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C H A P T E R 1

GENERAL INTRODUCTION AND SURVEY

In the past decade rare-earth intermetallic compounds have become the sub-
ject of many investigations. From a physical point of view an interesting
property of rare-earth compounds is the presence of a well localized 4f shell
at the rare-earth sites. While the 4f electrons play only a minor role in
the valency forces which determine the chemical properties of the rare-earth
compounds, they play a major role in several of the physical properties. Fcr
most lanthanide ions the orbital angular momentum (L) and spin angular momentum
(S) do not cancel, but produce strongly paramagnetic ions. The spin-orbit
interaction for the 4f electrons, which couples the angular momenta L and S to
give a total angular momentum J, is relatively strong as compared to inter-
ionic interactions. As a result J is a good quantum number and the lowest
manifolds can be characterized by a single value of J. Usually the energy
separation between the ground manifold and the next excited manifold is
2000 cm" or more. In the solid state the lowest J mainfold is split due to
the crystal field created by the surrounding electrical charges. The number of
new levels arising, as well as the degeneracy of the ground level is determined
by the local symmetry at the rare-earth site. By expanding the crystalline
electric field potential in spherical harmonics and by applying the operator-
-equivalent method of Stevens [ 1,2] it is possible to calculate the eigenstates
as well as the energy separation between the sublevels for an arbitrary crystal-
-field potential. Lea, Leask and Wolf [3] calculated both the eigenstates and
eigenvalues for various J values in cubic symmetry as a function of the ratio
of fourth and sixth-order term in the crystal-field potential. An interesting
situation arises for rare-earth ions with an integral value of the angular
momentum, which is the case for Pr3+(I=4), Pm3+(I=4), Tb3+(I=6), Ho3+(I=8) and
Tm +(I=6). Here the ground state may be a singlet (group theoretical designation
Tj.IV) or a non-magnetic doublet (To). In this thesis we shall pay particular
attention to such ground-state systems. The r3 doublet has to be distinguished
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from Kramers doublets arising in rare-earth ions vrth non-integral angular
momentum values. Because both the singlet and the doublet level are non-magnet-
ic, i.e. independent of an applied magnetic field, a magnetic moment can only
arise by the admixture of excited states. Phase transitions to a state of long-
-range order in systems containing such non-magnetic ground-state ions can
only occur if the exchange interaction exceeds a critical value. This gives
rise to a special kind of magnetism: induced magnetism, contrary to the magnet-
ism in systems where permanent magnetic moments exist in the paramagnetic regime.
Excellent reviews on this topic have been written by Cooper [4] and
Birgeneau [5].

The absence of an electronic magnetic moment, combined with the possibility
of admixing higher states into the ground state, can be used advantageously
in obtaining ultralow temperatures. The nuclear moment can be enhanced by a
factor 10-100, which makes it possible to perform nuclear demagnetizations in
moderate external fields. In this respect praseodymium intermetallic compounds
appear to be suitable, partially because of their large hyperfine constant. At
present it is possible to obtain temperatures as low as 0.19 mK, by enhanced
nuclear cooling of PrNig [6] .

In intermetallic compounds various mechanisms contribute to the interactions
between the localized 4f moments. Generally the conduction electrons play an
important role. A well known mechanism is the Ruderman-Kittel-Kasuya-Yoshida
interaction (RKKY-interaction), based on the exchange interaction between the
localized 4f electrons and the itinerant conduction electrons. A non-zero 4f
moment produces a polarization of the conduction electrons which decreases
with increasing distance from the magnetic ion in a damped oscillatory fashion.
Ferro- or anti ferromagnetic coupling with other rare-earth ions may result,
depending on the interionic distances. The ratio of the strength of the magnet-
ic interactions to the crystal-field splitting is of prime importance for the
low temperature behaviour of intermetallic compounds containing rare-earth
ions with non-magnetic ground states. Depending on this ratio, electronic,
enhanced nuclear or mixed electronic-nuclear phase transitions to a state of
long-range order will occur.

In this thesis we will study the low temperature properties of praseodymium
intermetallic compounds. The advantage of choosing praseodymium compounds is
the relative simplicity of Pr + as compared to Ho +, Tb + and Tm +, due to its
low angular momentum (J=4) value (we leave Pm aside as it is radio-active).
As a consequence, for example, the eigenstates in cubic symmetry are independ-
ent of the ratio of fourth to sixth-order crystal-field potential.
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This thesis is organized in the following way. In chapter 2 we will discuss
some of the techniques used for the experiments described in the subsequent
chapters. A set-up to perform specific-heat experiments below 1 K is des-
cribed in more detail. Besides we will pay attention to a technique for per-
forming magnetic susceptibility measurements below 1 K, using a superconduct-
ing quantum interference device (SQUID).

Chapter 3 is devoted to the theory of interacting Pr + ions. Both bilinear
and biquadratic interactions are dealt with in a molecular-field approximation.
It is shown that first as well as second-order phase transitions can occur,
depending on the nature of the ground state, and on the ratio of magnetic to
crystal-field interactions.

In chapter 4,5,6 and 7 experimental results on the cubic Laves phase com-
pounds PrRhg, Prlr2, PrPt,,, PrRu2 and PrNi2 are presented. From inelastic neu-
tron scattering experiments we determine the crystalline electric field para-
meters of the above compounds. PrRu2 and PrNi'2 are shown to be doublet ground
state systems, whereas the measurements on PrPt2 can be interpretedon the assump-
tion of a singlet ground state. From inelastic neutron scattering data alone no
definite conclusion on the ground state of PrRh2 can be obtained. The ground
state of Prlr2 is probably near a point of six-fold degeneracy. In chapter 5
and 6 susceptibility, neutron-diffraction, hyperfine specific-heat, low-field
magnetization, pulsed-field magnetization, specific-heat and resistivity
measurements are presented. From neutron-diffraction, susceptibility and
specific-heat data, we find magnetic phase transitions in the range 5 K - 40 K
for Prlr2, PrPh2, PrRu2 and PrPt?. The results of these macroscopic measure-
ments are compared with a mean-field calculation, based on the crystal-field
parameters obtained by inelastic neutron scattering (chapter 4). Significant
discrepancies are observed between the experimental curves and the calculations.
An attempt has been made to explain these discrepancies, taking quadrupolar
interactions into account.

In PrNi2 there is no conclusive evidence for the occurrence of a phase tran-
sition above 1 K. In chapter 7 we study the specific heat and differential
susceptibility of PrNig below 1 K. In the ac susceptibility a peak is observed
at a temperature between 0.3 K - 0.5 K, depending strongly on the frequency.
In the same temperature range the specific heat is featureless. This behaviour
can be understood by the occurrence of a phase transition of mixed nuclear-
-electronic origin.

Finally, in chapter 8 we study praseodymium intermetallic compounds
with low-symmetry singlet ground states, and cubic compounds with magnetic
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doublet ground states. It is shown that in PrZn^, which compound has been re-
garded as a Van Vieck paramagnet, several magnetic phases exist. Hyperfine
specific-heat measurements on PrX.Alg (X=Cr,Cu,Mn) compounds reveal the exist-
ence of long-range magnetic order at low temperatures. Below 1 K the entropy
related to the non-magnetic doublet in PrMg3 and PrPbg is removed. In PrMg,
we observe a distribution of split doublet ground-state levels. In PrPb, the
degeneracy of the doublet is removed by a cooperative transition at
0.39 j+ 0.02 K. Upon magnetically diluting with as little as 10% lanthanum,
this transition disappears.
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C H A P T E R 2

EXPERIMENTAL TECHNIQUES

2.1. Introduction

In this chapter we wi l l discuss some nf the experimental techniques used
for the measurements described in this thesis. In section 2.2 we wi l l briefly
review the technique of inelastic neutron scattering which yielded crystal-
f ield spl i t t ings, and of neutron diffraction which enabled us to determine the
magnetization in the ordered state of the compounds studied. Several methods
are available to determine the heat capacity experimentally, for example:
adiabatic methods, ac methods [1], relaxation-time methods [2-4] and differ-
ential methods [5J. Several ways to take account of long internal relaxation
times or heat leaks to the sample have been described in the literature [6-11] .
In section 2.3 we wi l l give a description of an apparatus to measure the
specific heat between 40 mK and 2 K. Magnetic properties can be studied
directly by means of susceptibility and magnetization measurements. In section
2.4 we wi l l give a description of an apparatus to measure ac and dc suscepti-
b i l i t ies between 25 mK and 1.4 K, using a superconducting quantum interference
device (SQUID). Other experimental techniques, employed throughout this thesis,
wi l l be discussed in the chapters in question.

2.2. Measurements with thermal neutrons

2.2.1. Inelastia neutron scattering

All the inelastic neutron scattering experiments discussed in this thesis

were performed with a triple-axis spectrometer. The experimental set-up is

shown schematically in fig.2.1. The spectrometer is situated at the nuclear

reactor Saphir in Würenlingen, Switzerland. The incoming energy E of the

neutrons is selected by a monochromator crystal (X,) and the scattered energy

is analysed by the analyser crystal (Xp). For the final detection a He

detector is used. The neutron flux can be monitored at Ml and M2. The

scattering process is governed by momentum and energy conservation:
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Figure Z.I. Triple-axis spectrometer, i?: Reactor, S: Shield, D: He-detsotor,
M2 and Mg: Monitor, XI: Monoahvomator, X2: Analyser, C2~C5: Collimators, SA:
Saxïïpte•

where (J is the scattering vector, it and it are the wave vectors of the incoming
and outgoing neutrons and nu, is the neutron mass. The other symbols have their
usual meaning. In an experiment the neutron intensity can be measured as a
function of both ($ and the energy transfer hu. These variables cannot be varied
independently but are subject to the relations (2.1), e.g. fixing |(J| gives an
upper bound on the energy transfer. In our experiments on polycrystalline
samples we applied the constant $ method (12]. During the experiment the energy
transfer hw was varied with constant increments. The analyser energy was fixed
at 13.7 meV or 14.94 meV. The appropriate angles for every measuring point were
calculated by a computer and the spectrometer was directed automatically to the
corresponding positions. If the spectrometer arms were moved to these positions,
the number of counts accumulated in the signal counter for a preset number of
monitor counts (in M~) was recorded. After the completion of the operations in
this position, the spectrometer arms were again advanced by preselected
increments, counting was resumed, and so forth, through a preset number of
positions. The original version of the tri pi e-axis spectrometer, as developed
by Brockhouse [12], was equipped with flat monochromator- and analyser
crystals. Soller collimators were used to define the angular divergences of
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the neutron beam. The spectrometer which we used in our experiments at

Würenlingen was equipped with a horizontally and vertically focusing mono-

chromator system, in combination with a horizontally focusing analyser system

[13J. By adjusting the horizontal curvature to the appropriate neutron energy,

the intensity could be increased by an order of magnitude.

2. 2. 2. Neutron diffraction

The neutron-diffraction measurements were performed at powder spectrometers
at the nuclear reactor Saphir in Würenlingen. A monochromatic neutron beam was
produced by Bragg reflection on a pyrolytic graphite single crystal (reflection
002):

"A = 2 d hk l s i n °M ( 2 - 2 )

in which d. is the distance between successive parallel atomic planes with
Miller indices hid, and 0H is the angle between the neutron beam and the
planes. Higher order contamination was suppressed by means of a graphite
f i l t e r . In the experiment the scattered neutron intensity was measured as a
function of the magnitude of the scattering angle 20.

2.3. Specific-heat measurements between 40 mK and 2 K

2.S.I. The experimental set-up

The experimental set-up, used for the specific-heat measurements below 2 K
is shown schematically in f ig.2.2. The calorimeter can be cooled by adiabatic
demagnetization of a paramagnetic salt. To reduce external heat leaks to the
calorimeter a coi l - fo i l shield is applied, which is cooled separately by a
"guard salt". For both salts we used a slurry, prepared by mixing chromium-
potassium-alum powder (CPA) with a 60-40% volume mixture of glycerol and a
saturated CPA-solution [14] . Heat contact to the slurry is provided by means
of a brush, consisting of 0.05 mm copper wires. The calorimeter, basically a
copper rod, is supported from the bottom of the cooling salt by a Vespel pole.
This pole is short-circuited by a coiled t in wire with a length of about 30 cm
and a diameter of about 0.3 mm which serves as a thermal switch. All leads to
the thermometers and heater consist of 0 0.05 mm niobium-titanium wires in a
copper-nickel matrix, t ightly twisted to avoid radiofrequent or other electrical
pick-up, and are glued on the coi l - fo i l shield over a length of about 20 cm.
All wires are connected to a modified IC-socket, situated at the top of the
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Figure 2.2. Apparatus to measure specific heats between 40 mK-2 K.

vacuum can. As a heater we used a piece of about 30 cm insulated Evanohm
wire, b i f i la r l y wound around a copper rod.

For the specific-heat measurements we mostly used polycrystalline samples
spark-cut to ingots of about 1 gram. The samples were electrolytically plated
in a CuCN-NaCN-solution with a thin layer of copper, and soldered with indium
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to the central rod on one side and to the heater rod on the other side. In this
way we could avoid thermometer overshoot during a heat pulse, because the heat
produced electrically in the heater was forced to pass the sample before
arriving at the thermometer. Some samples, especially those containing
magnesium or aluminium, could not be copper plated directly. In some cases this
problem could be circumvented by f i r s t depositing a thin layer of zinc, on

, which a copper layer could easily be attached. I f this method did not work, or

i f only small pieces of material were available we proceeded in the following
way. The sample was ground to very fine powder, mixed with Apiezon N grease and
pressed into a small copper container, gold-plated from the inside. A brush of
copper wires, also gold-plated, was inserted into the mixture, providing the
thermal contact with the cooling rod. With this method some relaxation was
usually observed at the lowest temperatures.

The thermal switch is controlled by a small superconducting co i l , wound on
the outer wall of the vacuum can. Both the guard and the cooling salt can be
magnetized by a single superconductiny co i l , also situated on the vacuum can,

which can produce a f ie ld up to 2.5 T. Current is supplied to these coils
through four leads, consisting of rolled brass wire netting, short circuited
partially by a niobium-tin superconductor [15].

2.3.2. Thevmometry

During the experiments we monitored the temperatures of the cooling salt
and the guard salt by means of two Speer carbon resistors. Because no high
accuracy is required for this purpose, we used a conventional two-wire resis-
tance bridge.

In the calorimeter a germanium (Cryocal CR5O) thermometer and a cerium-
magnesium-nitrate (CMN)-susceptibility thermometer were mounted. The germanium
thermometer had been calibrated before against the JHe-scale (Tg2) [16].
This thermometer was mainly used to calibrate the CMN-thermometer. The resis-
tance of the germanium thermometer was measured with an ac resistance bridge,
which is described in section 2.3.3.

The CMN-thermometer consists of a Stycast 1266 frame with two oppositely
wound adjacent secondary coils and a primary co i l , extending over the total
length of frame [17]. Each secondary is made of about 4000 turns of 0.063 mm

v copper wire with Povin insulation. For the primary, wound on the outside, we
used about 1500 turns, in six layers, of 0.11 mm niobium-titanium wire in
copper matrix with Soderex insulation. One of the secondaries is f i l l ed with
polycrystal line CMN, and the thermal link with the central copper rod is

i
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provided with a brush of 0.1 mm copper wires with Povin insulation. To avoid
long spin-lattice relaxation times [18), which could result in erroneous
temperature readings, we mixed the CMN with about 0.5 % of copper-nitrate
[19-211. This mixture of CMN and copper-nitrate was heated with some additional
water. The brush of copper wires was inserted into this solution and a suitable
amount of CMN was crystallized. The copper brush with CMN was inserted into one
of the secondaries and was sealed with Stycast 1266 to avoid the loss of crystal
water, when pumping on the system [22, 23].

2.3.3. The resistance and mutual inductance bridge

a) The mutual inductance bridge

One of the disadvantages of the commonly used Hartshorn bridge is the need
of a calibrated variable inductor. Pi 1 linger et a l . [24] constructed a bridge
in which the variable mutual inductor is replaced by a fixed mutual inductor.
Our bridge is based on a design of Maxwell [25] , which only makes use of
standard components and avoids both calibrated variable mutual inductors and
active elements. The bridge circuit is ihown in f ig.2.3. By means of an
ESI DT 72A ratio transformer, connected across the secondary of a standard

261Q

Figure 2.3. The mutual inductance bridge. S: Sample, M: Measuring mutual

inductor, m: Standard mutual inductor (Tinsley 100 mH), C: Commutator,

D: ESI DT 72k decade, ratio transformer, T: Triad G10 transformer.
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mutual inductance and by means of a voltage divider, connected across a
resistor in the primary c i rcui t , both the in- and out-of-phase signals can
simultaneously be compensated. I t is essential that the input impedance of the
ratio transformer is high enough to avoid significant loading of the secondary
of the mutual inductor, as this would change the output voltage at i ts termi-
nals, both in magnitude and phase from i ts no load value. We operated our
bridge at a frequency of 33 Hz, leading to an input impedance of the DT 72A
of about 50 kft at an input impedance phase angle of 90°. The resistance of the
secondary circuit is approximately 50ft. Consequently the secondary of the
standard mutual inductor is loaded mainly inductively, which results in only
a small shif t in i ts effective mutual inductance. As we are merely interested
in relative values, this shift is of no importance. The DT 72A has a phase
shift smaller than 2x10 milliradians and a l inearity better than 10 for
every setting at 33 Hz. We estimate the relative accuracy of our bridge to be
better than 10" . The output voltage is detected by a home-made low noise pre-
-amplifier followed by a lock-in detector. The resolution of the bridge, limited
by noise originating in the pre-amplifier, is 3xl0"9 H at an excitation f ie ld of
0.5 Oe. A modification of this type of bridge, in which capacitive effects are
largely reduced, is discussed in [26].

* b) The resistance bridge

The four-terminal resistance bridge, used to measure germanium resistors is
shown in f ig.2.4. I t is a modification of the bridges discussed in [27-29].
The unknown resistance R~ is compared with a standard resistor R$. Voltage
followers in the bridge arms ensure that the same current flows through the
thermometer (R~) and the standard resistor (Re), and that no current is drawn
through the potential leads of the thermometer. To avoid capacitive coupling
the non-grounded leads of the standard and the unknown resistor are shielded
by driven shields. All components of the bridge have a stabi l i ty of 10 /°C or

! better. By varying the gain of the voltage followers, we could adjust the
accuracy of the bridge to at least 10" .

11 For Rs we used standard resistances ranging from in to 10 kft. By means of a ,.
|" switch i t was possible to select between two germanium thermometers. Resistances ;
: above lOkft could also be measured by interchanging Rc and Rr. The power dissi- '
: -I? -7 3 b 1
'" pation in the thermometers ranged from 10 to 10 W, depending on the values .,;
y of R_ and Rfi. Under all circumstances the driving current could be chosen in '|'

such a way that the power dissipation was negligible, while the sensitivity |
! was even better than the accuracy in the thermometer calibration. f
*
*' 22
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Figure 2.4. The resistance bridge. R : Standard resistor, fl^; Unknown resistor,

B -Bc: Voltage followers, D: ESI DT 72A decade ratio transformer, T: Triad
—5

G10 transformer, R : 1 kQ-resistor, RM: 1 Kl-vesistors, matched <10 .

2.3.4. Experimental procedure

3 4
The main advantages of our apparatus over the use of a He- He dilution

refrigerator are, in particular, quick sample interchange, low liquid helium

consumption and quick and easy handling. A typical run takes about 8 hours.

The CMN thermometer was calibrated against the vapour pressure of He and

against the germanium thermometer in the temperature region 1.3 K<T<2.1 K. The

reading of the ratio transformer is related to the CMN susceptibility and thus

to the temperature by the relation

n-nn = ax -T-A
(2.3)

where n is the extrapolated bridge reading at inf in i te temperature and a' is
a constant which is proportional to the Curie-constant, the sample volume, and
the sensitivity of the bridge and the coil system. As n is not reproducible
because of thermal deformation, i ts value had to be redetermined in each run.
We determined a' and n again for every run by a least-squares f i t to the
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formula (2.3). A was negligibly small and could be ignored.

After demagnetization we reached a temperature between 30 mK and 50 mK,

depending for example on the sample heat capacity. Then the switch coil was

de-energized, hence the calorimeter was thermally isolated from its environment.

Due to external heat leaks the calorimeter warmed up slowly to about 200 mK,

during which period specific-heat points could be taken. Around 200 mK the

system came to equilibrium due to a "cold" leak to the cooling salt, which

compensated the external leaks. The measurements could be continued up to about

1 K, while this "cold" leak increased due to the temperature gradient present

between sample and cooling salt. Above 1 K this leak was usually too large,

making data collection virtually impossible. However, by removing the super-

conducting heat switch, the range 1 K - 2 K could be covered with limited

accuracy.

2.3. 5. Error analysis
_g

The resolution of 3x10 H of our mutual inductance bridge corresponds to a

temperature resolution better than 2 mK in the temperature region 1.3 K - 2.1 K.

The error in the magnetic temperature caused by uncertainties in a' and n ,

determined from the above calibrations, is estimated to be about 1% - 2%.

This is confirmed by: i) The reproducibility of a' which is within 1% from run

to run. ii) A comparison between the germanium thermometer and the CMN ther-

mometer in the temperature region 0.5 K - 1.0 K.

In calculating the specific heat, errors first arise because of the

uncertainty in the absolute temperature determination. The main uncertainty,

however, lies in the temperature increase during the heat pulse. In some cases

relatively large errors may arise from uncertainties in the extrapolation in

the fore and after periods, due to long (internal) relaxation times or time

dependent heat leaks.

The error analysis was checked by measuring the heat capacity of a reference

material. We chose terbium for the following reasons:

i) Its heat capacity has been accurately measured [30, 31] and is well under-

stood.

ii) The sample is metallic and its specific heat is of nuclear origin, just as

in our samples,

iii) Impurities in the sample seem to have minor effects on the specific heat
''' below 1 K [31].

We used a 0.224 g terbium sample which was electrolytically plated with copper
and soldered with indium to the heater and the cooling rod. Copper plating
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H: Heater

C: Copper rod

S: Terbium sample

B: Brass screw

I: Indium joint

Figure 2.5. Mounting of the terbium sample.

gave d i f f icu l t ies , because of the rapid oxidation of the terbium surface. To
ensure optimal thermal contact, the whole assembly was clamped with a brass
screw, see f ig.2.5. The results of the measurements are shown in f ig.2.6,
together with measurements of Lounasmaa et a l . [30] and Krusius et a l . [31] .
Although we could cool the sample to 46 mK, i t was impossible to perform a
specific-heat measurement below 63 mK, mainly because of random heating by r f
pick-up. Me conclude that the agreement with previous measurements on terbium
is satisfactory, confirming the above statements about the accuracy of our
specific-heat measurements below 1 K.

2.4. Ao and do susceptibilities between 25 mK and 1.4 K, measured with a SQUID

2.4.1. The He- He dilution refrigerator and the experimental set-up

In the apparatus, described hereafter, low temperatures can be obtained
with a conventional 3He-4He dilution refrigerator (SHE model DRP-16), equipped
with a copper mixing chamber containing 5.4 cm sintered copper with an
effective area of 4500 cm . In fig.2.7 this mixing chamber is schematically
indicated, together with the insert for the SQUID-measurements, denoted as
measuring-cell hereafter. From the mixing chamber a helium pot is suspended by
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10~

10'
T (K)

Figure 2.6. Heat capacity of terbium metal. O Present data. D Lounasmaa et al.
[30]. A Krusius et al. [31].

three graphite rods. The upper part of the pot is made of high purity copper
and the walls of stycast 1266. Heat contact to the He inside the pot is
provided by about 2 cm of sintered copper. To the bottom a coil system is
connected by means of a screw thread. The sample can be inserted into the
coil system on a Stycast 1266 pole. Helium is condensed into this system at
low temperatures by means of a stainless steel capillary which is thermally
anchored to the heat exchangers and the 1 K plate, to minimize the heat leak.
To the helium pot a 15 cm copper bar is clamped with brass screws. At its
lower end a copper disk of 1 cm thickness is attached, carrying a germanium,
a carbon, a CMN and a CoCo-thermometer. The helium pot is furthermore
connected to the mixing chamber by a tin switch. Because of space limitations
this heat switch is mounted above the mixing chamber. The switch is operated
by a coil requiring currents up to 1.0 A, mounted on the mixing chamber.

The measuring-cell could be cooled down to the lowest temperature («25 mK)
by "closing" the heat switch. The temperature region up to 200 mK could be
covered by supplying heat to the mixing chamber and keeping the switch "closed"
Above this temperature eouilibrium could be obtained much faster by supplying
heat to the upper part of the helium pot, while the switch is in an "open"
position, hence the measuring-cell was thermally isolated.

In our apparatus we used several kinds of thermal joints. From the analogy
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between our connectors, and those discussed in the l i te ra ture [32-36] we

estimate the thermal resistance Ry of our jo in ts to be 50 T-1K2/W or better.

A heat current of 10 nW across such a thermal l ink would cause a temperature

gradient of 2x10" K at 25 mK. There are three or four of such jo in ts between

the thermometers and the sample.

The temperature gradients across these jo in ts are negligible compared to

those between the He and the sintered copper and the sample respectively. The

temperature gradient between the sintered copper and the He is estimated to be

smaller than 0.5 mK at 25 mK at a heat flow of 10 nW. To minimize the thermal

resistance between the 4He and the sample, the l a t te r was always powdered to

increase the surface area. Heat flow between parts of the apparatus can arise

in several ways: ( i ) External heat leaks, ( i i ) Heat input at the thermometers

(e.g. for our CoCo thermometer the heat produced is estimated to be smaller

than 5 nW). ( i i i ) Heat input at the sample (estimated to be smaller than 1 pW).

The measuring-cell is surrounded by a 25 mK shield and a 1 K sh ie ld , and

mounted inside a vacuum can and a stainless steel helium cryostat.

'I The lowest temperature measured with the Co£o single crystal nuclear

V or ientat ion thermometer mounted on the copper thermometer device was 25 mK.

7., This sK 'Id be compared with the temperature of 16 mK measured at the outside

of the mixing chamber, without any load. In the same run the cooling power
: at 100 mK was measured to be 35 pW.

2.4.2. Thermometry

In the set-up described above, four thermometers are mounted: a germanium

thermometer, a carbon thermometer, a CMN thermometer, and a Co&o nuclear

orientat ion thermometer.

Carbon thermometer. As a carbon thermometer we used a Matsushita, nominally

100 n, 1/8 W res is tor , polished, glued with Stycast 1266 on a copper pole, with

Kapton in between and cast into Stycast 1266. The leads were careful ly anchored

on the copper pole as we l l . We used this thermometer only above 50 mK.

Germanium thermometer. We used a Cryocal CR 100, calibrated against the He

vapour pressure scale [16] for the cal ibrat ion of the CMN thermometer in the

temperature range 1.3 K - 2.1 K.

CMN thermometer. In the set-up described in the above we used the same type of

thermometer as described in section 2.3.2, with one important modif ication:
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•Figure 2.?. Apparatus to measure susceptibilities between 26 mK and 1.4 K.
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The CMN with the copper brush is cast into a Stycast 1266 bar, which is screwed
into the coil system, as can be seen in fig.2.8. This construction allows for
quick interchanging of various CMN samples.
Nuclear orientation thermometer. This thermometer is based on the principle
that the anisotropy in the angular distribution of the emitted radiation of
orientated radioactive nuclei is related to the absolute temperature. This
anisotropy at low temperatures may result from an internal or external magnetic
field, lifting the (2I+l)-fold degeneracy of the nuclear ground state, and can
be expressed by the following formula [37]

H(T.O) = 1 - -y- N2(J0)f2(J0)P2(cos9)

- 5 N4(J0)f4(J0)P4(cose)
(2.4)

in which j is the spin of the parent nucleus, N2 and N- are simple functions
of this spin, f2 and f. are the degrees of nuclear orientation of second and
fourth order respectively, P2 and P4 are Legendre polynomials, and 9 is the
angle between the direction of emission and the quantization axis. The above
relation is valid for quadrupole radiation (E2. M2) and the temperature
dependence is entirely contained in f2 and f», which are functions of the level
population.

A Co in a hep Co single crystal was chosen since then no magnetic field
is required to achieve orientation of the nuclear spin system. A discussion of
this thermometer and a comparison with a noise thermometer is given in ref.

CMN CB IJ CS

Figure 2.8. CMN-thermometer. P: Primary, S; Seoundccry, B: Bucking coil,
F: Styaaet 1266 frame, CB: Copper brush, IJ: Indium joint, CS: Copper screw.
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[38, 39). Our needle shaped CoCo single crystal has the dimensions
9.24x0.94x1.02 mm [40] and was soldered with indium to the cooling rod.
A 60 cc Ge-Li detector was used, and the y-ray intensity data were stored in
an .\'B-S5 Multichannel analyser system.

2.4.3. A mutual induatanoe bridge utilising a SQUID as a nulling device

The extremely high sensitivity of the SQUID makes i t a very useful instru-
ment to study weakly magnetic systems, particularly at low temperatures. The
SQUID can be considered as a current-sensing device operating at liquid helium
temperatures. The so-called rf-SQUID consists of a superconducting ring of
inductance L, containing a single Josephson junction of cr i t ical current I ,
shunted by a resistance R and a capacitance C. The properties of the weak link
can be described by the Josephson relation

I = I c sine (2.5)

in which e is the phase difference between the wave functions in the two super-

conductors and I is the critical current. If a current larger than I is

passed through the junction a voltage V appears across it, and the supercurrent

oscillates at a frequency:

1 d6 _ 2eV ,? ,.

From the quantization of fluxoid it can be shown that the total flux in the

ring $ and the externally applied flux * are related by

* = *e - L Ic sin (2ir4>/*0) (2.7)

in which <iQ is the flux quantum (2x10 Wb). For LIc>*0/2ir a hysteresis occurs
in the *-* diagram and energy AE is dissipated in going around a hysteresis
loop. For the operation of this device as a magnetic sensor, the ring is
inductively coupled to the coil of an LC-resonant c i rcui t , driven in our case
at a resonance frequency of 19 MHz. Because of the energy absorption in passing
a hysteresis loop, the IV-characteristic of the tank circuit shows a pattern
of steps and risers, with a separation of successive steps AV = uLj<t> /M, in
which u is the resonance frequency, LT the inductance of the tank c i rcui t , and
M the mutual inductance between the SQUID-ring and the coil of the tank
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circuit . The essential point is that an external flux at the ring causes a
shift in the hysteretic 4>-<t> pattern resulting in changes in the step and
riser pattern in the IV-characteristic. I t is easily shown that the voltage
corresponding to the step is a periodic function of the external flux * . The
r f oscillator is adjusted in such a way that the SQUID is biased at one of the
f i rs t steps in the IV-characteristic. A small audiofrequent modulation signal
is also applied to the SQUID and the r f voltage across the tank circuit is
amplified, demodulated and phase-sensitively detected (at the audio frequency).
The output signal is integrated and fed back as a current in the modulation
co i l , and hence the SQUID acts as a nulling device. Excellent reviews on the
operation of SQUIDS can e.g. be found in ref.[41-43].

For our experiments we used a SHE-model 33O-SQUID system, with a SHE-RMP
probe, incorporating a toroidal SQUID. Three sensitivities could be chosen:
20 mV/4>0, 200 mV/$Q and 2V/$Q. The noise is typically 10"4$Q//Hz in the
frequency range 0.5 Hz-5 kHz. Besides i ts unsurpassed sensitivity a second
advantage of the SQUID is i ts fast response. The maximum slowing rate of our
SQUID-system is 3xlO5*Q/s.

At this point i t wi l l be clear that we can obtain an output voltage which is
A

linear in the applied flux * . As in practice our SQUID is kept in the He bath
at 4.2 K, flux transfer from the sample into the SQUID is required. This can be
achieved with a so-called flux transformer, which is basically a superconduc-
ting loop of wire. If it is assumed (i) that the pick-up coil at the sample
has N turns and inductance L , and (ii) that the input coil at the SQUID has
self inductance L^ and a mutual inductance M. = a/L.L, and (iii) that the leads
have inductance U-, the flux <j> , applied to the SQUID-ring, is related to the
flux change A$ at the sample, threading each of the N turns, by the relation

M.N

L iVLT
4> = KA*C (2 .8)

in which K is the flux transfer factor, which should be maximized for optimum
performance. Iqnoring Lj, this is achieved by choosing L^Lp.

We used the SQUID as a nulling device in a bridge, which is based on a
design of Giffard et al. [44]. It is shown schematically in fig.2.9. An oscil-
lator (type Levell TG 66B) feeds an ac current through a resistance R« to the
primary of the mutual inductance M, containing the sample. The signal induced
is detected with two astatic secondaries, which form part of the transformer 'f-j
coil coupling to the SQUID. The voltage developed in this way is balanced by
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| jj:0.47uF

D Y 4-

Figure 2.9. Mutual inductance bridge, utilizing a SQUID as a nulling device,
m: Standard mutual inductor, M: Measuring mutual induator: B: Buffer
amplifier, D: ESI DT114S ratio transformer, S: Sample.

the voltage induced in the superconducting secondary of the nulling mutual
inductance m. The balancing signals are derived from the driving oscillator
by two ESI DT 1145 decade transformers, and fed to the primary of the mutual
inductor m through a resistor R and a capacitor C . Finally, the output
voltage of the SQUID is detected with a phase sensitive detector. Me used two
ESI-RF4R, 10 kn resistors having temperature coefficients of about 5xlO"6 K
matched to each other within +0.5xl0"6 K. For C we used a 47 nF styroflex
capacitor (Siemens). The standard mutual inductor m had a value of 1.06+0.01
uH. The parts of the circuitry which were at 4.2 K or lower are indicated in
fig.2.9. To avoid rf interference and drifts, the standard resistors and
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capacitor were situated at the cryostat top, together with some high frequency
f i 1ters.

The measuring coil consists of a primary and two astatic secondaries. The
secondaries are designed with a self-inductance of about 1 uH each, and are
nade of 0.127 mm diameter niobium-titanium wires with Formvar insulation, each
in 2 layers of 6 turns. The primary is made of 1172 turns of 0.064 mm niobium
wire, with Formvar insulation, in two layers. The wires are connected to
components outside the vacuum can and carefully shielded by niobium tubes and
thermally anchored to the heat exchangers and the 1 K-piate. The coil system
is surrounded by a niobium shield of about 1 mm wall thickness and an inside
diameter of 15 mm. We took great care in avoiding the presence of magnetic
materials in the coil system. It was entirely made of Stycast 1266 in which
the coils were cast, thus the only materials present were niobium, niobium-
titanium, Formvar, and Stycast 1266.

2.4.4. Operation of the mutual inductance bridge

The bridge can be operated at frequencies ranging from about 1 Hz up to
3 kHz. In the region 1 Hz - 600 Hz the output is essentially f la t . At higher
frequencies a frequency dependence appears because of a resonance in the
primary of the measuring mutual inductance M at about 7 kHz. This can be
compensated up to about 3 kHz. Both in-phase and out-of-phase signals can be
detected. At very low frequencies the out-of-phase signal can no longer be
compensated, since the impedance of Cm is inversely proportional to the oscil-
lator frequency.

Besides i ts use as a nulling device in an ac bridge, i t is feasible to
operate the SQUID in quite a different fashion, i .e. by applying a dc magnetic
f ie ld to the sample. Changes in the sample magnetization can be directly
recorded from the output of the Ŝ UIO electronics. In this way the magnetization
as a function of temperature can be measured. By switching on a small dc current
in the primary coil of the measuring mutual inductance M, i t is possible to
determine the dc susceptibility. By switching on the f ield instantaneously and
monitoring the output of the SQUID until an equilibrium value is reached,
relaxation times can be inferred as well. Because i t is also possible to
obtain relaxation times from the ac susceptibility, we are able to detect times
ranging from 10-10 sec with our instrument.
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£.4.5. AcGiivaay of the bridge

At a driving f ield of 0.01 Oe the sensitivity of our bridge, which is about
equal to the short time stabi l i ty , is 10 " n H. This should be compared with the
sensitivity of the conventional bridge, described in section 2.3.3 which is
3x10" H at an excitation f ield of 0.5 Oe.

In determining the susceptibility of a sample, one is faced with two
additional problems. First, the zero signal from the empty coil system has to
be subtracted. In a separate experiment the imbalance (n0) of the coil system
was determined to be 0.113+0.004 uH, in which the error margin accounts for the
irreproducibility from run to run. Secondly, there is a linear temperature
variation of the susceptibility of the empty coil system, which we determined
to be 7x10" H in the temperature range 25 mK-1 K.

The measured mutual inductance of the coil system is related to the suscep-
t i b i l i t y of the sample by the following formula [45] :

M - 16 * np x V (2.9)

in which np and ng are the number of turns per unit length on the primary and
secondary, fp and fg are geometrical factors, f . is a factor to account for

0.20-

0.15|-

0.10 -

10 15
l/T CK"')

Figure 2.10. Susceptibility x of CMN, as measured with the SQUID bridge

airauit as a function of 1/T. The straight line provides the calibration of

the bridge.
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the shielding by the supercurrents in the surrounding niobium shield, x is the
susceptibility defined in the electromagnetic system of units, and V is the
volune of the CMN. When the right hand side of equation 2.9 is multiplied by
10 and n£ and n and V are expressed in centimeter units, the mutual induc-
tance is obtained in Henrys. Although an absolute calibration can be obtained
in this way the method is inaccurate because of uncertainties in the geo-
metrical factors. Instead we measured the susceptibility of 40.1 mg of CMN to
calibrate the bridge. The mutual inductance, measured as a function of T, is
shown in fig.2.10. It is clear that the susceptibility is nicely proportional
to the inverse temperature, which provides us with a check on the operation of
the equipment. The slope gives us the calibration factor, assuming that the
susceptibility of CMN is known.
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C H A P T E R 3

THEORY OF INTERACTING Pr3+ IONS

Abstract

Me present a theoretical discussion on the long-range ordering phase transi-

tion of cubic praseodymium intermetallic compounds. First crystal-f ield theory

is briefly reviewed. Bilinear and biquadratic (quadrupolar) interactions are

discussed within the molecular-field approximation. Selfconsistent equations

for the spontaneous magnetization and expressions for the susceptibility and

the specific heat have been derived. The phase transitions can be of f i r s t or

second-order, depending on the ground state and the ratios of bilinear,

biquadratic and crystal-f ield interactions. Hyperfine interactions can cause a

phase transition to a state of long-range order, in systems with a non-magnetic

ground state, i f the exchange interaction is below a threshold value.

3.1. Introduction

Ions in a crystal l a t t i ce experience an e lec t r i c f i e l d gradient from the

surrounding charges. In case of rare-earth ions, the (2J+l) - fo ld degeneracy of

the ground manifold is removed an^ the sublevel degeneracy is determined by the

symmetry of the crysta l l ine e lec t r i c f i e l d (CEF) at the rare-earth s i t e . In

cubic symmetry non-magnetic levels may ar ise, for rare-earth ions with an

integral value of the angular momentum. This is par t icu lar ly interest ing when

the ground level is involved. In an ion with a non-magnetic ground level an

induced moment may arise by the admixture of higher CEF levels from an internal

or external magnetic f i e l d .

Magnetic phase transit ions in such systems can occur i f the exchange or

dipolar interactions exceed a threshold value. In addition the c rys ta l - f i e l d

states may possess quadrupole moments and may exhib i t quadrupolar (biquadratic)

interact ions. This can strongly influence the physical properties i n the

v ic in i t y of the phase t ransi t ion and in the ordered state. I f the ra t io of

b i l inear to biquadratic interactions is favourable, quadrupolar phase t rans i -
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tions nay be induced.
I f the exchange interaction is smaller than the above threshold value,

hyperfine interactions may be the driving mechanism for a transition to a state
of long-range order at low temperatures.

We wi l l deal with these phenomena in the following sections.

3.2. Crystal-field theory

A suitable method to treat the effects of the CEF on the total angular
momentum J was introduced by Stevens [1]. We wi l l use the notation of Lea,
Leask and Wolf (LLW) [2] to discuss the influence of a cubic crystal f ie ld .
Following Stevens, successive terms in the expansion of the electrostatic
potential are replaced by suitable angular momentum operators, having the same
transformation properties. In cubic symmetry with the axis of quantization
along the cube edge, the hamiltonian is given by:

oj) + B,(0°-21
'6^6

where

3 J 2 ( J0° = 35 J * - [30 J (J + 1) - 25] J 2 - 6

oj =

= 231 J^ - 105 [3 J(J + 1) - 71 J*

+ [105 J2 (J+l)2 - 525 J(J+1) + 294] J 2 - 5 J3(J + 1)3

40 J2(J+1)2 - 60

°6 =
' 381

(3.1)

(3.2a)

(3.2b)

(3.2c)

(3.2d)

and B. and Bg are given by

= A4<r (3.3a)

B6 = A6<ru>y (3.3b)

where Â  and Ag are coefficients which determine the scale of the crystal
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f i e ld , g and y are the Stevens multiplicative factors and <r > and <r > are
quantumraechanical averages of the 4th, resp. 6th power of the radius of the
4f electrons. In principle A- and A, can be calculated exactly, when the charge
distribution in the crystal is known. Because this is usually not the case in
practice, especially in metals, we introduce the empirical LLW parameters W
and x by

F(4) = Wx

F(6) = W(l-

(3.4a)

(3.4b)

where F(4) and F(6) are factors common to all matrix elements of the
hamiltonian (3.1). We can rewrite (3.1) as:

3fCEF = H[x
F(4)

(1-
F(6)

(3.5)

This hamiltonian can be diagonalized as a function of the parameter x with
-1<X<1. For Pr (J = 4) it appears that the eigenf unctions are independent of
the value of x. The eigenfunctions, expressed with respect to a basis of
eigenvectors of the J2 operator, are tabulated in table 3.1. A graphical

Table 3.1.

Yl

r4
+ »

4 " 1
1

4 = 7
1

5 ' ?
0 1
5 = I

1
5 = 7

/42

/2

/2 |-i

'table 3.1. Eigenfunotions of 3C for J=4 in aubio symmetry, expressed
with respect to a basis of eigenvectors of the J operator.
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representation of the eigenvalues as a function of x is given in chapter 4,
f i g . 4.3. The J=4 multiplet of the free Pr ion is spl i t in a singlet ( r \ ) ,
a doublet ( r , ) and two triplets (P. and IV). The ground state is for a positive
W value either the Tj or the rg level, and for a negative W value the T j , r3

or the r,. level respectively. At the value x=0.86 the I \ , r̂  and rg levels
cross. Trammell [3] explained that there exists a value of the ratio of the
fourth-to-sixth-order crystal-field parameters for which one has such sixfold
degeneracy. Both the r. and the r, level are non-magnetic, and in a magnetic
f ield the degeneracy of the doublet r. can only be removed by admixture of
higher CEF-levels.

The influence of an external magnetic f ie ld can be calculated by adding a
Zeeman term to the hamiltonian (3.5)

leeman = " V B H J Z <3-6>

where we assumed the f ield HsH to be applied in one of the cubic directions.
The magnetization per ion, ft.is related to the average value of the angular
momentum 3 by the relation:

ft = gjUB<J> . (3.7)

To obtain the energy eigenvalues of the hamiltonian • " T E F " ^ ^ , , , ^ *n quite a
good approximation i t is sufficient to diagonalize the (factorized)
(2J+1) x (2J+1) matrix, choosing either the eigenf unctions of J or those of
3<prp as a basis, because the z-component of the angular momentum J does not
commute with the crystal-f ield hamiltonian ftrrr-

3.3. Moleeutav-field theory

In this section we wi l l treat an ensemble of interacting crystal-f ield
sp l i t rare-earth ions. The interaction is assumed to be bilinear, and hence
the hamiltonian can be written as:

X = 3fCEF + JCex (3.8)

where

^x-.YiM • {3-9)
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We write
x = KQ*X1 (3.10)

where

and

In these expressions HM is the molecular f i e ld , which we assumed to be pointing
along the z-direction. I t can be derived from a variational principle. Using
the Bogolubov-Peierls inequality 14] we have, independent of the value of HM,

*!)< F(3f0) +<X]>X (3.13)

where F(Jf) is the free energy corresponding to the hamiltonian X and where

l>jf denotes the canonical average of ftj over the hamiltonian JCQ. Dividing

(3.13) by the number of ions N, we have

for the free energy f=F/N per ion. The right hand side of (3.14) can be
evaluated using the factorization

« V ^ v = <3>w '^Sv (3-15) X

1 J "0 1 ""0 J ""0 ,
X V

and taking into account that <J^> = <iK> = 0, which is in agreement with j
the assumption that HM is in the z-direction. Inserting (3.11), (3.12) and
(3.15) expression (3.14) becomes d

.t

f(JfQ + JCj) <*(g, m2) (3.16)

where e=l/kgT and

8f(3C)
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and

*(B. ni2) = f(h0) - i Xmz
2+ H ^ (3.18)

are defined in terms of the single-ion hamiltonian

h0 = % F

which is independent of i . We replaced J? by Jz for convenience. In (3.18)A is
the molecular-field constant defined by

X = 2 * j . J i j / 9 J 2 u B 2 <3'20>

which is independent of i .
The molecular f ie ld is now obtained by minimizing * (6 , mz) with respect to

HH, taking into account the variation of m with HM. In this way we find:

Hu = Xm_ = g1u„X<J > . 13.21}

Adding the Zeeman term (3.6) to the hamiltonian 3fQ, and taking the l imit H-»0
i t is clear that the magnetization per ion Mz is given by 91^B<Jz

>hn
 an t l

therefore can be identified with the m in eq.(3.17). Inserting (3.21) for HM

in the hamiltonian hQ (3.19) and evaluating the right hand side of (3.21), an

implicit equation is obtained from which M can be solved. ( I f this equation
has more than one solution, one has to select the solution Mz(g) which leads
to the lowest value of *(6, Mz)). We wi l l deal with the solutions of this
equation in the following section.

Expression (3.18) can be written as

1 2*(6» Mz) = f(hQ) + -x X M2

= -fhn Tr exp(-(3h0) + \ X M.2

= -eThn Tr exp[-&(JCCEF + J^p)] (3.22)

where we introduced the molecular-field hamiltonian JfMF by
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The therajdynamic properties can be derived from the function <t>{8, M ). The
internal energy E per ion is given by

36* 36* 3M (3)
E = : £ _ 1 = + £ (3.24)

dB 30 3M2 36

and the entropy S per ion by

o 3*{6. M.(6)) ,
S = kR 6 = kR In Z + T *E (3.25)

B 36 B

where Z(6, Mz(6)) is the partition function per ion

Z(6, M2) = Tr exp -6(WCEF + % ) • (3.26)

The specific heat c is given by

+ kfi B3
 g j

2 u B
2 X(<hQJz> - <hQxJz>)2(l-X XQ) ' 1 (3.27)

where h« is given by equation (3.19) and XQ is the single-ion susceptibility,
parallel to the magnetization:

2 2 i exp(-6En)-exp(-0Em) ,
XQ = 9j UB 2 m

Z
n ' l<m lJ

2 ln> l

- g 2 u 2 e - l p <m|JJm>exp(-6Em)]2 . (3.28)
o o 2£ m z "'

A derivation of the specific-heat formula (3.25) and the susceptib^ity
formula (3.26) is given in appendix I and appendix I I respectively. The single
ion susceptibility can alternatively be written as:

I": X0 = 9jPB e \ I ( a ) | <n | J z M 2 exp(-6En)
n,m

< ml J
zl

m > exp(-6Em)]
2

1 lh\ 9 P ( S _ )

\ £(b>j<n|Jz|m>|
2- " . (3.29)

n ,m m n ,,
7
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In this expression £*a' is carried out only over states |m> and |n> with
m,n i i

E =E , i .e. over al l the sublevels of a degenerate state, whereas £x ; is
carried out over states with Em^En. '

I f the CEF ground level, the states of which we denote by |g>,is non-
magnetic the expression for the susceptibility at low temperatures (3.29),
neglecting the Boltzmann factors of the higher levels, becomes

- 1 2 2 l<9|J,|n>|2

n g

where N = I 1 is the degeneracy of the ground level, and z denotes a summation
9 g n

over the excited states. This is the well-known Van Vleck temperature-indepen-

dent susceptibility.
The susceptibility in the presence of a ferromagnetic exchange interaction

in the ferromagnetic regime above the Curie temperature can easily be calculated
with the relation:

XexcheXCh 1-X X o(T)

The ferromagnetic Curie temperature of a second-order transition is defined by
the divergence of Xexcu» hence T and A are related by:

* =XO" 1(TC) . (3.32)

For systems with a non-magnetic ground state Xn~ CO always has a minimum,
xOmin' s o ^ a t (3.32) can only be satisfied for sufficiently large values of
the molecular-field parameter X. As a consequence a threshold value of the
exchange interaction for the occurrence of long-range magnetic order exists.

For the evaluation of the above discussed thermodynamic quantities i t is of
course necessary to diagonal ize the Hamiltonian JfCEp + w.,p. By choosing the
eigenvectors of J as a basis we diagonalized the (9x9) matrix (for Pr +J=4)
on the Amdahl 470 V7B computer of the "Centraal Reken Instituut der Rijks-
universiteit Leiden" applying the NAG subroutines F01AJF and F02AMF.

3.4. First and seaond-ordev phase transitions

Once the molecular-field constant A is determined from T , with the aid of
formula (3.32), then the spontaneous magnetic moment developing below Tc can
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be calculated by solving selfconsistently the following equation, which we

obtain fnm (3.21), as explained in section 3.3:

N
exp(-8E.)/ Z exp(-6Ei) = 0

7 i=l '
(3.33)

where Ê  and |i> are eigenvalues and eigenstates of the hamiltonian
XQ£f+\f Although <J2> can be obtained from (3.33) by an iteration procedure,
this method is highly inaccurate because of the slow convergence for certain x,
W and A values. Therefore we proceeded in a different way. We evaluated <J >
by calculating the zeros of the l e t l hand side of (3.33) by a numerical proce-
dure (bisection method). In solving this equation, two situations are to be
distinguished ( i ) A non-zero solution exists only below T . In this case the
phase transition is of second order, ( i i ) A single non-zero solution exists
below Tc (note that A is related to T by eq.(3.32)) and two non-zero solutions
exist in a temperature range above T . This occurs e.g. i f the doublet (r3) is
the ground state and i f the ratio of exchange and crystal-f ield interactions
fal ls within certain l imits. This phenomenon implies the occurrence of a f i rs t -
order phase transition. The transition temperature is obtained by calculating
the free energy along the <J > curve and by comparing i t to the free energy

T(K)

Figure 3.1. Solution of equation (3.33), multiplied by g^ and expressed in Bohr

magnetons, as a function of temperature for %=0.75, W=-0.33 meV and

X=120.66 T /meV. The first-order phase-transition temperature ie indicated by

the arrow.



corresponding to <J > = 0. As a nepresentative example we show in fig.3.1 the
solution of eq.(3.33) for x = 0.75, U = -0.33 meV and A = 120.66 T2/meV, which
values are applicable to PrRh, (cf. the following chapters). The first-order
phase transition tenperature, obtained from the free energy considerations
nenticned above, is also indicated.

The mature of the phase-transition can be studied by making a Landau
expansion of the function * {6 , M ), that is

*(B, H ) » $(B. 0) - i - (XnA
2-M H 2 +- i - B(T) A4M 4 (3.34)

2! 4! z

cf.(3.19), (3.21) and (3.22) where B(T) is the fourth derivative of the single
ion free energy with respect to an external magnetic f ie ld , taken at H = 0:

= -6 ^

j j l n Z = -6 [ I ^i - 4 (^f)2J • (3-35)
3»

The f i r s t term, obtained after a lengthy calculation, i s :

= 4! 9 4 3 4 5 < w l J l V < v l J l v > < v l J l V <

Bexp(-SE ) exp(-6E
x 1 +2 i L

exp(-BE )-exp(-BE )
6 i (3.36)

(E -E )(E -E )(E -E )(E -E )

I f the coefficient B(T) is positive, then there wi l l be a second-order phase
transition on condition that the coefficient of M vanishes. This leads to
*Xn(T_) = 1, in agreement with (3.32). For negative values of B(T) one cannot

2
have a minimum for arbitrar i ly small values of M , implying that the transi-
tion to long-range magnetic ordering is a first-order transition. We do not
consider here the multicrit ical properties which may arise from a Landau
expansion containing terms proportional to Mz and higher terms and which may
be important for very small values of B(T).
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The preblcn of the occurrence of f i r s t or second-order phase transitions has
been considered in detail for a IV f c system in ref. {5]. These authors found
that i f tfce exchange was below a threshold value no ordening occurs. Above this
threshold there is a range of exchange strengths for which the transition is
f i r s t order. For the exchange larger than the upper l imit of this range, the
transition teecones second order.

3.5. Q'AodF.ipolap interaationo

At present there is a growing interest in magneto-elastic effects and
quadrupolar pair interactions in internetaHic compounds. In the presence of
these interactions, the hamiitonian describing a rare-earth ion can be written
in the molecular-field approximation as:

K = «CEF + % + *Q + % + Eel ' <3-37>

3f 3T nave been discussed in previous sections, whereas the quadrupolar
CEr Mr

hamiitonian, the magneto-elastic hamiitonian and the harmonic elastic energy

are given by:

3fp = -K1(<02> 0° + 3 <o|> o\)

\ K2(<Pxy>2 + cycl) (3.38a)

-B2(exy Pxy + cycl) (3.38b)

Eel = \ (C11 ' C12He3
2 + e2

2) + 2 c j 4 (e^2 + cycl) . (3.39)

In these expressions:

0° = 3 J z
2 -J (J + 1) (3.40a)

°Z = J x 2 " J y 2 (
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PH = | {J.J, • d.-JJ with i , j = x, y, z . (3.40c)

FurtJtemore the C?| are background elastic constants without magnetic
interactions, and the ĉ  are the synnietrized external strain modes. By
ni mini zing the free energy F = -koT In Z, relative to the ct one finds

e3= ^ 7 b - "4 <^ 7
C11*C12

/ 3 B .

3Ö-4-
hi "Hz

( 3 ' 4 1 b )

( 3 - 4 1 c )

Using these expressions we can rewrite part of equation (3.37) as:

3<0|> of) - G2(<Pxy>Pxy + cycl) (3.42)

+ K, (3.43a)

(3.43b)

We conclude that, within the molecular-field approximation, the form of the
magneto-elastic hamiltonian is identical to that of the quadrupolar hamiltonian.
I t should be noted that as a consequence of the cubic symmetry we must have
<o2> = <0«> = <P.jj> = 0 and hence JCQ = 0 in the disordered phase above T .
Below Tc> however, the cubic symmetry is broken by the molecular f ie ld and
i f we assume that the molecular f ield fiHF is oriented along a fourfold axis,
e.g. (100), only <JZ> and <0°> are non-zero, and the hamiltonian (3.42)
reduces to:

*Q + *ME " -S!(<0§> 0§) . (3.44)

A discussion of dipolar and quadrupolar orderings in the r
3 - r

5 system has been
published by Ray and Sivardiêre [5], whereas Sivardiêre also discussed the
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ej'Cttatïons ï.:« quadrupolar systens 16]. In an experimental study of
tte cabïe rame-earth CsCl conpounds, Morin and Schmidt [7-IOJ thoroughly
stiuidlSed tt2 te-iii Italian (3.37).

Utie coefficients Gj and G2 can be obtained in the paramagnetic regime, by
reasyring the third-order nagnetic susceptibility, i .e. the H coefficient in
titte f ield expansion of the magnetization 111). From sound velocity and para-
striiction nsasurcnents 112, 13) 6-, K. and ]B*| can be obtained. Measurements
of the ragrtetostnction yield information as well [14] -

The origin of the nagraeto-elasticity in cubic rare-earth intermetallic
compounds has recently been studied by Ikirin and Schmitt [15]. They showed
that second-order ragneto-elastic effects are dominant. Both point charge and
conduction-electron contributions have been considered.

lite contributions to the quadrupolar coefficients K-, enumerated by Levi
(16| are i) electric quadrupole-quadrupole interaction, i i ) interactions
interaediated by phonons and i i i ) interactions intermediated by conduction
electrons. The latter coupling is the so-called Levi-Teitelbaum interaction
[17], intermediated by the direct and exchange parts of the 4f conduction-
electron Coulomb interaction.

2.6. Hyper fine interaotiono

In section (3.4) we have seen that in systems with a non-magnetic ground
state, no phase transition to a state of long-range order occurs when lowering
the temperature to T=0, i f the bilinear exchange interaction is below a
threshold value. In reality the very low temperature behaviour i s , however,
more complicated. For Pr + ions i t is necessary to take into account the
coupling between the nuclear spin ( I =j) and the angular momentum of the 4f-
electrons. The total hamiltonian can then be written as:

-^ViV*;*^ • (3.45)

The corresponding single-ion hamiltonian in molecular-field approximation
becomes:

JC = 3CCEp - 9 J V A < J Z > J Z + A J 2 I Z (3.46)

where we neglected the term ^ A M .̂ To get a qualitative insight in the
influence of hyperfine interactions on the magnetic ordering we shall not deal
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wÊMa site case of Pr *(J-4), but instead we wi l l consider a model of two
singlets, arising fron the action of Xgrp* Let the energy separation of these
two levels, which we denote by |0 > and |1 >. be &. We diagonalize the hamil-
mnïan (3.46), choosing |0 , Iz>, ] 1 £ , I2> with I2=- I . . . + I as a set of basis
vectors. 8y solving the average value of the angular momentum |J >, self-
cousistently, i t appears that there is m> threshold value for the occurrence
of a ragrtetic phase transition in clear-cut contrast with the situation of
vanishing foyperfine interaction. We shall elaborate this point in the
foi l owing paragraphs.

For every interaction strength a temperature Tc can be found at which a
phase transition to a state of long-range order occurs. I f A«A this tempera-
ture T£ is given by [18]

= tanh
2A|<0 c |J 2 | l c>|

2kBTc

x \—— (3-tanh2 — — ) - I tanh — — ) . (3.47)
l 4 kBTc 2kBTc 2kBTc J

This formula demonstrates that , i n the absence of hyperfine interact ions, a

threshold value for the molecular-f ield parameter A., ex is ts , below which

there is no long-range order. I ts value i s :

I f knT <«A, formula (3.47) can be simplified and:

4Xg 2p 2A2|<0JJZ|1C>|4

T = J B « M c z C 5 - 1(1+1) . (3.49)
c 3kBA ( A - 2 X 9 J

2 M B
Z | <0c | J z | lc> | Z )

Depending on the interact ion strength three regions can be distinguished,

( i ) . *«**ur- This is the nuclear regime. The phase t ransi t ion is a consequence

of the interact ion between enhanced nuclear moments [19-22], ( i i ) . ^ ^ u p .

This is the mixed electronic-nuclear regime. Both the nuclear spin I and the

electronic angular momentum J play an equivalent role [23-25] . ( i i i ) X»X . .

This is the electronic regime, of importance at re la t ive ly high temperatures:
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Tilre b>'perfik{? interact ion can be considered as a perturbation to the hamii-

tenian (3.0J) which, in the ordered s ta te , results i n a renoval of the nuclear

feg-eirairecy. In case ( i ) and {Hi) the phase t rans i t ion w i l l be accompanied by

a ''•-type aRs^aly i n the speci f ic heat. However, when decreasing A, s tar t ing

ffun a s i tuat ion «here A > > A *h r ' t h e e n t r < W associated with the phase t rans i t ion

steadi ly decreases and i f A ~ A * h r the phase t rans i t ion can no longer be

detected in a specif ic-heat experiment. By decreasing X s t i l l fu r ther , the

t rans i t ion to a state of long-range order moves towards lower temperatures,

and the associated specif ic-heat peak starts to grow.

The speci f ic heat, defined by -jy can be obtained from formula (3.24)

where we used the ident i ty

| 0 (A2>
' : de

obtained from

iSJcO . (A3)

By carrying out the differentiations we find for the terms in (Al):

2

ii| 2 2 (A4)| () o

24S = 6 A(l-AXo) (A5)
3MZ U

where XQ <S the single-ion susceptibility in the f ield HMF=AMZ.

(A6)

To obtain the expression (A6) we used the identity:
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t-1

— e *" = -e "*" dr e — e TJ . (A7)
3x ' ax

o

By s u b s t i t u t i n g (A4), (A5) and (A6) i n t o (A l ) we ob ta in the r e s u l t ( 3 .27 ) .

In this appendix we calculate the susceptibility XQ» by direct differen-
tiation to the external magnetic f ie ld . We start with the hamiitonian:

«" = *aF - 9 j " B " J z • (A8)

Then

^4 ^ e"lin Tr

(A9)
Tr exp(-BK) \ Tr exp(-03C) ƒ

We f i n d

3Jj Tr exp(-BX) = gfuf (E<m[J2|m>exp(-BEm)) (AIO)
m

»2 , 9 o exp(-6En) - exp(-eEm)
- i y Tr exp(-6ïf) = 0g.'TJR^{ Z |<m|JJn>p 5 ) • (All)

a i ? J B . . n Z Em-En

To obtain formula (All) we used the identity (A7) in the following way:

2 6
3 Tr exp(-BJf) = — Tr [ -exp(-fisr) f dt exp(Tïf) - ^ exp(-TJT)]

3H QJ 3H

-3-Tr (-exp(-Pf) 5£]
3H 3H

exp(TJf)
3H 3H

f6 Sff
-6 T r [ -exp ( -e i f ) dr exp(Tïf) 21 exp(-x3f)

Tr[exp(-pf)
0

= 6gj2PB
2 Z exp(-0E )|<m|J |n>|2 J f dr exp T(Em-En)
m,n |_0

J
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The result (3.28) is finally obtained by substituting (A10) and (All) into (A9).
irfe renark that the formula (3.28) can also be applied for non-zero fields,
taking into account the appropriate field dependence of the energy levels.
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C H A P T E R 4

CRYSTAL-FIELD SPLITTINGS OF PrX? COMPOUNDS (X = Pt, Rh,
Ir, Ru, Ni) STUDIED BY INELASTIC NEUTRON SCATTERING

Abstract

Neutron inelastic scattering experiments have been performed on polycrystal-
line samples of the cubic Laves phase compounds PrX» (X = Pt, Rli, Ir, Ni). Mea-
surements in the paramagnetic state yield LLW parameters 0.6 < x < 1 and W < 0.
In this region various levels cross at an x-value 0.86 and as a consequence the
electronic ground state in the paramagnetic regime is either the singlet r,, or
the non-magnetic doublet r3- Measurements in the ferromagnetic state support
these conclusions. The crystal-field parameters obtained can be used in model
calculations of some macroscopic quantities, in particular the specific heat
and the spontaneous magnetization. The variation of the x-values in the present
series of Laves phase compounds evidences the presence of a contribution by
conduction electrons to the crystal field.

4.1. Introduction

Intermetallic compounds of praseodymium show a wide variety of physical pro-
perties. Due to the crystalline electric field (CEF) present in the solid state,
the 9-fold degenerate ground state of the free Pr +ion is split into at least 4
levels. The level sequence is determined by the local symmetry at the rare-earth
site, whereas the overall splitting is related to the strength of the CEF. Ex-
change interactions between the localized 4f electrons can induce magnetic phase
transitions, depending on the nature of the ground state as well as on the rela-
tive strengths of the CEF and the exchange interactions. For instance, in the
case of a non-magnetic lowest level a transition to a state of long-range magne-
tic order will only occur if the ratio of the exchange interaction parameter (J)
to the splitting of the lowest levels (A) exceeds a threshold value. Experiments
on materials for which J is close to or smaller than this threshold value are of
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Figure 4.1. The MgCu„ - structure.

current interest. In this respect the PrX„ compounds with X = Co, Ni, Mg, Al,

Rh, Ru, Ir or Pt form an interesting series. They all crystallize in the Laves
3+phase or MgCu, structure (space group Fd3m with eight Pr ions per unit cell),

3+
in which the Pr ions, occupying cubic sites, form a diamond lattice, and are

surrounded by tetrahedra of the non-rare-earth ions (fig. 4.1). In cubic symme-

try the 3H. ground multiplet of the Pr ion is split, leaving a I^ (singlet), a

r3 (non-magnetic doublet) or a rg (triplet) level as the ground state, as will

be discussed in section 4.3.

Thermal and magnetic properties of the PrX2 compounds have been discussed by

several authors. With the exception of PrNi2, they all show a phase transition

to the ferromagnetic state in the temperature region 4.2 K - 50 K f 1-91. Recent-

ly a rounded peak in the susceptibility of PrNi2 was found at about 0.3 K, which

was interpreted as a mixed electronic-nuclear phase transition [1,2]. The magne-

tic behaviour observed for PrAU and PrMg2 could be related to the crystal-field

splittings as determined by inelastic neutron scattering 110,11]. In previous

papers [9,12] specific-heat, hyperfine specific-heat, ac-susceptibility and

resistivity measurements on PrPtg, Prlr2> PrRhg and PrRu2 were reported from

which it became clear that also for these materials the CEF interactions play

a crucial role. For instance the specific-heat curve of Prlr2 shows a broad ano-

maly at temperatures below the small peak observed at the phase transition (Tc =
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IL2 K), in contrast to the behaviour for PrPtg in which only a single pronoun-

ced peak was observed. It was suggested that the difference in behaviour of the

various PrXg corpounds is due to CEF effects, e.g. to the existence of a low

lying F3 or r5 level. To establish more quantitatively the relationship between

the observed thermodynamical properties and the CEF, a more detailed knowledge

of the CEF states, however, is indispensible. The ground state for PrNig has

already been shown to be non-magnetic by Wallace [131 but also in this case a

core detailed knowledge of the nature of the ground state and the CEF splittings

is desired to explain the magnetic behaviour observed below I K (1) .

In the present chapter we present a series of inelastic neutron scattering ex-

periments on polycrystalline samples of PrPt2> LaPtj,, PrRu2, PrRh2> Prlr2 and

PrJJi». In following chapters we will compare molecular-field calculations based

on the CEF states and splittings here-obtained with the earlier published sus-

ceptibility and specific-heat results, as well as with new results obtained by

neutron diffraction and pulsed magnetic fields.

4.2. Sample preparation and experimental procedure

All compounds were prepared by arc melting stoichiometric proportions of the

starting materials in an atmosphere of purified argon gas. The purity of the

starting materials was at least 99.9 %. Some of the samples were vacuum annealed

after arc melting. Annealing times and annealing temperatures are given in table

4.1. The presence of second phases in the polycrystalline ingots was carefully

checked by X-rays and in a later stage also by neutron diffraction. No impurity

phases could be detected, except for PrRu2- In the PrRu2 sample small traces of

pure ruthenium and an unidentified second phase could be detected. Their total

concentration, however, was estimated to be less than 2 %.

t
(
1

Table 4.1.

PrPt2
LaPt2

PrRu2
PrRh2

Prlr2

PrtH,

7d 900° C
as-cast
24h
7d

1300° C
1050° C

as-cast
lOd 600° C,600u C, 30d 700° C, 3d 800° C j

4

Table 4.1. Heat treatments applied in the preparation of various C15 type

compounds.
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46

Elrent

Pi-

La
Ir
Rh

Ru
Pt
Ni

o(barn)

11.3

8.9
440
149

2.6
8.8
4.6

Table -3.2. Neutron absorption oroas-seotion of
some elements.

All the samples were ground to fine powders in an atmosphere of helium gas

and sealed into aluminium containers. The dimensions of the containers were cho-

sen in such a way that the neutron cross-section of the elements in the samples

was taken into account. These cross-sections are listed in table 4.2. Because

of the large neutron absorption cross-section of indium and rhodium, we used

thin, flat containers with a large surface area (about 20 c m ) in the measure-

ments on Prlr„ and PrRhg. For the samples of PrPt2> LaPtg, PrRu2 and PrNi,, cylin-

drical containers of 50 mm length and a diameter varying between 10 mm and 15 mm

were used.

The neutron inelastic scattering experiments were performed on a triple-axis

spectrometer at the nuclear reactor Saphir in WUrenlingen. A doubly bent graph-

ite monochromator and a horizontally bent graphite analyser [14J were used.

By adjusting the horizontal curvature to the appropriate neutron energy, the

0 10 20
energy transfer (meV)

30

Figure 4.2. Instrumental resolution as a function of energy transfer.
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intensity cculd be increased by an order of magnitude. The analyser energy was
fcept fixedl at 13.7 reV or 14.96 ra?V and a pyrolitic graphite filter was inser-
ted to reduce higher order contamination. The measurements were carried out at
constant scattering vector <} at various temperatures, the energy transfer rang-
ing fnm -2 neV to +24 rceV {neutron energy loss configuration). As a final de-
tail we show in fig. 4.2 the experimental resolution function at an analyser
energy of 13.7 neV.

4.S. Csrjctal field theory and neutron inclaatio oeattering

By replacing successive terms in the expansion of the electrostatic potential
by suitable angular momentum operators, the crystal-field potential in cubic
synrcetry with the axis of quantisation along the cube edge is given by [151 :

X * Aq <r4> 6 [0° + 5 oj) + Ag <r6> Y I 0° - 21 oj (4.1)

where A* and A, are coefficients which determine the strength of the crystal
field, <r > is the quantum-mechanical average of the n power of the radius of
the 4f electrons, 8 and y are the Stevens multiplicative factors and the 0™ are
"Stevens operator equivalents" [16) . Following the work of Lea et al. [17| (here-
after referred to as LLW) it is customary to rewrite (4.1) as

3f=W T F F 7 1 0 4 + 5 0 4 1 + i l F T i ! J l [ O 6 - 2 1 O 6 I > < 4 - 2 >

with

A4 <r
4> 3 F(4) = W x (4.3)

A6 <r
6> Y F(6) = W (1 -|x|) (4.4)

where -1 £ x * 1 and F(4) and F(6) are numerical factors given by LLW. By diagon-
alizing the above hamiltonian, the eigenvalues and eigenstates can be obtained
as a function of the parameter x, the ratio of the 4 and 6 order terms, and
of W, which denotes the strength of the crystal field. The results for Pr (J=4)
are shown in fig. 4.3.

In general the differential neutron scattering cross-section -jjj-p is propor-

tional to the imaginary part of the dynamical susceptibility x($»w) [18]. The
dynamical susceptibility can be calculated, starting from a hamiltonian of the
form
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-1.0-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 to

I . . I———I I— (—I
(a) (b) (c) (ÖY

Figure 4.3. LW diagram for Pr (after ref. US]), with a summary of the results

obtained by inelaatia neutron [scattering. The regions (a), lb), (a) and (d) as

diocuooed in the text are aloo indicated. For negative W values the diagram

should be turned upoide down.

(4.5)

where 3fCEF describes the CEF splittings, Jffil the conduction electrons, and the

last term the isotropic exchange interactions between the local moments 3- of

the rare-earth ions and the local conduction-electron spin density a./2 at the

rare-earth site. If the effective coupling between the rare-earth ions, which

is intermediated by the conduction electrons, is ignored, it is possible to

calculate the single-ion dynamic susceptibility X()(w) '19J • According to ref.

[19] the linewidths of the inelastic peaks are at low temperatures given by:

Yinel = [K N(0)I (4.6)
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',W""iry? ." ÏT;, tt;p ?pll fitting between the two levels, N{0) is the condluctfcn-electron
k'c.rr,iit.v of state-s at the Ferni level, air.d C, and C« are proportionality constants
reilaïTï! to r.Dirix elements of the coTjionemts of the angular ncnentra operator
,J1 ̂  (-1 - A, y, z}. The first, Korrinp like, tern is related to transitions with-
lin tti} r'jiBtiiplet5, itlipreas ttoe second tern is due to relaxation processes caused
By tram n't Sins between the two rulti plets.

III:!? d>'.TTï'-,jc rsgnetic susceptibility is, in the presence of interactions, in
lire racülui phase approxinatiom, related to the single-ion susceptibility by the

forrula:

w'tere J ffW,tj) is the Fourier transform of the interaction which couples the
rare-earth ragrtetic r.o^nts effectively. The effect of the creation of particle
hole excitations (Landau damping) can also be incorporated in J e«(?»w). In this
way &n additional contribution to the linewidth is obtained. Besides its effect
en the linc-widtli the interaction intermediated by the conduction electrons leads
to a Q-dependence of the excitation energies (dispersion). Particularly in the
case of systems with a non-magnetic ground state, a strong Q-dependence may, un-
der son;e circumstances, persist far into the paramagnetic regime 120] . Since the
underlying study is restricted to polycrystalline samples, it was not possible
to study the Q-dependence of the excitations, and we will accordingly ignore
these dispersive effects in both the paramagnetic and the ferromagnetic state
in our numerical analysis. The linewidths of the excitations are taken into ac-
count in a phenomenological way, as outlined below.

For a system of N non-interacting ions the differential neutron-scattering
cross-section for CEF transitions is given by [21,22] :

exp (-2W) 6(En - E m - hu) (4.8)

where p denotes the population of the CEF state |n> with energy E , and 3^is
the component of the total angular momentum operator perpendicular to the scat-
tering vector 5. In cubic symmetry

!<r1 |Jx' r j > | 2 = l<ri |Jy' J j > | 2 = '<ri lJz' Y 1 2 (4<9)
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ttg total transSticn probability reduces to

(4.10)

ltszc transition probabilities have been calculated by Birgeneau J23I and are
lebullated in table 4.3. Because of line broadening due to relaxation effects,
lattice distortions, inpurities, non-stoichiometry and instrumental resolution
effects, the 5-function in the cross-section formula (4.8) is generally replaced
by

exp {- 4 In 2 (
E -E -!»-V0

'nn

2
Ï >

where y denotes the linewidth of the transition between the crystal field
levels |n> and jm>.

In the ordered state the hamiltonian of a rare-earth system consists of a CEF
and an exchange term

= If
CEF (4.12)

The exchange hamiItonian is given by:

where J,s is the exchange integral. The •hamiltonian Jf u can be rewritten as:* j ex

Table 4.3.

mn

rg
rx

r3

r5
25.00

rl
0 7

13
1

r4
.00
.33
.0

r2
8.
0

18.
0

00

67

Table 4.3. Transition probabilities
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In tte raiecjiar-fielld approximation, which we will use throughout this chapter,
the d̂ j?2-ifiraH part of the ha^iiltonian us ignored, which is equivalent to
Kegiectiiing fluctuation effects. In a süugie-fcm picture the harm" I Ionian (4.14)
can tre written in terns of the rolecullar field HM:

with

HM = AH = 9jUBA<ï> (4.I7)

where g, is the Lande factor, JJB the Bohr magneton and A is the molecular-field
parameter. In the ferromagnetic state the energy levels, like the matrix elements
coupling thc-̂ i, are closely dependent on the value of H... The dynamic part of the
exchange interaction 3f. may be of importance in the paramagnetic state, par-
ticularly in the neighbourhood of a magnetic phase transition, since the dynamic
exchange field, defined as

fidyn = X V B ( 3 • 4 > ) <4-18>

can influence both the position of the levels and of the transition probabilities
between them [24,25].

In interpreting the observed spectra it is necessary to separate the intensity
contribution due to crystal-field transitions and the contribution due to phonon-
scattering processes. A distinction between these two can be made by studying
both the spatial and the thermal variation of the intensities. With increasing
scattering vector (J, the crystal-field intensity decreases according to F (Q),
as can be seen from (4.8), whereas the phonon intensity increases with Q apart
from the modulation due to the structure factor. The temperature variation of
the intensities, related to the population of crystal-field levels is governed
by Boltzmann statistics, whereas phonons obey Bose-Einstein statistics. Yet
another way of obtaining information on the phonon structure is to measure the
neutron inelastic scattering cross-section of the isomorphous, non-magnetic LaX2
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o

O 5 10 15 20 25 O 5
energy transfer* (meV)

Figure 4.4. Energy spectra of neutrons ocattered from polycrystalline LaPt„ at

Q values 1.8 n - 2.0% . The curves through the elastic lines are guides to

the eye.

compounds. It was therefore decided to study the compound LaPtp in addition to

the magnetic members of the series.

4.4. Experimental veoulto

4.4.1. Measurements on LcPt„; phonon contributions

The results of the measurements at temperatures of 40 K and 293 K are shown

in fig. 4.4. It can be seen that in the range from 10 meV to 26 meV the phonons

give a smooth, energy-independent background, both at 40 K and at room temper-

ature. At the latter temperature there is, however, a noticeable increase in the

intensity below 10 meV. The origin of this contribution can probably be explained

in terms of two-phonon processes [26] as in Tm« „t^n 75^2 ̂ '' ^s ment''one^ *n

section 4.3, the phonon occupation number will be given by Bose-Einstein sta-

tistics as n(<»)*>(e - I)" 1. We can thus conclude that in the energy range

< 26 meV phonon contributions can be considered negligible below approximately

200 K.
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F lig. c.5 slteks ïüie r^asured energy spectra of PrPt at temperatures of 15 K,

K, £D K. 110 K and 210 K. At the Icwest te^jïeirature, two transit ions are

ra C D

2 0 0

8 0 0

600-

400-

200

600-

400 -

200

O 5 10 15 20 v O 5 10 15 20
energy transfer» (meV)

Figure 4.5. Energy spectra of neutrons saatteved from polyaryatalline PrPt„ at
Q = 1.8 9T . The curves are the results of the least-squares fitting procedure,
as explained in the text.
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at PT?crqiie<5 of a t o t 3 rx?V ar.sJ 14.5 nel/. Alreaöly at 40 K, the

fi i rsï ïirjfnsiitiisrn cm («rdlly Ibf separated fr«n the peak at zero energy transfer.

ry ï i r t reKi ic j tf?p le-jreratwre up te 40 K, the intensity of the 14.5 neV t ran-

sïiïiiipn tareïses sHi^intlly. flfcore thils temperature, the intensi ty star ts to de-

e r e x e , ««'ijiillp "3troi:gi broadening effects are observed as « e l l . To f a c i l i t a t e the

dSscmi'S'jBcn Jreicw we w i l l divide the !LW diagram into 4 regions (a) - l < x < -0.74,

M < 0. fib) -0.74 < x < - 0 .4 , U < 0, fc) 0.6 < x < 0.86, W < 0, (<J) 0.86 < x < 1,

M ••- (01, htiiiicih are also indicated in f i g . 4.3. To determine the appropriate x and

W walKPS, he P3tfe ctrputer calcyiations of the spectra, based on the cross-

sectiion forru la 4.8, varying x in steps of Ax = 0.1 between -1 and +1, and W

in stejïs of i M - 0.1 r.eV between -1 ceV and + 1 raeV, for f ixed linewidths y .

Cest results were obtained in the regions (c) and (d). To study th is more quanti-

t a t i ve l y , we used a least-squares procedure for f i t t i n g the measured spectra. As

f i t parameters we took the LLW parameters x and W, as well as an in t r i ns i c l i ne-

width parameter Ynn (c f . formula (4.11)) , which we assumed to be the same for a l l

c r ys ta l - f i e l d t rans i t ion peaks at a f ixed temperature. The ra t io of the c rys ta l -

f i e l d transi t ions was f ixed by the calculated matrix elements (table 4 .3) , while

the i r tenperature-dependence followed from the Boltzmann factor , as shown by eq.
p

(4.8). In the fitting procedure we minimized the mean error p as a function of

x, W and ym, where p is defined by:

Table 4.4.

X

W (meV)

Y 1 5 K (meV)

T ™ (meV)

ïji0lW)
Y^m

0K(meV)

0.74

-0.34

3.3

4.3

4.7

5.7

7.1

8.8

0.93

-0.38

3.7

4.7

5.0

6.3

8.6

4.4

Table 4.4. Be8ult8 of least-squares fits to the spectra of PrPt^, for two

possible CEf-aahemes as described in the text.
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iH'ore *J demotes the uu-Tber of measured spectra, N. the nuir.ber of data points per

energy spectrun, 5-- the deviation of the fitted curve frora the observed count

rate, and A*, tee statistical error in the latter, lie assumed an energy-inde-

pendent tacfcground and took account of all the factors in the cross-section

fomula {4.8), as well as of the instrumental resolution AE. The best fit was

detained starting from x and H values situated in region (d), for x = 0.93 and

tl = -0.38 reV. The results for this least-squares fit as well as the next best

fit for x = 0.73 and U = -0.33 meV are tabulated in table 4.4. The set of LLW

parameters x = 0.93, W = -0.38 meV implies that the r, level is the ground state.

The peak at 3 neV then corresponds to the r, - r« ground-state transition, whereas

the broad peak at 14.5 meV arises from the r. - rg and r, - IV excited-state tran-

sitions. In fig. 4.5 the least-squares fits to the LLW parameters x = 0.93 and

W = -0.38 raeV are shown as solid curves. At first sight this result is somewhat

surprising since the presence of two transitions in the spectrum measured at 15 K

suggests a doublet (r3) or a triplet (IV) ground-state (cf. table 4.3). Least-

squares fits to the spectrum measured at 15 K for x and W values situated in the

regions (a), (b) and (c) yield, however, a worse mean error p , as can be seen

in table 4.5. lnthistable the calculated intensity ratios of the two transitions

1(3 meV) and 1(14.5 meV) are tabulated as well. These latter values should be

compared with the experimental intensity ratio of the two peaks in the spectrum,

measured at 15 K, which we found to be 1(3 meV)/I(14.5 meV) = 8.3. We inferred

this value from the experiment by fitting the observed spectrum with a sum of

Gaussians, and using the program "Minuit", developed at CERN [28]. We will refer

henceforth to these kinds of fits as Minuit-Gaussian fits, as opposed to the

Table 4.5.

W(meV) Ynm(meV) p 2 1(3 meV)/I(14.5 meV)

0
-0
-0

.73

.68

.81

-0
-0
-0

.33

.56
.53

4.
5.
5.

4
3
3

10.
47.
22.

1
4
6

2.
0.
1.

33
43
14

Table 4.5. Results of the Iea8tsquaves fitting procedure applied to the spec-

trum of PrPt- measured at IS K, as described in the text. The last column con-

tains the calculated intensity ratio of the two transitions.
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600

o COO

O 5 10 15 20
energy transfer» (meV)

Figure 4.6. Energy epeotrum of neutrons scattered from poly crystalline P**P*2 a*
IS K and Q = 1.8 9T . The curve is the result of the fit to a sum of Gauseiane
by the program "Minuit", as explained in the text.

least-squares fits mentioned above, which are subject to the cross-section formu-
la 4.8. The results of the Minuit-Gaussian fit are shown in fig. 4.6. The experi-
mental intensity ratio obtained in this way differs from that of the best least-
squares fit in the regions (a), (b) and (c), x = 0.73, w = -0.33 meV, by more
than a factor 3. Although it is quite possible that the transition intensities
are influenced at a temperature as low as 15 K by exchange fluctuations effects,
it seems very unlikely that these would have such a drastic influence.

4.4.2. Meaaurementa on PrPt„ in the ordered atate

In order to confirm our assignment of the LLW parameters x = 0.93 and w =
- 0.38 meV to the crystal field of PrPtg we also performed measurements in the
ferromagnetic state. Some typical results are given in fig. 4.7. The spectra
recorded at 1.3 K and 4.2 K show the same feature, viz. hardly any temperature
dependence is visible. Even more striking is the resemblance with the spectrum
measured at 15 K in the paramagnetic regime. Again there are two inelastic peaks
clearly visible at energies of 2.5 meV and 14.5 meV. The ratio of the intensities
of these two transitions can be derived by fitting a sum of Gaussians by the
Minuit-Gaussfit computer program to the observed spectra. This yielded the experi-
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15 20

Figure 4.?. Energy apeatra of neutrons scattered at Q = 2.0 A from poly crys-
talline PrPt2 in the ferromagnetic state. The curves are the results of a fit
to a sum of Gauoaiano by the program "Minuit", ae explained in the text.

mental intensity ratios 1(2.5 meV)/I(14.5 meV) = 18.1 at 1.3 K and 1(2.5 meV)/
1(14.5 meV) = 12.9 at 4.2 K. In order to relate this to the crystal field we
calculated the field dependence of the levels as well as the transition proba-
bilities. The splitting of the levels as a function of the molecular field for
both level schemes x = 0.74 W = -0.34 meV and x = 0.93 W = -0.38 meV is shown
in fig. 4.8. The molecular field iL is related by equation f4.17) to both the
molecular-field constant X, and the mean value of the z-component of the angular
momentum <JZ>, assuming that the order parameter is pointing along one of the
cubic axes. If we make a first tentative assumption* that the phase transition
is of 2 n order, the molecular field constant will be related to the zero field
susceptibility at Tc by A = Xg O c ) . We calculated <J >self-consistently, using
the molecular-field approximation. The parameters \, as calculated from the
transition temperature, <JZ> and Hjjj for the two schemes are listed in table 4.6.

Molecular-field type calculations of thermodynamic quantities on the basis of
these level schemes evidence the possibility of 1 order transitions for certain
cases. This problem will be dealt with in the next chapter.

71



-IC

10,0 20.0
H (Tesio)

a

30.0 O 10.0 20.0
H CTeslo)

b

5+

30.0

Figztrc 4.8. Level oplittingo in a oubio CEF field fov PP (J = 4) ae a function

of a nagnetia field, (a) x = 0.74, W = -0.34 meV, (b) x = 0.93, W = -0.38 meV.

20

15

l 10

bJ

20i-

15

W

10

=C2x)

Figure 4.9. Level splittings and transition probabilities for Pr (J - 4) in a

cubic CEF field, (o.) x = 0.74, W = -0.34 meV,

-0.38 meV, I^M= 6.0 T.
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In fig. 4.9, finally, the level splittings, as well as the transition probabili-

ties for the two schemes x = 0.93, W = -0.38 meV, H,* = 6.0 T and x = 0.74 . w =

-0.34 reV, H{
Zj = 20.0 T are shown. It will be clear that neither is capable of

explaining the observed spectra satisfactorily. The scheme with the doublet

ground state predicts strong transitions at 4.1 mev, 5.3 meV and 14.6 meV with

intensity ratios of about 1 : 2 : 3 . This has not been observed experimentally.

The schece with the singlet ground state predicts a strong transition centered

at around 2.9 meV and a much weaker or.e (by nearly a factor of 100) around 17.7

neV. This result explains the observed spectra qualitatively. The positions of

the transitions are too high by about 20 %, whereas the intensity ratio is out

by more than a factor 5. The first effect miyht be explained by a change in the

parameter W. Such a change could result from the magnetic phase transition, which

is possibly accompanied by a change in the lattice parameter. Much harder to

explain is the observed difference between the calculated and experimental in-

tensities. At this point, however, the crudeness of the model should be born in

mind.

Another way to attack the problem is to make a numerical least-squares fit to

the observed spectra, using x, W, Y n m and H^ as fitting parameters. The best fit

to the 4.2 K spectrum within the scheme with x = 0.74, W = -0.34 meV is obtained

for H.z, = 1.5 T (mean error p 2 = 36.8) and that within the scheme x = 0.93, W =
z 2

-0.38 meV for HM = 5.0 T (mean error p = 12.2). These values should be compared

with the calculated values of Hjjj, tabulated in table 4.6. It will be clear that

much better agreement between the calculation and the experiments is obtained for

the scheme x = 0.93, W = -0.38 meV. In the least-squares fitting procedure we

allowed for small changes in W and x, as it was already clear from the above that

ho satisfactory fit could have been obtained otherwise. Finally, we made least-

squares fits to the spectrum measured at 4.2 K, varying only x, W and y and j

keeping Hjjjj fixed at the value derived by means of a molecular-field calculation,
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,3'3 p>p1aiic<r:dl afcsae. Ttais resulted 5n a ruean error p = 96.6 for the scheme x =
0.74. M - -0.33 neV, IC = 19.6 T ané a nean error p = 12.2 for the scheme x =
0.93, M = -0.23 r,eV, »Ĥ  = C.3 T, again favouring the latter.

We wauld like to stress that tte crystal-f ield origin of the observed tran-
5 lit lions sce-is to fce weHI established. First of a l l , both transitions were not
ct^ertfed am tfte ILaPto spectrum. Secondly, the tenperature dependence of the in-
tensities disagrees with the Bose-Eirastein statistics for phonons. Finally we
rx?3SM.resi the (Q-tfependence of the 14.5 rceV transition at a temperature of 15 K,
tfte results for Q = 1.8 8 and Q = 3.0 8 being shown in f i g . 4.10. I t is clear

o

that the intensity is not proportional to Q , as would have been expected for a

phSKOia peak. The sane observation was made when we measured the 3 meV transition

at 40 K for Q = 1.2 8'1 and Q = 1.8 8"1.
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Figure 4.10. Q dependence of the transition at 14.5 meV for PrPt9 at 15 K.

4.4.4. Meaouvemento on PrRu„ in the paramagnetic state (T = 33.9 K)

The energy spectra of PrRu» measured at T = 55 K and 110 K are shown in fig.

4.11. The overall picture is very much the same as that for PrPt2- In the

spectrum at 55 K two transitions are visible at energies of 4.5 meV and 15 meV.

Upon increasing the temperature these transitions broaden, and at 110 K they can

no longer be distinguished. The similarity with the PrPt2 results prompted us

to search for x and W values in the same regions of the LLW diagram as for the

PrPt« compound. In fitting the spectrum we applied the same method as outlined

in section 4.4.2. The results of the two best fits are tabulated in table 4.7

and shown in fig. 4.11. The best results are obviously obtained for the scheme

with LLW parameters x = 0.68 and W = -0.33 meV.which implies a r, doublet ground

state.
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10 15 20

Fij:uv -;..".?. Kncfg'j cpcctra of r.entrono scattered from polyaryutallinc PrRu^

in the papsr-ajKctia otatc at Q = 1.8 fT . ?hc curves are the results of Icaat-

cquarsa fittzr.j procedures, ac explained in the text, (a) x- 0.08, ,V = -O.SS meV,

Sh) s - i?.3e, «r = -0.40 ncV.

Table 4.7.

x 0.68 0.98

H (roeV) -0.33 -0.40

Y 55
nm
HOK

'nm
P2

(raeV)

(meV)

6.

9.

1.

9

3

4

8.

9.

3.

6

3

3

Table 4 "?. Reoulto of least-squares fits to the epeotra of PrRu* fov tuo

possible CEF schemes, as described in the text.

4.4.5. Measurements on PrRu„ in the ordered state

In order to confirm this assignment of the LLU parameters, we also performed

measurements in the ordered state. Results at 4.2 K are shown in fig. 4.12. The

spectrum shows pronounced structure, with clear maxima in the intensity around

13 meV and 20 meV. We made computer fits to this spectrum, varying x, W, ynm and

Hjjjj . The results for x
nm

0.68, W = -0.33 meV (mean error p = 39.1) and x = 0.98,
2W = -0.40 meV (mean error p = 65.1) are shown in fig. 4.12 (the solid lines).

As for PrPt2> we allowed for small variations in the x and W parameters. Again,
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Figure 4.12. Energy apcetva of neutvono ocattered at Q - 2.0 T 1 from polyarya

tallir.c Prliiig in the ferromagnetic otate at 4.2 K. The curvea ave the result

of the leaat-oquarco fitting procedure ao explained in the text, (a) x = 0.6S,

U - '0.35 mcV, lf^ - 37.5 T, (b) x = 1.0, W = -0.43 meV, if = SS.4 T.

neither of the two schemes yield qualitatively good fits to the experiment, in

contrast to the experiments in the paramagnetic regime, which is possibly due

to the relatively high Tc. The scheme x = 0.68, W = -0.33 meV, however, gives

by far the lowest mean error p and reproduces the main qualitative features

reasonably well, in particular the double-peaked structure, in contrast to the

other scheme. Moreover, the numerical algorithm converged to a value of the in-

ternal field Hj* = 37.5 T, which is in reasonable agreement with H„ = 46.5 T ob-

tained from Tc = 33.9 K. Finally, we made least-squares fits for the two schemes,

varying x, W, ym and keeping H^ fixed at the values derived by means of a molecu-

lar-field calculation. This yielded the same results, so we conclude that the

best LLW parameters for PrRu2 are indeed x = 0.68 and W = -0.33 meV.

4.4.6. Measurements on PvRho in the paramagnetic state (T =7.9 K)
ó G

The data for PrRhg, measured in reflection geometry at temperatures of 17 K

and 40 K, are shown in fig. 4.13. Again the behaviour is qualitatively similar
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tallir.c FrRhg in the pararagnctic otatc. The anwea are the rcaulto of the Icaot-

cquarca fitting procedure for the PJO possible ochemeo, ao explained in the text.

(a) x - 0.75, W = -0.33 tr.eV, (b) x ~ 0.93, W = -0.35 meV.

Table

X

4.8.

U (imeV)

Y 1 7 K

'nm40K
nm

P2

P2

(neV)

(meV)

(17K)

(40K)

0.75

-0.33

2.1

3.0

13.5

14.5

0.93

-0.35

2.4

4.0

2.1

9.2

Table 4.8. Reoulto of leaetsquarea fits to the epeatra of PrRh„ for two

poooible CEF aahemea, ae deeovibed in the text.

to that of PrPt« and PrRu». Transitions are found at energies of 2 meV and

14 meV. The first peak appears on the shoulder of the elastic line, which in the

case of PrRh» is broadened because of the sample geometry. At higher temperatures

the intensity of the low-energy peak decreases, whereas the intensity of the high

energy peak remains constant up to 40 K. At 17 K the intensity ratio of the low
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ecïiTiuw Hoeks qualiitatiwly tbc sa^e as those

rie:1 fcr iPirPtj, acüü PflRa ,̂ «e «tjafiin assumed the appropriate iliw parameters to
K'. s ie 11 iin tfc$ iregücm Je) er itfce region fd}. least-squares f i t s were Hke-
c.3\1'i? in ïte«? to parts of the tLLW diagram. The fcest results are shown im

cs'bllp 4.G aK'l all1» drawn in f i g . 4.13. Fron the resyllts in table fl.B one would
CCTritiü? t in t titre serene with x - 0.93 and W = -0.35 neV gives by far the best
irewDts. Kmever, lit often Id be kept in nind that, owing to the large absorption
circK-scfCtiiftn of rfiodiyn, the accuracy of the experiments is rather low, so
«atiicn sDicaW be observetJ in drawing definitive conclusions. For the scheme
K = 0.93, W = -0.35 neV for exainple, the intensity of the high-energy peak should

witln incrcasifig tcrperature but that was not observed experimentally.

•;. v . ?. rucurc-rnto en in ir.c ordered state

A typical spcclrijn measured at 4.2 K is shown in fig. 4.14 and shows essen-

tially the same features as the paramagnetic spectra. The low energy transition

has shifted to a sonewhat higher value and appears to be completely separated

f n n the clastic line. A Minuit-Gaussian fit yields an intensity ratio between

the U.o transitions of 1(3 meV)/I(14 meV) = 5.3. We also made least-squares fits

c

§

c
ou
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200 - •

O 5 10 15 20
energy transfer (meV)

Figure 4.14. Energy spectra of neutrone ecattered at Q = 2.0 % from polycrys-

talline PrFh„ in the ferromagnetic state at 4.2 K. The curves are the results

of the Iea8t-squaree fitting procedure ae explained in the text, (a) x = 0.76,

W = -0.31 meV, I% = 18.1 T, (b) x = 0.90, W = -0.33 meV, Hf. = 7.3 T.
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Hit i

fir.cn titrp HU parameters obtained tin the para-
«rpcuiiiJs, we did this an two different ways:

arcdl tfct? iroleeular f ield Hi, secondly by varying only
and the internal f ie ld Ĥ  fixed at a value

csicuiaticn. The curves cbtained by keeping
i'iiiï»:rirïll ifiield fil*f?:i3 am the f i t t ing

"3
fare shown in f ig . 4.14. We ob-

3

13IITC3 a nesin error p - 9.3 for the parameters x = 0.75. M = -0.33 neV and
!ii^ - tC.I T auMl a nesn erm p?' = 4.0 for tlae parameters x = 0.93, U = -0.35 meV,
ln^ -- ?.3 f. Cur final conclusion is that the scheme with x = 0.93, W = -0.35 meV
ii'D Vs noot IIiheIIy one. However, the other scheme cannot be entirely excluded.

•J.•*.£•'. S"'zrt:nrcTKta en Pi\"uir in the parar.agnctie atatc (T = 0.2? K)

We psrforred neasurenents on PrfJi, in the paramagnetic state at temperatures
of 8 K, flO K and 95 K, in the energy range -2 meV up to 16 meV. (In the actual
reasurcents we went up to 22 TOV. A snail but sharp peak was observable at 17.5
neV, which could be identified as a higher-order reflection. So i t is clearly
established that no additional peaks are present in between 16 meV and 22 neV.)
The results are shewn in f ig . 4.15. A transition is clearly visible at around

2000-
P N I 2

40 K

xio

Pn Ni2
95 K

t_L
xlO

10 15 0 5 10 15 0
energy tnansfen CmeV)

10 15

Figure 4.16. Energy epeatra of neutrons scattered at Q = 1.8 $~ from polyorys-

talline PieNi^ in the paramagnetic state. The curves are the results of the least-

squares fitting procedure as explained in the text.
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c fcv tks brat icQCJZ-cqitfivzc fit to the epectvun of

3 reV, which decreases with increasing temperature. At higher temperatures the

spectrcn Josfcs rather featureless, although the intensity remains substantially

enhanced im the energy range covered. This might be caused by strong broadening

effects, causing overlap and naking separate transitions no longer observable.

This, of course, explicates the analysis considerably. To obtain the LLW para-

reters x and H, we proceeded in the same way as for the other compounds. The

best result was obtained using the starting values x = 0.6 and W = -0.2 meV.

The results of this fit are tabulated in table 4.9, and the spectra calculated

on the basis of the LLW parameters obtained, namely x = 0.62 and w = -0.19 meV,

are also included in fig. 4.15. As is already clear from the mean errors, this

fit is by no means satisfactory. However, no better result could be obtained

for any other combination of LLW parameters. It is therefore impossible to arrive

at any definite conclusions about the crystal-field scheme of this compound.

However, the LLW parameters x = 0.62 and W = -0.19 meV, implying a doublet r3

ground state and V^, Tj and rg levels at energy distances of 3 meV, 7.3 meV and

9.3 meV, respectively give relatively the best results.

Knorr [29] also performed Inelastic neutron scattering measurements at the

ILL in Grenoble with a time of flight method in the energy range +2 meV to -6

meV, at temperatures of 8 K and 53 K respectively. His spectra look very much

the same as ours in the corresponding energy ranges. He compares his data with

a level scheme suggested by Bucher [30] , with LLW parameters x = 0.95 and W =

-0.35 meV. This scheme, however, would give rise to r4 - r& (13.5 meV) and r, -

r5 (11.2 meV) transitions with about equal intensities at higher temperatures

(compare PrPtg). This was not observed in our spectrum measured at 40 K. Our

local best fit near these LLW parameters, which was achieved for x = 0.99; W =

-0.32 meV yields p2(3 K) = 45, p2(40 K) = 26, p2(95 K) = 20.

Andreeff et al.[31] have recently published their inelastic neutron scattering

data on PrNig. They considered two transitions: one at 3.0 + 1.0 meV and one at

7.0 + 1.5 meV, with a half-width of about 6 meV, in quite reasonable agreement
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to tike o».perir,?tit (([3"*f8 K} - 4?, p2{flU IK} - 25, p'̂ '35 K} - 31}, particularly
feir t*;e spcctrtn r.easured at 8 K. like tm3ön iresscTj for this diiscrepancy cones f ren
trc fact ïif?2t for the faweters of flr.dreeff et a l the calculated intensity for
tike '?.© # 1.5 rn'ï tfijnsfticn is atout twice that of tine 3 ncV transition, which
has not tike ca^e in cur e^jrerinent.

Tike large neutron absorption cross-section of I n d l i n {<3W barn) cakes data
collecticn rather ca-bcrscr.e, which resulted in ë nuch more restricted set of
expprBrents as co-pared to the other cc^pounds. Frora the Keasurements on PrPt,
and PrRhg i t appeared that the transitions are ruch better resolved in the ferro-
ragnetic state tears in the paramagnetic regime, in particular as regards the low-

JOOO

0 5 10 15
energy transfer

20 25

TFigure 4.16. Energy spectrum of neutrone ooattered at Q = 2.0 5T from polycrys-

talline Prlr2 at 4. 2 K. The curve is the result of the least-squares fitting

procedure ae explained in the text.
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ereirri,y ttir,»rsiit!i<trn. Fmr tfest mea««n me f i r s t studied Pr l r , In the ordered state.
,ft me-vjütt, rwsuresll at 4.2 IR with tu, sjT.jjle in the reflection positiicn is shown
sim (Toc]„ 4.t6. Tfre elastic Tl ace ös quitte broad, which is partly due to the pJate

iuïed. Et nogftt also be partly in intrinsic effect, as could be inferred
a safari)Mm with a measure-cut on a f la t vanadium plate. The spectrum is

fes lane 11 ess up to about £0 neï. Sone increase in intensity is seen around
5 nev. ns-,e 23 ne'ï, however, the energy starts to r ise, reaching a maximum at
atcat rtc? upper I fn f t of the energy range covered. I f in fact only a single tran-
siitien UK present at this energy, this would be consistent with an x parameter
located in the vicinity of the crossing point in the LLW diagram, corresponding
t© x = 0.E5. A reasonable f i t could, for example, be obtained for the set of
pans-«tens x = 0.83, U = -0.58 raeV ,

2
v = 4.1 meV and H„ = 16.4 T. The mean

error for this fit is p = 2.9. This result is also shown in fig. 4.16. But we
wQuHd ijikG to stress once again that the statistics in this measurement are
rather por, even with long counting tines. As a consequence, any conclusion
about Prlr, should be regarded with sone caution.

'l.'l.W. Itcacuvcrr.cnta on Prlvn in the paramagnetic otate

In order to check whether the high-energy transition remains present in the
paramagnetic state, a measurement was performed at 20 K in the 18 meV - 26 meV
energy transfer range. The results are shown in fig. 4.17. A rather broad maximum
is indeed observed in the energy range around 22 meV, in agreement with the con-
clusions drawn from the measurements in the ferromagnetic regime.

15 20 25 30
energy transfer (mev)

Figure 4.17. Energy epeatrum of neutrons scattered at Q = 2.2 ft"1 from polycrys
talline ?rlrz at IS K in the energy range 15 meV < hu> < 31 meV. 3
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v.'1. II. SxTsty of ike experimental rcculto and error analyaia

A su-rary of the results obtained is given in fig. 4.3 and table 4.10. Two

sets of ILILW parameters are shown for PrHh». sir.ee it was impossible to discrimi-

nate between these two within the experimental accuracy. A'so included are data

«Yon the literature on PrAlg [7, 10, 32] and PrMg2 (111. The parameters Bfl =

A^<r >B and B, = flg<r>y are presented in table 4.11.

In table 4.10 the accuracy of the x and W is also indicated. The uncertain-

ties quoted are estir.ates based on (i) the dependence of x and W o.i the speed
2

of convergence in the least-squares fitting procedure (ii) the mean error p
between the calculation and the experiment.

The II irritations of the analysis presented in this section should be appreci-

ated. First of all the method is based on elementary crystal-field theory, com-

bined with a nolecular-field type of approach in the ferromagnetic regime. Dis-

persive effects were neglected in both the paramagnetic and the ferromagnetic

Table

PrCo2
PrNi2

PrRh2

Prlr2
PrPtg

PrRu2
PrAl2

PrMg2

4.10.

(a)
(b)

a(«J
7.312

7.285

7.582

7.621

7.709

7.624

8.025

8.696

TC(K)

39.3

0.27 +

7.9 +

11.2 +

7.7 +

33.9 +

33

9.6

0.02

0.5

0.5

0.5

0.5

X

unknown

0.62 +

0.93 +

0.75 +

0.86 +

0.93 +

0.68 +

0.75 +

0.671

0.02

0.02

0.02

0.04

0.02

0.02

0.02

U(meV)

unknown

-0.19 + 0.1

-0.35 + 0.02

-0.33 + 0.02

-0.57 + 0.1

-0.38 + 0.01

-0.33 + 0.01

-0.32 + 0.01

-0.345

ground state

unknown

r3

P3
rl r4 P3

r3
r3

As explained in the text, two possible sets are given for PrRhp-
a W t e r ref. [10]. Values of x = 0.77 + 0.02, W = -0.29 + 0.02 meV, obtained

from a study of the magnetic excitations, have previously been quoted in

ref. [32]. From magnetization measurements in the ordered state, Bak [7]

inferred x = 0.70 and W = -0.38 meV.
b)After ref. [11].

Table 4.10. Lattice constants, transition temperatures, LLW parameters and

the ground state of the PrXg compounds.
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Table 4.11.

PrNi2

PrRh2

Prlr2
PrPt2
PrRu2
PrAl2

PrMg2

B4 x 10
3(meV)

-1.96

-5.43

-4.13

-8.17

-5.89

-3.74

-4.00

-3.86

B6 x 10
5(meV)

-5.73

-1.94

-6.55

-6.33

-2.11

-8.38

-6.35

-9.01

•*(V)

5.2
5.4

5.55

5.65

5.4

4.20

3.45

nws(d.u)

5.36

5.45

6.13

5.64

6.13

2.69

1.60

Table 4.11. Values of the 4 and 6 order term in the arystal-field potential

derived from the a and W values tabulated in table 4.10, together with the

parameters §*and n for» the X-element in the PrX0 compounds, taken from ref. [47].

state. Another simplification is the fact that in the least-squares fitting

procedures the intrinsic linewidth was assumed to be the same for all crystal-

field transitions at a fixed temperature, which will in general not be true.

In spite of these limitations we believe our values for PrPtp and PrRu2 to be

reasonably well determined. In the case of PrRh2 and particularly that of Prlr2
the accuracy is rather limited by the relatively large neutron absorption cross-

section of rhodium and iridium. For PrRh2 this results in two possible sets of LLW

parameters, whereas concerning Prlr2 we can only state that this compound is most

probably situated near the crossing point x =0.86. However, this conclusion is

somewhat tentative. Moreover, an uncertainty of about 0.04 in the x-value implies

a splitting of the T p r^ and r,. levels by AE/kg *» 10 K or more.

4. 5. Disouesion and concluding remarks

It is interesting to note that the present measurements yield for all of

these compounds LLW parameters in the region 0.6 - x ~ 1 and W < 0. This region

constitutes a very interesting part of the LLW diagram, as it contains a level-

crossing point, the ground state being the singlet r, or the non-magnetic doublet

r3 for x > 0.86 and x < 0.86 respectively.

As.regards the linewidths of the inelastic transitions observed we ve in

fig. 4.18 a summary of the results obtained for PrPt2, PrNi2> PrRh2 ana PrRu2
as a function of temperature. The data points are taken from tables 4.4, 4.7,
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Figure 4.18. linewidths aa a function of temperature. O PrPtg, A PrNig, D
V PrBho. The straight line through the PrPto data is a guide to the eye.

4.8, 4.9 and were derived from a least-squares fit to the spectra at several
temperatures. It can be seen that the linewidth increases approximately linearly
with temperature. In general the linewidth will depend on a number of effects
such as non-stoichiometry, impurities, lattice vibrations, effects of the life-
time of the 4f states and dispersive effects. As it is not feasible, with the
currently available knowledge, to separate all these contributions, particular-
ly in a polycrystal line sample, we cannot comment on the observed temperature
dependence on a quantitative basis.

The observation of rather broad lines in the spectrum of PrNi„ is at first
sight surprising. However, although the transition temperature is low (Tc =
0.27 + 0.02) dispersive effects, due to excitonic excitations, can be of impor-
tance, especially when the exchange interaction is close to the threshold value
for magnetic ordening. This could explain the enhanced broadening. Another expla-
nation could be found in relaxation effects [19], in which case one would con-
clude to a high density of states N{0) at the Fermi level (cf. section 4.3).
In any case, these large widths severely complicate the analysis. Nevertheless,
the existence of a non-magnetic doublet ground state (r3) seems to be indicated
rather strongly.

We will now discuss the origin of the observed x and W values. At present it
is well established that the simple point-charge model is in general not appli-
cable in metallic substances. However, it is instructive to see how in such a
calculation the LLW parameters depend on the interatomic distances. Following
the work of Purwins on ErAlp [33] we assume only nearest neighbouring rare-earth
ions to be of importance. The non-rare-earth ions, as well as higher-order neigh-
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boars, are considered to be sufficiently shielded by the conduction electrons.
As the Pr3* ions lie on a diamond lattice, each Pr3* ion is surrounded by four
nearest neighbours, at a distance R = 3 a/3,where a is the lattice parameter,
arranged in tetrahedral coordination. The corresponding crystal-field parameters
A, are given by [15, 16]

5 f
and

Using the expressions (4.3) and (4.4) we obtain

x _ 7 B2 6 F(4) <r
4> ,,

ra j-r • <4-21>
K

It is important to note that this expression is independent of the sign and size
of the effective charge on the Pr + ions. Using <r > and <r > as calculated by
Freeman and Watson [34] it is easy to show that

x = , H*l/ 7 (4 23)
x 1 + 0.241 a2 l*'"'

where a is in 8. The effect of including relativistic effects in the calculation
of <r > and <r > is estimated to be less than a few percent in the constant
0.241 [35] . To explain the observed variation in x values, 0.62 £ x * 0.93, the
lattice parameter would have to exhibit an unreasonably large variation. In prac-
tice a variation of only about 18 % in the lattice parameter is observed in going
from PrNi 2 (7.285 8) to PrMg2 (8.696 8) which would correspond to 0.928 < x <
0.948 according to formula (4.23). Moreover, the sequence of the x values through
the various compounds cannot be reproduced by the point-charge model either. On
the other hand, if we assume the effective charge to be positive, the sign of
W is predicted correctly. Thus the point-charge model seems to be able to predict .',
correctly in which part of the LLW diagram the PrX2 compounds are situated, but !>;
is unable to explain the differences observed in x and W values between the ;V
various compounds in the series. '̂ r>.

Walter et al.[36] have recently discussed the validity of the point-charge ^
model for the ReAl~ compounds. In their calculations, made up to the sixth co-
ordination shell, they included the rare-earth as well as the aluminium ions.
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To explain the LLH parameters x and W as inferred from inelastic neutron scat-
tering experiments, they had to adopt charges of 13.0 elementary charges on the
rare-earth ion and 8.20 elementary charges on the aluminium ion, which is utter-
ly unrealistic.

Corrections to the point-charge model can be written as follows [37, 38]

A] <r]> = A, <r]> (1 - 0^(1 + 6}) (4.24)

where AJ <r > is the corrected crystal-field parameter, A, <r > is the point-
charge model parameter, (1 - Oj) accounts for the shielding of the electric field
due to the neighbouring ions by the partly filled 5d shell and (1 + 6,) accounts
for the effect of the conduction electrons. Furthermore, it has been shown that,
as suggested by Jtfrgensen et al. [39] , overlap and covalency contributions
should be taken into account in insulators. If we assume (1 - a,) to be the same
for all the compounds in the PrX« series, the observed deviations from the point-
charge model have to be explained by the factor (1 + &,), i.e. a variation in
conduction-electron concentration for the various compounds in the series.
Das and Ray [37] calculated the shielding effect of the conduction electrons
on the neighbouring charges. Apart from these shielding effects it has been
shown, e.g. by Schmitt [40] and Morin et al.[41] that the direct Coulomb contri-
butions of the conduction electrons to the crystalline electric field in rare-
earth intermetallics are of importance. They showed that p, d and f type con-
duction electrons contribute to the fourth-order crystal field parameter, where-
as only f-type electrons contribute to the sixth-order parameter. Exchange con-
tributions to the crystal field, arising from an interaction between the con-
duction electrons and the 4f shells, have also been considered[42, 43).

Finally,we would like to point out a method, employed b> Bucher and Maita
[44, 451 who were able to correlate the variation of A.<r > in PrX compounds of
the NaCl structure, with the electronegativity of the X-element. Morin et al.[41]
showed that also in PrX compounds with the CsCl structure there exists a corre-
lation between A^<r > and the electronegativity of the X-element. Miedema et al.
[46, 47] have discussed the relation between the Pauling electronegativity para-
meter X and the work function 4> (or <(>*) which determines the charge transfer
between two metal atoms. Furthermore they introduced the parameter n , the i
electron density at the boundary of the Wigner-Seitz atomic cell for metals. It 1
has also been demonstrated [48, 49] that both parameters are linearly related J
to the Mössbauer isomer shift. The values, taken from ref. [47], of **and nws for A
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the X-elenents in the PrX2 compounds are also listed in table 4.11. No clear re-
lation between B^ = Afl<r >Y and these quantities emerges, and hence a more sophis-
ticated theory will be required for the cubic Laves phase compounds.

We would like to remark that the character of the ground state and the
strength of the CEF will determine the macroscopic, thermodynamic proper-
ties of the various compounds, e.g. the spontaneous magnetization, the
specific heat and the resistivity. Therefore, using e.g. the effective-field
codel to relate the CEF to the thermodynamic properties, the comparison with
the experiment will provide a good check on the crystal-field parameters derived
in this chapter. Analyses in these terms of the available specific heat, mag-
netization, hyperfine coupling, susceptibility and resistivity measurements and
the dependence of these quantities on the CEF parameters will be the subject of
the next chapters.
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C H A P T E R 5

KfcWETIC PROPERTIES OF PrXg COMPOUNDS (X = Pt, Rh, Ru, Ir) STUDIED
BY HYPERFINE SPECIFIC-HEAT, MAGNETIZATION AND NEUTRON

DIFFRACTION MEASUREMENTS

Aba tract

Magnetic ordering phenomena in rare-earth intermetailic compounds can be un-

ravelled cost advantageously in case of simple crystallographic structure and

when a combination of microscopic and macroscopic techniques is applied. Here

we shall present the temperature and magnetic field dependence of the magnetic

moment of the cubic PrXg compounds (X = Pt, Rh, Ru, Ir), as inferred from hyper-

fine specific-heat, magnetization and neutron-diffract!on measurements. The

results are compared with a mean-field calculation, taking crystalline electric

field and bilinear (dipolar) exchange interactions into account. Adopting experi-

mental values of the Lea, Leask and wolf parameters x and W from inelastic

neutron scattering results, we find satisfactorily agreement between our magnetic

data and the mean-field theory. An observed discrepancy of about 15 % between

the calculated and measured saturation values of the spontaneous magnetization

can be explained by the presence of quadrupolar interactions.

5.1. Introduction

In a previous chapter [1]we have reported inelastic scattering experiments on

the cubic Laves phase compounds PrX» (X = Ir, Pt, Rh, Ru, Ni). From the positions

and intensities of the observed peaks in the inelastic neutron scattering spectra

we were able to derive crystal-field splittings (CEF) of the H. electronic ground
3+state of the Pr ion. These splittings are related to x and W parameters as

defined by Lea, Leask and Wolf [2]. Leaving PrNig aside our measurements indi-

cated x values ranging from0.68up to 0.93 and W values in between -0.33 meV

and -0.57 meV. A sunmary of the results for the various compounds is given in

table 5.1Jhe region covered by the above values is in fact an interesting part
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of tte LIU diagran since at x = 0.86 the ITj, rfl and r, levels cross, for x < 0.86
the r 3 level and for x > 0.86 the Fj level being the ground state. Both the
sublet (F,) and the doublet (F,) are non-magnetic. It is anticipated that tht
nature of the ground state, as well as the energy separations from the higher
levels will be reflected in the nacroscopic thermodynamic properties.

At present neutron inelastic scattering is the most direct method providing
nicroscopic information on the splittings between the CEF levels. Since it is,
unfortunately, not always possible to determine the CEF parameters uniquely
f n n inelastic neutron scattering experiments, thermodynamic data are expedient
in order to check the conclusions from the neutron data. In addition, informa-
tion on the nature of the interactions between the magnetic ions can be obtained.

In the present chapter we accordingly report hyperfine specific heat, high
and low-field magnetization and neutron-diffraction data on the above PrX„ com-
pounds. The results refer, in most cases, to a temperature region in which the
PrXg compounds are magnetically ordered. In a following chapter we will discuss
ac-susceptibility, resistivity and specific-heat data above 1 K.

We obtain from the hyperfine specific-heat data the average value of the z-
component of the angular momentum <J > at low temperatures. Neutron-diffraction
data at various temperatures lead to the temperature dependence of the magnetic
moment <y>= 9 J U B <3>(where gj is the Lande factor, gj(Pr

 +) = 0.8, and \iR the
Bohr magneton). From bulk magnetization data we can infer the field dependence
of the average magnetization per ion in the sample, which we shall denote by m.
The results will be compared with theoretical calculations, based on the x and
M values obtained from inelastic neutron scattering. We shall use the molecular
field approximation to account for the magnetic interactions between the Pr +

ions, which we will assume to be Heisenberg like: 3f = z. J.. J^.J.. The mole-
cular-field approximation is appropriate, because the interactions in the PrX~
compounds, which all have metallic character, are long-ranged and hence involve
an appreciable number of interacting atoms.

S.2. Molecular-field theory for the magnetization

As outlined in [2] the crystal-field potential in cubic symmetry with the
axis of quantization along the cube edge is given by:

" W {m I04 + 5 °4] + F^ 1 [06 " 21 °6» (5.1)

k
in which W and x are the LLW parameters, which determine the c r y s t a l - f i e l d •''.

•I
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+ 0.12
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+ 0.12

2.86
+ 0.08
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<oz>/o

0.67
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0.76
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0.72
+ 0.
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1
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.73

m/3.2 uB

0.36

0.65

0.48

0.54
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3+

B=0
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+ 0.07

2.8
+ 0.3

1.1
+ 0.1

2.53
+ 0.08
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B/0
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2.3
+ 0.4

0.7
+ 0.2
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+ 0.08
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/ P r 3 +
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2.6
+ 0

0.9
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+ 0
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0
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Calculation

l /Pr3*

1.

2

3

1

2

3

2

3

6

2

1

9

.1

.5

n/3.2 ye

0.

0.

1

0

0

0

0

42

82

0

35

90

97

.78

1) Ref. [4.25]. Recent magnetization measurements on single crystals of PrAl2 have been published by Eyers et a 1.(271

2) Ref. [21,26].
3) B-values choosen as to provide optimum f i t . w-values for B = 0 are only given for comparison.
4) This is the value obtained at 4.2 K.

Table 5.1. Values of the magnetic moment per ion, obtained with different experimental techniques. Ilote that

V - 9jV-p with gj - 0.8 for Pr3+.



strength, F{4) and F{6) are numerical factors given by LLW and the 0™ are
"Stevens operator equivalents". The M and x parameters for the PrXg compounds
as determined froa inelastic neutron scattering experiments are tabulated in
table 5.1.

We deal with the interactions between the Pr ions in the molecular field
approximation, and we write the exchange hamiltonian as:

with

where A is the molecular-field parameter. The latter is directly related to the
transition temperature. If the phase transition is of second-order the molecular-
field constant A can be calculated from the relation

* = X'Q1 ( T C ) (5.4)

in which xQ is the single-ion susceptibility in the absence of magnetic inter-
actions. The spontaneous magnetization below the transition temperature T can
be calculated by solving selfconsistently the following relation:

N N

where E^ and |i> are the eigenvalues and eigenstates of the hamiltonian
x = Jf-pp + 7c„p. Magnetizations in external fields below and above the transition
temperature can also be calculated with formula (5.5) by adding the Zeeman energy
term to the hamiltonian (5.2).

In equation (5.5) we assumed the spontaneous magnetization to be pointing along
one of the cube edges, as has been demonstrated experimentally for PrAlp and
Prlr„ [3,4]. We will assume it to be valid for the other PrX„ compounds as well.

In the present experiments <0 > is determined as a function of temperature
or external magnetic field. In the following sections the experimental results
will be compared to <J>, calculated on basis of formula (5.5), using x and W
as inferred from inelastic neutron scattering experiments, and A as calculated
from the values of T„.
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5.3. SzrpZc preparation

Ilte neutron-diffraction experiments were performed on the sane sarrples as in

tee inelastic neutron scattering study. The samples for the magnetization and

hyperfiite specific-heat measurements were prepared separately, following the

methods outlined in [1|, and they were carefully checked by X-ray techniques.

After the arpleticn of the hyperfine specific-heat and low-field magnetization

neasurenents on the snail ingots, the latter were ground to very fine powders

(5 - 50 u) in order to be used in high-field (pulsed) magnetization measurements.

S.4. High-field magnetisation measurements

Magnetization experiments up to very high fields (40 T) were performed in the

pulsed-field magnet of the Kamerlingh Onnes Laboratory [5] , at temperatures of

4.2 K end 77 K. The pulsed-field method has the disadvantage that the character-

istic time constant involved is rather short, since the duration of the sine-

shaped pulse is only 20 ms. The measurements on our samples, having a small elec-

tric resistivity at 4.2 K, were hampered by time effects, arising from the finite

skin-depth of the metallic crystallites (even for our finely powdered samples).
JIJ

Therefore a strong dependence of the signal on ^ was observed at 4.2 K, which

rendered the data taking at 4.2 K imprecise.

In fig. 5.1 the pulsed-field magnetization measurements in fields up to 40 T,

at a temperature of 77 K, are shown as dashed curves. Data on PrAlp and PrMg2

are included as well. The solid lines are theoretical calculations based on the

x and W values listed in table 5.1. The curves labeled (a) and (b) are calculated

on basis of the crystal-field hamiltonian (5.1), ignoring interactions between

the magnetic ions. For the calculation of the curves (b) we assumed the external

field to be pointing along the cube edge. The curves (a) are obtained by averaging

over all possible angles between the quantization axis and the external field

direction.* Finally the curves (c) are obtained by including both the crystal -

field hamiltonian (5.1) and the exchange hamiltonian (5.2) in the calculation.

Here again the external magnetic field is taken along one of the cubic axes.

For PrRhp two calculations are presented based on the two different level schemes,

tabulated in table 5.1.

Even at the highest fields applied, the magnetization is still far from satu-

*We thank G.J. Nieuwenhuys for making available a computerprogram to perform the

averaging.
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Figure 6.1. Magnetization versus magnetic field at 77 K for PrPt^, PrRu„, Prlr.,

PrRhg, PrAl2 and PrMg„. The experimental magnetisation is indicated by the dashed

line, whereas the solid lines are theoretical calculations, as explained in the

text. The experimental data on PrRho are indicated twice. The calculations, how-

ever, are based on different level schemes (A) x = 0.93, W = -0.35 meV and (B)

x = 0.75, W = -0. 33 meV. i
•i

96



ration, which would amount to 3.2 P B (mmax = gjVgJ, where gj = 0.8 and J = 4).
On the other hand, with the exception of PrPt2 and PrRh^ in fields above 25 T,
the measured magnetization curves always lie above "the crystal-field-only"
pred'ction, which indicates the presence of exchange interactions. The differences
are largest for PrAlp and PrRUpS in agreement with the relatively large value
of the molecular-field parameter X for these compounds (table 5.1). For all
compounds the measured values are lower than those obtained from a calculation
including the exchange interaction and assuming the external field to be oriented
along the easy axis, i.e. the (001) direction (curve c). The latter may seem an
•improper assumption for a polycrystalline material. One should, however, keep
in mind that our samples are ground to powders fine enough to justify the as-
sumption that a considerable fraction of the crystal grains will be in the form
of monocrystals. Upon applying a magnetic field these moncrystals will tend to
be oriented with the easy axis along the magnetic field direction. So we may
expect the experimental results to be not far off the (001) prediction, the
magnitude of the deviation depending on the fraction of monocrystals. From the
similarity of the calculations for the two different crystal-field schemes of
PrRhp it follows that the magnetization at the temperature considered (77 K) is
rather insensitive to changes in the crystalline electric field. This, together
with the circumstance that the fraction of monocrystallites is unknown, makes
these measurements unsuitable as a tool for determining crystal-field parameters.
The results, however, are clearly in concord with the LLW parameters obtained
with inelastic neutron scattering.

5.5. Low-field magnetization measurements

Magnetic isotherms at 4.2 K in field strengths up to 2.0 T have been studied
by means of a PAR vibrating sample magnetometer. For all the compounds the tran-
sition temperatures, as tabulated in table 5.1, are above this temperature. The
experimental data are shown in fig. 5.2 . The dashed lines are obtained
by extrapolating the curves in the region H > 0.7 T to H = 0, and the values of
the zero intercept, m, are listed in table 5.1. The behaviour of Prlr„ and PrRu,
is peculiar, in regard to the fact that in all but the lowest applied fields the
initial magnetization falls below the corresponding hysteresis loop. The same
behaviour has been found in PrCo2» and an explanation of this effect is given
in ref. [6] .
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Figure 5.2. Magnetic isotherms at 4.2 K versus magnetic field. The magnetization

is expressed in Bohr magnetons per Pr ion. The dashed lines are explained in

the text.

F

5.6. Hyperfine specifia-heat measurements

The internal field developed below the transition temperature will remove

the nuclear spin degeneracy {I = 5/2) of Pr . The interaction between the nuclear

quadrupole moment, and the 4f shell can also contribute to the splitting between

the nuclear magnetic sublevels. These splittings can be detected by resonant

techniques such as NMR or Mössbauer spectroscopy. If these methods are not suita-

ble, information can be obtained from the hyperfine specific heat, which probes

the thermal population of the nuclear sub-levels. Several accurate hyperfine

specific-heat measurements have been performed, e.g. at Helsinki, on the rare-

earth metals. For a review see ref.17,8]. Particularly in metallic samples, which

are often difficult to probe with NMR, heat-capacity measurements prove to be

a very suitable tool in this respect. In spite of this, hyperfine specific-heat

measurements on rare-earth intermetallic compounds have until now been relatively

scarce. Once the splittings of the nuclear sublevels are known, the mean value

of the angular momentum operator <JZ> can be derived, as outlined below.

The hyperfine specific-heat data were obtained in the low-temperature (T <

I
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2 K) specific-heat apparatus, described extensively elsewhere [9]. Both magnetic
(CMN) and germanium thermometry have been applied. Heat contact to the samples
was provided by electrolytically plating them with copper, and indium soldering
them to the cooling rod, except for PrRh2> where we used a pressure contact.

The results of the specific-heat measurements below ̂ 2 K on the PrX2 (X = Ir,
Pt, Rh, Ir) compounds are shown in fig. 5.3, from which the addenda have already

0.01
0.01

T(K)

Figure 5.3. Hyperfine specific heat versus temperature. The solid aurves are
Sahottky anomalies fitted to the data, as explained in the text.
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been subtracted. The lower limit of the temperature range covered is about 50 mK..

The high temperature limit ranges from 1.1 K (PrRh2) to 2.3 K (PrPt2). The latter

could be reached by removing the superconducting switch connecting sample and

cooling salt. Below 1 K the data are smooth, and in general the scatter is less

than 3 %, with the exception of the PrRh2 data below about 140 mK, in which the

scatter rises up to 10 •*. This is a result of the fact that the heat contact

to the PrRh2 is worse than for the other samples.

In the magnetically ordered state, and for ions occupying cubic symmetry

sites, the hyperfine interaction can be written as [10]

(5.6)

in which y = gNPN^ is the nuclear magnetic moment, and H* -̂  is the internal

field. The eigenvalues of this hamiltonian can be written as:

fe
Ei =

in which

(5.7)

n
X'.
'>•:.

(5.8)

From these formulas it follows that a determination of the energy eigenvalues

leads to the expectation value of the z-component of the angular momentum <J >,

provided that the constant A is known from other sources. The hyperfine field

at the rare-earth nucleus, H e f f, which is proportional to the hyperfine constant

A, is usually assumed to be composed of three terms

Heff = H4f Hsp + Htr (5.9)

in which H 4 f = A^<J2>I/y is the field created by the 4f electrons, consisting

of orbit, spin and core polarization contributions. The value of A.f, as deduced

from E.S.R. measurements on salts, is A4f/h = 1093 + 10 MHz [10,11]. H is the

"self-polarization" field, arising from polarization of the conduction electrons

by 4f-electron-conduction-electron exchange, which reflects itself through me-

chanisms such as conduction-electron contact interaction, core polarization and

orbital polarization[12,13]. The term H t r accounts for the transferred hyperfine

field, produced by polarization of the conduction bands by neighbour and distant

magnetic ions. BertMer et a 1 - [13] showed that in PrAl2 H amounts to about
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10 % of H4f, while H t r is negligibly small (0.56 T).
The nuclear specific heat is given by the formula[8]:

(E- - EjEj) exP[-(E i+Ej)/kBT]

E. + Ej)/kBT]
(5.10)

where E., E. are given by eq. (5.7). The solid curves in fig. 5.3 are the best
fits to the formula (5.10),obtained by shifting the Schottky curve along the
temperature axis. The hyperfine specific-heat measurements can be fitted reason-
ably well in this way.

_2
Above = 1 K the data exceed the T Schottky curve at all temperatures. This

can be explained by the lattice and electronic contributions to the specific heat
which are expected to be present at these temperatures. Furthermore, the accuracy
of our apparatus is rather limited in this temperature region, and the same
effect has been observed in a measurement on the standard terbium sample [9].

A second discrepancy between the measurements and the calculations, is
found near the maximum of the Schottky anomaly. Except for Prlr- the measurements
fall below the calculated curves, the discrepancy being largest for PrPt~ (about
10 %). From the nature of the deviations it may be concluded that they cannot
be due to the presence of impurity phases. In any case, it is very unlikely that
impurity phases would amount to more than 2 - 3 % as follows from the X-ray
analysis.

The presence of nuclear quadrupole interactions might cause deviations from
the calculations, shown in the figures. The nuclear quadrupole hamiltonian can
be written as:

Q

where

1)] (5.11)

P = 3 e Q Vz2/4 1(21 - 1) (5.12)

in which eQ is the quadrupole moment of the nucleus, and V is the z-component
of the electric-field gradient at the nuclear site. To discuss the influence of
quadrupolar interactions on the hyperfine specific heat we will review the possi-
ble contributions to the quadrupole constant P.
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Because the praseodymium ions in the Laves phase compounds occupy sites of
cubic symmetry, the lattice contribution to the quadrupole constant vanishes.
The electric-field gradient at the nuclear site due to the localized 4f electrons
is given by

Vzl (5.13)

•J

; ) •

&

in which <r > is the mean inverse cube of the distance between the 4f electrons
and the nucleus, taking into account the screening effect of the other electrons
and a. is a number characteristic of each 4fn configuration, given in ref. [14].

2When the saturation magnetization is attained <3 J - J(J + 1)> = J(2J - 1).
The 4f contribution to the quadrupole constant,P , assuming <J > = J, is given
by Bleaney [10]and amounts for Pr3+ to P4f/h = -2.62 MHz, which is smaller by
about a factor 400 than the hyperfine constant A. Higher-order magnetic hyperfine
interaction effects, usually referred to as pseudo-quadrupolar interactions, can
also contribute to the quadrupole interaction parameter P, depending on the sym-
metry properties of the electronic wave functions. These contributions can be
written as [11,15] :

PO 2 < 1! J
7l9>

2

PPQ = A Z ? f I - (5.14)
i 9

where the summation is over all the excited states. These higher-order effects
-2 -3

are small, typically by about a factor 10 - 10 , as compared to the first-

order hyperfine splitting.
We conclude that it is unlikely that nuclear quadrupole or pseudo-quadrupole

interactions are responsible for the difference between the observed and calcu-
lated hyperfine specific heat.

The presence of a distribution of hyperfine fields is the most probable ex-
planation for the discrepancies between calculation and experiment as found near
the maximum of the Schottky anomalies. In this way the observed data, especially
for PrPt, can be explained quite well. We will discuss the possible origin of
such an effect in section 5.8.

Assuming the hyperfine constant A to be equal to A.^/h = 1093 MHz, the average
z-component of the angular momentum <«] > can be determined from the position of
the Schottky anomaly on the temperature axis. The values obtained are listed in
table 5.1. The presence of a "self polarization" contribution to the hyperfine
constant, would change the <JZ>-values. Unfortunately, this contribution is not
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, except for PrAlg, in which A is determined to be about 10 % of A4f[13] .

l 1 l f /J lid ll

known

In table 5.1 the values of <J >/J are l isted as well .

5. 7. Neutron diffraction

The neutron-diffraction experiments were carried out on two axis spectrometers
at the nuclear reactor Saphir in Würenlingen, Switzerland, using neutrons of
wavelength A = 2.34 8.

In a neutron-diffraction experiment the neutron intensity is measured as a
function of the scattering vector $, yielding well defined Bragg peaks in the
nuclear contribution to the scattered intensity (g§)nuc-|-

 Tne influence of lattice
vibrations on the scattered intensity is expressed in the following way:

.-zw (5.15)

where W is the Debije-Waller factor:

W = B sin 29A 2 (5.16)

in which B is a proportionality constant, 2e is the scattering angle, and \ is
the wavelength of the incoming neutrons. Absorption and form factor corrections
can also be included in this expression. When the ionic magnetic moments are
distributed in random directions as in the paramagnetic state, the magnetic
scattering will be incoherent, and will only contribute to the background scat-
tering of the powder pattern. In an ordered magnetic substance, however, there
is a magnetic contribution to the differential cross section -jjp which leads
to an additional pattern of peaks in the powder spectrum. For a ferromagnet
these coincide with the nuclear peaks, and the magnetic contribution to the
neutron scattering appears as an enhancement of the nuclear peaks, which de-
creases with increasing e, according to the square of the neutron magnetic form
factor.

In fig. 5.4 the neutron diffraction diagram on PrRh2 at. 4.2 K is shown as a
typical example. The solid curve is a theoretical fit to the data. In the fitting
procedure we applied the profile refinement method introduced by Rietveld [16].
By comparison to a diagram at higher temperatures (above T ) it became clear that
no additional peaks are present. This indicates that the magnetic and chemical
unit cells are identical and that the structure is ferromagnetic. From the fit
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of all the lines in the diagram the value of the magnetic moment can be obtained.
These values are listed in table 5.1. In case of PrRup, Prlr2 and PrPt~ we also
measured the temperature dependence of one of the magnetic reflections. At each
temperature the intensity is obtained by the subtraction of a background which
is assumed to be linear. The magnetic intensity (proportional to the magnetic
moment squared) is obtained by the subtraction of the nuclear contribution.
The temperature dependence of the magnetic moment extracted in this way is shown
in fig. 5.5 for the various compounds. For PrRh2 only the magnetic moment inferred
from the diagram at 4.2 K is indicated.

For the interpretation of the measurements discussed in this chapter, it is of
importance to know whether the magnetic phase transition is accompanied by a
structural transition. To check this, A.C. Moleman, at the University of Amster-
dam, performed an X-ray study on the Prlr? sample at various temperatures. His
measurements indicate an increase in the lattice parameter in the liquid helium
range of about 5 x 10" 8 but no evidence could be found for a structural phase

15.00

3.00 6.00 9.00
2-theta (degrees) xio'

i i

^obs~ *caic

Figure 5.4. Scattered neutron intensity versus scattering angle at 4.2 K and

in zero field for PrRh„. The solid curve is a fit as explained in the text.

The agreement values for the fit [16] are R = 0.046, R - 0.053.
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Figure 5.5. Magnetisation ]x, from neutron-diffraction data, versus temperature

T, for PrPtg, PrRh^ PrRu^, and Prlr . The solid lines are the results of mole-

aular-field calculations. The scatter in the data for PrPt0 is due to the low

moment observed.

transition, accompanying the magnetic phase transition. At 4.2 K broadening
effects were observed in some reflections which might indicate the presence of
strains. In this context we remark that Pourarian et al.[17] have recently found
that PrAl2 exhibits a huge magnetostriction. Lattice distortions to a tetragonal
or rhombohedral structure have been observed in other rare-earth aluminium com-
pounds by Barbara et al . [18]. TbX2 (X = Fe, Co, Ni) compounds are also well
known for the occurrence of structural distortions and magnetostrictive effects,
see e.g. ref. (19].
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5.8. Discussion

Among the present results neutron-diffraction measurements may offer the best

possibility to compare theory and experiment. The solid lines in fig. 5.5

are calculations based on eq. (5.5), adopting the values of x, W and X, listed

in table 5.1. For PrRh? two curves are presented, calculated on basis of the

two possible crystal-field schemes. The level scheme with the doublet r, ground

state gives rise to a first-order phase transition with a transition temperature

of 8.7 K, if we adopt a value of the molecular-field constant X, based on the

estimate X = xö (T"c) (eq- 5.4), where xQis the susceptibility at the actual tran-

sition temperature. This estimate of X is only valid in case of a second-order

phase transition. In order to obtain a more precise estimate in the presence of

a first-order transition one should start from a value X =xQ" (TQ) with TQ < Tc

and determine T and hence X in such a way that the actual first-order transition

takes place at T = T . We did not find it necessary to evaluate this more precise

estimate of X, since the neglect of quadrupolar interactions might introduce a

much larger uncertainty as discussed below. This first-order behaviour is more

generally found for r, ground state systems and the nature of the phase transi-

tion (first- or second-order) depends on the ratio of magnetic and crystal-field

interactions.

Comparison of the calculated saturation moments with the extrapolations of

the measurements to T = 0 shows the latter to be generally smaller by about 10 -

20 %. This will also hold for PrRh2 if we assume the scheme x = 0.75 and W =

-0.33 meV to be appropriate. Of course we do not expect the molecular-field

approximation to reproduce the experimental results precisely, but in view of

the long-range character of the interactions this can be considered as a fairly

good approach. Part of these discrepancies between theory and experiment may be

explained by J-admixture effects, which may reduce the magnetic moment by 5 -

10 % [20]. Another contribution to the magnetization as measured by neutron dif-

fraction arises from the conduction-electron polarization. However, we believe

that the most likely explanation for the systematic discrepancy is the presence

of quadrupolari.e. biquadratic exchange interactions. By inclusion of a quadru-

polar term in the molecular-field hamiltonian, Loidl et al.[21] could explain the

measured magnetization of PrMg» quite well. As compared to the calculation with-

out these quadrupolar effects, the magnetization was reduced by about 20 %, which

is in good agreement with the values we observe. The influence of quadrupolar

interactions will also be considered in the discussion in the next chapter on the
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high-temperature specific-heat and resistivity measurements.
It can be seen in fig. 5.5 c (Prlr2), that the calculated magnetic moment at

T = 0 reaches the maximum value 3.2 y. for Pr (J = 4). This is a direct con-
sequence of the fact that the calculation is based on an x-value x = 0.86, at
which the ground state is a linear combination of the r3>r, and r. states with
coalescing energy values. As discussed in ref.[1]there is evidence that the x-
value for Prlr? falls somewhere in the vicinity of the crossing point. We anti-
cipate the saturation moment to be strongly dependent on the distance from the
crossing point. We therefore calculated saturation moments for several combina-
tions of x and W values, always determining X in such a way that T is located
at 11.2 K (in case of first-order transitions small deviations may occur, but
these are expected to be small for the range of x and W values considered, and
can therefore be neglected). The results are plotted in fig. 5.6, in which lines
of equal magnetization, expressed in values of <J >, are plotted in an x, W
diagram.

The measured moment at T = 0 for Prlr2> obtained by extrapolation, amounts to
2.6 + 0.3 y& or <JZ> = 3.3 + 0.4. This would only be consistent with an x-value
et a fair distance from the crossing-point. In the above, however, we have seen
that on an average the measured moment is about 15 % below the calculated value.

;y;y

-0.8

-0.6-

S -0.4-

-0.2 -

O.82 0.90

Figure 6.6. Iso-magnetization (at T = 0) lines in an x-W diagram. The transition
•temperature has been taken to be 11.2 K, as explained in the text. The numbers
of the various curves indicate the angular momentum expectation value <J >.

z

107



.il

If we take this to hold for the Prlr2 results as well, we arrive at a moment of

3.0 p B, which, assuming W = -0.57 meV, indicates x = 0.83 o r x = 0.88 (see fig.

5.6). The uncertainties are of course rather large, but nevertheless it is clear

that the results obtained are in good agreement with the conjecture that Prlr2

is situated in the vicinity of the level crossing point. A similar situation

has been discussed by Kim et al. [22] for some holmium compounds in terms of the

"cubic model".

Next we will compare the values of u/3.2 Pn, m/3.2 u„ and <J >/J, listed in

table 5.1, which should be essentially the same. The ratios m/3.2 u„, however,

are substantially smaller than the ratios <J >/J deduced from the heat-capacity

measurements. This points to the presence of a domain structure, as well as a

strong anisotropy, causing cancellation effects in the measured moment in the

polycrystalline material. The values of <J >/J inferred from hyperfine specific

heat measurements are in good agreement with the values of y/3.2 p„ obtained by

neutron diffraction, with the exception of PrPt~. For this compound the value

of <J>/J is about 2.5 times as large as u/3.2 uD. It is conceivable that

there is a relatively large contribution of the conduction-electron polariza-

tion to the hyperfine constant in this case, but this will definitively not

be sufficient to explain the discrepancy.

It has been found by Taylor et al. [23] that compounds of the Laves phase in

the Pt-Gd alloy system form as a single phase o/er a range of concentrations

from 23 at % to 33 at 1 Gd. These authors could explain their X-ray diffraction

measurements in terms of a model in which Pt atoms substitute on Gd sites pro-

gressively and they suggested the occurrence of vacancies in the stoichiometric

composition GdPtp- This conjecture has been studied by Dormann et al.[24]in a

series of NMR measurements on the GdPtx (2 t x < 3) compounds. Dormann et al.

observed an enormous halfwidth of the Gd resonances, compared to the observations

made in Gdlr„ and GdRh2- Dormann et al. interpret their measurements as a frozen-

in distribution of hyperfine fields, which may e.g. result from an imperfect

atomic order (site occupancy), and estimate an upper limit of at most 5 % for

vacancies at the Gd site in GdPt~.

Such an effect may quite well explain the lowering of the maximum observed

in the hyperfine specific-heat measurements on PrPt2 (cf. section 5.6). The

presence of vacancies at the Pr sites in PrPt0 may lead to an erroneous inter-

pretation of the neutron-diffraction data, in this respect, that ignoring these

effects, the moment inferred from the data is lower than the moment actually

present. Hence the presence of these vacancies may give an explanation for the
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different low temperature values of <J >/J from hyperfine specific heat and
y/3.2 y B from neutron diffraction in

On the other hand the value of w/3.2 uB of PrPt« observed in neutron diffrac-
tion agrees well with the calculated value based on crystal-field parameters
determined by inelastic neutron scattering [1] .

5.9. Conalusion

We have shown that consistent information on the magnetic properties of the
PrXp compounds has been obtained with quite different techniques. The high-field
magnetization measured at 77 K is rather insensitive to the details of the crys-
tal field, but the results obtained are in agreement with calculations based on
known x, W and A values. Further information may be obtained once single crystal
samples become available.

Except for PrPt2, the results from hyperfine specific heat and neutron dif-
fraction are mutually consistent. A molecular-field calculation of the spontane-
ous magnetization, assuming only dipolar interactions and based on the x and W
values as inferred from inelastic neutron scattering and X, from the x-T -rela-
tion (eq.(5.4)), yields results which are 10 - 20 % larger than obtained in the
experiment. We consider this to be an indication for the possible presence of
quadrupolar interactions.

References

1. This thesis chapter 4, and F.J.A.M. Greidanus, L.J. de Jongh, W.J. Huiskamp,

A. Furrer and K.H.J. Buschow, submitted to Physica B.

2. K.R. Lea, M.J.M. Leask and W.P. Wolf, J. Phys. & Chem. Solids ̂ 3 (1962) 1381.

3. G. Tanner, F.u. Wagner, Proceedings of the 18th Ampere Congress, Nottingham

1974, eds. P.S. Allen et al. (North-Holland Publ. Comp., Amsterdam and Oxford,

1975) p. 87.

4. P. Bak, Ristf Report no. 3J1 (1974).

5. J.J. Smit, Ph.D. thesis Leiden, 1979.

6. L.J. de Jongh, J. Bartolomé, F.J.A.M. Greidanus, H.J.M, de Groot, H.L. Stip-

donk and K.H.J. Buschow, J. Magn. & Msgn. Mat. 25 (1981) 207.

109



i
•'/ 7. L.J. Sundström, in the Handbook on the Physics and Chemistry of the Rare

Earths, Volume 1, K.A. Gschneidner Jr. and L.R. Eyring, eds., (North-Holland

Publ. Comp., Amsterdam, 1979) p. 379.

8. O.V. Lounasmaa in Hyperfine Interactions, A.J. Freeman and R.B. Frenkel, eds.

(Academie Press, New York, 1967) p. 470.

9. This thesis, chapter 2.

10. B. Bleaney in Magnetic Properties of Rare Earth Metals, R.J. Elliott, ed.

(Plenum Press, London and New York, 1972) p. 383.

11. B. Bleaney, J. Appl. Phys. 34̂  (1963) 1024.

12. F. Dintelmann, E. Dormann and K.H.J. Buschow, Solid-State Commun. 8̂  (1970)

1911.

13. Y. Berthier, R.A.B. Devine and E. Belorizky, Phys. Rev. B}]_ (1978) 4137.

14. R.J Elliott and K.W.H. Stevens, Proc. Roy. Soc. London A218 (1953) 553.

15. M.A.H. McCausland and I.S. Mackenzie, Adv. Phys. 1%_ (1979) 305.

16. H.M. Rietveld, J. Appl. Crystallogr. 2 (1969) 65.

17. F. Pourarian, S.K.. Malik, W.E. Wallace and R.S. Craig, J. Magn. & Magn. Mat.

24 (1981) 43.

18. B. Barbara, M.F. Rossignol and M. Nehara, Physica 86-88B (1977) 183.

19. J.R. Cullen and A.E. Clark, Phys. Rev. B]5̂  (1977) 4510.

20. A. Furrer and U. Tellenbach, Helv. Phys. Acta 4ji (1975) 451.

21. A. Loidl, K. Knorr, M. Miillner and K.H.J. Buschow, J. Appl. Phys. _5_3 (1981)

1433.

22. D. Kim. P.M. Levy and L.F. Uffer, Phys. Rev. EJ_2 (1975) 989.

23. R.H. Taylor, I.R. Harris and W.E. Gardner, J. Phys. F6_ (1976) 1125.

24. E. Dormann, M. Huck and K.H.J. Buschow, Z. Phys. B27 (1977) 141.

25. Th. Frauenheim, W. Matz and G. Feller, Solid-State Commun. J29 (1979) 805.

r 26. K.H.J. Buschow, R.C. Sherwood, F.S.L. Hsu and K. Knorr, J. Appl. Phys. ̂9_

!•" (1978) 1510.

• 27. A. Eyers, A. Alke, A. Leson, D. Kohake and H.-G. Purwins, J. Phys. £1_5 (1982)

2459.

no



C H A P T E R 6

SPECIFIC HEAT, RESISTIVITY, AND AC SUSCEPTIBILITY
OF THE CUBIC PrX? COMPOUNDS (X = Pt, Ru, Ir, Rh)

Abstract

Specific-heat, differential-susceptibility and electrical-resistivity measure-
ments on PrX« (X = Ir, Pt, Rh, Ru) compounds reveal phase transitions at T =
11.2 + 0.5 K, 7.7 + 0.5 K, 7.9 + 0.5 K and 33.9 + 0.5 K for X = Ir, Pt, Rh and
Ru, respectively. From earlier neutron inelastic scattering experiments , the
crystalline electric field levels of these compounds have been determined. The
specific-heat results are compared with the results of a mean-field calculation,
assuming bilinear exchange interactions. The presence of broad secondary maxima
in the temperature dependence of the specific heat of PrRh„, PrRu„ and especial-
ly Prli"2 can qualitatively be explained by the presence of biquadratic (quadru-
polar) interactions. The behaviour of the susceptibility is in agreement with
ferromagnetic ordering. The electrical resistivity drops markedly below T , and
the dp/dT versus T curve is similar to that of the specific heat.

6.1. Introduction

In previous chapters [1,2] we have reported on the results of inelastic neutron
scattering, neutron diffraction, hyperfine specific-heat and magnetization meas-
urements on the cubic Laves phase compounds PrX2 (X = Ir, Ni, Rh, Ru, Pt). From
the results of inelastic neutron spectroscopy we were able to determine the crys-
tal-field splittings of the H- electronic ground state of the Pr +ion in the

L compounds of the above series. Although the temperature- and magnetic field de-
f: pendence of the magnetization could qualitatively be explained on basis of a
I bilinear exchange hamiltonian within the molecular-field approximation we invoked
i quadrupolar interactions in order to explain some minor discrepancies between
;; the experimental and calculated results.
•; To our knowledge the first data on the structure and lattice parameters
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of the PrX2 (X = Ir, Pt, Rh, Ru) compounds were published by Bozorth, Matthias
et al [3,4]. The same authors also reported magnetization measurements, from
which they inferred ferromagnetic transition temperatures of 18.5 K, 7.9 K, 8.6 K
and 40 K for Prlr2, PrPtp, PrRh2 and PrRu2 respectively. In 1964 Crangle and
Ross [5] in their paper on the magnetization of ferromagnetic cubic Laves phase
compounds of rare earths with transition elements, deduced transition tempera-
tures of about 5 K and 9 K for PrPt2 and PrRhp respectively. These were again
based on magnetization measurements. (A value of T = 13.5 K for PrPt- has also
been quoted in the literature [6.7]) In 1967 Wallace [8] published magnetization
data on PrPt2 measured at 4.2 K, from which he concludes that PrPt2 may not be
ferromagnetic at low temperatures, but instead might be a Van Vleck paramagnet.
In 1972 Wallace [7] remarked that it seems likely that the majority of the PrX„
compounds, with the possible exception of PrRhp, are Van Vleck paramagnets, and
that the T values, quoted in the literature would be artifacts arising from the
methods used in the treatment of the data.

In the present paper we will present results of ac-susceptibility measurements
in zero field, which may be considered as a more appropriate technique to deter-
mine the existence of a ferromagnetic phase transition, which by its very nature
is destroyed already in small fields. Furthermore we present specific-heat meas-
urements on the same compounds, which confirm the conclusions drawn from the
ac-susceptibility data. Next we will make a comparison between the measured
specific-heat curves and calculations based on a molecular-field theory of the
magnetic interactions.

Resistivity measurements will be the final subject of this chapter. Magnetic
ordering and crystal-field effects are clearly present in the low temperature re-
sistivity behaviour. The similarity between thé temperature derivative of the
resistivity and the specific heat will be discussed in particular.

Part of the measurements discussed in this chapter were presented previously
[9].

6.2. Moleaular -field theory, the specific heat

As assumed in [1,2] , the crystal-field potential in cubic symmetry with the f
i

axis of quantization along a cube edge can be represented by the hamiltonian I

* = W {TF) [04° + 5 °l] + Flift[06 " 21 °6] (6-D |in which W and x are LLW-parameters [10] » which determine the strength of the
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crystal field, F(4) and F(6) are numerical factors given by LLW, and the 0™ are
"Stevens operator equivalents". In a first approximation interactions among the
Pr ions will be represented by a bilinear exchange term in the hamiltonian.
By treating the bilinear exchange within the framework of the molecular-field
theory, the effective single-ion hamiltonian can be written as:

where g, is the Landéfactor (g, = 0.8 for Pr + ) , Un the Bohr magneton, ft, is the
molecular field, 3 is the angular momentum,X is the molecular-field parameter,
and M is the magnetization per ion. Furthermore:

tfM = xffi = 9jPB*<3> • (6.3)

The magnetization per ion can be calculated self-consistently from the relation:

<Jz> = [ J j <i |Jz| i> exp(-BEi)]/[J1 exp(- &.)] (6.4)

where E. and |i>are the eigenvalues and eigenstates of the single-ion hamiltonian
3C, and where we have assumed that the magnetization per ion ft is directed along
one of the cubic axes.

Within the same approximation the specific heat is given by [11,12]

c/R = B jg

; (6 .5)

x(Of Jz> - <3ft><Jz> )Z (1 - AXp) '1

I where Xg is the single-ion susceptibility in the molecular field
: The latter quantity is given by

t. 9 o texP(-6E„)-exp(-eEm)]

;. m tn

I' - g,yfiB([ Eexp (- eE ) <m|J |m>] /[ sexp (- eE )] ) 2 (6.6)
; " D m in t m in

| in which the summations are carried out over all states |m> , |n> of the hamil-
i toni an 3C.
i

*-:,. Finally, the entropy change between T = 0 and T = T is given by

113



AS/R = [S (T) - S (0)]/ R = In Z + S<JC>
A O

(6.7)

in which

Z Q = Tr exp (- 07C) . (6.8)

•'7

i

6. 3. Ao-susceptibility measurements

Ac-susceptibility measurements were performed on the same samples of rectan-

gular shape as used for the hyperfine specific-heat measurements [2] . A primary

coil was employed to produce a 146 Hz oscillating field, with an amplitude always

smaller than 0.1 mT. The sample response, proportional to the susceptibility,

was detected by means of two compensated secondary coils which form part of a

mutual inductance bridge. For Prlr„ the measurements have also been performed

on a spherical sample, in a different apparatus. Here the sample is moved from

the centre of one of the secondary coils to the centre of the other one, the

change in the output voltage over the secondary coils being proportional to the

susceptibility of the sample f 13].

The experimental results are shown in fig. 6.1. In zero-field the in-phase

if} 5 10 30 50 100

Figure 6.1. In-phase oomponent of the differential susceptibility versus tem-

perature for the PrX„ compounds.
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Table 6.1.

PrRh2

PrRu„

Prlr2

PrPt2

TC(K)

7.9 +

33.9 +

11.2 +

7.7 +

0.

0.

0.

0.

5

5

5
5

S(TC)

0.80

1.16

1.09

0.80

experiment

+ 0.02

+ 0.02

+ 0.02

+ 0.04

S(Tc)theory

0.36(r1)/0.87(r3)

1.47

1.79

0.26

Table 6.1. Ferromagnetic transition temperatures, T , and observed and calculated

aritioal entropy. For Prfth- two values are indicated for the two possible crystal

field schemes, of. ref. [1] . The transition temperature for PrPt„ is the average

value of the specific heat (T = 7.4 K) and susceptibility (T = 8.0 K) result.

X' v e r s u s T c u r v e s s h o w s h a r p a n d l a r g e m a x i m a ( X ' = 1 - 1 0 e.m. u . / m o l e ) a t
IllaX

the temperatures T , given in table 6.1. Already in fields of 0.2 T these maxima

are substantially suppressed. This behaviour is consistent with a model of ar

anisotropic ferromagnet, for which the decrease of the susceptibility below the

f maximum can be ascribed to the blocking of domain-wall movements upon lowering

j the temperature. This possibly implies that the temperatures of the maxima

coincide with ferromagnetic transition temperatures T . In combination with our

i former results [2] these measurements clearly show that at liquid helium temper-

atures the PrX? compounds (X = Pt, Rh, Ru, Ir) are all ferromagnetically ordered,

: in contradiction with Wallace's conjecture that they might be Van Vleck para-
' magnets.

'[, 6. 4. Specific heat measurements

6. 4.1. Experimental techniques
I?
• Specific-heat measurements up to 40 K were performed on the PrX? compounds,

as well as on the non-magnstic isomorphous LaX2 compounds. For PrPtp. Prlr2

and PrRh2 we used the same samples as in our ac-susceptibility study. The spe-

cific-heat apparatus has been described by Boerstoel [14]. The specific heats

of Lalr2 and of LaRh2 were also measured in this apparatus. Measurements on PrRu„

and LaRu2 in the temperature region 2 - 90 K were performed in an apparatus

described by Klaaijsen [15]. In all these experiments the conventional heat-

pulse technique was applied.
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10 50 100 300
T(K)

Figure 6.2. Specific heat versus temperature for various LaXg compounds. The

curves are smoothed lines through the data points, For LaAl„ two curves are

shown (a) ref. [17],(b) ref. [IS], Data on LaNi- between 1.6 K and 4 K, taken

from ref. [22], coincide with the LaMg2 data.

i-

6.4. 2. The non-magnetic LaXo compounds (X - Ir, Ru> Rh)
a

The heat capacity of a metallic substance at low temperatures can be written

as: c = c»+c,. + c^ + c. , in which cN is the nuclear contribution, cM the mag-

netic contribution, including crystal-field effects, c£ the conduction-electron

contribution and cL the lattice contribution to the heat capacity. In the present

study we are interested in the magnetic and crystal-field part of the specific

heat of the PrX„ compounds. So we have to correct our measurements for contri-

butions from conduction electrons as well as for nuclear and lattice contribu-
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(I

'Table 6

LaRu2

Lalr2

LaRh2

LaMg2

LaAl2

LaPt2

LaNi2

1) Ref

2) Ref

3) Ref

4) Ref

f.2.

1)

2)
3)

4)

.[18]

.[16]

.[19,

.[22]

Y(mJ/mole

43
6.

3.
12.
10.

3.

12.

20]

+

9 +

3 +

7
95

51

52 +

K2)

2
0.2

0.3

0.03

eD(K)

160 + 2

214 + 2

232 + 1

244
352

236

242

*

Table 6.2. Coefficient of the linear term in the specific heat (y) and Debye

temperature (ö-J for various LaX„ compounds.

tions. The nuclear specific heat was obtained in a separate set of low-temper-

ature experiments on the PrX2 compounds [2] . The lattice and conduction-electron

contributions, c, and c£ respectively can be found from the specific heat of an

isomorphous, non-magnetic compound. We have accordingly measured the heat capa-

city of the LaXg compounds, with X = Ir, Rh and Ru, which we expect to have

similar cL and c£ behaviour in a first approximation. In fig. 6.2 our experimen-

tal results are shown, together with data from the literature on LaAl,[16,17],

LaMg2 [18], LaPt2 [19,20], LaRu2 [19,21] and LaNi2 [22].*

We have tried to fit our data with a combination of a term linear in the

temperature, yT, and a single Debye function,D(6D/T), over the whole temperature

range covered, with y and 6» as variable parameters. However, a satisfactory fit

could not be obtained. This is not surprising in view of the deviations from the

Debye theory of the specific heat at higher temperatures. At temperatures below

h,
;? *There is considerable variation in the literature on the definition of the mole.

Ï We multiplied the data of ref. [16,19,20,21] by a factor 3, in order to bring

i' the units of all the LaX9 specific-heat data into mutual agreement.
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approximately 10 K, the specific heat could be reasonably described by the
'. Debye theory and in table 6.2, we list the coefficient of the linear term in

the specific heat (y), as well as the Debye temperature ( 6^) of LaRu,,, LaRh?
and Lalr2, from numerical fits to our data, together with literature values on
LaAl2, LaMg2, LaNip and LaPtp.

A reasonable fit over the whole temperature range could be made by approxi-
mating the lattice term c, in the heat capacity by the formula

cL(T) = 3 R x [ n j D (Bj/T) + n ? D (e2/T)] (6.9)

where D(6/T) is the Debye function, 9. and 6„ (e^^op) two different Debye tem-
peratures, and n, and n? the multiplicities. Although there is no prior justi-
fication from a physical point of view for the introduction of two Debye tem-
peratures, eq. (6.9) can give a good description in practice [23] .

From the fact that for T > 10 K the specific heat curves of the various com-
pounds show the same qualitative temperature dependence, if plotted on a loga-
rithmic scale, one can conclude that a law of corresponding states c. = f(bT)

f is well obeyed. Here f is a single function for all isomorphous compounds,
whereas the coefficient b adopts a specific value for each of the different

f compounds. We were not able to establish a systematic relation between the dif-
ferent b-values for the various compounds. For example, a correspondence with
the mass per formula unit is not present.

; Our data on LaRu,, nicely coincide with those of Joseph et al. [19,21] for
temperatures above approximately 3.5 K. We observe a superconducting transition
at 2.2 K, which should be compared to a value of 3.20 K, as found by Joseph et

!- al. [19,21]. This difference may be attributed to the presence of magnetic impuri-
ties in the lanthanum used as a starting material which was 99.9 % pure (cf. ref.

V [24] ). Impurity effects may also explain the rounding of the phase transition,
: as observed in our experiment. The linear term in the specific heat of LaRu? is

ii exceptionally high, as compared to the other compounds, implying a high density
I' of states at the Fermi level.

! I

'-, 6.4.3. The PrX„ compounds (X - Ft, Ir, Rh and Ru)
£> a
$ In fig. 6.3 - 6.6 the experimental data on the PrX» compounds are shown,
Ï; together with the above mentioned data on the isomorphous LaX2 compounds. The

solid curves through the LaXp data are guides to the eye. In the case of Lair,
and LaPtp they have been extended above the temperature range of the data,

V',
118



10 ~i 1—i—i i ii 11 1 1—r~i i i i u

Figure 6.3. Speoifio heat versus temperature for PrRu0 and LaRu.. The extrapo-

lated T contribution, obtained from measurements below 1 K is also shown.

The solid curve is obtained after subtraction of nuclear, conduetion-eleetron,

and lattice contributions, as explained in the text. The curve through the LaRu,

data is a guide to the eye.

according to the law of corresponding states. At low temperatures the T'2 tail

of the nuclear specific heat [2] is also indicated. In the same figures the

specific heat of the PrX2 compounds is depicted after subtraction of the nuclear,

the conduction-electron and the lattice contributions. Here we assumed the con-

duction-electron and lattice terms in the specific heat of the PrX„ compounds to

be represented by the specific heat of the isomorphous LaXp compounds. Of course

this assumption cannot be fully justified. There are indications that they values

of the LuX2 compounds would be more appropriate, because the LaX2 compounds have

a relatively high density of states near the Fermi level when compared to com-
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Figure 6.4. Speeifio heat versus temperature for PrRh^ and LaRh^, compare

fig. 6.3.

pounds with other rare-earth ions [16].

Also with regard to the lattice contributions it would obviously be best to

compare data for compounds with different non-magnetic ions, as has been done

by Inoue et al. [25] and Germano et al.f?7]. We limited ourselves to the LaX2
compounds, because we expect the differences to be minor in the temperature

region of interest.

Next we will discuss the specific-heat contributions from the 4f electrons

which remain after the above subtractions (fig. 6.3 - 6.6 and fig. 6.7).We find

fairly sharp maxima at temperatures T which are equal to those inferred from

the susceptibility data, except that for PrPt2 a minor discrepancy is observed

which we shall henceforth ignore. In addition broad maxima are observed at lower

temperatures.most pronounced in Prlr2 and although less well developed, also

clearly present in PrRh2 and PrRu2. In the specific-heat curve of PrPt2 such a
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1U/

second anomaly is absent. Inelastic neutron scattering data [1] indicated a
singlet ground state 1^ for PrPt2, a doublet ground state I"3 for PrRu„ and a
singlet ground state Tl or a doublet ground stats r3 for PrRh2, while the data
suggested that PrIr2 was close to a point of level-crossing in the LLW diagram.
This led us to the conjecture that the broad anomalies, present in the specific
heat below the phase transition temperature T are related to crystal-field
effects, in particular to the existence of a low-lying r state. In this context
we remark that the application of magnetic fields up to 2 T was found to have
only a small effect on the shape and position of these non-singular contributions,

I:
"i,-

Figure 6.5. Specific heat versus temperature for Prlr. and Lair-, compare

fig. 8.3.
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50

Figure 6.6. Specific heat versus temperature for PrPt» and LaPt-, compare

fig. 6.3.

whereas the small A-type peaks already become smeared out in fields exceeding

0.2 T.

In order to investigate the above conjecture in more detail we calculated

the specific heat of the PrX„ compounds, assuming bilinear exchange and adopting

x and W values obtained from the neutron-scattering döta [1] . In the molecular-

field approximation, the specific heat is given by eq. 6.5. The results are also
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shown in fig. 6.7, as the broken curves. For PrRhp two curves are indicated for

the two possible crystal-field schemes. The level scheme with the r, doublet

ground state gives rise to a first-order phase transition with a transition

temperature of 8.7 K, as determined by a calculation of the free energy. The

transition temperature T £ = 7.9 K can be reproduced by adjusting the molecular

10 10'
T (10

Figure 6. 7. Specific heat, obtained after subtraction of nuclear, electronic

and lattice contributions, versus temperature for the M , compounds. The dashed

•curves are mean-field calculations, as explained in the text. For PrRhg two

curves are shown (i) x - 0.7S, W = -0.33 meV and Hi) x = 0.93, W = -0.35 meV.
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field constant A, as explained in ref.[2].
The calculated curves show slight agreement with the experimental graphs i.e.

the shape of the specific-heat curve cannot be correctly reproduced, and no
broad secondary maxima are found in the calculation. As the shape of the calcu-
lated curve may be quite sensitive to the form of the magnetic interaction, we
also compared the critical entropy S(T ). The experimental and theoretical values
(eq. 6.7) are given in table 6.1. We remark that within a mean-field treatment
of the bilinear exchange hamiltonian, the critical entropy is solely determined
by the crystal-field interactions and by T , and is essentially given by:
S(Tc)= R In (2 J + 1) -T=T/

T=°°(c/T)dT in which c is the crystal-field-only spe-
cific heat above T . Therefore one would naively expect the entropy change
below T c to be correctly reproduced by the calculation, even if the shapes of
the experimental and calculated specific-heat curves differ. From table 6.1
it can be seen that this is certainly not the case. In the following we will
discuss these discrepancies, first treating the individual compounds, and then
proceeding with a more general approach.

a) PrRu» This compound exhibits the closest agreement between experiment and
calculation. This is true in particular if one takes into account the uncertain-
ty introduced by the subtraction from the specific heat of the relatively large
linear conduction-electron term, estimated by means of the LaRu, data. This
term contributes an amount of Q|

 C Y dT = 0.17 R to the entropy. Hence neglecting
this contribution one would have obtained for the critical entropy 1.33 R, which
should be compared to the calculated value 1.47 R. Furthermore we remark that

a structural phase transition has been observed in LaRu2 [24,26]. Although we
could not find evidence for such a transition in our specific-heat data, such
an effect might change the lattice specific heat of LaRu^ as compared to PrRu-.
In the experimental curve there are only minor contributions to the specific
heat, originating from short-range order effects above T which would justify
the mean-field approximation.

b) PrRh2 Neither of the two calculated curves can explain the data satisfactorily.
The entropy below Tc, obtained from the calculation on basis of the level scheme
with the I\ (singlet) ground state, is too low compared to the experiment. The
opposite is true for the level scheme with the r3 (doublet) ground state, al-
though in this case the discrepancy is much smaller. We calculate the critical
entropy to be equal to 0.87 R. This supports the conclusion that the ground
state is a r3 doublet. The calculated value still differs from the experiment

by about 10 %, but this may be due to short-range order effects.
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o) Prlr Here we note a striking difference between the experiment and the
calculation. The latter is unable to reproduce the observed broad secondary
maximum. Furthermore the critical entropy S(T ) = 1.09 R + 0.02 R is much
smaller than the value 1.79 R inferred from the calculation. However, one
should bear in mind that upon calculating the specific heat and the entropy
change below T , we assumed an x-value for Prlr- of 0.86, which is very close
to a point of level-crossing. At this x-value the ground level is 6-fold degener-
ate, which accounts for the calculated critical entropy S(TC) = 1.79 R. Rela-
tively small changes in the value of x combined with the small value of T will
have a strong influence on the critical entropy. A comparable phenomenon was
observed with respect to the spontaneous magnetization [2]. To study the de-
pendence of the critical entropy on the values of x and W, we calculated the
entropy change below T = 11.2 K for several values of the LLW parameters x and
W in the vicinity of the crossing point. The results are shown in fig. 6.8, in
which we plotted lines in an x-W diagram along which S(T ) is constant. Thus
assuming W = -0.57 meV, the experimental results require that x = 0.89 in case
of a singlet (r^) ground state, and that x « 0 . 8 2 in case of a doublet (rj
ground state. Again this picture can be changed by short-range order effects.
d) PrPtg The calculated specific-heat curve for this compound shows a small
peak at the temperature of the phase transition, superimposed on a broad Schottky

-0.6-

-0.4-

-0.2 -

0.82 0.90

Figure 6.8. Isentropes, S(T ) = constant, in an x-W diagram. The numbers indicate

the value of S(T )/R. The calculation applies to Prlr (T = 11.2 V.
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[ anomaly. This is to be expected, because PrPt? has a singlet ground state,

a first excited state at + 30 K, and therefore the phase transition is of the

induced moment type. Consequantly, most of the entropy is removed above the

phase transition temperature, and the calculated critical entropy amounts to

only 0.26 R, which is much lower than the experimental value S(TC) = 0.80 R +

0.04 R. In fact, the latter would be in reasonable agreement with the prediction

for a system with a r, non-magnetic doublet ground state. Such a scheme, however

would be less favourable with respect to the inelastic neutron scattering experi-

ments [1], although it might be in agreement with the moment y = 2.3 + 0.1 y„

inferred from hyperfine specific-heat measurements [2] .

We will now consider whether the observed experimental heat capacity around

and below T , as compared to the calculation, can also be explained on basis of

a singlet-triplet model. The inelastic linewidth of the Tj-r^ transition, as

observed in the neutron scattering spectrum, was found to be very broad at low

temperatures, i.e. 3.7 meV at 15 K. This indicates that our treatment, in which

we assume well localized energy levels, may be invalid. The broadening can origi-

nate from spatial dispersion in the location of the energy levels above T , due

'\ to collective excitations. The presence of this kind of excitations in systems

with a non-magnetic ground state has been well established by inelastic neutron

't scattering [28] .For a review of the theoretical treatment of these excitations see

ref. [29] . The influence on thermodynamical properties has hardly been studied

till now. One might, however, expect a substantial influence of the excitations

on the specific-heat behaviour.

; ' Another cause of the broadening of the crystal-field levels, which may in-

fluence the critical entropy and the temperature dependence of the specific

heat, are deviations from local cubic symmetry at the praseodymium sites. Such

deviations are likely to be present in the PrPt- compound, due to vacancies at

the praseodymium as well as the platinum site. We discussed this point in more •

detail in ref.[2] in relation with the magnetization measurements.

The critical entropy is a property which is strongly dependent on the values

i of x and W. Therefore the errors obtained in the inelastic scattering experiments

••'•, [l]may introduce an uncertainty of about 10 % in the calculated S(T ). Another

:U important point is that the comparison of entropy changes below the phase tran- "•

i' sition between theory and experiment is only valid within the molecular-field '

i treatment. Short-range order effects, which may be present for some of the com- 'ï

Ï pounds, are ignored within the mean-field approximation. j

' '• Finally we point at the influence of quadrupolar (biquadratic) interactions '4

; on the shape of the specific-heat curve. As discussed in ref.[2] these might j
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quite well explain the deviations of the calculated spontaneous magnetization
from the experimental values. The influence of quadrupolar interactions on the
specific heat will be discussed qualitatively in the following section.

6.5 Quadrupolav interactions

At present it has been well established that quadrupolar (biquadratic) inter-
actions play an important role in the low temperature behaviour of rare-earth
intermetallic compounds, in particular TmCd, TmZn and TmCu[30-32]. Magneto-
elastic effects, which can be treated in a similar way, may influence the low
temperature behaviour as well. As these cannot be distinguished within our treat-
ment, we will not distinguish between magneto-elastic and quadrupolar interactions
and we will use the same conception for both phenomena. It has recently been
suggested by Loidl et al.[33] that also in the Laves phase compound PrMg^ (r,
ground state)quadrupolar effects strongly influence the low-temperature specific-
heat and the spontaneous magnetization. We did not perform a quantitative calcu-
lation of the specific-heat, because the parameters describing the quadrupolar
interaction strengths for the compounds studied in this paper are unknown.
Instead we shall demonstrate the influence of these interactions on the level
splittings and we will qualitatively discuss its consequences on the specific
heat. One may introduce the quadrupolar interactions as an external "quadrupolar"
field. The energy splittings can then be obtained from the hamiltonian:

3C = 3CCEF - g j p B HzJz - Q 0° • (6.10)

0 2In this expression 0„ = 3 J - J(J + 1) is the quadrupole operator and Q can
be considered as the strength of the "quadrupolar" field.

In fig. 6.9 we plot the energy splittings as a function of the magnetic field
for two cases: (i) x = 0.75, W = -0.33 meV and (ii) x = 0.93 and W = -0.35 meV,
which are in fact the two possible schemes for PrRlu 11,2} . For this discussion
however, we will consider them merely as examples of a doublet (r,) and a singlet
(r\) ground state system respectively. In the same figure the average angular
momentum <J > atT= 1 K as a function of the external magnetic field is shown.
Secondly we plot the quadrupolar field dependence of the energy levels in exter-
nal magnetic fields of (i) 20 Tesla for the scheme x = 0.75, W = -0.33 meV and
(ii) 8 Tesla for the scheme x = 0.93, W = -0.35 meV. The average values of the
angular momentum <J > and the quadrupolar momentum <o2> are also indicated.

The introduction of the quadrupolar field reduces the angular momentum <J >
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Figure 6.9. Energy splittings cwerage value of the angular and quadrupole momentum, <J > and
rfi.<0g> respectively, at T - 1.0 K, as a function of external magnetic and "quadrupolar" field, for

the two level schemes (i) x = 0.75, W - -0.33 meV and (ii) x - 0.93, W = -0.35 meV.



considerably. This phenomenon may explain the reduction of the magnetic moment
at T = 0, as compared to the mean-field value, calculated on basis of bilinear
interactions [21. This holds for both level schemes (i) and (ii).

With regard to the level splitting, the introduction of a quadrupolar inter-
action has interesting consequences for the doublet (T,) ground state scheme.
Starting from the CEF-only splitting, an external magnetic field lifts the
degeneracy of the doublet ground state by means of the admixture of higher levels.
The quadrupolar field, however, pulls these two levels together, thus counter-
acting the effect of the magnetic field. This mechanism may be responsible for
the broad secondary maxima, observed in the specific heat of PrRh^, PrRu~ and
Prlrp. In the presence of a quadrupolar coupling both a quadrupolar and a mag-
netic internal field are present in the ordered phase below the transition tem-
perature T . These fields steadily increase towards a saturation value upon
lowering the temperature. We have seen that when only a bilinear interaction is
included in the molecular-field calculation a monotonie decrease of the specific
heat below the transition temperature T is found. This is caused by the rapid
splitting of the two levels of the r, doublet upon lowering the temperature. If,
however, an increasing quadrupolar field would oppose this splitting, we expect
the energy, yielded from the depopulation of the highest doublet level, to
appear in a much narrower temperature range, as compared to the situation of
zeroquadrupoleinteraction. Under such circumstances the specific heat below
the phase-transition temperature T could show a Schottky like anomaly. In fact
this is what we are observing. Furthermore, we anticipate that under appropriate
conditions the presence of such a quadrupole interaction may drive the first-
order phase transition, expected on the basis of bilinear interactions only,
to second order.

For a system with a singlet ground state a Schottky like anomaly can of course
not occur, and an increasing quadrupolar field would hardly influence the low
temperature specific heat (compare fig. 6.9).This would explain the absence of
the broad secondary maximum in the specific heat of the PrPt~ compound.

The above treatment is of course highly simplified. The presence of quadru-
polar interactions introduces an additional order-parameter. Hence, instead of
solving equation (6.4), we have to solve two coupled equations, in order to
obtain the average value of the magnetic moment <M > = gjUo<J >• The two implicit
equations are:

*This point of view is supported by preliminary calculations of P. Morin [34]

129



<JZ> = h'* exp(- gEj (6.11a)

(6.11b)

where the E. are the eigenvalues of the effective single-ion hamiltonian,

which in molecular-field approximation can be written as:

* = <Jz> Jz - G

(6.12)

M*> + \ G <0°>2 .

We calculated <M > as a function of the quadrupolar coupling constant u rom

eq. (6.11a) and (6.lib) for the two schemes (i) and (ii) discussed above. The

results at T = 0 are shown in fig. 6.10. From this figure it can be seen that

in order to obtain a reduction of the angular momentum, and hence of the mag-

netic moment, of about 10%, values of G of about 1 - 10 mK would already be

sufficient.

Magneto-elastic or quadrupolar couplings may be of importance in specific-

heat experiments on diluted rare-earth compounds, in particular on those with

2.0
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Figure 6.10. Reduction of the magnetic moment, expressed in angular momentum

units, at T = 0 K,as a function of the- quadrupole coupling constant. Results

for the two level schemes, (i) x = O.?S, W = -0.S3 meV and (ii) x = 0.93 and

W =-0.35 meV are indicated.
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a r, non-magnetic ground state. Van Voorst Vader et al.[35]measured the specific
heat of Prlr2 compounds diluted with lanthanum. These authors explained the
specific-heat anomaly in the temperature range 1 - 10 K, by transitions to
higher crystal-field levels, leading to LLW parameters x = 0.66 and W = -0.062
meV. In view of the above it is, however, likely that in diluted compounds the
r, level is split by magneto-elastic effects. Preliminary calculations show
that it is possible to explain the results of ref. [35] taking into account the
transitions between the states of a split r, ground level.

6.6. Resistivity measurements '

The electrical resistivity of the PrX2 compounds was measured in the temper-
ature range 2 K - 200 K. We applied the standard four-probe technique, with a
dc current of 10 mA, constant to a few ppm, and a voltage determination accurate
to about 2 parts in 10 . The typical sample dimension was 1 x 1 x 15 mm, and the
samples were cut by spark-erosion from the bulk material. The temperature was
varied stepwise in the heating direction and was determined within 0.2%, using
calibrated Ge and Pt resistors. In fig. 6.11 both p(T) and T £ (T) are shown.

A drop in the resisitivity is observed below the transition temperatures T ,
as obtained by ac-susceptibility and specific-heat measurements. The plots of
•^ versus T correspond qualitatively with those of c., versus T, where c» is the
difference between the specific heat of the Pr compounds and the corresponding
La isomorphs. The anomaly at the transition temperature T is clearly present
in the graphs of -£ versus T. The broad secondary maximum below the transition
temperature, observed in PrRh2, PrRu~ and most strongly in Prlr2, is even en-
hanced as compared to the specific heat curves. At higher temperatures an anoma-
ly is observed as well, reaching its maximum between 50 K and 100 K, for the
four compounds.

The correspondence between -£ and the specific heat c^ in the critical region
of ferromagnets has been predicted by Fisher and Langer [36]. These authors
considered the effects of short-range spin fluctuations on the resistivity be-
haviour. The correspondence has been verified experimentally in a number of !

cases[37]. Taub et al.[38] showed that the correspondence between -jÊ- and the ;

specific heat cM also holds for the antiferromagnets GdSb and HoSb. i

A general treatment of the resistivity of a regular array of exchange coupled •]
crystal-field split 4f ions has been given by N. Hessel Andersen et al.f391. |
In the Born approximation the electrical resistivity is given by: '|
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Figure 6.11. The electrical resistivity and the temperature derivative of the

eleotrii

pounds.

electrical resistivity, plotted as a function of temperature for the PPX- com-

P = Pn

where

3TT
p0=T Nion

hüi/kgT

sinh^hw^kgT)
x A ImTrx(q,u) (6.13)

(6.14)

in which X(q,w) is the dynamical susceptibility, N. is the number of ions per

unit volume, A is the strength of the exchange interaction between the angular

momentum 3 of the 4f ion and the spin 1 of the conduction electron, and Ep =
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2 2h kp/2m the Fermi energy. The other symbols have their usual meaning. We note
that also the inelastic neutron scattering cross-section is proportional to the
imaginary part of the dynamical susceptibility [1] . The difference however, i s ,
that a neutron scattering experiment selects a particular wave number and fre-
quency of the excitations, whereas the electrical resist ivi ty involves an inte-
gral over wave numbers and frequencies.

The expression (6.13) can be evaluated in the mean f ield approximation and
becomes, in the non-ordered state [40] ,

3(E-E.)p i -
pMF = pO S i £ l-expt-B^-fcjJI I^UctUH

V E j (6.15)

+ Z | < i | J J J > | 2
P i ]

where p. = exp(- BE-)/ ̂  exp(- 3E.) is the population of the i state.

In the above treatment only exchange scattering has been taken into account.
In the discussion of the specific-heat results we argued that quadrupolar (bi-
quadratic) exchange interactions play an important role in the specific-heat
versus temperature relation. It is to be expected that the quadrupolar potential
set up by the aspherically distributed 4f electrons will contribute to the direct
part of the coulomb interaction between the conduction electrons and the local-
ized 4f electrons and hence to the resistivity. N. Hessel Andersen et al. found
evidence for this effect in TmSb [41]. Because the relative strength of this
interaction is unknown at present for the PrX„ compounds, it does not seem to
be very appropriate to fit the experimental data to the above formula in the
ordered state, since we expect the same deviations to occur as in the mean-field
treatment of the specific heat.

In order to investigate whether the anomalies observed at higher temperatures
(50 K - 100 K) in the temperature derivative of the resistivity originate from
crystal-field effects, we calculated ̂  with expression (6.15) and the CEF-
hamiltonian (6.1). Furthermore we adopted x and W values obtained from inelastic
neutron scattering experiments [1]. The -£ curves obtained in this way resemble
quite well the calculated crystal-field-only specific heat, adopting the same
x and W values. For PrPt,,, PrRh2 and PrRu,,, a maximum is found between 10 K and
25 K. Above 25 K neither the temperature derivative of the resistivity nor the
specific heat show pronounced maxima, although the influence of a crystal-field
level at =200 K is clearly visible in the specific heat calculation. Hence we
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conclude that the resistivity calculations do not reproduce the maxima found in
the experimental ̂  between 50 K and 100 K.

A calculation of the specific heat as well as the temperature derivative of
the resistivity for Prlr~ indicates a maximum centered around 110 K. Its height,
however, is much smaller than the maxima found for the other compounds between
10 K and 25 K.

6.7. Summary

We have shown that all the PrX~ compounds (X = Pt, Rh, Ru, Ir) are ferromagnets
at liquid helium temperatures. The ferromagnetic transition temperatures T , as
inferred from various experimental techniques, are mutually consistent. Crystal -
field effects are clearly present in the specific heat. A mean-field calculation,
based on x and W values obtained with inelastic neutron scattering, cannot fully
explain the observed specific-heat behaviour. By invoking the presence of quadru-
polar (biquadratic) interactions the occurrence of broad secondary maxima below
the transition temperature T , in the specific heat.can be understood qualita-
tively. The absence of such a maximum in the specific heat of PrPt~ is attri-
buted to the presence of a singlet (I\) ground state. The results of the resis-
tivity measurements give evidence for the influence of quadrupolar interactions.
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C H A P T E R 7

SPECIFIC HEAT AND FREQUENCY-DEPENDENT

AC SUSCEPTIBILITY OF PrNi 2 BELOW I K

Abstract

Ac-susceptibility measurements on PrNi- show broad anomalies, the tempera-
ture of the susceptibility maximum shifting from 0.3 to 0.5 K as the frequency
is varied between 3 Hz and 3 kHz. On the other hand, the specific heat is
featureless in the same temperature range. The behaviour is interpreted in
terms of a mixed electronic-nuclear phase transition. Strong relaxation effects
are observed in the susceptibility at temperatures close to the maxima.

7.1. Introduction

The study of enhanced nuclear and mixed electronic-nuclear magnetic order
in Van Vleck paramagnetic compounds, in particular of praseodymium, is of
current, theoretical [1-5] and experimental [6-10] interest. In these systems
the electronic ground state of the Pr + ion is a singlet ( I \ ) or a non-magnetic
doublet ( r 3 ) , the next higher energy levels being at a distance A large enough
compared to the exchange J to exclude conventional electronic magnetic ordering.
The hyperfine interaction, \f=h t\?» between electronic (?) and nuclear (t)
spins then becomes of prime importance, since i t induces a moment in the
electronic ground state through mixing of the higher energy levels. The induced
4f moments of neighbouring Pr atoms may interact via the RKKY interaction (plus
dipolar interactions), which may result in magnetic ordering at a transition
temperature Tc considerably lower than would be observed for conventional
electronic ordering. The nuclear moments in turn become ordered through the
hyperfine interaction. Thus, depending on the ratio of A and J, we may
characterize the type of magnetic ordering as: ( i ) purely electronic for J»A;
( i i ) enhanced nuclear for J«A; and ( i i i ) mixed electronic-nuclear for J=A.

Examples of the latter two types have been very few so far. With regard to j

enhanced nuclear ordering, a clear experimental example appears to have been
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found in PrCug [10]. Magnetization data on this compound indicate a ferro-
magnetic transition near T =2.5 mK. At the same temperature the specific heat
shows a very high and sharp peak, indicating that al l of the nuclear entropy
is involved in the cooperative transition (the electronic entropy has already
been removed at considerably higher temperatures via crystal-f ield single-ion
interactions). This contrasts with the specific-heat behaviour found for PrCu-,
and PrCujj,which shows mixed electronic-nuclear transitions (type i i i ) at
T =54 mK and 24 mK, respectively [6, 7, 9, 11]. These transition temperatures
were deduced from peaks in the low-field or ac susceptibility measured as a
function of temperature. Near T the specific heat of both compounds is
featureless, except that for PrCug a Schottky-type hyperfine anomaly is
observed [7] with a maximum at about 0.6 T . This behaviour is not inconsistent
with existing theoretical predictions within the effective-field framework,
which indicates that the specific-heat ordering anomaly may become unmeasurably
small in the intermediate region of mixed electronic-nuclear order.

In this chapter we present what we believe is another example of the mixed
electronic-nuclear type of order, viz. the intermetallic compound PrNi^. PrNi~
belongs to the series PrXp, in which X can be Mg, Al , Co, Ni, Rh, Ru, I r , Pt.
Each of these materials has the C15 structure, and the rare-earth ions are
situated at sites of cubic symmetry. I t has been shown by several authors
[12-15] that the compounds with X=Mg, Al , Co, Rh, Ru, I r , Pt exhibit phase
transitions in the range 4.2 K-40 K. In this respect PrNi„ is an exception.
Although earlier magnetic measurements [16] and specific-heat data [17] in the
temperature range 150 mK- 1 K were interpreted in terms of a phase transition
around 8 K [18], more recent susceptibility, magnetization and specific-heat
data [19-21] prove PrNip to be paramagnetic at 4.2 K. The contribution of a
substantial exchange interaction was, however, clearly manifest. In 1974
Bucher et a l . [221 claimed a transition temperature of 0.33 K. In the course of
our experiments on PrNig, Mori et a l . [23] independently published their data
on the ac and dc susceptibility. They showed that both reached a maximum in
between 0.2 K and 0.3 K. Strong relaxation effects were also observed at the
same temperature. Recently Mori et a l . [24] have published a comprehensive
study on the low-temperature properties of PrNip-

A knowledge of the nature of the ground state is of primary importance in
understanding the low-temperature behaviour of PrNi2- Wallace [20] and Bucher
et a l . [22] claimed r^ to be the ground state with the r. level at 45 K and the
r, level at 77 K, inferred from specific heat [22]. This was in agreement with
thermopower measurements, although a r , ground state could not be ruled out
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completely.
In a previous chapter [25] we discussed inelastic neutron scattering

experiments performed on a tr iple-axis spectrometer at the E.I.R. in
Wiirenlingen. From the data we inferred the LLW parameters x=0.62±0.02 and
W=-O.19±0.1 meV, implying a non-magnetic doublet r , ground level with a f i r s t
excited level at 35 K+10 K. This would contradict previous assignments of the
r, singlet to be the Pr ground state in PrNi2, although some uncertainties
were present in analyzing the data.

Recently Mori e t a l . [26] have published specific-heat data on PrNi^ in the
temperature region 2 K- 80 K. From an evaluation of the entropy these authors
were led to propose a r, singlet ground s ta te , but a considerable uncertainty
was due to the subtraction of la t t ice contributions to the specific heat. Mori
et a l . introduced a model with an exchange broadened t r ip le t as the f i rs t
excited state to improve their f i t to the specific-heat data. Mori's data can
possibly be brought in agreement with neutron-scattering experiments, assuming
the degeneracy of the r , ground state to be removed below 20 K. The presence
of a non-magnetic r , ground state would present a difference between PrNi- and
the above mentioned PrCu-compounds, since all three of them are claimed to
have a r , singlet ground s ta te .

In the present chapter specific-heat measurements on various samples, as
well as frequency-dependent susceptibility studies are presented, to provide
more insight into the nature of the low-temperature transit ion.

7.2. Experimental teahniqu.es

Various samples of PrNi~ were studied, all prepared by arc melting 99.9%
pure Pr and Ni in an atmosphere of purified argon gas. For the samples
labelled I and II stoichiometric ratios of the start ing materials were used,
while a third sample, labelled I I I , was prepared start ing from Pr and Ni in
atomic ratios 1:2.04. All samples were vacuum annealed (wrapped in Ta foil)
f i r s t at 600°C for two weeks, subsequently 4 weeks at 700°C and 4 weeks at
800°C. After the annealing the condition of the samples was carefully checked
by X-ray diffraction. Samples I and II showed small traces of the impurity
phase PrNi. In sample II the impurity concentration was lower than in sample
I and was estimated to be less than 5%. In sample III no impurity phases could
be detected.

The specific-heat measurements were performed on the bulk polycrystalline
materials. The sample was mounted in an adiabatic demagnetization apparatus,
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described more extensively elsewhere [271 . Heat contact was provided by
electrolytically coating the ingot with a thin layer of copper, and then
soldering i t with indium to the cooling device. Both resistance- and magnetic
thermometry were applied.

Susceptibility measurements were performed on a powdered specimen of about
100 mg taken from sample I I I . A conventional 3He-4He dilution refrigerator
cryostat was used. Heat contact with the mixing chamber was provided by means

4of l iquid He. The ac susceptibility was measured with a bridge, in which a
SQUID was employed as a null detector 128]. The available frequency range was
1-3000 Hz, the amplitude of the measuring ac f ie ld being always smaller than
0.01 Oe. The same circuitry could also be used to measure changes in the
magnetization by monitoring the dc output of the SQUID, and using the primary
coil of the mutual inductance as a f ield co i l . In this apparatus the temperature
was measured with a CMN thermometer, calibrated against the He vapour pressure
scale. Below 30 mK the CMN thermometer readings were checked with a 60CoCo
single crystal [29] nuclear orientation thermometer.

7.3. Results of the measurements

The specific-heat data on the samples I I and I I I are shown in f i g . 7.1 (the
addenda being already subtracted). The results on these two samples are seen

O.OI
0.01

P P N I 2

a sample I I
o sample HI

T(K)

Figure 7.1. Speoifia heat o/R of sample II and sample III. A line with a T

slope has been drawn through the data at the lowest temperatures.

,-S
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Figure 7.2. In-phase part x' of the susceptibility of PrNig for frequencies in
between 3 Hz - 3000 Hz. The out-of-phase part x" for a frequency of 600 Hz is
also shown.

to agree within a few percent. Qualitatively, the data on sample I were found
to show the same behaviour. At temperatures below 600 mK, however, the data on
sample I were substantially higher than for I I and I I I . We attribute this to a
contribution of an impurity phase, whose presence was established by means of
X-ray dif fract ion, as obtained in section 7.2. With reference to the discussion
below we remark that the observed relaxation times never exceeded a few seconds
in the specific-heat experiments. However, we cannot exclude the occurrence of
relaxation times of several minutes or logger.

Susceptibility measurements, taken at different frequencies between v=3 Hz
and v=3000 Hz are shown in f ig.7.2. The real (x') and imaginary (x") parts of
the complex frequency-dependent ac susceptibility x(v)=x'(v)-ix"(v) are
plotted. Because the x" signal shows similar behaviour for various frequencies,
only the 600 Hz signal is shown, for clar i ty of representation. With increasing
frequency the position of the x ' maximum is found to shift from 330±10 mK to
450±20 mK, whereas i ts height is decreasing.

In addition we performed dc-susceptibility measurements by the sudden
application of a fixed magnetic f ie ld (<1 Oe) at a fixed temperature and
monitoring the output of the SQUID-electronics. The results of the dc-suscepti-
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bility measurements as a function of temperature are shown in fig. 7.3. The dc
susceptibility reaches its maximum value at 270+20 mK. Strong relaxation effects
were observed, as was reported previously by Mori et al. [23]. However, our
measurements cannot be described with a single time constant. A reasonable fit
to the output signal of the SQUID as a function of time could be made on basis
of a superposition of two exponential decays with relaxation times T, and x2

with T 2
> > T 1 " In the present experiment the time constant related to the fast

decay (Tj) could not accurately be determined. The time constant (T-) as a
function of temperature is also shown in fig.7.3. At about 270 mK the time
constant related to the slow decay reaches a value of about 1.2xlO^s, i.e. an
order of magnitude larger than reported by Mori et al.

Finally in fig. 7.4 the change in the magnetization signal as a function of
temperature is shown, using a field of about 0.5 Oe as the magnetizing field.
Each time the temperature was varied, the system was allowed to come to
equilibrium. While performing measurements it proved to be essential to apply
the magnetizing field before cooling the sample. If not, the behaviour of the

1500

1000-

0.1
T(K)

Figure 7.3. Da susceptibility and relaxation time
of temperature.

of PrNi as a function
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Figure 7.4. Change in magnetization as a function of temperature for PrNig, as

monitored at the da-output of the SQUID-magnetometer during a warming up run.

The zero is chosen at T = 1.27 K.

sample, when carrying out magnetization measurements in a warm-up run, was

completely undefined. For example, the change in the output of the SQUID-

magnetometer could change sign, depending on the rate at which heat was

applied.

i
I' .

7.4. Discussion and conclusion

As was outlined in the introduction, the ground state of PrNig probably is
the non-magnetic r,-doublet with a f i r s t excited state at a distance of about
35 K±10 K. Because no sign of a phase transition is found at temperatures above
1 K, one concludes that the ratio of the exchange interaction J to the crystal
f ie ld spl i t t ing A must be close to i ts threshold value. I t is therefore
tempting to explain the observed susceptibility peak in terms of a mixed
electronic-nuclear ordering phenomenon, as previously suggested for PrCu~ and
PrCUg [7, 9, 11]. Although the specific heat data show no anomaly in the temper-
ature range of the x maxima, this does not necessarily contradict such an
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explanation. From the theoretical calculation within the effective-field
approach [1 , 2), i t follows that for certain combinations of the exchange
constant J, the electronic excitation energy from the singlet ground state to
an excited state 0, and the hyperfine coupling constant A, the anomaly in the
heat capacity associated with such a type of ordering may become extremely
small. For instance Murao [1] , predicts for A/D=10 and D/J=2 a specific heat

-8
jump of the order of 10 R only. This obviously is far outside the presently
attainable experimental accuracy. Thus the state of affairs for PrNi~ appears
to be rather similar to that for the singlet ground state systems PrC^ and
PrCu5.

The huge increase in the relaxation time observed near the transition is a
feature that appears to be common to nuclear-induced ordering transitions. Both
for PrCu, [6] and for PrCuc 110] relaxation times near T of the order of

6 0 C

5-10 min. have been reported, i .e. of the same order as observed for the slow
relaxation process in PrNi,. Since the nuclear spin-lattice relaxation times

-3in interne tal l ie substances are normally quite small, i .e. <10 s, the strong
relaxation could find i ts origin in the coupling of the nuclei to (and via) the
nearly fu l ly quenched 4f moments.

Memory effects, such as observed in monitoring the magnetization as a
function of temperature may originate from a different mechanism. They might,
for example, be caused by the existence of a domain structure at low tempera-
tures, in which the walls are blocked. A low ratio of the exchange energy to
the crystal-f ield sp l i t t ing, as is presently observed, favours the existence
of such a domain structure.

Another puzzling feature is the fact that the position of the x ' maximum on
the temperature axis depends rather strongly on the frequency. For a transition
to long-range magnetic order, whether anti ferromagnetic or ferromagnetic, a
drastic effect on the height of the x '-maximum could indeed be expected, but
the temperature at which i t occurs would be fa i r ly insensitive to the ac
frequency. The frequency effects observed, as well as the broadness of the
X1 maxima, are in fact similar to what is commonly observed for spin glasses,
magnetic glasses or superparamagnetic substances. In these materials there is
no long-range magnetic order but instead a frozen-in state of magnetic clusters
resulting e.g. from competitive magnetic interactions (spin glasses) or from
chemical clustering (superparamagnetism). Memory effects are likewise commonly
observed in such systems. Although the occurrence of such a frozen-in short
range ordered magnetic state in PrNig would be rather unexpected, i t is clear
that additional experiments would be highly desirable to establish the nature
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of the magnetic phase more firmly.
Next, we comment on the fact that the heat capacity of PrNi, below 0.5 K

-2depends less strongly on temperature than the expected T behaviour. In f i g .
_p

7.1 the solid curve represents the T ta i l of the hyperfine Schottky-type
anomaly in case the ordered electronic moment would be 8% of the fu l l Pr +

moment. The situation contrasts with that of the Pr-Cu compounds (see e.g. f i g .
2 of ref. 10), for which the heat capacity shows a steeper dependence than the
T law in the region of interest. To explain the different behaviour of the
specific heat of PrNi-, one could think of impurity effects, e.g. hyperfine
contributions of traces of ferromagnetic PrNi. However, as mentioned, the data
in f i g . 7.1 are for two differently prepared samples and yet yield the same
curve within the errors. Another possibility would be that the temperature
dependence of the specific heat is related to the evidence that the Pr +

ground state in PrNi2 is the non-magnetic r3 doublet.

At 1 K the specific heat of PrNi, amounts to c/R=3xl0 . For LaNi, a value
of c/R=1.5xlO at 1 K can be extrapolated from the data of ref. [30J. Hence,
the specific heat of PrNi? around 1 K cannot merely be attributed to latt ice
and conduction electron contributions. The crystal-f ield specific heat calcu-
lated on basis of the crystal-f ield parameters, derived from neutron-scattering
experiments [25] is less than c/R=10" at 1 K, and hence cannot account for the
observed values. We suggest that the relatively large specific heat of PrNi'2
around 1 K is due to a random spl i t t ing of the r, non-magnetic doublet ground
state. A distribution of level splittings may give rise to a low temperature
specific heat linear in temperature (c~T), as wi l l be discussed in chapter 8
in connection with PrMg3. Our data between 1 K- 1.6 K give evidence for a

i linear temperature dependence which has also been found by Mori et al.[26] over

a wider temperature range. A random spl i t t ing of the doublet ground state leads
to a distribution of nuclear enhancement factors. I t is conceivable that such
a distribution of enhancement factors is responsible for the spin glass

I behaviour observed in the susceptibility at low temperatures.
I Our conclusion is that PrNi2 shows a mixed electronic-nuclear phase transi-
I tion at a temperature of 270 mK±20 mK. This is mainly inferred from magneti-
! zation and susceptibility data. Obviously an extension of the specific-heat
I data to s t i l l lower temperatures would be highly desirable for a better under-
'• standing of the phase transition. Such experiments are presently under way.

5
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C H A P T E R 8

SPECIFIC-HEAT AND DIFFERENTIAL-SUSCEPTIBILITY MEASUREMENTS ON

Pr3+ INTERMETALLIC COMPOUNDS WITH A SINGLET OR NON-MAGNETIC

DOUBLET GROUND STATE

Abstract

In this chapter we present specific-heat and susceptibility measurements on
PrZn, and PrX«AlQ (X=Cr, Mn, Cu) compounds, which are expected to be singlet

3+ground state systems because of the low symmetry at the Pr sites. I t is shown

that al l compounds are magnetically ordered at low temperatures.
Me also present an investigation on two examples of cubic r. doublet ground

state systems, PrMg, and PrPb,. Specific heat measurements on PrMg, show that
below 1 K the degeneracy of the r, doublet is removed. PrPb3 exhibits a phase
transition to a state of long-range order at 390+20 mK. This transition is
destroyed by replacing as l i t t l e as 10% of the Pr + ions by lanthanum.

B.I. General introduction

In the previous chapters we discussed the physical properties of the cubic
PrX, (X=Ir, Rh, Ru, Pt, Ni) Laves phase compounds. /* common feature of al l
these compounds is the existence of a singlet (I*,) or non-magnetic doublet (r , )
ground state. With the exception of PrNi~» the magnetic interactions in these
compounds are strong enough to induce transitions to a state of long-range
order in the temperature range 5 K - 40 K. By selecting praseodymium compounds
with a low-enough symmetry i t is highly probable that the ground state is a
singlet. This is for instance the cas^ for PrZn2 which exhibits orthorhombic
symmetry, and in the tetragonal PrX^Alg (X=Cr, Mn, Cu) compounds i t is l ikely
that the ground state is also a singlet. PrZn~ has previously been considered
as a Van Vleck paramagnet [1] but our measurements indicate that various
magnetic phases exist above 1 K. Hyperfine specific-heat measurements indicate
the presence of a 4f moment at low temperatures in the PrX.Alg (X=Cr, Mn, Cu)
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compounds. Ac-susceptibility measurements reveal a phase transition at 1.3 K
in PrCu4A1g.

I t is an interesting problem how the degeneracy of non-magnetic (1%)
doublet ground state systems is removed for negligibly small magnetic inter-
actions. In this context PrMg, and PrPb, are interesting compounds, because the
presence of a non-magnetic (r3) ground state has been well established by
neutron inelastic scattering [2-4] . For neither of the two compounds a
transition to a state of long-range order has been found above 1.5 K. In this
chapter we wi l l study the specific heat of PrMg, and PrPb3 below 1 K, as well
as of PrPbo compounds in which we replaced part of the Pr^+ ions by lanthanum.

8.2. Specific heat and differential susceptibility of PrZnn

8.2.1. Introduction

The binary rare-earth intermetallic compounds with the chemical formula
RXo. in which R is a rare-earth and X a transition-metal ion, exist in various
crystallographic structures. The hexagonal and cubic MgCu2 and MgZn2 Laves
phase structures are most commonly encountered. Several RX2 compounds with
X=Cu, Zn, Ag and Au crystallize in the orthorhombic CeCu0 structure. The only
praseodymium compounds with the CeCu2 structure, however, are PrCu2 and PrZn-.
PrCu2 has been the subject of several investigations [5-9] and shows various
interesting features. Due to the low symmetry at the praseodymium sites the
degenerate J=4 manifold of the free Pr ion is spl i t in 9 singlets by the
local crystal-f ield gradient. Andres [5] discovered in PrCu2 at 54 mK a
combined nuclear-electronic phase transition. Wun and Phillips [6] found a
structural phase transition at 7 K. Andres et a l . [7] and Ott et d l . [8]
confirmed the Jahn-Teller character of the transition at 7 K by susceptibility,
resist ivi ty and sound wave measurements on single crystals. At the transition
temperature the separation in energy between the singlet levels changes. The
transition is of the induced type, and the matrix element of the J 2 operator
between the two lowest levels admixes excited states into the ground state.
Neutron-diffraction data [9] showed the e strain to be the primary order
parameter.

Debray et al .[1] studied the magnetic characteristics of the RZn2 inter-
metallic compounds, by means of a modified Faraday method. They conclude that
the exchange interaction is too weak to cause ordering and that PrZn2 becomes
a Van Vleck paramagnet at low temperatures. As PrZn2 is comparable to PrCiu in
several respects, i t may be a good candidate to study nuclear-electronic order
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and the induced Jahn-Teller phase transition. Therefore we decided to study
this compound in further detai l , using specific-heat as well as ac-susceptibi-
l i t y measurements.

8.2.2. Experimental techniques

The PrZn^ sample was prepared by sealing praseodymium (99.9% purity) and
zinc (99.99% purity) into a molybdenum container. The container was heated to
1100°C for half an hour and annealed at 400°C for a month. The LaZn2 sample,
used as a blank in the specific-heat measurements, was prepared in the same
way. Specific-heat measurements below 1 K on a polycrystalline ingot were
performed in an adiabatic demagnetization set-up, described more extensively
in chapter 2.

For the specific-heat measurements above 1 K we used an apparatus described
elsewhere [10]. The conventional heat-pulse technique was applied using a
calibrated germanium thermometer. Heat contact with the sample was obtained by
means of a minor amount of Apiezon N grease.

Zero-field ac-susceptibility measurements at a frequency of 29.3 Hz were
performed in cooperation with A.J. van Duyneveldt in an apparatus described by
Groenendijk [11]. The sample was placed inside a coil system which consists of
a primary and two secondary coi ls. The coils are arranged in such a way that
when the sample is moved from the centre of one of the secondary coils to the
centre of the other, a change in the output voltage over the secondary coils
appears, which is proportional to the susceptibility of the sample.

8.2.3. Experimental data

The results of the specific heat measurements on PrZn~ in the temperature
range 46 mK - 30 K are shown in f ig .8 .1 , the addenda being already subtracted.
Data on the non-magnetic La-isomorph in the temperature range 1.35 K - 28 K
are also shown. At temperatures below 1 K a broad anomaly is present in PrZn~.
The specific heat starts rising above approximately 2 K. At 7.8 K the slope
changes, and at 15 K a small anomaly is visible. At 17.7 K the specific heat
reaches maximum value in the temperature range studied.

The LaZn- data show an anomaly in the range 1.35 K - 1.65 K, which may be
an indication of a superconducting transition. At higher temperatures the
specific heat of LaZn2 shows a non-singular, smooth behaviour.

The solid curve labelled (a) in f ig.8.1 wi l l be discussed in section 8.2.4.
The solid curve (b) is the specific heat of PrZn2 after the subtraction of the
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Figure 8.1. Specific heat of PrZn„ and LaZn„ versus temperature. The solid

lines are explained in the text. The symbols • and A refer to different runs,

in between which the sample was warmed up to room temperature. The insert shows

the high temperatiwe data on an expanded scale.

specific heat of LaZn^.
The results of the susceptibility measurements are shown in fig.8.2 in which

we plot the in-phase part of the ac susceptibility (x') in the temperature
range 4.2 K - 35 K in zero f ie ld . We could not detect an out-of-phase component
(x") larger than 1% of x' over the temperature interval of the measurement. We
also took susceptibility data in the range 35 K - 160 K, but in this tempera-
ture region the in-phase component of the susceptibility is smooth, approaching
a T"l behaviour. In the temperature range 4.2 K - 35 K two maxima are present,
at 8 K and 18 K respectively. These temperatures coincide approximately with
those at which the specific heat is anomalous. At 15 K, where the small
anomaly appears in the specific heat, a small rise in the susceptibility may
be noticed, but this effect hardly exceeds the experimental accuracy.
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Figure 8.2. In-phase aomponent (x') of the susceptibility of PrZn^ versus

temperature.

8.2.4. Discussion

First we wi l l brief ly discuss the specific-heat measurements on LaZn2> A
transition temperature to a superconducting state has not been reported up to
now. The observed transition temperature T =1.5 K±0.2 K should be considered
as approximate to the real transition temperature because we took no special
care to avoid the presence of other rare-earth impurities in the lanthanum.
Such impurities are known to have a strong influence on T . Apart from the
superconducting region, we could quite well f i t our specific heat data up to
8 K with a term linear in the temperature {yT) and a Debye function. The
corresponding values are Y=9-0±0.4 mJ/mole K2 and eD=193±4 K.

The presence of a Schottky type anomaly below 1 K in the specific heat of
PrZn? indicates the presence of a large hyperfine f ie ld , originating from a
magnetic moment in the 4f shell. This demonstrates that the electronic magnetic
moments are ordered in this temperature range, in contradiction with the Van
Vleck temperature independent susceptibility observed by Debray et a l . [ l ] . We
f i t ted the data below 1 K with a Schottky curve for 1=5/2, the nuclear spin
of praseodymium (cf. chapter 5, section 5.6). The result is also shown in
f ig.8.1 (curve (a)). A comparison of the measurements and the calculation
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suggests the presence of a distribution of hyperfine f ie lds, leading to a
broadening of the anomaly and a lowering of the maximum. Adopting a value of
the hyperfine constant A/h=1093 Mhz [121 we obtain a mean value of the
z-component of the angular momentum operator <J>=3.5±0.1, which should be

3+compared to the value J=4, corresponding to the free Pr ion.
We suggest that the anomalies observed in the specific heat occurring at

7.8 K, 15 K and 17.7 K are associated with transitions to several phases of
long-range magnetic order.

At this point i t is instructive to discuss briefly the neutron diffraction
results obtained on some other RZn? (R=Nd, Ho, Ce, Tb)-compounds by Debray et
a l . [13-15]. From earlier magnetization measurements Debray et a l . [1] inferred
NdZn, and GdZn2 to order ferromagnetically and SmZn2, EuZn ,̂ TbZn̂  and HoZn2

to order antiferromagnetically. However, the neutron-diffraction data showed
a more complex behaviour. While CeZn» becomes a simple antiferromagnet below
7.5 K, TbZn2 has two magnetically ordered phases, with transition temperatures
of 60 K and 75 K. The low temperature phase is collinear anti ferromagnetic
while the high-temperature phase exhibits a linear-transverse-wave moment
alignment. A similar behaviour was found for HoZn,,. In this compound two
magnetically ordered phases exist with transition temperatures of 4.2 K and
13.5 K. The nature of the low temperature phase could not be established. The
magnetic structure in the high temperature phase is a composite of two
sinusoidal transverse waves, propagating in the same direction, buth with a
phase difference.

For our study NdZn2 is probably the most interesting compound, because
neodymium, like praseodymium, is also a l ight rare earth. NdZn,, has a Néel
temperature of TN=21.2 K. Below this temperature the magnetic phase is similar
to the high temperature phase of TbZn2, with an additional ferromagnetic
component.

We cannot establish the existence of several magnetic phases merely from
our specific-heat and ac-susceptibility data. The susceptibility data indicate
that no net ferromagnetic moment arises. The in-phase component (x') remains
well below the reciprocal demagnetizing factor, and no relevant out-of-phase ;
(x") signals are detected (cf. ref. [11]). The behaviour of the specific heat >
with anomalies at 7.8 K, 15 K and 17.7 K indicates the existence of more than |
one magnetic phase. J

We calculated the entropy from the specific-heat curve, after the subtrac- |
tion of the specific heat of LaZn2. Extrapolating the data to low temperatures o
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leads to assymptotic behaviour c^T3 and in this way we obtain AS(30 K)/R =
1.4+0.1, indicating that four levels are involved in the various transitions.

Besides the possible existence of several magnetic phases, i t is also
possible that one of the specific heat anomalies is connected to a Jahn-Teller
l ike transition, as in PrCUo.

A temperature dependent neutron-diffraction study would in particular be
useful to reveal the nature of the various phases.

8.3. The speoifio heat and differential susaeptibility of PrXAlg aompounds

(X=Cu, Cr, Mn) below 1.4 K

8.3.1. Introduction

In this section we wi l l discuss the low-temperature behaviour of some
ternary praseodymium compounds which belong to the RX.Alg systems in which R is
a rare-earth atom and X a transition-metal ion, X=Fe, Mn, Cr, Cu, Rh and Pd.
These compounds have the body centered tetragonal ThMn,p structure. The
aluminium and transition-metal atoms (X) are not distributed at random over the
three crystalline sites accessible to these elements in the ThMn,--type
structure, but the transition-metal ions occupy only one of the three positions
[16].

The ThMn,« structure can be considered as a superstructure of the RXg phase
(CaCug-structure), in which one half of the R atoms is replaced by a pair of
smaller transition-metal (X) ions. The RMn,~ compounds have a peculiar
magnetic behaviour, since they show two magnetic transition temperatures: the
f i r s t corresponding to an anti ferromagnetic ordering of the Mn moments and the
second, lower one, to a ferromagnetic ordering of the rare-earth moments. The
arrangement of the Mn moments is such that the R-Mn interactions cancel on the
rare earth sites [17].

An extensive study on the RX,Alg (X=Cr, Mn, Fe, Cu) compounds has been
performed by Felner et a l . [18-20]. These authors showed that Fe in RFe.Alg has
a localized moment and that the Fe sublattice orders independently of the rare-
earth sublattice. Mn in RMn̂ Alg also has a localized moment, but the Mn
sublattice orders only when the rare earths order. Cr in RCr.Alg has no moment
of i ts own but has a moment induced by i ts magnetic rare-earth neighbours.
Below the Nëel temperature T.. the exchange f ield at the Cr site is zero, and
no moment is present at that s i te. Cu in RCu.Alg is non-magnetic.

Kebe [21] studied the magnetic structure of some of the RCû Alg compounds.
He found that below the Nêel temperature TN the moments in the compounds with
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Dy, Ho and Er are aligned in an anti ferromagnetic structure. The compound
TbCu.Alg, however, exhibits a complicated structure, which may be modulated or
helimagnetical.

From magnetization measurements Felner et a l . [19] determined Néel tempera-
tures of 15 K (PrCu4Alg), 6 K (PrC^Alg) and 11 K (PrMn4Alg). Hence, of these
three compounds PrCu.Al_ has the highest Néel temperature. These results are
surprising because Pr , exhibiting often a non-magnetic ground state, can
only order when a moment is induced from higher levels by interionic inter-
actions. Taking into account the relatively low concentration of the Pr ions
in the present compounds, one would not expect a magnetic phase transition at
temperatures around 10 K.

In the following sections wt present susceptibility and specific-heat
measurements on the PrXJ\lg compounds below 1.4 K.

8.3.2. Experimental techniques

The samples were arc melted and subsequenly annealed for five weeks at
800°C. The purity was carefully checked by X-ray diffraction.

Specific-heat measurements on polycrystalline ingots below 1.4 K were
performed in an adiabatic demagnetization set-up, described in chapter 2.

The ac-susceptibility measurements were performed with a mutual inductance
bridge, using a SQUID as a nulling device. This technique was discussed in
more detail in chapter 2.

8.3.3. Results and discussion

The results of the specific-heat measurements in the temperature range
45 mK - 1.4 K on PrX.Alp (X=Cu, Cr, Mn) are shown in f ig.8.3. The addenda have
already been subtracted. The specific-heat increase towards lower temperatures
can be attributed to a magnetic hyperfine interaction, whereas at higher
temperatures both the latt ice and the conduction electrons contribute. The
maximum of the nuclear specific heat is presumably reached at a temperature
outside our temperature range, except for PrMn-Alg, where the maximum lies
around 60 mK. For this compound we find c/R=0.3 R at 60 mK. From the tempera-
ture dependence of the specific heat of the two other compounds i t is estimated
that here, too, the maximum reached at low temperatures has a value substan-
t ia l l y lower than c/R =0.85, calculated on basis of six equidistant hyperfine
levels of the Pr ion (1=5/2). Hence, i t is l ikely that in the present case the
existence of a distribution of hyperfine fields may be responsible for the
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Figure 8.3. Specific heat of the PrX.Alg (X=Cr, Cu} Mn) compounds versus

temperature.

observed specific-heat behaviour. Such a situation may occur i f the arrangement
of the electronic moments in the ordered phase has a modulated structure or
inequivalent sites.

The mean hyperfine f ield at the nucleus of the Pr + ion in PrCu4Alg is lower
than in the other two compounds. Moreover, the behaviour of the specific heat
bears a striking resemblance to the specific heat of PrNi"2 (cf. chapter 7). In
the susceptibility of PrNi» a maximumwas observed at a temperature where the
specific heat is featureless. We explained this behaviour by a mixed electronic-
nuclear phase transition. The resemblance of the specific heat of PrCu4Alg to
the specific heat of PrNi2 led us to measure the ac susceptibility of PrCu^Alg.

The results of the ac-susceptibility measurements in the SQUID set-up, taken
at frequencies of 3, 14, 73 and 703 Hz, are shown in f ig.8.4. For the out-of-
phase component (x") only the result at 73 Hz is shown, for clari ty of repre-
sentation. The in-phase component x' reaches a maximum in between 1.2 K and
1.4 K, the position of the maximum shifting to a higher temperature, upon
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increasing the frequency. The magnitude of the in-phase component i s , however,

Icwered upon increasing the frequency, at a l l temperatures. At low tempera-

tures the in-phase component of the suscept ib i l i ty becomes temperature indepen-

dent. The oijt-of-phase component reaches i t s maximum value at a temperature

where the x ' versus T curve has i t s maximum slope. This temperature rises upon

increasing the frequency, as w e l l .

This behaviour is quite comparable to the observations made when studying

PrNÏ2- The raain di f ference, however, is the temperature of the maximum in x ' .

which for PrJli- is much lower (between 300 mK and 450 mK), than for PrCuJVlg

(between 1.2 K and 1.4 K). The specif ic-heat data exclude the poss ib i l i t y of

a pronounced peak and a corresponding substantial entropy variat ion at a

temperature around 1.3 K.

The posit ion of the maximum in x ' at around 1.3 K i s , of course, too high to

so
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Figure 8.4. In-phase (x') aomponent of the susaeptibiHty of PrCuAl. for

various frequencies. The out-of-phase aomponent (x") for a frequency of 73 Hz

is shown ae well.
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allow a phase transition of mixed electronic-nuclear origin. The most probable

explanation for the behaviour observed is that the magnetic interactions are

only barely above the threshold value for magnetic order to occur in a system

with a non-magnetic ground state. Under such circumstances the transition to a

state of long-range order is accompanied by a very small peak in the specific

heat, which may be as low as c=10 R or even less. The distribution of hyper-

fine fields causing a smeared-out nuclear Schottky type anomaly, as we observe,

may be related to a very strong dependence of T on the magnetic interaction

strength, which is the case for non-magnetic ground state systems with exchange

interactions close to the threshold value. The observation of a transition

temperature around 1.3 K is in contradiction with the result T..=15 K, obtained

by Felner 119]. The latter temperature, however, has been inferred from magneti-

zation measurements, i .e . in a magnetic f i e ld , which may lead to erroneous

results in the case of strong crystal-field effects.

Measurements of the dc susceptibility above 4.2 K have also been performed

for the PrX.Alg compounds with an adaption of the Faraday method by K.H.J.

Buschow at the Philips Research Laboratories. A straight l ine , in agreement

with Curie-Weiss behaviour, above 25 K,is only found for PrCu«AlQ,when plotting
-1 3+

X versus T. In this way values of 9 = -31 K and ve f f=3.74 Vg/Pr have been
obtai ned.

8.4. The specific heat of PrMgs below 1.3 K

8.4.1. Introduction

The RMg3 compounds crystallize in the cubic Fe3Al (or BiF3) structure

instead of the commonly encountered AuCu3 structure. The Fe3Al structure can

be derived from the CsCl structure, by substituting Mg atoms in half of the

rare earth sites. The rare-earth atoms are third neighbours at a distance

^•a / 2 , which is larger than in the AuCu3 structure.

Buschow [22] studied the magnetic properties of the RMg3 compounds in the

temperature range 4 K - 300 K. No magnetic order could be detected in PrMg,.

Andreeff et al . [2] performed inelastic neutron scattering experiments on PrMg3-

From the observed intensities in the neutron scattering spectrum these authors

determined the fourth and sixth-order coefficient in the series expansion of

the crystal-field potential to be equal to B4= -34.7xlO"4meV and Bg= - 89xlO"6

meV respectively. These parameters imply a r3 ground level , a r. level at

4.64 meV, a 1^ level at 11.14 meV and a r& level at 15.65 meV. These values

correspond to the LLW parameters x=0.65 and W=-0.32 meV. Me remark that these \
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LILW paroneteirs are comparable to our results obtained for PrJJip (cf. chapter 4).

I t is possible to calculate the hyperfine enhancement factor 1 + K for each of

the states of the r3 doublet level on basis of the above crystal- f ie ld

parameters. The factor K is given by [23J

2J+1 <g|J_jn> g,uH
K = 2A I z - Ü (8.1)

n=l En-Eg

where A is the hyperfine constant for Pr + and gN and uN are the nuclear

g-factor and the nuclear magneton respectively. For the state of the r, doublet,

which is connected by the J z operator to the I"4 level , we calculate K=15.5.

Similarly for the state which is connected to the rg level we find K=2.0. Thus

an average enhancement factor 1+K=9.8 is arrived at. Andreeff has suggested

that PrMg3 might be a very good candidate for enhanced nuclear cooling.

Recently Galera et a l . [31 published magnetic, inelastic neutron scattering

and res is t iv i ty data on the RMg3 (R=Ce, Pr, Nd) compounds. From the inelastic

neutron scattering spectra these authors inferred x=0.64±0.02 and W=-O.32±O.O2

meV, in agreement with the results of Andreeff et a l . From their susceptibil i ty

and res is t iv i ty data, Galera et a l . conclude that for PrMg, there is no

transition to a state of long-range order above 1.6 K. In fact the susceptibi-

l i t y of PrMg, becomes temperature independent at helium temperatures, implying

that this compound is a Van Vleck paramagnet, the two-fold degenerate r, level

being the ground state.

The degeneracy of the doublet r, w i l l presumably be removed upon lowering

the temperature, e.g. by a Jahn-Teller transit ion. In order to investigate

whether this may be the case in PrMg3> we performed specific-heat experiments

below 1.3 K.

8.4.2. Experimental techniques

The PrMg, sample was prepared by sealing praseodymium (99.9% purity) and

magnesium (99.99% purity) into a molybdenum container. The sample was heated

to 1000°C for two hours and quenched in water. X-ray diffraction showed the

sample to be single-phase. As i t proved to be unfeasible to apply the copper

plating technique for this compound, the sample was ground to a fine powder,

mixed with Apiezon N grease and immersed in a gold-plated copper container.

The measurements were performed in the adiabatic demagnetization apparatus,

described in chapter 2.
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8.4.3. Reciilto and diccitooion

Title results of the specific-heat measurements in the range 80 mK - 1.3 K

are shown in f ig .8 .5 . We were unable to take data below 80 mK, because of the

snail heat capacity of the sample. In the temperature range of the measurements

the specific heat r ises, start ing at c/R=0.009 (80 mK) up to c/R=0.165 (1.3 K).

The slope decreases at higher temperatures. These values of the specific heat

are too high to originate from la t t ice or conduction-electron contributions.

Hence we nay ask ourselves whether the observed specific heat may be explained

on basis of a sp l i t t i ng of the levels of the r, doublet.

The specific heat of a two-level system, with a sp l i t t i ng A between the

two levels is given by the Schottky formula:

(8.2)
V [ Hexp(A/kBT)r

0.1

0.01

n n i

•

•• A

v \1
, , . . i . , , , ,

•

Pr>Mg3 :

.,.1 , , .
O.I

T ( K )

i ir
• i

Figure 8.5. Specific heat of PrMg- versus temperature. The solid curve labelled
(a) ie the Sahottky anomaly for a two-level eye tern. The solid curve (b) is
calculated assuming a Gaussian distribution of energy splittings, as explained
in the text.
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The specific heat calculated on basis of this formula, adopting a value of
A/ikg=3.9 K, is also shown in fig.8.5 as the solid curve labelled (a). A maximum
in the calculated specific heat c

m a x /
R - ° - 4 ' 1 *s found at T=1.55 K. The maximum

specific heat is independent of the value of A, and always amounts to cm /R=
IIIoX

0.44 for a two-level system. This maximum value is much higher than found in
the experiment (although the experimental maximum is probably reached just
outside the temperature range covered, and no definite conclusion can be made).
A second discrepancy emerges at lower temperatures, where the calculated
Schottky specific heat decreases much faster than the experimental data. This
led us to examine whether i t is possible to explain our measurements on basis
of a distribution of two-level Schottky anomalies. Such a distribution of
level splitt ings may e.g. result from the presence of strains in the powder
grains. As a f i r s t approximation we assumed a Gaussian distribution, with
standard deviation o, centered around A =0 and we calculated the specific heat,
for various values of a in between a/kg=1.0 K and o/kg=15.0 K. The numerical
calculation shows that for this range of values the specific heat has a
maximum equal to cm, /R=0.25, independent of a. The shape of the specific-heat
curve is also independent of a, when plotted on a double-logarithmic scale. At
low temperatures we find cvT, which is also a common feature of two-level
potential-well models, e.g. in glasses. Me could not, by varying a, obtain a
f i t to the specific-heat data over the whole temperature range of the measure-
ment. In fig.8.5 the calculated specific heat curve for o/kp=12.6 K is shown
(the curve labelled (b)). This f i t , in contrast to the Jmple Schottky, accounts
for the relatively high specific-heat data at low temperatures. Above 200 mK
the experimental specific heat, as a function of temperature, increases faster
than the calculation. By varying AQ as well we could not obtain a better f i t .

At this point we wi l l discuss why the entropy of the doublet r, ground state
is possibly removed by random strains, and not by a quadrupolar or Jahn-Teller
transition, as in PrPb,, which compound we wi l l discuss in section 8.5.
Buschow [22J showed that there is a large difference between the magnetic
properties of the RMg, compounds, containing l ight rare earths, which do not
order above 4.2 K, or order antiferromagnetically at low temperatures, and
those of GdMg3 and TbMg3> which are ferromagnets with magnetic ordering temper-
atures above 100 K. These differences prompted Buschow et a l . to study the
magnetic properties of TbMg, and GdMg3 in relation with the sample structure
and preparation method [24]. As explained in the introduction the Fe3Al
structure can be derived from the CsCl structure. Hence, excess of magnesium
might easily result in atomic disorder in this structure. Indeed GdMg3 and
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g„ ccnptjunds prepared with an excess of about 6% magnesium show a magnetic
behaviour comparable with that of the compounds containing light rare-earth
elements. These results indicate that deviations from the ideal site occupancy
ray easily occur in this type of structure. The presence of random strains may
therefore be related to some degree of atomic disorder.

Since praseodymium has a nuclear spin 1=5/2, there is an entropy of Rln6
associated with the nuclear spin system. An interaction between the enhanced
nuclear moments e.g. may be responsible for an entropy release at relatively
high terperatures and may lead to a phase transition in the mil l ikelvin region.
The corresponding phase-transition temperature is determined by the interaction
strength, as well as the nuclear enhancement factor. In section 8.4.1 we
calculated the enhancement factors for the two states of the r, level to be
l+K=2.0 and 1+K=15.5 respectively. In the above we have seen that the r3

doublet is sp l i t by random strains, leaving an unknown ground state, which may
even be different for the various Pr + ions. Because both the enhancement
factor and the strength of the interaction between the enhanced nuclear moments
are unknown, we are unable to calculate the coefficient of the T term in the
specific heat, e.g. along the lines followed by Hunik et a l . [25) for Prln,.
Other interaction mechanisms, like nuclear electric and pseudo quadrupolar

interactions, may also contribute.
_2

In the experiment the onset of a T ta i l of the specific heat at low
_o

temperatures is not yet visible around 100 mK, indicating a T coefficient
_r p

smaller than 10 R K . An extension of the experiment to lower temperatures
is required to determine the nuclear specific heat.

8.5. The specific heat of Pr La. Pb^ (x=0.8, 0.9, 1.0) below 1.4 K.
x i~x o

8. a. 1. In tvoduoti on

Five PrX, (X=In, Sn, T l , Pb and Pd) compounds exist having the AuCu,
3+structure, in which the Pr ions occupy sites of cubic point symmetry and are

surrounded by twelve nearest neighbours. Bucher et al.[26] investigated the
low temperature behaviour of PrPb-, and found a peak in the specific heat at
0.35 K with a maximum of c/R^O.68. These authors inferred from their measure-

1K
ments an entropy change AS= ƒ (c/T)dT close to Rln2» indicating a doublet r3

ground level. They associate'the specific-heat peak at 0.35 K with a cooperative
transition in which the degeneracy of the r, level is removed. The existence of
a r, ground state has recently been confirmed by Gross et a l . [4] with inelastic
neutron scattering. These authors derived LLW parameters x=0.11 and W=-0.0319
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reV, implying a doublet ground state I"3, a t r ip le t I"4 at 1.67 meV, a t r ip let
F5 at 2.49 neV and a singlet 1^ at 4.01 meV.

techniques

The compounds were prepared by arc melting the rare-earth elements (99.9»
purity) and lead (99.99X purity) in the ratio 1:3.5. The resulting compound
lias the chenical composition PrxLa,_xPb3, with a deliberately chosen excess of
pure lead, the presence of which was checked by means of X-ray diffraction.

The specific-heat measurements on polycrys tal line ingots were performed in
an adiabatic demagnetization set-up, described in Chapter 2.

8.S.S. Results and discussion

The results of the measurements, the addenda being subtracted, are shown in
fig.8.6. The data are plotted per mole of Pr3+ ions. In PrPb, a peak with a

^

1 o.i

O.O1

-I—I—I I I I 11 "T 1 1 1—I I I I I 1 1

1 I i ,1

o Pr- Pb3

. P P 0 9 L Q 0 ) Pb3

A Pr>08 LG0.8 Pb3

0.01 O.I
T ( K )

Figure 8.6. Specific heat of the Fv
x
La^0fi>3 aompounds versus temperature.

The solid curves are fits to the data as explained in the text.
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maximum of c=0.56 R at 0.39±0.02 K is observed. Upon diluting with lanthanum
the peak completely vanishes, and a broad anomaly appears with a maximum around
0.65 K for PrQ gLag jPbg and 0.8 K for Prg gLaQ OPD3* ^ne maximum value reached
for PrQ gLaQ jPb3 amounts to c/R=0.30 and for PrQ gLaQ -Pb, to c/R=0.32. In al l
compounds a rise in the specific heat at low temperatures is present.

Our results for the specific heat of PrPb3 are very similar to the results
obtained by Bucher et a l . [26] . Two differences should be noted:
i ) The maximum specific heat at the peak, as obtained by Bucher et a l . , amounts
to c/R=0.68, whereas we observe a value of c/R=0.56. i i ) The rise of the
specific heat at low temperatures is not present in Buchers data. For a
magnetic phase transition the lowering of a peak in the specific heat is often
related to the presence of an impurity, or an impurity phase. We checked our
samples carefully by means of X-ray diffraction, but the presence of an
impurity phase other than pure lead could not be established. Therefore another
explanation remains to be provided. A difference between our sample and that of
Buchers is the presence of some excess lead. Although i t is not expected that
the lead contributes substantially to the heat capacity, i t may happen that the
presence of Pb-enclosures introduces some strain in the sample. As the phase
transition may be of Jahn-Teller or quadrupolar origin, because of the r , non-
magnetic ground state, a strong dependence on random strains is to be expected.
This latter point also becomes evident from the results of the diluted samples,
as wi l l be discussed below.

The discrepancy at very low temperatures between our result and that of
Bucher is much harder to explain. Since nearly al l the electronic entropy is
removed at these temperatures, the observed behaviour should be of nuclear
origin. I t can arise as a high temperature ta i l from: i ) an (enhanced) nuclear
phase transition, i i ) a nuclear quadrupole spl i t t ing, i i i ) a pseudo-quadrupole
spl i t t ing. As the nuclear quadrupole moment of praseodymium is very small, the
second possibility can be excluded.

The enhancement factor of PrPb3 can easily be calculated. I t consists of
contributions from r, states, which have wave functions

r 3 ( a ) = T I / 4 2 { l 4 > + l ' 4 > } " I /15 '0> (8>3a)

r3
(b> =\ / 2 { |2> + |-2>} (8.3b)

On the basis of the level splittings given in the introduction, and applying
formula (8.1) we find 1+K^a^=45.3 and 1+K^b^=13.1. Unfortunately the ground
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state at temperatures bellow the phase transition is unknown, so the exact
enhancenent factor cannot be given but i t wi l l be situated between the above
two values. Because the interactions between the enhanced nuclear moments as
well as the pseudo-quadrupolar contributions are unknown i t is at present

_2
impossible to calculate the coefficient of the low temperature T term and
compare the result with the experiment. I t cannot be excluded either that at
low temperatures a small moment is present in the 4f shel l , in which case the
rise of the specific heat at low temperatures is due to the high temperature
ta i l of a nuclear Schottky anomaly.

The phase transition at 0.39 K is probably of quadrupolar or Jahn-Teller
origin, because the ground state is the non-magnetic r, doublet. I t is possible
that magnetic interactions, by the admixture of higher crystal-f ield levels
are of importance as well. A pure magnetic phase transition would be of the
induced moment type and have a first-order character, as discussed e.g. by
Ray and Sivardière [27] . The present experiment does not indicate a first-order
transition.

The results obtained by dilution with lanthanum are str iking. Already by
replacing 10% of the Pr + ions by La ions, the peak in the specific heat
completely vanishes. At higher temperatures an anomaly appears, resembling a
two-level Schottky anomaly, but with a lower maximum. Apparently the effect of
dilution is to destroy the cubic symmetry at the rare-earth site. Consequently,
the doublet ground levels of the Pr ions are sp l i t , and these splitt ings come
about as a distribution of Schottky type anomalies in ».ie specific heat. To
examine this conjecture in further detail we calculated the specific heat of
a two-level system, according to formula (8.2), assuming a Gaussian distribu-
tion of the level spl i t t ing A. Since a Gaussian distribution centered around
A =0 gives rise to a specific heat anomaly with a maximum value c

max=0-25 R,
in the temperature region of interest, we introduced non-zero values of A .
Such an assumption is not unrealistic from a physical point of view, because
of the presence of quadrupolar or magneto-elastic interactions. The best f i t s
to the experimental data in the temperature range 0.5 K-1.4 K are also shown
in fig.8.6 as the solid curves. Best results for Pr„ gLa0 jPb, are obtained
with A0/kB=1.3 K and a/kB=0.9 K and for PrQ 8LaQ 2Pb3 with A0/kg=1.7 K and
a/kB=0.9 K. At low temperatures the experimental data deviate from the calcu-
lation. Below approximately 100 mK the specific heat starts r ising, whereas in
the region 100 mK-400 mK (PrQ gLaQ jPbj) or 100 mK-540 mK (PrQ gLaQ 2Pb3) the
experimental data are enhanced compared to the calculation. The latter
phenomenon, however, is strongly dependent on the preparation of the sample.
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Although the present data do not allow to obtain accurate values of the
coefficients of the T tails at low temperatures, the data support an
increasing value of the coefficient upon increasing the lanthanum content.
Without a more detailed knowledge of the consequences of non-magnetic dilutant
substitution it is hard to explain this feature, but the ratio of r3^

a' and
I y ' present in the ground state might vary with lanthanum concentration
which would affect e.g. the value of the enhancement factor.

Deviations between the theoretical calculation, and the experiment in the
temperature range 1 K- 1.4 K can be attributed to lattice and conduction-
electron contributions, because the specific heat due to transitions to higher
crystal-field levels amounts to only 2.8x10" R at 1.4 K.
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SAMENVATTING

In dit proefschrift worden experimenten beschreven aan intermetaliische
praseodymium verbindingen bij lage temperaturen. Het blijkt mogelijk inzicht te
verkrijgen in de fysische verschijnselen, door de resultaten, verkregen zowel
r£t microscopische als macroscopische technieken, te combineren.

In het eerste hoofdstuk worden de experimentele technieken besproken die ge-
bruikt zijn bij de in dit proefschrift beschreven metingen. De nadruk ligt daar-
bij op het temperatuurgebied beneden 1 K. Allereerst wordt een beschrijving ge-
geven van een apparaat voor soortelijke warmte metingen beneden 1 K. Voor het
meten van de magnetische susceptibiliteit maken we gebruik van een techniek die
gebaseerd is op een "SQUID". Hiermee blijkt het mogelijk zeer hoge gevoeligheden
te bereiken. Bovendien kan een groot frequentiegebied worden bestreken. Verder
wordt aandacht besteed aan verschillende vormen van lage-temperaturen thermome-
trie.

Het element praseodymium neemt onder de zeldzame aardionen een bijzondere
plaats in. In de grondtoestand heeft het hoekimpulsmoment een gehele waarde:
J = 4. In de vaste stof wordt dit J = 4 multiplet opgesplitst door het kristal-
veld van de aanwezige electrische ladingen. Het aantal nieuwe niveaus dat hier-
bij ontstaat en het karakter van de grondtoestand worden bepaald door de symme-

3+trie ter plaatse van het Pr ion. Naarmate de symmetrie lager is, wordt het J = 4
multiplet in meer niveaus opgesplitst. In kubische symmetrie ontstaan een singulet
(I\), een niet-magnetisch doublet (r,) en twee tripletten (r. en Tg). De grond-
toestand kan het l\, r, of rv niveau zijn, afhankelijk van de precieze vorm van
het kristalveld. Zowel het I\ als het r, niveau zijn niet-magnetisch, dat wil
zeggen, onder invloed van een magnetisch veld kan er alleen een magnetisch moment
worden geïnduceerd door bijmenging van hoger gelegen kristalveld niveaus.

In de hoofdstukken 4, 5, 6 en 7 worden metingen aan Prlr», PrPtp, PrRh-, PrRu2
en PrNip besproken. Deze intemietallische verbindingen bezitten evenals PrMg»,
PrAl2 en PrCo2 de kubische Laves-phase struktuur. Aan PrMg^, PrAlp en PrCOp zijn
in het verleden al uitgebreide studies gewijd. Op het moment dat dit onderzoek
aanving werden de hierboven genoemde vijf Laves-phase verbindingen beschouwd
als Van VIeek paramagneten, dat wil zeggen: de interakties tussen de Pr ionen
zijn te klein om een permanent magnetisch moment in de grondtoestand te induceren.
Ten gevolge hiervan zou er, zelfs bij zeer lage temperature, geen faseovergang
naar een toestand van lange-drachts orde plaatsvinden. Uit soortelijke-warmte
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en stisceptibiliteitsnetingen, beschreven in hoofdstuk 6, gecombineerd met hyper-
fijm soorteiijke-warate en neutronendiffractie metingen, beschreven in hoofd-
stuk 5, Wijkt echter dat PrPt2, PrRhg, PrRu2 en Prlr2 bij lage temperaturen geen
Van VIeek para^agneten zijn, maar dat deze verbindingen in het temperatuurgebied
5 K - 40 K overgaan in een ferromagnetische toestand. Voor een goed begrip van
deze faseovergangen en om de thermodynamische grootheden, zoals b.v. de soorte-
lijke warnte, te kunnen berekenen, is een gedetailleerde kennis van het kristal-
veld onontbeerlijk. Een bijzonder geschikte methode voor het bepalen van de
ligging van kristal veldniveaus en de sterkte van kristalvelden is inelastische
neutronenverstrooiing. In hoofdstuk 4 worden neutronenverstrooiings-metingen
aan Prlr-, PrPt2> PrRu», PrRhg en PrNig besproken. Het blijkt mogelijk uit de
genieten posities en intensiteiten van de pieken in het verstrooiingsspectrum de
coëfficiënten van de vierde en zesde orde term in de ontwikkeling van de kristal-
veld potentiaal te bepalen. In alle verbindingen blijkt de grondtoestand het
singulet (Tj) of niet-magnetische doublet (r3) te zijn.

In de hoofdstukken 5 en 6 worden neutronendiffractie, hyperfijn soortelijke-
warmte, magnetizatie, soortelijke-warmte, susceptibiliteit en weerstandsmetingen
aan Prlro, PrPt,, PrRu, en PrRh, besproken. Deze metingen worden vergeleken met

3+berekeningen waarin de bilineaire exchange interc.ktie tussen de Pr ionen wordt
behandeld in de molekulaire veldbenadering. De berekeningen zijn gebaseerd op
de kristalveld parameters, gevonden met behulp van de inelastic-he neutronenver-
strooi ings-experimenten, beschreven in hoofdstuk 4. DP verschillen die optreden
kunnen niet enkel worden toegeschreven aan de tekortkomingen van het molekulaire
veld model. Het is noodzakelijk om andere dan bilineaire interakties te veronder-
stellen om bijvoorbeeld de gemeten soortelijke warmte en de spontane magnetizatie
te kunnen beschrijven. Het blijkt mogelijk alle metingen op een consistente ma-
nier kwalitatief te verklaren, door aan te nemen dat er naast de bilineaire mag-
netische interakties een interaktie bestaat tussen de quadrupool momenten van de
4f schil.

De intermetaliische verbinding PrNi2 gedraagt zich afwijkend van de andere
kubische Laves-phase verbindingen. Er zijn geen aanwijzingen dat er in PrNi,
boven 1 K een faseovergang plaatsvindt. In hoofdstuk 7 worden soortelijke-warmte
en susceptibiliteitsmetingen beneden 1 K aan PrNi» besproken. Tussen 0.3 en 0.5 K
treedt er een scherpe piek op in de in-fase component van de susceptibiliteit,
waarbij zowel de positie als de hoogte van de piek sterk afhankelijk zijn van
de frequentie van het aangelegde meetveld. In hetzelfde temperatuurgebied
verloopt de soortelijke warmte geleidelijk en er kon geen aanwijzing voor een
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ancralh'e Morden gevonden. Dit gedrag kan begrepen worden als men aanneemt dat
er nrudl 300 r.K een faseovergang optreedt waarbij zowel de kern-momenten als de
(geïnduceerde) eieetron-nooenten een rol spelen. De frequentie afhankelijkheid
van de susceptibiliteit, vergelijkbaar met het effect dat optreedt in spingiazen,
is wellicht gekoppeld aan een distributie van "enhancemenf'-factoren.

In hoofdstuk 8, tenslotte, bespreken we soortelijke-warmte en susceptibiliteits-
retingen aan een aantal verbindingen met een andere dan de Laves-phase struktuur.
Gezien de lage kristalsymmetrie bezitten de intermetallische verbindingen PrZn„
en PrX-Al„ (X = Cu, Cr, Mn) waarschijnlijk een singulet grondtoestand. De mag-

ö 3+

netische wisselwerking tussen de Pr ionen moet echter relatief groot zijn, want
bij lage temperaturen zijn alle verbindingen in een magnetisch geordende toestand.
Voor PrZn„ vinden we in zowel de soortelijke warmte als de susceptibiliteit
aanwijzingen voor het bestaan van meer dan éën magnetische fase.

Uit neutronenverstrooiings-experimenten is gebleken dat in zowel PrMg, als
PrPb3 de grondtoestand het niet magnetische doublet (r3) is. Uit soortelijke -
warmte metingen in het gebied 0.05 - 1.0 K blijkt dat in dit temperatuur-gebied
de entropie van het doublet vrijkomt. In PrMg3 gebeurt dit geleidelijk, terwijl
in PrPb, bij 390 + 20 mK een faseovergang optreedt. Door vervanging van 10 % van
de praseodymium ionen door lanthaan ionen wordt de coöperatieve faseovergang
onderdrukt.
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CURRICULUM VITAE

Op verzoek van de faculteit der Wiskunde en Natuurwetenschappen volgt hier een
overzicht van de door nij gevolgde studie.

Na tiet Ibehalen van het gymnasium-B diploma aan het Sint Janscollege te
Oen Haag, waar drs. A.J.F. Koopmans mijn belangstelling voor de natuurkunde
wist te wekken, ben ik in 1971 mijn studie aan de Rijksuniversiteit te Leiden
begonnen. Op 12 februari 1974 legde ik het kandidaatsexamen natuur- en wiskunde
riet als bijvak sterrenkunde (NI) af. Daarna trad ik toe tot de werkgroep magne-
tisme en atoomkernen, die onder leiding staat van prof.dr. W.J. Huiskamp.
Tijdens nijn experimentele stage tot het doktoraalexamen werkte ik aan de
soortelijke warmte van laag-dimensionale magnetische systemen beneden 1 K.
Tevens begon ik aan de constructie van een SQUID-magnetometer. Tentamens in de
theoretische natuurkunde werden afgelegd bij dr. J. Vlieger, prof.dr. H.W. Capel,
prof.dr. P. Mazur en prof.dr. P.M. Kasteleyn. Op 19 oktober 1976 behaalde ik
het doktoraalexamen in de natuurkunde met als bijvak wiskunde.

Op 1 november van hetzelfde jaar trad ik in dienst als wetenschappelijk
medewerker van de Stichting voor Fundamenteel Onderzoek der Materie, en werd
geplaatst in de FOM werkgroep VS-L-III op het Kamerlingh Onnes Laboratorium te
Leiden. Naast mijn promotieonderzoek assisteerde ik op het eerstejaarspracti-
cum en bij de colleges elementaire natuurkunde voor chemici en klassieke
mechanica. Van 1975-1981 maakte ik als secretaris deel uit van de onderwijs-
commissie van de subfaculteit.

In september 1981 werd ik uitgenodigd om een voordracht over intermetalli-
sche praseodymium verbindingen te houden op de "IV International Conference on
Crystal Field and Structural Effects in f-Electron Systems" in Wroclaw, Polen.

Sedert 1 augustus 198Z ben ik werkzaam op het Philips Natuurkundig Labora-
torium te Eindhoven.

171



NAWOORD

ftam het tot stand korien van dit proefsclirift hebben velen, direkt of indi-
rekt, een bijdrage geleverd. Allereerst ben ik mijn ouders dankbaar dat zij nij
in de gelegenheid hebben gesteld na de middelbare school een universitaire op-
leiding te volgen.

Dr. H.A. Algra heeft ;.Jij in de doktoraalfase van mijn studie ingewijd in de
experimentele natuurkunde. Het veel genoegen denk ik terug aan de vele dis-
cussies ret hen, dr. H.W.J. Blote en dr. R. Hunik. De dagelijkse leiding van
het in dit proefschrift beschreven onderzoek berustte bij dr. L.J. de Jongh,
die in sterke mate de inhoud van dit proefschrift heeft bepaald. Drs. G.A.
Vemeuien, drs. H.H. Korving en P.A. Konradt zijn nauw betrokken geweest bij
de beschreven experimenten. Tijdens informele contacten met de leden van de
werkgroep, niet name met drs. E.J. Veenendaai en dr. H.B. Brom, zijn veel
fysische problemen opgelost en nieuwe ideeën ontstaan. Met prof.dr. H.U. Capel
van het Instituut Lorentz voor Theoretische Natuurkunde heb ik vele discussies
gevoerd over de formulering van de theoretische beschrijvingen.

Alle preparaten voor de metingen, beschreven in dit proefschrift, zijn ver-
vaardigd door dr. K.H.J. Buschow, verbonden aan het Philips Natuurkundig Labo-
ratorium te Eindhoven. Zijn inbreng is mede bepalend geweest voor de richting
van het in dit proefschrift beschreven onderzoek. Het contact met hem en de
vele gedachtenwisseiingen over intermetallische verbindingen heb ik altijd
op hoge prijs gesteld.

Prof.dr. J.A. Northby constructed the specific heat set-up, used for the
measurements on PrZn» above 1 K. I much enjoyed the discussions with him on
physics and other subjects.

Wa'hrend meiner Besuche an das Reaktorzentrum der ETHZ in Wlirenlingen hat
dr. A. Furrer mich eingeweiht auf dem Forschungsgebiet der Neutronenstreuung.
Ihm bin ich sehr dankbar für die fruchtbare Zusammenarbeit. Mit Zufriedenheit
denke ich auch an die vielen Diskussionen mit dr. P. Fischer und dr. W. Blihrer
iurück.

De nretingen beschreven in hoofdstuk 6 zijn verricht in samenwerking met
drs. H.U.M, van der Linden, drs. J.C.M, van Dongen, dr. G.J. Nieuwenhuys en
prof.dr. J.A. Mydosh van de metaalfysicagroep (FOM Mt-IV). Veel steun op
metallurgisch gebied heb ik ook gehad van de heren H.J. Tan, T.J. Gortenmulder
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e:n C L 'Er?!. 0e cr^sjene apparatuur werd cp tadige wijze vervaardigd door
iï'5 {:•:•?»* J. w.d. Waals. Bij probleem net de eiectroniscfce apparatuur deed ik
iriroil te.erüieefs een beroep op «Je heren R. Kulstean en F.J. Kranenburg. Verder
S^at najm tfart uit naar «Je centrale diensten van het Kamerling!) Onnes Labora-
toriiu1"!, iin lt:e(t bijzonder naar do heer J.D. Sprong, die zorgde voor de produktie
en aauveer wan vloeibaar tieiüin. De tekeningen in dit proefschrift zijn op
kundige wöjie vervaardigd düor de heer M.F. Tegellaar, terwijl de tekst van het
rjïiuEcript op accurate wijze werd getypt door Mw. H.W. Schenk, Kw. J.H.L.
Tieken en H H . B.H.E. Cats.

Tenslotte gaat nïjn dank uit naar degenen die een bijdrage hebben geleverd
en hier niet nat nace zijn genoemd. Bovenal dank ik mijn vrouw Marijke, voor
haar steun en haar geduld.
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STELLINGEN.

1. Het zou gewenst zijn voor de ijking van soortelijke-warmte apparatuur
bereden 1 K over een internationaal aanvaarde standaard te beschikken.

Dit procfochrift, hoofdstuk 2.

2. Bij de interpretatie van metingen van de magnetisatie, de soortelijke
wamte en de electrische weerstand van PrX» verbindingen (X = Ir, Rh,
Ru, Pt) dient men rekening te houden met quadrupolaire en magneto-
elastische interacties.

Dit proefschrift, hoofdstuk S en 6.

3. Oe bewering van Debray et al., dat PrZn bij lage temperaturen een

Van Vleck paramagneet is, is onjuist.
D.K. Debray, W.E. Wallace and E. Ryba, J. heae-Common Metals 22_
(1970) 19.

Dit proefschrift, hoofdstuk 8.

4. Ten onrechte suggereren Guillemin en Sternberg dat de door hen geformu-
leerde "vaste punt stelling" van toepassing is op de symmetrie reductie
van een willekeurig dynamisch systeem.

V. Guillemin and S. Sternberg, Inventionee Math. 67_ (1982) SIS.

5. Ten onrechte beweren Nishitani en Tajiri de tweede Painlevë transcendent
uit "similarity transformations" van de Boussinesq vergelijking te hebben
afgeleid. Het beoogde resultaat kan worden verkregen door een andere dan
de door hen gekozen transformatie toe te passen.

T. Hshitani and M. Tajiri, Phys. Lett. 89A^ (1982) 379.



6. C «screjiantie tussen «Ie sjicUfc.j. • T uet tweede geluid, zoals geneten
ret de tltrerniscfce era «Je necfoantiscfte pjlsnethorte, kan verklaard worden door
aan te meien Cat b i j d; thermische rethode de geneten snelheid afhangt van
de afstand tussen steker en themtneter ten gevolge van niet-hydrodynanische
effecteu in de orgevïng van de stoker.

SS.F.. BiKtbahci; V.0. ffesni.i, iï.E. Sarrjinaki, P. Scligir.ann ar.d ii.A.

Skcflsak, J. lev Terp. Fï:ya. £ (1570) CIO.

W.J.F, de Vosgt ar.4 U.C. Krsrcrs, Fkyoica 84B_ (1O?C) SP.8.

A.G.t!. van der £003, L.P.-h linaco>: ar.d H.C. Kraxcira, Phyo. Lett. CCA_

(1978) 30S.

7. Teneinde te voorkomen dat in de loop van de kerndemagnetisatie (ADRF) van
de protonspins in Ca(0H)2 een gedeelte van de kernspins niet meedoet aan
de denagrtetisatie, verdient het aanbeveling ellipsoidale êënkristallen te
gebruiken.

J.C.M. Sprenkclo, U.Th. Wenakebach and N.J. Poulia, accepted for
publication in J. Phyo. C.

8. De distributie-functie van relaxatietijden die kan worden bepaald uit de
frequentie-afhankelijkheid van de complexe susceptibiliteit van spinglazen
kan in verband worden gebracht met de distributie-functie van "blocking"
temperaturen zoals die volgt uit het "Wohlfarth" model.

E.P. Wohlfarth, Phye. Lett. 70A_ (1979) 489.
l. Lundgren, P. Svedlindh and O. Beekman, J. Magn. & Magn. Mat. 25_
(1981) S3.
A.J. van Duyneveldt and C.A.M. Mulder, Phyaica 114B (1982) 82.

9. Het ontbreken van spin-Peierls dimerisatie overgangen in de tot nu toe
bestudeerde koperverbindingen bestaande uit antiferromagnetische ketens
met een zeer zwakke inter-keten interactie, kan eenvoudig worden verklaard.

10. De conclusie van Schwerdtfeger et al. dat triclinisch DMM(TCNQ)„ een

spin-Peierls faseovergang vertoont bij 1.6 K is aan twijfel onderhevig.
C.F. Schwerdtfeger, S. Ooetra and G.A. Sawatzky, Phys. Rev. B (1982).
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II. 'wear cen sited begrip van (Je eigenschappen in de geleidende fase van de

BfFCNQ},, verbindingen, waarin © het donomolecuul aangeeft, verdient het

aanbeveling de dieieetrisehe eigenschappen te bestuderen.

12. Ü"i «te invloed van demping op nacroscopische tunnelingsverschijnselen in

Jesepiiscn juncties na te gaan, verdient het aanbeveling juncties te ge-

bruilken ret een capaciteit kleiner dan 10" F.

R.F. VODD ar.d B.A. Webb, Phya. Rev. Lett. 47_ (1981) 205.

13. Bij de berekening van de geleidings-electron-polarisatie bijdrage tot

het nyperfijnveid van cerium in ijzer, dient men rekening te houden met

de rogelijkfoeid dat cerium in ijzer vierwaardig is.

U. van Rijaaijk, F.G. van den Berg, H.E. Keua and W.J. Huiskamp,

Phyoica 113B (1982) 127.

14. Het zou niet van een vooruitziende blik getuigen de kernenergie centrales

in Borssele en Oodewaard op korte termijn te sluiten.

F.J.A.M. Greidanus Leiden, 29 september 1982.


