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1 Introduction

 In this thesis the intrinsic magnetic properties of RNi  (R = Pr, Nd, Gd, Tb, Dy, Ho, Er and5

Tm) are studied, with the emphasis on ErNi . Among the possible rare-earth and transition5

metal Ni compounds, hexagonal RNi  has a relatively simple structure. The material is5

isostructural with the RCo  compounds, which alloys show strong magnetic properties that5

eventually can lead to permanent magnet applications. Compared to the value of the Co
moment in these materials, the nickel moment is small and shows a small, or no anisotropy.
The existence of a wide range of RNi  compounds (the existence of PmNi  and EuNi  is5     5  5

unknown) makes them specially suited to study the magnetic behaviour of the different rare-
earth atoms in this system. 

A study of the intrinsic properties of anisotropic magnetic materials strongly depends on
the possibility to produce monocrystalline samples of good quality. The RNi  compounds all5

melt congruently and most of them can be grown to large monocrystalline batches. 
Although these materials are not directly suitable for application (except PrNi  which is5

used in low temperature adiabatic demagnetization cooling stages), the relative simplicity of
its crystallographic structure in combination with the small nickel moment opens the possibility
of describing the behaviour of the rare-earth in this material. The existence of RCo , which has5

more complicated magnetic contributions from the transition metal, enables comparative
studies between these two isostructural materials.

1.1 History

The crystallographic structure of the RNi  compounds was first studied by Wernick and Geller5

[1959]. The first reports of magnetic measurements appeared in an article by Nesbitt et al.
[1962]. They determined the magnetic moment of nickel as the difference of the spontaneous
magnetization measured and the theoretical value of the magnetic moment of the free rare-
earth ion. Bleany [1963] showed that the strong anisotropy in the magnetization of these
compounds can be ascribed to crystal field effects of the rare-earth atoms. The magnetic
structure of ErNi  and TbNi  was studied with neutron diffraction on polycrystalline samples5  5

by Corliss and Hastings [1963] and Lemaire and Paccard [1970]. They assigned, within the
accuracy of their measurement, a zero value for the moment of nickel. 

In 1965, Nowick and Wernick studied the effective field at the Dy atoms by Mössbauer
experiments. Comparison of the magnetic moments, found in these measurements and the
spontaneous magnetization extrapolated to 0 K yields a small nickel moment of 0.14 µ  perB

Ni atom, antiparallel to the dysprosium moment.  From paramagnetic resonance data Shaltiel
et al. [1964] and Burzo and Ursu [1971] derived a negative exchange interaction between the
gadolinium atoms and the conduction electrons. The resulting polarization leads to a small
reduction of the magnetic moment of gadolinium in GdNi . In 1976, Gignoux et al. studied5

monocrystalline GdNi  and YNi . YNi  was found to be a Pauli paramagnet enhanced by5  5  5

exchange. In GdNi , where the anisotropy is very small,  a polarization of 0.16 µ /Ni opposes5             B

the gadolinium moment and is attributed to the conduction electrons. 
Magnetization measurements in fields up to 15 T on monocrystalline material were

primarily studied at the Institute Louis Neél in Grenoble by Escudier et al. [1977] (ErNi ),5
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Gignoux et al. [1979] (TbNi  and HoNi ), Naít Saada [1980] (PrNi , NdNi , TbNi , DyNi ,5  5     5  5  5  5

HoNi , ErNi  and TmNi ), Gignoux et al. [1982] (TmNi ), Barthem [1987] (PrNi , SmNi ,5  5  5      5    5  5

GdNi  and TmNi ), Ballou et al. [1988] (SmNi ) and Barthem et al. [1989] (TmNi ). 5  5      5       5

Specific heat measurements were performed by Wallace and collaborators. The results were
published in several articles, Nasu et al. [1971] (LaNi , CeNi , PrNi , NdNi  and GdNi ), Craig5  5  5  5  5

et al. [1972] (PrNi ), Marzouk et al. [1973] (LaNi , CeNi , NdNi  and GdNi ) and Sankar et5      5  5  5  5

al. [1974] (DyNi , HoNi  and ErNi ). Later, specific-heat experiments were extended for5  5  5

LaNi  by Ohlendorf and Flotow [1980] and for PrNi  by Ott et al. [1976] and Sahling et al.5        5

[1982]. In the thesis of Naït Saada [1980] the specific heat measurements of PrNi , NdNi ,5  5

TbNi , DyNi , HoNi , ErNi  and TmNi  are presented. 5  5  5  5  5

In 1980, polarized neutron diffraction experiments on YNi  [Naït Saada 1980, Gignoux et5

al. 1981] revealed the induced magnetic moment of Ni on the two different sites in the
hexagonal structure. Inelastic neutron scattering measurement is another entrance to the
determination of the crystal field parameters [Andreeff et al. 1980, Alekseev et al. 1980,
Gignoux et al. 1982, Goremychkin et al. 1984, 1985b and 1985, Amato et al.1992].
  
1.2 Aim and outline of the thesis

The aim of this thesis is to characterize experimentally the intrinsic magnetic and
thermodynamic properties of the RNi  series of intermetallic compounds, and to interpret the5

experimental results in terms of a physical model. In this model crystal electric field
interactions and exchange interactions play a dominant role. 

Within this model we searched for a single parameter set for each compound explaining
simultaneously the magnetization, specific heat and susceptibility experiments. 

In this thesis we extended previous magnetization measurement. Magnetization
measurements in magnetic fields from 15 T to 38 T have been performed. The heat capacity
of the samples was determined with high accuracy. Of monocrystalline ErNi  we measured the5

heat capacity in magnetic fields up to 5 T. For the first time muon spin relaxation
measurements and muon Knight shift measurements were performend on several
monocrystalline samples. 

The possibility to grow monocrystalline samples of high quality at the University of
Amsterdam in the Czochralski tri-arc equipment enabled us to produce sufficient material for
all these experiments. After this introducing chapter the outline of this thesis is as follows. 

In chapter 2 we introduce the essential theoretical concepts to understand the experimental
data properly. The behaviour of the transition metal nickel in these compounds is described.
After treating the interactions of the rare earth, the molecular-field model is introduced and
the formulas necessary for the calculation are derived. The theoretical approach of the
description of different experimental data is discussed. 

Single-crystal growth, sample preparation and characterization are discussed in chapter 3.
The binary phase diagram of ErNi  and the crystallographic structure are introduced. The new5

stainless-steel tri-arc, where many of our crystals were grown, is described. A small problem
around the nomenclature of axes is resolved. 

Chapter 4 introduces the high-field installation of the Van der Waals-Zeeman Institute of
the University of Amsterdam and describes the magnetization measurement in this system. The
specific-heat measuring method is treated briefly. The muon experimental setup is described
and the different installations where we performed our experiments are introduced. 
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In chapter 5, ErNi  is presented as prototype system. For this compound the specific heat,5

the magnetization and the susceptibility have been measured. We present specific-heat
measurements in different magnetic fields. Inelastic-neutron scattering experiments are
performed to verify the energy level scheme. Additional muon experiments were performed
which represent new possibilities to analyse the magnetic behaviour. For ErNi  we deduced5

a set of parameters that can describe all measurements very well. 
For YNi , LaNi , PrNi , NdNi , GdNi , TbNi , DyNi , HoNi  and Tmni5, magnetization and5  5  5  5  5  5  5  5

specific heat measurements are presented and analysed in chapter 6.  For all these compounds
we give the crystal-field parameters and additional parameters describing our measurements.

In chapter 7, finally, the deduced values for the magnetic and crystal electric field
parameters are discussed in more detail and compared with the other parameters in the series.

1.3 Acknowledgement

The discovery of Nd Fe B in November 1983 has renewed the interest in 3d-4f intermetallic2 14

compounds in order to understand the outstanding magnetic properties of  these materials. In
1985 this interest initiated a special programme called Concerted European Action on Magnets
(CEAM) by the European Commission. More than 80 European institutes participated in this
programme and created a systematic study on magnetic materials that resulted in several
projects (CEAM-I, CEAM-II and CEAM-III). The present work has been part of the research
programme on Basic Interactions in Rare-Earth Magnetism (BIREM contract BREU-0068).
The BIREM programme started within the scope of the European Commission research and
technology development programme (BRITE/EURAM). The objective of the BIREM project
was to study the basic interactions that govern the electronic and magnetic properties of the
3d-4f intermetallic compounds. 
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(2.1)

2 Theoretical description of the RNi intermetallics5

2.1 Introduction

The intrinsic magnetic behaviour of the rare-earth (R) transition metal (T; here Ni), compounds
can be described theoretically within different models. It is reasonable and helpful to decompose
the system into two magnetically coupled sublattices: one associated with the R-ions and the other
with the Ni-ions. The magnetic moment of the 4f electrons in the rare-earth ion is considered to
be localized and is described in terms of concepts used in atomic theory. The 3d electrons of the
transition metal are itinerant and the resulting magnetic moment is described in a band structure
model. The Ni sublattice will be described, in paragraph 2.2, in a more phenomenological way
after having indicated the origin of the magnetic moment in transition metals. 

The rare-earth ions will be described with a hamiltonian for an atom in a solid 

The first term is the Coulomb hamiltonian, which represents the intra-atomic Coulomb and
exchange interactions. The second term, , , is called the spin-orbit hamiltonian and representsso

the interaction of the spin of the electrons with their own orbital moment. These phenomena  can
also be found in the free atom. , , is the hamiltonian of the crystal field interaction with thecf 

(surrounding) charge distribution. ,  represents the exchange interaction with surrounding atomsex

(these are the T-ions as well as other R-ions). In this single-ion hamiltonian it is described in a
molecular field approximation. , is the Zeeman term representing the response of the system toz 

an external magnetic field.

2.2 The 3d electrons of the transition metal 

The 3d electrons are in the outer part of the transition-metal atom. There is almost no screening,
although the 4s and the 4p electrons partially screen the 3d electrons from the surroundings. The
3d electrons interact directly with their environment and the ,  in eq. 2.1, now considered forcf

Ni, is dominant. In a rough comparison of  the energies of  the crystal field interactions, ,  (10 -cf 
3

10  K), and of the d electrons spin-spin exchange interaction ,  (10  K) this is clearly shown. As4           2
ex

a good approximation, only the spins of the 3d electron are considered, because the orbital
moments are quenched.

Metallic or itinerant-electron ferromagnetism has a nonlocal distribution of the electrons. This
is also a consequence of the large spatial extent of the 3d wavefunctions. These wavefunctions
show a strong overlap with neighbouring atoms. This leads to itinerant 3d-electron energy bands
rather than 3d energy levels. Magnetism of the 3d transition-metal can be described with band
models, among which the Stoner-Wohlfarth model is well known [Stoner 1938, Wohlfarth 1968].
The occurrence of a magnetic moment can be described by a picture where the 3d sub-band with
spin-up and the spin-down sub-band are unequally filled. The effective exchange interaction
between the 3d electrons can lead to spontaneous splitting as is the case for Ni metal.  
   In compounds of nickel with a rare-earth metal, the outer electrons of the rare-earth are only
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Figure 2.1 Selfconsistent Augumented Spherical Wave method (ASW) calculations of the
density of states (DOS) of YNi  (Coehoorn unpublished). Remark, that a high5

DOS at the E  indicates a not filled Ni(3d) band.F

(2.2)

(2.3)

partly transferred to the 3d-band [Buschow 1980]. The filling of the 3d-band is not complete, as
can be seen in a calculated density of states (DOS) of YNi  (selfconsistent ASW calculation by5

R. Coehoorn, unpublished), see figure 2.1. These calculations show also hardly any charge
transfer from the Y to the Ni. The Ni atoms in LaNi  and YNi  have no moment. The nickel5  5

sublattice is non-magnetic and has a Pauli paramagnetic susceptibility [Gignoux et al. 1976]. Band
calculations [Kitagawa et al. 1997] show that YNi  may become magnetic at extremely high fields5

or by substituting a magnetic rare-earth atom for Y.

 Expanding the free energy of the transition metal system in powers of the total magnetic Ni-
moment we write 

with M  the magnetic moment per unit cell of the Ni-sublattice. µ H  is the effective magneticNi          0 eff

field acting on the nickel moments. In the molecular field approximation the effective field is the
sum of the externally applied field and the molecular field exerted by the R-moments (see section
2.3.3), i.e.  . The intra-sublattice Ni-Ni exchange is incorporated in the
coefficient A, i.e. in the susceptibility. We find, in the linear approximation, the magnetization of
the Ni-sublattice: 



,so ' 8 S ·L
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(2.4)

Here, P  (= A ) is the nickel susceptibility. Ni
-1

For example, ascribing the susceptibility of typical non-magnetic RNi  compounds fully to the5

Ni ions, then for YNi  P  amounts to 4.1×10  µ T (f.u.)  at 4.2 K and for LaNi  P  amounts5 Ni    B       5 Ni
-3 -1 -1

to 3.7×10  µ T (f.u.)  . Both these values are slightly temperature dependent [Gignoux et al.-3 -1 -1
B

1976, Ohlendorf and Flotow1980]. The high-field susceptibility of the RNi  compounds5

throughout the whole rare-earth series is roughly the same. 

2.3 The hamiltonian for the 4f -ion

2.3.1 The 4f electrons

The 4f electrons of most rare-earths in the solid state are firmly localized. They play no role in the
chemical bonding, due to their position well within the interior of the rare-earth ion. In most cases
there is little or no direct interaction between 4f electrons. In the solid state, most rare-earths are
trivalent, in rare-earth or elemental metals due to the large cohesive energy gained by promoting
a 4f electron with the two 6s electrons into the conduction and 3d band. In these R  ions the 4f3+

electron shell is filled progressively as a function of the atomic number Z and exhibits therefore
a  wide range of interesting magnetic properties. As an example, we mention that the values of
the saturation magnetic moments vary from 0.71 µ  for Sm  up to 10 µ  in the case of Dy  andB      B

3+         3+

Ho  (and vanishes for Eu ).3+    3+

The total (single-ion) hamiltonian, ,, for the rare-earth is given in equation 2.1. The relative
importance of , , ,  and ,   is in this case reversed compared to the description of 3dso  ex  cf

electrons. 
The strongest interactions for the 4f electrons are the intra-ionic Coulomb correlations which

couple together the individual electron spins s and orbital momenta l  to give the total spin angulari    i

momentum S = 3s  and the orbital angular momentum L = 3l . The effect of the spin-orbiti        i

interaction is then to couple L and S according to the Russel-Saunders scheme,  L + S = J. The
spin-orbit interaction, , , can be written as so

In this expression 8 denotes the spin-orbit coupling constant which is often treated as an empirical
parameter. Positive and negative values for 8 refer to a less then half-full subshell and a more then
half-full subshell, respectively. For a given L and S, the Landé interval rule for the  separation of
multiplets J and J-1 gives E  -E = 8J. Hence, the ground state values of  L, S and J can be givenJ J-1

by Hund's rules. The J value of the ground state multiplet is |L-S| for the light rare-earth (La to
Eu) and L+S for the heavy rare-earth (Gd to Lu).

The energy separation between the ground state and the first excited multiplet can be calculated
within the Hartree-Fock approximation or experimentally determined. For Eu the energy
separation equals the spin-orbit coupling constant 8 amounting to -418 K, and for Er the first
excited multiplet lies about 9354 K [Williams et al. 1987] above the ground state  ()= -815/2)
(see Table 2.1.). With these large energy separations it is reasonable to restrict ourselves to the
ground-state multiplet in calculations of the low-temperature electronic and magnetic properties.



, z ' –{–gRµBJ}· µ0H
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4B,0
m

D (r)
*r i & r*
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R3+ Ce Pr Nd Pm Sm Eu Tb Dy Ho Er Tm Yb

J,J ' 5/2,7/2 4,5 9/2,11/2 4,5 5/2,7/2 0,1 6,5 15/2,13/2 8,7 15/2,13/2 6,5 7/2,5/2

)(K) 3168 3099 2739 2298 1439 418 2878 4746 7485 9354 11942 14820

Table 2.1. The J-values of the ground state J and the first excited multiplets J ' of R  ,3+

and  the energy separation (±8J) between these multiplets as observed by
inelastic neutron scattering (Williams et al. 1987).

(2.5)

(2.6)

(2.7)

(2.8)

 Under influence of an external magnetic field µ H the (2J+1) degeneracy of the multiplet is0

lifted. The Zeeman term (see eq. 2.1) can then be written as

The Zeeman splittings are much smaller than the multiplet energy separations. Observe that
–g µ J is the magnetic moment operator.R B

For a rare-earth ion in the solid the crystal field interaction (, ) and the exchange interactionCF

(, ) have to be taken into account (see eq.2.1). These interactions are discussed in the followingex

sections.
As a reminder, in Table 2.2 characteristic constants of the trivalent rare-earth ions are given. 

2.3.2 Crystal field 

In the RNi  compounds crystal field interactions in particular at the R-site play a very significant5

role in modifying many properties, such as magnetic susceptibility, magnetization,
magnetocrystalline anisotropy, thermodynamic properties, transport properties and so on.

The electric charge density distribution in a crystal leads to the presence of electrostatic fields
at the atomic sites. This is called the crystal field (= CF) or crystalline electric field (= CEF). We
will use the term crystal field (CF) throughout this thesis. 
   In the crystal field model, in a first approach, the non-spherical 4f orbitals  are thought to be
surrounded by a classical non-spherical charge distribution. The electrostatic potential  at position
r  due to the surrounding charge density D(r) takes the formi

For an R-ion the hamiltonian of the crystal field interaction can be written as a sum over the 4f-
electrons

If the charge density D(r) exists mainly outside the ion, the potential energy above is a solution
of Laplace's equation and may be expanded in spherical harmonics (Y (2 ,N )) or in the moren  i i

m

convenient renormalised spherical harmonics ( C  (2 ,N)). For an ion the crystal field hamiltoniann  i i
m

is given by



A m
n ' –

e

4B,0
m
D(r )

r n%1
C †m

n (2,N )d 3r
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(2.9)

R3+ 4fn L2S+1
J S L J gJ (

La 0 S 1 0 0 0

Ce 1 F2
5/2 ½ 3 5/2 6/7 -1/3

Pr 2 H3
4 1 5 4 4/5 -1/2

Nd 3 I4
 9/2 3/2 6 9/2 8/11 -3/4

Pm 4 I5
4 2 6 4 3/5 -4/3

Sm 5 H6
5/2 5/2 5 5/2 2/7 -5

Eu 6 F7
0 3 3 0 3/2 2/3

Gd 7 S8
7/2 7/2 0 7/2 2 1

Tb 8 F7
6 3 3 6 3/2 2/3

Dy 9 H6
15/2 5/2 5 15/2 4/3 ½

Ho 10 I5
8 2 6 8 5/4 2/5

Er 11 I4
15/2 3/2 6 15/2 6/5 1/3

Tm 12 H3
6 1 5 6 7/6 2/7

Yb 13 F2
7/2 ½ 3 7/2 8/7 ¼

Lu 14 S1 0 0 0

Table 2.2 Characteristic constants of magnetic trivalent rare-earth ions at zero
temperature; (=2( g -1)/g   and g  is the Landé factor for the rare-earth.R R   R

where the normalized spherical harmonics are given in terms of the position of the i  electronth

(2,N). The A  are called the crystal field coefficients. They are given byn
m 

where (r, 2, N) are the spherical polar coordinates of r. 

For f electrons, only the matrix elements with n = 0, 2, 4 and 6 are non-zero (see e.g.Heine
[1960]). This upper-limit of 6 implies that the  higher order crystal field terms do not affect the
orbital states of the 4f electrons, no matter what the symmetry of the surrounding charges is.
Electrons with angular momentum l=3 cannot have a multipole distribution with n > 6. The n =
0 (m = 0) term is omitted in calculations since it is a constant and therefore only  responsible for
an energy shift in all terms. The expressions C  (2 ,N ) transform under rotation according to ann  i i

m

irreducible representation of the rotation group. The Wigner-Eckhart theorem states that the
matrix elements of any operator which transforms according to an irreducible representation are



,cf' j
n'2,4,6

j
n

m'0
B m

n O m
n ' j

n'2,4,6
j

n

m'0
2n A m

n +r n ,O m
n

B m
n '2 n A m

n + r n ,.

,cf ' B 0
2 O 0

2 %B 0
4 O 0

4 %B 0
6 O 0

6 %B 6
6 O 6

6
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(2.10)

(2.11)

(2.12)

proportional to those of any operator which transforms in the same way. The proportionality
factor depends on the physical nature of the operator. Stevens [1952] was the first to point out
, that, on the condition that we stay within a multiplet of  constant J, the matrix elements of ,cf

are proportional to those of operator equivalents, O , written in terms of the J operator. In thisn
m

way, we have for the expansion of ,  in these operator equivalents [see Hutchings 1964]:CF

with

The B  are called the crystal field parameters. 2  are the Stevens factors (which are usuallyn        n
m

denoted as 2  = " , 2  = $ , 2  = (  ). +r ,  represents the radial average over the 4f  shell.  Up to2  J  4  J  6  J
n

1979 it  was standard to use for +r , (n= 2, 4, 6) values  which were based on nonrelativisticn

Hartree-Fock calculations [Freeman and Watson1962]. Since 1979 more accurate values based
on relativistic calculations are available [Freeman and Desclaux 1979]. Notice, that only 2  andn

+r , depend directly on the kind of 4f  ion, whereas the A  describe the (external) chargen             m
n

distribution only. Determination of the parameters is subject of the analysis of experimental data.
In appendix A the relevant crystal field parameters for the rare earth in RNi  of the hexagonal5

CaCu structure with P6/mmm symmetry are deduced. The (B ), B , B , B , B  are the only5        0  2  4  6  6
0  0  0  0  6

parameters which remain after these symmetry considerations. This leaves us with the crystal field
hamiltonian

The crystal field parameters can in principle be calculated ab initio from the charge distribution
in the metal. In the point charge approximation the surrounding charges located over the lattice
sites are assumed to have point charges. The charge density is given then as a sum of *-functions.
Substituting this into eq. (2.1) gives the A  as function of the location and value of the pointn

m

charges. Depending on the given problem, one can take the summation over the nearest
neighbours to more then 20 atomic shells. The values of the (atomic) point charges can be chosen
semi-empirical. The values calculated for A  in this way can be used to give a satisfactory2

0

description of  the crystal field effects. In recent treatments of these problems an on-site
contribution A , which is the ratio of the interaction energy of the valence electron charge2

0 val

density contribution and the axial quadrupole moment of the 4f shell, is introduced and gives an
improvement of the calculations [Coehoorn 1990]. There remain many problems in calculating
the A  in the point charge approximation, only the first term A  calculated in this way givesn           2

m          0

reasonable correspondence with the experimentally derived values.
Values for 2 +r ,, that represent the multipole charge moments of the 4f shell, are collected inn

n

Appendix B. 

2.3.3 Molecular field modelling of the exchange interaction

Thus far, only an isolated free R-ion is regarded. Now, we look at the system with exchange
interaction of rare-earth atoms and transition atoms. Before continuing we discuss the origin of
the exchange interaction. There are two models proposed to describe the exchange interactions,
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(2.13)

(2.14)

(2.15)

(2.16)

, , between the 4f-4f electrons in the R-T system. These interactions are thought to be indirect,ex

because, due to their spatial localization, the 4f electrons have insufficient overlap.  First, there
is the RKKY model developed for pure rare-earth magnetism by De Gennes [1962]. Here the
interaction is long-range oscillatory, mediated through the conduction electrons. In another
model, suggested by Campbell [1972], the role of the 5d electrons is emphasized. The 5d spin is
polarized through 4f-5d exchange by the localized 4f spins. The 4f-3d coupling then arises
indirectly via the 3d-5d interaction(or hybridization), and the 4f-4f interaction via the 5d-5d
interaction. 

In this section we treat the exchange interactions within the mean-field theory as systems which
can be split in separate magnetic sublattices. For simplicity, the RT-compounds are described as
consisting of two sublattices, the R-sublattice and the T-sublattice. Consider N unit cells, each cell
containing N  rare-earth ions and N  transition metal ions. A magnetic moment per unit cell (M ,R    T          R

M ) is ascribed to each sublattice. These two sublattices have exchange within their sublatticeT

(intra-sublattice) and exchange between the two different sublattices (inter-sublattice). 
Summing over the lattice sites (i, j) we assume that the indirect exchange interaction can be

written in the isotropic Heisenberg form, and hence is given by

J(i, j) is the exchange parameter and S(i) the spin operator at site i (summation over both lattices,
i.e. over both T- and R-sublattice). This hamiltonian can only be solved exactly in special cases,
in all other cases approximations have to be used. In our situation, the mean-field approximation
is applied. This method neglects fluctuations of moments around their equilibrium values.
Introducing +S(i), as the averaged expectation value of the spin operator at site I, we use the
identity

The mean field approximation then neglects the last term on the right-hand side as we expect
(S(i)–+S(i),) to be small and the evaluation of the product of two small terms will be negligible.
Inserting eq. 2.1 in the exchange hamiltonian 2.1 and collecting terms related to the spin operator
S(i) and using J(i, j)= J(j, i), we find

Here, we defined the (local) exchange hamiltonian:

The interaction J(i, j) is supposed to decrease fast with increasing distance between sites i and j.
In most circumstances only the nearest neighbours are counted. Moreover, for each sublattice,
the value +S(j), is expected not to deviate much from the site averaged value (S  for the R lattice,R

S  for the T lattice). If we now consider a site i on the R sublattice, we split the summation in twoT
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(2.17)

(2.18)

(2.19)

(2.20a,b)

(2.21)

(2.22)

parts, one contribution from the R sublattice and the other from the T sublattice. Inserting the
averaged spin values S  and S  in eq. (2.1), we findR  T

Notice that z  is the number of nearest T-neighbours of a R site, z  is the number of nearestRT           RR

neighbours on the R sublattice itself.
If we consider only the lowest J-multiplet, the Wigner-Eckart theorem implies that the matrix

elements of S are proportional to those of J. We write then

Here g  is the (rare-earth) Landé factor defined by the proportionality (L+2S) = g J, again underR            R

application of the Wigner-Eckhart theorem. The average spin of a R atom, S , is related to theR

moment of the R-sublattice by 
.

Analogously, S  is related to the magnetic moment M  byT       T

 
with g = 2 and J(i) = S(i) for a T-site i in eq 2.1 (due to the quenched orbital moment of theT 

transition metal atom). Taking into account the external field µ H, and the (local) CF hamiltonian0

, , we arrive atcf

introducing the molecular field constants 

Analogous arguments can be used to derive that the molecular field exerted by the R-moments
on a T-moment is given by n M .RT R

If we now concentrate on the nickel sublattice in the RNi  compounds, the sublattice is Pauli5

paramagnetic. The magnetic moment of the T-sublattice is given by eq. 2.1 (recall that there the
intra-sublattice Ni-Ni exchange is incorporated in P ). Hence,Ni

H is the applied magnetic field (in fact the internal field, that is the external field corrected for
demagnetization effects), and  P  = P  in the case under consideration.T   Ni

Now rewriting the part between square brackets of equation (2.1) with all the above given
remarks about the nickel, we deduce a more explicit single ion rare-earth hamiltonian:

In going from eq. 2.1 to 2.1 , the effective magnetic field acting on  each R-ion, µ H  is written0 eff
R

as



µ0H
R
eff ' µ0H % nRRM R % nRTMT

' (1 % nRTPT)µ0H % (nRR % n 2
RTPT)MR

M tot ' MR % MT ' PT µ0 H % (1 % PT nRT )MR

NF ' – kT lnZ ' – kT ln j
n
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– +n*,tot *n,

kT

nRR%n 2
RNiPNi

nRR%n 2
RNiPNi

(nRR%n 2
RTPT) / (1%nRTPT)
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(2.23)

(2.24)

(2.25)

In Barthem et al. [1988] the nickel contribution is interpreted as two separate contributions:
(i) an enhancement of the applied magnetic field by the factor (1+ n P ), and (ii) a change ofRNi Ni

the exchange interaction between the R ions by a factor . In the literature [e.g.
Barthem  et al. 1988, Nait Saada 1980] n P  is often referred to as " and the term RNi Ni

is called the isotropic bilinear exchange parameter and named n. 
In a sense, reducing the spontaneous moment of the nickel to zero makes this a 'one-sublattice'

system. There is only the ferromagnetic coupling of the rare-earths and an induced moment on
the nickel sublattice. In fact, the system is equivalent to a “one-sublattice” system with an
“enhanced” ( or “reduced”) moment (1 +n P )M  depending on a parallel (or antiparallel)RT T R

configuration of the R and T moments, and an effective molecular field
parameter .

2.4 The total magnetic moment; the free energy

2.4.1 The total magnetic moment

Equation (2.1) has now to be solved. For a chosen parameter set, the hamiltonian is taken with
the desired external field and with an arbitrary start value for M . After diagonalization, theR

calculation of the expectation value +J , results in a magnetic moment of the rare earth, M . WithR           R

this we determine a new molecular field which will serve as a starting point for a new calculation
of the expectation value +J ,, iteratively until the change in the molecular field is lower than aR

certain criterion. 
In this approach, based on eq. 2.1 we did not talk explicitly about the nickel moment. But if

we add the moment of the R sublattice and that of the T sublattice to get the total moment, we
deduce the following expression (see eq. 2.1)

Again, we see that the system is effectively reduced to a one-sublattice system. Compare the final
remark in section 2.3.3.

2.4.2 Free energy of the complete system

To determine different macroscopic properties we start by discussing the free energy expression.
As stated before we consider N unit cells, each one containing now N (=1) R-sites occupied byR 

one kind of R-atoms and N (=5) T-sites occupied by Ni-atoms. Recapitulating a few basicT 

thermodynamic results, we write the free energy as

The summation runs over a complete set of states describing the total system. F is the free energy
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(2.26)

(2.27)

per cell. 
The total hamiltonian for the total system of N cells contains a contribution in which only Ni-

ion operators do occur, another contribution in which only R-ion operators do occur and the RT-
exchange interaction term. In the molecular field approximation, these latter two-ion terms are
reduced to single-ion operators (see eq. 2.1), at the expense of the ‘correction terms’, i.e. such
as the second term at the right hand side of eq. 2.1. Apart from these correction terms, the
hamiltonian now consists of two parts, each part containing operators connected to one of the
sublattices only. Accordingly, the free energy can be written as a sum of sublattice contributions,
in addition to the ‘correction terms’. Notice that these correction terms give a c-number
contribution that is transferred directly into a contribution to the free energy. In section 2.2 (eq.
2.1) we introduced a phenomenological expression for the sublattice free energy in terms of the
average Ni-moment per cell, M . Applying a well known method in statistical mechanics, nowNi

for the subsystems separately, we restrict the summation in eq. 2.1 to the states with an
expectation value for the total sublattice moment of NM  and NM , respectively. TheNi  R

approximation is valid in case M  and M  are chosen to be the equilibrium values: M  in theNi  R        Ni

presence of an effective field (see below eq. 2.1), and M  being theR

equilibrium value in the R-subsystem under the influence of an effective (external) field
. Notice that a molecular field approximation for the intra-sublattice exchange

interaction (Ni-Ni and R-R) is not necessary so far. In section 2.2, the equilibrium value M  isNi

obtained by minimizing F  as given by eq. 2.1, obviously eventually leading to an expression forNi

the free energy of the Ni-subsystem per cell

We remark again that, in this free energy contribution, the intra-sublattice Ni-Ni exchange
interactions are incorporated. 

Now focussing attention to the R-sublattice, we see that here, for the intra-sublattice R-R
interaction, the molecular field approximation is necessary to accomplish the reduction to single-
ion terms. In much the same way as described above for the R-T interaction, it is essential to keep
track of the occurring ‘correction terms’ carefully. These terms now can be written as ½Nn M,RR R

2

to be compared with the terms (compare eq 2.1)

Together, these contributions would yield the familiar exchange interaction free energy
–½Nn M  (notice the sign). Here, however, the reduction to single ion operators allows theRR R

2

calculation of the free energy of the R-subsystem in a proper quantum statistical way (as NNR

times the single ion contribution in the effective field , in
addition to the correction term ). In principle, one can calculate now the magnetic
moment of the R-sublattice for given input values M  and M , and use this as the first step in anT  R

iterative procedure. The simple form of the response of the Ni-subsystem, however, allows to
simplify the procedure by inserting directly  (see eq. 2.1) in the
expression for µ H , in fact already given in eq. 2.1. It is even possible to incorporate the0 eff

2

free energy of the Ni-subsystem NF , given by eq. 2.1, as a c-number in the total hamiltonian,Ni

together with the correction terms. In this way we arrive at
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(2.28)

(2.29)

(2.30)

(2.31)

In the present case the cell (RNi ) contains only one R-atom, so the expression between [...] is just5

a single ion hamiltonian, essentially given by eq. 2.1. As described in the preceding subsection,
this hamiltonian is diagonalized, and the iteration procedure mentioned in paragraph 2.4.1 is
applied. Then, the eigenvalues are known, and the different thermodynamic quantities can be
calculated.

Using the iteration procedure, the magnetization of the system under consideration is obtained
directly, as a function of the applied field. In a linear approximation the susceptibility can be
calculated by P = MM/MH. If correctly done a tensor should be calculated but in our simple
calculation we only calculated the susceptibility along the principal crystallographic axes. 

The free energy F is calculated with eq. 2.25 Also the energy +E, = U is calculated in the
standard way. Subsequently, the entropy is obtained by using

The magnetic contribution to the specific heat is found by calculating the appropriate derivative.
Two equivalent ways are used to calculate the specific heat:

In practice, i.e. in the computer programme (authors J.H.P. Colpa and A. Szewczyk), the
derivative is calculated by taking two values of +E, or S, with small temperature difference, and
dividing them by that temperature difference.

2.5 Analysis of measurements

2.5.1 Specific heat

The total specific heat, as measured, is analysed by splitting the heat capacity into four parts:

 a nuclear (c ), an electronic (c ), a lattice (or phonon) (c ) and a magnetic (c ) contribution.  InN    el      ph     m

most cases the nuclear contribution, which is related to the hyperfine interaction of the 4f shell
with the nuclear moment of the 4f ion, is not observed in RNi  in the temperature range we5

measured. The nuclear specific heat only contributes significantly below 1 K. Information about
the electronic and lattice contributions to the heat capacity is provided by the specific heat of an
analogous material with a nonmagnetic rare earth ion. In our case we have measured LaNi  and5
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(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

YNi ; neither lanthanum nor yttrium bears a moment. 5

Analysing the experimental data we have used three methods for subtracting the non-magnetic
rare-earth contribution to the specific heat. The first method simply subtracts the measured data
sets of the magnetic and non-magnetic compounds. 

The second method implies that a correction is made for the difference in molar mass of the
compounds. The measured specific heat of LaNi  is  approximated by a combination of two Debye5

functions with different partial Debye temperatures for Ni and R atoms [Hofmann et al. 1956].
In that model, c (T) of a non-magnetic binary compound of the type R X  consists of the electronicv          a b

and lattice contributions only and is given by the expression:

Here, c  is the specific heat measured at constant volume,  f (..) is the Debye function, 1  and 1v          D      R  X

refer to the partial Debye temperatures associated with R and X respectively. The electronic
contribution is written as (T. Making the simplifying assumption that all the atoms in the crystal
have the same mean-square displacement, it follows that

where m  and m  are the molar mass of the X and R elements respectively. At low temperaturesx  R

an effective Debye temperature can be defined by considering a single Debye function

Identifying the coefficients of the T  terms in the low temperature expansion of eq. 2.31 and 2.333

leads to the following relations between the Debye temperatures

Assuming that the partial Debye temperatures of X atoms are not modified when R is replaced by
RN, the following relation between the corresponding effective Debye temperatures can be
deduced

This relation can be used to evaluate the lattice contribution of the magnetic compound R Xa b

by multiplying the temperature values by this scaling factor in the C versus T curve obtained for
the non-magnetic compound RN X . Subtracting the corrected data from the measured heata b

capacity of the magnetic compound, we arrive at the magnetic contribution to the specific heat.
In the third method the two partial Debye functions of the non-magnetic compound are
approximated by fitting the calculated values to the measurements. In this way we can calculate
with eq. 2.33 the lattice contribution of another compound with an equivalent lattice. The
theoretical curve obtained, the lattice contribution to the specific heat and the electronic
contribution, can be used as non-magnetic reference system. This last method is only used to
investigate the validity of the two-Debye temperatures model. In chapter 6.1 (YNi ) and in5



magnetic field 

m
ag

ne
tiz

at
io

n 

Ms
µ

0 
H  //  [001]

µ
0
H //  [100]

 
       and  [120]

magnetic field

m
ag

ne
tiz

at
io

n 
µ

0
H  //  [100]

µ
0
H  //  [120]

µ
0
H  //  [001]

Ms

(a)
(b)

{–gJµ BJ}

Theoretical description of the RNi  intermetallics 175

RNi  Compounds5

figure 2.2. Schematic example of magnetization curves in the ordered state as seen in the
ferromagnetic system RNi  with the field applied along the three main5

symmetry axes of the hexagonal structure. In (a), the easy direction of the
magnetization lies along the [001] direction. The magnetization with the field in
the hexagonal plane is induced. In figure (b) the spontaneous magnetization is
in the basal plane, in this case along the [100] axis, and the magnetization along
the hexagonal axis is induced.   

chapter 6.2 (LaNi ) the two-Debye temperatures model is compared to the measurement.5

2.6 Data analysis

2.6.1 Magnetization

In figure 2.2 we show schematically some examples of the magnetization curves. In the RNi5
compounds magnetization is measured with the magnetic field along each of the three main
crystallographic directions, in the orthohexagonal notation (and between brackets the hexagonal
notation), a  ( [100] direction), b  ([120]) and c  ([001]). The terminology of the different axes0    0   0

will be discussed in chapter 3. The magnetization parallel to these applied fields is measured. This
magnetization is mainly due to the R-moment and depends mainly on the crystalline field and the
exchange interaction. RNi  is ferromagnetic with a hexagonal magnetic lattice below the ordering5

temperature. We consider the simple case that the sign of the crystal field coefficient B2
0

determines the easy direction of the magnetic moment.
In figure 2.2a the B  term is negative and the easy direction lies along the [001] axis.2

0

Extrapolation of the magnetization along the easy axis, from higher fields to zero field, gives the
spontaneous magnetization as the intercept with the y-axis. The full moment of the free rare-earth
ion is equal to . A smaller magnetization value indicates the possibility of an opposite
moment lowering the spontaneous magnetization. In our materials this is always the case, as there
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(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

is always a (small induced) Ni moment. In fig. 2.2a along the [100] and [120] directions,
perpendicular to [001], no spontaneous magnetization is observed. The difference between [100]
and [120] axis depends on the anisotropy in the basal plane, which is usually very weak.

In the second case with a positive B , the spontaneous magnetization lies in the basal plane, see2
0

figure 2.2b. Just as in the first case, the higher order terms determine which axis in the basal plane
is the easiest direction. If B  is positive then the maximum magnetization lies along the [120] axis6

6

and with a negative B  the [100] axis is the easy one.6
6

2.6.2 The effect of the crystalline field on the susceptibility

For sufficiently high temperatures Bouton [1973] derived a formula for the temperature
dependence of the susceptibility. The calculations are general and start from a hamiltonian
including arbitrary high-order exchange and arbitrary crystal field terms. It is found that the
second order term of the susceptibility (or constant term of the inverse susceptibility) depends
only on bilinear exchange (see next section) and the second-order crystal field term. In a
hexagonal symmetry the susceptibility can be split in two parts: parallel and perpendicular. 

with C  the Curie constantR

Rewriting the formulas in the well known form of the inverse susceptibility gives

with .

2.6.3 The effect of exchange interaction

In the paramagnetic regime, the magnetization of ions coupled by exchange interaction can be
described, in a linear approximation, as:

P  is the susceptibility of the non-interacting system of R-ions, its inverse being given by eq. 2.400

or 2.41. n is the molecular-field constant, that enters as an additional constant in the 
temperature dependence of the inverse susceptibility, P  = P  –n. In figure 2.3 different-1  -1

0
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(2.43)

(2.44)

possibilities are sketched. The dashed lines indicate asymptotic values of P .  Curve number one-1

(1) gives the inverse susceptibilities of a system of rare-earth ions without exchange interaction
and in a crystal field environment without a second order term. Curve two(2) is as curve one(1)
but with an additional exchange interaction. The intercept of the susceptibility at zero kelvin with
the y-axis is a measure for the molecular field coefficient n:

Here, 2  is the intercept of the dashed asymptote with the temperature axis. An analogous*

notation is used for the other curves. Curves number three (3) and four(4) give the susceptibilities
of a rare-earth ion in an uniaxial(e.g. hexagonal) environment. The temperature shift,2 –2 , is

* z

related to the second- order crystal field term B :2
0

We may apply this model as a first approximation to the RNi  compounds. All compounds5

show in the inverse susceptibility at high temperatures an almost linear behaviour. The slope
found in measurements with the field in the different crystallographic directions do not differ
appreciably and do correspond to the expected Curie constant. The position and the shift of the
straight lines yield n and B . The anomalies at low temperature result from crystal field effects,2

0

and can be ascribed to the higher order crystal field parameters. In a more careful analysis,
however, for the RNi  compounds, the Ni-contribution must be taken into account. Eventually,5

in our approach also these susceptibility measurements should be compared with the values
calculated with our unique set of model parameters. We refer to section 5.4 where this
programme is carried out for ErNi  5.



temperature (K)

in
ve

rs
e 

su
sc

ep
ti

bi
lit

y

n

T
C

T/C
(1)

(3)

(2)

(4)

2
z 2

2

d 2F

dS dT
'

1.91e 2g

2mc 2

kf

ki

e &2w f 2(Q)j
vv )

D
<
(T )|<'

<
) |J

z
|'

<
>|2 F

,
<<

) & ,

(
<<

)

Theoretical description of the RNi  intermetallics 205

RNi  Compounds5

figure 2.3 The inverse susceptibility versus temperature. Solid lines (1) and (2) represent
rare-earth ions with and without exchange interaction in a cubic environment,
respectively.  The lines (3) and (4) represent the perpendicular and parallel
susceptibility, respectively, of a system of  rare-earth ions in a hexagonal
symmetry. The temperature shift, 2  –2 , is a measure for B  (here taken to be

* z      2
0

negative, see eq. 2.44).

(2.45)

2.6.4 Inelastic neutron scattering

The crystal field (CF) acts on the 4f electrons of the rare-earth ions and causes a partial lifting of
the degeneracy of the ground state multiplet. The overall splitting is usually .200 K. The number
of levels and the degeneracy multiplicity are determined by the CF symmetry. In a study with
inelastic neutron scattering of the hexagonal RNi  compound a number of energy differences,5

associated with level splittings, can be found. 
Monochromatic neutrons are scattered from the sample, are detected, and analysed according

to their energy and momentum. In this way the energy-transfer T  and the momentum -transfer
Q (scattering vector) are determined. By measuring the inelastic neutron cross-section one can
find the transition energies g = g  - g   between crystal field states <’ and <, the corresponding

<<’  <'  <

transition intensities, and the linewidths (  of the transition. In the dipole approximation the
<<' 

neutron scattering cross section is defined [Fulde (1979), De Gennes (1963)]. 

Here k , k  are the momenta of the incoming and outgoing neutrons. f(Q) is the magnetic formf  i

factor of the rare earth ion and e  is the Debye-Waller factor. D  are the Boltzmann population-2w
<

probabilities of the CF levels <. Jz is the component of J perpendicular to the scattering vector
Q. F(..) is the transition line form function, which can be approximated by a Gaussian. '  are thev

2J+1 states of the ground state multiplet. 
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(2.46)

The energy spectrum is composed of lines; the spacing of the lines gives the sequence of crystal
field levels; the intensity gives the matrix elements of J between the different states. The collection
of transition lines found is characteristic for an energy level scheme. But it is impossible to index
these transitions and connect them directly to the level scheme. A consequence of this is that other
experiments in combination with inelastic neutron experiments have to be used to determine the
crystal field parameters. In any calculated energy level scheme the energy separations found by
neutron scattering have to be reproduced.

2.6.5 Muon Knight shift 
In this paragraph a short introduction to the interpretation of muon Knight shift measurements
will be given. A more elaborate treatment is given in Feyerherm [1995]. The experimental setup
and an introduction to the muon technique will be given in chapter 4.
The muon behaves in many aspects as a light isotope of hydrogen. In analogy with nuclear
magnetic resonance, the hyperfine field derived from the µ  Knight shift is a manifestation of the+

local electronic susceptibility.
The Larmor precession of positive muons is induced when a magnetic field is applied

perpendicular to the µ  spin, see chapter 4. Implanting µ  in any metal or metal alloy allows us+      +

to measure the Knight shift (KS) with high precision by the µ  spin resonance (µSR ) technique.+

In metals, the conduction electrons have nonvanishing wave functions at the µ  site. When an+

electron overlaps the µ  site, there is a direct magnetic coupling of their moments proportional+

to the hyperfine interaction, Fermi interaction or contact interaction. If the conduction electrons
have no net moment this coupling would not yield a shift in the resonance. The applied field, of
course, causes a shift directly. In paramagnetic compounds, the net moment is induced by the
applied field and in fact that moment is proportional to the conduction electron spin susceptibility
and the applied field. The Knight shift is defined as the relative difference between the magnetic
field at the muon site and the external field µ H 0

where K = is the Knight shift constant and H  the field at the muon site. The magnetic field isµ

related to the Larmor precession frequency by T  = ( µ H , where (  is the gyromagnetic ratioµ  µ 0 µ   µ

of the  µ , ( = 8.5161×10  rads T . Knight shifts for muons in metals are two to three orders of+   8 -1 -1
µ

magnitude smaller than those for the nuclei of the host atoms themselves and amount to 10-100
ppm in simple metals [Karlsson 1982].

Several contributions to the Knight shift should be considered:
(1) Direct Knight shift, K , due to Pauli paramagnetism of the conduction electrons.0

(2) A Knight shift, K , reflecting the localized f electrons moment.f

(3) Knight shift due to core polarization. This field is due to exchange interactions between
polarized electrons at the Fermi level  and those of lower energy having a finite probability at the
muon site. This exchange gives also rise to a contribution P  to the susceptibility.p

(4) Diamagnetic screening due to the conduction electrons (Landau diamagnetism). This term
is probably always very small.

(5) Chemical shift which has its analogy in the chemical Knight shift in  atoms and molecules.
This negative shift constant is given by the Lamb expression [Gygax et al. 1984, Schenk 1985].

The local electronic structure enters the different terms to varying degrees. Altogether, all
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aspects of the local electronic structure are to some extent reflected in the Knight shift. The
Knight shift is compared with the bulk magnetic susceptibility as function of temperature. In RNi5
only the Knight shift due to the contributions (1) and (2) is taken into account.

In chapter 5 the results of Knight shift in ErNi  are studied and some theoretical background5

is given.

2.6.6 Muon spin resonance spectroscopy
In longitudinal or zero field µSR measurement interpretation and analysis of the spectra is still in
full development. The main results extracted from these µSR measurements are: the exponential
damping of the muon, the initial asymmetry and the frequency of the precessing muon. 

The outcome of the interpreted spectra is often not unambiguous. Mainly, the temperature
dependence of the above mentioned properties have been determined. 
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3 Single-crystal growth and sample characterization

3.1 Introduction

The importance of single-crystal growth can be seen in the explosive growth of data once
monocrystalline material of a certain compound is made available. With a single crystal many
direction dependant measurements are possible. Often the quality of a single crystal is high and
many properties can be determined with higher accuracy. Specially magnetic anisotropy along
different crystallographic axes can only be investigated in detail with an oriented single-crystal.

Making monocrystalline material has been very successful in the Van der Waals-Zeeman
Institute in the past years (FOM-ALMOS). Many single-crystals have been grown and have
been used in important research on hard-magnetic materials [Sinnema 1988, Verhoef 1990].

To grow intermetallic compounds with rare-earths and nickel we used the adapted tri-arc
Czochralski technique [Menovsky 1983] and we did some preliminary experiments with the
floating zone melting technique. With the tri-arc we could grow a large quantity of the
different RNi  samples.  The samples grown successfully of the RNi  series are those with R=5         5

La, Pr, Nd, Gd, Tb, Dy, Ho, Er and Tm. 
For several experiments different sample shapes were necessary, e.g. for magnetization

measurements the samples were spark-cut into a sphere and for µSR measurements a
maximum surface has to be covered and the single-crystal has to be cut into thin slices.

3.2 A phase diagram  of R-Ni compounds

Phase diagrams of the nickel and rare-earth metals are established by different authors. Except
the phase diagrams of promethium and lutetium, all the phase diagrams of the rare-earth series
are published. All the diagrams are similar in many aspects and we give as an example the
phase diagram of Er-Ni figure 3.1. Note that especially the composition RNi  exists throughout5

the lanthanide series as a congruently melting compound.  The RNi  compound melts between5

1200EC and 1600EC. As can be seen in the phase diagram the melting temperature of ErNi5
is -1380EC. 

3.3 Crystal growth of the RNi  alloy5

The Czochralski single-crystal-growth method is based on growing the crystal directly from
the melt. The method consists of dipping a cold part, called seed, into the melt and pulling this
seed slowly out of the melt. Performed with the right temperature balance, of melt and seed,
a solid-liquid interface will exist somewhere between the melt and the seed. The seed is slowly
pulled from the melt in this way alloy solidifies on the seed. A stoichiometric polycrystalline
seed can serve as growing centre. The pulling product will be multi-grain initially. It needs skill
to reduce this multi-grain starting rod to a single grain. If the casting of a seed is not possible,
a tungsten rod is used to get the growing centres. During pulling good circumstances have to
be created to allow the growth of crystals out of the crystallites. 
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Figure 3.2. Schematic view of the Czochralski equipment.

RNi. Compounds
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A rotation of the seed and melt is used to produce an axial symmetry of the temperature
gradient and to homogenize the composition and temperature of the melt.

For single-crystal growth in the Van der Waals-Zeeman Institute, a so called adapted  tri-
arc Czochralski apparatus has been developed [Menovsky and Franse 1983]. After the initial
design with a glass chamber, which is described extensively in the thesis of Sinnema [1988]
and that of  Verhoef [1990], the need grew for a stronger chamber, which would be less
sensitive to break and more flexible in its use. A new tri-arc out of stainless steel was designed
which was stronger and more versatile. The stronger container also opened possibilities to
work under gas pressure higher than 0.8 atm, the argon gas pressure normally used in the old
glass chamber.

A schematic view of the new apparatus is given in figure 3.2. The new crystal-growth
chamber is made of stainless steel. Shown is the pulling mechanism (top), one arc (left), one
of three inspection windows (right), the glove box (left), the second crucible (right) and the
crucible (down). 

 Improvements of the crystal growth equipment are the following: the pulling axis and the
crucible axis are sealed with ferro-fluid seals. With ferro-fluid seals the axis is surrounded by
a fluid that contains magnetic particles, these particles seal the axis and the house in which the
axis rotates.  This enables movement of the axes and is gas tight during the translation/rotation
of the axes. 

The in-house produced pulling and rotating mechanism was replaced by a Crystalox Ltd
pulling/rotation mechanism. Additionally, a glove box was attached to the chamber. This
opened the possibility to work with hazardous materials (e.g. uranium), within this closed
space, in a  safer and very clean way (e.g. preventing contamination by oxygen). 

The vacuum in the chamber can be improved by heating the inner surface of the chamber.
The particles attached to this surfaces are partly mobilized and will be removed by the vacuum
pump. Water vapour deposited on the walls and most other contamination can be removed in
this way.  

A pyrometer gives an impression of the temperature of the melt. The pyrometer has one
main fault, it is not a good spotmeter and it will always “see” the arcs and measure a higher
temperature than the melt. Although not accurate, the temperature measured in this way can
give us useful information about the growing process. The entrance of the chamber is sealed
with an O-ring and water cooled to maintain isolation from the surrounding during the growth
process. A Ti-getter was added in a separate module to the main chamber. This enables a fast
change of  the Ti material. This module can be replaced easily.

Once a sample is placed into the chamber and a seed is mounted in the pulling mechanism
the system is closed. The chamber can be evacuated and flushed automatic. This is controlled
by a PLC (programmable logic controller). The pressure is monitored and argon is used to
flush the system. The starting time of Ti-gettering can be set. The purification of the
atmosphere by gettering the oxygen is started automatic.

Also, the arc-design is renewed. A ball bearing is used as a flexible joint to have a
maximum mobility of the arc point. A screw mechanism enables linear movements. A bellows
is used to allow movement of the arc and seal the system. The arcs are water cooled.
An extra crucible enables us to melt starting material separately. This would normally be done
in a separate mono-arc apparatus. The new additional crucible enables us to process the
growing in the main chamber without breaking the seal.
 A video camera, placed outside the chamber, monitors the growth process and the pictures
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are recorded for later analysis of the growth process. To reduce the contamination of the melt,
a  cold copper crucible is used to contain the melt. Before every growth the whole system is
heated up and evacuated to at least 1×10  mbar preventing contamination of the starting-6

material. The chamber is filled with Ar gas and during the whole growing process the oxygen
is gettered by molten titanium.    

We have been using as starting materials for the melts, 99.9 (3N) pure rare-earth elements
if available 99.99 (4N) material (Johnson Matthey Chemicals Ltd) and 99.999 (5N) pure spec
nickel. Weighed elements can be molten together in a separate, rotatable, crucible that resides
in the tri-arc furnace chamber. Some oxides that float on top of the molten material can be
removed. These oxides originate mainly from the strongly reactive rare-earth starting material.
The oxygen contamination is never specified by the producer. An excess of  .2% in weight
of rare-earth material was taken to compensate for evaporation during the growth and
compensate the oxides. 

Starting the growth with a monocrystalline seed directly from the melt is a rapid way to
obtain the right single-crystalline material. Better is an oriented seed enabling us to grow a
monocrystal with preferential direction. In all other cases a cast seed of polycrystalline material
(of the desired stoichiometry) is used.  A multi-grained rod will initially grow from the melt.
Selection of one grain can be realized by growing a considerable length of the rod. The grain
that is along the pulling direction will then have preference and all other grain directions will
grow out of the rod. This process is quickened by decreasing the diameter of the rod
(“necking”). This necking can be established and is influenced by parameters such as: pulling-
rate, temperature of the melt, position of the arcs, surface tension and viscosity of the melt,
amount of oxides which float on the melt, rotation speed of the crucible and pulling rod, and
many other boundary conditions. 

As mentioned before [Verhoef 1990], the presence of oxides plays an eminent role in the
failure or success of a growth. Besides the solutions as etching and polishing the starting
material, to remove the oxides, the casting of the material proved to be a good way to get rid
of a part of the oxides. Contamination can be reduced in the new equipment by working in the
glove box.

The growth of RNi  material has a long history. In Grenoble Naït Saada [1980] prepared5

single-crystalline material RNi  containing Pr, Nd, Tb, Dy, Ho, Er and Tm on the rare-earth5

position. Barthem [1987] added in 1987 Sm and Gd. In their growing process the melt was
heated by a levitating induction furnace. The single-crystalline material was pulled out of the
melt by the Czochralski method. In Amsterdam we started in 1990 with the growth of RNi5
and were successful in growing the La, Pr, Nd, Gd, Tb, Dy, Ho, Er and Tm compounds. We
found that the growth of  the light rare-earth materials is more difficult than that of the heavy
rare-earths ones. 

3.4  Crystal structure of RNi  5

The crystal structure of RNi  was first determined in 1959 by Wernick and Geller. These alloys5

crystallize in a hexagonal CaCu  structure with space group P6/mmm. This structure can be5

considered as a stacking of two different layers, see figure 3.4. One plane is build from two
different atoms, in a ratio of one rare-earth atom to two nickel atoms, called Ni (2c). In this1

plane the rare-earth atom is in the centre of a hexagonal array of nickel atoms. In a second
layer, consisting solely of nickel, the nickel atoms are arranged in a similar, but more dense,
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Atoms Site Point Symmetry Position

R 1a 6/mmm (0,0,0)

2Ni1 2c 6m2
_

(1/3,2/3,0)(2/3,1/3,0)

3Ni2 3g mmm (1/2,0,1/2)(0,1/2,1/2)
(1/2,1/2,1/2) 

6µ+ 6i mmm (1/2,0,0.21)(0,1/2,0.21)
(1/2,1/2,0.21)(1/2,0,-0.21)
(0,1/2,-0.21)(1/2,1/2,-0.21)

Tabel 3.1 For R, Ni , Ni , µ  the number of ‘atoms’ on the corresponding sites in1  2
+

Wyckoff notation are given, as well as the local point symmetry and the
position of these sites in the hexagonal structure of the RNi  compounds.5

Figure 3.3 The CaCu  structure with the three different sites for R(1a), Ni  (2c) and Ni5         1   2

(3g). The muon stopping sites in the structure are not drawn, they are
located directly -0.3 above and beyond the Ni  (3g) position.2

hexagonal array (they do not have the same relative lattice positions) rotated over 30E with
respect to the first layer. These Ni atoms are called Ni (3g). In table 3.1 the position of the2

atoms in the elementary lattice is given. In this simple structure the rare-earth atom is situated
at the origin of the elementary lattice on a site with 6/mmm point symmetry. Additionally, in
Table 3.1 the preferential site of the muon is given.
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Figure 3.4. The hexagonal structure and the
three different definitions of the
a- and b-axis. Figure 3.4.1 gives
the normal hexagonal lattice
definition. 

figure 3.4.2 gives the
orthohexagonal definition of the
different axis. 

The alternative Miller-Bravais
axis definition is given in 3.4.3. 

axis hexagonal Miller-Bravais

a = a  = a0  1 [100] [1000]

b [010] [1$21$0]

c = c  = z0 [001] [0001]

b0 [120] [013$0]

a2 [1$10] [0100]

a3 [01$0] [0010]

Table 3.2 The main crystallographic axes of
the hexagonal (a, b, c), orthohexagonal (a , b ,0  0

c ) and Miller-Bravais (a , a , a , z) system and0    1  2  3

their indexes in hexagonal and Miller-Bravais
system.

As in all hexagonal structures a double
orthorhombic lattice is usually called
"orthohexagonal". In this lattice the a , b  ando  o

c  axes are respectively parallel to the [100],o

[120] and [001] axis of the hexagonal lattice
and the sizes are equivalent to a  = a, b  = a/3o   o

and c  = c. See figure 3.4.1 and 3.4.2. In ao

hexagonal lattice, equivalent axes can have
different indexes. To avoid this there is the
Miller-Bravais four index system. A four-axis
system is used to indicate the crystal, three
axes in the basal plane, a , a  and a  making1  2  3,

an angle of 120E with each other and the
fourth axis, z, perpendicular to the plane,
figure 3.4.3. Table 3.2 shows the relation
between the different coordination systems. In
this thesis we use essentially the
orthohexagonal description, but in order to
avoid confusion we indicate the orthogonal
main crystallographic directions in the
hexagonal system as [100], [120] and [001].
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3.5 Sample Characterization

The as grown single-crystalline samples were first examined by the X-ray back-scattering
Laue technique. The radiation from a tungsten anode is used as an incident beam and the
reflections are recorded on a 3000-ASA black and white polaroid'" film. The quality of the
sample was checked by taking several photographs at different positions along one side ofthe
crystal and at 180' or opposite to the other photos. A good Laue picture, showing well-
defined spots and no smearing of the reflection pattern, is strong evidence of the
monocrystalline nature of the material. Laue pictures of the monocrystal PrNi, (#AF015)
along different axes are shown in figure 3.5a, b, c. In table 3.3 the lattice parameters of RNi,
are shown.

Most samples were examined by means of electron microprobe analysis (JEOL 8621
microprobe), by T.J. Gortenmulder, Kamerlingh Onnes Laboratory, University of lriden. The
homogeneity of the composition of the compound is checked by imaging secondary electrons
and by comparing the measured intensities with standard intensities. A small variation of the
stoichiometry within the sample can be detected with a high accuracy (<l7o). The exact
(absolute) stoichiometry of the sample can be determined with an accuracy of 37o depending
on the element and the standard used.

The samples we examined showed a single phase. Contamination smaller than O.l%o of the
surface could be seen in some samples. All the RNi. compounds have the composition
16.13+0.26:83.26+0.27 = R: Ni. This is between the boundaries RNi4.e8s and RNi..o,rthe
microprobe can resolve. We conclude from the microprobe analysis that RNi. is a line
compounq.
Figure 3.5a. Laue back scattering

picture of PrNi, single
crysral (#4F015) along
rhe [100] axis. The
picture was taken at 4 cm
from the object on a 3000
ASA polaroidrM with
Tungsten X-ray tube (20
kV and 40 mA) and an
exposure time of 4
minutes.

30

RNi. Compounds
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Figure 3.5b. Laue back scattering
picture of PrNi. single
crystal (#AFO15) along
the [20] axis. The
picture was taken at 4 cm
from the object on a 3000
ASA polaroidrM with
Tungsten X-ray tube (20
kV and 40 mA) and an
exposure time of 4
minutes.

Figure 3.5c. Laue back scattering
picture of PrNi, single
crystal (#4F015) along
the [001] axis. The
picture was taken at 4 cm
from the object on a 3000
ASA polaroidrM with
Tungsten X-ray tube (20
kV and 40 mA) and an
exposure time of 4
mlnutes.

RNi, Compounds
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RNi5 a (nm) c(nm) c/a V (f.u. nm )-1  -3

1 2 1 2 1 2

Y 0.4891 0.3961 0.810 10.554

La 0.5014 0.3976 0.794 10.004

Pr 0.4958 0.4957 0.3980 0.3976 0.803 10.221 10.236

Nd 0.4948 0.4952 0.3977 0.3976 0.803 10.270 10.256

Sm 0.4924 0.3974 0.807 10.378

Eu 0.4911 0.3965 0.807 10.457

Gd 0.4909 0.3968 0.809        10.458

Tb 0.4895 0.4894 0.3959 0.3966 0.810 10.542 10.527

Dy 0.4884 0.4872 0.3956 0.3968 0.814 10.597 10.617

Ho 0.4871 0.4872 0.3966 0.3966 0.814 10.627 10.623

Er 0.4856 0.4858 0.396 0.3965 0.816 10.709 10.687

Tm 0.4853 0.4853 0.3960 0.3960 0.816 10.722 10.722

Yb 0.4841 0.3965 0.819 10.762

Table 3.3 Lattice parameters of the RNi  compounds (1 from Naït Saada 1980 and 25

from Barthem 1987).
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4 Experimental

4.1 High-field magnetisation measurement

 4.1.1 The 40 and 30 tesla pulsed field magnet
The high-field magnetization measurements have been performed in the High Field Installation
of the University of Amsterdam [Gersdorf et al. 1983 and Roeland et al. 1988].
Two resistive magnets with similar design are available. In the oldest configuration magnetic fields
up to 40 T can be generated. A newer set-up can make fields up to 30 T. Both coils produce a
magnetic field in a semi-continuous way. The total pulse length is of the order of one second (see
figures 4.1 and 4.2). The highest field of 40 T can be sustained for 50-100 ms, lower fields can
be generated for longer periods. 

The magnetic field is generated by a current (I = 8800 A) through a coil. The magnet coilmax 

is wound from hard-drawn insulated rectangular copper wire, cross section 2.9×7.13 mm  and 6802

windings. The magnet is divided at 1/3 of its diameter by a steel cylinder to reinforce the copper
coil. The electric power is taken from a 10 kV line of the municipal grid and rectified through 6
MW thyristors which are controlled by a small computer. The maximum output voltage of the
rectifier is  about 560 V and the maximum power consumption is 5.8 MW. The computer first
calculates the current necessary to generate approximately the desired field based on the known
properties of the rectifier and the coil. This calculation is used to ignite the thyristors and produce
a field. Then a measurement  of  the actual  field is used to regulate to the desired field.
Controlling the current in this way has the advantage of being able to control the field, in every
aspect, during a pulse. The maximum deviation of the actual field from the desired constant field
is less than about 5 mT, after a settling time of about 20 ms.

The limitations of the pulse are only dictated by the design of the magnet and available power
supply. The 40 T coil is cooled to 30 K by liquid neon (supplied by a closed-circuit neon liquefier)
after being precooled by liquid nitrogen. The 30 T coil is only cooled by liquid nitrogen. At 27 K
the resistance of the 40 T magnet is -8 mS. During a pulse the magnet can heat up to -120 K
with a resistance increase to 150 mS. After such a pulse the cooling machine needs two hours to
take away the heat of the pulse. For lower pulses the cooling time is considerably shorter. The
resistance of the 30 T magnet at 77 K is about 35 mS and can be pulsed up to 120 K or 150 mS.
The two constraints of the magnet design are the temperature of the coil and the strength of the
wire. The strength of hard-drawn copper wire limits the field to about 45 T. At higher fields the
Lorentz force, F = field × current, will break the copper wire. The temperature of the coillorentz 

restricts the magnet through its ohmic resistance. The voltage is regulated to overcome the
resistance,  heating of the coil increases the resistance, the voltage has to increase again until the
maximum voltage is reached.

The field is measured direct with a pick-up coil and an integrator. The pick-up coil is
calibrated by measurement of De Haas-van Alphen oscillations of a silver sample. The oscillations
are a result of the quantization of  closed electron orbits in a magnetic field. The change in 1/H
through a single period of oscillation, )(1/H), is determined by a simple 
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Figure 4.1 A typical example of a high-field pulse with a linear decreasing field from 38
T down to 3 T (continuous curve and left hand scale). The dashed line
represents the response of the sample (a single crystal of NdCo , oriented5

along the [001] axis, note the transition around 32 T). The rectangular
shaped step in the response signal is a calibration signal.

Figure 4.2 A typical example of a step-wise high-field pulse with a maximum field of
35 T (continuous curve and left hand scale). The dashed curve represents
the integrated response of the pick-up coil system without a sample. The
rectangular shaped step in the response signal is a calibration signal.
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(4.2)

relation:

(4.1)

where A  is any extremal cross-sectional area of the Fermi surface in a plane normal to thee

magnetic field.  The oscillations of Cu, Ag and Au are determined with high accuracy by
Coleridge and Templeton [1972]. A calibration of the pick-up coil with these values is regularly
performed. 

4.1.2 Magnetization measurements

The magnetization is measured by an induction method. In principle, the voltage induced in a coil
by the time variation of the magnetization is electronically integrated to get the magnetization
itself. The induction voltage is proportional to 

In order to obtain the magnetization one has to remove the contribution of MH/Mt from the output
signal as well as possible. The easiest way to do this is by combining the measuring coil with a
compensation coil. This would be a coil wound in the opposite sense, which measures only the
contribution of the field. This is satisfactory for slowly varying fields, but not sufficient for
transient fields. During fast changing fields eddy currents are generated in the metallic parts of the
magnet assembly resulting in stray fields which change the field configuration both in space and
in time. It was shown by Gersdorf et al. [1967] that a coil consisting of two confocal concentric
ellipsoidal coils has the property, if designed with correct dimensions, to generate no external field
while the interior field is homogeneous. There is no mutual inductance with an external magnet,
and moreover the coupling with a magnetic moment placed at the interior is independent of the
position of the sample. A next to best approximation is an elaborated system of four solenoids
which has been designed to be insensitive to a field configuration consisting of the first three
orders of spherical harmonics as well as to the position of the sample inside the coil. Accuracy in
machining prevents the exact construction of the calculated coils, especially the large zero-order
contribution has to be compensated by an external signal which is derived from a simple pick-up
coil system. The remaining signal is due to imperfect adjustment of this compensation and to non-
linear magnetic response of the coil system itself. 

Internal strains in the construction, especially after thermal cycling, will alter the delicate
balance between the coils and result into an irreproducible signal, proportional to the field.
Subtraction of signals obtained after long time intervals (due to long cooling periods of the
magnet) may therefore be erroneous in this respect. But because this error is known to be
proportional to the field one can usually correct for it, or reduce it by averaging several runs.

The output signal of the coil system is electronically integrated, digitalized and stored. The
main problem is to interpolate properly the zero of the integrator during the pulse. The uncertainty
introduced in this way is the main factor determining the overall accuracy of the magnetization
measurements; expressed in magnetic moment the precision is 2×10 Am .-5 2

A special pulse shape uses an auxiliary field prior to the actual high field pulse and also before
the integrator is set free. If now, at the end of the pulse, the auxiliary field is switched off, and a
ferromagnetic sample is simultaneously pulled out of the measuring coil system, a very accurate
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measurement of the ferromagnetic moment is possible. Pulling out of the sample eliminates
remanence as an uncertain factor. After each pulse, the magnetization and the field are calculated
and the result of the same pulse without a sample subtracted.

The system has been calibrated with a known magnetic moment, namely the zero field
saturation magnetization of pure nickel. 

The sample is introduced into the system in a teflon sample holder. The maximal available
space for a sample is 3 mm diameter and a total length of 25 mm in order to stay within a 1%
homogeneity of the field. The total system is immersed in the cryogenic liquid to prevent heating
by eddy currents. In this way measurements from 1.35 to 4.2 K are a standard method. 

Magnetization measurements in this thesis were primarily done on spherical single- crystalline
specimens. These samples were orientated with Laue back scattering technique within 1E along
a crystallographic axis. After orientation the samples were glued with strain gauge glue and cast
into transparent stycast 1266 [Emmerson & Cuming] between two non-magnetic cylinders
(celleron) to fix the sample orientation during the pulse. If  more accuracy is required an empty
sample holder and a celleron plus stycast sample is measured and subtracted from the pulse with
sample.

4.2 Low-field magnetization measurements

Low-field magnetization measurements, in fields up to 7 T, have been performed in a moving
sample magnetometer. This system is based on a set of oppositely wound pick-up coils within a
superconducting solenoid. The sample is moved between the centres of the pick-up coils. By
integration of the  induced voltage the magnetization of the specimen can be determined. 

The temperature in sample space can be changed from 4.2 K to about 300 K. Two different
sample holders are available:  one of perspex and a beryllium-copper one. The latter is used to
apply a hydrostatic pressure, up to 5.5 kbar, to the sample [Buis 1979, Frings 1984].

4.3 Specific-heat measurements

4.3.1 Introduction
In this section the specific-heat method and the used equipment is described. There are several
ways of determining the specific heat of intermetallic compounds at low temperatures. These
methods can be divided in two main measuring techniques:
– the adiabatic method [see eg Morin and Maita 1963], 
– the dynamic (non-adiabatic) method. 
The latter method can be divided into several sub-methods, eg the continuous heating method
[Ashworth and Steeple 1969, Schutz 1974, Junod 1979], the relaxation method [Bachman et al.
1972], the ac-method (ac calorimetry) [Sullivan and Seidel 1968].
The choice of a suitable method depends on several conditions. The most important conditions
are:  the thermal isolation of the sample from the environment, the importance of relative or
absolute accuracy, the heat capacity and the thermal conductance of the sample measured.

In any practical situation all the specific-heat measurements have a relaxation component in
their measuring curve, even the adiabatic ones (then referred to as ‘semi-adiabatic’), see figure
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Figure 4.3.a Theoretical curve of the
sample temperature of 
versus time after a heat
pulse in a semi-adiabatic
calorimeter.

Figure 4.3.b The region t  to t  of figure1  4

4.3.a expanded.

(4.3)

4.4. In the case of an ideal adiabatic measurement it has an infinite relaxation time. A known
amount of heat is added to the system, heats it up to a higher temperature, and the whole system
should stay at this temperature. A more realistic behaviour is presented in figs. 4.3.a and b. In a
relaxation measurement the total system is heated until a steady state situation exists. Then the
heater is turned of and the whole system relaxes back to the surrounding temperature. 

In the next paragraphs the adiabatic method and the relaxation method will be discussed.

4.3.2 Adiabatic measurement
Adiabatic calorimetry is based on the heat-pulse method and is considered as one of the most
accurate heat capacity measuring methods. A sample is isolated very well from its surroundings.
In the ideal case no heat exchange takes place and the method is really adiabatic. In a simplified
model the thermometer - sample link and  heating device - sample link are considered ideal and
without any thermal resistance. Then the thermometer heat capacity and the heater heat capacity
do not contribute to the system.

At time t , indicated in fig. 4.3.b, a constant power P is switched on. The constant heating,2

up to time t , means that a known quantity of energy, )Q= P(t  –t ), is added to the system. The3          3 2

corresponding temperature increase, )T, taken at time (t  +t )/2, is determined by extrapolation.3 2

The heat capacity, C, is then calculated as 

Assumed is that during the heating the resistance of the heater-wire does not change and the
temperature step is sufficient small to allow for the approximation.

In adiabatic methods at low temperatures a heat switch is needed to cool the sample. In many
cases this is a complicated mechanical construction. In a practical situation there will be always
a small heat leak, and the method is called semi-adiabatic. In our equipment the sample plus
addenda (sapphire plate, resistances for heater, thermometers, grease) is attached thermally to its
environment by their wiring allowing us to cool the sample to the lowest temperatures without
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Figure 4.4 Measured curve under semi-adiabatic conditions.

a heat switch. 
The advantage of the adiabatic measuring method is high, absolute and relative, accuracy. A

disadvantage is the need for large samples to keep the error limited. Heat leaks through the
electrical wires, necessary for temperature measurement and heating, give the lower limit for the
mass of the sample. The thermal conductance of these wires will determine the relaxation time of
the system and with this the steepness of the cooling curve, the temperature line t – t  in figure3  4

4.3.b. In measurements with a small sample the contribution of the heat capacity of the sapphire
plate will be of the same order of magnitude as the heat capacity of the specimen. Also the thermal
conductance is less as the contact area becomes smaller and the adhesive (Apiezon N) is relatively
thick. This all leads to strong curvatures and overshoot in the cooling part of the measuring curve
(shorter relaxation time of the system) and a linear approximation of that part of the curve, used
in extrapolating to the midpoint of the heating, (t  +t )/2, is not longer allowed. The measurement2 3 

can then no longer be taken as adiabatic and different analysing techniques are necessary to
extract the heat capacity of the sample. A measured specific heat curve with adiabatic conditions
is shown in figure 4.4.

If the curvature is too strong, an extended measurement of the cooling period is taken to
determine the relaxation time with an exponential fit. In the measuring computer programme a
first estimate for the end-temperature is obtained by extrapolation of the preheating temperature
dependence up to the time at which the last data were recorded. Then, with a least squares
method, an exponential fit is made and the end-temperature is adjusted until a best fit is attained.
This exponential fit for the period t to t is extrapolated to the mid-point of the heating and )T4  3 

is determined.



Ts(t)&T0')Te &t/J

C'Jk 'J
P
)T

Experimental 39

RNi  compound5

Figure 4. 5 a) Schematic heat-flow model for relaxation method with a single relaxation
time J (after Bachman et al. [1972]). A similar model can be made for the
thermometer and heater.  b) Heat-flow model for sample and substrate
exhibiting a "lumped J  effect". [after Shepperd et al. 1984]. 2

(4.4)

(4.5)

4.3.3 Relaxation measurement
In order to cope with all possible samples and a wide temperature range the possibility to record
relaxation curves has been incorporated into the measuring software. In certain measuring
conditions, especially small samples or low heat capacity, the relaxation method has to be used.
This method was first introduced by Bachman et al. [1972]. 

Let us first assume a perfect thermal contact between sample, heater and thermometer. This
system is connected by a relative weak link to a heat sink. In fig 4.5a, k is the heat leak
conductance. During the heating of the sample the environment is kept at constant temperature,
T  (with a separate thermometer and regulating circuit). A constant power, P, is supplied to the0

sample. After some time, the sample will reach a constant temperature, T +)T, since the heat per0

unit time that flows from the sample to the environment equals the power added to the sample by
the heater. Evidently: )T = P/k. Now if, at t = 0, the heater is switched off, the temperature of
the sample will decay exponentially to the surrounding temperature with a relaxation time J=C/k.
[Bachmann et al. 1972]. The cooling curve is given by

Hence, the heat capacity of the sample plus addenda can be determined by:

Precise measurement of the power applied, P, is straightforward. In practice, accurate
determination of the temperature step, )T, and the relaxation time J  from the measured data is
more complex. 

The above mentioned expression is based on the assumption that the sample plus addenda can
be considered as one single thermal unit, and that the thermal response of this thermal unit is much
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(4.6)

(4.7)

(4.8)

Figure 4.6 Typical curve in a measurement of the specific heat with the relaxation
method.

(4.9)

higher than that of the wires.  Often this condition is not met: the thermal conductance between
the sample and the sample holder is small (see figure 4.5.b). Especially when the sample is very
small, or has a very low heat capacity, the relative contribution of the thermal conductivity of the
sample-substrate bond contributes considerably. 

As an approximation, two exponentials are used to describe the relaxation curve:

where

In case A , J , A  and J  all can be determined, the heat capacity C is then calculated with1  1  2   2

[Shepherd et al. 1984]:

Notice that k  can be determined seperately (k  = P/)T in the heating stage). In the case that Jb     b           2 

is an order of magnitude smaller then J and A is much smaller than A , then J and A cannot be1  2     1   2  2 

resolved accurately enough. In this case, we find from eq. 4.8, knowing that A J <<A J  and A2 2 1 1   1

+ A =)T , the  heat capacity2  

One obtains the amplitude A  and relaxation time J  by subtracting T  from the T values,1    1   0   s 

collected during the decay, and fitting a straight line through ln(T (t) - T ). To avoid the J  -effect,s   0     2

the curve should be fitted only after a time .7×J or .0.7×J from the begin of the relaxation2  1 
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curve. In figure 4.6 a measured relaxation specific heat curve is shown.
 

4.3.4 The specific-heat set-up
The high-temperature specific-heat insert is designed to measure the heat capacity in the
temperature range from 1.4 - 300 K. Two shields are used to screen the sapphire plate with
thermometer, heater, sample and addenda from the surroundings. Using a carbon-glass
thermometer and a temperature controller, the temperature of the inner shield is measured and
kept constant at temperature T  (the temperature at which the adiabatic measurement is started)0

within 0.1% of T . At higher temperatures, typically sample temperatures above 150 K, the outer0 

shield is heated with a constant power  to remove a part of the temperature difference between
the surrounding (T  =  4.2 K) and the sapphire plate (T>150 K). The temperature of the sapphireHe

plate and sample is measured with two thermometers; a  thin film platinum resistance calibrated
from 20 K to 300 K and a rutheniumoxide thin film resistance calibrated from 1.35 K to 25 K. The
whole setup is computer controlled to simplify the measurement. A more detailed describtion of
the specific heat set-up is given in Kim-Ngan [1993]. 

4.4 µ SR measurements+

4.4.1 Introduction to the technique 

In this paragraph we give only a short introduction to the µSR technique. For further reading
there are a number of publications e.g. a publication by Chappart [1984], a review article by Cox
[1987], a textbook by Schenk [1985] or the thesis of Dalmas de Reotier [1990] which all give a
more detailed description of the technique. 

The µSR spectroscopy (µSR is the acronym of the English words "muon spin rotation" or
"muon spin relaxation"or "muon spin resonance"or "muon spin research") is basically the
implantation of polarized muons in a lattice. The spin of this particle will, at its position, only
interact with the local magnetic field. The muon acts then as if it were a microscopic magnetic
field meter. This information about the local magnetic field can be obtained by studying the
anisotropic decay.

The muon, member of the family of the leptons like the electron, is a particle found in 1936
by Anderson and Neddermeyr who studied cosmic rays. The muon has a unitary electric charge:
it exists in two forms with opposite charge µ  and µ . The muon has a mass of 105.6 MeV/c+  -         2

which is about 1/9 of the proton and 200 times a electron mass. The spin of the positive muon,
with a value of £/2, is parallel to the magnetic moment (anti-parallel in case of the negative muon).

Table 4.1 presents some physical properties of the positive muon compared with the positron
and the proton. 

The µ  decays in the following way: +
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Table 4.1. Some physical properties of the positive muon compared with a positron
and a proton.

^a

particle e- F p

rest mass
(MeV/c2)

charge

Spin (h)

gyromagnetic ratio
(rad/sT)

decay time (s)

0,51 1

e'

Y2

1.76O8xl0rt

stable

105,6

e'

Y2

8.516lx108

2.l97xIO-6

938,9

e

V2

2.6752x1O8

stable

F- -  e-  +Íe +vtr (4.10)

Here v"and v,, are the electron and muon neutrino. Neutrinos are very hard to detect, so only

the positron e* will be detected. Its kinetic energy is large enough to let the positron escape

from the lattice. The emission of the positron is highly anisotropic. The probability of

emission is proportional to
[1+ Ácos(á)] (4.11)

Here, 0 is the angle between the direction of the muon spin at the time of decay and the

direction of emission of the positron. The factorÁ, the asymmetry parameter, depends on the

Figure 4.7 Angular distribution of positrons from the p* decay. The radial distance is
l+Ácos 0.Left only positrons of maximum energy are detected (Á = 1).
Right: positrons with all energies are detected (A = l/3).

RNi, compound
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bundle of muons
9 )t .10  s     -10

Retardation of the µ+ .

Loss of energy by interaction
with the electrons.

9 E  = 2 -3 keV                    µ

Loss of energy of the µ  by +

interaction with the degenerated )t•5×10  s  -13

electron gas. Formation of muonium.
9 E  = 200 eV                      µ

Collision of muonium atoms 10  - 10  s  -12  -11

9 E  .     2 eV                      µ

Dissociation of the thermalised muonium

Figure 4.8 Slackening of the µ in  a metal after Brewer et al.[1975].+ 

positron energy and the average of A over all the possible positron energies is 1/3. In practice A
is about between 0.20 and 0.24. In figure 4.7 the emission angle dependence is shown in two
cases. 

4.4.2 Implantation of muons in matter

Two muon bundle types are developed in the past years. One is a bundle with surface muons with
a small kinetic energy (in order of 4.12 MeV ). These are called suface muons because the
penetration depth is small (e.g. 0.2 mm in copper). The other has fast muons with typical kinetic
energy of 129 MeV. The surface muons have a typical velocity of 0.27@c while the fast muons
travel with 0.75 - 0.87@c.

The following questions can be posed: which process thermalises the muons in the material?
Does the muon keep the same polarisation direction during this tempering? In figure 4.8 the
thermalization process of the muon in matter is sketched. First the positive muon is slowed down
in the lattice via ionisation of atoms and scattering with electrons until it has a energy of -2 -3
keV. This deceleration occurs in an estimated time of 10  -10  s. At this stage the muon is-10 -9

capable of forming an atom together with an electron, called muonium. During this time inelastic
scattering of muonium atoms and a series of gain and loss of electrons slow the muon down to
lower energy (-200 eV) in a time of 5 ×10  s. Then due to the surroundings of free electrons the-13

muonium will dissociate and lose its electron.
This implantation process described above takes in the order of 0.1- 1 ns. Also the primary

processes bring into play only electrostatic interactions, which are non spin-dependent. So the
time is too short for the muon to have a loss of polarisation.

The muon can diffuse between interstitial sites in a crystal. The µ  diffusion may introduce+

experimental difficulties in studies of magnetic properties of compounds. However, at low
temperatures the muon will be localized on one site. At higher temperature we have to take into
account the diffusion of the muon through the lattice. The muon is almost always found on
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Figure 4.9 Scheme of the incoming muon beam, the muon spin rotation in the sample, the
desintegration of the muon and the detection of the emitted positrons. The
applied field is perpendicular to the drawing plane. 

(4.12)

interstitial sites, only in irradiated samples containing many vacancies the muon may occupy a
lattice position. 

4.4.3 µ SR spectroscopy+

To summarize, the µ SR technique is based on two different experimental facts. Firstly, a muon+

is produced with its polarization antiparallel to its momentum and hence, the muon is naturally
polarized. Secondly, the muon decay is anisotropic and its anisotropy is directly related to the µ+

spin direction mentioned above. Therefore, it is possible to follow the evolution of a muon in a
sample. 

In the DC µ  beam set-up, the polarized muon beam is aimed at the sample. Each muon passes+

the initial detector(s) and if there is (almost) no simultaneous signal at the detector behind the
target, then a muon has been stopped in the sample. A muon event requires that within a certain
time interval after the µ  stop, a positron is detected. This event is called data gate. Each+

implanted muon starts a clock and triggers a data gate signal of about 10 µs length (few muon
lifetimes). During the data gate no other muon is accepted  in order  to avoid coincidences. In this
way a rate-versus-time histogram is made. The data gate limits the number of events (stopped
muons), to the order of 5×10  µ /s.4 +

In a pulsed µ  beam set up, when the muon burst in the pulsed beam is sufficiently short,+

compared to the muon lifetime, and the separation between the pulses is long compared to the
muon life time, then it can be used as a collective start signal for all incoming muons of the pulse.
In this way the limitation of the number of events of the DC method is avoided.

The number of detected muons, N, is given in a  law of exponential decay observed for
radioactive particles of mean lifetime J  (=2.197 µs). µ
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(4.13)

(4.15)

(4.16)

(4.17)

The muon spins in the incoming beam are polarized in the direction of the beam. The positron
detector (e  are detected hence the subscript) is making an angle 2 with the trajectory of the+

incoming beam and hence with the muon spin. The desintegration anisotropy (eq. 4.1) has been
taking into account. N  and a are effective parameters derived from respectively N and A and0

representing the experimental conditions. To complete the calculation we have to integrate over
all possible energies of the positron. Implicitly, we assumed that all muon spins remain polarized.
In reality, the spin interacts with the local magnetic moment at the site 
where it is implanted (stopped). Possibly they can lose their initial polarisation. Now, we define
P (t) as the polarisation of the beam, at time t, projected in the direction, ", at which the detector
"

is placed. It is the average value of the ensemble of muons with their spin projected in the
direction ". With a change in notation (eq. 4.1) of N  to N )e   "+(t) e+(t  we get

Presenting µSR experiments one often shows only aP (t). The information in N
"     "

e+(t) adds only
the radioactive decay of the muon and conceals more or less the asymmetry, aP (t). Thus only

"

aP (t) is presented. This is acomplished by taking two detectors with the same characteristics
"

placed opposite to each other. We have one forward detector

and the backward detector (2 = 180E)

Using the property that P (t)= –P (t) we arrive at the ratioF  B

yielding directly the muon spin depolarization function. 
Different experimental geometries.  
The muon spin precesses in a magnetic field. Two experimental geometries can be used.

Either, the applied field is perpendicular or, it is parallelto the initial beam polarization, the
transverse and longitudinal field geometry, respectively.

Transverse geometry.  
In the transverse geometry all the muons experience the same external field perpendicular to

the initial polarisation. This is often called muon spin rotation. The muon precesses in a transverse
field. One measures the Larmor angular frequency

in which µ H is the field experienced by the muon at its position and (  is the muon gyromagnetic0             µ

ratio. Due to this field the whole angular distribution pattern (eq.4.1) rotates with T around µ H,0

leading to a periodic modulation of N(t). In zero field, and also in the longitudinal mode, there is
no angular frequency T  since there is no precession.

In equation (4.1) we have assumed that all implanted muons feel the same external magnetic
field. Since all muons penetrate the sample with an identical spin orientation, the spin ensemble
precesses in phase with the unique angular frequency T during its entire lifetime. In that case no
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(4.18)

(4.19)

(4.20)

(4.21)

depolarization (or dephasing) is expected. Remark that in the DC µ  beam the muon ensemble+

never exists simultaneously in time as there is always only one muon present at the time in the
sample. Now, we want to take into account the microscopic environment of the muon. The atoms
of the sample will always have some dipole moment, which gives rise to a very small field
superimposed to the external field. Suppose the orientation of the magnetic moments is random,
then this extra field adds or opposes the external field depending on the muon site and location.
Although this extra field maybe three orders of magnitude smaller then the applied field it has a
profound effect on the µ SR signal. It results in a distribution of frequencies and one observes a+

progressive dephasing of the muon spin ensemble, the oscillations are damped. This is a static
origin of dephasing. An other reason for the depolarization of  the muon spins can be of dynamic
origin. Magnetic materials produce strong magnetic moments at the muon sites. A slow relaxation
of these moments during the muon lifetime adds a fluctuation to the total magnetic field and leads
to a depolarization of the muon spins. Another dynamic effect is observed when the muon diffuses
through the material, jumps from site to site during its lifetime. The muon feels then different local
fields and depolarization has to be expected. If the precession time is longer then the average time
a muon stays at one site, then the muon will feel only a mean field and the dephasing is
diminished. So in the dynamic approach the  µ SR depolarization function P(t) will be damped.+

The exponential damping can be presented as

with 8 the damping rate. 
In the static case the depolarization is assumed to result from a continuous and isotropic

gaussian distribution of static fields with a second moment ) /(  along the external field2 2
µ

 and the depolarization function takes the form

In the dynamic case a random fluctuation of the local fields  as  seen by the muon is assumed.
Now the shape of the depolarization function depends on the fluctuation rate, on the correlation
time J  of the fluctuation compared with the field distribution. In the case of rapid fluctuations (Jc               c

<< 1) a Lorentzian form is assumed and the depolarization function can be written as

Longitudinal geometry.  
In the longitudal geometry the applied field is along the beam direction. That means that the

applied magnetic field is parallel to the initial muon polarisation. This configuration is known as
muon spin relaxation. In contrast to the transverse geometry the longitudinal geometry allows
a broad spectrum of applied magnetic fields, from 0.01 mT to fields that exceed the now possible
fields. The exponential damping can be measured in the longitudinal geometry. At zero external
magnetic field and a gaussian distribution one obtains the formula for the depolarization
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For small t values P (t) follows a gaussian curve , P (t) drops to a minimum at t) =z       z
2 

1+(1+) )  and shows later recovery to 1/3. This can be understood intuitively if one considers2 ½

the random distribution of internal fields which implies that on the average 1/3 of the µ  will not+

precess since for them the internal field and the initial polarisation are parellel. 
In case of fast electron spin dynamics (and no diffusion) above the magnetic ordering temperature,
P (t) has the same form as P (t). z       x

4.4.4 Experimental muon set-ups

µ SR spectroscopy can be performed in Canada (TRIUMF at Vancouver), Japan (KEK/BOOM+

at Tokyo), Russia (at Dubna) and two laboratories in Western Europe. One of these laboratories
is the Rutherford Appleton Laboratory (RAL), located at Chilton near Oxford in the United
Kingdom. Its muon facility shares the proton accelerator with the neutron spallation source called
ISIS. The other European muon source is located at the Paul Scherrer Institute (PSI) at Villigen
Switserland. We have performed measurements at ISIS and PSI.

ISIS produces a double pulse of protons at a repetition rate of 50 Hz. In the double pulse,
each  pulse is 70 ns wide (FWHM) and the centres of the pulses are separated by 325 ns. Only a
fraction (a few percent) of the  proton beam necessary to produce neutrons is used for the
production of muons. Graphite targets inserted in the proton beam before the main (neutron
production) target generate muon pulses with similar time structure as the main proton beam. The
muons are guided by the magnetic fields in the beam-line to three experimental areas where they
are implanted in the material for muon spectroscopic studies. Two of these areas contain
scheduled instruments. MuSR(from 1987) and EMU(from 1993). The third area is used as a test
beam. MuSR and EMU have similar performance except that EMU is optimised for longitudinal
magnetic field studies and is not available for transverse fields. As the source is pulsed, there is
no background during the measurements, when the muons are decaying. Hence, especially low
damping rates between 0.005 MHz and 10 MHz can be measured in the longitudinal mode. 

In PSI a continuous source produces muons. With this conventional continuous source higher
damping rates can be determined. Frequencies (hyperfine fields) between 0.1 MHz and 60 MHz
can be measured.

4.5 Inelastic Neutron Scattering measurements

Neutron scattering is for us an additional tool to study condensed matter on a microscopic basis.
The wave-length of thermal neutrons is comparable to interatomic distances  in solids and the
energy change of thermal neutrons due to inelastic scattering processes is of the same order of
magnitude as the initial energy. These two features together with the fact that the neutron is a
neutral particle makes it an excellent measuring probe [Marshall and Lovesey 1971]. In
cooperation with P.C.M. Gubbens and C.F. de Vroege of the Technical University of Delft we
have measured the inelastic neutron scattering spectrum of polycrystalline ErNi  at 20 K and  605

K. A good introduction in the experimental details of inelastic neutron scattering in the study of
solid state can be found in Sköld and Price (1986).

In the Interfacultair Reactor Instituut of the University of Delft (IRI), the rotating crystal
spectrometer RKS 2 has been used to make time-of-flight (TOF) measurements. A TOF analyser
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incident wave length  0.07 # 8 # 0.35 nm or  5660 $ v $ 1130 ms0 
-1

incident energy  9 # E # 170 meV0 

beam surface  25 × 100 mm
scattering angle  (22  - 90E) # N # 22B      B

detectors  83 × He detectors3

time of flight resolution  0.02 # )t/t # 0.05

Table 4.2 Instrument parameters of the rotating crystal spectrometer RKS2 at IRI

Figure 4.10 Sketch of the rotating crystal spectrometer RKS 2 of the Interfacultair Reactor
Institute (IRI). A monochromatic pulsed bundle is created by Bragg scattering
at a rotating single-crystal. Two additional single-crystal choppers, rotating in
phase with the main rotating crystal, suppres the higher order reflections and
unwanted other reflections. An extra background reduction is achieved by
additional silicon single-crystal filters.

is suited to measure simultaneously the scattering angle (n) and the energy transfer (£T) of the
monochromatic pulse-train of neutrons. A large, rotating, single crystal is used to monochromate,
or select neutrons of a particular wavelength, and simultaneously pulsate the neutron beam. The
reflected mean wave length depends on the scattering angle 22 and monochromator crystal plane
spacing d according to Bragg's law, 8 = 2d sin 2. Before and after the rotating crystal the beam
is collimated. Higher-order reflections are suppressed by two choppers in phase with the rotating
crystal (see fig 4.10.). Additional filters remove unwanted orders.
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5 Results for ErNi5

5.1  Introduction

Different ErNi  characteristics were studied with the experimental methods discussed in5

chapter 4. We performed high-field magnetization measurements on monocrystalline material
and determined the heat capacity, also in applied magnetic fields. On powdered ErNi , inelastic5

neutron scattering measurements were carried out. In different geometries, muon spin
resonance (µSR) measurements were performed on monocrystalline ErNi . 5

In specific-heat measurements on ErNi , Sankar et al. [1974] have shown the important5

influence of crystal field effects on the low-temperature energy. A magnetic ordering
temperature of 8 K was found. Magnetization measurement by Escudier et al. [1977] on
monocrystalline ErNi  revealed a ferrimagnetic ordering below 9 K. On the basis of these5

magnetization measurements a set of crystal field (CF) parameters was proposed by Escudier
et al.[1977], leading to a dominant | ±13/2 , ground state. For an overview of the parameters
used by Escudier and other authors see table 5.3. Naït Saada [1980] introduced a slightly
different set of parameters with the same ground state. A different ground state was proposed
by Goremychkin et al.[1984]. From inelastic neutron scattering a dominant | ±15/2 , ground
state was deduced. Performing Mössbauer spectroscopy, Gubbens et al. [1988] came to the
same conclusion. From high-field magnetization measurements along the [001] direction in
combination with specific heat data, Radwa½ski et al.[1992a, 1992b] derived a set of CF
parameters that lead to a truly dominant | ±15/2 , ground state. To resolve the controversy
concerning the ground state of the Er ion, magnetization studies of ErNi  have been5

undertaken. On the basis of high-field magnetization measurements along the [120] direction,
a different set of CF parameters was proposed by Zhang et al.[1994]. These CF parameters
lead to the same ground state as proposed by Radwa½ski et al.[1992a, 1992b],  but yield a
better description of  the low-temperature magnetization along the difficult [120] direction.
With the Zhang CF parameters a smooth metamagnetic transition at about 16 T was
calculated. The set of CF parameters of Radwa½ski et al. [1992a, 1992b] predicted a curve
with a very sharp transition around 20 T along the [120] direction. In the present work we
have refined the Zhang parameter set. Our parameters differ only slightly from the parameters
reported by Zhang.

The description of the ErNi  system involves seven parameters. The complete set of5

parameters is seldom published as an entity. Most authors give only part of the parameters
they have used to describe the system. The essential parameters used by us are (see chapter 2):
- four CF parameters B  , B  , B  , B  ,2   4   6   6

0  0  0  6

 - the interaction between the Er atoms within their own sublattice, given by the intra-
sublattice molecular-field coefficient n , ErEr

- the interaction between the erbium and nickel sublattices given by the inter-sublattice
molecular-field coefficient nErNi

- the magnetic response of the Ni sublattice, described as a Pauli paramagnetic system with
a temperature independent susceptibility, P . Ni

We determined these parameters carefully using the information of all the experiments we
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performed: magnetization in high-magnetic fields, paramagnetic susceptibility,  specific heat
on monocrystalline samples and inelastic neutron scattering on polycrystalline ErNi . Each of5

these experiments gives the possibility to extract a new piece of information that is not
accessible from the other. 

In addition, µSR measurements are reported. These experiments were not used in the
determination of the CF parameters. However, they give a good picture of the magnetic
behaviour of ErNi . The temperature dependence of the muon depolarization was measured5

on monocrystalline plates and on a large monocrystalline sample. The muon position in the
hexagonal structure is provisionally determined with reasonable probability by muon Knight
shift measurements.

5.2  Specific heat

5.2.1  The magnetic contribution to the specific heat

We have measured the specific heat of ErNi  on a 190 mg monocrystalline sample (#Q5802),5

semi-adiabatically in the temperature range from 1.5 to 250 K. These heat capacity
measurements have been published in Radwa½ski et al. [1992a, 1992b]. The measured specific
heat of ErNi  is shown in figure 5.1. The data points of ErNi  above 200 K are less accurate5          5

due to measurement errors. The occurrence of the 8-type peak in ErNi  is associated with5

long-range magnetic order. It has its maximum at 8.9 K. For T  a value of 9.2 K is taken fromC

the midpoint temperature between the peak and the lower end of the righthand side of the
curve. Additional measurements of the specific heat on a second sample (see paragraph 5.5)
lead to a unchanged peak position but to a more pronounced peak. 

The specific heat has been analysed by considering the nuclear (c ), electronic (c ), latticeN   el

(or phonon) (c ) and the magnetic (c ) contributions to the specific heat, see equation 2.31ph     m

in chapter 2.5.1.
The nuclear contribution, related to the hyperfine interaction of the 4f shell with the nuclear

moment of the 4f ion, is not observed. In the case of the fully polarized 4f shell of the Er ion,
this specific heat adds significantly to the heat capacity below 1 K only. 

The specific heat of the isomorphous non-magnetic compounds LaNi  and YNi  is shown5  5

as a reference in figure 5.1. In chapter 6 we discuss the specific heat of the two compounds
in more detail. As expected from the difference in molar masses, the specific heat of YNi  is5

smaller than the specific heat of LaNi  at a certain temperature. The temperatures belonging5

to the LaNi  specific heat values have been multiplied by a correction factor of 0.959 to5

account for the difference in molar mass with respect to the magnetic compound ErNi ,5

resulting in the dashed line in figure 5.1. Using the same procedure, with a correction factor
0.888 for YNi , resulted in the full line in figure 5.1, which appears to coincide with the5

corrected LaNi  curve in a large temperature region. These correction factors are calculated5

with equation 2.36 of paragraph 2.5.1. When subtracting the corrected lattice contribution of
the non-magnetic equivalent from the ErNi  data, the so-determined magnetic contribution to5

the specific heat becomes negative above 70 K. This indicates that the corrected lattice
contribution was overestimated. We therefore have kept the results of LaNi  as the lattice5

contribution of ErNi , so the difference of the (molar) specific heats of ErNi  and LaNi , 5           5  5



0 50 100
T (K)

0

5

10

15

20

c 
m

 (J
/K

m
ol

)

ErNi 
5 

#AF016

#LM9203

calculation

0 50 100 150 200
T (K)

0

50

100

150

c 
(J

/K
m

ol
)

ErNi
5 

YNi
5  

experimental

LaNi
5 

experimental

YNi
5  

 after correction

LaNi
5
 after correction

Results for ErNi 515 

RNi  Compounds5

Figure 5.2 The temperature variation of the magnetic contribution of  ErNi  derived as5

the difference of  the measured molar specific heat of ErNi  and that of5

LaNi  (see text). The full points are measured on sample #AF016 and the5

open data points are measured on sample #LM9203 (see section 2.2). The
solid curve shows the ErNi  contribution  calculated with the parameters in5

table 5.3. 

Figure 5.1 Heat capacity curves of monocrystalline ErNi  (#AF016 ‚) between 1.5 K5

and 200 K. As reference the heat capacity of the non-magnetic equivalent
LaNi (>) and YNi  (?) is shown. Additional lines are the LaNi  (dashed)5   5        5

and YNi  (full) specific heat corrected for the difference in molar mass.5
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Figure 5.3 Temperature variation of the experimental entropy of ErNi (samples5 

#AF016 — and #LM9203 ") after substraction of the LaNi  contribution.5

The calculated entropy is given as a full line. Also indicated is the
entropy associated with the degeneracy of the 4f  J =  5/2 multiplet
amounting to Rln16 = 23.04 JK mol .–1 –1

measured at the same temperature, is taken as the magnetic contribution in ErNi . The5

resulting magnetic contribution is shown in figure 5.2. Above 100 K the derived values are less
accurate. We have to subtract two large numbers finding a small value. Also the relative error
in the measured specific heat at higher temperatures is considerable. 

The magnetic contribution to the specific heat has been calculated using formula 2.30 and
our parameter set (see table 5.3). The calculated curve is shown in figure 5.2 as the full line.
The general behaviour is in good agreement with the experimentally derived magnetic
contribution to the specific heat. It perfectly reproduces the position of the 8-type peak at
8.9 K associated with the occurrence of lang-range order, as well as the broad maximum near
35 K.

The involved entropy up to 200 K is determined by integrating the experimental magnetic
contribution to the c /T (see figure 5.3). We calculated the theoretical entropy with ourm

parameter set (solid line figure 5.3). There is little difference between these two. At 150 K it
reaches a value of 21.5±1 JK mol  (assuming zero entropy at 1.3 K).  This is close to the–1 –1

value expected for the (2J+1)-fold degeneracy of the ground state multiplet, i.e. Rln16 = 23.04
JK mol . This shows that at 200 K almost all levels are involved in the specific heat.-1 -1

Measurements of the specific heat of ErNi  have been reported before by Sankar et al.5

[1974]. Above 50 K their specific heat of ErNi  is lower than our observation. The magnetic5

contribution to the specific heat derived by this author is thus smaller than our present result.
Their magnetic entropy values, evaluated up to 300 K, are Rln2 short of Rln(2J+1) (in this
case Rln16). This deficit is attributed to the presence of two states with a small energy
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difference (about 1 K). Fitting the specific heat with point charge calculations they find a
ground state |13/2, and indeed another state 0.9 K separated. This situation, of course, is not
reproduced by our calculations (see e.g. figure 5.18). 

5.2.2  Specific heat in magnetic fields

In this paragraph, we present specific-heat measurements on ErNi  ( #LM9203) in applied5

fields along the easy [001] axis (µ H= 0, 0.3, 1, 2, 5 T). We could not fix the sample strongly0

enough to the substrate to measure the heat capacity along the hard direction. We calculate
the influence of the field on the specific heat using the CF parameters in table 5.3.

The specific heat of ErNi  has been measured in the temperature range from 1.4 K to 200K5

in zero field, and up to 80 K in the above mentioned fields. Vacuum grease (Apiezon N) was
used to fix the sample in position on a sapphire plate. A cryostat with a superconducting coil
capable of generating steady fields up to 8 T was used. Into this cryostat the specific heat cell,
described earlier in chapter 4, was inserted. The thermometers, Ru-oxide and Pt, were
corrected for their field dependent resistance.

The magnetic contribution to the specific heat of ErNi  with fields applied along the [001]5

direction is shown in figure 5.4. Again, the magnetic contribution to the measured specific heat
of ErNi  is obtained by subtracting the LaNi  values. The height of the zero field 8-like peak5      5

amounts to 20 JK mol , slightly larger than the value measured on the previous sample-1 -1

(#AF016, see figure 5.2). Also the broad peak at 30 K is higher. It suggests a better quality
of the newly grown sample. 

Applying a relatively small field along the easy magnetization axis leads to a collapse of the
8–peak. This can be observed in the measurement with a field of 0.3 T (symbols ~ in fig. 5.4).
The position of the top of the peak shifts to a lower temperature (8 K). The peak value is
reduced to 14 Jmol K . At temperatures above 17 K, the 0.3 T curve (measured up to 22 K)-1 -1

coincides with the zero-field measurement. An applied field of 1 T completely removes the
8–peak and only a broad transition is left with the top at a temperature of 12 K. The peak
amounts to a value of 10 Jmol K . In higher applied fields a broadening of this peak and a-1 -1

gradual shift to higher temperatures is observed. The 2 T curve (measured up to 45 K)
approaches the zero-field specific heat at higher temperatures.

The specific heat in field has been calculated using the set of parameters of table 5.3. The
results are presented in fig. 5.5. Note that the calculated specific heat takes into account only
the internal fields. From the irregularly shaped sample, the form factor N could only be
estimated up to a limited extent. To overcome this problem, the internal field is taken as an
adjustable parameter in the calculations. The magnetization curves were calculated for
different assumed fields. In this way we get a mapping of  the applied field on the ‘assumed’
field. As a first approximation , the internal field was taken to be independent of the
temperature. As the measure of the best fit we took the position of the 8-peak. We find in this
way that an internal field of 0.01 T coincides best with an applied field of 0.3 T.  If we make
use of the equation for the demagnetizing factor , with M = Ms

= 104.49 Am kg (8.62 µ f.u. ), D = 9442.5 kgm , this result implies a demagnetizing factor2 -1  -1     -3
B

N of approximately 0.6. For our irregularly shaped sample this value is reasonable. The
demagnetizing factor should be between N= 0 and N= 1.  At higher temperatures the influence
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Figure 5.4 The magnetic contribution to the specific heat of ErNi , derived as the5

difference between the molar specific heat of ErNi  and the zero-field values5

observed on LaNi  in fields applied along the [001] direction. The symbols5,

(‚) 0.0 T, (~) 0.3 T, (") 1.0 T, ()) 2.0 T and (L) 5.0 T represent the
results at the indicated applied field values. 

Figure 5.5 The calculated Er contribution to the specific heat of ErNi  for different5

internal fields. The lines with the symbols (‚) 0.0 T, (~) 0.01 T, (") 0.7 T,
()) 2.0 T and (L) 5.0 T represent the curves, calculated at the indicated
internal field values.

of the demagnetizing field must decrease. In our calculations, we ignored this effect
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 (a possible source for a deformation of the calculated curve). The calculated curve for the
0.05 T internal field (not displayed) shows that the top of the 8-peak does not shift for such
a low field. Experimental points at these fields, display a greater steepness after the 8-peak
than the calculated curve.

The specific heat measured in an applied field of 1 T can be best fitted with an internal field
of 0.7 T corresponding to the same demagnetizing factor N as in the 0.01 T internal field case.
It fits well the 1 T applied-field curve  up to 15 K. At higher temperature this  calculation does
not follow the tendency of the 1 T curve and fails to describe the extra increase in heat
capacity. One explanation for this behaviour is the change of the internal field, already
mentioned above. The magnetization decreases with temperature and the contribution of the
demagnetization to the internal field decreases. At higher temperatures, above the ordening
temperature, the internal field will be almost equal to the applied field. 

For the other calculated curves the relative contribution of the demagnetizing field becomes
increasingly smaller at higher applied fields. We note that for these higher field values the
agreement between calculated and experimental curves is satisfactory.

In conclusion, the calculated curves reproduce the shape of the experimentally observed
curves. The 8-peak calculated at zero field is in fair agreement with the experimental data,
although the observed points show a sharper peak.

5.3  High-field magnetization

The first reported magnetic measurement showed ErNi  to be ferromagnetic with a5

magnetization that is lower than the full rare-earth moment of 9.5 µ  per Er  ion. BleaneyB
3+

[1963] concludes from the structure and the crystal field involved that ErNi  should have a5

spontaneous magnetization along the [001] axis. This magnetic moment formation was later
confirmed in neutron diffraction measurements by Corliss [1964]. The magnetization along the
three hexagonal axes up to 15 T has been measured by Escudier et al. [1977]. The [001] axis
was shown to be the easy axis and a small difference between the [100] and [120] axis at 15
T was found. Our magnetization studies along the [001] and [120] axis up to 35 T were
published in Radwa½ski et al. [1992]. In addition, we performed measurements along the [100]
axis. These measurements were performed to complete the high-field magnetization studies
and to clarify the difference between the two directions in the basal plane.

The monocrystalline sample of ErNi   (#Q5802) for the magnetization experiment has been5

grown at the FOM-ALMOS centre of the University of Amsterdam. A sphere of 3 mm
diameter has been spark-eroded from the as-grown monocrystalline rod. The magnetization
measurements were performed in the High-field installation at the University of Amsterdam.
At a temperature of 1.5 K, fields were applied along the [100] direction, [120] direction and
[001] direction (see fig. 5.6) . The magnetization has been measured with step-like pulses up
to 35 T and with a linear decreasing pulse from 38 T down to 1.2 T. The results obtained in
increasing and decreasing fields showed no difference, i.e. no hysteresis was found.

Figure 5.6 shows the magnetization of ErNi  measured along the main crystallographic5

directions, and that of a free-to-rotate sphere. Extrapolating the magnetic moment measured
along the easy [001] axis down to zero field, we find a value of 8.62 µ f.u. . This isB

-1

significantly higher than the value of 7.2 µ f.u.  reported by Escudier et al. [1977]. ThisB
-1

experimental fact gives an unquestioned argument for a dominant |±15/2, ground state,
supporting the conclusions of Goremychkin et al. [1984]. The magnetization value increases



0 10 20 30 40
µ

0
H (T)

0

5

10

M
(µ

B
 /f

.u
.)

[001] (    ) and free sphere (   )

[120]

[100]

ErNi 
5 

T = 1.5 K

Results for ErNi 565 

RNi  Compounds5

Figure 5.6 High-field magnetization of ErNi  (#Q5802) at 1.5 K, measured along the5

principal hexagonal directions, used symbols [100]-axis (‘), [120]-axis ()),
free sphere (i) and [001]-axis ("). Points with open symbols are
experimental values determined in stepped field pulses and full symbols are
experimental values measured in continuous field pulses (shown are the
values in decreasing fields). Solid lines are calculated curves.

linearly in higher fields and leads to a high-field susceptibility of 4.2×10 µ T f.u. . This high-–3 -1 -1
B

field susceptibility of the easy magnetization axis equals the variation of the induced nickel
moment, i.e. the nickel susceptibility, P . Taking for the Er magnetic moment a value of 9 µNi            B

we derive an opposite average nickel moment of 0.076 µ  per Ni atom in zero applied field.B

Up to 12 T, the magnetization along the [100] axis and [120] axis increases monotonously.
At that point the two curves start to diverge. The magnetization along the [100] axis continues
to increase whereas along the [120] axis a metamagnetic transition starts. Along the [100] axis
the magnetization reaches a value of 7.10  µ f.u.  at 38  T. At this field along the [120] axis,B

-1

the value for the magnetization amounts to 8.25  µ f.u.  The measurements up to 35 T showB
-1

clearly the anisotropic behaviour of the two principal axes in the hexagonal plane. From the
anisotropy of the magnetization measured in the basal plane (the magnetization of the [120]
axis is lower than that of the [100] axis) we learn that the crystal-field parameter B  is6

6

positive. 
  The high-field magnetization process along the different axes has been calculated with the

total hamiltonian written in equation 2.28. and with values of our parameter set given in table
5.3. The resuls are shown in figure 5.6 as solid lines. The calculations and the experimental
results for the magnetization along the three crystallographic axes are in good agreement. In
particular, the magnetization along the easy [001] axis and the smooth variations along the two
basal plane axes are reproduced accurately. The high-field induced anisotropy between the
[100] and [120] axis is very well represented. The amplitude of the moments as well as their
angle, 2, with the [001] axis as a function of the applied field at 1.4 K are shown in figure 5.7.
The angle 2 first decreases gradually and similary along the [100] and [120] axes. Above 14
T, with the field applied along the [120] axis, 2 exhibits a sharp transition and reaches 90E
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Figure 5.7 Calculated field dependence of the amplitude of the magnetic moment (thin
lines) and its projection on the field direction (thick line) (righthand scale)
and of the angle between the moment and the [001] direction, when the
field is applied along either the [120] axis or the [100] axis (lefthand side).
The dashed lines represent the [120] axis and the full lines the [100] axis.

around 20 T. With the field applied along the [100] axis a somewhat less sharp transition
occurs around 20 T. The amplitude of the Er moment decreases for both axes and reaches a
minimum when it is forced into the [001] plane. For higher fields it increases again. Thick lines
show the calculated moments along the [120] or the [100] magnetization axes. These curves,
that must be compared to the experimental data, pass through zero in zero internal field and
continue to increase monotonously above the minimum in the moments’ amplitude. Note that,
in accordance with our observations, the calculated variation of the magnetic moment with the
applied field along the [120] direction is much larger than that with the field along the[100]
direction, although in the detailed calculation for both directions a rather sharp ‘metamagnetic’
transition does occur. 

5.4 Susceptibility

On the same sample that was used to measure the high-field magnetization, the temperature
dependence of the susceptibility was measured in the Louis Neél Laboratory in Grenoble. The
resulting inverse susceptibility perpendicular and parallel to the [001] axis is shown in
figure 5.8.

The susceptibility measured along the [001] axis diverges around 9 K. This is the critical
temperature, T , where the system shows a spontaneous magnetization. The inverseC

susceptibility perpendicular to the [001] axis shows an upturn below 50 K. 
Lines can be fitted through the reciprocal susceptibilities at higher temperatures assuming

a linear temperature dependence. This is based on the simplified model P  = T/C -n (C : Curie-1

constant; n: molecular-field constant; see section 2.6.2). However, at higher temperatures the
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Figure 5.8. Temperature dependent inverse molar susceptibility of ErNi  measured5

parallel and perpendicular to the easy [001] axis. The calculated
susceptibility is given as a solid line. The average slope of the high-
temperature part of the inverse susceptibility is given as dashed line. The
dashed-dot line is a theoretical line, see discussion in paragraph 5.4.

inverse susceptibility shows a small, negative curvature. If we nevertheless make a fit through
the inverse susceptibilities between 150 and 300 K, the average slope of these lines is
6250±120 molK m  or 43.9±0.84×10  Tf.u.µ K  (dashed line in figure 5.2). If we only take-1 -3  -3 -1 -1

B

into account the susceptibility of the rare earth, this value should be equal to the inverse Curie
constant, 1/C= 3k/Nµ g J(J+1), of the free Er  moment. Calculating this slope with g = 5/6B

2 2     3+

and J = 15/2 we arrive at 6933 molK m  or 48.7×10  Tf.u.µ K . This value corresponds-1 -3  -3 -1 -1
B

with the slope of the dashed-dotted line in figure 5.2. The intersection of this line with the
horizontal axis is fixed as n = 0.17 Tf.u.µ , i.e. the value used in the CF calculations see tableB

-1 

5.3.
The parallel (P   )  and the perpendicular (P  )  reciprocal susceptibilities are shifted// [001]     z[001]

-1     -1

with regard to each other. This shift varies from 71 K (at 100 K) to 62 K (at 300 K), with an
average value of 67 K. From this anisotropy of the paramagnetic susceptibility between the
basal plane and the sixfold axis [001], the second order CF parameter was estimated to be
–0.89 K. This can be derived from the temperature shift 2 –2  (= –67 K) (see figure 5.8), by

z //

using equation 2.44 of chapter 2.6.3: B  = 10k(2 –2 )/3(2J –1)(2J+3) with J = 15/2, the total2   z //
0

angular momentum of erbium; k is the Boltzman constant. 
In paragraph 2.6.2, we introduced a simple model to estimate the molecular-field constant.

Applying this model to our data we would derive a negative value, n = –0.98 Tf.u.µ . In aB
-1

more careful analysis, the nickel contribution has to be taken into account. Using eq. 2.28, the
susceptibility along the [001] axis and that in the hexagonal plane have been calculated on the
basis of the set of parameters given in table 5.3. (with e.g. n = 0.17 Tf.u.µ  > 0). The goodB

-1

agreement is visible in fig. 5.8 (solid lines).  In order to show the influence of the Ni
contribution more clearly, we calculated the susceptibility in a larger temperature interval (see
fig. 5.9) The negative curvature, the apparently reduced values for the Curie constant and -
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Figure 5.9 The calculated inverse susceptibility over a wide temperature range up to
1000 K; P  is calculated using equation 2.28. A negative curvature over the-1

whole temperature region is observable; the calculated curves for T< 300 K
are shown in figure 5.8 as well, together with the experimental results.

most striking- the wrong sign of the molecular-field constant in the first approximation
originate from the nickel contribution.

5.5  Inelastic Neutron Scattering

The inelastic neutron scattering technique provides spectroscopic information on crystal fields
(CF) in rare-earth compounds. The transition energy between CF levels is determined directly.
This is different from measurements of magnetization, susceptibility, specific heat, thermal and
electrical transport properties where one collects only indirect or integrated information. 

Inelastic neutron scattering measurements have been performed on polycrystalline ErNi5
powder. The sample has been prepared at the FOM-ALMOS facility. Erbium of purity 3N
(99.9%) and nickel of 5N purity has been arc-melted on a water cooled copper crucible in an
argon atmosphere in a stoichiometric composition. The melt was broken and crushed to
powder. This powder was kept under argon atmosphere. Inelastic neutron scattering
experiments were carried out above the ordering temperature, at 15 K and 60 K, with a time-
of-flight (TOF) detector at the Interfacultair Reactor Instituut (IRI) in Delft.  

In figure 5.10 and 5.11, the inelastic neutron scattering pattern is shown, for ErNi  at 155

K and 60 K respectively. These curves remain after subtraction of the measured background.
In  the experimental setup it is possible to measure the angle dependence of the scattered 
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Figure 5.10 Inelastic neutron scattering spectrum of ErNi  at a temperature of 15 K5

obtained by the TOF spectrometer. Relative counts are plotted versus the
energy transfer of the neutrons. The full line curve represents the
experimental quasi-elastic line in the energy region from about –1.5 meV to
1.5 meV. These values must be multiplied by the indicated factor.

Figure 5.11 Inelastic neutron scattering spectrum of ErNi  at a temperature of 60 K5

obtained by the TOF spectrometer. Relative counts are plotted versus the
energy transfer of the neutrons. The full line curve represents the
experimental quasi-elastic line in the energy region from about –1.5 meV to
1.5 meV. These values must be multiplied by the indicated factor.

neutrons over 90E. As our sample was polycrystalline, it was not necessary to use the whole
angle range. The resulting curve is an average of the first thirteen channels. We found that at
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T
(K)

g1 

(meV)
I /I1 0

ab

(%)
I /I1 1

em ab
g2

(meV)
I /I2 0

ab

(%)
I /I2 2

em a
b

g3

(meV)
I /I2 2

em ab

(%)
I /I3 3

em ab

15 1.8(2) 7.2 0.41 4.0(2) 1.9 0.12 5.7(2) 0.1 0.05

60 1.9(1) 8.2 0.73 4.0(1) 3.2 0.50 6.2(1) 1.1 0.34

90 1.8(1) 4.0(3) 6.2(2)

calculated P0 I /I1 1
em ab P1 I /I2 2

em a
b

P2 I /I3 3
em ab

15 1.8 0.79 0.24 4.0 0.20 0.045 5.7 0.008 0.010

60 1.9 0.38 0.70 4.0 0.27 0.47 6.2 0.12 0.315

Table 5.1 Transition energy between crystal-field levels, g in meV, the relative intensityi  

of the absorption peak, I / I , and the ratio of the intensity of the absorptioni  0
ab

and emission peak, I / I , determined by fitting the experimental data withi  i
em  ab

gaussian functions. Calculated is also P , the occupancy of level j. The firstj

column gives the measuring temperature. The 90 K row gives the transition
energy found by Goremychkin [1984].

higher channels the background caused spurious results. The data are plotted as relative
counts, i.e. as fractions of the central peak value. The neutron absorption side in figures 5.10
and 5.11 gives the clearest results.  

Fitting the data at 60 K with a summation of coupled gaussian distributions, i.e. fitting
simultaneously the position (but not the amplitudes) of the absorption and emission peaks, we
find three distinct transitions, at energies g  = 1.9(1) meV, g  = 4.0(1) meV and  g  = 6.2(1)1    2      3

meV. These transitions were also found by Goremychkin et al. [1984] (see table 5.2). The
fitting of data at 15 K gives a less clear result, i.e. the error was larger. At this temperature,
distinct transitions are found at g  = 1.8(2) meV and g  = 4.0(2) meV. If we fit the data with1     2

three gaussian functions, an additional weak peak is indicated, at 5.7 meV. Goremychkin
argues that g  is connected with a transition from the ground state to a first excited level.1

Transitions between higher excited levels wil strongly depend on temperature due to the
temperature induced occupancy of these levels. The intensities of the peaks connected to the
excited levels initially grow with increasing temperature, whereas the intensity of the peaks
connected to the ground state decrease. The absorption peak belonging to the transition
energy g  hardly changes, pointing to a fully occupied level already at low temperatures. The1

occupancy of the lower level and the emission-to-absorption ratio is calculated (as the
fraction ), with our parameter set (see table 5.3), and given in table 5.2. Here, we identify
g  with the 21 K transition from the ground state to the first excited level, and g  with the1                2

transition from the first to the second excited level. One should bear in mind, however, that
the first peak (g ) is largely masked by the central peak. This might cause the apparent increase1

in intensity from 15 K to 60 K, whereas a decrease (by 50%) is expected. Focussing attention
to the most reliable peak data, i.e the absorption peak g  at 15 K and both the absorption and2

emission peak at 60 K, we find the agreement rather satisfactory.
The position of g  changes from 1.8 meV to 1.9 meV and the position of g  shifts from 5.71            3

meV to 6.2 meV. These shifts could be caused by almost identical transitions, with slightly
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higher transition energy, contributing to these peaks at higher temperatures. Concluding, the
first and second peak can be ascribed to transitions from a low lying level including the ground
state. The peak, g , is connected to a transition from a level that is stronger populated at higher3

temperature, i.e. from a higher excited level. Some possibilities are indicated in figure 5.18.

5.6  Muon measurements

5.6.1 Muon spin rotation 

In the muon spin rotation measurements, a field perpendicular to the incoming beam, i.e. to
the muon polarisation is applied. This is called the transverse field (TF) geometry (see chapter
4.4.3), which is used for Knight shift measurements. Fast muons are used (see chapter 4.4.2).
A. Schenk and co-workers at the Paul Scherrer Institute (PSI) performed such measurements
on a ErNi  monocrystalline sample with an average diameter 6 mm and about 50 mm long,5

grown by us at the FOM-ALMOS facility of the Van der Waals-Zeeman Institute. An oriented
seed was used as the start of this  crystal growth experiment. The crystal growth direction was
approximately along the [120] axis (see fig 5.14). This large piece of monocrystalline material
was oriented, within 1E, along the [120] axis, and cut in three parts of 15 mm length. In order
to obtain a sufficiently large measuring volume, these oriented cylinders were packed. In this
way a “monocrystalline” sample was constructed with an effective diameter of  8 mm and a
length of 15 mm. The µSR Knight shift of this sample has been measured and an analysis of
these measurements is presented in what follows.

At 300 K, an angular scan with a transverse field of 0.5043(7) T has been made. The
incoming beam and the muon polarization are directed along the [120] axis. That axis is also
the rotation axis of the sample during the angular scan. A single signal was observed, (see
figure 5.12) with the relaxation rate 8 of 2.9×10  s , independent of the orientation. This-6 -1

value is the same as in zero-field measurements (see fig 5.16). The Larmor precession
frequency due to the field only would be <  = µ H ( /2B = 68.36 MHz (( /2B =µ   0 app µ     µ

0

135.55342 MHzT , the gyromagnetic ratio see chapter 2.6.5 and 4.4.1).-1

Temperature scans were performed by measuring at four different temperatures between 100
K and 250 K. Two different geometrical setups were used. One setup had the incoming muon
beam along the [120] direction of the sample and the applied field along the [001] axis. In the
other setup the incoming beam was aligned as above and the field was applied along the [100]
axis. In the latter case, at lower temperatures a splitted signal appeared (see figure 5.13). To
fit the data in this configuration, it was assumed that the relaxation rates for both signals are
equal and are given by the results for the field applied parallel to the [001] axis (for T J <<1).2 2

The amplitudes of these two signals have a ratio of 2:1.
Going from 250 to 300 K the splitting disappears. This must be due to the onset of rapid

muon diffusion. We can conclude that the Larmor precession frequency measured in the
angular scan at 300 K reflects an average value for the Knight shift.

The appearance of the split signal together with the amplitude ratio for the split signal of
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Figure 5.12 Muon spin rotation measurement showing the angular dependence of the
Larmor precession frequency, < , with the field (of 0.5043 T) perpendicularµ

to the [120] axis and the sample rotating around the [120] axis. The
position of the [100] and the [001] axes are indicated. The full line is a fit to
the equation < (2) = aN +bNcos(22) (eq. 5.2), with fitting parameters aN=µ

68.16 Mhz and bN= –0.475 Mhz.

Figure 5.13 The observed frequencies with the applied field parallel to the [001]
axis (�). In the other setup the field was applied parallel to the [100]
axis. Then, two frequencies are observed ()) and (~). The lines are
guides to the eye. f , 2f , 3f  refer to the different sites occupied by(1)  (2)  (j)

the muons, see text.
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(5.1)

2:1 is only consistent with the assumption that the µ  is residing at an interstitial site with at+ 

least three (or 3n, with n = 1, 2, 4) equivalent positions, and which become inequivalent under
the influence of a field along the [100] axis. That means any site not located on an ‘internal’
three fold axis. The 3f-site (positions [1/2,0,0], [0,1/2,0], [1/2,1/2,0]), see figure 5.14, is one
of the five possible sites given by a study of hydrogen absorption in LaNi  [Percheron-Guégen5

et al 1980]. In PrNi  the 6i site, of which the projection on the hexagonal plane gives the 3f-5

site, is determined as the muon location [Feyerherm 1996]. 
At a particular site j the Larmor frequency <  is given by (see sections 2.6.5 and 4.4.3, eq.µ

(j)

4.17)

The effective field  is the vector sum of the actual (local) field at site j and the field
representing the contact interaction, by assumption proportional to the local electron spin-
polarization (conduction electrons and presumably in particular the 3d-electrons). The Knight
shift is the relative deviation of the observed frequency from the frequency in the applied field
only, i.e.  (see eq. 2.46, and the discussion in section 4.4). In the
following derivation, we use the magnetic induction (µ H, SI units tesla) and the magnetic0

moment per unit of matter (M , M , SI unit Am mol f.u. , or -equivalently- expressed ind  f
2 -1 -1

µ /f.u. = 5.585 Am mol f.u. ), rather than magnetic field and magnetization (H, M /V, SI unitsB            f 
2 -1 -1

Am ), respectively.-1

In this notation the actual field (induction) at site j is the sum of:
- the applied field ,
- the dipolar field exerted by the Er-moments, written as ,
- the dipolar field exerted by the Ni-moments ( 3d mainly ), taken to be .

The local electron spin-polarization (giving rise to the contact interaction) is the sum of the
local response to the (averaged) internal field and the response to the exchange interaction
with the Er-moments. We assume that the latter contribution is equal to the response to an
(averaged) internal field n M  (i.e. the molecular field), keeping in mind that deviations arefd f

conceivable. In short, in first instance, the contact interaction is assumed to be proportional
to , where the Ni-susceptibility P  as well as the moleculard

field parameters n  are assumed to be scalars.fd

In order to be explicit, we choose a coordinate system fixed to the crystal, with x2[100],
y2[120] and z2[001] (see figure 5.14). The applied field lies in the (x, z) plane: H = Hcos2,app

z

H = Hsin2. Having in mind the geometrical form and orientation of our artificial sample, weapp
x

state that no components in the y-direction do occur, neither of field nor of magnetic moments.
Moreover, we assume that our artificial sample has rotational symmetry around the [120]-axis,
so that the tensor can be replaced by a scalar N (=N =N ).  For ErNi , with density D =zz xx    5

9442.5 kgm  and molar mass 0.46081 kgmol , so with molar volume V = 48.8×10 m mol ,-3     -1        -6 3 -1

the factor µ /V = 0.02575 TmolAm  = 0.1438 Tf.u.µ . At a maximum susceptibility P of 0.30       B
-2   -1

µ T f.u. , the “direct” Knight shift –N(µ /V)P would be about -0.8% (with N. 0.2) or evenB      0
-1 -1

2% (with N.0.5), so not negligible with respect to the experimentally observed values of a few
percent. Notice, however, that deviations of the rotational symmetry, leading to strong
variation in the effective demagnetizing fields, would have caused strong variations in the
observed frequency in the angular scan (fig. 5.12). Such variations obviously are absent or
relatively small. In passing, we remark that the rotational axis is slightly tilted, but that we
ignore this fact here because we expect the influence to be at least one order of  magnitude
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(5.1)

(5.1)

Figure 5.14 Probable muon positions in the
hexagonal plane, i.e. 3f site. The principal axes are
indicated and the direction of the applied field at
which the 3f sites are broken up into 2f  and one f (2)    (1)

site.

(5.1)

smaller, and hence negligible. We conclude that the x- and z-component of the magnetic
moment can be regarded to be independent, being the response to applied fields Hsin2 and
Hcos2 in the x- and z-direction, respectively. The same conclusion applies for the effective
fields . For the site f  (see fig. 5.14), this follows directly from the fact that the tensor(1)

is diagonal in the coordinate system chosen, because of the local symmetry of the site. In
table 5.2, we give as an example the result of a rigid lattice calculation of the dipole field
exerted by the 4f-moment [A. Schenk 1993]. For the f  site, the corresponding components(2)

can be obtained from those for the f  site by performing a rotation over 60E:(1)

, and so on (see table 5.2). The components perpendicular to the
applied field, however, can be neglected in first approximation, since they contribute only in
second order. Then, in linear approximation, the Knight shift K can be written as 

In order to discuss the observed Knight shift further, we recall (see e.g. eq. 2.21)

Here H is considered to be the applied field H .  The corrections due to the demagnetizingapp

field can be neglected (or can be incorporated in the susceptibility and the molecular field
constant). Now, we expect M  to depend strongly on the temperature, of course leading alsof

to a strong temperature dependence of the total magnetic moment.

In section 5.3, we showed that the experimentally observed susceptibility can be calculated
rather accurately in our model, with the parameters given in table 5.3. Consequently, we may
assume that the calculated Er-moment represents the actual moment also quite satisfactorily.
For that reason we split the Knight shift in a part which does not depend on the Er-moments
and a part proportional to the effective 4f- susceptibility , defined as the calculated Er-
moment divided by the applied field taken in the calculation, in the direction "(=x, z).
Assembling the different contributions, we find

For generality, the 3d-contribution is allowed to be anisotropic, either because of the form of
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(5.1)

(5.1)

(5.1)

the sample (N …N ) or because the local spin density has an anisotropic response. Here, xx zz

is a measure for the contact interaction at site j, i.e. in the presence of a Ni-moment with

components M  the corresponding effective field is given by . In fact, taking P$
d            d

equal to P  • 4.2 ×10  µ T f.u.  (see table 5.3) we can neglect the contribution in K  dueNi    B           d
-3 -1 -1          (j)"

to the demagnetizing field. Also n P , estimated to be about –27×10 , can be neglected withfd d 
-3

respect to unity. Writing down the expressions for the sites f  and f  explicitly, for the field(1)  (2)

directions [100] and [001], we have

Here .
At high temperatures, rapid diffusion would leave K  unchanged and would yield anf

[001]

average, 'K , over the 2f  and the f  site:f 
[100]    (2)   (1)

Here, *A  represents a possible anisotropic contribution to the contact interaction. Fig. 5.15c
(1)zz

shows a plot of the observed Knight shift, observed at different temperatures, versus the
calculated effective 4f-susceptibility . For the direction " = z =[001] a satisfactory linear
dependance is found, yielding a slope = -0.086 Tf.u.µ . From this result, weB

-1

want to derive a value for , using the third line in eq. 5.5. We start by estimating the
other contributions. Extrapolation down to  = 0 yields K  = –0.25% (independent ofd

j[001]

the site j, of course). With P  = 4.2×10  µ T f.u. , we have, from eq 5.4,d   B
-3 -1 -1

= –0.6 Tf.u.µ . Consequently, with n  = –6.4 Tf.u./µ  (see table 5.3), weB    fd   B
-1

find thus  = 0.017 Tf.u.µ . The contributionB
-1

(µ /V)(1/3-N ) is also of the magnitude of about 0.01 Tf.u.µ , of either sign (depending on0          B
zz          -1

whether one assumes N = 0.2 or N  =0.5 to be the better choice). Anyway, from this analysis zz    zz

is expected to be near to –0.086 –0.017– –0.1±0.01 Tf.u.µ .B
-1

For the direction " = [100], the picture is much less clear. Let us first consider the result
at 300 K, where the signal is not split anymore. Ignoring the possible anisotropies in the
demagnetizing field and in the contact interaction, the difference in slope (indicated in
fig. 5.15) gives immediately, or more in detail
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Figure 5.15 The relative Knight shift in two different configurations plotted against the
calculated f electron susceptibility, = M /H . (�) gives thef app

"

Knight shift with the field parallel to the [001] axis,  (~) and
 (Î) are the Knight shifts with the field in the [100] direction. The

slope of the dashed lines gives the = –0.086 Tf.u.µ    B
-1

and   = +0.095 Tf.u.µ , respectively.B
-1

This leads to the estimate = 2/3(–0.086 – 0.095) = –0.121 Tf.u.µ , in quite satisfactoryB
-1

agreement with the estimate above. We may infer from the rather consistently low values for
K  (see figure 5.15), that the anisotropies are not large, indeed. We conclude, that a rather(2)[100]

reliable value for  has been deduced.
Now comparing this value with the calculated values for the 3f-sites and the 6i-sites,

respectively, given in table 5.2, we find that the f-site is the most probable muon stopping
centre. Of course, the other Knight shift measurements should be consistent with this picture.
For the Knight shift at site f , with the field in the [100] direction, very low values are(2)

expected (the negative value  = –0.024 Tf.u.µ  just about being compensated by theB
-1

other contributions), again in accordance with experiment. (Note: also for the 6i -sites, in this
configuration very low Knight shift values are expected.) Finally, for the f  -site, in this (1)

configuration, rather large positive Knight shifts are expected (  = +0.215 Tf.u.µ ).B
-1

Such large values were found at temperatures between 150 K and 250 K, indeed. Apparently,
large deviations do occur, preventing a systematic derivation of the slope, at low temperature,
leading to an experimental result for which we have no explanation at the moment. We hope,
that more accurate measurements can give a clue for the solution, in future.

So, from this analysis, we conclude that the 3f site is the preferential muon site in ErNi .5
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experimental: Tf.u.µB
-1 theory:

-0.087 +0.166

+0.095 -0.0724

A  (Tf.u.µ )f  B
 "" -1 Af 

xx Af
 yy Af

 zz Af
xy

experimental -0.121

calculated A  at sitef
 "

f(1) +0.215 -0.103 -0.112

2f(2) -0.024 +0.136 -0.112 -0.048

6i (z=0.21) +0.149 -0.092 -0.058

Table 5.2 In this table the estimated slope  along the [001]-axis and the
[100]-axis are given. In the second part the experimental and calculated
dipole coupling tensor for the muon sites 3f and 6i in Tf.u.µ  areB

-1

given.The site found in PrNi  [Feyerherm 1996] is the 6i (z = 0.21) position.5

The 6i site found in PrNi  [Feyerherm et al. 1996] is less likely. The µ  may be regarded as a5
+

‘light isotope’ of hydrogen when it is residing at an interstitial site in a metal. Muon spin
rotation experiments are equivalent with hydrogen-NMR Knight shift measurements in the
limit of zero hydrogen concentration. We can not compare our results with deuterium studies
of LaNi  [Noréus et al. 1983]. There the crystal structure of LaNi D  (space group P31m) is5          5 6

different, due to the uptake of 6 hydrogen/deuterium atoms. Dalmas de Reotier [1990] finds
in LaNi , with muon measurements at 18 K in zero field, a depolarization time 0.100(2) µs5

-1

and a decay time of 17(5) µs of the muon. He arrives at the conclusion that the 3f site is
occupied by the muon. 

5.6.2 Muon spin relaxation
We performed muon spin relaxation experiments with a beam of slow muons (surface muons,
see section 4.4), that do not penetrate far into the sample. Hence, flat samples covering a big
surface are needed. We performed µSR measurements on a mosaic of monocrystalline slabs.
Two orientations of monocrystalline slabs are used, hereafter called sample 1 and 2. Each
sample consists of about 15 monocrystalline slabs (thickness -0.5 mm) sparc-eroded from one
monocrystal with a diameter -6 mm and a lenght of 20 mm. The slabs are fixed with vacuum
grease on a silver plate. The slabs cover a square cross section of about 33×33 mm . The slabs2

of sample 1 are cut with their surface perpendicular to the [001] axis. After fixing the slabs
onto the silver plate their orientation in the hexagonal plane ([100]-[120] plane) is arbitrary.
Sample 2 is oriented with the surface of the slabs perpendicular to the [100] axis. Again their
orientation in the [001]-[120] plane, perpendicular to the [100] axis, is arbitrary.

Measurements have been performed at ISIS and PSI. The samples have been measured
with a longitudinal geometry and have been analysed using the muon depolarization function.
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Figure 5.16 Time dependence of the muon polarization in zero field. The solid line is the
exponential fit for the depolarization damping.

In muon spin relaxation measurements, the relaxation rates are determined without external
field, so above T  (= 9.2 K) no corrections for demagnetizing fields have to be taken intoC

account. At 300 K, a measurement with a longitudinal field of 0.2 T showed the same results
as the measurement without field. The measurements were done in a temperature range  from
2.5 to 300 K. In figure 5.16, the spectrum of ErNi  is shown as registered at 70 K at zero field.5

The muon depolarization function is well described by an exponential function. The solid line
is the exponential fit for the depolarization damping. 

The first measurements were performed at ISIS where the two samples were used to
determine the depolarization function along the [001] and [100] axes (figure 5.17). The
depolarization, 8, is higher than in other RNi  compounds. For T > 200 K, 8 does not depend5

on the orientation of the initial muon polarization. At these high temperatures the muon
diffusion is fast (the diffusion correlation time is # 1 µs). Starting at 200 K the damping rate
with the polarization along the [100] axis, , increases with decreasing temperature. At
ISIS it was impossible to measure signals with a damping rate above 15 MHz. At PSI it is
possible to measure up to 60 MHz. For this muon beam geometry, the damping rate below T•
55 K in the [100] direction is too large to be measured, even at the PSI facility. 

Below T  = 9.2 K we could only find a signal in the geometry with the initial polarizationc

along the [001] direction. At the lowest temperatures the signal for sample 1 (muon spin P  2i

[001]) entered again within the measuring window at ISIS (open circles in figure 5.17). We
acquired measurement time at PSI and we could extend the measurement to higher damping
rates (full circles in figure 5.17). At PSI, the spin rotator makes it possible to use only one
sample for the two different geometries, i.e. with the initial polarization parallel and
perpendicular to the [001]-axis. The µSR damping rate recorded on sample 1 and 2 at ISIS
and the damping rate recorded at PSI give the same result.

From these muon measurements we see that the damping is strongly anisotropic even at
T - 20 × T  (180 K). The increase of  for T < 50 K is probably due to the fact that thec
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Figure 5.17 Temperature dependence of the µ SR relaxation rate measured on ErNi .+
5

With the initial polarization (P ) parallel and perpendicular to the [001]-axis.i

The open circles refer to measurements at ISIS with sample 1 and open
circles with a triangle are measurements on sample 2 (see text). The solid
circles have been measured at PSI and are independent of sample 1 or
sample 2.

magnetic fluctuations are quasi-static as indicated by the Er Mössbauer spectroscopy166

measurements of Gubbens [1993]. From 2.5 K to up about 7 K the spectra could easily be
fitted with one damping rate. At about 12 K a maximum of  has been observed. Below

12 K we observe a drop of the total asymmetry, a , from 0.212 to 0.159.i

5.7  Discussion

Using the total hamiltonian given in chapter 2 (eq. 2.28) different physical properties have been
calculated. In an iterative process the calculated specific heat, susceptibility, magnetization and
the level scheme are compared with the experimental data, in order to find an optimal set of
parameters. 

The low temperature magnetization curve in the basal plane, especially the smooth
metamagnetic transition along the [120] direction and the field induced anisotropy between
[120] and [100] in fields above 14 T give the opportunity to determine the parameters
precisely. Considering the inelastic scattering peaks and the magnetization along the easy axis
[001] we adopt the assumption, proposed previously, of a dominant | ±15/2 , state as the
ground state. The first excited state is a dominant | ±13/2 , level. This state is located at 21 K
(1.8 meV) above the ground state. All these experimental facts give us the opportunity to
select eventually the best parameter set. Our parameter set is given in table 5.3 in a bold
typeface. Additionally, in table 5.3 the parameters used by different authors are given.
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B2
0 

(K)
B4

0

(10 K)-3
B6

0

(10 K)-6
B6

6

(10 K)-6
P  (10Ni

-3

µ /f.u.B

T)

nRR

(Tf.u./
µ )B

nRNi

(Tf.u./
µ )B

n
(Tf.u./
µ )B

Gignoux (1979) -0.83 -0.20 37 100

Gignoux PCM -0.52 -0.58 56 390

Saada (1980) -0.69 0 54 350 2.0 -0.09 -12.5 0.22

Escudier (1977) -0.7 -1 50 300

Escudier PCM -0.52 -0.6 -0.6 -4

Goremychkin
(1984)

-0.64 2.27 23.2 132 0.15

Radwanski
(1992a)

-0.62 -2.5 23.3 132 3.9 -0.28 -10.8 0.17

Zhang (1994) -0.85 -1.07 14.4 329 4.8 0.04 -5.2 0.17

this work -0.88 -1.07 14.4 329 4.2 0.01 -6.4 0.17

Table 5.3 Crystal field parameters B  of the Er  ion and the nickel susceptibility, asm
n   3+

well as the molecular-field constants according to different authors, for
ErNi .5

Compared to the parameter set of Zhang we changed the nickel susceptibility and the B2
0

crystal field parameter slightly to obtain a better agreement with the magnetization with the
field applied along the easy axis. In particular, the magnetization along the easy [001] axis and
the smooth variations along the two basal plane axes are reproduced accurately. The high-field
induced anisotropy between the [100] and [120] axis is very well represented.

The calculated susceptibilities are reported as the curves in figure 5.8 and 5.9. The
temperature dependence of the inverse susceptibility along the hard axis and that of the easy
axis are in excellent agreement with the experimental results. The calculated specific heat is
reported in figure 5.5. Again, the calculated curve and the experimental data agree very well.
The discrepancies found in the curves can be associated to inaccuracies in the determination
of the non-magnetic contribution. Experimental data with the field applied along the [001]
direction matches well the calculated specific heat in the same fields (apart from the
uncertainty in the demagnetizing field). The calculated CF splitting of the ground state
multiplet I  of the Er  ion is given in an energy level scheme, see figure 5.18, together with4    3+

15/2

the corresponding eigenfunctions. The observed INS transition energies agree well with the
calculated crystal field splitting.

Muon Knight shift observations could well be explained with direct dipolar-field
calculations. This analysis promises the use of muons as probe to observe ‘directly’ the
magnetic structure at low temperatures (i.e. material with magnetic order) and high fields (i.e.
in the hard direction).

The calculations and our analysis indicate that a collection of measurements is needed to
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Figure 5.18 Scheme of the splitting of the ground multiplet of the ion Er  by the crystal3+

field between 1.5 K and 30 K (on the left).Arrows are indicating the main
transitions. The energies observed by neutron spectroscopy are indicated by
g. On the right the level scheme with a field aplied along the [120] direction.

get a single set of  parameters that describe all phenomena in a satisfactory way. Adaptation
of a parameter set to one kind of measurement is always possible, leading to a better fit for
that particular kind of experiment. We prefer, however, to consider one set of parameters,
simultaniously adjusted to as many different kinds of measurements as possible, at the expense
of not being able to match all separate phenomena as well as would be possible in a
“dedicated” analysis.
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6 Results for RNi compounds5

6.1 Introduction

In this chapter, specific heat and magnetization measurements are presented for nearly the whole
series of RNi  compounds (R = Y, La, Pr, Nd, Gd, Tb, Dy, Ho, Tm). ErNi  has been extensively5             5

described in the preceding chapter. We have prepared monocrystalline batches of all these RNi5
compounds  in the FOM-ALMOS crystal-growth facility in Amsterdam. Measurements on
specific heat will be presented and, if available, compared with literature. High-field magnetization
measurements have been performed on most compounds, except on the Pauli paramagnets YNi5
and LaNi . After the presentation of the results, we give for each compound an analysis of the5

obtained data and discuss the implications of this analysis. The best set of parameters, fitting the
full set of measurements, is presented for each compound. In chapter 7, general trends in the
crystal-field and exchange-field parameters of chapter 5 and this chapter will be discussed.

6.2 YNi  5

YNi  is a Pauli paramagnet with an almost field-independent susceptibility at low temperatures5

that amounts to P = 4.0×10  µ T f.u. at 4.2 K and slowly decreases around 300 K [Gignoux et-3 -1 -1 
B

al. 1976 Tazuke et al. 1992 and Coldea et al. 1996]. The magnetic moments (in an applied field
of 4.8×10  T) at the different nickel sites in YNi  have been measured with polarized neutrons-3

5

by Gignoux et al. [1981]. In these measurements the total susceptibility of the different sites adds
up to 3.7×10  µ T f.u.  at 4.2 K and is fully attributed to the nickel atoms. -3 -1 -1

B

We prepared the YNi  sample using the best grade of yttrium (99.9% with respect to metallic5

impurities) and nickel (better than 99.99%). It was pulled from the melt in a tri-arc equipment by
the Czochralski method. The batch was partially monocrystalline. Two spheres (diameter 3 mm)
were spark-cut. These spheres turned out to contain several crystallites, at least 3, and could not
be used for magnetization measurements. The material has been used for the specific-heat
experiments, which were carried out on two different pieces of YNi  with masses of 131.82 and5

188.64 mg, respectively.  

6.2.1 Specific heat

YNi  is considered as a candidate reference system in the analysis of the lattice and electronic5

contribution of the RNi  system. In this compound, yttrium has no moment of itself. The5

compound can be seen as a pure non-magnetic system. 
The behaviour at low temperatures in a plot of c/T versus T  is shown in figure 6.1. Up to2

8 K the data in this plot can be described with a linear function (( +$T ), leading to a Sommerfeld
coefficient ( of 37 mJK mol  and a value for $ of 1.86×10  JK mol . From the latter value a-2 -1       -4 -4 -1

Debye temperature, 1 , of 398 K is obtained. This value of 1  leads to an underestimate of theD          D

heat capacity at higher temperatures (dash-dot line in figure 6.2). To
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Figure 6.1. Experimental specific heat of YNi  at low temperatures shown in a plot of c/T5

versus T . The dashed curve represents a line c/T = ( + $T  with $ =2            2

1.86×10  JK mol  (1  = 398 K) and for ( = 37 mJK mol .-4 -4 -1          -2 -1
D

Figure 6.2. The measured specific heat of YNi  shown in a plot of c versus T. The solid5

line shows a fit with the Debye temperature, 1  = 343 K. The dash-dot line isD
eff

the calculated specific heat with the Debye temperature, 1  =398 K, derived atD 
 

low temperature, see figure 6.1 (in both cases the electronic part is taken into
account). The dashed line represents the high-temperature limit 18R+(T, with
( = 37 mJK mol  (R= 8.3 Jmol K ).-2 -1   -1 -1
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Figure 6.3. The difference, in percentage, between the measured specific heat of YNi  and5

the specific heat calculated with the value 1  = 343 K for the one effectiveD
eff

Debye temperature. 

 complete the information, the specific heat of YNi  has been measured up to 200 K (see figure5

6.2). The heat capacity shows a smooth behaviour, resembling the Debye function. The specific-
heat values of YNi  are smaller than those measured on LaNi  (see next paragraph).5       5

Fitting the observed specific heat from 1.5 K to 200 K with one effective Debye temperature
and an electronic contribution (( = 37 mJK mol ) we found, 1  = 343 K.-2 -1    eff

D

The difference between the calculated specific heat with the one Debye temperature and the
measured curve, as a percentage of the measured data is shown in figure 6.3. The calculated curve
deviates quite substantially at low temperatures from the experimentally determined heat capacity.
At higher temperatures the difference is a few percent only. This means that the use of one single
Debye temperature to account for the lattice contribution to the specific heat has limited validity.
A similar conclusion was drawn by an analysis of the specific heat of LaNi  [Radwa½ski et al.5

1990]. 

6.3 LaNi5

LaNi  has attracted much interest as the prototype system for hydrogen storage. This is due to5

its favourable kinetic and thermodynamic properties for hydrogen absorption and desorption in
the temperature range from about 280 to 380 K. Therefore, many studies on the properties of this
material have been performed. 

We prepared a LaNi  sample using the best grade of lanthanum (99.9% with respect to5

metallic impurities) and nickel (better than 99.99%). It was pulled from the melt in a tri-arc system
by the Czochralski method. The sample for the specific-heat measurement consists of three
different pieces and amounts to a mass of  253 mg. 

LaNi  is a Pauli paramagnet. The susceptibility of LaNi  shows the same temperature5        5

behaviour as YNi . The susceptibility amounts to 3.7×10  µ T f.u.  at 4.2 K (Gignoux et al.5       B
-3 -1 -1
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Figure 6.4. The experimental specific heat of LaNi  at low temperatures shown in a plot of5

c/T versus T , Ohlendorf and Flotow [1980] (×) and the present data (‚). The2 

dashed line represents a fit of c/T = ( + $T  with values for  ( of 34.5×102       -3

JK mol  and for the Debye temperature, 1 , of 355 K. -2 -1
D

[1976], Ohlendorf et al. [1980], Schlapbach et al. [1980] and Barthem [1987]) and is slowly
decreasing with increasing temperature up to 300 K. 

The specific heat has been measured between 1.6 K and 4 K by Nasu et al. [1971]. The same
group published results on LaNi  between 5 K and 300 K [Marzouk et al. 1973]. These5

measurements were repeated by Ohlendorf and Flotow [1980] and Barthem [1980]. Part of the
measurements here presented have previously been published in Radwa½ski et al. [1992b].

6.3.1 Specific heat

LaNi  is considered as another candidate reference system in the analysis of the lattice and5

electronic contribution of the RNi  system. In this compound, lanthanum has no moment of itself.5

The  compound can be seen as a pure non-magnetic system. 
The low-temperature behaviour is presented in a plot of c/T versus T  (figure 6.4). In this2

plot, the specific heat of LaNi  up to 8 K can be represented by a straight line. The low-5

temperature variation shown in figure 6.4 leads to a Sommerfeld coefficient ( of 34.5 mJK mol-2 -1

and a Debye temperature 1  of 355 K. D

The present results of the specific heat of LaNi  up to 200 K are presented in figure 6.5. Our5

data coincide with those by Ohlendorf and Flotow [1980] (ª in figure 6.5). Compared with the
data of Marzouk et al. [1973] (× in figure 6.5), our measured values are lower in the temperature
interval between 100 K and 200 K. Above 200 K our measured heat capacity values exceed
earlier data. We stress, however, that the measuring error in the data above 200 K is large (so,
we consistently do not present these data in the figures). 

Fitting the observed specific heat from 1.5 K to 200 K with one effective Debye temperature
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Figure 6.5. The experimental specific heat of monocrystalline LaNi : our result (‚) and5

those of Ohlendorf and Flotow [1980]  (ª) and Marzouk et al. [1973] (×). The
full line is an approximation with one effective Debye temperature 1  =D

eff

300 K and ( = 34.5 mJK mol . The dashed line represents the high--2 -1

temperature limit 18R+(T (R= 8.3 Jmol K ).-1 -1

and an electronic contribution (34.5 mJK mol ) we found 1  = 300 K. -2 -1    eff
D

The calculated curve is plotted as a full line in figure 6.5. The difference between the
measurement and the calculated specific heat is given in figure 6.6 as a percentage of the
measured data. It can be seen that these differences are almost an order of magnitude lower than
those of YNi . This indicates that the specific heat of LaNi  is better described with one effective5         5

Debye temperature than the specific heat of YNi . 5

6.3.2 Discussion

The evaluated effective Debye temperatures of YNi  and LaNi  have a ratio of 87:100 (the fits at5  5

low temperatures give a ratio of 89:100). In order to understand the value of this ratio, different
models have been invoked. In a model with two Debye temperatures, one Debye temperature is
assigned to the nickel atoms and the other one to the rare-earth atoms. Applying equation 2.36
(chapter 2), to YNi  and LaNi , leads to a value for the ratio between the Debye temperature of5  5

YNi  and LaNi  of 93:100 (see appendix C). 5  5

Another method uses the square root of the mass quotient. If we apply this method, we obtain the
ratio 94:100. These results show that in many cases it is reasonable to use the mass of the
components to correct for differences in Debye temperatures between different RNi  compounds.5

Figure 6.7 presents the difference in entropy of YNi  and LaNi  after correction for the5  5
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Figure 6.6 The difference, in percentage, between the measured specific heat of LaNi  and5

the calculated specific heat with values for the Debye temperature, 1 , of 300D
eff

K and for ( of 34.5 mJK mol .-2 -1

Figure 6.7 The difference in entropy, after correction for difference in mass, of YNi  and5

LaNi . The temperature scale of YNi  has been multiplied with the value 0.935      5

to correct for the difference in Debye temperature (ratio 93:100).
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( 
(10 JK mol )-3 -2 -1

1  D

(K)
range 

(K)
1D

eff

(K)
range (K)

Nasu et al. [1971] 34.55 340.9 1.6<T<4.2

Ohlendorf et al. [1980] 42.6 298-312 5<T<12 312 <300

Naït Saada [1980] 33 341 322 <300

Sahling et al. [1982] 39 393 0.3<T<7

Gupta et al. [1987] (DOS) 28

This work 34.5 355 1.5<T<8 300 <300

Table 6.1. Values reported for the Sommerfeld coefficient, (, and the Debye temperature,
1 , of LaNi  by different authors. If known, the range in which theseD   5

coefficients are determined is given. The last two columns give the effective
Debye temperature and the temperature range in which this result has been
derived.

total mass difference. This figure shows that the difference up to 200 K is smaller than 2 JK mol .-1 -1

It can be seen that, although the two compounds should behave equivalently, the phonon and
electronic contributions to the specific heat are not equal. This emphasizes that differences in the
specific heat of the RNi  compounds can easily arise from different phonon spectra or from5

differences in the electronic contribution. Different values for the Sommerfeld coefficients, (,
and for the Debye temperatures, 1 , are shown in table 6.1, 1. The 1  values have been deducedD         D

from low-temperature specific heat experiments except those given by Gupta et al [1987]. These
latter authors calculated the electronic contribution to the specific heat from the DOS at E  in theF

independent particle model. Some differences in the ( and 1  values may be connected toD

differences in the temperature region taken in the linear approximation of the c/T versus T  plots.2

Results of a fitting process with one effective Debye temperature over a large temperature
interval are also given in  table 6.1, 1. Comparing the specific heat of LaNi  to that of YNi , it can5    5

be said that there is no preference for using either the YNi  specific heat or the LaNi  specific heat5     5

in order to deduce the magnetic contribution to the specific heat in the magnetic RNi  compounds.5

The uncorrected entropy difference between LaNi  and YNi  amounts to -10 Jmol  at 200 K.5  5
-1

After correction for mass differences the uncertainty in the entropy is smaller than 2 Jmol . -1

Throughout this thesis we will use the specific heat data of LaNi , at evaluating the magnetic5

contribution to the specific heat of the other RNi  compound, bearing in mind that we cannot5

expect better results in the fitting procedure than established here. 
Except for ErNi , PrNi  and NdNi  we corrected for mass differences. The correction for5  5  5

ErNi  was unacceptable and hence not used.5
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Figure 6.8 Contribution of the Pr-subsystem to the specific heat measured on a
monocrystalline PrNi  sample plotted as c  versus T. The full line show the 5    m

calculated contribution using the CF and exchange parameters derived in this
work. The entropy evaluated from experiment (‚) and the calculated entropy
(full line) are shown in the inset.

6.4 PrNi5

PrNi  does not order magnetically even at the lowest attainable temperatures. The absence of5

magnetic order is in accordance with the occurrence of a non-magnetic singlet ground state
produced by the crystalline electric field. The electronic and magnetic properties of this compound
are quite well explained within the crystal field approach [Andres et al. 1979, Naït Saada 1980
and Barthem et al. 1988]. The energy level scheme obtained by point-contact spectroscopy
allowed for a refinement of the CF parameters [Reifers et al. 1989]. However, despite the long-
lasting analysis of properties of this compound, the energy level scheme is still not fully
established. Recent inelastic neutron scattering experiments on a monocrystalline sample [Amato
et al. 1993] again enlightened the general structure of the energy level scheme of the Pr  ion.3+

However, the positions of the lowest two excited states are still not clear since the relevant
excitations are forbidden. We have again established the positions of the lowest two excited levels
by analysing our specific-heat measurements on monocrystalline PrNi . The specific heat data in5

paragraph 6.4.1 have partially been published in a paper by Kim-Ngan et al. [1995]. The high-field
magnetization data reported in section 6.4.2 have partly been published by Ball et al. [1992].
Analysing the muon Knight shift measurement, Feyerherm et al. [1995] established the position
of the muon stopping site in the PrNi  lattice (see chapter 5.7).5
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Figure 6.9 The variation of the magnetization of PrNi  with field along the [100]-axis (‘),5

[120]-axis (ª) and [001]-axis (�) at  4.2 K. Full lines represent the calculated
magnetization along the three crystallographic directions using the CF and
exchange parameters derived in this work.

6.4.1 Specific heat
We measured the specific heat of PrNi  from 1.3 K to 250 K. Three small pieces (total mass of5

258 mg) of  a monocrystalline batch, grown at the Van der Waals-Zeeman Institute, have been
used (#AF015II, IV and VI). 

We assume that the specific heat of PrNi  contains the usual electronic (c ), phonon (c ) and5     el   ph

the magnetic (c ) contributions. The magnetic contribution, as shown in figure 6.8, is obtainedm

by directly subtracting the measured molar specific heat of LaNi  from the measured specific heat5

of PrNi , neglecting the small difference in molar mass (139.91 for La and 140.907 for Pr).  No5

magnetic phase transition is found. A pronounced bump centred at 16-20 K is visible. The
magnetic entropy involved is shown in the inset. The calculated values for the specific heat and
the entropy of PrNi  on the basis of the crystal-field parameters given in table 6.2 are shown by5

full line in figure 6.8.

6.4.2 Magnetization
Large monocrystalline samples have been grown for this purpose at the Laboratoire Louis Néel
at Grenoble from 99.9% pure Pr and 99.999% pure Ni by the Czochralski technique in a cold-
crucible induction furnace. From the grown batches three parallelepipeds of about 2 ×2 ×6 mm3

were spark-eroded with their longest dimension along [100], [120] and [001], respectively.
Magnetization measurements at 1.4 K and 4.2 K, were performed in fields up to 38 T along the
crystallographic directions in the high-field installation of the University of Amsterdam.

In figure 6.9 the magnetization versus applied field is shown at a temperature of 4.2 K along
the main crystallographic directions. The [001] axis is the hard magnetization direction. At low
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Figure 6.10 The variation of the magnetization of PrNi  with field along the [100]-axis (‘)5

and the [120]-axis (ª) at 1.4 K. 

magnetic fields, the magnetization along the [100] and the [120] directions are identical. Around
5 T the magnetization signals with the field oriented along the [120] direction and [100] direction
separate. The [120] axis has the highest moment and is the easy magnetization direction. The
anisotropy in the basal plane is connected with the B  CF parameter.6

6

The magnetization of PrNi  measured with fields along the [100] and [120] directions, at a5

temperature of 1.4 K, is shown in figure 6.10. The magnetization along the [120] axis remains
almost the same at 4.2 K, whereas the shape of the magnetization along the [100] axis is different
for the two temperatures. At 1.4 K the curve changes around 18 T where some type of  transition
is observed. This transition turns out to be related to the crossing of the lowest energy levels at
this field [Ball 1992 see also the energy level scheme of figure 6.13].

6.4.3 Muon relaxation

µSR measurements have been performed at the ISIS facility. The data have been recorded from
220 down to 0.09 K with the longitudinal geometry (that is with slow muons and without field,
see chapter 4.4). The single crystal used in experiments has been grown with the Czochralski
technique at the Van der Waals-Zeeman Institute. The sample is a mosaic of  thin monocrystalline
slabs with their [001] axis perpendicular to the plane and glued to a silver holder. The result is a
PrNi  surface of about 8 cm . The initial muon beam polarization is parallel to the [001] axis. In5

2

the figures the direction of the initial muon beam polarisation relative to the [001] axis is indicated
by a pictogram. 

In figure 6.11, a zero-field spectrum recorded at 0.69 K is presented. A spectrum taken  with
less accuracy at 0.094 K resembled the spectrum presented in figure 6.11. The wiggles 
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Figure 6.11 A zero field muon relaxation spectrum recorded at 0.69 K.
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Figure 6.12 A zero field muon relaxation spectrum recorded at 4.68 K. The full line is a
fit to a Gaussian depolarization function with a initial asymmetry of 0.033(3).
The direction of the initial muon beam polarisation relative to the [001] axis
is indicated by a pictogram.

seen above -0.5 ps are the most remarkable properties of these spectra. In f,rgure 6.12 the
spectrum recorded at 4.68 K is shown. At these higher temperatures the amplitude of the
wiggles has nearly disappeared, i.e. the spectrum is almost time independent for />0.5 ps. In
fact, it can be analysed with a gaussian depolarisation function (plus a time-independent
component accounting for the silver background). At 20 K, the recorded spectra can be
analysed with a genuine exponential depolarization function (plus the time independent

RNi, compounds
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(Tf.u.
µ )B

-1

Ott et al. [1976] 5.57 42.0 940 30200

Andres et al. [1979] 5.82 49.4 877 31000 2.8

Naït Saada [1980] 5.68 44.3 651 36100 3.7 2.23 16.2 3.2

Barthem et al.
[1988]

5.84 45.3 886 31400 3.7 1.13 16.2 2.1

Reiffers et al. [1989] 5.80 52.0 800 31000  3.7 2.53 16.2 3.5

Amato et al. [1992] 5.75 50.0 820 30200 2.6

our work 5.75 50.0 820 29800 4.0 2.6 15.0 3.5

Table 6.2. CF parameters B , molecular-field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  for PrNiNi      RR  RNi  5

reported by different authors; for the definition of these parameters, see chapter
2. 

component) i.e. the initial asymmetry has its full value (its high temperature value). From spectra
recorded above 20 K we deduce an initial asymmetry of 0.033(3). Below ~20 K the measured
spectra deviate strongly from a genuine exponential depolarisation function (see equation 4.21
chapter 4). In fact it can be analysed with a gaussian depolarisation function (see equation 4.20
chapter 4). This is an indication that the dynamics of the system are slow. The wiggles at low
temperature are explained as the signature of either slow intrinsic dynamics of the Pr nuclear
moments or  slow muon diffusion [Kayzel et al. 1993]. 

6.4.4 Analysis and discussion

Different authors have derived slightly different sets of CF parameters, as listed in Table 6.2. All
of them provide the singlet '  as the ground state, but give a large discrepancy in the positions4

of the first- and the second-excited states. The analysis of the specific heat at low temperatures
leads to a further adjustment of these states. Our parameters resulting from the simultaneous
adjustment to our specific heat and high-field magnetization experiments are given in a bold
typeface in table 6.2. The calculated contribution of the Pr  ion to the specific heat of PrNi  is in3+

5

good agreement with the experimental results. Although the maximum of the calculated curve is
higher than the experimental one, the part below 10 K gives a satisfactory fit and the part above
26 K also represents the measured data adequately.

On the basis of our parameter set, the magnetic contribution to the specific heat have been
calculated, see figure 6.8. The calculated entropy is slightly higher than the entropy evaluated
from experiment, see inset figure 6.8, but still the agreement is considered as very good, taking
into account the uncertainty in the electronic contribution (( -( ) and in the phonon spectra.Pr La
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Figure 6.13 The splitting of the H  ground state multiplet of the Pr -ion by the crystal3       3+
4

field. On the left the energy level scheme of PrNi . The arrows indicate5

excitations observed in INS experiments [Amato et al. 1992], g .46.4 K, g  .1   2

150 K, g  . 336 K and g  . 104 K. On the right, the effect of an applied field3     4

along the [100] direction is shown.
The calculated magnetization curve along the [100] direction at 1.4 K does not describe the

transition very well. The calculated magnetization curves in the basal plane reveal larger
magnetization values than the observed ones. In fact, the observed anisotropy between the [120]
direction and the [100] direction is much larger than the calculated one (see figure 6.9). The
model used, although highly sophisticated, obviously does not account for all the details in the
observed magnetization. A further refinement of the parameters could possibly lead to better
agreement between the observed and measured magnetization. 

The resulting energy level scheme of the Pr -ion in the f  configuration with the proper3+    2

eigenfunctions are shown in figure 6.13. The third, fourth and fifth excited levels are located at
47.4 K (doublet), 150 K (singlet) and 336 K (doublet), respectively. This is in agreement with the
observed INS excitations [Amato et al. 1992] on monocrystalline PrNi , where three well-defined5

lines are found at 46.4 K, 150 K and 336 K. At higher temperature, the same authors observe
another line at 104 K.
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Figure 6.14. Temperature variation of the magnetic contribution to the specific heat of
monocrystalline NdNi  (‚). The full line shows the calculated magnetic5

contribution. The 8-type peak marks the appearance of the magnetic ordening.
The inset shows the entropy evaluated from experiment (‚) and the calculated
entropy (full line).

6.5 NdNi5

In this paragraph we present specific-heat data and the results of magnetization measurements on
a newly grown monocrystalline NdNi  sample. For the specific-heat measurements two5

monocrystalline pieces were employed, with a total mass of 223 mg, both part of a crystal grown
in Amsterdam (#AF005). From the same batch, a spherical sample with a diameter of 3 mm and
a mass of  0.11096 mg was spark-eroded. The latter sample was used in the magnetization
measurements. 

NdNi  orders  ferromagnetically below 7 K. The Nd-ion moment favours the [100] axis5

within the basal plane. The spontaneous magnetization is equal to 2.14 µ f.u.  and is substantiallyB
-1

lower than the full trivalent neodymium moment of 3.27 µ . This reduction of the Nd moment isB

thought to be due to crystal field effects (see also figure 6.15 and 6.16). 

6.5.1 Specific heat

The specific heat of NdNi  has been measured from 1.5 K to 200 K. The magnetic contribution5

in NdNi  is obtained by taking the difference between the measured molar specific heat of  NdNi5               5

and LaNi  (figure 6.14). No correction has been made for the mass difference. The 8-type peak,5

with a maximum at 7 K is associated with the occurrence of long-range magnetic order. The value
of 7.4 K for T  is taken from the midpoint temperature of the higher-decreasing part of the 8 peak.c

The entropy involved in the magnetic contribution to the specific heat together with the calculated
entropy is shown in the inset of figure 6.14.
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Figure 6.15. Magnetization of monocrystalline NdNi  at 1.4 K for fields applied along the5

[120]-axis (ª) (two sets of measurements), and the [001]-axis (" step-wise
pulse,! sampling from linear decreasing pulse). For these directions, the
magnetization was calculated for T = 1.4 K (solid lines). The free-to-rotate
sphere (j) is measured at 4.2 K. Here, the solid line represents the
magnetization calculated at 4.2 K for the free-to-rotate-sphere.

6.5.2 Magnetization

Magnetization measurements on a monocrystalline sphere of NdNi  (Sample #AF005-II) have5

been performed. Magnetization measurements of NdNi  at 1.4 K up to 38 T with fields along the5

main crystallographic directions are presented in figure 6.15. Two sets of measured data along
the [120] direction up to the highest fields are available. The same sample was oriented and
measured twice along the same direction. This gives us some insight into the measurement error
of these magnetization values (about 3% at 35 T). 
The [100] axis is the easy magnetization direction and the [120] axis is the difficult direction in
the hexagonal plane [Naït Saada 1980]. The [100] direction has not been measured but, assuming
that the free-to-rotate sphere represents the highest possible magnetization, we take the free
sphere as typical of the [100] direction. The magnetization with the field along the [100] axis (free
sphere) amounts to 3.35 µ f.u. . At 35 T the nickel contribution to the magnetization isB

-1

approximately 0.31 µ f.u.  (calculated). Then, with this value the Nd moment is equal to 3.04B
-1

µ f.u.  (compare free Nd  value 3.27 µ ).B       B
-1   3+

A strong anisotropy of the Nd magnetic moment along the easy and hard axis is observed.
Along the hard direction, i.e. the [001] axis, the magnetization shows a strong curvature and
amounts to 1.8 µ (f.u.)  at 38 T. The magnetization along the hard direction, extrapolated to zeroB

-1

field, crosses the origin.
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Naït-Saada [1980] 3.35 14.5 -350 -13500 3.9 3.53 12.8 4.30

Goremychkin et al.[1985] 2.55 6.27 -383 -13900 3.43

Barthem et al. [1989] 3.35 14.5 -350 -13500 3.9 3.64 12.5 4.27

Radwa½ski et al. [1994] 3.35 14.5 -350 -13500 3.9 2.86 12.8 3.5

Kim-Ngan et al. [1995] 3.35 14.5 -350 -13500 3.9 2.86 12.8 3.5

this work 3.35 14.5 -348 -13470 3.9 2.85 12.5 3.46

Table 6.3. CF parameters B , molecular field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  for NdNiNi      RR  RNi  5

reported by different authors. 

6.5.3 Analysis and discussion

The specific heat and the magnetization have been analysed according to our previously described
model. The four CF parameters, and the two exchange interaction parameters n , n  and theRNi  RR

susceptibility P  are adjusted simultaneously on all measurements until a satisfactory fit isNi

reached. The best parameters are given below in table 6.3 in bold type face together with
parameters found by other authors.

The calculated specific heat describes the measurements well. Only the height of the
calculated 8-like peak is lower than observed. The calculated entropy is slightly higher than the
entropy evaluated from experiment, see inset figure 6.8, but still the agreement is considered as
very good, taking into account the uncertainty in the electronic contribution (( -( ) and in theNd La

phonon spectra. Note that the difference occurs at higher temperature where both contributions
produce large errors.

The calculated magnetization along the [120] and [001] directions at 1.5 K and that along
the [100] direction at 4.2 K are shown as full lines in figure 6.15. A satisfactory, but not perfect,
fit is obtained. In order to elucidate the origin of the apparent low value of the Nd-moment we
calculated the magnetization curves at 1.4 K up to 250 T (shown in figure 6.16). The
magnetization along the [100] axis increases almost linearly in the higher field region. This
increase is mainly due to the magnetization of the nickel subsystem. The metamagnetic transition
at 49 T along the [120] direction is due to crossing of the two lowest doublets, see figure 6.17.
In all energy levels  around 49 T sharp changes occur. Along the [001] axis a comparable
transition occurs around 150 T. The Nd -ion ground-state multiplet, I , is split into 5+    4

9/2

doublets. The energy-level scheme resulting from the above CF parameters for NdNi  is shown5

in figure 6.17. The level splittings  are in good agreement with those derived from 
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Figure 6.16 Calculated magnetization of NdNi  up to 250 T along the three main5

crystallographic directions (full lines). The experimental data are given by the
full circles.

Figure 6.17 The splitting of the I  ground state multiplet of the Nd  ion by the crystal4       +
9/2

field. On the left the exchange splitting below 7 K is shown and on the right the
effect of an applied field along the [120] direction is shown. Indicated are the
energy transitions, g , found by Goremychkin [1985].i
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the inelastic neutron scattering (INS) data by Goremychkin et al. [1985]. These INS
measurements, at T = 12 K and T=77 K, lead to three energy transitions: two connected to the
ground state, g = 16.2±2.3 K and g = 162.4±2.3 K, and one associated with a transition from the1    3

first excited level, g = 33.6±2.3 K. The presented set of parameters results in the excited doublets2

at 0 K, 18 K, 50 K, 163 K and 241 K, in satisfactory agreement with the neutron data. In the
ordered state the doublets are split, see figure 6.17. The exchange interactions are rather weak
and do not mix the order of the levels introduced by the CF interactions.

6.6 GdNi5

In this paragraph, specific heat, magnetization and muon resonance measurements on newly
grown monocrystalline GdNi  samples are presented. In GdNi , the Gd moments order5     5

ferromagnetically below 32 K. The antiparallel Ni moment is induced.
The orbital quantum number for the ground state of Gd  ions, S , is equal to zero and,3+  8

7/2

therefore, the crystal field does not influence the given 4f-state directly, although some influence
can be expected through e.g. the intra-atomic 4f-5d interaction. Hence, GdNi  shows almost no5

magneto-crystalline anisotropy and its magnetic properties are mainly governed by exchange
interactions. 

The specific heat of GdNi  has been measured on a sample consisting of two monocrystalline5

pieces with a total mass of 284 mg in the temperature range from 1.5 K to 250 K. Both pieces are
part of a larger monocrystalline batch grown at ALMOS in Amsterdam (#AF00 IV and VI). From
the same batch, a spherical sample with a diameter of 3 mm and a mass of 0.11725 mg was spark-
eroded and used in the magnetization measurements. From a second single crystal batch, pieces
for the muon spin spectroscopy were spark-eroded.

6.6.1 Specific heat

The specific heat of GdNi  was measured from 4.2 to 300 K but, as usual, we plot only the data5

up to 200 K (figure 6.18). The 8-like peak around 33 K is obvious. In previous studies of GdNi5
[Marzouk et al. 1973], two maxima were observed in the temperature dependence of the heat
capacity close to the Curie temperature T . This double-peak structure is not found by us, and isC

probably due to a different stoichiometry in the former study. 
The magnetic contribution to the specific heat was determined by subtracting the scaled molar

specific heat of LaNi  from that of GdNi . Method two of chapter 2.5.1 is used to account for5    5

mass difference (see table C2 of appendix C).  The ferromagnetic ordering is reflected in the 8-
like peak around 33 K. T = 33 K was determined by taking the half height value of the high-C 

temperature part of the 8-like peak. The resulting magnetic contribution and the observed specific
heat are shown in fig. 6.19. A broad bump below T  can be observed. This can be attributed toC

the increasing population of the 8 levels of the ground state multiplet of Gd  ions with increasing3+

temperature. The magnetic entropy, S , reaches the value of Rln8  at 45 K, indicating that allm

levels of the ground state are about equally populated above T . The observed specific heat seemsC

to become negative above 50 K. Obtaining the pure magnetic specific heat contribution of GdNi5
by subtracting the scaled specific heat of LaNi  may induce erroneous results above this5

temperature. The calculated specific heat and calculated entropy of GdNi  are shown by full lines5

in figure 6.19. See table 6.4 for parameters.
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Figure 6.18 The specific heat of GdNi  from 4.2 to 200 K.5

Figure 6.19. Temperature variation of the magnetic contribution to the specific heat of
monocrystalline GdNi . The full line shows the calculated contribution. The 8-5

type peak marks the appearance of the magnetic ordening. The inset shows the
entropy observed (‚) and calculated (full line).

Specific-heat measurements on polycrystalline GdNi  [Szewczyk et al. 1992] in magnetic5

fields up to 5 T showed also negative results for the magnetic part of the specific heat above 
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45 K, although there, the lattice contribution was determined by fitting one Debye function to the
measured data in a magnetic field of 5 T. 

6.6.2 Magnetic measurements

The magnetization in fields up to 5 T was measured in a squid device, see figure 6.20 (Notice that
the internal field is shown).  High-field magnetization measurements with fields up to 38 T along
the [001] direction on a monocrystalline sphere of GdNi  were performed in addition, see inset5

figure 6.20. The magnetization of the GdNi  monocrystal is nearly independent of the direction5

of the applied field. Still we could determine that the  [001] axis is the easy axis. This conclusion
is not consistent with reported magnetization measurements [Gignoux et al. 1976] but agrees with
the Gd Mössbauer data [Steenwijk et al. 1977] and our own muon measurements (see below).155

 In table 6.4 we collect values for the nickel sublattice susceptibility, the exchange parameters
and the saturation magnetization as observed by different authors. At higher fields, the
magnetization increases linearly with a high-field susceptibility, P , of 5.6×10   µ T f.u. .Ni     B

-3  -1 -1

Extrapolation of the high-field magnetization to zero field yields the spontaneous magnetization,
M = 6.45 µ f.u.  at 4.2 K. These values are consistent with values for M  measured by GignouxS   B            S

-1

et al. [1976] and by Barthem et al. [1987] (see table 6.4). We calculate, with our parameters (see
table 6.4), an opposite nickel sublattice moment of 0.54 µ f.u.  Band calculations of the nickelB

-1

moment in GdNi result in a value of 0.76 µ f.u.  [Malik et al. 1982], in reasonable agreement5       B
       -1

with the calculation.
The thermal variations of the magnetization and the reciprocal susceptibility (applied field 0.4

T) are shown in figure 6.21. The calculated magnetization and inverse susceptibility are shown
as full lines.  In the paramagnetic state, the thermal variation of the susceptibility follows almost
perfectly a Curie-Weiss law. In fact, the inverse susceptibility has a small curvature, which is
reproduced by our calculations (compare ErNi  figure 5.8 and 5.9 of chapter 5).5

6.6.3 Muon spin resonance

µSR measurements have been performed with low-energy, or surface, muons. A monocrystalline
sample (#LM9302) was spark-eroded into thin slabs of approximately 0.5 mm  thickness. The
slabs were glued on a silver plate forming one big surface. The sample is then a mosaic of
monocrystalline material covering an area of 8 cm . In this way two samples were constructed,2

one with the surface perpendicular to the [001] axis and the other one with the surface parallel
to the [001] axis. 

Muon spin resonance measurements have been performed at ISIS over a temperature
range between 3.3 K and 300 K with a longitudinal or zero-field experimental geometry (see
chapter 2). The two samples made it possible to measure, at ISIS, with different orientations
of the initial muon beam polarization, P , with regard to the [001] axis. At all temperatures thei

measured depolarization function could be well fitted by a sum of an exponential function,
describing the depolarization from the sample, and a constant term a  (initial asymmetry), thati

took into account the muons stopped in the silver backing and the cryostat.  The constant term
is perpendicular to the [001] direction.
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Figure 6.20 The magnetization curves at 5 K up to 0.8 T for monocrystalline GdNi  along5

three different crystallographic directions (notice that the applied field in the
low-field data has been corrected for the demagnetizing field). The inset shows
the magnetization along the [001] direction in fields up to 38 T.

Figure 6.21 The temperature dependence of the magnetic moment in an applied field of
0.4 T (left hand scale) and reciprocal susceptibility (right hand scale) of GdNi5
measured along the [001] axis. The full lines represent the calculated magnetic
moment and calculated reciprocal susceptibility (for parameters see table 6.4).
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Figure 6.22 Temperature dependence of the zero-field µSR damping rate measured on
two assemblies of monocrystalline GdNi  which differ by orientation of the5

initial polarization relative to the [001] axis.

In figure 6.22, the damping is temperature independent except below T  for the sample withC

the initial polarization, P , dependence of the zero-field µSR damping rate is shown for thei

two orientations of P  relative to the [001] axis. Below T  only the results of the damping withi       C

the initial polarization along the [001]-direction is shown. Reason for this is that along the
other direction the damping was partly higher than 10 MHZ (the detecting limit at ISIS) and
consisted, in the measurable range, at low temperature of two frequencies (see below). The
damping rate is temperature independent for T$50 K. Approaching T  from above, theC

damping rate increases. A study of  the behaviour around the critical temperature, on the basis
of our µSR measurements, shows that GdNi  is a Heisenberg ferromagnet with strong dipolar 5

interaction [Yaouanc et al. 1996].

At PSI, we have recorded in zero field measurements a spectrum in the ferromagnetic
phase at 3.3 K with the initial beam polarization perpendicular to the [001] axis. Two
frequencies were observed with frequencies of 79.68 MHZ and 220.89 MHZ. This means that
there are two muon stopping sites. Symmetry arguments tell us that, when the magnetization
is oriented along the [001]-direction as our magnetization measurements do suggest (see
figure 6.20), a crystallographic site gives rise to one magnetic site only. In ErNi  we noticed5

that the muon seems to be localized in one kind of site, split in magnetically different ones
when the magnetization points in the [100]-direction.  It is surprising that the muon does not
have the same localization site(s) in compounds of the same series. Definitely, more work has
to be done on the localization problem but the fact that we do not know the muon localization
site will not influence the results of our data analysis. The data have been analysed with either
two exponential or two gaussian functions; the results are qualitatively similar. The
temperature dependence of the frequencies could be well described with a Brillouin function
[Gubbens et al. 1994]. 
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range
(K)

P  Ni

(10  µ-3
B

T f.u. )-1 -1

n  RR

(Tf.u.
µ )B

-1

n  RNi

(Tf.u.
µ )B

-1

n
(Tf.u.
µ )B

-1

T  C

(K)
Ms

(µ f.u. ) B
-1

Gignoux et al. [1976] 5.2 32 6.20

Naït Saada [1980] 5.4 -0.2 -21.1 2.2 32 6.20

Barthem [1987] 4.0 1.0 -15.6 2.0 34 6.48

Szewczyk et al.
[1992]

4.2-45 5.4 -0.1 -21.1 2.3 32

this work 4.2-300 5.6 1.2 -14.0 2.3 33 6.45

Table 6.4 The nickel sublattice susceptibility P , the exchange interaction parameters n ,Ni      RR

n , the saturation magnetization M  and the Curie temperature T  for GdNiRNi     s     C  5

reported by different authors.

In an effort to determine the localization sites of the muons, Knight shift measurements
above T  were performed at PSI [Mulders et al. 1995]. In the paramagnetic state (and belowC

80 K), with a field applied along the [001] direction, two frequencies are observed. This is
consistent with the observed signal below T  where the moments are ordered along the [001]C

direction and two signals are found. 

6.6.4 Analysis and discussion

The specific-heat and magnetization measurements have been analysed using the molecular-
field approximation as described in chapter 2. Gadolinium has no orbital moment, so all Bn

m

parameters are taken equal to zero. With the very small anisotropy of Gadolinium, the
parameter n could be calculated using equation 2.43.  The inverse of the theoretical Curie
constant (see chapter 5.8) is 69.2×10  Tf.u.µ K . This is close to 72×10  Tf.u.µ K , found-3 -1 -1      -3 -1 -1

B       B

experimental. Due to the nickel contribution to the susceptibility, true Curie-Weiss behaviour
is never found. This can be seen in the calculated inverse susceptibility (see figure 6.21;  see
chapter 5 about the nickel contribution). 

From the specific-heat measurement, a Curie temperature of 32.4 K was deduced and a
value for  n of 2.3 Tµ f.u. for the molecular-field constant was calculated. If we assume thatB

-1

the difference between the magnetic moment of the free gadolinium ion, m = 7 µ , and theB

saturation magnetization, M  = 6.45 µ f.u. , measured at low temperatures in GdNi  is theS   B       5
-1

result of a negative polarization of the Ni-sublattice (m  = P n M ), we findNi  Ni RNi R

n  = –14.0 Tµ f.u. Using the formula n = n  + n P  we calculate for n  a value ofRNi   B       RR  RNi Ni    RR
-1         2

1.2 Tµ f.u. Inserting all these parameters in the theoretical model results in the calculatedB
-1

values for the specific heat shown in figure 6.19. The agreement between the calculated and
the measured curves is satisfactory. The temperature dependence of the magnetic contribution
to the specific heat, at low temperatures, suggests that the observed discrepancy in the
splitting of the ground state level is in reality larger than predicted by the simple theory. The
discrepancy above T  points to shortcomings of  the molecular-field theory. In thatC
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approximation the short-range ordering effects are not taken into account and a jump of the
c (T) curve is predicted instead of the 8-like anomaly.m

6.7 TbNi5

The TbNi  sample has been prepared using the best available grade of terbium (99.9% pure5

with respect to metallic impurities) and nickel (better than 4N). It was grown using the tri-arc
Czochralski method. From the bulk monocrystalline sample, pieces for the specific heat and
magnetization were spark-eroded. 

TbNi  orders ferromagnetically below 23 K, with the easy magnetization direction along5

the [100] axis. The first magnetic measurements were performed by Nesbitt et al. [1962].
Later, the magnetization up to 15 T and susceptibility up to 300 K was reported by Gignoux
et al. [1979]. Specific heat up to 60 K was measured by Naït Saada [1980]. Inelastic neutron
scattering measurements have been reported by Gignoux et al. [1986] on a monocrystalline
sample and by Goremychkin et al. [1984] on a polycrystalline one. Muon spectroscopy on
monocrystalline TbNi  was reported by Dalmas de Réotier [1992]. 5

6.7.1 Specific heat

The heat capacity of a TbNi  monocrystalline sample with a mass of 276 mg (#AF011 II, IV,5

VI) has been measured between 1.5 and 300 K. The magnetic contribution to the specific heat
was determined by subtracting the scaled molar specific heat of LaNi  from that of TbNi , see5    5

figure 6.23. Again a scaling factor for method two (see table C2 appendix C) is used. 
A sharp 8-type anomaly, observed around 23 K, marked the Curie temperature of the

material. At lower temperatures a small additional anomaly is seen with a peak at 2.4 K of
1.58 Jmol K . This could be connected to an impurity phase of the sample (probably Tb O-1 -1

2 3

[Gerstein et al. 1962]). The involved entropy up to 100 K is derived from the measured
specific heat. Its temperature variation is shown as in the inset of figure 6.23. At 75 K it
reaches a value of 15±1 JK mol  (assuming zero entropy at 1.4 K). The calculated specific–1 –1

heat and calculated entropy are shown as full lines in figure 6.23.

6.7.2 Magnetization

High-field magnetization measurements were performed on a monocrystalline sphere
(mass 0.11493 g). At 1.4 K, the magnetization was measured along the [001] axis with
magnetic fields up to 35 T, along the [100] axis with magnetic fields up to 38 T and along the
[120] axis with fields up to 35 T, see figure 6.24. Additionally, the free-to-rotate-sphere is
measured up to 21 T. The last measurement coincides with the [120] and [100] directions.
The spontaneous magnetization along this direction extrapolated to zero field reaches a value
of M  = 7.50(5) µ f.u. . The magnetization increases slowly with a diminishing slope ands   B

-1

reaches at 38 T a value of 8.38 µ f.u. . We have calculated a value for the nickel moment of B
-1
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Figure 6.23 The magnetic contribution to the specific capacity of monocrystalline TbNi5
from 1.5 K to 50 K in a plot c versus T. The full line is calculated with the
parameters of this work, see table 6.5. The entropy evaluated from experiment
together with the calculated entropy (full line) is shown in the inset. 

Figure 6.24 The magnetization curves at 1.4 K up to 38 T for monocrystalline TbNi  with5

the sample fixed along the [100] axis (�, ‚), the [120] axis (ª), the [001] axis
(") and a free-to-rotate-sphere (j). Full lines show calculations with the
parameters mentioned in table 6.5, 6. The calculated [100] magnetization is
slightly larger than the calculated [120] magnetization. 
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B2
0

(K)
B4

0

(10-3

K)

B6
0

(10-6

K)

B6
6

(10-6

K)

PNi

 (10  µ-3
B

T f.u. )-1 -1

nRR

 (Tf.u. 

µ )B
-1

nRNi 

(Tf.u.
µ )B

-1

n 

 (Tf.u. µ )B
-1

Gignoux et al. [1979] 3.2 -2.7 -45 -100 6.2 1.1

Naït Saada [1980] 3.84 -
0.39

-40 -400 9.0 0.4 -6.67 0.8

Goremychkin et al. [1984] 3.67 -1.8 -12 -370 0.8

Gignoux et al. [1986] 3.84 -2.4 -6 -370

this work 3.84 -2.4 -40 -400 5 0.08 -12.0 0.8

Table 6.5 CF parameters B , molecular field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  of TbNiNi      RR  RNi  5

reported by different authors.

 0.44 µ  for the opposite nickel sublattice magnetization. Taking for the Tb magnetic moment,B

a value of 9 µ , we conclude that at 38 T almost the full moment of the rare-earth is reached.B

Within our experimental accuracy we could not detect a difference between the [100] and the
[120] axis. However, low-field magnetization measurements [Gignoux et al. 1979, Naït-Saada
1980] show a small difference between the [100] and [120] direction. These authors conclude
that the [100] axis is the easy magnetization axis. 

The magnetization along the [001] axis, the hard axis, varies almost linearly and reaches a
value of  2.46 µ f.u.  at 35 T. Our magnetization values along all axes are lower than reportedB

-1

earlier by Gignoux et al. [1979] and Naït-Saada [1980]. The largest difference is found along
the [001] direction where at 15 T our data are 0.23 µ f.u.  lower.B

-1

6.7.3 Analysis and discussion

The specific heat and the magnetization data were analysed using the parameters in table 6.5.
The crystal field and exchange interaction parameters determined by different measurement
methods are also given in the same table.
With an effective molecular-field constant value n = 0.8 Tf.u.µ , the peak in the specific heatB

-1

is well described. The calculated entropy is slightly higher than the entropy evaluated from
experiment, see inset figure 6.8, but still the agreement is considered as very good, taking into
account the uncertainty in the electronic contribution (( -( ) and the difference in theTb La

phonon spectra. Note that the difference occurs at higher temperature where both
contributions produce higher errors.

The parameter sets given in previous publications cannot describe the magnetization data
correctly, although the CF parameters presented by Goremychkin et al. [1984] give a good
description of the magnetization along the hard direction. 

In figure 6.25, we show the energy level scheme together with the proper eigenfunctions
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Figure 6.25 The splitting of the F  ground state multiplet of the Tb -ion by the crystal7       3+
6

field. Shown is the energy level scheme below and above the ordering
temperature. The arrows indicate excitations observed in INS experiments at
90 K [Goremychkin 1984], g  = 11.5±2 K, g  =35±3 K, g  =51±6 K, g1    2   3   4

=69±6 K and g  =92±8 K.5

of TbNi  below and above the ordering temperature. The ground state (an almost pure *0,5

state) is a non-magnetic singlet. The first-excited state is an almost pure *±1, state at 8 K. The
third, fourth and fifth excited levels are located at 37 K (doublet), 86 K (singlet) and 110 K
(singlet) respectively. In INS excitations [Goremychkin et al. 1984] observed at 90 K give the
excitation energies g  = 11.5±2 K, g  =35±3 K, g  =51±6 K, g  =69±6 K and g  =92±8 K. The1    2   3   4    5

latter five transition energies coincide quite well with our level scheme. INS measurements on
monocrystalline TbNi  by Gignoux and Rhyne [1986] give three excited states g  =29.8 K, g5          2   3

=51.8 K and g  =83 K. These transitions are indicated in the level scheme, see figure 6.25.4

The presence of exchange interactions induces magnetic moments, which order
perpendicular to the [001] direction.  In fact, in first instance a field applied along the [001]
direction will not modify the ground state energy. When a field is applied along one of the
directions in the basal plane (e.g. the [100] direction  or the [120] direction) this will mix the
states associated with the first two levels, lowering in this way the fundamental state
associated with a higher value of  +J ,.x
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Figure 6.26. Temperature variation of the magnetic contribution to the specific heat of
DyNi  derived as the difference in molar specific heat of DyNi  and the scaled5          5

specific heat of LaNi . The full line shows the calculated magnetic contribution5

(our parameters). The dashed line shows calculations performed with a
parameter set of Naït Saada [1980]. Table 6.6 gives the parameters. 

6.8 DyNi5

DyNi  orders ferromagnetically below 12 K [Aubert et al. 1981, Naït Saada 1980] and exhibits5

a  strong magnetocrystalline anisotropy. Nesbitt et al. [1962] first reported a magnetic
moment of 7 µ  in this compound measured on a polycrystalline sample. It has been claimedB

that at 6.5 K DyNi  undergoes a moment reorientation within the hexagonal plane from the5

hexagonal [100]  to the [120] axis [Aubert et al. 1980].
Monocrystalline samples have been grown at the FOM-ALMOS facility in Amsterdam

with the Czochralski tri-arc method, using the best available dysprosium (99.9% with respect
to metallic impurities) and nickel (5N). From that DyNi  batch (#TM01), a 3 mm sphere and5

two pieces were cut for the specific-heat measurements.

6.8.1 Specific heat

The specific heat of DyNi  has been measured in the temperature range from 1.5 K to 250 K.5

Two pieces from the same monocrystalline batch, with a total mass of 223 mg, were used.
Subtracting the scaled molar specific heat of LaNi  from the specific heat of DyNi  the5      5

magnetic contribution is determined (figure 6.27). The scaling factor of method two is used,
see table C appendix C. The 8–type peak with its maximum at 11.8 K is associated with the
occurrence of long-range magnetic order. For T , a value of 12.2 K is taken, from theC

midpoint at the high-temperature side of the 8-peak. The calculated specific heat is shown as a
full line in figure 6.27. The entropy involved in this specific heat reaches at 150 K a value of
19.4  JK mol . The entropy evaluated from experiment and the calculated entropy are shown-1 -1
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Figure 6.27. The magnetization versus field of DyNi  (monocrystal #TM01-III) at 1.5 K5

measured along the two crystallographic symmetry axes [120] (ª) and [001] 
(!) of the hexagonal cell. In addition a free-sphere (j) was measured. The
open symbols represent points measured with a stepwise pulse. The full points
represent data taken with a linearly decreasing pulse. The full line is our
calculated magnetization, see table 6.6 for parameters.

(full line) in the inset of figure 6.27.

6.8.2 Magnetization

Magnetization measurements have been performed on a monocrystalline sphere of DyNi5
(sample #TM01-III). The magnetization versus field curves at 1.4 K up to 38 T are presented
in figure 6.27. In a magnetic field pulse of 38 tesla, sample #TM01-III, oriented along the hard
direction, broke into two pieces. One piece of the monocrystal was oriented again and 
successfully measured. Unfortunately, the [120] and [100] axes were mixed up by the author.
Therefore, only the magnetization along the [120] direction, along the [001] direction and the
free-to-rotate sphere were measured.

 In addition, a monocrystalline sample from Grenoble was measured (sample #GIG). This
sample was produced with the Czochralski method in an induction furnace. The sample, a
sphere with a radius of 3 mm, was measured with step-pulses up to 35 T along the [120] and
[100] directions. Along the [001] direction the sample was measured up to 20 T with a linearly

decreasing pulse. While trying a 38 T linearly decreasing pulse also this sample broke. The
magnetization data are represented in figure 6.28. For this sample all directions  were
measured. The [001] direction was only measured up to 20 T. 

Samples #GIG and #TM01-III measured along the easy magnetization axis ([120])
behave equally. The spontaneous magnetization amounts to a value of 8.50 µ /DyNi .B 5
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Figure 6.28. The magnetization versus field of DyNi  (sample #GIG) at 1.5 K measured5

along the three crystallographic symmetry axes [100] (R), [120] (ª) and
[001] (�, !) of the hexagonal cell.  The open symbols represent points
measured with a stepwise pulse. The full points represent data taken with a
linearly decreasing pulse. The dashed line represents a calculated curve with
values for the parameters taken from Naït Saada [1980]. The full line is our
calculated magnetization, see table 6.6 for parameter values.

Calculating for the opposite nickel sublattice magnetic moment a value of 0.39 µ  we deriveB

for Dy a value of 8.89 µ . This magnetization is strongly field dependant at low fields andB

saturates at higher fields. At 35 T the magnetization of the sample #GIG amounts to
9.94 µ /f.u. and of the sample #TM01-III amounts to 9.77 µ f.u.  Along the [100] direction,B          B

-1

the internal magnetization value is 7.36 µ f.u. . The magnetization along the mainB
-1

crystallographic axis in the basal plain shows an increasing difference. This difference reaches
a value of 0.60 µ f.u.  at 35 T. For the two samples used, the magnetization along the [001]B

-1

direction slightly differs. In figure 6.29 a detail of the magnetization along the [001] axis is
shown. Up to 8 T the magnetization increases linearly with 0.96 µ /Tf.u for #GIG and 0.81B

µ /Tf.u. for the #TM01 sample. The magnetization of sample #GIG bends after 8 T slightlyB

upwards up to 12 T where it linearly increases with the initial slope. A small hysteresis is seen. 
Sample #TM01-III behaves similarly.  The upwards bending occurs here at 15 T and around
23 T the slope of the linear increase is slightly higher than before the transition. A very small
hysteresis is observed.
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Figure 6.29 Magnetization of DyNi  along the [001] direction for samples grown in5

Amsterdam (#TM01) and Grenoble (#GIG). The lines with full markers are
measured in decreasing field. Open markers symbolize the magnetization
measured with increasing field. 

6.8.3 Analysis and discussion

We calculated the magnetic contribution to the specific heat considering equation (2.28). In a
first approximation of the specific-heat data, CF parameters reported earlier were taken
[Aubert et al. 1981] (See table 6.6). Radwa½ski et al. [1993] published parameters that
describe the calculated specific heat rather well. Nevertheless, the same parameter set
generates magnetization values along the [001] direction which deviate strongly above 20 T. 
A better fitting of the magnetization is given by our CF parameters given in table 6.6 (see
figure 6.27).

The 8-like peak in the specific heat is well reproduced; the peak is slightly smaller than
measured. The bump around 35 K is not reproduced correctly and the calculated values
exceed the measured are above 45 K. Although the calculated entropy exceeds the measured
one, we find the agreement satisfactory. The uncertainty in the electronic contribution (( -Dy

( ) and the difference in phonon spectra can cause this difference.La

The energy level scheme of the Dy  ion resulting from these parameters is shown in3+

figure 6.30 together with the associated eigenfunctions. The quantization axis is taken along
the [001] axis. The CF interaction with hexagonal symmetry split the H  multiplet into 86

15/2

doublets as Dy  is a Kramer’s ion. The eigenfunctions of the ground-state doublet contain the3+

largest component with the minimal value of J  i.e. ½. This ground state results fromz

predominant second-order CF interactions with a positive value of B . In the ordered state, all2
0

levels are split by the exchange interactions but their splitting is small.
The temperature dependence of the specific heat of DyNi  is well understood by considering5

our model. No sign of a moment reorientation [Aubert et al. 1980] has been found in the
specific-heat measurements.
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(Tf.u.
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-1

n  RNi
(Tf.u.
µ )B

-1

n 
(Tf.u.
µ )B

-1

Naït-Saada [1980] 2.3 2.2 11 280 3.9 -0.21 -11.8 0.33

Aubert et al. [1980] 2.2 2.7 15 250

Aubert et al. [1981] 2.3 2.2 11 280 4.0 -0.23 -11.5 0.30

Radwa½ski et al.
[1993]

2.0 3.0 14 200 3.9 -0.21 -11.8 0.33

This work 2.7 3.0 14 200 3.9 -0.21 -11.8 0.33

Table 6.6 CF parameters B , molecular-field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  of DyNiNi      RR  RNi  5

reported by different authors.

Figure 6.30 The splitting of the H  ground state multiplet of the Dy -ion by the crystal7       3+
15/2

field. Shown is the energy level scheme below and above the ordering
temperature. 
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Figure 6.31. The magnetic contribution to the heat capacity of monocrystalline HoNi  from5

2.2 to 100 K in a plot of c versus T (—). The full line is calculated with the
parameters of this work , see table 6.7. The entropy evaluated from experiment
(—) together with the calculated entropy (full line) is shown in the inset. 

Using our parameters in a calculation of the magnetization resulted in plots (figs.6.27 and
6.28, full lines) which follow the measurement adequately, but fail to describe the small
magnetic anomaly. The parameters of Naït-Saada [1980] describe the magnetization
measurements better. The magnetization measurements of that author along the [100] and
[120] directions reveal larger values; the slope of the magnetization with the field along the
hard [001] direction is steeper.

6.9 HoNi5

As all RNi  compounds, HoNi  crystallizes in a hexagonal crystallographic structure. Below5  5

4.8 K it orders ferromagnetically (Sankar et al. [1974] and Gignoux et al. [1979]) and shows
strong magnetocrystalline anisotropy.

 Using the best available holmium (99.9% with respect to metallic impurities) and nickel
(better than 4N) a HoNi  batch was prepared. The monocrystal (identification #AF0085

growing date 29/1/92) was grown at the ALMOS centre of the University of Amsterdam.
Two spheres (diameter 3 mm), used in magnetization measurements, have been spark-cut.
Another part was spark-cut for the specific-heat measurement. 

We measured the specific heat between 1.4 K and 200 K. The high-field magnetization
has been measured up to 38 T along the three main crystallographic directions.

6.9.1 Specific heat

For the heat capacity measurement, three monocrystalline pieces  (#AF008II, IV and VI), with
a total mass of 249 mg, were used. The specific heat of HoNi  has been measured from 2.2 K5

to 250 K. 
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Figure 6.32 The magnetization versus field of HoNi  (monocrystal #AF008-III/V) at 1.4 K5

measured along the three crystallographic symmetry axes [100] (�, ‚)[120] (ª)
and [001]  (") of the hexagonal cell. In addition a free-sphere (j) was
measured. The open symbols represent points measured with stepwise pulse.
The full points represent data taken with a linearly decreasing pulse. The full
line is our calculated magnetization, see table 6.7 for parameters.

We subtracted the scaled molar specific heat of LaNi  from the molar specific heat of5

HoNi . We used the scaling factor for method two, see appendix C. The resulting magnetic5

contribution is shown in figure 6.31. The magnetic ordering temperature T  is taken as 4.9 K,C

the midpoint at the high temperature side of the 8-peak. The entropy involved in the specific
heat is shown in the inset of figure 6.31. The full lines represent the calculated specific heat
and entropy (parameters are given in table 6.7). 

6.9.2 Magnetization

Magnetization measurements have been carried out on fixed monocrystalline spheres, with the
field along the main hexagonal axes, and on a free-to-rotate sample (see figure 6.32). All
magnetization measurements were performed from 1.3 T up to 38 T. Two monocrystalline
spheres (diameter 3 mm identification #AF008-III/V) have been used. Sample #AF008-III was
used in the magnetization measurement along the [100] and [120] direction and as a free-to-
rotate sphere. With the field applied along the hard direction, this sample broke during a field
pulse of 38 T. Therefore, the magnetization along the [100] direction was measured on sample
#AF008-V. 

The easy magnetization direction is the [100] axis. When the sample is oriented along this
direction, the magnetization increases quickly starting from 7.2 µ f.u.  at 1.3 T. This value isB

-1

also found in a polycrystalline sample at 1.4 T by Nesbitt et al. [1962]. The magnetization
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Gignoux et al. [1979] 1.15 2.6 0 -380 1.0 0.179

Naït Saada [1980] 1.15 1.9 -2.0 -300 3.9 -0.35 -11.5 0.166

Goremychkin et al. [1985] 1.16 0.72 -9.28 -267 0.190

this work 0.77 1.2 -2.5 -230 4.0 -0.35 -11.5 0.179

Table 6.7 CF parameters B , molecular-field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  of HoNiNi      RR  RNi  5

reported by different authors.

increases with a negative curvature up to 15 T. At higher fields the magnetization increases
almost linearly to 9.7 µ f.u.  at 35 T. A value of 0.31 µ f.u.  is calculated for the oppositeB         B

-1        -1

nickel sublattice magnetization at 35 T. This leads to 10 µ  for the full Ho moment at 35 T.B

Magnetization measurement along the [120] axis shows less increase. Along the hard [001]
axis, the magnetization increases from zero to 7 µ f.u.  at 35 T with a negative curvature. TheB

-1

magnetization is comparable to that of TbNi . 5

The calculated magnetization curves adequately describe the measurements, although in
the hard direction the calculated magnetization shows somewhat more structure than the
observed values.

6.9.3 Analysis and discussion

The specific heat and magnetization data have been analysed using equation 2.28. A
collection of CF and magnetic parameters is shown in table 6.7. The calculated specific heat
below 4.9 K is considerably larger than experimentally observed. The observed entropy
reaches a value of 20 JK mol  at T = 200  K that is 87% from the calculated value 22.9-1 -1

JK mol  (full line). Already at 4.9 K, the calculated entropy exceeds the experimentally-1 -1

observed entropy with 4 JK mol . Part of the difference can be explained by the way the-1 -1

entropy is obtained from the measurement. Assuming at 2.2 K zero entropy we integrate the
observed C/T. Already at 2.2 K the calculated entropy is 1 JK mol . At higher temperatures-1 -1

the difference between the calculated and observed entropy remains the same. The theoretical
curves calculated using the set of parameters proposed by Naït Saada [1980] describe very
well the measured temperature dependence of the paramagnetic susceptibility as well as the
magnetization in fields up to 15 T. However, the result of the present study of the high field
magnetization in fields up to 38 T and the temperature dependence of the specific heat are not
described correctly. The set of parameters determined in the present work leads to a
satisfactory agreement between calculation and measurement.  

The energy level scheme resulting from the splitting of the I  ground state multiplet of the5
8

Ho -ion by the crystal field is shown in figure 6.33.  INS experiments show two broad3+

transition regions one at about 81 K and the other lower than 23 K [Goremychkin et al. 1985].
Two possible transitions are indicated in figure 6.33. Both transitions are involved with the
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Figure 6.33 The splitting of the I  ground state multiplet of the Ho -ion by the crystal5       3+
8

field. Shown is the energy level scheme below and above the ordering
temperature. The arrows indicate transitions around g . 81 K and g . 23 K 1     2

observed in INS experiments [Goremychkin et al. 1985].

ground state level or low-lying energy levels according to Goremychkin et al. [1985]. The
present set of parameters is in agreement with the INS data.

6.10 TmNi5

TmNi  crystallizes in a hexagonal crystallographic structure and orders ferrimagnetically below5

4.5 K [Gignoux et al. 1982 and Barthem et al. 1989]. We present our results on three
monocrystalline samples of TmNi . Two of them were spark-cut from the same batch5

(#TM28) grown at the Material Centre ALMOS of the University of Amsterdam. The third
one (#GIG) has been obtained from a batch grown in Grenoble at the Laboratoire de
Magnétisme Louis Néel. We present the results of  our measurements of the high-field
magnetization on sample #TM28. The specific-heat measurement of a sample from the same
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Figure 6.34. Magnetic contribution to the specific heat of TmNi  (‚) from 1.5 K to 10 K.5

The inset shows the temperature range from 1.5 K to 200 K. The full line
represents our calculated curve, see table 6.8 for parameters.

batch #TM28 is reported. On the sample obtained from Grenoble (#GIG), high-field
magnetization was measured.

6.10.1 Specific Heat
The specific heat of TmNi  has been measured on a monocrystalline specimen with a mass of5

137 mg in the temperature range from 1.5 K to 160 K. The difference of the scaled molar
specific heat of LaNi  and the specific heat of TmNi  is taken to determine the magnetic5      5

contributions to the specific heat (see figure 6.34). We used scaling method two, see table C
appendix C. The 8-type peak of TmNi  with its maximum at 3.7 K is associated with the Curie5

temperature (T = 4 K) reported from susceptibility measurements [Naït Saada 1980].C  

 In figure 6.35. the entropy up to 150 K, as derived from the measured specific heat, is
shown together with the calculated entropy.

6.10.2 Magnetization

High-field magnetization experiments at 1.5 K have been performed on  a TmNi  sphere5

(3 mm diameter) with a mass of about 126 mg (batch #TM28). In figure 6.36. the
magnetization of TmNi  along the main crystallographic directions is shown. The5

magnetization along the easy [001] axis has been measured up to 21 T with stepwise pulses.
Already at low fields the magnetization reaches the value of 6.7 µ f.u.  and increases slowlyB

-1

with a high-field susceptibility of 6.3×10  µ T f.u.  The magnetization along this axis-3 -1 -1
B

extrapolated to zero field leads to a saturation magnetization of 6.65 µ f.u.  A calculatedB
-1

value of 0.24 µ  for the opposite nickel sublattice magnetization, leads to a Tm moment ofB

6.89 µ  (compare to 7 µ  for the full Tm moment). B    B
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Figure 6.35 Entropy of TmNi  evaluated from experiment (‚), and calculated (full line), for5

parameters see table 6.8.

Figure 6.36. Magnetization curves of TmNi  at 1.5 K along the three crystallographic5

symmetry axes [100](‚), [120](>) and [001] (") of the hexagonal cell. The full
line is the calculated magnetization (see table 6.8 for parameters) 
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Figure 6.37. Detail of magnetization curves of TmNi  along the [100] axis (‚) and along the5

[120] axis (>) at T=1.5 K. The arrows indicate the direction of the field
(increasing _ and decreasing b ).

 The magnetization has been measured in the basal-plane along the [100] axis and [120]
axis up to 38 T. From fig.6.37 that shows a blow up of a part of fig.6.36, we see that along
both the [100] axis and the [120] axis the magnetization shows hysteresis, in contrast to other
measurements [Gignoux et al. 1982, Barthem et al. 1989 and Barthem 1987]. On increasing
field applied along the [100] axis, a small, possibly metamagnetic, transition appears at 16 T.
In decreasing field between 12 T and 7 T the magnetization decreases more strongly. Below
7 T it coincides again with the magnetization curve of the increasing field. The magnetization
along the [120] axis shows a similar behaviour. In order to be sure that the hysteresis and the
transition (which were not found before) are an intrinsic property, indeed, we also performed
magnetization measurements on sample #GIG, a cube (2×2×2 mm ) with a mass of 51 mg.3

Fields were applied along the [001] axis up to 27 T and along the [100] axis up to 38 T. In
sample #GIG the magnetization was somewhat lower than in sample #TM28. Along the [001]
axis the saturation magnetization is 6.62 µ f.u.  and P  = 5.3×10  µ T f.u.  Hysteresis andB   HF   B

-1    -3 -1 -1

the magnetic transition were seen in sample #GIG as well. They show the same shape. The
transitions, however, occur in this sample at 16 T and 19 T.

6.10.3 Analysis and discussion
We calculated the magnetization and the specific heat with equation (2.28) used throughout
this chapter. We took crystal field (CF) and other parameters reported earlier  (see table 6.8)
and modified these parameters slightly. 

The calculated specific heat describes well the 8-type peak, although the measured values
are lower than the calculated ones. Above 15 K, the calculated specific heat exceeds the
observed specific heat. Again, the differences in entropy and specific heat can partly be
attributed to phonon and electronic contributions. Using our parameters in a calculation of the
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Naït Saada [1980] -3.80 -12.6 183 -760 3.6 -0.229 -10.33 0.14

Barthem et al. [1989] -3.80 -12.6 183 -760 3.7 -0.196 -9.45 0.13

Gignoux et al. [1982] -3.80 -12.6 183 -760 3.6 -0.184 -9.55 0.14

point charge -2.53 -1.95 1.34 9.25

this work -3.80 -12.6 183 -769 4.0 -0.227 -9.45 0.13

Table 6.8 CF parameters B , molecular-field constant n, the nickel sublatticen
m

susceptibility P , the exchange interaction parameters n  and n  of TmNiNi      RR  RNi  5

reported by different authors.

magnetization resulted in plots (figs. 6.36 and 6.37, full lines) which follow the measurement
adequately, but fail to describe the hysteresis and the magnetic transition. 

The energy level scheme is shown in figure 6.38. The CF effect leads to a doublet-like
pair of singlet ‘ground’ states, ½%2( |6,+|–6, ) and ½%2( |6, –|–6, ), on a distance of 0.4 K
from each other. The first excited state at 143 K is an almost pure state |±5,. The Tm moments
order ferromagnetically below 4.5 K. Inelastic neutron scattering measurements reveal an
excitation peak of g . 143 K measured at a temperature of 20 K. A second excitation peak of1

g  . 68 K develops at a temperature of 150 K [Gignoux et al. 1982]. Although the last2

transition occurs at rather high energy, between the levels at 437 K and 369 K, the indicated
level is the only likely excitation with the correct energy difference.
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Figure 6.38 The splitting of the H  ground state multiplet of the Tm  -ion by the crystal3       3+
6

field. Shown is the energy level scheme below and above the ordering
temperature. The arrows indicate excitations observed in INS experiments at
150 K [Gignoux et al. 1982], g .143 K and g . 68 K.1    2
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7 Discussion

The study of the RNi  compounds provided us with a wide variety of physical properties. It5

appeared to be indispensable to use monocrystalline samples. With these observations we can
relate the crystal field on the 4f electrons in a hexagonal symmetry and the magnetic
properties.

Four crystal field parameters, B , B , B , B , describe the 4f electron in the hexagonal2  4  6  6
0  0  0  6

symmetry of the CaCu  structure. The magnetic exchange interaction is described with another5

two adjustable parameters, n  and n .  The nickel susceptibility is the seventh adjustableRNi  RR

parameter,  P . Ni

To describe all different physical properties adequately, the calculation needs accurate
starting parameters. A direct indication of the value of the second-order crystal field parameter
is the anisotropy in the susceptibility. This parameter can be determined with relatively small
error. The magnetization along the easy direction at high fields can be used to estimate the
high field susceptibility (P ). This susceptibility can, in many cases, be ascribed mainly to theHF

nickel susceptibility, P . The ordering temperature appears to be a good indication of theNi

effective exchange interaction, n. 
Due to different circumstances, it is difficult to estimate the error in all these parameters.

Most parameters are correlated and changing one can effect one or more of the other
parameters. In our best fitting procedure we did not attempt to accommodate all experimental
data exactly. In most cases we stopped to adjust the seven parameters after having established,
in this way, a very satisfactory set of parameters for all the observations. 

Using this method, the properties of the RNi  compounds have been described adequately.5

So, in this chapter we try to look for ‘systematics’ in the different parameters and the physical
properties derived from those parameters.

7.1 The crystal field parameters

The RNi  compounds can be regarded as an example series where most properties are5

governed by the crystal field interactions. For instance, most magnetic phenomena, observed
in RNi , are a result of crystal field interactions.  A stricking example is, that due to the special5

energy-level configuration, the non-magnetic ground state can exhibit magnetic ordering
(TbNi ) or no ordering (PrNi ). 5     5

Crystal field parameters deduced in previous chapters are collected in table 7.1. The sign of
the B  parameter is related to the easy magnetization direction; parallel to the [001] and2

0

perpendicular to the [001] axis correspond to a negative and a positive value for B ,2
0

respectively. This would point at a dominant role of the B  parameter. The following2
0

discussion casts some doubt on this statement.
The sign of B  determines the easy magnetization direction in the hexagonal plane. An6

6

easier magnetization along the [100] direction than along the [120] direction gives a negative
sign and vice versa. 

It is convenient to express the crystal field parameters, B , in crystal field coefficients, A  n       n
m      m

(using  and table B in appendix B). In this way a rough correction is
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B  (K)2
0 B  (10 K)4

0 -3 B  (10 K)6
0 -6 B  (10 K)6

6 -6

Pr 5.75 50 820 29800

Nd 3.35 14.5 -348 -13470

Sm -14.9 -1023 0 0

Tb 3.84 -2.4 -40 400

Dy 2.7 3.0 14 200

Ho 0.77 1.2 -2.5 -230

Er -0.88 -1.07 14.4 329

Tm -3.8 -12.6 183 -769

Table 7.1 Collection of  crystal field parameters, B , of the trivalent R in the RNin        5
m

compounds. 

A2
0 A4

0 A6
0 A6

6

Pr -225 -20.0 0.718 26.1

Nd -468 -17.1 0.61 23.6

Sm -370 -181 11.4 0.0 [1]

Tb -462 -11.8 5.21 52.1

Dy -438 -33.7 2.24 31.9

Ho -459 -7.16 0.375 33.1

Er -481 -18.9 1.44 33.0

Tm -544 -65.8 -7.52 31.2

[1] ref. Barthem [1987]

Table 7.2 Crystal field coefficients, A  in units of Ka  (a  Bohr radius), of the trivalent R ions inn     0  0
m    -n

RNi  compounds.5

carried out for the variation of the atomic (or 4f) radius through the series, and for the sign of 

the Stevens factors (see tabel 7.3). The crystal field coefficients are related to the surrounding
charge distribution. As can be seen in table 7.2 there is  substantial difference in the 
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Figure 7.1. The crystal field coefficient A  versus the number of 4f - electrons according to2
0

various authors. Crystal field coefficients (F) ab-initio calculation by Novak
[1996].

Pr Nd Sm Gd Tb Dy Ho Er Tm

easy axis plane plane [001
]

[001] plane plane plane [001] [001]

easy axis
in plane

[120] [100] [100
]

[100]
[120]

[100] [120] [100] [120] [100]

sign-"J – – + 0 – – – + +

sign-$J – – + 0 + – – + +

sign-(J + – 0 0 – + – + –

Table 7.3 The correlation between the easy (and hard) direction of magnetization, at
1.5 K, and the signs of the second (" ), fourth ($ ) and sixth (( ) StevensJ   J    J

factor. 

coefficients throughout the series. This is not expected, as the charge distribution of different
compounds is expected to be the same. In figure 7.1 the crystal field coefficient A  and the2

0

number of 4f-electrons are shown. Novak [1996] calculated the CF coeficient. The decrease
with number the of 4f-electrons is in agreement with the general trend found in the A2

0

coefficient. Some systematics can be found as all coefficients, except A  of the Tm compound,6
0

have a definite sign. Each A  coefficient, with fixed n and m has the same order of magnituden
m
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Rare earth ground state

Pr singlet 1//2 (+|+3,!|!3,) J = 4

Nd doublet 0.33 (!*+7/2,+|!7/2,)+0.62
(+|+5/2,!|!5/2,)

J = 9/2

0.33 (+*+7/2,+|+7/2,)+0.62
(+|+5/2,!|!5/2,)

Tb singlet 1.0 |0,+0.06 (+|+6,+|!6,) J = 6

Dy doublet 1//2 (+|+7/2,!|!7/2,)+0.06
(+|+11/2,!|!11/2,)
+0.03 (!|+13/2,+|!13/2,)

J = 15/2

1//2 (+|+7/2,+|!7/2,)+0.06
(+|+11/2,+|!11/2,)+
0.03 (! |+13/2,!|!13/2,)

Ho singlet 1//2 (+|+3,+|!3,) J = 8

Er doublet 1.00 (+|15/2,) J = 15/2

1.00 (!|15/2,) 

Tm doublet-
like

1//2 (+|+6,!|!6,) J = 6

1//2 (!|+6,+|!6,)

Table 7.4 Overview of the calculated ground states of the rare earth ions in the hexagonal
symmetry P6/mmm. The ground states are doublet or singlet ground states
except Tm which has a doublet-like pair of singlet ‘ground’ state. The last
column is the J value. 

in the RNi  series. The crystal field coefficients of RNi  can be compared to those of the iso-5       5

structural RCo . A  terms in these two compounds correspond well in behaviour. The A5  n            2
m           0

term in RCo  is negative with values between -200 Ka   and -400 Ka  . Also the second and5       0     0
-2    -2

third coefficients, A  and A , are corresponding in sign and magnitude to the RNi  values4   6          5
0  0

[Franse and Radwa½ski 1993].
The easy and hard magnetization direction follow the sign of the second-order Stevens

factor " . The negative sign of  "  corresponds with a hard magnetization direction along theJ       J

hexagonal axis and the easy magnetization direction in the plane. Obviously the role of the
second-order term in the hexagonal system is dominant, although the role of the higher order
terms is not negligible. Manifestations of the higher-order terms can be seen in the plane of the
hexagonal system. For this symmetry, the easy magnetic direction within the basal plane is
controlled by the sign of the sixth-order Stevens factor, ( , see table 7.3. In other compounds,J

R Co  and R Fe , the same behaviour is found [Franse en Radwa½ski 1993].2 17  2 17
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P  Ni

(10  µ-3
B

f.u./T)

n  RR

(Tf.u./
µ )B

J /kRR

(K)
n  RNi

(Tf.u./
µ )B

–J /k RNi

(K)
Ni

–J /k RNi

(K)
Co

n 
(Tf.u./

µ )B

TC

(K)
mNi

(µ /f.u.)B

Y 4.0 - - -

La 3.7 - - -

Pr 4.0 2.60 1.730 15.0 11.2 3.50 0

Nd 3.9 2.85 0.844 12.5 6.2 3.46 7.4 0.31

Gd 5.6 1.20 0.200 -14.0 5.2 10.0 2.30 33 0.54

Tb 5.0 0.08 0.030 -12.0 6.72 8.1 0.80 23 0.45

Dy 3.9 -0.21 -0.140 -11.8 8.11 7.1 0.33 12.3 0.39

Ho 4.0 0.035 0.036 -11.5 10.7 7.5 0.18 4.9 0.31

Er 3.9 0.01 0.015 -6.4 7.17 8.0 0.17 9.2 0.18

Tm 4.0 -0.227 -0.463 -9.45 12.3 7.4 0.13 4.0 0.24

Table 7.5 Susceptibility, P , exchange interactions, n , n  and n, derived in this study fromNi    RNi  RR

experiment. Additionally the exchange parameter, -J /k, is given for Ni (calculatedRNi

from n ) and for Co (taken from Liu [1994]).RNi

In table 7.4 the ground states are given of the rare earth ions in a hexagonal symmetry
P6/mmm. All compounds have singlet or doublet ground state except Tm which has a doublet-
like singlet ‘ground’ state on a distance of 0.4 K between the lowest levels. Although the
calculated ground state in TbNi  is non-magnetic, the presence of exchange interactions makes5

spontaneous magnetization possible; it is perpendicular to the [001] direction.  In fact, in first
order a field applied along the [001] direction will not modify the ground state energy. When a
field is applied along one of the directions in the basal plane (e.g. the [100] direction  or the
[120] direction) this will mix the states associated with the first two levels, lowering in this
way the fundamental state that is associated with a higher value of  +J ,. This is different fromx

the Pr case (also a non-Kramers ion). In PrNi , the ground state singlet is not originating from5

the B  but from the B  interaction. In PrNi , the molecular field is not sufficiently strong to2     6    5
0    6

mix the ground state |+3,+*!3, and the first doublet |+3, !*!3, situated at 45 K.   
In table 7.4 the J values of the ground state are shown, obviously the ground state in the

RNi  is not always the highest (or lowest) J value. This weakens the statement of the5

‘dominant character’ of the B  value. 2
0

7.2 The exchange interaction

Values for the Ni-susceptibility, and the exchange parameters for the different RNi5
compounds as derived from experiment are collected in table 7.5. 

The nickel susceptibility throughout the series is nearly the same as observed in the La and
Y compound. This susceptibility has been derived from the high-field magnetization
measurements. 
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Figure 7.2 Experimental values of the intersublaticee-coupling constant derived in this
work plotted versus the inverse volume per formula unit (see table 3.3).

Due to spin-orbit coupling the intersublattice coupling constant, n , is positive for theRNi

light rare-earth (J=L-S) and negative for the heavy rare-earth (J=L+S). This behaviour is
general among the RM compounds (R= rare earth, M= Fe, Co and Ni). The intersublattice
interaction increases going from Gd to the light rare earth elements. 

The molecular-field constant, n, decreases from the Pr compound going to Tm. In chapter
5.4 it was shown that this coefficient could not be derived directly from the temperature
dependence of the susceptibility. RNi  does not show pure Curie-Weiss behaviour. In the5

whole temperature region a curvature is seen in the susceptibility, see e.g. figure 5.9 in chapter
5. Certainly the nickel contribution to the magnetic behaviour has to be taken into account for
a correct description of the experiment. The intrasublattice exchange interaction, n , is oneRR

order smaller than the intersublattice exchange interaction, n .RNi

If we want to compare the strength of the R-T exchange coupling within a series of -
structural compounds, then the macroscopic intersublattice and intrasublattice molecular-field
parameter, n  and n  respectively, can be expressed in the microscopic exchange parameter,RNi  RR

J  and J , see table 7.5. The relation between J  and n  (J  and n ) is (see also formulaRNi  RR        RNi  RNi RR  RR

2.20a and 2.20b): 

In our case, for the RNi  compounds, z  = 18, N  = 1, N  = 5, z  = 8.5  RT   R   T   RR

In the thesis of Liu [1994] values for the J  parameters for a number of compounds areRT

published. In the iso-structural compound RCo  the -J /k parameter tends to decrease going5  RT

from Gd to Tm. The tendency in the RNi  compounds is the opposite, showing an increase of -5

J /k going from Gd to Tm. Although, in this behaviour of  -J /k, the ErNi  compound is anRNi             RNi   5

exception, the general trend is an increase in value. 
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Pr Nd Sm[1] Gd Tb Dy Ho Er Tm

T (K)C - 7.4 27.5 33 23 12.2 4.9 9.2 4.0

(g -J
1) J(J+1)2

0.4 0.8 4.5 15.8 10.5 7.1 4.5 2.6 1.2

[1] ref.Barthem [1987]

Table 7.6 Magnetic ordering temperature T  derived from specific heat measurementsC

and the De Gennes factor G= (g -1) J(J+1).J
2

An increase of -J /k with the increase of the reciprocal volume in the heavy rare-earthRT

compounds is found, see figure 7.2. This relationship between J  and the inverse volume ofRT

the unit cell agrees well with the general behaviour of this parameter in other compounds [Liu
1994]. This relation is found in a plot of different ErT M  ( T = transition-metal component, Mn m

= non-transition-metal component) compounds versus the reciprocal of the volume adopted by
the various types of compounds. Our result for ErNi  fits very well in this relation.5

The nickel contribution, calculated with our parameters, is given in the last column of table
7.5. The nickel moment of GdNi  is the largest and decreases to the light (NdNi ) and heavy5         5

(TbNi  to TmNi ) compounds.5  5

7.3 Ordering temperature

The ordering temperature of the RNi  compounds, as they have been derived from specific-5

heat measurements, are reported in table 7.6. In general, the ordering temperature of the heavy
RNi  compounds follows the De Gennes factor. The De Gennes factor is an expression of  the5

exchange interaction between the rare-earth atoms without any disturbance. Gd shows the
highest transition temperature. The only exception in this systematic behaviour is the sequence
Ho-Er. Going from Gd to Tm the decrease in ordening temperature is not strictly obeyed.

7.4 Specific heat

Specific heat measurements have been performed on RNi  (R = Pr, Nd, Gd, Tb, Dy, Ho, Er,5

Tm) compounds from 1.5 K up to 200 K. All compounds, except PrNi , show the presence of5

8-anomalies in the specific heat. These anomalies develop all around the ordering temperature.
Only in the TbNi  sample a 8-anomaly due to a rare-earth oxide (Tb O ) is found. No nuclear5         2 3

contribution to the specific heat was found. In other studies it has been concluded that nuclear
contributions only play a part below 1 K [Taylor and Darby 1972]. This is a temperature
region not included in our study of the RNi  compounds. 5

 The entropy change associated with the total magnetic specific heat i.e. C/T integrated
over the whole temperature region can be compared with the entropy to be expected for a
collection of  tri-valent free ions. The experimental values are given in table 7.7 along with the
theoretical values Rln(2J+1). Better is it to use our model, which first of all indicates how far
the moments can be expected to be ‘free’ at the indicated temperature T, but, moreover, does
include other contributions to the specific heat. We calculated the entropy involved, S (T) .m calc

The calculated values are closer to the experimental observed values than the theoretical tri-
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Pr Nd Gd Tb Dy Ho Er Tm

T (K) 200 200 200 75 150 200 150 150

S (T)m exp

(J/mol)
17.2 16.2 16.6 14.9 19.4 20.3 21.5 12

S (T)m calc

(J/mol)
17.3 18.5 17.3 16.6 21.9 22.9 22.7 15

Rln(2J+1)
(J/mol)

18.3 19.1 17.3 21.3 23.0 23.6 23.0 21.3

highest
level (K)

334 241 394 497 193 181 476

Table 7.7 The entropy changes associated with the transition from complete order at 0 K
to the disordered state for RNi . The experimental entropy S (T)  is acquired5     m exp

by integrating c /T up to temperature T. The calculated entropy is taken at them

indicated temperature T.  

valent free ion values. This is a satisfying result considering the uncertainties we are left with
in determining the non-magnetic contribution. Remark, that always the calculated entropy
exceeds the observed entropy.

In table C of appendix C a summary is given of correction factors that can be used to
match the electron and phonon contribution of the non-magnetic compound (YNi  or LaNi )5  5

and the magnetic compound. All these corrections of the experimentally determined magnetic
entropy result in smaller entropy values. Two different correction factors have been
introduced, one on the basis of the two Debye temperature model (equation 2.32 of chapter 2)
the other one is simply related to the square root of the masses. Both corrections are given
with respect to YNi  and to LaNi . The correction with method two was applied to the specific5   5

heat of GdNi , TbNi , DyNi , HoNi  and TmNi . The mass difference between PrNi  (NdNi )5  5  5  5  5      5 5

is very small and mass corrections were not necessary. We excluded ErNi , the resulting5

negative specific heat above 70 K can not be a real phenomenon and without correction we
could fit the specific heat data adequately.

In conclusion, it can be said that the correction factors lead to a better estimate of the 
magnetic contribution of the RNi  system. The main uncertainty is found in the phonon5

contribution which can differ between LaNi  (or YNi ) and the magnetic RNi  compound.5  5     5

Another uncertainty lies in the (T contribution: ( is assumed to be equal in all compounds. A
better consistency could be obtained if we know the contribution of the phonon spectrum
together with the electronic contribution to the specific heat of each RNi  compound.5
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7.5 Muon results

Muon Knight shift observations in ErNi  could well be explained with direct dipolar-field5

calculations. We could establish the 3f site as the stopping site of the muon in ErNi . A more5

accurate agreement, between the calculated and measured site, can be achieved by measuring
the ErNi  Knight shift over a larger temperature interval. Our analysis provides evidence for5

the use of muons as a probe to observe ‘directly’ the magnetic structure in material with
magnetic order at low temperatures and at high fields (i.e. in the hard direction). 
In contrast to Knight shift measurements performed on ErNi , where one frequency was5

observed, measurements on GdNi  showed two frequencies. Further experiments are obvious5

necessary to explain the different behaviour of the isostructual compound.

7.6 Conclusions

This thesis summarizes a long history of magnetic and thermodynamic measurements in the
series of compounds RNi . The growth of a complete set of monocrystalline samples enabled5

us to measure the specific heat and magnetization of a full series. The RNi  compounds turn5

out to be a good choice to study the behaviour of 4f -electrons in a weakly magnetic
environment. 

The experiments performed enabled us to observe the rich magnetic behaviour of this series
of intermetallic compounds RNi . The series of single crystals with different rare earths at our5

disposal permitted us to study the behaviour from the light to the heavy lanthanides. Our
theoretical model enabled us to describe the various experiments in detail. The main
contribution to the magnetic behaviour is caused by the 4f -electrons of the rare-earth atom. A
minor, but not negligible, contribution to the magnetic behaviour is caused by the 3d electrons
of nickel. The nickel contribution is mainly induced by the applied field and the exchange
interaction between the nickel and the rare-earth spins. Crystal field effects play an important
role by influencing the 4f -electrons of the rare earth in these compounds. The properties
depend strongly on the decomposition of the lowest multiplet and differ from compound to
compound. For instance, the rare-earths praseodymium and thulium are both non-Kramers
ions; TmNi  orders ferromagnetically in contrast to PrNi  that, due to magnetic interaction,5      5

stays a van Vleck paramagnet down to the lowest temperature.
We observe a reduction of the magnetic moment compared with the free-ion value of the

rare earth. All the crystal field coefficients, A , have a definite sign and are of the same ordern
m

of magnitude. 



Discussion 124

RNi  Compounds5



Reference 125

RNi  compounds5

Reference

- A. Amato, W. Buhrer, A. Grayevsky, F.N. Gygax, A. Furrer, N. Kaplan and A. Schenck, "Magnetic excitations
in single crystal PrNi ", Solid State Commun. 82 (1992) 767-771.5

- A. Andreeff, H. Griesmann, L.P. Kaun, W. Matz, P.A. Alekseev, I.P. Sadikov, O.D. Chistyakov, I.A. Markova
and E.M. Savitski, "Investigation of  crystal field in PrNi ", proc.Int.conf.on Crystalline Electric Fields and5

structural effects in f-elektron systems  Pensylvania 1979 editor J.E.Crow (1980) 205-214.
- K. Andres and S. Darack, "Cooling of He to 1mK by nuclear demagnetization of PrNi ", Physica B 86-883

5

(1977) 1071-1076.
- A.I. Akimenko, N.M. Ponomarenko and I.K. Yanson, "Point-contact spectroscopy of intermediate-valence

intermetallic compound CeNi ", Sov. Phys. Solid State 28 (1986) 615-620.5

- P.A. Alekseev, A.Andreeff, H. Griessman, L.P. Kaun, B. Lippold, W. Matz, I.P. Sadikov, O.D. Christyakov,
I.A, Markova and E.M Savitskii, "Investigation in the crystal field in PrNi ", phys.stat.sol (b) 97 (1980) 87-94.5

- T. Ashworth and H. Steeple, "The continuous heating method of calorimetry and its application to the study of
low temperature specific heat anomalies in methyl-ammonium alum", Cryogenics, 8 (1968) 225-234.

- G. Aubert, D. Gignoux, B. Michelutti and A. Naït-Saada, "Torque measurements in the basal plane of a DyNi5

crystal", J.Magn.Magn.Mater. 15-18 (1980) 551-552.
- G. Aubert, D. Gignoux, B. Hennion, B. Michelutti and A. Naït-Saada, "Bulk magnetization study of DyNi5

single crystal", Solid State Commun. 37 (1981) 741-743.
- R. Bachman, F.J. Disalvo, T.H. Geballe, R.L. Greene, R.E. Howard, C.N King., H.C. Kirsch, K.N. Lee, R.E.

Schwall, H.U. Thomas and R.B Zubeck., "Heat Capacity Measurements on Small Samples at Low
Temperatures", The review of scientific instruments 43 (1972) 205-214.

- A.R. Ball, D. Gignoux, F.E. Kayzel, D. Schmitt and A. de Viser, "High field magnetization in Pr(Ni Co )1-x x 5

single crystals", J.Magn.Magn. Mater. 110 (1992) 337-342.
- V.M.T.S. Barthem, "Propiétés magnetiques et Magnétoélastiques de Composés hexagonaux RNi  (R = Terre5

rare)", thesis: l'Université scientifique technologique et médicale de Grenoble (1987) 1-139.
- V.M.T.S. Barthem, D. Gignoux, A.Naït-Saada, D. Schmitt and G. Creuzet, "Magnetic and magnetoelastic

properties of PrNi  single crystal", Phys.Rev. B 37 (1988) 1733-1744.5

- V.M.T.S. Barthem, D. Gignoux, D. Schmitt, "Magnetic and magnetoelastic properties of hexagonal TmNi5

compound", J.Magn.Magn. Mater. 78 (1989) 56-66.
- V.M.T.S. Barthem, D.Gignoux, A.Naït-Saada, D.Schmitt and A.Y.Takeuchi,"Magnetic properties of the

hexagonal NdNi  and NdCu  compounds", J.Magn.Magn.Mater. 80 (1989) 142-148.5  5

- B. Bleaney, "Magnetic moments of the Lanthanon-Nickel (LnNi ) compounds", Proc.Phys.Society 82 (1963)5

469-471.
- P. Boutron, “Anisotropy magnétique au-dessus du point d’ordre et paramètre d’environnement cristallin”, J.

Physique 30 (1969) 413-419.
- P.E. Brommer, "A rule for counting neighbours in rare-earth transition metal componds", Physica B 173 (1991)

277-283.
- N. Buis, "Pressure dependence of the magnetic properties of various weakly ferromagnetic metal alloys", thesis:

Natuurkundig Laboratorium, Universiteit van Amsterdam (1979) 1-119.
- E. Burzo and I. Ursu, "Paramagnetic Resonance and magnetic measurements on GdNi  compound", Solid5

Stat.Comm. 9 (1971) 2289-2292.
- K.H.J. Buschow, "Rare Earth Compounds", Ferromagnetic Materials, ed. E.P. Wohlfarth Vol.1 North-Holland

Publishing Company (1980) 297-414.
- I.A. Campbell, "Indirect exchange for rare earths in methals", J. Phys. F: Metal. Phys. 2 (1972) L47-50.
- J. Chappart, "Principles of the µSR technique", in Muons and pions in material research  Elsevier Science

Publishers (1984) 1-10.
- R. Coehoorn, “Electronic structure calculations for rare earth-transition metal compounds”, Proceedings of the

NATO Advanced Study institute on Supermagnets, hard magnetic materials, Kluwer Academic publishers
(1991), 133-170.

- M. Coldea, D. Andreica, M. Bitu, V. Crisan, “Spin fluctuations in YNi  and CeNi ", J.MagnMagn.Mater.5  5

157/158 (1996) 627-628.
- P.T. Coleridge and I.M. Templeton, "High precision de Haas-van Alphen measurements in the noble metals",

J. Phys. F 2 (1972) 643-656.



Reference 126

RNi  compounds5

- L.M. Corliss and J.M. Hastings, “Magnetic structure studies at Brookhaven National Laboratory”, J. de
Phys.Colloque C5, Tome 25  C5 , (1964) 557-562.

- R.S. Craig, S.G. Sankar, N. Marzouk, V.U.S. Rao, W.E. Wallace and E. Segal, "Thermal, magnetic and
electrical characteristics of PrNi ", J.Phys.Chem.Solids 33 (1972) 2267-2274.5

- P. Dalmas de Réotier, "Etude de l'influence de l'anisotropy et du champ magnetique sur la dynamique de spin
dans des alliages intermétalliques de terres rare ou d'uranium par spectroscopy de muons", thesis: L'institute
National Polytechnique de Grenoble (1990) 1-1.

- P. Dalmas de Réotier, A. Yaouanc, P.C.M. Gubbens, D. Gignoux, B. Gorges, D. Schmitt, O. Hartmann, R.
Wäppling and A. Weidinger, “Effect of the Tb  crystal field on the positive muon pression frequency in TbNi ",3+

5

J.Magn.Magn. Mater. 104-107 (1992) 1267-1268.
- P. Escudier, D. Gignoux, R. Lemaire and A.P. Murani,"Crystal field effects in ErNi ", Physica B 86 & 885

(1977) 197-198.
- R. Feyerherm, “Interplay of superconductivity and magnetism in heavy-fermion systems”, thesis: Eidgenossisch

Technischen Hochschule Zürich (1995) 1-165. 
- R. Feyerherm, A. Amato, A. Grayevsky, F.N. Gygax, N. Kaplan, A. Schenck, "Crystal electric field next to a

hydrogen-like interstitial - µ  in PrNi ", Z.Phys.B 99 (1995) 3-13.+
5

- J.J.M. Franse and R.J. Radwa½ski, “Magnetic properties of binary rare-earth 3d-transition-metal intermetallic
compounds”, in: Handbook of Magnetic Materials, Vol 7, ed K.H.J. Buschow (Elsevier Science Publishers)
(1993) 307-501.

- A.J. Freeman and R.E. Watson, "Theoretical investigations of some magnetic and spectroscopic properties of
rare-earth ions", Phys. Rev. 127 (1962) 2058-2075.

- A.J. Freeman and J.P. Desclaux, "Dirac-Fock studies of some electronic properties of rare-earth ions",
J.Magn.Magn. Mater. 12 (1979) 11-21.

- P.H. Frings, "Magnetic properties of intermetallic uranium compounds", thesis: Natuurkundig Laboratorium,
Universiteit van Amsterdam (1984) 1-108.

- P.G.de Gennes, "Ìndirect interactions between 4f shells in rare earth metals", J.Phys.Radiam. 23 (1962) 510-
521.

- R. Gersdorf, F.A. Muller and L.W. Roeland, "Pick-up Coil System for Measuring Magnetization in High Fields",
Coll. Int. CNRS 166 (1967) 185-189.

- R. Gersdorf, F.R. de Boer, J.C. Wolfrat, F.A. Muller and L.W. Roeland, "The high magnetic field facility of the
university of Amsterdam", in: High Field Magnetism, ed M.Date (North Holland, Amsterdam) (1983) 277-
287.

- B.C. Gerstein, F.J. Jelinek and F.H. Spedding, “Correlation between heat capacity anomaly in Tb and magnetic
transition in Tb O ", Phys. Rev. Lett. 8 (1962) 425.2 3

- D. Gignoux, D. Givord and A. del Moral, "Magnetic properties of Gd Y Ni  Alloys", Solid State Comm. 19x 1-x 5

(1976) 891-894.
- G. Gignoux, A. Naït Saada, R. Perrier de la Bâthie, "Magnetic properties of TbNi  and HoNi  single crystals",5  5

J. de Phys. Colloque C5, Tome 40  C5 , (1979) 188-190.
- D. Gignoux, D. Givord, R. Lemaire,  A. Naït Saada and A. del Moral, "Field induced magnetic density in the

Pauli paramagnet YNi ", J.Magn.Magn.Mater. 23 (1981) 274-278.5

- D. Gignoux, B. Hennion and A. Naït Saada, "Strong crystal field effects in TmNi ", in: Fourth International5

Conference on CEF on structural effects in 4f-electron systems Plenum press (1982) 485-492.
- D. Gignoux and J.J. Rhyne, "Spin excitations in TbNi  by inelastic neutron scattering", J. Magn.Magn.Mater.5

54-57 (1986) 1179-1180.
- E.A. Goremychkin, E. Mühle, P.G. Ivanitski, V.T. Krotenko, M.V. Pasechnik, V.V. Slisenko, A.A. Vasilkevich,

B. Lippold, O.D. Christyakov and E.M. Savitskii, "Crystal electric field splitting in TbNi  and ErNi  studied by5  5

inelastic neutron scattering",  Phys.Status Solidi b 121 (1984) 623-631.
- E.A. Goremychkin, E. Mühle, B. Lippold, O.D. Christyakov and E.M. Savitskii, "Crystal field study of HoNi5

by neutron scattering", phys.stat.sol (b) 127 (1985a) 371-375.
- E.A. Goremychkin, E. Mühle, I. Natkaniec, M. Popescu and O.D. Christyakov, "Study of the crystal electric

field in NdNi  by means of inelastic magnetic scattering of thermal neutrons", Sov.Phys.Solid.State 27 (1985b)5

1195-1198.
- P.C.M. Gubbens, A.M. van der Kraan and K.H.J. Buschow, “Crystal field influence on the magnetic properties

of RNi  compounds”, J.Magn.Magn.Mater. 76&77 (1988) 187-188.5

- P.C.M. Gubbens, A.A. Moolenaar, P. Dalmas de Réotier, A. Yaouanc, F. Kayzel, J.J.M. Franse, C.E. Snel,



Reference 127

RNi  compounds5

“Study of the dynamic magnetic properties in RNi ", PSI Annual Reports (1993) 105-106.5

- P.C.M. Gubbens, A.M. Mulders, P. Dalmas de Réotier, A. Yaouanc, F. Kayzel, J.J.M. Franse, K. Prokes, “Study
of the dynamic magnetic properties in RNi ", PSI Annual Reports (1994) 51.5

- P.C.M. Gubbens, P. Dalmas de Réotier, J.P. Sanches, A. Yaouanc, C.E. Snel, R. Verhoef, F. Kayzel, J. Song-
Quan and J.J.M. Franse, "Effect of the Er  crystal field on the magnetic fluctuations in the paramagnetic phase+

of ErNi ", J.Magn.Magn.Mater. 104-107 (1992) 1269-1270.5

- M. Gupta, “Electronic properties of LaNi  and LaNi H ”, J. Less-Common Met. 130 (1987) 219-227.5  5 7
*

- F.N. Gygax, A. Hintermann, W. Rüegg, A. Schenk, W. Studer and A.J. van der Wal, “Positive muon knight shift
studies and the electronic structure of hydrogen in metals”, J.Less-Common Met. 101 (1984) 97-113.

- V. Heine, "Group theory in quantum mechanics", Pergamon Press, London 81960) 1-468. 
- J.A. Hofmann, A. Paskin, K.J. Tauer, R.J. Weiss, “Analysis of Ferromagnetic and antiferromagnetic second-

order transitions”, J.Phys.Chem.Solids. 1 (1956) 45-60.
- M.T. Hutchings, "Point-charge calculations of energy levels of magnetic ions in crystalline electric fields", Solid

State Phys. 16 (1964)  227-273.
- N. Kaplan and D. Ll. Williams and A. Grayevsky, "Nuclear interaction in metallic Van Vleck paramagnets:

NMR in single-crystal PrNi ", Phys.Rev.B 21 (1980) 899-905.5

- E. Karlsson, "The use of positive muons in metal physics", Phys.Rep. 82 (1982) 271-338.
- F.E. Kayzel, J.J.M. Franse and R.J. Radwa½ski, "High field magnetization and specific heat of ErNi ", IEEE5

Trans.Mag. 30 (1994) 890-892.
- F. Kayzel, J.J.M. Franse, P.C.M. Gubbens, A.A. Molenaar, P. Dalmas de Réotier, A. Yaouanc, P. Bonville, P.

Imbert and P. Pari, “Quasi-static spin dynamics in the van Vleck paramagnet PrNi ", Hyperfine Interact. 855

(1994) 275-280.
- N.H. Kim-Ngan, “Magnetic phase transitions in NdMn  and related compounds”, Thesis Van der Waals-2

Zeeman Laboratorium,  University of Amsterdam (1993) 1-141.
- I. Kitagawa, K. Terao, M. Aoki and H. Yamada, “Electronic structure and magnetism of YCo , YNi  and5  5

YCo Ni ", J.Phys.:Condens. Matter 9 (1997) 231-239.3 2

- R. Lemaire and D. Paccard, “Structure magnétique du composé intermétallique TbNi ”, C. R. Acad. Sci. B5

(Paris) 270 (1970) 1131-1133.
- S.K. Malik, F.J. Arlinghaus and W.E. Wallace, "Calculation of the spin-polarized energy-band structure of

LaNi  and GdNi ", Phys.Rev.B 25 (1982) 6488-6491.5  5

- W. Marshall and S.W. Lovesey, "Theory of thermal neutron scattering", Oxford University Press (1971) 1-595.
- M. Marzouk, R.S. Craig and W.E. Wallace, "Heat capacity and electrical resistivity of some lanthanide-nickel

(LnNi ) compounds between 5 and 300EK", J.Phys.Chem.Solids. 33 (1973) 15-21.5

- T.B. Massalski, "Binary Alloy Phase Diagrams", American Society for Metals (1986) 1-2224.
- A. Menovsky and J.J.M. Franse, "Crystal growth of some rare earth and uranium intermetallics from the melt",

J.Crystal.Growth 65 (1983) 286-292.
- W.G. Moffatt, "The handbook of binary phase diagrams", Genium publishing corporation (1976) 1-1000. 
- F.J. Morin and J.P. Maita, "Specific heats of transition metal superconductors", Phys. Rev. 129 (1963) 1115-

1120.
- A.M. Mulders, P.C.M. Gubbens, A. Amato, R. Feyerherm, F.N. Gynax, A. Schenk, P. Dalmas de Réotier, A.

Yaouanc, F. Kayzel, J.J.M. Franse, “Study of the dynamic magnetic properties in RNi ", PSI Annual Reports5

(1995) 43.
- A. Naïd Saada, "Contribution à l'étude du magnétisme 3d et 4f dans les composés hexagonaux RNi  entre les5

terres rares et le nickel", thesis: L'université scientifique et médicale et l'institut national polytechnique de
Grenoble (1980) 1-139.

- S. Nasu, H.N. Neuman, N. Marzouk, R.S. Craig and W.E. Wallace, "Specific heats of LaNi , CeNi , PrNi ,5  5  5

NdNi  and GdNi  between 1.6 and 4EK", J.Phys.Chem.Solids. 32 (1971) 2779-2783.5  5

- A.E. Nesbitt, H.J. Williams, J.H.Wernick, and R.C. Sherwood, "Magnetic moments of intermetallic compounds
of transition and rare-earth elements", J.Appl.Phys. 33 (1962) 1674-1678.

- D. Noréus, L.G. Olsson and P-E. Werner, "The structure and dynamics of hydrogen in LaNi H  studied by5 6

elastic and inelastic neutron scattering", J.Phys.F: Met.Phys. 13 (1983) 715-727.
- P. Novák and J. Kuriplach, “Calculations of crystal-field paameters in the RNi  (R = rare earth) system”,5

Phys.Rev. B 50 (1994) 2085-2089.
- P. Novák, “Calculated crystal field parameters in RCo  and RNi  systems”, phys.stat.sol (b) 198 (1996) 729-5  5

740.



References 128

RNi  compounds5

- I. Nowik and J.H. Wernick, "Temperature dependence of hyperfine fields in Dysprosium intermetallic
compounds; DyCo , DyNi ", Phys.Rev. 148 (1965) A131-135.5  5

- D. Ohlendorf and H.E. Flotow, "Experimental heat capacities of LaNi , "-LaNi H  and $-LaNi H  from 55  5 0,36  5 6,39

to 300 K. Thermodynamic properties of the LaNi -H  system", J.Chem.Phys. 73 (1980) 2937-2948.5 2

- H.R. Ott, K. Andres, E. Bucher and J.P. Maita, "Low temperature thermal expansion and specific heat of PrNi ",5

Sol.Stat.Commun. 18 (1976) 1303-1305.
- J.M. Parpia, W.P. Kirk, P.S.Kobiela, T.L. Rhodes, Z. Olejnicnak and G.N. Parker, Öptimization procedure for

the cooling of liquid He by adiabatic demagnetization of praseodymium nickel", Rev.Sci.Instrum. 56 (1985)3

437-443.
- A. Percheron-Guégan, C. Lartigue, J.C. Achard, P. Germi and F. Tasset, "Neutron  and X-ray diffraction proffile

analyses and structure of LaNi , LaNi Al  and LaNi Mn  intermetallics and their hydrides (deuterides)", J.5  5-x x  5-x x

Less-Comm. Met. 74 (1980) 1-12.
- M. Reiffers, Yu.G. Naidyuk, A.G.M. Jansen, P. Wyder, I.K. Yanson, D. Gignoux and D. Schmitt, "Direct

measurement of the Zeeman splitting of crystal-field levels in PrNi  by point-contact spectroscopy",5

Phys.Rev.Lett.62 (1989) 1560-1563.
- R.J. Radwa½ski, J.J.M. Franse, "Rare earth magnetocrystalline anisotropy in R Fe B compounds — high-field2 14

magnetization proces", J.Magn.Magn.Mater. 74 (1988) 43-50.
- R.J. Radwa½ski, J.J.M. Franse, "Study of magnetic interactions in ferrimagnetic systems in the Amsterdam

High-field Installation", Physica B 164 (1989) 131-138.
- R.J. Radwa½ski, J.J.M. Franse, D. Gignoux, F.E. Kayzel, C. Marquina and A. Szewczyk, "Ground state of Er3+

ions in ErNi  as studied by high field magnetization", Physica B 177 (1992a) 291-294.5

- R.J. Radwa½ski, N.H. Kim, F.E. Kayzel, J.J.M. Franse, D. Gignoux, D.Schmitt and F.Y. Zhang, "The specific
heat of ErNi  and LaNi ", J. Phys.: Condens. Matter 4 (1992b) 8853-8862.5  5

- R.J. Radwa½ski, N.H. Kim-Ngan, F.E. Kayzel and J.J.M. Franse,  "The specific heat of ErNi  and DyNi ",5  5

Int.J.Mod.Phys. B7 (1993) 379-382.
- R.J. Radwa½ski, N.H. Kim, F.E. Kayzel, J.J.M. Franse,  "The specific heat of NdNi ", IEEE Trans. Mag. 305

(1994) 843-845.
- L.W. Roeland, R. Gersdorf, W.C.M. Mattens, "Computer-controlled 40 T magnetic field regulation", IEEE

Trans. on Magn. 24 (1988) 1052-1055. 
- A. Sahling, P. Frach, and E. Hegenbarth, "The heat capacity of LaNi , LaNi , PrNi  and PrNi  in the temperature2  5  2  5

range between 0.3 and 7 K", Phys.Status Solidi (b) 112 (1982) 243-250.
- S.G. Sankar, D.A. Keller, R.S. Craig, W.E.Wallace and V.U.S. Rao, "Heat capacities and related thermal

properties of DyNi , HoNi  and ErNi  between 5 and 300 K", J.Solid State Chem. 9 (1974) 78-84.5  5  5

- A. Schenck, "Muon Spin Rotation Spectroscopy", published by Adam Hilger Bristol (1984) 1-317.
- A. Schenck, “title”, in L.C. Gupta, M.S. Murani: Frontiers in Solid State Science vol 2; Signapore; World

Scientific 1993. 
- L. Schlapbach, F. Stucki, A. Seider and H.C. Siegmann, “Magnetism and hydrogen storage in LaNi , FeTi and5

MgNi*”, J.Magn.Magn.Mater. 15-18 (1980)
- R.J. Schutz, "Thermal relaxation calorimetry below 1 K", Rev. Sci. Instrum., 45 (1974) 548-551.
- D. Shaltiel, J.H. Wernick, and H.J.W. Williams, and M. Peter, "Paramagnetic resonance of s-state ions in metals

of high paramagnetic susceptibility", Phys.Rev. 135 (1964) A1346-1362.
- S. Sinnema, "Magnetic interactions in R T  and R T B intermetallic compounds", Thesis Natuurkundig2 17  2 14

Laboratorium,  University of Amsterdam (1988) 1-132.
- K. Sköld and D.L. Price, "Methods of experimental physics", Vol 23A-C, Orlando Academic Press inc. (1986)

1-1.
- F.J. Steenwijk, H. Th. Lefever and R.C. Thiel, K.H.J. Buschow, "Mössbauer effect in some intermetallic

gadolinium compounds", Physica 92B (1977) 52-60.
- K.W.H. Stevens, "Matrix elements and operator equivalent connected with the magnetic properties of rare earth

ions", Proc. Phys. Soc. (London) 65 (1952) 209-215.
- E.C. Stoner,  "Collective electron ferromagnetism", Proc. R. Soc. 165 (1938) A372-414.
- Y. Tazuke, R. Nakabayashi, T. Hashimoto, T. Miyadai and S. Murayama, “Magnetism of Ni-based alloys: weak

ferromagnetic and paramagnetic alloys”, J.Magn.Magn.Mater. 104-107 (1992) 725-726.
- K.N.R. Taylor and M.I. Darby, “Physics of Rare Earth Solids”, Chapman and Hall Ltd, London (1972) 1-308.
- R. Verhoef, "Magnetic interactions in R Fe B and some other R-T intermetallics", Thesis Natuurkundig2 14

Laboratorium,  University of Amsterdam (1990) 1-144.



References 129

RNi  compounds5

- J.H. Wernik and S. Geller,"Transition element-rare earth compoundss with the Cu Ca structure", Acta Cryst.5

12 (1959) 662-665.
- W.G. Williams, B.C. Boland, Z.A. Bowden, A.D. Taylor, S. Culverhouse, B.D. Rainford, "Observations of

intermultiplet transitions in rare-earth metal ions by inelastic neutron scattering", J.Phys.F:Met.Phys. 17 (1987)
L151-L155.

- E.P. Wohlfarth, "Forced magnetostriction in the band model of magnetism", J. Phys. C: Solid State Phys. 2
(1968) 68-74.

- A. Yaouanc, P. Dalmas de Réotier, P.C.M. Gubbens, F. Kayzel P. Bonville, J.J.M. Franse and A.M. Mulders,
"Muon spin relaxation in uniaxial ferromagnets", J.Magn.Magn.Mater. 140-144 (1995) 1949-1950.

- A. Yaouanc, P. Dalmas de Réotier, P.C.M. Gubbens, A.M. Mulders, F.E. Kayzel and J.J.M. Franse, "Muon-
spin-relaxation study of the critical longitudinal spin dynamics in a dipolar Heisenberg ferromagnet",
Phys.Rev.B. 53 (1996) 350-353.

- F.Y. Zhang, D. Gignoux, D. Schmitt, J.J.M. Franse, F.E. Kayzel, N.H. Kim-Ngan and R.J. Radwa½ski,
"Crystalline electric field and high field magnetization in ErNi  single crystal", J.Magn.Magn.Mater. 130 (1994)5

108-114.



Summary 131

RNi  compounds5

Summary
 
In this thesis, the results are reported of an experimental study of the intrinsic magnetic
properties of the intermetallic compounds RNi  (R = Pr, Nd, Gd, Tb, Dy, Ho, Er and Tm). The5

existence of a wide range of RNi  compounds makes them specially suited to study the5

properties of the different rare-earth atoms in this system. The nickel contribution to the
system is relatively small and almost constant throughout the RNi  series. The small nickel5

influence enables us to study the properties of the rare-earth atoms in an identical environment.
Magnetization measurements were performed to study the magnetic behaviour. Heat

capacity measurements were used to determine the  thermodynamic properties of these
materials. 

In order to make the compound we melted together the pure metals, in a ratio of one
atom of the rare-earth metal (R) and five atoms of the transition metal Ni. After cooling the
material solidifies in a hexagonal (CaCu ) structure. All the materials melt congruently and it5

was easy to grow large monocrystalline samples.  For almost all the experiments we needed
large monocrystals of the RNi . For the magnetization measurements along the different5

crystallographic directions we need spheres of 3 mm diameter. Also, the µSR experiments
require large monocrystals.  These crystals were produced with the Czochralski method in a
tri-arc crystal growth equipment of the FOM-ALMOS facility at the Van der Waals-Zeeman
Institute.

Most of the properties of the materials under study could be described successfully with
our model. This model uses a quantum mechanical description of the rare-earth atoms and a
more phenomenological description of the interaction of the magnetic moments. The latter part
in this model describes the exchange interaction between the nickel atoms and between the
nickel atoms and the rare-earth atoms in the molecular-field approximation. Here, we split the
system into two sublattices; one with the nickel only and one with the rare-earth only. The
exchange interaction within the rare-earth sublattice and the exchange interaction between the
rare-earth sublattice and the nickel sublattice are parameters to be determined in experiment.
If we apply a magnetic field, the opposed moments in the nickel sublattice will decrease. In
high-field experiments this nickel susceptibility can be determined. 

The contributions of the rare-earth atoms itself are decomposed into different
contributions to the total hamiltonian. The most important contribution to the total
hamiltonian, for us, is the interaction of the atom with the surrounding atoms, the crystal field
hamiltonian. We derive the one-ion rare-earth hamiltonian explicitly. Combining the crystal
field hamiltonian and the molecular-field approximation in a correct way, we obtain a
mathematical description for the whole system. 

In the hexagonal symmetry only four crystal field parameters, B , B , B  and B  , are2  4  6   6
0  0  0  6

necessary to describe the crystal field contribution. Together with the three parameters used
in the molecular field approximation, n , n  and P , we obtain seven adjustable parameters.RR  RNi  Ni

The interesting phenomena in our material all occur at low temperature. The RNi5
compounds order magnetically at low temperature (except PrNi ), having Curie temperatures5

between 4 K and -33 K. Below these temperatures the magnetic moments in the material align
along distinctive directions. In order to study these phenomena we measured the magnetization
at 1.5 K along three different crystallographic directions. We performed magnetization
measurements in the High-field Installation of the University of Amsterdam in magnetic fields
with field strength up to 38 T. 

Description of the model used.  

Description of the experimental methods used 
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In specific-heat measurement the transition temperatures can be distinguished well. We
measured the specific heat of all RNi  from 1.5 K to 200 K. We determined the specific heat5

of an aligned ErNi  monocrystal in a magnetic field of 5 tesla along the [001] direction. µSR5

measurements on different samples were performed. This is a microscopic measuring method.
With these measurements decaying particles, muons (abbreviation µ), are placed in the sample.
These particles decay in a direction that depends on the local magnetic field. In this way we
could study the magnetic behaviour of our material at different temperatures. 

We used all the measurements to search for the best set of parameters describing the
different experiments. The theoretical behaviour of the magnetization, specific heat and
susceptibility could be calculated and compared with the experimental data. Although, we
could find solutions that described individual experiments very well, fitting all data with one
set of parameters often resulted in deviations from experiment. 

The heat capacity measurements provide us with the accurate temperature of the magnetic
transition for almost all compounds (PrNi  does not order). We could describe the measured5

heat capacity very well with our theoretical model. The magnetization experiments provide us
with insight in the sign and magnitude of the different crystal field parameters. E.g. in ErNi5
the magnetization above 20 T along the [120] direction showed a meta-magnetic transition
which forced us to modify the crystal field parameters. From comparison between our set of
crystal field parameters and sets reported in literature, it has been concluded that we could fit
better most of the results, although incomplete information in literature often obscured the
comparison (in many cases the exchange interaction parameters were not published). 

Our theoretical model enabled us to describe the various experiments in detail. The main
contribution to the magnetic behaviour is caused by the 4f -electrons of the rare-earth atom.
A minor, but not negligible, contribution to the magnetic behaviour is caused by the 3d
electrons of nickel. The nickel contribution is mainly induced by the applied field and the
exchange interaction between the nickel and the rare-earth spins. Crystal field effects play an
important role by the influence the 4f -electrons of the rare-earth on the magnetic properties
in these compounds. The properties depend strongly on the decomposition of the lowest
multiplet and differ between different rare-earth compounds. We found that all the crystal field
coefficients, A , through the RNi  series has a definite sign and are of the same order ofn    5

m

magnitude. The nickel susceptibility throughout the series is almost constant.
Muon Knight shift observations in ErNi  could well be explained with direct dipolar-field5

calculations. We could establish the 3f site as the stopping site of the muon in ErNi . The5

muon measurements, specially in zero field, still lack a thorough theoretical description.

Resultaten bespreken. 
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Samenvatting 
 
In dit proefschrift worden de resultaten beschreven van een experimenteel onderzoek naar de
intrinsieke magnetische eigenschappen van de inter-metallische zeldzame-aarden en nikkel
verbinding, RNi  (R = Y, La, Pr, Nd, Gd, Tb, Dy, Ho, Er en Tm). Bijna all RNi  verbinding5                5

kunnen gemaakt worden en deze verbinding en zijn dus zeer geschikt om de eigenschappen
van zeldzame-aarden te bestuderen. De bijdrage van de nikkel atomen aan het systeem zijn
relatief klein en bijna constant in de hele RNi  serie. Met deze kleine nikkel invloed kan goed5

de eigenschappen van de zeldzame aard atomen in een gelijkwaardige omgeving bestudeerd
worden. Om het magnetische gedrag te bestuderen zijn magnetisatie metingen uitgevoerd. Met
behulp van warmte capaciteit metingen kunnen de thermodynamische eigenschappen bepaald
worden.

De verbinding wordt gemaakt door het samensmelten van de zuivere uitgangs materialen,
in een verhouding van één zeldzame aard atoom (R) en vijf Ni atomen. Gedurende het afkoelen
vormt zich een hexagonale structuur (CaCu ). Al deze verbindingen smelten congruent en5

daarom is het eenvoudig met deze materialen grote éénkristallen te groeien. De kristallen zijn
maakt met de Czochralski methode in een drie-boog kristal groei apparatuur in de FOM-
ALMOS faciliteit van het Van der Waals-Zeeman Instituut. Grote éénkristallen van RNi  zijn5

nodig voor bijna alle door ons uitgevoerde experimenten. Bolletjes van 3 mm diameter waren
nodig voor de magnetisatie metingen met preparaten georiënteerd langs verschillende kristal
richtingen. De µSR experimenten vragen om grote éénkristallen.

De meeste van de eigenschappen van de bestudeerde materialen konden goed beschreven
worden met het door ons gebruikte model. Dit model maakt gebruik van een quantum
mechanische beschrijving van de zeldzame aard atomen en een meer fenomenologische
benadering om de interactie tussen de magnetische momenten te beschrijven. De laatste
benadering in dit model beschrijft de exchange interactie tussen de nikkel atomen en tussen de
exchange interactie tussen de nikkel atomen en de zeldzame aard atomen in de moleculair veld
benadering. Daarin splitsen we het systeem in twee aparte roosters; een alleen met de nikkel
atomen en het ander met de zeldzame aard atomen. De exchange interactie binnen het
zeldzame aard sub-rooster en de exchange interactie tussen het zeldzame aard sub-rooster en
het nikkel sub-rooster zijn parameters die in experimenten bepaald worden. Bij het aanleggen
van een magnetisch veld, zullen de tegengestelde gerichte magnetische nikkel momenten
afnemen. In hoge-magnetische velden kan deze susceptibiliteit waargenomen worden.

De bijdrage van de zeldzame aard atomen kan gesplitst worden in verschillende bijdragen.
Deze vormen samen de totale hamiltoniaan. De, voor ons, belangrijkste bijdrage tot de totale
hamiltoniaan is de interactie tussen het atoom met de in zijn omgeving bevindende atomen, de
kristal-veld hamiltoniaan. De één-ion zeldzame aard hamiltoniaan wordt expliciet afgeleid.
Door deze kristal-veld hamiltoniaan op een juiste manier met de moleculair veld benadering
te combineren, krijgen we een wiskundige beschrijving van het hele systeem.

In de hexagonale symmetrie blijven slechts vier kristal veld parameters over, B , B , B2  4  6
0  0  0

and B  , deze zijn nodig om de kristal veld bijdrage te bepalen. Samen met de drie parameters6
6

gebruikt in voor de moleculair veld benadering, n , n  and P , krijgen we zeven variabelen.RR  RNi  Ni

De interessante eigenschappen van ons materiaal worden eminent bij lage temperaturen.
De RNi  verbindingen ordenen magnetisch bij lage temperaturen (behalve PrNi ), met Curie5        5

temperaturen tussen 4 K en 33 K. Beneden deze temperaturen zullen de magnetische
momenten in het materiaal zich in een bepaalde richtingen ordenen. Om deze verschijnselen
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te bestuderen hebben we bij 1.5 K de magnetisatie langs de drie kristal-richtingen gemeten. De
magnetisatie is gemeten in de Hoge-velden Installatie van de Universiteit van Amsterdam in
magneet velden tot 38 T.

Met soortelijke warmte metingen kunnen goed de overgangs temperaturen onderscheiden
worden. De soortelijke warmte van alle RNi  verbindingen van 1.5 K tot 200 K zijn metingen.5

Van een ErNi  éénkristal is de soortelijke warmte gemeten, met een magneet veld van 5 T5

langs de [001] richting. Aan verschillende preparaten zijn µSR metingen uitgevoerd. Dit is een
microscopische meet methode. Deeltjes met een korte levensduur, muonen (afkorting µ),
worden in het preparaat gebracht. De deeltjes vervallen in een richting die van het lokale
magneet veld afhangt. Op deze manier kan het magnetisch gedrag van ons materiaal bij
verschillende temperaturen bepaald worden.

Met gebruikmaking van alle experimenten, hebben we naar de beste set parameters
gezocht om het gedrag te beschrijven. Het theoretische gedrag van de magnetisatie, soortelijke
warmte en susceptibiliteit kon berekend worden en vergeleken met de experimenten. Alhoewel
we soms oplossingen konden vinden die één enkel experiment excellent beschreven, is telkens
gekozen voor een set parameters die alle experimenten tegelijk zo goed mogelijk beschrijven.

Soortelijke warmte metingen waren bepalend voor het nauwkeurige vaststellen van de
magnetische overgangstemperaturen van de meeste materialen. We waren in staat de gemeten
soortelijke warmte zeer goed te beschrijven met ons theoretisch model. De magnetisatie
experimenten gaven ons inzicht in het teken en de grootte van verschillende kristal-veld
parameters. Bijvoorbeeld de magnetisatie van ErNi5 verplichte ons, door een meta-
magnetische overgang rond de 20 T langs de [120] richting, om de kristal-veld parameters aan
te passen. Door vergelijking van onze parameters met die in de literatuur was het duidelijk dat
deze parameters beter aan onze metingen voldoen. Doordat niet altijd alle parameters in
literatuur gegeven worden is het moeilijk om verschillende parameter sets te vergelijken (vaak
worden de exchange interactie parameters niet gepubliceerd).

Ons theoretisch model geeft ons de mogelijkheid om verscheidene experimenten in detail
te beschrijven. De belangrijkste bijdrage aan het magnetisch gedrag wordt veroorzaakt door
de 4f -elektronen van de zeldzame aard atomen. Een kleinere, maar niet te verwaarlozen
bijdrage aan het magnetische gedrag wordt veroorzaak door de 3d-elektronen van het nikkel.
De nikkel bijdrage wordt hoofdzakelijk geïnduceerd door een aangelegd magnetisch veld en
de exchange interactie tussen de nikkel en de zeldzame aarde spins. Kristal veld effecten spelen
een belangrijke rol door de invloed van de 4f -elektronen op de magnetische eigenschappen
in deze verbindingen. De eigenschappen hangen sterk af van het op heffen van de ontaarding
van de laagste multipletten welke verschillen tussen de verschillende zeldzame aard verbinding.
De kristal veld coëfficiënt, A , heeft eenzelfde teken en is van de zelfde grootte orde in allen

m

verbindingen. De nikkel susceptibiliteit is bijna constant voor de hele serie verbindingen.
Muon Knight shift waarnemingen in ErNi  konden goed verklaard worden door directe5

dipool-veld berekeningen. We hebben bepaald dat de 3f positie stop-plaats van de muon in
ErNi  is. De muonen metingen zonder magneet veld ontberen nog een goede theoretische5

beschrijving.
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Dankwoord
 
Het was een lange weg maar uiteindelijk is de teerling geworpen. Het was een langdurige
bevalling. Gelukkig waren er vele mensen die mij tijdens deze periode behulpzaam waren. Zij
zorgden er ook voor dat mijn tijd op het van der Waals-Zeeman Instituut altijd zeer plezierig
was. Als eerste wil ik mijn promotor Jaap Franse bedanken, met veel plezier denk ik terug aan
de begintijd waar we veel samengewerkt in een aantal projecten. De vele gezamenlijke
buitenlandse reizen hebben veel plezierige contacten opgeleverd. Later werd de voor
gezamelijk onderzoek beschikbare tijd kleiner. Maar steeds vond je nog tijd om de met
constructieve ideeën mijn onderzoek te steunen. Bij het schrijven van het proefschrift is de
nooit aflatende steun van mijn co-promotor Peter Brommer onontbeerlijk geweest.
Gezamenlijk lieten we de tekst van zeer blauw (groen/rood) naar bijna geen commentaar
convergeren. Het nooit aflatende vertrouwen straalde af op mijn werk, nimmer werd de
aankomende doctor ontmoedigd. Vele opmerkingen werden ter harte genomen. Als altijd
gewillig oor voor fysische problemen en zijn eeuwige altijd bereid aan het
computerprogramma te werken ben ik Jaap Colpa zeer dankbaar. Je uitleg werkte altijd
verhelderend. De vele mooie berekeningen waren niet mogelijk zonder het noeste
programmeer werk van Andrzej Szewczyk, thank you Andrzej.

Mijn introductie tot alle geheimen van meten in hoge magneet velden is mij bijgebracht
door Rob Verhoef, Rob jij leerde mij het harde-magneten vak, hij kon dat altijd zo leuk
uitleggen met vingers omhoog en omlaag. Voor magnetisatie metingen was de hoge-velden
ploeg onmisbaar!  Met Michiel Hilbers, Paul Frings, Rob Gersdorf, Jan Hoffman, Paul
Langemeier en later Maris van Sprang was altijd plezierig om te werken. N.H. Kim-Ngan you
showed me that the specific- heat measurements are a challenge, you were a true friend and
very helpful solving problems or to in finding improvements to the equipment. Ryszard
Radwa½ski, Mister Crystal Field, always enthusiastic was the expert who introduced the theory
of hard magnetic materials.

My samples were mostly grown by T.H. Ahn, together we learned the crystal growth
trade, later L.T. Tai, Luong and L.D. Tung grew me with the necessary samples. My
Vietnamese colleges were always prepared to help. They also supplied us with a infinite
number of Vietnamese nam’s. I am very greatfull to Damien Gignoux and Denys Schmitt who
supplied me with samples to compare results. Two unforgettable Spanish ladies made life in
Amsterdam more pleasant, Clara Marquina and Berta Garcia-Landa; together with Ricardo,
Pedro en other members Zaragoza group my Spanish visits were always joyfull.  

 Voor vragen over preparaten was de FOM/ALMOS afdeling belangrijk, adviezen en
suggesties droegen bij tot de succesvolle groei van veel verbindingen. Bedankt voor je
adviezen Alois Menovsky. Henk Gelders, bedankt voor de hulp met materialen en adviezen
by de spiegel-oven. I have also to thank guests like Marian Mihalic, Larissa Shlyk and others,
who also prepared  samples for me. Ton Gortenmulder, uit Leiden, liet mij zien wat je met
microprobe kan doen.

Altijd wanneer er muonen gemeten moesten worden en in ploegen diensten aangetreden
werd waren jullie aanwezig voor raad en daad; Paul Gubbens, Anton Moolenaar, Alain
Yaouanc, Pierre Dalmas de Reotier, Annemiek Mulder en  Karl Prokeš. De analyse was in
goede handen met zulke experts. De grote apparaten, ISIS en PSI, gaven een nieuwe dimensie
aan mijn ervaringen met de fysica. A. Schenck heeft voor mij de Knight shift gemeten. 

Dankzij een Europese samenwerking in BIREM heb ik bezoeken gebracht aan Parma,
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Grenoble en Zaragoza. Jurgen Buschow, Jaap Franse, Oscar Moze, Luigi Pareti, Ricardo
Ibarra, Pedro Algarabal, Ravic Ballou, F.Y. Zhang, Damien Gignoux, Denys Schmitt and many
more accompanied me to these meetings and it always gave rise to good dinners and fruitful
discussions. 

Zonder de vele ondersteunende groepen zou het leven als experimentator onmogelijk zijn.
Voor röntgenvragen zijn Bert Moleman en Willem Moolhuyzen altijd aanwezig. Voor vragen
over ovens, materialen en bewerkings methoden hadden Ton Riemersma en Hugo Slatter een
gewillig oor. Koude werd verzorgd door Nico Jonker en later Rene Rik. Vacuüm en niet te
vergeten al het glas (van onze meermalen gebroken dewar) is de afdeling van Bert Zwart,
Eddy Inoeng en voor een tijd Ronald Bekebrede. De kunde om iets te maken was aanwezig
in de instrumentmakerij; Ron Maniputy, Ruud Scheltema, Harry Beukers, Rene Rik wisten de
mooiste apparatuur te maken. De computer en  electronika waren zonder geheim voor Ben
Harrison, Paul Langemeijer, Jenne Zonervan, Edwin Baaij. Zij konden met alle In/Uit
problemen van de experimenten helpen.

Vele collega’s maakten het dagelijkse leven op het Lab tot zeer plezierig, Ineke, Mariet,
Dick, Anne, Maris, Michiel, Vincent, Harry, Jan Willem, Joop, Rob, Niels, Niels, Steven,
Hiroshi, Ronald, Ekkes, Urs, Sandra, Karel, Thang, Tung, Jacques, Pedro, Isam, Hien, Zhou
Guo Fu, Jan B, Imke, Cees, Herko, Tanno, Klaas, Kim-Ngan en alle anderen die ik nog
vergeten ben op te noemen.
En natuurlijk voor het niet klagen over de vele avonden zonder vader/vriend, Tom, Jim en
Josan.  
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 Appendix A The crystal field at R site in CaCu  structure5
 
The purpose is to show which coefficients are necessary to describe the crystal field at the R
site in the CaCu  structure. One formula unit consists of one R at the Ca place and five T5

atoms at the Cu place. The structure is hexagonal, space group 6/mmm(or D ). In what6h

follows we concentrate on the R-ions, which have point group 6/mmm, classes are represented
by E, 2 , 3 , 6 , 2 , 2 .z  z  z  y  x

In the classical electrostatic approximation, the crystal potential at r is written as that
produced by a classical charge distribution D(r). This may be expanded in spherical harmonics
Y  (2,N).m

l

The parameters A   describe the spatial charge distribution around the 4f ion and are treatedm
l

as adjustable parameters to be determined by experiment. 
Now we determine for all elements the existence in this symmetry. The 2  and 3  symmetryz  z

are included in the 6  symmetry. To determine the relevant symmetry elements we can restrictz

ourselves to 6 .z

1 - condition for existence of symmetry element 6 , then form of V  is invariant forz     crystal

six-fold coordinate rotation around z-axis.

for all fixed l, m:

The 2  would give the restriction m= 0, ±2,±4,.. and 3  would give the restriction m=z         z

0, ±3,±6,.. .  

2 - Condition for existence of symmetry element 2 , transformation R: y

x 6 -x, y 6 y, z 6 -z
This changes the function Y  in RY  = (-1) Y   so,m  m  l-m -m

l  l  l

3 - Condition for existence of symmetry element 2 , transformation R: x

x 6  x, y 6 -y, z 6 -z
This changes the function Y  in RY  = (-1) Y   so,m  m  l -m

l  l  l

4 - Condition for existence of symmetry element ¦ (inversion), transformation ¦:
x 6 -x, y 6 -y, z 6  z



Y A m
l ' (&1)l A m

l Y A m
l ' 0 for all odd l

j
l,m

A m
l r l Y m

l (2,N) ' j
l,m

A m(

l r l (&1)mY &m
l (2,N)

Y A m
l ' (&1)mA &m(

l

A m
l mN

(

4f(r,2,N) r l Y m
l (2,N) N4f (r,2,N)dJ

D (l)
q D (3)

'

l%3

r

j'|l&3|
D (j)

Appendix A 139

RNi  compounds5

This changes the function Y   in  ¦Y   = (-1) Y   so,m    m   l m
l    l   l

5 - V  must be a real:crystal

Summarizing the results;  
1. 6  symmetry element Y m = 0, ±6, ±12,...z

We conclude, from restriction 1 that only elements with m = = 0, ±6, ±12,...  exist. 
The following conditions limit the number of non zero integrals;

2. 2  symmetry element Y A  = (-1) Ay   l  l
m  l+m -m

3. 2  symmetry element Y A  = (-1) Ax   l  l
m  l -m

We conclude from restriction 2 and 3 that  Y (-1)  = (-1) | m = even, this is no extral+m  l

condition.
Then the symmetry considerations

4. ¦ symmetry element Y l = 0, ±2, ±4,...
5. V  real Y A  = (-1) Acrystal  l  l

m  m -m*

Until this point the existence of symmetry elements is independent of the atoms residing on the
lattice. The last consideration involves the actual 4f atoms.

6a - The ion has all electrons not belonging to a closed shell in 4f-state. This implies that
all matrix elements of V  can be written as a polynomial of integrals of the formcrystal

where N  is a 4f orbital. Since the N  's transform according to D  under rotation,4f       4f
(3)

the Y N   transform according tom
l 4f

l must take values meeting the condition |l-3| # 3 # l+3. Heine [1960]  shows that the
integral above is zero unless the values of  j include j = 3, i.e. unless l # 6. 

6b - The wave functions N   and N   are odd wave functions, so Y   must have even4f   4f       l
*        m

parity, in order to correspond with non zero integrals. We have l = even.

Adding this condition to the first five 
6a. 4f functions Y l # 6
6b. f functions are odd Y l = even, no new condition see 4.
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+r ,2
4f +r ,4

4f +r ,6
4f " +r ,J 4f

2 $ +r ,J 4f
4 ( +r ,J 4f

6

R J (a  )2
o (a  )4

o (a  )6
o (10 a  )-3 -2

o (10 a  )-4 -4
o (10 a  )-6 -6

o

Ce 5/2 1.3090 3.964 23.31 -74.8 251.7 0

Pr 4 1.2150 3.415 18.75 -25.54 -24.95 1141.66

Nd 9/2 1.1140 2.910 15.03 -7.161 -8.471 -570.96

Sm 5/2 0.9743 2.260 10.55 40.209 56.527 0

Gd 7/2 0.8671 1.820 7.831 0 0 0

Tb 6 0.8220 1.651 6.852 -8.303 2.021 -7.683

Dy 15/2 0.7814 1.505 6.048 -5.020 -0.891 6.260

Ho 8 0.7446 1.379 5.379 -1.676 -0.459 -6.959

Er 15/2 0.7111 1.270 4.816 1.831 0.564 9.969

Tm 6 0.6804 1.174 4.340 6.976 1.916 -24.33

Yb 7/2 0.6522 1.089 3.932 21.04 -18.857 -581.94

Table B The second-, fourth- and sixth-order multipole moments of the trivalent
rare-earth ions (after Franse Radwa½ski 1993). " , $  and (  are the Stevens factors of theJ  J  J

second, fourth and sixth order, respectively. ions. The values for ,   and 
have been taken after Freeman and Deslaux (1979).  Values for Pr have been deduced from
interpolation. The values of   enter in the relations between the crystal-field
parameters B  and the crystal field coefficients A :  . a  is the Bohrn       n    o

m      m

radius (0.529×10  m).-10

We conclude from these restrictions that only the elements with l = 0, 2, 4, 6 exist.

This leaves us with the following coefficients A , A , A , A , A . From these the A  is just shifts0  0  0  0  6     0
0  2  4  6  6     0

all levels equally so that we can neglect it. 

Appendix B Table Stevens factors
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Y La Pr Nd Gd Tb Dy Ho Er Tm

R  88.906 138.906 140.908 144.24 157.25 158.925 162.50 164.930 167.26 168.934

RNi5
382.373 432.373 434.375 437.70

7
450.71
7

452.392 455.967 458.397 460.727 462.401

2-D 1.080 1.000 0.997 0.992 0.973 0.971 0.965 0.961 0.959 0.956

%M/M 1.065 1.000 0.998 0.994 0.979 0.978 0.974 0.971 0.969 0.967

2-D 1.000 0.926 0.923 0.919 0.901 0.899 0.894 0.891 0.888 0.886

%M/M 1.000 0.940 0.938 0.935 0.921 0.919 0.916 0.913 0.911 0.909

Table C Molar mass of rare-earth atoms and compound RNi  (both in g/mol). Last5

four rows give correction factors in specific heat of the molar mass with method two (2-D)
and correction in the specific heat as the square root of the molar mass quotient (M/M) .½

The temperatures of LaNi  and YNi  have to be multiplied by this correction factor.5  5

Appendix C Specific heat correction factors
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