt2 B3RS 1EBEH| 7
=] rusout dat E‘ll

1 | LANL RPRcode Vex. 6.0 -
2  MnFedSi3-RT YoxlekZzLex W contribution of elastic moduli
3 free moduli are ¢33, c23 ,cl2 ,c44, c66
4 free dimensions are di, d2, d3 -
5 using 12 order polynomials mass= 0.0265 gm rho= 6.161 ce I
measured frequency  calculated frequency
7 n % 4 5 terr wt k i df/d (moduli) 3
: 1 0.707865 0.697465 -1.47 1.00 4 1 0.00 0.00 0.00 0.99 0.01
3 2 1.013188 1.009992 -0.32 1.00 7 2 0.68 -0.10 0.03 0.36 0.03
10 3 1.022407 1.019227 -0.31 1.00 1 2 0.67 -0.10 0.03 0.37 0.03
11 4 1.228181 1.233696 0.45 1.00 2 2 0.07 -0.01 0.00 0.92 0.01
12 S 1.244102 1.252202 0.65 1.00 & 2 0.08 -0.01 0.00 0.92 0.01
13 6 1.302793 1.289400 -1.03 1.00 4 2 0.03 -0.01 0.01 0.40 0.58
14 7 1.398117 1.390813 -0.52 1.00 3 2 0.03 -0.01 0.00 0.95 0.03
15 8 1.492929 1.494316 0.09 1.00 5 1 1.06 -0.23 0.09 0.00 0.08
16 9 1.585561 1.580147 -0.34 1.00 3 3 0.29 -0.07 0.03 0.02 0.73
17 10 1.618685 1.621004 0.14 1.00 3 4 0.20 0,00 0.00 0.01 0.79
18 11 1.664628 1.673815 0.55 1.00 6 2 0.02 0.00 0.01 0.18 0.79
19 12 1.686513 1.682791 -0.22 1.00 7 3 0.02 -0.04 0.14 0.04 0.83
20 13 0.000000 1.726866 0.00 0.00 5 2 0.29 -0.09 0.06 0.02 0.72
21 14 1.738756 1.743595 0.28 1.00 1 3 0.04 -0.05 0.15 0.06 0.81
22 15 1.785385 1.795193 0.55 1.00 8 3 0.04 -0.05 0.15 0.15 0.72
23 16 1.804645 1.813301 0.48 1.00 S 3 0.00 0.00 0.00 0.00 1.00
24 17 1.849656 1.848782 -0.05 1.00 2 3 0.04 -0.06 0.15 0.15 0.72
25 18 1.893197 1.905940 0.67 1.00 4 3 0.06 0.01 0.01 0.42 0.51
| 26 19 1.977834 1.985282 0.38 1.00 2 4 0.20 -0.01 0.01 0.73 0.08
27 20 1.982989 1.985463 0.12 1.00 8 4 0.20 -0.02 0.01 0.74 0.07
28 21 1.994900 1.991849 -0.15 1.00 6 3 0.08 -0.06 0.21 0.48 0.28
2 22 1.998828 1.996906 -0.10 1.00 1 4 0.42 -0.05 0.02 0.48 0.12
30 23 0.000000 2.006801 0.00 0.00 7 4 0.42 -0.05 0.02 0.50 0.11
31 24 2.064548 2.071027 0.31 1.00 7 5 0.12 -0.06 0.12 0.32 0.50 ~
length:9196 line Ln:1 Col:1 Sel:0|0 Dos\Windows ANSl as UTF-8 INS
Figure A3: Top part of the RPR output. The measured and calculated resonance frequencies

are given with their relative contribution to certain elastic moduli. The output
file is recorded on MnFe,Sizat room temperature in the absence of a magnetic

field.
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File Edit Search View Encoding Language Settings Macro Run Plugins Window ? X

FoEHB s hB|d MDA | M| 2 BRI 1EeEnE
Bwudaml

115 108 3.921991 3.931921 0.25 1,00 4 14 0.11 -0.03 0.04 0.71 0.17 -
116 109 0.000000 3.946351 0.00 0.00 6 16 0.42 -0.09 0.05 0.40 0.22

117

118 Bulk Modulus= 1.3342 i i i

% - obtained elastic moduli

120 cll c22 c33 c23 ci3 cl2 c44 c55 céé

121 2.41534 2.41534 3.06383 0.61581 0.61581 0.84996 0.70828 0.70828 0.78269

122

123 di d2 ds H H :

124 0.14076 0.13715 0.22280 = obtained dimensions

125

126 loop#22 zms error= 0.5934 %, changed by 0.0000000 &

127

128 length of gradient vector= 0.000012 plamb= 0.000000

129

130 eigenvalues eigenvectors

131 0.00164 0.90 0.21-0.28-0.25 0.07 0.00 0.00-0.01

132 0.09828 0.19-0.84-0.35 0.37-0.08 0.01 0.00 0.01

133 0.21367 0.25-0.43 0.79-0.35 0.07-0.01 0.00 0.00

134 0.95533 0.20 0.17 0.25 0.34-0.86-0.05 0.00-0.04

135 4.85770 0.22 0.20 0.32 0.75 0.49-0.10-0.01-0.02

136 1386.88285 -0.02-0.02-0.03-0.03 0.02-0.25 0.77-0.59

137 2140.01200 -0.02-0.02-0.02-0.03 0.02-0.13-0.63-0.76

138 4243,95484 -0.03-0.02-0.05-0.08-0.02-0.95-0.11 0.26 ]
138

140 increased 2% by the following % changes in independent parameters
141 7.88 8.48 7.83 7.63 7.57 -7.63 -7.63 -7.59 absolute error matrix =
142 0.24 -4.71 -1.77 0.84 0.89 -0.84 -0.84 -0.77 /

143 -0.22 -1,34 2.19 0.83 0.97 -0.85 -0.83 -1.09

144 <
length:9196 lines:144 Ln:1 Col:1 Sel:0|0 Dos\Windows ANSI as UTF-8 INS

Figure A4: Bottom part of the RPR output file. The obtained elastic moduli, dimensions and

the corresponding errors are listed.



