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Abstrakt
Název práce: Studium podmínek krystalizace a termodynamických vlastností vybraných 
intermetalických sloučenin lanthanoidů 
Autor: Karla Štěpánová
Katedra (ústav): Katedra fyziky kondenzovaných látek 
Vedoucí diplomové práce: Doc.RNDr.Pavel Svoboda, CSc. 
e-mail vedoucího: svoboda@mag.mff.cuni.cz
Abstrakt:  V této  diplomové  práci  jsou  prezentovány  výsledky  strukturních  a  termodynamických  
měření vybraných intermetalických sloučenin typu RNi4Si (R – La, Pr, Nd, Sm, Gd, Er, Ho, Dy).  
Oproti  mateřským sloučeninám typu RNi5 nekrystalizují  tyto  sloučeniny v hexagonální struktuře 
typu CaCu5 (prostorová grupa P6/mmm).  Namísto toho byla pro všechny vzorky zjištěna struktura  
othorhombická (prostorová grupa Cmmm). Z měření měrných tepel v nulovém poli  byly uřčeny 
teploty  magnetických  přechodů.  Všechny  měřené  sloučeniny  kromě   PrNi4Si  se  pod  teplotou  
přechodu uspořádávají feromagneticky. Závislost teplot fázového přechodu se velmi dobře shoduje  
s de Gennesovým faktorem. Měrné teplo bylo analyzováno jako součet elektronového, fononového a  
magnetického  příspěvku.  Magnetický  příspěvek  byl  popsán  pomocí  Schottkyho  formule  pro  n-
hladinový systém. Vypočtená magnetická entropie se blíží teoretické hodnotě pro volný iont. Pro  
sloučeninu  NdNi4Si  byl  při  měření  měrných  tepel  pozorován  strukturní  přechod  ve  vyšších  
teplotách. Vzhledem k tomu, že anisotropní vlastnosti nelze studovat na polykrystalických vzorcích,  
ale pouze na monokrystalických, pokusila jsem se o přípravu monokrystalů vybraných sloučenin,  
přičemž byla  potvrzena silná  nekongruentnost  vzorků.  U vzorků  byla  pozorována také  výrazná  
mozaicita s hexagonální symetrií, která téměř znemožňuje přípravu kvalitního monokrystalu.
Klíčová slova: intermetalika vzácných zemin, měrná tepla, příprava monokrystalů

Abstract
Title: Study of conditions of crystallization and of thermodynamic properties of selected 
intermetallic compounds of lanthanides 
Author: Karla Štěpánová
Department: Department of Condensed Matter Physics
Supervisor: Doc.RNDr.Pavel Svoboda, CSc. 
Supervisor's e-mail address: svoboda@mag.mff.cuni.cz 
Abstract:  In this diploma work, I present the results of structural and  thermodynamic studies of  
selected RNi4Si (R – La, Pr, Nd, Sm, Gd, Er, Ho, Dy) compounds. Contrary to its parent compound 
RNi5,  these compounds do not  crystallize  in  the  hexagonal  structure (CaCu5-type,  space group 
P6/mmm). Instead of this, the orthorhombic structure with the space group Cmmm was found. The 
phase transition temperatures were determined from the zero-field specific heat measurement. Apart  
of  PrNi4Si  all  compounds order  ferromagnetically  below the transition temperature.  The  phase 
transition  temperature dependence  of  these  compounds is  in  very  good agreement  with  the  de 
Gennes factor.  Specific heat was  analysed using a sum of  the  electronic, phonon and magnetic  
contribution. The significant magnetic contribution was fully described by the Schottky formula for  
n-level  system. The magnetic  entropy was calculated and is  approaching the expected free ion 
entropy.  Specific heat measurement of  NdNi4Si compound showed structure transition at higher 
temperatures.  Anisotropic properties  cannot  be studied on a polycrystalline sample and further 
studies must be carried out on the single-crystal.  Trials to prepare single-crystals confirmed an 
incongruency  of  these  samples.  The  mozaicity  of  measured  samples  is  very  high  having  the  
hexagonal symmetry and causing that preparing high-quality single-crystal is nearly impossible.
Keywords: rare-earth intermetallics, specific heat, preparation of  single-crystals
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1 Introduction 

Research of new compounds is very important, not only for increasing the amount of human 
knowledge,  but  also  for  their technological  applications.  Intermetallic  compounds  containing 
lanthanides in particular have been the center of attention for many years. They form excellent good 
magnets, superconducting compounds and hydrogen storage materials.

Many physical properties must be measured in detail for every newly studied compound. 
These measurements can initially be done on polycrystalline matter to discuss the basic structural 
and magnetic properties. The preparation of polycrystalline samples is quite simple and does not 
demand much material or time. 

But anisotropical properties (physical  properties which are dependent on the direction in 
which they are measured) cannot be studied on a polycrystalline sample and further studies must be 
carried out on the single-crystal. Anisotropy is given by the crystal structure.

Preparation of a single-crystal is very technologically demanding and for some materials it is 
impossible to prepare. There are a few methods which are used for single-crystal preparation. The 
specific properties (i.e.congruency) of a given sample determine the method which can be used. 
Afterwards, the successful preparation of a single-crystal depends on a combination of luck, sample 
properties and the researcher's expertise and skills.

My point of interest were intermetallic compounds with the general formula RNi4Si (R – rare 
earth).  These  compounds  had  not  been  studied  when  I  started  with  their  measurement.  But 
simultaneous to  my research,  another  group of  researchers  was  studying  these  compounds  and 
surprisingly found different results. 

RNi5 compounds, as well as other compounds with substitution for one nickel, were studied 
earlier. For RNi5 compounds, the hexagonal structure was found. In my diploma thesis, I present the 
results of structural and thermodynamic studies of selected RNi4Si (R – La, Pr, Nd, Sm, Gd, Er, Ho, 
Dy) compounds. I have further described in detail single-crystal preparation of NdNi4Si and PrNi4Si 
compounds and other studies which have been done. In this work, I have exactly described all 
experimental methods which I have used.  
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2 State of the art

2.1 Polycrystalline and single-crystalline matter

Most  of  inorganic  matter  which  occurs  normally in  nature  is  crystalline  matter.  This  is 
caused by the fact that periodic ordering is energetically more profitable. Crystalline matter has a 
long-distance  ordering.  Single-crystal  is  type  of  matter  with  continuous  long-distance  ordering 
through the entire volume (i.e. diamond, salt). When a structure is periodically ordered only inside 
individual seeds (from  tens of µm to few mm) with random orientation of the seeds, then it is called 
polycrystalline matter.  Nearly all known metals are polycrystals. 

Polycrystalline  matter  is  created  when  the  melt  is  cooled  and  each  piece  solidifies 
independently of others and local crystallic seeds are created. Between seeds there are borders on 
which the directed properties of matter are changed.

Metalic  single-crystalline  matter  in  nature  is  quite  rare  and  most  of  it  is  prepared  in 
laboratories through controlled processes.

Single-crystals can be used to analyse matter with very difficult structures and low levels of 
symmetry. Their anisotropic properties, superstructure and other properties can also be analysed. 
Preparation of single-crystals has high technological requirements and affects the measurement and 
analysis of matter. For some matter it is not possible to prepare sufficiently large single-crystal at 
all.

Many  properties  of  selected  matter  can  be  investigated  using  polycrystalline  samples. 
Polycrystalline matter is prepared much easier than single-crystalline one. Polycrystalline samples 
are unsubstitutable for measurement of phase composition, seed orientation, size and matter tense.

There are many constraints for a polycrystalline sample. For example, it is not possible to 
measure  anisotropic  properties  of  a  polycrystalline  sample.  Neither  is  it  possible  to  recognize 
different phases in the matter. On the contrary,  when using single-crystal we can determine the 
orientation of reciprocal lattices of these phases and also the orientation of their intergrowth. We are 
unable to determine the exact location of the reflexions from the powder diffraction diffractogram 
when two different planes are close in an angle. In the 3D picture from single-crystalline diffraction 
it  is  very easy to determine the exact location of each reflexion.  There are other constraints  of 
powder diffraction. There is the maximum number of 100 lines and each line is the superposition of 
diffractions  of  all  coincident  and  anticoincident  planes.  Therefore,  high-quality single-crystal  is 
indispensable [1].

2.2  Intermetallics, rare earth elements and their compounds

Intermetallics

Intermetallics  or  intermetallic  compounds  differ  from  alloys  which  are  a  homogenous 
mixture  of  metals.  The  basis  of  intermetallics  came  from  Hume-Rothery  in  1955  [2] and  the 
research definition of intermetallic compounds was stated by Schulze in 1967. This definition says 
that intermetallic compounds are solid phases which contain two or more metallic elements and 
optionally  one  or  more  non-metallic  elements.  Schulze  also  separated  intermetallics  into  three 
groups:  Zintl  phases,  Hume-Rothery compounds  and size  packing  phases.  Metals  include  pure 
metals (Al, Ga, In...) and metalloids (Si, Ge...) [3].

Intermetallics are interesting because some of their properties are very different from those 
of the original metals which make up the compound yet they retain many metallic properties. From 
Roman brass,  Chinese  high-tin bronze and type metal  to amalgams,  superconductors,  hydrogen 
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storage  or  shape  memory  storage,  intermetallics  have  been  used  throughout  human  history  to 
improve people's lives. 

The interest of these compounds comes from the far past when first alloys, with low melting 
temperature and high  roughness,  were prepared.  Intermetallics have been popular  because their 
lusture (bronze, mirrors) and colour (Cu2Sb) and they were used as decoration material. In the 20th 

century other properties such as phase stability, electrochemical, chemical, physical and mechanical 
properties  with  focus  on  magnetic  and  superconducting  behaviour  were  investigated.  The  first 
application of intermetallics was in videorecorders and then they were used as teeth amalgams, 
shape memory alloys and superconducting materials. Because these compounds are quite ductile 
they were not used as structure materials for a long time but because of their roughness and stability 
in  the  high  temperature  they were  used  as  electrical  heating  elements.  In  the  1970's, structure 
materials on the Ti3Al base were prepared [4].

Rare earth elements

Seventeen elements consisting of fifteen lanthanides (Z=57-71) and Sc (Z=21) and Y (Z=39) 
are called rare earth elements (REE) or rare earths. There are two subgroups in which to categorize 
them (light (lanthanium-europium, Z=57 to 63) and heavy (gadolinium-lutetium, Z=64 to 71) rare 
earth).(see Fig.1)

REE were first found in 1784 by Swedish scientist Karl Axel Arrhenius, near Ytterby, who 
collected a rare earth-bearing ore there from a par-and-quartz mine  [5] (this ore was later named 
gadolinite after Johan Gadolin (in 1800)). From this ore, Finnish scientist Johan Gadolin, in 1792, 
isolated a rare earth element and named it yttria (yttrium oxide) [6]. He also named these rare earth 
elements but it was a misnomer. REE are  neither rare nor earth. There are many other elements 
which are commonly used and are much rarer than REE (for example Cu, Zn, Pb, Sn...).  REE 
abound  in  the  Earth's  crust  at  0,0236%  (see Fig.2) where  abundance  is  according  to  atomic 
number). In nature, they occur in mineral forms. The most used minerals are bastnasite and monazit 
(which are  sources of light REE) and xenotime and ion-adsorbing clay minerals  are  sources of 
heavy REE.

The first application of the rare earths was Welsbach gas mantle  (fabric impregnated with 
rare-earth salts) nearly 100 years after discovery of these elements. 

Earlier, its application  was  only in traditional industries  such  as metallurgy and chemical 
engineering. Because rare earths are chemically active they are used to remove impurities in iron or 
steel and modify their morphology. Due to this they are used to increase the strength, anti-oxidation 
and abrasion resistance of these materials. REE are also used in glass and ceramics for polishing 
powder  and  as  dying  agents,  in  agriculture  as  micro-fertilizers and  in  petroleum  cracking  as 
catalysts.

The importance of REE is significant even though their production is only about 100,000 
tons per year (but it is rapidly increasing) and their market value is below US $100 million. Many 
nations (i.e. USA, Japan, China) worldwide have stated that rare earths are their strategic elements 
and they are called  “treasure house of new materials in the 21th century”.  Sixty percent of their 
world total production in 1999 was in Baotou, China, with proven reserves that put it first place in 
REE production worldwide (73,6%). Baotou is called as “The Mother Lode of Rare Earth” [7]. The 
importance of these elements was also mentioned by the president of China who stated that “Middle 
East has oil, but China has rare earth” [8].

All this interest is  because of REE's hi-tech industry applications. Rare earths are mainly 
used as additives to materials creating special chemical and physical properties of these materials. 
Their unsaturated 4f electronic structure cause luminescense, magnetism and electronics. This leads 
to many applications such as phosphoros for TV's, lamps, x-rays, lasers, hydrogen storage materials, 
magnetic and magnetostrictive materials or auto-emission catalysts.[7]
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Figure 1: Periodical table – rare earth elements

Figure 2: Elements abundance

For REE, which compounds I have measured, there is an overview of their properties in 
Table 1.  Including a non magnetic analogue  lanthan,  a paramagnet praseodym and other 
elements which are all ferromagnets. 

8



9



2.3 Structure and crystallography

The origins  of  crystallography are  from the  18th century.  Haüy is  called  “The father  of 
crystallography” eventhough there were many others who had stated its origins. Haüy studied the 
geometry of the crystals and discovered laws governing the symmetry of crystals. That led him to 
the idea to classify them and define the main mineral species. He discovered that indices of all 
crystal planes are integeres, explained by 3D periodicity of atoms which create  the crystal. Ideal 
crystal is only infinity repeating of the identical structure units in space. 

The structure of the ideal crystal is described by using the lattice and the basis (the set of 
atoms joined by one lattice point). 

The lattice is the set of points which are connected by a translation operation
T=uavbwc (1)

(u, v, w-integers, a ,b ,c -translation vectors of the lattice)
There are fourteen 3D lattice types which are called Bravaise lattices. They were developed 

and published in 1850 by August Bravais (1811-1863) of France who proved that only fourteen 
different lattices are possible. These latices are created by combining seven lattice systems with the 
types of lattice centering [9].

The lattice centering can be – primitive centering (P), centered on a single face (A, B, C), 
body centreed (I) or face centered (F).

Lattice systems are described by crystallographic restrictions in translation vectors a ,b ,c
and by angles  , , . These two restrictions also restrict lattice parameters (constants)(Table  2) 
[10].

Table 2: Crystal lattice systems

Crystal 
structure

Number 
of lattices

Symbols 
of lattices

Minimal symetry Restrictions for axis and angles of 
the unit cell

triclinic 1 P none a≠b≠c
≠≠

monoclinic 2 P, C One two fold axis along c a≠b≠c
==90 °≠

orthorhombic 4 P, C, I, F Three two fold axis along a,b,c a≠b≠c
===90 °

tetragonal 2 P, I One four fold axis along c a=b≠c
===90 °

cubic 3 P, I, F Four three fold axis along body 
diagonal

a=b=c
===90 °

trigonal 1 R One three fold axis along c a=b=c
==120° ,≠90 °

hexagonal 1 P One  six  fold  axis  along 
hexagonal cell

a=b≠c
==90 ° ,=120 °

Crystal planes' indices

It is possible to determine orientation of each crystal plane by three plane points which are 
not in one line. Orientation is represented by three indices h, k, l. These indices can be calculated by 
finding the intersections with axis a ,b , c and by representing their value in the multiples of lattice 

10



constants. From these values we must create reciprocal ones and then we have to adjust them to the 
least relative prime numbers which will preserve the same ratio. These numbers are indices h, k, l 
which we have searched for. They also determine given plane.

Indices [uvw] determine the direction which we look at a crystal. These indices are the least 
integers which preserve the ratio of components of vector which determine the given direction [10].

2.4 Basics of the x-ray diffraction

When the  radiation  comes  into  the  matter,  electrons  start  to  vibrate  with  the  frequency 
corresponding to the wavelength of the radiation. These vibrating electrons emit a secondary x-ray 
radiation interfering with primary radiation. This effect is called diffraction. Rays of the intensified 
radiation are called reflection.

The mathematical description of diffraction was first written down by von Laue in 1912. To 
realize the diffraction, there must be satisfied conditions of the orientation between the crystal and 
the incoming beam. These conditions,  which are described by Bragg and Laue's equations, are 
necessary  and  sufficient  conditions  for  reflexion  creation.  These  equations  are  mathematicaly 
equivavalent but see the diffraction from the different point of views [11].

Bragg equation

The Bragg formulation is one of the possible interpretations of the x-ray diffraction. X-ray 
waves are considered as being reflected by layers of atoms in the crystal. The wavelets which are 
scattered  from different  layers  are  combined  and  form a  reflected  wave.  The  Bragg  equation 
(condition for diffraction) is:

2 d hkl sin =n (2)
( d hkl -spacing between reflecting planes,  -glancing angle of the incident x-ray beam,  n-

integer describing the order of interferece,  - x-ray wavelength)
When using the monochromatic x-ray of the known wavelength, it is possible to establish 

spacing between reflecting planes d hkl from the known   . 

Laue equation

Three equations describing diffraction of incident waves by a 3D crystal lattice are named 
after Max von Laue (1879-1960). They can be reduced to the one Bragg equation. 

A beam of  coherent light at  a known wavelength  enters the  regulary spaced  atoms. The 
incident angle is 0 . Each atom scatter the secondary beam which interfer together. This leads to 
the  beam extinction  and  intensifying  in  specific  directions.  The  directions  in  which  the beam 
intensifies create the surface of the coaxial cones which  has the vertex angle   and  the axis  is 
created by the line of the atoms which had diffracted the incoming beam. These cones can be 
described by the equation:  a cos −cos 0=h . Because we consider the 3D structure, we 
gain three conditions describing the periodicity of the crystal in all directions. 

Diffraction is realized when all these conditions are satisfied simultaneously. The diffracted 
beam is spread in the direction where the cones intersect each other. This is why the diffracted wave 
has the character of many parallel rays.

Laue conditions are:
a cos −cos 0=h
b cos −cos 0=k  (3)
c cos −cos 0=l

(h, k,  l – Miller indices multiplied by diffraction degree,  , , −   vertex angles of the 
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diffraction  cones, 0,0,0 -angles  of  the  incoming  beam, a ,b , c -  size  of  the  vectors  which 
characterize the direction of the line of the vectors and the distance among them)

Reciprocal lattice

Planes orientation is determined by the normal vector while there is diffraction when the 
angle  between  the  incoming  beam and planes  is  (satisfying  the  Bragg  equation).  When we 
construct normal vector G of the length 1/d hkl to each set of planes in crystal then the diffraction 
condition is:

s−s0= G (4)
( s , s0 - unit vectors in the direction of the diffracted/incoming beam)
When we apply the same origin to all diffraction vectors G (having satisfied the diffraction 

conditions for  all sets of planes) then the vertexes of vectors G will be in nodes of 3D periodic 
lattice. It is possible to describe the position of each vector by vectors a∗,b∗,c∗. These vectors 
are indicated as the reciprocal vectors to the vectors a ,b ,c .  These vectors form a reciprocal 
lattice.  For G is  relevant  the  following formula  which  is  also  the  general  solution  of  Laue's 
simultaneous equations (3):

G=h∗a*k∗b*l∗c* (5)

Ewald's construction

Consider a sphere of the radius 1/λ in which crystal is placed in the center. There is a beam 
of the wavelength λ coming into this crystal. Now let us say that the center of the reciprocal lattice 
is a point where the diffracted beam leaves the sphere. Then the lattice is tightly bound with crystal 
and the diffraction is realized at the points where the sphere intersects the nodes of the reciprocal 
lattice (see Fig.3) [11,12,13].

Figure 3: Ewald's construction
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2.5 Thermal expansion of solids

Thermal  expansion  is  a  tendency  of  matter  to  change its  volume (shrink  or  expand)  in 
response  to  a  change  of temperature.  Thermal  expansion  is  described  by  a  thermal  expansion 
coefficient. The thermal expansion coefficient is expressed as one of the material properties – such 
as  specific  heat  or  compressibility.  In  anisotropic  materials  there  will  be  different  expansion 
coefficients in different directions.

The thermal expansion coefficient is defined as:

=1
l
 dl
dT

 p= 1
3V

 dV
dT


p
= 1

3B
 dP
dT


V

(6)

When we consider  a  rigorously harmonic crystal, then coefficient of thermal expansion  α 
vanishes and the pressure required to maintain a given volume does not vary with temperature. In 
such a lattice there is no thermal expansion and so constant-volume and constant-pressure specific 
heats are equal and so are adiabatic and isothermal compressibilities.

In  real  crystals,  the  force  constants D depend  on  the  equilibrium  lattice.  The  total 
Grüneisen parameter  is defined as:

=
∑

ks
ks cvsk 

∑
ks

cvsk 
(7)

( ks -Grüneisen parameter for the mode ks , cvs – contribution of the normal-mode k to the 
specific heat)

And the coefficient of the thermal expansion for insulators (we assume that the only degrees 
of freedom are ionic) can be written as:

=
 cv

3B
(8)

Still as for the harmonic crystal limiting forms are preserved:
≈T 3  for T 0
≈constant for T ≫D

Metals  are affected with  additional electronic degrees of freedom. Bulk modulus is only 
weakly temperature dependent so we can use the value for T=0. 

Therefore the coefficient of thermal expansion for metals becomes:

= 1
3B

c p
ion2

3
cv

el  (9)

where cv
el is  the  electronic contribution which was estimated by adding the contribution of the 

gass. 
For free electron gas we have the equation:

P=2
3

U
V (10)


dP el

dT

V
=2

3
cv

el (11)

This electronic contribution will be significant only for low temperatures (<10K) and there 
is the biggest difference between the expansion coefficient of metals and insulators. For very low 
temperatures [14]:

≈T  for metals 
≈T 3  for insulators
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2.6 Specific heat

Introduction

Specific heat (capacity) is the heat or thermal energy needed for increasing the temperature 
of one kilogram of matter by one unit. There are two types of specific heat which can be measured – 
isobaric  specific  heat  (measured  at  constant  pressure)  and  isochoric  specific  heat  (measured  at 
constant volume).

Specific heat is a very important variable when studying thermodynamic properties of given 
matter. From specific heat studies, lattice vibrations, distribution of conducting electrons, energetic 
shells in a magnetic material or phase transitions can be determined. Usually, when studying the 
solid  state  matter,  the  isobaric  specific  heat  ( c p ) is  measured.  In  this  case,  the  pressure  and 
temperature are independent thermodynamic variables and the volume is temperature dependent.

c p=
dQ
dT


p

(12)

But the theory is worked out with the specific heat measured at a constant volume. That is 
why it is necessary to transform the isobaric specific heat to the isochoric one. This can be done 
using the following relation:

C v=C p−
V T 2

T
(13)

(Т-temperature,  -thermal expansion coefficient, T -isothermal compressibility, V-volume)
But  and T  versus T are not always available data. This is why normal theories are 

improved by anharmonicity corrections which allow us to directly analyse and interpret C p  [15].

Total specific heat

When studying metal systems, we try to describe the total specific heat as a sum of additive 
contributions because we are interested only in entropy corresponding to separate subsystems. Each 
of these subsystems prevailed in a different temperature range.  

For the lowest temperature, <0,5K, there is dominant nuclear contribution Cn  which can be 
described  as Cn≈T−2 .  In  the  range  of  temperatures approximately  up  to  5K,  the  electronic 
contribution C e of  conducting  electrons  appears.  For  higher  temperature,  the  most  significant 
contributions  are  specific  heat  of  lattice  vibrations  (phonon  specific  heat) C ph and  magnetic 
(Schottky) specific heat Cmag  – the specific heat of a magnetic  ion's energetic shells in a crystal 
field. There can also be other contributions such as specific heat of heavy fermions and magnons or 
the specific heat of phase transitions [16,17].

The  total specific  heat, C ,  can  be  described  using  a  sum  of  the  above  mentioned 
contributions:

C=C nC eC phCmag (14)
The high  temperature limit  of  specific  heat  which  was gained  empirically is  a  classical 

Dulong-Petit limit which says that the specific heat for high temperature reaches the value C=3nR  
( R -universal gas constant). This law is based in the equipartition theorem and that is why it is valid 
only in the classical limit of a microstate continuum.

Specific heat of conducting electrons

The  specific  heat  of  conducting  electrons  is  a  significant  contribution  for  very  low 
temperature  and  phonon  specific  heat  which  is  dominated  by  temperatures  below 
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T 0=0,145
Z D

T F


1/2

D which correspond to the temperatures of a few Kelvins  (approximately up 

to  5K)  [14].  Electronic  specific  heat  is  described  by the  Sommerfeld  model  (for  temperatures 
T ≪T F , T F – Fermi temperature) as a linear dependence on the temperature [18]:

C e=2 n
k B

2

E F
T=T (15)

( k B -Boltzman constant, n - number of free electrons in the unit volume,  E F -energy on 
the Fermi level,  -describes the effective mass of the electron in metal)

For nonmagnetic matter below 15 or 20K, total specific heat can be described as a sum of 
electronic and phonon specific heat:

C=T T 3 (16)
(  can be gained from the dependence of C /T on the T 2 as an extrapolated value for 

T=0)
This low-temperature approxamation will be closely described later on.

Magnetic (Schottky) specific heat

Magnetic contribution corresponds to the filling of excited localized states of 4f electrons 
(belonging to the ion of total  momentum  J).  These electrons are split  by the surrounding ions' 
crystal field up to 2J+1 levels (dependent on the problem's symmetry). The higher the temperature 
the more the energetic shells are filled. When expressing energetic difference between the ith  shell 
and the lowest shell as i , we can express the magnetic contribution to the specific heat using the 
Schottky formula (supposing the absolute temperature E=k B T ):

CSch=
R
T 2{∑i=0

n

i
2e

−i

T

∑
i=0

n

e
− i

T

−∑i=0

n

i e
−i

T

∑
i=0

n

e
− i

T 
2

} (17)

This system contributes to the total entropy for n-shells system in the high-temperature limit 
as:

SSch=R ln n (18)
( R - universal gas constant).

Phonon specific heat

Phonon specific heat corresponds to the lattice dynamics (thermal vibrations of the lattice). 
It is not possible to describe these vibrations only as the set of independentely vibrating atoms as in 
Einstein model [18]. They must be described as moving waves whose energy is quantized and their 
properties are equivalent to the electromagnetic  waves. Particles of this thermal wave are  called 
phonons  and  for  intermetallic  compounds  they  can  be  divided  into  two  subgroups  –  acoustic 
phonons  (n modes) and optical phonons (3n-3  modes). For temperature of the room temperature 
order other contributions are dominated by this one.

For  nonmagnetic  matter  at  low temperature,  the  low-temperature  approximation  can  be 
done.  This means that optical  modes will  be ignored,  the dispersion relation for the 3 acoustic 
branches will be replaced by the long-wavelength form and the k-space integration over the 1st 

Brillouin zone will be replaced by integration over all of k-space. These approximations can be seen 
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below in Fig.4 [14]. This yields to the formula C=T T 3 .  For the temperature T=0K specific 
heat must be 0.

Figure 4: Low-temperature specific heat simplification

The high-temperature limit obeys the Dulong-Petit law C=3nR as described above.
To determine  the  phonon specific  heat  for  magnetic  matter,  the  nonmagnetic  analogue's 

values are used. 
The first theory describing the phonon specific heat was presented by A.Einstein in 1907 

[19].  The  presumptions  are  that  oscillation  of  each  atom  in  the  lattice  is  independent  on 
neighborhood  atoms' oscillations,  that  vibration  modes  are  equivalent  for  all  atoms  and  that 
description is done on the basis of harmonic oscillator. 

The Einstein model can be used for  3n-3 optical  branches where the frequency of each 
branch is  replaced by frequency E which does not depend on k .  In this  approximation,  each 

optical branch will contribute to the thermal energy by 
nhE

e
hE

k BT −1
. The features of this model  are 

that above Einstein temperature E each optical branch contributes to the specific heat  with the 
constant k B/V and below this temperature the contribution drops exponentially.

Einstein specific heat is described by the following relation:

C E=R ∑
i=1

3n−3

xEi
2 exp xEi

exp x Ei−12 , (19)

where x E=
E

T and E=
h
k B

is Einstein temperature for corresponding optical branch.

The second is a more complex theory presented by Debye. In this theory, all branches of the 
vibrational spectrum are replaced by 3 branches with the same linear dispersion relation =ck . 
The vibration modes are considered as dependent of each other and solid as a continual elastic body 
in which energy is contained in elastic stationary waves [18].

Also, the integral over 1st Brillouin zone is replaced by the sphere of radius k D chosen to 
contain exactly N allowed wave vectors where N is the number of ions in crystal. The k D can be 

determined by the formula: n=
k D

3

62 .

When  defining  Debye  frequency  as D=k D c and  Debye  temperature  as 

D=
2hck

k B
=

hmax

k B
and  transforming the  variables  ( x D=

D

T )  we  get  the  relation  for  the 

Debye specific heat:

C D=9 R T
D 

3

∫
0

xD x4 exp x
exp x−12 dx (20)

To explain the variables in detail we can say that k B is the measure of inverse interparticle 
spacing, D is  the  measure  of  maximum phonon  frequency  and D is  a  the  measure  of  the 
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temperature above which all modes begin to be excited.
This theory is very useful for temperatures below 100K and also  at  the  low-temperature 

range of elemental metals. When describing the overall temperature dependence for more complex 
compounds, we also use the Debye model only for n acoustic branches. Some models use also 
temperature dependent Debye temperature but it has no physical interpretation.

In the Fig.5 below the discrepancy between the Einstein and the Debye models can be seen. 

Figure 5: Debye and Einstein model with the same high-temperature limit 3nR

A combination of these two models  (Einstein for optical and Debye for acoustic branches) 
yields to a very precise description of intermetallics's specific heats in the temperature range up to 
150K. Both of these models consider the ideal harmonic lattice vibrations but in the real structure 
the ideal behavior is broken because of the crystal's temperature expansion in the high temperatures 
range. This means that further corrections (as anharmonicity contribution to the specific heat) must 
be considered [14,16,17].

Anharmonicity corrections

The main problem of the theoretical approaches described above is the thermal expansion of 
solids which leads to a discrepancy between the isobaric and isochoric specific heat. This difference 
can be neglected for lower temperatures, but for temperatures above 200K, it is quite significant. 

This  component  can  be  established  as:
1

1−T .  For  most  intermetallics  it  is  coefficient

~10−5−10−3 K−1 .  When  the  correction  coefficient is  figured  in,  then  we  get  the  resulting 
formula for phonon molar specific heat [15, 20]:

C=R 9
1−DT  1

x D 
3

.∫
0

x D x4 exp x dx
exp x−12

∑
i=1

3n−3 x Ei
2 exp xEi

1−Ei T exp xEi−12  (21)

There are some simplifications in this formula because the number of adjustable parameters 
has  increased  –  for  compounds  with  more  atoms,  there  are  optical  branches  grouped  to  one 
“multiple branch” with the same Einstein temperature and one  anharmonicity coefficient.  The fit, 
within the experimental error, can still be gained from these computations.
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2.7 Magnetic properties

2.7.1 Hund's rules

Hund's  rules  describe  minimization  of  the  energy  by  the  combination  of  the  angular 
momentum quantum numbers. There are three of them:

1) Maximization of the sum of the S: Coulomb energy is minimized by maximizing the 
sum of the S values for all the electrons in the open subshell. This is due to the Pauli exclusion 
principle, which states that two electrons cannot share the same set of the quantum numbers (when 
having parallel  spins, they cannot be in the same place).  This rule  guarantee that the Coulomb 
repulsion between electrons is minimized. 

2) Maximization of the L with a view of the first rule: This leads to the minimization of 
the  energy  because  electrons  which  rotate  in  the  same  direction  can  avoid  each  other  more 
effectively and Coulomb repulsion is reduced as well.

3) Minimization of the spin-orbit energy: If the shell is less than half full then J=|L-S| 
and if it is more than half full then J=|L+S|. This rule is not applicable in all systems – for example 
in transition metals this rule is disobeyed (crystal field can be described as a perturbation on the 
(2S+1)(2L+1) – fold set  of states which contributes to the spin-orbit  energy)  but for rare earth 
elements it is very reliable [21].

2.7.2 Localised 4f electrons and exchange interactions

Rare earth elements' electronic configuration can be generaly written as:
[Xe ]6s2 5d1 4f N  

4f electrons having lower radial extent are well localised and shielded by 5d and 6s shells. 
They can  be  consider  as  nearly free  ions  in  a  sea  of  conducting  electrons  (having  s,  d  and p 
character)  because there is  neglible  spatial  overlap between 4f  wave functions of  neighbouring 
electrons. 

Localised character of electrons is manifested by the fact that effective magnetic moments 
are very close to full values: 

eff=B g J J J1 (22)
In  Table 3 there are listed quantum numbers, g-factors and theoretical effective magnetic 

moments of rare earth elements.
It can be easily seen that S and J are parallel for “heavy rare earths” and antiparallel for 

“light rare earths”.
Ordering of  magnetic  moments is  mainly caused by exchange interactions.  In  rare  earth 

elements there is absent direct and indirect interaction. Only significant is weak RKKY interaction. 
This  exchange  interaction  between  two  magnetic  ions  is  mediated  by  conducting  electrons 
(polarised due to magnetic ion). 

Exchange interaction for the whole system (total  Hamiltonian)  is  summation through all 
pairs of ions in the system:

H ex=−∑
i≠ j

J ij S i S j (23)

( J ij – exchange integral, Sk – spin operator corresponding to the kth atom)
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Table 3: Rare earth elements ground state - 
quantum numbers, g-factors, effective magnetic moments

4fn S L J gJ (gJ-1)2J(J+1) eff /B
2S+1XJ iont

4f0 0 0 0 0 1S0 La3+, Ce4+

4f1 1/2 3 5/2 6/7 0,18 2,54 2F5/2 Ce3+

4f2 1 5 4 4/5 0,80 3,58 3H4 Pr3+

4f3 3/2 6 9/2 72/99 1,84 3,62 4I9/2 Nd3+

4f4 2 6 4 3/5 3,2 2,68 5I4 Pm3+

4f5 5/2 5 5/2 2/7 4,46 0,84 6H5/2 Sm3+

4f6 3 3 0 - - 0 7F0 Eu3+

4f7 7/2 0 7/2 2 15,75 7,94 8S7/2 Gd3+, Eu2+

4f8 3 3 6 3/2 10,50 9,72 7F6 Tb3+

4f9 5/2 5 15/2 4/3 7,08 10,63 6H15/2 Dy3+

4f10 2 6 8 5/4 4,5 10,60 5I8 Ho3+

4f11 3/2 6 15/2 6/5 2,55 9,59 4I15/2 Er3+

4f12 1 5 6 7/6 1,17 7,57 3H6 Tm3+

4f13 1/2 3 7/2 8/7 0,32 4,54 2F7/2 Yb3+

4f14 0 0 0 - - 0 1S0 Lu3+, Yb2+

 
 2.7.3 Magnetization

Magnetic moment, which is responsible for magnetisation, originates from the microscopic 
electrical current or spin of the electrons or nuclei. In classical electromagnetism, magnetic moment 
is proportional to the current I which flows around an elementary oriented loop of the area dS. 

d =IdS
=∫ d =I∫dS (24)

Magnetization M of the bulk sample is defined as the magnetic moment per unit volume. In 
the vacuum there is no magnetization.  

M= N
V
=n (25)

Magnetic field is described by the vector fields B and H where
B=0 H (26)

( 0 -permeability of vacuum)
Magnetic solid's field is:

B=0 HM  (27)
and

M= H (28)
(  -magnetic susceptibility)
so

B=0r H=01H (29)
( r -relative permeability)
Net magnetization is counted as the response from the entire material to the magnetic field. 

Usually magnetization is not homogenous and is rather dependent on the specific position in the 
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material.  When the solid is elipsoidal then demagnetizing factor N can be used to describe this 
dependence [21,22]:

H i=H a−NM (30)
(NM-demagnetizing field)

Bi=Ba01−N M (31)
Magnetization in rare earth elements can be expressed using Brillouin function BJ as:

M=M 0 B J x  (32)

where: M 0=N g J B , x=
g J B H

k B T

B J=
2J1

2J
coth2J1

2J
x– 1

2J
coth 1

2J
x

For classical solution is Brillouin function BJ replaced by Langevin function LJ . 

2.7.4 Curie temperature and de Gennes factor

Ferromagnet is matter with spontaneous magnetization even in the absence of an external 
magnetic field. All magnetic moments are in this matter aligned.

The temperature in  which magnetic  phase transition occurs,  called Curie  temperature,  is 
defined by:

T C=
g J BJ1M S

3k B
=

neff
2

3k B
(33)

( g J - g-factor,  B -Bohr magneton,   – parametrizes the molecular field,  M S – saturated 
magnetization, k B –  Boltzmann's  constant,  eff -effective  magnetic  moment,  J –  total  angular 
momentum quantum number)

Magnetic phase transition is the second-order transition. For T>TC is magnetization zero, for 
T<TC is non-zero and for T=TC is continuous.

For 4f ions is only J a “good” quantum number and the Curie temperature dependence can 
be rewritten using the g-factor as:

T C=
2zg J−12 J

3 k B
J  J1 (34)

The Curie temperature is lineary dependent on de Gennes factor: g J−12 J J J1 . The 
values of de Gennes factor for the rare earth elements can be seen in the Fig.6 below and its values 
are listed in the Table 3 above.

Figure 6 : de Gennes factor
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2.7.5 Susceptibility

Magnetic susceptibility represents the degree of the magnetization's response to the applied 
field. Magnetic susceptibility per unit mass is defined as:

=dM
dH

=− 1
V

d 2 F
dH 2 (35)

=
0 M

B0
(36)

Magnetic susceptibility in linear material can be described by this equation:
M= H (37)

But  very often susceptibility is  not  scalar  but tensor  and then  the  following equation is 
relevant:

M i=ij H j (38)
Molar susceptibility is defined as:

m=V m (39)
Mass susceptibility:

g=

r o

(40)

Dependent  on  the  magnetism  of  the  sample  susceptibility  can  be  negative  or  positive. 
Susceptibility  is  low,  negative  and  constant  for  diamagnetic  matter. For  paramagnetic, 
ferromagnetic and atiferromagnetic matter  susceptibility  is positive.  The following picture shows 
the dependence of the susceptibilty on the temperature for different magnetic states. 

Figure 7: Susceptibility dependence

We can also think about susceptibility as having two phases – real ' and imaginary ' '

representing  energy  loss  in  the  sample.  These  two  parts  are  described  and  related  by  these 
equations:
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'=cosϕ  
χ ' '= χ sin ϕ (41)

=arctan 
' '

' 

Both ' and ' ' are very sensitive to the phase changes; hence, they are used to measure 
transition temperatures [21,22].

The ac-susceptibility (alternating current) is very sensitive to small changes in M(H) and 
therefore small magnetic changes can be detected even for the large magnetic moment. This is why 
it is possible to measure ac-susceptibility even in the zero field. 

2.8 Previous results on similar systems

2.8.1 Structure and other properties of RNi5  compounds

The first systematic studies about the properties of  RCo5 and  RNi5 started in 1959, when 
their  structure  was determined  as  hexagonal  CaCu5-type  by  Wernick  [23].  These  compounds 
crystallize in the space group P6/mmm, Pearson symbol hP6 [24]. (see Fig.8)

Figure 8: CaCu5 structure

In 1962, Nesbitt  completed the magnetic  studies  [25] which led to the solution that  the 
compounds  RCo5 are  ferromagnetic  and,  on  the  contrary,  in  compounds  RNi5,  there is  no 
ferromagnetic  ordering  among  Ni  ionts  (3d  shell  of  the  Ni  seams  to  be  filled  by the  valence 
electrons of the rare-earth ions). Besides PrNi5  (van Vleck paramagnet), RNi5 compounds  order 
ferromagneticaly in  the  low  temperatures  because  of  the  magnetic  moments  ordering  in  R3+ 

elements. Ferromagnetism in the highest temperature has been found in the GdNi5   compound (in 
27K).

Heat capacity,  magnetization and resistivity of PrNi5 and  of other  RNi5 compounds  were 
measured during the years 1972 and 1973 by Craig [26,27,28]. Contrary to ref.[29] no λ-type phase 
transition (antiferromagnetic ordering under 16K) has been observed in PrNi5 compound. 

The  first  single-crystal  of  PrNi5 was prepared  by  Andres  [30].  On  this  single-crystal, 
magnetic cooling was studied and susceptibility was measured without complying with Craig's fits 
[31] and so new fits of crystal field were done. In 1975, low temperature thermal expansion of PrNi5 

was measured and in 1978, crystal field effects of this compound were also measured.
The RNi5 compounds were further intensively studied because of their magnetocaloric and 

hydrosorption properties [32].
In 1977 Mendelsohn  [33] investigated LaNi5-H2 systems because it was known that AB5 
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metal  alloys  have good absorption and desorption and also large hydrogen storage capacity.  In 
LaNi5-H2 systems, Mendelsohn found that 20% susbstitution of nickel by transtion metal leads to 
lower plateau pressures which greatly improves the properties. The best results have been obtained 
for substitution by Al. Hydrogen sorption of GdNi5-xAlx system was studied [34] in 1994. 

Because of very strong magnetocaloric effect in PrNi5, scientists could approach absolute 
zero within one thousandth of a degree [35]. In 1975, nuclear enhanced magnetic cooling to 1,3mK 
in PrNi5 single-crystal was done [36] and, in 2002, nuclear demagnetization of PrNi5 was used in 
cooling 3He to 1 mK [37].

RNi5 was studied in 1980's because of the magnetocrystalic anizotropy. In 1984, Mossbauer 
spectra of TmNi5 showed very strong uniaxial anisotropy characterized by paramagnetic relaxation 
above its Curie temperature  [38]. In 1988, Mossbauer spectroscopy of  RNi5 (R=Er,Dy) was done 
and crystal field effects and magnetic behavior of these compounds were studied [39]. Theoretical 
values of the PrNi5 crystal field were calculated in 1994 using the ab inito method [40].

Some other properties of PrNi5 have been measured and calculated such as inealistic neutron 
magnetic  scattering  [41],  elastic  constants  [42],  magnetic  ordering  in  the  hyperfine  nuclear 
ferromagnet in external fields, ac susceptibility [43] or the Fermi surface [44].

Specific  heat  analysis  of  RNi5 compounds  was  done  in  2004.  This  analysis  included 
anharmonicity corrections using (13) and was compared to theoretical crystal field values [45].

2.8.2 Structure and other properties of RNi5  modifications

As mentioned above, some modifications of LaNi5 with the substitution of Ni by Al have 
been done prepared when hydrosorption properties were studied [34].

In 2002 XPS and magnetic studies of RNi4B were done by Tolinski at al. [46,47,48].
Rni4Al modification was studied during the years 2003 and 2004  [49]. Further studies on 

NdNi4Al compound were completed looking at neutron diffraction, ac susceptibility measuring as 
well as its magnetic and transport qualities. The magnetic moment was smaller than in the NdNi4B 
compound and the Curie temperature was found to be at 6K [50]. It was also shown that magnetic 
moments  order  in  hexagonal  basis  plane.  Moreover,  magnetic,  thermodynamic,  electronic  and 
transport  properties  of  CeNi4Al have been  studied  [51].  Ce was very interesting because of  its 
intermediate valence (which was found in this compound as well as in CeNi4B) and Kondo effect 
what gives us insight into ground state properties. Other RNi4Al compounds have also been studied 
[52].

Figure 9: RNi4Al – Svoboda et al. [53]
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Specific heat with anharmonicity corrections for  RNi4Al compounds have been measured 
and calculated [53]. Contrary to ref. [51] no magnetic contribution to the specific heat for CeNi4Al 
was observed.

In 2004, praseodymium valence state in PrNi4M (M=Al, Cu, Ga) were investigated. Pr as 
well as Ce showed mixed valence states in PrNi5 but in PrNi4M (M=Al,Ga) mixed valence states 
have dissapeared [54].

The electronic band structure of CeNi4Ga has been measured in 2005 [55].
In 2005, RNi4Cu (R=Y,Ce,Pr,Nd,Sm,Gd,Dy,Yb) compounds have been studied. Besides Ce 

and Yb all compounds order ferromagnetically and their Curie temperature varies from 3,7K(Pr) to 
36,5K(Gd) [56].

During  the  years  2006  and  2007,  compounds  with  Si  substitution  for  one  nickel  were 
studied. Mainly its magnetic properties [57]. Valence state and magnetism for CeNi4Si and YbNi4Si 
were studied. CeNi4Si was determined as a paramagnet with eff=0,52B / f.u.  [58].  Electronic 
structure and XPS measurements were done on GdNi4Si along with ab initio  calculations.  The 
results  show  that  the  valence  band  is  determined  bz  Ni  3d  and  Gd  4f  electrons.  The  Curie 
temperature  for  ferromagnetic  ordering  was  found  to  be  22K,  magnetic  moment  was
eff=7,13B / f.u. . Total energy calculations showed that Si ions prefer to fill 3g sites  than 2c 

[59].  Structure of RNi4Si has been determined as hexagonal CaCu5-type and apart from La, Ce, Pr 
and Yb all compounds order ferromagnetically and its Curie temperature varies from 5,7K(Tm) to 
22K(Gd)  what  is  lower  than  for  RNi5 compounds  [57]. These  measurements  have  been  done 
simultaneously to mine.

All modifications which have been measured have (due to references) the same structure as 
RNi5 compounds -  hexagonal CaCu5-type, space group P6/mmm, Pearson symbol hP6.

Figure 10: Magnetization curves of RNi4Si compounds – M.Falkowski et al. [57]

In my bachelor thesis pilot study of RNi4Si compounds was performed. The nonmagnetic 
LaNi4Si compound was found to have two phases (high-temperature orthorhombic structure (space 
group  Cmmm)  and  low-temperature  hexagonal  CaCu5-type  structure  (space  group  P6/mmm)). 
Lattice parameters of the annealed hexagonal sample were found and specific heat of this sample 
was measured [60].
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3 The aim of the thesis

The aim of my work is to study in detail selected RNi4Si compounds which I began during 
my bachelor thesis where I presented structure and magnetic measurements of PrNi4Si and LaNi4Si. 
In this work, I compare the results for different compounds and also verify that the structure with 
this substitution is orthorhombic. Determination of  the crystalline  structure on the polycrystalline 
samples is my first goal.

On selected  RNi4Si  compounds I also determine the thermodynamic properties with the 
focus on specific heat study and measurement of basic magnetic properties.

For  selected  compounds  I  try  to  prepare  single-crystalline  samples.  This  could  be  very 
difficult process because I expect incongruency of these samples (according to my bachelor study 
[60]). This is why two different methods of single-crystal preparation are used. Single-crystalline 
samples of these compounds have not been prepared yet. 

If  the  preparation  of  single-crystal  is  successful  then  we  can  extract  single-crystalline 
sample for direct study of its magnetocrystalline anisotropy.
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4 Experimental part

4.1 Sample preparation

4.1.1 Polycrystalline sample preparation
Polycrystalline samples were prepared by arc-melting in mono-arc in the KFKL laboratory.

(see Fig.11) 

Figure 11: Mono-arc

Initial materials were prepared as stochiometric composition of pure elements  (with purity 
R-3N5, Ni-4N a Si-5N). This material was put into the metal crucible under the glass cylinder  and 
very tightly sealed. 

When reaching the sufficient vacuum of 10-1 -10-2 torr, by using the turbomolecular pump, 
the protecting inert argon amosphere was inserted into the chamber and the pressure of 50 kPa was 
reached. 

Then the  material  was  melted  and  turned  three  times  and  remelted to  achieve  better 
homogeneity. Arc can be very easily operated by using the movable handle. It is very important to 
melt all material carefully together to have the right stochiometric composition. During the process, 
the crucible is continuously cooled by cold water. To avoid the interaction between material and old 
samples it is necessary to clean the crucible very carefully after every usage.

Some of the samples have been prepared twice to approve the structural and thermodynamic 
measurements.

Mono-arc can be used, not only for melting sphere-shaped samples, but also to prepare  a 
rod-like sample.  This is  very useful  for  preparing initial  rods for optical  furnace where single-
crystalline samples can be prepared (this will be described in later on).

In  Table 4 there is real composition of PrNi4Si which was used for monoarc melting and 
material weight after first, second and third melting.
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Table 4: Real composition of PrNi4Si
Vzorek Pr [g] Ni [g] Si [g] Celkem [g] 1.přetavení [g] 2.přetavení [g] 3.přetavení [g]

1. 0,4105(2) 0,6868(2) 0,0823(2) 1,1796(2) 1,1740(2) - 1,707(2)

2. 1,7883(2) 2,9806(2) 0,3572(2) 5,1261(2) - 5,0992(2) -

4.1.2 Single-crystalline sample preparation

Czochralski method

Preparation of a single-crystalline sample from melt is more technologically demanding. In 
our conditions, only Czochralski pulling technique is applicable for the growth from melt. In  the 
KFKL laboratory, there is  a  tri-arc furnace which is used for growing single-crystals by modified 
Czochralski method. The scheme of the furnace can be seen in  Fig.12.  

Figure 12: Scheme of tri-arc furnace (VAKUUM PRAHA)

Throughout the whole process the apparatus must be continuously cooled by water and the 
entire experiment proceeds under the protective argon atmosphere. 

The  amount  of  initial  stochiometric  composition  of  pure  elements  was  about  6g.  After 
reaching sufficient vacuum, flooding chamber with an argon atmosphere to the desired pressure (0,3 
atm) and lighting arcs, the material was melted and then kept in the molten state for approximately 
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half an hour to achieve better homogeneity and to center the material in the Cu crucible. The W rod 
was used as a seed and pulling speed was between 6-10 mm/hour (for the last sample of NdNi4Si up 
to 12 mm/hour). Three electrods should point into the lower third of  the  material. Current on the 
electrods was changing during the process – from the initial value of 39 A down to 12A.

First, the seed was dipped into the molten material (Fig.13) and kept there for a few minutes 
to gain the right temperature. Afterwards, we started pulling the seed upwards (Fig.14). After a few 
millimetres, when the stable conditions were gained the ingot was narrowed (to the diameter of 0,6-
2mm) and a very thin rod was pulled for about 1 cm in an attempt to separate one individual seed. 
Once we had the major seed, we started to increase the diameter of the ingot hoping that the seed 
would grow into a single-crystal. We wanted to reach quite a large diameter of the ingot and keep it 
for a few centimeters (Fig.15).  Once we were almost out of material, we started to slowly narrow 
the ingot to allow enough time for cooling and to avoid mozaicity which can be caused by cooling 
down too quickly (Fig.16). The success of the experiment is also dependent on proper termination.

The main parameters which affected the process  were the pulling speed and the current, 
which we set up on the electrods. Using a combination of these two parameters, we could change 
the diameter of ingot. We could also set the speed of the crucible rotation.

The maximum length of the samples which can be pulled in the furnace in KFKL is 10 cm. 

    
   Figure 13: Dipping the seed into the melt Figure 14: Initial phase of the ingot growing

PrNi4Si PrNi4Si

       Figure 15: The main phase of the ingot growing Figure 16: Ingot termination
PrNi4Si PrNi4Si

We have tried to prepare single-crystalline samples of PrNi4Si and NdNi4Si many times but 
we were not very successful because of the samples incongruency. In fact, we got very promising 
ingot with small grains but I have been unable to separate one individual grain to use it for further 
measurements.  For NdNi4Si,  we decided (after  several  unsuccessful attempts) to use  a  different 
method  of  single-crystal  growing  –  optical  furnace,  which  is  more  useful  when working  with 
incongruent materials.

Real composition of PrNi4Si and NdNi4Si is shown in the table below.
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Table 5: Real composition of PrNi4Si and NdNi4Si
PrNi4Si

Sample Pr [g] Ni [g] Si [g] Total [g]
1. 1,7883(2) 2,9806(2) 0,3572(2) 5,0992(6)

2. 1,9167(2) 3,1926(2) 0,3842(2) 5,4935(6)

3. 1,9208(2) 3,2005(2) 0,3850(2) 5,5063(6)

NdNi4Si

Sample Nd [g] Ni [g] Si [g] Total [g]
1. 1,7942(2) 2,9253(2) 0,3498(2) 5,0693(6)

2. 2,2831(2) 3,7187(2) 0,4445(2) 6,4463(6)

Figure 17: PrNi4Si crystal during the single-crystal growing

Optical furnace (floating zone method)

An optical floating zone furnace is another device for single crystal growth. This furnace can 
be used even in cases where the Czochralski method is not able to achieve the successful results (i.e. 
incongruent  materials).  The  disadvantage  of  this  method  is  that  a  lot  of  material  is  needed. 
Preparation  of  the  experiment  and  the  length  of  the  experiment  is  nearly  the  same  as  for  the 
Czochralski method.

There are four eliptical mirrors and each of them has 2 focus points. In one of them is placed 
the lamp and in the other one is placed the sample (see Fig.18). The sample is melted by the power 
of the bulbs. Four mirrors have the best combination of parameters – high temperature at the second 
focusing area (low temperature distribution along the horizontal direction), deep temperature profile 
along the vertical direction at quite a reasonable price.
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Figure 18: Scheme of four mirror optical furnace [61]

Figure 19: Optical furnace 

There must be two rod samples for this experiment. One of the rods is shorter (sintered rod – 
when single-crystal of the sample is not available) and the other is longer (feed rod, about 8 cm 
length). These rods are prepared by arc-melting in monoarc. In this experiment the molten zone is 
sustained by the feed rod through the surface tension. For the successful formation of the molten 
zone it is very important to have the feed rod straight and of uniform diameter. 

Afterwards we had to do a little grooves in the upper feed rod to put it into the upper holder. 
Tantalum wire was used for fixing the sample in the holder because tantalum has a higher melting 
temperature than our sample. Feed rod is hung from the hook of the upper holder. The lower holder 
for the shorter rod is made of ceramics. 

It is necessary to focus the bulbs before the experiment – there is a special bulb-holder where 
you can check whether or not the bulbs are focused correctly. By using the little mirror, the position 
of the bulbs can be improved. It is essential for the experiment to have the bulbs focused to one 
point. When they are not, then the hot zone is too big and the experiment cannot be completed 
properly.
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Figure 20: NdNi4Si rods in the optical furnace

Once the bulbs are focused and the holders with the samples are fixed into the furnace then 
the silicon tube is put around the melting zone.

First,  the vacuum of  10-11 mbar  is  reached.  Next  a pressure of approximately 1,5 bar  is 
obtained in the argon atmosphere. To equalize the pressures between the chamber and the rotation 
head, nitrogen atmosphere is used. 

Ideally both rods are set a few millimeters apart and heated slowly while the bulbs' power is 
slowly increased. When the melting temperature of the sample is reached, then the rods are enclosed 
a little bit more and the feed rod nearly touches the lower one. In the ideal experiment, the two rods 
are joined by the molten zone whose length is adjusted so the diameter is nearly the same as that of 
the seed rod.

The rotation of the feed and seed rods is opposite for the whole experiment and is between 
30-50 rpm. At first when they are joined, you should set them both up in the same direction at the 
speed of about 6-10 mm/h. The melting zone is slowly moved through the hot zone. You are trying 
to maintain the uniform diameter of the rod. The material is slowly moved from the feed rod to the 
seed rod. 

After joining the rods it is helpful to make something like a neck in the Czochralski method. 
This will increase the chance of growing a single crystal. Afterwards, the thickness of the molten 
zone should be the same diameter as that of the feed rod.

When the feed rod is getting shorter then it is necessary to lower the power of the bulbs and 
stop the movement of the feed rod while the lower rod is still moving downwards. This will  give 
the single crystal time to relax and both rods will be finally separated – this is necessary for sample 
removal. 

For my sample NdNi4Si (which is incongruent) something different happened so we had to 
change the  procedure and the  process  was  done differently.  When both rods  appeared  to  have 
melted, we enclosed them but under the solid surface there was totally molten material which flew 
out.  We  stopped  the  rotation  of  both  rods,  lowered  the  power  of  the  bulbs  and  put  the  rods 
mechanicaly together. Then we slowly moved the feed rod through the hot zone. We were unable to 
see the molten zone so we only guessed which power is the ideal one. Under the surface we had 
molten material; therefore the process was done under the surface. 

For this material 50% of the bulbs' power seemed to be ideal (with an approximate melting 
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temperature  of  1200°C).  We used no rotation  and the  speed of  the  movement  was  pretty high 
because of the incongruency of the material - 11mm/h. 

The process was observed by using the CCD camera.
The ending was also done in a different way than normal. We did not stop the movement of 

the feed rod but only lowered the power of bulbs. Thankfully, both rods separated at the other place 
so we were able to pull them out of the silicon tube [61].

1. 2. 3.

4. 5. 6.
Figure 21: Process of growing the single-crystal in the optical furnace (NdNi4Si)

1.-melting separated rods, 2.-enclosing rods, 3.- creating the molten zone, 4.- losing the molten material  
under the solid surface (not a normal stage), 5. - main stage of the melting (molten liquid is under the  
solid phase), 6. - finishing melting by lowering the power of the bulbs

Figure 22: NdNi4Si sample after growing in the optical furnace

SSE (recrystallization in solid state)

SSE (solid state electrotransport) is the method used for purifing the sample – mainly single-
crystals. The sample is placed into the vacuum chamber and environmental contamination risks are 
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reduced using the ultrahigh vacuum. 
This  vacuum is  reached  by  using  three  different  pumps.  First,  the  turbomlecular  pump 

reduces  the vacuum to 10-9 mbar,  than this  pump is  stopped and  an  iont  pump starts  working. 
Afterwards, the sublimation pump is put on (there is active Ti fiber inside this pump which absorbs 
the O2 molecules to its surface).  By using this combination of pumps the ultrahigh vacuum of up to 
10-11mbar can be reached.

Now the  sample is in vacuum chamber and is fixed in the conductive chucks (electrodes). 
Choosing the right chucks is very important. They should not contamine sample and must be able to 
operate at 100K of the sample temperature. It is also very important that the chucks allow the length 
changes and are able to carry high currents. 

This is  a delicate balance between not  breaking the sample when fixing it into the holders 
and yet fixing it firmly enough to allow the current to flow through it even when the temperature of 
the sample rises.

When everything is prepared,  then the current is slowly increased.  After  a  few days, the 
highest possible current is set. Now the sample is  left in the chamber for one month or more  to 
allow the electrons  to  work. One side of the sample is fixed  to the anode and the other to the 
cathode. Due to the electron flow between the electrodes, the impurites are moved to one side of the 
sample.

The sample that is placed into the SSE must be rodlike – the more constant the diameter of 
the rod the better the experiment. 

We have prepared the sample for the SSE measurement by melting it in the optical furnace. 
The sample used for this experiment can be seen above in  Fig.22.

Below you can see the vacuum chamber (Fig.23) and the process of fixing the sample into 
the holders and sinking it into the vacuum chamber (Fig.24). 

Figure 23: Vacuum chamber (left) and SSE electronic control 
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1. 2. 3.
Figure 24: Fixing sample into the holders (1. and 2.), sinking the sample into the chamber (3.)

For our sample the maximum current  of 230A was reached.  After  every increase of the 
current, the resistivity of the sample decreased rapidly – this can be seen in the Fig.25 below. The 
decline of resistivity was realy very steep which was the mark of the good structure of the measured 
sample. 

Figure 25: Dependence of a resistivity and vacuum in the chamber on time: 
The green line (resistivity) shows the dependence of the resistivity during the time – the peaks are caused  
by increasing manualy a current in the sample – it can be seen that after each increasement resistivity  
drops rapidly which means that the sample has very good quality. The resistivity is during the time still  
decreasing and reachs the value of R=0,00345 Ω. The second line – red one (vacuum) shows dependence  
of the pressure in the chamber (vacuum) on time and it can be also seen that after each increasement of  
the  current  the  vacuum is  worse  but  is  improving  rapidly  up  to  values  about  10-10 mBar.  Also  the  
evaporation of the sample was quite low.

After  the  measurement  the  sample  was  broken-up  for  few  single-crystalline  grains  and 
further measured by Laue method (this is in detail described in the chapter 4.2.3). 
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4.2 X-ray diffraction

4.2.1 Powder diffraction methods

In 1912, Max von Laue found that crystal can be used as 3D diffraction gratings for x-rays 
because x-ray could be diffracted in an orderly way by atoms in a crystal. This means that x-rays of 
unknown wavelength can be analysed or atomic structure of the crystal can be determined by using 
the x-ray of the known wavelength (Debye-Scherrer method). Only 4 years later (1916), the Debye-
Scherrer method for determination of the crystal structure was presented. 

The problem with powder diffraction lies in the fact that the particles are not ideally small 
nor chaotically distributed. This is why rotation about some arbitrary axis is used. Also, the total 
volume of crystallites (domains of the solid state matter having the same structure as the single 
crystal and diffracting coherently) reflecting at the Bragg angle is only a very small part of the 
volume irradiated by the primary x-ray beam. This means that  the integrated intensity is  much 
weaker than when the single crystal is used and an irradiated sample area must be increased. The 
linear projection of x-ray tube focus and divergent x-ray beams and focusing geometries are used to 
increase an irradiated sample volume and also to collect as much intensity as possible. Divergent 
beam after  reflection  is  focused  in  a  narow  line  at  the  x-ray  counter  window  when  focusing 
geometries are used properly.

The sample and detector must also rotate simultaneosly to realize focusing conditions. That's 
why there are 2-circle goniometers mainly used for these methods.  

Experimental powder diffraction methods are divided into technics using parallel beam or 
focusing methods. The best known method using the parallel beam is the Debye-Scherrer method.

The Debye-Scherrer method is one of the powder diffraction film methods which uses the 
backwards reflection on the crystallites. The sample, in a form of powder, is placed into a thin 
cylindrial  capillar  fixed  into  the  holder  having  a rotating  axis  coincident  with  the  axis  of  the 
cylinder formed by a cylindrical x-ray film. The beams fall on to  a mass of crystallites which  all 
have different orientations under the angle  .  They also enter the detector under the same angle 
(the Bragg condition is fulfilled for all beams coming into the detector). Diffracted beams form a 
cone.  The result from this measurement is a debyegram where circles can be seen which describe 
the  diffraction  cones.  These circles  are  created  at  the intersection  between  sphere  surfaces 
(constituing  a  reciprocal  lattice)  and  the Ewald  sphere.  The  cones  are  corresponding  to  the 
symmetricaly  equivalent  planes.  It  is  possible  to  see  the  cones  of  the  forward  and  backward 
scattering (see Fig.26)

Figure 26: Debye-Scherrer method
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All planes hkl will stay in the diffraction position when rotating one grain (which is in the 
diffraction position) around the axis constituted of the incoming beam. Also the diffracted beams 
from this  grain (as well  as diffracted beams from all  grains in the diffraction position)  will  be 
moving on the surface of the cone with the vertex angle 4hkl and axis in the  dirrection of the 
incoming radiation.  We  gain a  set  of  cones  with  the  same axis  and vertex  angles 4  (which 
correspond to  the interplane distances d hkl of planes  hkl)  when considering other  planes  which 
fulfill the diffraction conditions for different  .  

When the right  radius of  the diffraction chamber  is  used then the measured distance in 
milimeters is corresponding to the angle  4 or 2 . From the distance between the diffraction 
lines and from their intensities it is possible to determine interplane distances d hkl . 

In  the  KFKL X-ray  laboratory  a  Bragg-Brentano  geometry  (see  Fig.27)  –  one  of  the 
focusing technics and a variant of Seeman-Bohlin geometry – is used but with the variable radius of 
the  focusing  circle  (according  to  the  sample  orientation  to  the  main  axis).  Bragg-Brentano 
convention  geometry  is  the  geometry  where  the  symmetric   - 2  scan  and  the  divergent 
monochromatic primary x-ray beam are used and the information  is gained  from the crystallites 
with crystalographical planes (hkl)  parallel to the sample's surface. 

Figure 27: Bragg-Brentano parafocusing geometry

This method is applied to diffractometers with photon counters and sequential measurement 
of the diffraction pattern.

In this geometry, there must be a detector and an x-ray source situated on the same circle – 
then the focusing condition is fulfilled. This is realized when the sample surface is tangential to the 
focusing circle and the normal vector of the sample bisects the angle between directions from the 
centre  of  diffractometer  to  the  source  and  to  the  detector  (this  is  the  main  Bragg-Brentano's 
principle distinction).

The advantage  of  this  geometry  is  mainly in  the  very simple  practical  realization  - the 
diffraction  pattern  is  registered sequentially  from  one  angle  to  the other.  The  difference 
between this method and the Debye-Scherrer method is that all reflections are simultaneous but 
only one of them can be well focused. The reflection is focused when the angle between the sample 
surface and incident and diffraction rays are equal (parafocusing effect of the flat specimen).

In an agate mortar the sample  is pulverized to a fine powder with  the size of  the  grains 
measuring about 10-5-10-7m. The fine powder is necessary to have a lot of crystallites with different 
orientations. Afterwards the sample of fine powder is put on a glass and placed in the centre of the 
device, tangential to the focusing circle. The sample is rotating with an angular speed   and the 

36



detector is moving about the same axis with a angular speed 2 (symmetric diffraction). This ratio 
can be easily fulfilled in a diffractometer where gearing is possible or in a diffractometer with worm 
transmission.

Diffracted rays are focused on the circle with the radius equal to the distance from the main 
axis of goniometer to the x-ray source. Incoming x-ray radiation is monochromatic and as  stated 
above  it  is  possible  to  determine  the  interplane  distances  from  the  radiation  of  the  known 
wavelength.  We  get  information  from  different  grains  for  different  hkl because  we  see  the 
diffraction only from the planes hkl which obey the diffraction condition for  . 

The result  of this  measurement  is  a  diffractogram which shows dependence of  detected 
radiation intensity on the angle 2 . Peaks (maximums of intensity) can be seen corresponding to 
the diffraction lines on the debeygram. It can be said that a diffractogram is the one dimensional 
slice of the diffraction image.

Because monochromatical radiation is necessary for this experiment we have to decrease the 
intensity of the incoming radiation and instead we use the most intensive parts of the tube spectrum 
(dublet Kα1, Kα2). These lines are so close to each other that diffraction is split only for bigger 
angles  (low  interplane  distances).  It  is  also  possible  to  use  the  splitting  for  measurement 
improvement. Other parts of the radiation are suppressed by absorbtion filters and monochromator. 
Mainly the Co, Cu and Mo x-ray lamps are used for measurement. The most used lamp is a Cu one 
(Kα1-1,54.10-10m). The radiation of the lamp must not evoke its own emission of the x-rays in the 
sample  (it  causes higher  background).  Crystals  with  low  symmetry  or  big  cells have  many 
diffraction  lines  whose numbers can  be  lowered  by  using  a  lamp  with  longer  wavelength 
[11,12,13,62].

4.2.2 Diffractogram evaluation

Much information can be gained about a given compound from the diffractogram. Its two 
most  important  characteristics  are –  peaks' position  and  integral  intensities.  Using  the  peaks' 
positions  we  can  determine  lattice  parameters, crystal  lattice  geometry  and  perform  the  phase 
analysis.  The structure of crystal  lattice and  the  symmetry of crystal can be solved  with use of 
integral  intensities.  Beyond  these  basic  characteristics,  it  is  also  possible  to  determine size  of 
coherently  diffracting  areas  and  defects  of  crystal  lattice  by  using  FWHM  (full  width  at  half 
maximum). Profile parameters of the diffractogram can show particle size, distiribution and defects. 

From the symmetry of the diffraction image, it is also possible to determine the symmetry of 
the crystal  on the Laue group level.  11 Laue groups correspond to  11 centrosymmetrical  point 
groups.  In the diffractogram  there is the center of symmetry and it is  not possible to distinguish 
point groups which differ only with center presence.

Before finding the searched  parameters, some corrections must be done. It is possible to 
make direct analysis or approximate the record by some analytical functions.

Direct analysis is used when we can select the background perfectly, which is only possible 
when the background is measurable on both sides of the profile. First, it is necessary to separate 
background, which can be done for areas where the background can be approximated by the same 
analytical  function  on  both  sides  of  peak.  Afterwards,  the  correction  for  dublet  must  be  done 
(meaning to separate the line Kα2 - sometimes it can be done only by substracting intensity of the 
profile  from the  lower  angle's  side).  Another  correction  is  the  correction  for  angle-dependent 
parameters. When we have a low number of pulses, it is necessary to smooth the data. After these 
corrections, it is possible to determine parameters from the definition – integral intensity can be 
determined by numerical integration, peak's position and width from the second derivation. 

The  second  method  –  approximation  by analytical  function  –  is  used  when  diffraction 
profiles  are  overlapped.  This  situation is  common for  highly defect  materials,  fine powders,  or 
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matter with the lower symmetry without shape or big unit cell. Gauss and Cauchy functions are 
used  for  this  approximation which lack the  shape factor,  hence Pearson,  Voigt  (convolution of 
Gauss and Cauchy functions) or Pseudo-Voigt (sum of Gauss and Cauchy functions) functions are 
better for x-ray record approximation.

It is very important to exactly determine the position of maximal values (peaks). This can be 
done by many different methods – for example by using graphical program, insetting function in 
maximum, counting the position of the gravity-center, finding the  second derivation' minimum or 
from the first parameter of the analytical function used for the fit.

Indexation means that we assign diffraction indices to diffraction lines. Different ordering of 
indices  correspond  to  different  interplane  distances.  In  powder  diffraction  method,  all  sets of 
equivalent planes are represented by one diffraction indices.

To determine lattice parameters, we need at least as many positions of diffraction maximas 
as the number of independent lattice parameters for  any  given lattice. It is useful to measure as 
many parameters with higher diffraction angles as possible.

Databases of diffraction and structure data (PDF – powder diffraction file)  are also very 
useful.  These databases contain diffractograms characterized by interplane distances d hkl , relative 
intensity I / I 1  and diffraction indices hkl [11,12].

4.2.3 Laue method

For determination of the single-crystal's orientation, there are many methods. For example, 
precession method, Weissenberg method or Laue method  [13].  In all these methods, we get the 
image of the reciprocal lattice. This image can be colapsed and distorted. For example, in precesion 
method, the image isn't distorted nor colapsed, on contrary, in Laue method, the image is distorted 
and colapsed. I have been using the Laue method for my measurement, which is historically the 
oldest method, and is based on a fixed crystal and a variable spectrum of wavelength.  The x-ray 
source should have a very wide spectrum (approximately 0.2-2Å).  There are two different variants 
of the Laue method – white light can be transmitted through, or reflected from, the fixed crystal. 

After diffraction on the crystal, the beams form an array of spots. These spots are lying on 
curves (hyperbolic ones) and each curve corresponds to a different wavelength. This is because we 
have the white light and when incoming to planes, only discrete wavelengths   which satisfy the 
Bragg condition for the values  d and  are involved. Reflections from one zone (set of planes 
which satisfy the Bragg condition for the given wavelength) are lying on the surface of the cone (its 
axis is the zone axis) and when they intersect the film, they form a curve, which is recorded. 

The symmetry of spots corresponds to the crystal symmetry.
In a KFKL X-ray laboratory, back-reflection Laue is used. In this ordering, the film (imaging 

plate) is placed between the crystal and the x-ray source  (which is in our case Cu or Co lamp). 
Reflected beams are recorded on the film.(see Fig.28)

Figure 28: Back-reflection Laue
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The spots are indexed with a view to their position, and afterwards, crystal orientation can 
also  be determined. For indexing spots, the special Greninger chart  is used  in the case of back-
reflection ordering [63].The crystal orientation is given by using a goniometer head which enables 
us to rotate the crystal in all directions.

Laue method is also used when determining whether or not we have single-crystal. When the 
sample is polycrystalline, we only see coaxial circles. When we have an imperfect crystal, then the 
spots are big and fuzzy. When the crystal has some mozaicity, then we see instead one spot more of 
them (see Fig.29). 

The  resulting  image  is  called  lauegram  [10].  When  using  the  photographic  paper,  the 
duration of exposure is approximately ¾ hour and afterwards it is necessary to develop the image. 
But nowadays in  the KFKL laboratory,  we  primarily use imaging plates and the measurement is 
much quicker (5-30 minutes of exposure) and easier (no photograph developing).

Lauegram of NdNi4Si on the imaging plate can be seen in the Fig.29. When measuring the 
compounds with nickel, it is necessary to use aluminium foil to suppress the phosphorescence of the 
sample. 

Figure 29: Pilot lauegram of NdNi4Si

4.3 Thermal analysis

4.3.1 Specific heat measurement (PPMS)

PPMS (Physical Property Measurement System) is a device for measuring many different 
physical and thermodynamical properties of a sample dependent on the temperature and magnetic 
field (see Fig.30). One of them is heat capacity at constant pressure where control heat is added to 
and afterwards removed from a sample while monitoring the resulting change in temperature. 
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Figure 30: PPMS – probe

One cycle of measurement consists of two phases – at  first,  a  known amount of heat  is 
applied  for a fixed time  followed by a  cooling period of the same duration.  During the second 
period, the thermal relaxation is studied. This is why this method is called  “relaxation method”. 
From the thermal relaxation we are able to determine the specific heat of the sample for the given 
temperature [64].

The apparatus enables us to measure detailed dependence of heat capacity in  a  magnetic 
field.   KFKL MFF UK together with FÚ AV ČR operate two PPMS devices – one with 14T and the 
other with 9T superconducting magnet.

From this measurement we can get the information about lattice, electronic and magnetic 
properties.  When the temperature is  well  below the Debye temperature than the electronic  and 
magnetic  energy  levels  are  earned  and  this  provides  a very  good  comparsion  of  theory  and 
measurement (contrary to electrotransport measurement as resistivity). Also  with this technic it is 
very necessary to measure heat capacity for the right thermal design of devices.

A sample of 5-10 mg is mounted to the platform by using a thin layer of conducting grease 
to provide a thermal contact. To the bottom side of the sample platform is also attached a heater and 
thermometer  (by  lead  contacts)  with wires  providing an  electric  and  thermal  connection.  The 
sample is fixed in the holder -  “puck” connected to the software which monitors and assesses the 
entire experiment. Therefore, all the measurements are fully automated (see Fig.31).

Figure 31: PPMS – sample's chamber [65]

Sufficient vacuum is reached by using a PPMS Turbo pump or a Cryopump High-Vacuum. 
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The puck is dominated by conductance of the wires while they are connected to the thermal bath.  
The measurement is with temperatures ranging from 1,9K up to 400K while many different 

time constants (from seconds to many minutes)  are used during the measurement. The speed of 
measurement is within the range 0,01-6K/min. During the experiment there is a very high vacuum 
10-5 torr  described  by “two-tau  model”  [64].  This  model  is  used  when the  thermal  connection 
between the sample and addenda is poor. Contrary to the simple model, two time constants are used 
and the total specific heat is counted as the sum of platform and the sample specific heat. These two 
time constants are dependent on thermal conductance of the wires, thermal conductance between 
the sample and platform, sample specific heat and platform specific heat. These two specific heats 
can be determined using the following formula:

C platform

dT p

dt
=P t −KwT pt −T bK g T st −T pt  (42)

C sample

dT p

dt
=−K g T st −T pt  (43)

( K w –  thermal  conductance  of  the  wires,  K g –  thermal  conductance  between  the  sample  and  a 
platform, T s  – temperature of the sample, T p – temperature of platform, T b – temperature of thermal bath, 

P t  – power applied by the heater (is equal to zero during the cooling period))

For very small samples also addenda heat must be considered and first measured without the 
sample (only with apiezon grease) to be compared with the final measurement of the sample [64].

4.3.2 Dilatometry

Dilatometry is  a measurement of the thermal expansion of solids.  This thermoanalytical 
technique  measures  expansion  or  shrinkage  of  material  over  a  controlled  temperature  regtime. 
Dilatometry can be used for measuring wide area of materials. From metals and powders to glass, 
pastes or ceramics. 

Through measurement  many important  properties  of  materials  are  earned.  For  example 
linear  thermal  or  volumetric  expansion,  determination  of  the  coefficient  of  thermal  expansion 
(CTE),  phase  transitions,  kinetic  studies  or  density  of  the  material  can  be  measured.  These 
properties are necessary for using materials in practical life such as traditional ceramics and glass 
industries and also give us unsubstitutable information about processes inside materials.

My dilatometric  measurement  was  done  using  the  microdilatometric  cell  [66] specialy 
modified for PPMS apparatus. This microdilatometer measures thermal expansion using the change 
of  capacitance  and  insert  for  the  torque  magnetometer  is  also  adjusted  to  allow  simultaneous 
measurement of the cell's temperature and capacitance. 

Microdilatometric cell was primarily design for a study of the magnetic phase transitions in 
the intermetallic rare earth compounds (when having only small single-crystal). The size of the cell 
is  minimized  using  the  tilted  plane  principle  and  therefore  the  sample  size  is  restricted  to
3x3x3 mm3 .  The sample must have two parallel planes which have been sanded well.

The relation between temperature dependent capacitance C(T) and 
 l
l  is given by the 

following formulas: 

C T =2
0

d T  A0T 
1−1−0

2T 
0

2T 
−AiT 

1−1−i
2 T 

i
2T   (44)

0, i=
r0, i

b k T 
d

T −1
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k T =k T 01 l
l Ag lit

T 
A0,i T =A0,iT 01 l

l 
Ag lit

T 
2

( C T  –  temperature  dependence  of  capacitance, d T  –  gap  between  capacitor  plates 
(length change of the sample), k – pivot distance, b – distance between pivot and sample, 0  – 
vacuum  permitivity, A0 , Ai –  area  of  capacitor  plate  bounded  by  radius r 0 and r i , 0, i – 
parameters describing the geometry of the cell, T 0 -reference temperature)

This system of equations must be calculated numerically and also the contribution of the cell 
“zero-signal” must be substracted [66,67].

 In Fig.32 and Fig.33 you can see the scheme of the apparatus.

Figure 32: Capacitance cell Figure 33: Scheme of capacitance cell 
– light gray (Ag), black (support), dark gray (sample) 

By the dilatometric measurement only the structural properties of the sample were studied 
(the thermal expansion of the sample was measured).

 4.4 Magnetization and susceptibility measurement (SQUID)

Magnetization  and  susceptibility  measurement  can  be  done  on  the  Quantum  Design 
apparatus MPMS which is operated by KFKL MFF UK together with FÚ AV ČR. 

MPMS apparatus  uses  a  SQUID technology  to  determine  the  magnetic  moment  of  the 
sample [21].

A sample of approximately 40 mg is fixed by nonmagnetic glue in an ampule and then fixed 
in a plastic tube by little pieces of polystyrene. It is necessary to place the sample exactly in the 
middle. This plastic tube is put on the sample holder and then placed into the MPMS apparatus with 
the sample centreed by using a program and dc susceptibility. 

During the measurement, the sample is moved along  an  axis through the superconducting 
liquid helium cooled ring while the squid sensor reads the signal in several steps. This system can 
detect magnetic moment with the sensitivity 10−6 Am2 up to 5T.

In the figure below you can see the scheme of the MPMS apparatus and the real fotographs 
of the MPMS apparatus and the sample holder [68].

Ac-susceptibility in my measurement was measured in the temperature range 0-300K and 
magnetization  curves  were  completed  using 3  different  temperatures (below,  above  and  in  the 
middle of the phase transition).
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Figure 34: MPMS apparatus

Magnetization (dc-susceptibility) was measured for all studied compounds below, above and 
approximately  at  the  transition  temperature.  Arrott  plot  representation  of  magnetization  curves 
(dependence M2 to B/M) is  used. It  is  possible to determine the type of the magnetic ordering 
(ferromagnetic or antiferromagnetic) from the shape of the curves.
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5 Results  and discussion

5.1 Structural analysis of the RNi4Si compounds

After preparing polycrystalline sample part of the material was separated for the further x-
ray identification.  This part  was pulverized in the  mortar under the aceton atmosphere and was 
placed on the glass which was put into the apparatus. Structure analysis was done using the Seifert 
apparatus  for powder diffraction.  This  analysis  enables us to determine the structure and phase 
composition.  Diffraction patterns have been indexed using the  DicVol04  [69]. From this indexed 
diffraction pattern space group has been obtained using the systematic extinction rules and structure 
has been determined by Le Bail procedure [70]. 

For all  RNi4Si we had been initially expecting that the structure will be hexagonal CaCu5-
type as for PrNi5 structure [23,24].

For RNi4Si (R= Pr, Nd, Sm, Gd, Er, Dy, Ho) diffractogram I haven't been able to index the 
diffractogram in the P6/mmm structure. Finaly, an ordered orthorhombic structure with the space 
group Cmmm, has been found (see Fig.35), contrary to [57].

Figure 35: PrNi4Si (RNi4Si) orthorhombic structure (space group Cmmm)

To  verify this  result  I  have  prepared  two  different  polycrystalline  samples  for  PrNi4Si 
compound and powder diffraction was performed once again. These two measurements are in the 
very good agreement. Diffractograms for both samples are shown in the Fig.36(1.and 2.sample). 
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Figure 36: Diffractogram for the 1.and 2. PrNi4Si sample 
Values for both samples are slightly different because of the background, but diffraction maxima are in  
the very good agreement.

Structure  of  orthorhombic  RNi4Si  is  described  in  the  Table  6.  Comparsion  of  lattice 
parameters  of  RNi4Si  compounds  can  be  seen  in  the  Table  8.  In the  Fig.37 you  can  see  the 
dependence of the lattice parameters and the volume on the atomic number of the rare earth  with 
significant lanthanide contraction. 

Table 6: RNi4Si orthorhombic structure

Element
Group symetry

Crystalographic position
Cmmm (65)

Fraction coordinates
R-ion 2a 0 0 0

Ni 4f 1/4 1/4 1/2
Ni 4i 0 X 0
Si 2c 1/2 0 1/2

Where Ni y-fraction coordinate (in  Table  6 sign as X) for different  RNi4Si compounds is 
listed below in Table 7.

Table 7: Ni y-fraction coordinate  for different RNi4Si compounds

R-ion Ni y-fraction 
coordinate

Pr 0,338(2)
Nd 0,333(5)
Sm 0,339(5)
Gd 0,350(5)
Dy 0,324(5)
Ho 0,327(5)
Er 0.289(5)
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Table 8: Lattice parameters comparsion for the selected RNi4Si compounds
R-ion a [10-11m] b [10-11m] c [10-11m] V

Pr 5,136(1) 8,339(1) 3,976(1) 170,3(1)
Nd 5,110(1) 8,329(1) 3,972(1) 169,07(9)
Sm 4,918(1) 8,461(1) 3,980(1) 165,61(9)
Gd 4,963(1) 8,298(1) 3,951(1) 162,71(9)
Dy 4,813(1) 8,541(1) 3,950(1) 162,38(9)
Ho 4,899(1) 8,380(1) 3,930(1) 161,33(9)
Er 4,898(1) 8,336(1) 3,961(1) 161,72(9)

Figure 37: Lattice parameters and total volume of RNi4Si compounds: 
RE  elements  indicates  the  R-ion  included  in  the  compound,  the  lanthanide  contraction  is  the  most  
significant in the lattice parameter a and the least significant in the lattice parameter b

5.2 Specific heat study of the RNi4Si compounds
5.2.1 RNi4Si

Zero-  field  specific  heat  was  measured using the PPMS apparatus  by relaxation method 
which has been described above. About 10 mg of the polycrystalline sample was burnished and then 
put into the apparatus. Measurement was performed in the temperature range 2-300K. 

Magnetic phase transition was observed on the specific heat data of every sample beyond the 
PrNi4Si. For PrNi4Si no indication of magnetic ordering was found. 
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In  the  Fig.38 can  be  seen  low-temperature  dependence  of  the  specific  heat  for  RNi4Si 
compounds. For PrNi4Si no phase transition occurs, for other compounds phase transition is very 
clear.

Figure 38: Specific heat measurement of the RNi4Si compounds

In the next table the temperatures of the phase transition for different RNi4Si compounds are 
listed.  This dependence is  shown also in the  Fig.39.  The dependence is  as we assumpted very 
similar to the dependence of the de Gennes factor (see Fig.6). 

Table 9: Temperatures of the phase transition 
for the RNi4Si compounds

R-ion T[K]
Nd 8,1(2)

Sm 13,0(2)

Gd 23,6(2)

Dy 12,0(2)

Ho 6,4(2)

Er 7,6(4)

Figure 39: Temperatures of the phase 
transition for the RNi4Si compounds

Low-temperature specific heat has been analysed as a sum of the magnetic, electronic and 
phonon  contributions.  For  electronic  contribution  the  relation  in  the  (15)  form was  supposed. 
Phonon specific heat has been calculated using the procedure described in the chapter 2.5. total 
specific heat has been found using the formula (21) with the anharmonicity corrections. To simplify 
the calculations some of the optical branches have been grouped into the degenerated one. 

In figures below there is specific heat of RNi4Si compounds in comparsion with the best fit. 
The insets show the magnetic part of specific heat (Cmag, CSch – fit to the Schottky formula(17)) and 
magnetic part of entropy (Smag, Ssch – entropy calculated from the fit to Schottky formula) for these 
compounds.
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Figure 40: PrNi4Si compound - specific heat analysis

Figure 41: NdNi4Si compound - specific heat analysis: 
For the fit of specific heat only the temperature range 10-150 K was used
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Figure 42: SmNi4Si compound - specific heat analysis

Figure 43: GdNi4Si compound - specific heat analysis
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Figure 44: HoNi4Si compound - specific heat analysis

Figure 45: DyNi4Si compound - specific heat analysis
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Figure 46: ErNi4Si compound - specific heat analysis

For  electronic  contribution  coefficients   from the  formula  (15)  have  been  calculated. 
These coefficients for RNi4Si compounds are presented in the Table 10 below. 

Table 10:  coefficient for RNi4Si compounds
Compound  [mJ/mol.K2]

PrNi4Si 7±1

NdNi4Si 16±1

SmNi4Si 76±5

GdNi4Si 80±20

DyNi4Si 95±2

HoNi4Si 23±5

ErNi4Si 25±5

The best fitting parameters for phonon specific heat are presented in the  Table  11. These 
coefficients have been calculated using the simplex method. 

Phonon spectrum of RNi4Si compounds consists of 18 branches – 3 acoustic and 15 optical 
ones.  
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The Schottky  formula  together  with  non-magnetic  fit  was  used  above  the  ordering 
temperature  (17) to  describe  the  ground-state  multiplet  of  the  trivalent  R ion.  Ground  state 
multiplets of R3+ ions (see Table 3) are split by orthorhombic crystal field into separate levels. The 
number and degeneracy of these levels are listed in the Table 12 below. This table also contains the 
best fit values. The levels are also shown in the Fig.47. These values are very parameters-dependent 
and the error can reach up to 10%. It would be very helpful to have the nonmagnetic analogue. 

From magnetic part of the RNi4Si specific heat was calculated magnetic entropy Smag using 
numerical integration Cmag/T. Magnetic entropy in the limit reaches the value Rlnn (this value for 
room temperature matches the entropy of the n-level system (18)). In the Fig.40-46 there are fits of 
magnetic part of specific heat (Cmag, CSch) and magnetic part of entropy (Smag, Ssch) for RNi4Si. 

Figure 47: Schottky levels for the RNi4Si compounds: 
Separate levels for different compounds, 2 - dublet.
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Table 12: Splitting of R3+ ground states in orthorhombic crystal field: 
n – number of levels, d – level of degeneracy (s-singlet, d-dublet), ∆i – temperatures of split levels

Compound PrNi4Si NdNi4Si SmNi4Si GdNi4Si DyNi4Si HoNi4Si ErNi4Si

Ground state 3H4
4I9/2

6H5/2 8S7/2
6H15/2

5I8
4I15/2

n 9 10 6 8 16 17 16

d ∆i  [K] d ∆i [K] d ∆i [K] d ∆i [K] d ∆i [K] d ∆i [K] d ∆i [K]

s 0 d 0 s 0 s 0 d 0 d 0 d 0

s 61 d 47 s 13 s 130 d 24 s 220 d 160

s 87 d 140 s 315 s 315 d 90 d 580 d 315

s 441 d 225 s 320 s 485 d 166 d 720 d 680

s 444 d 305 s 325 s 540 d 282 d 740 d 700

s 452 s 330 s 665 d 290 d 760 d 740

s 460 s 685 d 300 d 840 d 769

s 461 s 720 d 310 d 100 d 780

s 475 d 1200

5.2.2 NdNi4Si

For NdNi4Si two magnetic phase transitions have been observed – one for about 8K and the 
second  for  about  6K  which  is  probably  corresponding  to  the  order-to-order  magnetic  phase 
transition. This can be seen in the Fig.48 below. These phase transtions can be seen as well in the 
next chapter where ac-susceptibility measurement for NdNi4Si compound is described.

Figure 48: Low-temperature specific heat of NdNi4Si 
T1-magnetic phase transition (paramagnetical state – ordered state), 

T2 – order-to-order magnetic phase transition
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Very interesting is the dependence of the NdNi4Si specific heat for higher temperatures. This 
will be discussed in detail later on. 

5.3 Magnetization and susceptibility study

For polycrystalline samples also the magnetization and  ac-susceptibility measurement was 
performed.  The  ac-susceptibility  measurement  was  performed to  determine  the  magnetic  phase 
transitions.

5.3.1 Magnetization

Magnetization curves (dc-susceptibility) were measured for all studied compounds below, 
above  and  at  the  transition  temperature.  Arrott's  plots  were  calculated  showing  that  for  some 
compounds  it  would  be  necessary  to  measure  at  higher  temperatures  to  get  the  paramagnetic 
behavior. 

Magnetization curves for all compounds are shown in Fig.49. 

1. 2.

3. 4.
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5. 6.
Figure 49: Magnetization measurement of the RNi4Si compounds - 

1.-NdNi4Si, 2.-SmNi4Si, 3.-GdNi4Si, 4.-DyNi4Si, 5.-HoNi4Si, 6.-ErNi4Si
Magnetization curves were measured for 2-3 different temperatures, Ms - measured saturated magnetic  

moment

The saturation magnetization of NdNi4Si doesn't match the expected value of the free Nd3+  

ion  saturation  magnetization  (see  Table  3).  The  measurement  was  performed  on  the  ideal 
polycrystal. In a metallic environment the 4f ground state of the R3+ ion is split into separate crystal-
field  levels.  The  discrepancy between the  saturation  magnetization  of  the  R3+ free  ion  and the 
measured value (shown in the Fig.49) is  caused by the interaction with the crystal  field which 
removes the degeneracy of the low-temperature split ground state levels in these compounds [71]

In order to determine the type of the magnetic ordering, Arrott's plots (dependence of M2 on 
H/M)  were  used.  These  plots  are  presented  below  in  Fig.50.  The  result  is,  that  all  measured 
compounds are ferromagnets below the transition  temperature. From these plots it can be seen that 
all studied systems are highly anisotropical. 
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5.

Figure 50: Arrott's plots of RNi4Si compounds: 
1.-NdNi4Si, 2.-SmNi4Si, 3.-GdNi4Si, 4.-DyNi4Si, 5.-HoNi4Si

5.3.2 Susceptibility

This measurement was done on fine fixed powder. The ac-susceptibility was measured in a 
zero external magnetic field. The driving field  was set at the amplitude 250 A/m  using different 
frequencies.  Below in the Fig.51 temperature dependence of the real part of the ac-susceptibility of 
RNi4Si compounds is shown for different frequencies of the driving field. 
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5. 6.
Figure 51: Ac-susceptibility of RNi4Si compounds: 

1.-NdNi4Si, 2.-SmNi4Si, 3.-GdNi4Si, 4.-DyNi4Si, 5.-HoNi4Si, 6.-ErNi4Si
Ac-susceptibility  was  measured  at  2-4 driving  fields' frequencies  (including  100Hz  and  1000Hz 
frequency). All  measured  compounds  show  the  same  behavior  apart  of  the  GdNi4Si,  which  is  less  
anisotropical than the other highly anisotropical RNi4Si compounds. In all dependences there can be seen  
one frequency-independent peak (indicating a phase transition), for NdNi4Si and ErNi4Si also another  
(frequency-dependent) peak is present.

For NdNi4Si can be seen that there is the frequency-independent peak at 8K and  another 
peak  which  is  temperature-dependent  at  6K.  This  is  in  agreement  with  the  specific  heat 
measurement which showed the two phase transition (see Fig.48). We also know from Arrott's plots 
which  have  been  obtained  from  magnetization  measurement  that  NdNi4Si  is  ferromagnet. 
Conclusion from these measurement  is  that  NdNi4Si is  ferromagnet  below TN=8K and there  is 
another order-to-order magnetic phase transition at T1=6K. This can mean that below 8K is NdNi4Si 
“soft” ferromagnet (with some  unalignment of magnetic moments) and below 6K is the “hard” 
ferromagnet with all magnetic moments aligned.

5.4 Investigation of the intermediate-temperature phase of NdNi4Si

The specific heat measurement of NdNi4Si shows very interesting behavior for temperature 
above 150K. When increasing the magnetic field, nothing changed  (transition did  not move (see 
Fig.52)). Therefore, we observed structural transition, not magnetic transition.  This was why we 
decided to study this sample further.

Figure 52: NdNi4Si specific heat for temperature above 100K (0 and 2,5T)
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First, temperature dependent structure measurement for 150-300K with the step 10K  was 
performed.  Results  of  this  measurement  can  be  seen  below  in  Fig.53.  It  is  clear  that  the 
diffractograms are in very good  agreement and no change of the structure occures for this range of 
temperatures.  Lattice  parameters  have  been  calculated  from  these  diffractograms  and  their 
temperature dependence can be seen in Fig.54. There is only a little change of the sample volume at 
about 150K which can be caused by the change in the fractional coordinates. 

Figure 53: Temperature dependence of the NdNi4Si structure 

Figure 54: The evolution of the lattice parameters in NdNi4Si compound within the temperature 
range 150-300K: small structure anomaly at about 150 K
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More  proper  measurement  was  performed  in  which the  temperature  dependence  of  the 
structure  was measured  for wider range of temperatures  along with the use of the half step when 
changing the temperatures. Because of detector's problems, the new measurement was unclear for 
the significant temperature range (70-150 K) and the values were irrelevant. Anyway it is obvious 
that no big structure changes occure. 

We continued with dilatometric measurement (described in the chapter 4.3.2). The result of 
this measurement is shown below in  Fig.55. The measurement is relevant from 75K up to 350K. 
For lower temperatures, the different slope of a curve is caused by the apparatus. It is obvious that 
between  230-270K,  some  structure  transtion  occurs.  This  anomaly  is  present  at  different 
temperature than the anomaly for the temperature dependent structure measurement (there was an 
anomaly at about 150 K). This motivates us to consider the  possibility that  there are different 
structural transformation for these two temperatures ranges.

Figure 55: Dilatometry measurement:
significant structure transition between 230-270 K

I  repeated the specific  heat  measurement for different sample and there were quite big 
differences but the effect didn't disappear. This new sample was the part of the polycrystalline ingot 
prepared in the triarc by Czochralski method having enough time to thermal relaxation. The effect 
occurs at the same temperature for both samples but for the slowly cooled sample is less significant, 
persists to the higher temperature and the anomaly at  about 260 K is  absent  (see  Fig.56).  It  is 
obvious that observed structure transition is highly dependent on the thermal history of the sample. 
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Figure 56: NdNi4Si specific heat for temperature above 100K: 
Comparsion of  as-cast  (prepared in  the mono-arc) and slowly cooled down sample (prepared in  the 
triarc).  The  effect  occurs  at  the  same  temperature,  for  slowly  cooled  sample  persists  to  the  higher  
temperatures but the anomaly at about 260 K is not present. 

The origin of this effect isn't still clear but we can speculate that the  origin of the effect 
comes from some some additional degrees of freedom due to the structural instability.

5.5 Trials to prepare single-crystals of NdNi4Si and PrNi4Si

In the magnetic and structure measurement of NdNi4Si compound, we found very interesting 
behavior.  We  decided  to  study  this  sample  further  but  use  of  a  monocrystaline  sample  was 
necessary. 

First, we tried to gain the single-crystal by Czochralski method (described in chapter 4.1.2). 
We  tried  it  three  times  but  we  were  unsuccessful.  It  was  obvious  that  the  sample  tended to 
crystallize but only some big grains were formed. I have been unable to separate these grains from 
each other to use them for further measurement. To determine whether or not is the sample single-
crystal we have used the Laue method (described in chapter 4.2.3). 

The results  were very similar to  the PrNi4Si sample  which tended to crystallize  without 
forming a single-crystal. The material also seemed to be incongruent.

After these several unsuccessful attempts we decided to try an optical furnace which can be 
more helpful when working with incongruent materials. This method is closely described in chapter 
4.1.2. Preparation of the NdNi4Si single-crystal in an optical furnace verified that that this material 
is incongruent – with a solid surface and melted liquid inside – causing part of the material to run 
out. Anyway all sample pulling passed without any other difficulties. 

Because the sample after crystal growing was not very long we have not been able to find 
out whether or not it was single-crystal we would have needed to have destroyed the sample but we 
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wanted to continue with SSE measurement. SSE measurement is described in chapter  4.1.2. The 
longer the sample, the better this measurement. For this reason we decided not to look up whether 
or not it was single-crystal and we put it straight into the vacuum chamber.

In the vacuum chamber we let it for few weeks and when the resistance of the sample was 
very low we took it out. 

Now Laue method was used to determine the quality of the crystal. The results for NdNi4Si 
and PrNi4Si compounds can be seen in the Fig.57 and Fig.58. 

Figure 57: PrNi4Si “pseudo-single-crystal”

Figure 58: NdNi4Si “pseudo-single crystal” lauegram

For both samples mozaicity with a hexagonal symmetry of splitting was found. Mozaicity 
can be caused by the closeness of  RNi4Si compounds' orthorhombic structure and the hexagonal 
structure of other RNi5 compounds and its substitutions.  
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However, the sample enables us to extract pseudo-single-crystal grain. After orientation of 
this grain it will be also possible to measure some anisotropic properties (magnetic measurements) 
because  the  split  grains  are  very  close  in  an  angle.  Any  other  measurements  have  not  been 
performed because the pseudo single-crystal with the sufficient quality was prepared recently.  I 
have not been able to prepare ideal single-crystal yet. 
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6 Conclusion
The aim of my work was to study series of intermetallic compounds with general formula 

RNi4Si.  For  all  these compounds orthorhombic structure  (space group Cmmm)  was found with 
observant lanthanide contraction.  The lanthanide contraction is the most significant in the lattice 
parameter  a and the least significant in the lattice parameter  b  (see Fig.37). The crystallographic 
positions are listed in the  Table 6 and 7.  Lattice parameters comparsion can be seen  in the table 
below. 

Table 13: Lattice parameters comparsion for the selected RNi4Si compounds
R-ion a [10-11m] b [10-11m] c [10-11m] V

Pr 5,136(1) 8,339(1) 3,976(1) 170,3(1)
Nd 5,110(1) 8,329(1) 3,972(1) 169,07(9)
Sm 4,918(1) 8,461(1) 3,980(1) 165,61(9)
Gd 4,963(1) 8,298(1) 3,951(1) 162,71(9)
Dy 4,813(1) 8,541(1) 3,950(1) 162,38(9)
Ho 4,899(1) 8,380(1) 3,930(1) 161,33(9)
Er 4,898(1) 8,336(1) 3,961(1) 161,72(9)

This  is  in  contrast  to  hexagonal  structure  of  parent  compounds  RNi5 and  other  similar 
systems. The modification of the structure is probably caused by the fact that the silicon atom is 
bigger than the nickel one. To verify structure measurement I have prepared samples by various 
methods and repeated structure measurement many times.

Specific heat measurement was performed  to compare the results with the phase transition 
temperature  dependence  of  rare  earth  elements  (de Gennes  factor).  Apart  of  PrNi4Si there was 
observant  magnetic  phase  transition  for  all  measured  compounds.  The  transition  temperature 
dependance of these compounds is in very good agreement with the de Gennes factor which can be 
seen in the figure below.

Figure 59: Comparsion of RNi4Si transition temperatures and de Gennes factor

Specific heat was analysed using a sum of the electronic, phonon and magnetic contribution 
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– best  fitting  parameters  are  listed  in  the  Table  10 (electronic  contribution),  Table  11 (phonon 
contribution) and Table 12 (magnetic contribution) and are presented in the Fig.40-46. 

The significant magnetic contribution was fully described by the Schottky formula.  These 
fits deal with the error up to 10% because we had no nonmagnetic analogue. The magnetic entropy 
was calculated and is approaching the expected free ion entropy which can be seen in the insets of 
the Fig.40-46. 

Magnetization  and  ac-susceptibility  for these  compounds  were measured.  These 
measurements were performed on the ideal polycrystals.

From magnetization measurement the type of the magnetization ordering was determined 
(using  Arrott's  plots)  with  the  conclusion  that  all  compounds  with  magnetic  ordering  order 
ferromagneticaly below the transition temperature. 

From ac-susceptibility  measurement  the  transition  temperatures  were  detected  using  the 
position of the frequency-independent peak (corresponding to the magnetic transition) which was 
present for all measured compounds. These transition temperatures are in very good agreement with 
the  specific  heat  measurement.  For  NdNi4Si  another  frequency-dependent  peak  was  found 
corresponding probably to an order-to-order magnetic transition (this peak is in the agreement with 
zero-field specific heat measurement) (see Fig.48 and Fig.51).

Specific  heat  measurement  of  NdNi4Si  compound  showed  also  another  structure  (field-
independent) transition at higher temperatures. Temperature dependence of structure was measured 
and evolution of the lattice parameters was calculated (see  Fig.54). There was found only small 
anomaly at about 150 K which is on contrary to dilatometric measurement which showed structural 
transition at 250 K. This pointed to that the type of the structure transition at 150 K and 250 K is 
different. The structure transition of NdNi4Si is also highly dependent on the thermal history of the 
sample. We can discuss that the origin of this structural transition can be in the change of fraction 
coordinates. A single-crystal would be very helpful in verifying this hypothesis. 

All polycrystalline samples were prepared using the mono-arc melting which is described in 
the chapter 4.1.1.

Trials to prepare single-crystals of NdNi4Si and PrNi4Si confirmed an incongruency of the 
materials. Two different methods for preparing single-crystal were used while both samples showed 
the high tendency to crystallization. To improve the quality of the sample SSE apparatus was used. 
The closeness of the orthorhombic and hexagonal structure is in this case that high that preparing 
high-quality single-crystal is nearly impossible because we deal with the high mozaicity (with the 
hexagonal symmetry) of the samples (see Fig.57 and Fig.58). 

The research of the  RNi4Si compounds isn't still completed and future continuation of this 
work is desirable. Mainly determining the origin of structure transition in the NdNi4Si compound is 
proposed. 
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