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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  = 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, , of 398 K is obtained. This value of  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  (  = 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,  = 343 K. The dash-dot line isD
eff

the calculated specific heat with the Debye temperature,  =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  = 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,  = 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  [Radwa ski 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, , 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 Radwa ski 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  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] (  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]  ( ) and Marzouk et al. [1973] (×). The
full line is an approximation with one effective Debye temperature  =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  = 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, , 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).



Results for RNi  compounds 795

RNi  compounds5

(10 JK mol )-3 -2 -1
D

(K)
range 

(K)
D

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,
, 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, , are shown in table 6.1, 1. The  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  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 ( ) 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 ( ) 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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K)

Ni
(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

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 , 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], 46.4 K, 1 2

150 K,  336 K and  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 -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 -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  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 ( ) (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 ( ) 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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B6
6

(10  -6

K)

Ni

(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

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

Radwa ski 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 , 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  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 -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, , 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, = 16.2±2.3 K and = 162.4±2.3 K, and one associated with a transition from the1    3

first excited level, = 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 -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 -
like peak around 33 K. T = 33 K was determined by taking the half height value of the high-C

temperature part of the -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 -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, , 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)

Ni

(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

TC

(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 , 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  = n M ), we findNi Ni RNi R

n  = –14.0 Tµ f.u. Using the formula n = n  + n  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 -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 -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 ( ), the [001] axis
( ) and a free-to-rotate-sphere ( ). 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)

Ni

 (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 , 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],  = 11.5±2 K,  =35±3 K,  =51±6 K, 1    2   3   4

=69±6 K and  =92±8 K.5

of TbNi  below and above the ordering temperature. The ground state (an almost pure 05

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  = 11.5±2 K,  =35±3 K,  =51±6 K,  =69±6 K and  =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  =29.8 K, 5          2   3

=51.8 K and  =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 –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 -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] ( ) and [001] 
( ) of the hexagonal cell. In addition a free-sphere ( ) 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] ( ), [120] ( ) 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). Radwa ski 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 -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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nRR
(Tf.u.
µ )B

-1

nRNi
(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

Radwa ski 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 , 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] ( )
and [001]  ( ) of the hexagonal cell. In addition a free-sphere ( ) 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 -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 , 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  81 K and  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 -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  ).

 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  = 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 -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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nRNi

 (Tf.u.
µ )B

-1

n
(Tf.u. µB

-1

)

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 , 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  143 K measured at a temperature of 20 K. A second excitation peak of1

 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], 143 K and  68 K.1    2
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