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CHAPTER 1

INTRODUCTION

It is the aim of this thesis to present experimental results on the

ground state nuclear magnetic moments of europium and gadolinium isotopes»

A large number of nuclear structure theories has been developed to

describe the properties of nuclei. Among the most successful models are the

nuclear shell model, the Nilsson model and the recent interacting boson

model. In the nuclear shell model [1] it is assumed that the nucleonic

interaction can be replaced by an average potential, leaving only small

residual interactions among the nucleons. The Hamiltonian for nucleons,

governing the structure of nuclei, is in first approximation taken to be a

spherical potential well in combination with spin-orbit coupling of the

nucleons. In this way the shell model has been able to explain nuclear

structure characteristics such as the level sequence for nucleons, and spin

and parity of ground states of many nuclei.

The interactions of the nucleus with an electromagnetic field can be

described in terms of a multipole expansion of the electromagnetic field of

the nucleus. Then usually only the first three terms are important: (1) the

nuclear charge Ze, shifting all the nuclear levels by the same amount; (2)

the nuclear magnetic dipole moment \L, which interacts with the magnetic

field at the nuclear site; and (3) the nuclear electric quadrupole moment

Q, coupling to the electric field gradient acting on the nucleus.

The nuclear magnetic dipole moment n of a nucleus is given by:

8N (1.1)

where gN is the gyromagnetic ratio of the nuclear spin f , and p^ is the

nuclear magneton. The nucleons in a nucleus form pairs of protons and pairs

ol neutrons. Within a pair, the angular momenta of the nucleons are coupled

anti-parallel. Thus the contribution of the pairs to the nuclear magnetic
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dlpole moment vanishes In first order. Only the odd (unpaired) nucleons

contribute to the nuclear magnetic moment, which partly originates directly

from their angular momenta and partly also from their interactions with the

paired nucleons. The resulting single-particle values [2] of the magnetic

moments of the ground states of nuclei are most accurate for nuclei having

a nearly closed shell configuration.

Recent experimental and theoretical investigations [3-5] have shown that

Gd is to be regarded as a nucleus with a moderately strongly closed

proton shell (Z-64) and a strongly closed neutron shell (N-82). If the

double shell closure of Gd is the predominant factor in the structure,

the nuclei in the vicinity of ^*°Gd can be described as single-particle

nuclei, and their nuclear magnetic moments should presumably have values

according to the nuclear single-particle shell model.

The nuclei of europium and gadolinium investigated in this thesis have

configurations near the closed shell structure of 14°Gd. For europium with

Z-63 the choice was made of the isotopes l*'"""°Eu, all lacking one proton

in comparison to *-4°Gd. In the case of gadolinium, restrictions caused by

production techniques and by the life times of the isotopes induced the

choice of 147Gd, 149Gd and 153Gd. At the beginning of this thesis work none

of the magnetic dipole moments of these nuclei were known, except for the

magnetic moment of Eu [6].

Experiments to determine nuclear moments make use of their interactions

with electromagnetic fields. In the case of the nuclear magnetic dipole

moment jt this may be the interaction with the magnetic hyperfine field ifhf,

acting on the nucleus:

(1.2)

In our experiments the hyperfine field is produced mainly by Interactions

of the unpaired electrons of the rare earth ion. The nuclei to be

investigated are introduced as impurities into the lattice of a suitable

host material. An externally applied field polarizes the electrons of the

host. The polarized electrons in turn generate a magnetic hyperfine field

in a well defined direction which acts on the impurity nucleus, In our case

europium or gadolinium. The magnetic interaction usually dominates the

electric interaction between the nuclear electric quadrupole moment Q and

the electric field gradient at the nuclear site.

10



In our investigations europium nuclei are in the trivalent state, having

a nonmagnetic electronic ground state with a total angular momentum J-0.

The only nechanism which produces hyperfine interactions is the mixing of

electronic excited states having J*0 into the ground state. This makes the

hyperfine interactions of europium nuclei very sensitive to slight changes

in the electronic interactions with their neighbours. These changes can be

caused by perturbations in the configuration of the surrounding ions of the

host lattice, such as the existence of a vacancy in the nearest neighbour

shell.

The experimental method we used to study the nuclear magnetic moments of

europium and gadolinium isotopes, is low temperature nuclear orientation

[7]. In this method the hyperfine interactions of impurity nuclei, in our

case determined by interactions with the host lattice, are used to orient

the nuclei of these impurities. Ferromagnetic metals have been used in many

studies to provide magnetic hyperfine fields. Usually externally applied

fields of a few Tesla are sufficient to fully magnetize the host. The

impurity nuclei experience substantially larger hyperfine fields ranging

from some tens of Tesla for the 3d-elements to several hundred Tesla for

the rare earths [8].

Very low temperatures are required to reach a measurable degree of

orientation of the nuclear spin system, because of the weakness of the

hyperfine interactions. This is a consequence of the small magnitude of the

nuclear magnetic moments, as illustrated by the fact that the nuclear

magneton is about 1800 times smaller than the Bohr magneton. Nuclear

orientation experiments are normally performed at temperatures below 0.1 K.

In the last few decades the temperature region has been extended to

temperatures in the milliKelvin region. This was partly achieved by the

improvement of ^He-^He dilution refrigerators and partly by nuclear

refrigeration methods. The dilution refrigerators are capable of reaching

base temperatures of typically 5 to 10 mK with cooling powers in the range

of 0.1-1 pW.

Nuclear cooling is achieved by demagnetization of a nuclear spin system.

This system can be either a pure nuclear spin system like copper, or an

enhanced nuclear system such as PrNig. The latter type of system has the

practical advantage that the demagnetization can be started from higher

temperatures, e.g. 25 mK at an applied field of 4 T in the case of PrNi^,
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\J

but on the other hand the attainable final temperature is also higher. For

nuclear orientation experiments lowest temperatures of 1 to 2 mK are

sufficient and much use is made of the system PrNi^ because of its

comparatively large cooling capacity [9]. Since it is mostly the

temperature dependence of the nuclear orientation which is measured, the

thermal cycles of cooling by demagnetization and subsequent warming-up are

no serious disadvantage compared to continuous operation.

By measuring the angular distribution of the radiation emitted by

oriented radioactive nuclei in the sample, the degree of orientation is

determined. In most cases the •y-ray intensities are measured at low

temperatures in two directions, parallel and perpendicular to the external

field axis, and compared to the Intensities at high temperatures, that is,

temperatures above 1 K.

Thermometry is facilitated by the nature of the nuclear orientation

experiment. An additional radioactive source, with known hyperfine

interactions and known nuclear transition properties, can be used as an

absolute nuclear orientation thermometer. The radiation intensities of this

thermometer source yield the temperature of the sample.

The preparation of samples for the experiments is one of the key

problems in low temperature nuclear orientation. In our investigations we

want to dissolve rare earth impurities into a convenient host lattice, that

is, a lattice generating a sufficiently large hyperfine field at the

impurity nucleus. Such a host must also have a good heat conduction, to

ensure removal of the internal heating of the sample caused by the

radioactive source. Ferromagnetic metals combine these qualities, and have

been used in many studies of hyperfine Interactions and nuclear properties

[8].

Rare earth atoms are usually insoluble in ferromagnetic metals like

iron, cobalt and nickel. Three methods were employed in our investigations

to overcome this problem: ion implantation by a mass separator,

implantation during alpha irradiation by recoil of the produced radioactive

Ions, and particle Irradiation of an intermetallic compound of a

ferromagnetic metal and a rare earth element. In all three methods it is

required for the determination of nuclear magnetic moments, that the

magnetic hyperfine field of the employed impurity-host system is known from

other experiments.

These methods, especially those making use of implantation techniques,

12



cause radiation damage to the host lattice. Consequently the lattice

structure of the host ions surrounding an impurity is not identical for all

impurities. Ions in a substitutlonal lattice site will experience the full

hyperflne field In the intended direction, whereas ions in sites associated

with lattice damage may be subject to various different hyperflne

interactions. As nuclear orientation is an integral method, it is difficult

to distinguish between fractions of ions in substltutional lattice sites

and other ionic fractions. It will be shown that for europium Impurities in

iron at least three fractions of ions have to be taken into account to

fully interpret the experimental results.

In the next two chapters we shall provide a theoretical framework for

the discussion of the experimental results. In chapter 2 the nuclear

magnetic dipole moments of nuclei in the vicinity of * 6Gd will be

discussed. For this purpose nuclear structure theory will be applied. The

nuclear shell model will be briefly reviewed, and nuclear magnetic moment

theory will be presented. The single-particle model, with some necessary

corrections, will be used to derive values for the magnetic moments of the

investigated nuclei.

In the third chapter the theoretical background of low temperature

nuclear orientation will be sketched. In the first part the mechanism to

orient the nuclei will be briefly reviewed. A description will be given of

the Interactions of rare earth impurities in ferromagnetic host lattices.

Possible variations in hyperfine fields of Impurities will be discussed,

caused by differences in the lattice structure of the surrounding ions. The

second part of this chapter deals with the formalism to describe the

directional distribution of -pradlatlon emitted by oriented nuclei.

The experimental techniques, which were used to perform the nuclear

orientation experiments, are the subject of chapter 4. First, the technical

arrangement of the nuclear orientation apparatus is described, and the

methods used for radiative detection of nuclear orientation. Attention will

be paid to the use of nuclear orientation thermometry. Furthermore, the

methods used for the preparation of the radioactive sources will be

discussed.

Finally, a detailed description will be given of the automation of the

13



experimental arrangement. An on-line microcomputer based automated system

for low temperature nuclear orientation experiments was developed, which

performs data acquisition and processing as well as experiment control.

In chapter 5 the results of nuclear orientation experiments are

presented, which were performed on europium nuclei embedded In several host

lattices. Attention will be paid to the hyperfine interactions of Eu3+-

ions. These hyperfine interactions are generated in a different way than

the usual one for rare earth ions. From the analysis of these hyperfine

interactions, values will be deduced for the magnetic moments of the

europium isotopes under consideration. The obtained magnetic moments will

be discussed in the framework of the nuclear shell model.

Results of nuclear orientation experiments on gadolinium nuclei

implanted Into iron and gadolinium hosts will be presented in chapter 6. We

have been able to determine experimental values for the nuclear magnetic

moments of the gadolinium Isotopes under consideration. Like for the

europium nuclei the nuclear magnetic moments will be discussed in the

context of the nuclear shell model. Finally, from comparison of the results

of the experiments on 1'*9GdGd_ and ^'(MFe, an experimental value will be

deduced for the average magnetic hyperfine field of gadolinium impurities

in iron.
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CHAPTER 2

STRUCTURE AND MAGNETIC MOMENTS OF Eu AND Gd NUCLEI

2.1 Introduction

In this thesis we will study the ground state nuclear magnetic dipole

moments of a number of europium and gadolinium nuclei. We shall first

present a theoretical description of nuclear magnetic moments, as far as

necessary for the discussion of the experimental results.

In general the nuclear magnetic moment u of a nucleus can be written as:

*'* % (gA,i \ + «s.i S V • <2!l>

where X. and s. denote, respectively, the orbital and the spin angular

momentum of nucleon i, with the corresponding gyromagnetic ratios g
A, 1

and g .. The summation is over all nucleons, and \L. is the nuclear

magneton. The coupling between the angular momenta of the nucleons

determines the actual values of the gyromagnetic ratios, and hence the

magnetic moment of the nucleus.

In this chapter we will derive estimates of the nuclear magnetic moments

of the nuclei under consideration, by applying nuclear structure theory. Of

the many models which were developed in the past decades we mention the

nuclear shell model, the Nilsson model and the recent interacting boson

model.

The Nilsson model [1] is applied for nuclei in which the interactions

between the nucleons result in collective motions of a large number of

nucleons together. These collective effects may cause deformations from a

spherical shape and the occurrence of appreciable nuclear quadrupole

moments.

The Interacting boson model (IBM) [2] describes nuclear matter as

consisting of pairs of nucleons (bosons) and a relatively swall number of
16



unpaired nucleons (fermions). In this model the mutual interactions between

the bosons and their coupling with the unpaired nucleons determine the

nuclear properties.

In the nuclear shell model it is assumed that the nucleon-nucleon

interactions can be replaced by an average potential, with small residual

interactions between the nucleons• In this way a structure of nucleonic

energy levels Is developed. The levels for protons and neutrons are filled

separately from lower to higher energy. From the resultant shell structure,

many nuclear structure properties can be explained.

The nuclei investigated in this thesis lie in the vicinity of 146Gd,

which has a moderately strong double shell closure. Shell model predictions

of nuclear properties are found to be most accurate for nuclei with

configurations near a closed snell structure. As the investigated nuclei

have configurations differing only a few nucleons from the closed shell

structure of Gd, we shall concentrate upon the nuclear shell model to

estimate their ground state magnetic moments.

We shall primarily apply the single-particle shell model, which assumes

nuclei to consist of a closed shell structure with a single hole or a

single extra nucleon. A correction on the single-particle magnetic moments

will be made for core polarization, which is caused by Interactions of the

single-particle with the nucleons in the closed core. We shall also

consider mesonic exchange processes, occurring through the virtual arsons

representing the long-range nucleon interaction. For the description of the

magnetic moments of odd-odd nuclei we shall consider the coupling between

the angular momenta of their odd nucleons.

Finally the nuclear electric quadrupole moments of the europium and

gadolinium nuclei under consideration will be discussed. For most of these

nuclei the absolute values of the quadrupole moments will be estimated to

be small.

2.2 The nuclear shell model

In many textbooks good descriptions have been given of the nuclear shell

model [3-5]. In its most elementary form the nuclear shell model assumes

the nucleon Interaction to be a spherical potential V(r), depending on the

17
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Fig. 2.1 The approximate energy levels for protons. On the left the har-
monic oeoillator shells are shown. Next the levels of a potential
intermediate between a harmonie oscillator and a square well. On
the right these levels are split by the spin-orbit coupling. Here
the shell structure appears from the occupation numbers of the
shells.
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positions r of the nucleons, In combination with spin-orbic coupling of the

nucleons. The Hamiltonian for a nucleon is then given by:

J O T + V(r) + C jt«s , (2.2)

where T is the kinetic energy, and CA»s the coupling between the orbital

and the spin angular momentum of the nucleon, I and s respectively. In the

collective model of Nilsson [1] a term DJt2 is added for the description of

stable deformations of the nuclear shape. The residual interactions between

the nucleons are taken to be comparatively small.

The spherical potential of the shell model can be written in first

approximation as a harmonic oscillator:

V(r) - 1/2 a o)2 r2 , (2.3)

with m the mass of the nucleon. The oscillator frequency w is chosen in

such a way that the nuclear radius is approximately reproduced:

Ito - 55(42.5) A~1/3 MeV (2.4)

for protons(neutrons) [6], where A is the number of nucleons in the

nucleus. Better agreement with existing data is obtained for a potential,

which is Intermediate between a harmonic oscillator potential and a square

well potential, such as the Woods-Saxon potential.

Strong spin-orbit coupling exists for each individual nucleon. Since

each nucleon has s»l/2, only total angular momenta J« JM-1 /2 and j-jfc-1/2 can

be formed. It is fcund thai: the level with j-JtH/2 is the lowest of the

two.

In nuclear physics, the levels of the spherical shell model are

identified by their radial quantum number nr, their orbital angular

momentum X , and their total angular momentum j. In this notation the level

2d5/2 means the level with nf-2, JW and j-5/2.

With the model just presented, we can reproduce the sequence of energy

levels for nucleons. Fig. 2.1 shows the approximate level sequence for

protons. On the left the energy levels of the harmonic oscillator shells

are displayed. The parity of each of the levels follows from the

alternating parity sequence for the harmonic oscillator levels. The next

19



series of levels shows the sequence which is generated by a potential

intermediate between a harmonic oscillator and a square well. In the last

level scheme, spin-orbit coupling is incorporated. The occupation numbers

of each shell and the cumulative occupation numbers up to this shell are

indicated by brackets.

Since pairs of nucleons are formed within a shell with their angular

momenta anti-parallel, the resulting total angular momentum vanishes for

each completely filled shell.

A single nucleon outside a closed shell structure is called a

single-particle, if this nucleon does not interact with the closed core.

Then this single-particle does not cause modifications of the wave

functions of core nucleons. A single hole in an otherwise closed shell

structure can be treated in the same way as a single-particle. In the case

of a single-particle nucleus, the angular momentum of the nucleus and all

quantities associated with it, such as magnetic moments, will be due to

this single-particle.

The occurrence of two or several single-particles outside a closed shell

leads to a composition of angular momenta, which determines in a straight

forward fashion the magnetic moment of the nucleus.

Experiments have shown that the single-particle shell model represents

the structure of nuclei rather well for nuclei with a configuration near

closed shells. For instance in the lead region, around the nucleus 20**Pb,

which has a major shell closure of both protons and neutrons, good results

were obtained with the single-particle shell model.

2.3 The structure of F.u and Gd nuclei

The nuclei of the rare earth elements are mainly characterized by the

subsequent filling of the proton subshells between the closed shells at

Z-50 and Z-82, and by the major neutron shell closure at N«82. In regions

of the nuclear chart with nuclei having configurations far from proton and

neutron shell closuus, stable deformations of the nuclear shape may exist.

At the beginning and at the end of the rare earth series this has been

found to lead to regions of strongly deformed nuclei [7-9]. Between these
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deformed regions the nuclei are Influenced by the major neutron shell

closure at N-82, between the ^-^n/2 a n d ^17/2 subshells.

Recently Ogawa et al. [10] discovered that the proton subshell closure

at Z»64 Is so strong that the nucleus ,,Gd„„ should be regarded as a new

doubly closed nucleus. From the unexpectedly high-lying lowest 2+-state of

this nucleus, at 1.97 MeV, they concluded that a large energy gap exists

between the tOLt^j^ subshell and the next subshell, 1d.hn/2* Earlier

alpha-decay studies [11,12] and the determination of ln - 3 for the lowest

excited level of 146Gd, which lies at 1.58 MeV [13], already pointed in

this direction.

Since then substantial experimental evidence was gathered on the

structure of nuclei in the vicinity of this doubly closed * "Gd nucleus.

In-beam y-ray studies and conversion electron measurements [14,15] have

revealed the structure of the low-lying states of Gd-isotopes. Also nuclei

of other elements near 14°Gd were investigated [16,17].

Several theoretical efforts have been made to explain the existence of

the pronounced n2dg/2 subshell closure. The large proton energy gap at Z-64

was Investigated [6], and other quantities such as yrast octupole

excitations [18] and atomic masses [19] were shown to exhibit the

importance of the double shell closure of Gd. Casten et al. [20] pointed

out that the sudden onset of deformation between N»88 and N"90 can be

explained by the shell model on the basis of the large proton gap.

The nuclei investigated in this thesis are U 5" 1 4 8Eu and 147»149>153Gd.

The Gd nuclei may be considered as consisting of the closed 14°Gd core and

a small number of valence neutrons in the vlf-j H subshell. Furthermore, ln

the case of the Eu nuclei, there is one proton hole in the 14°Gd core.

In the single-particle shell model, pairs of valence neutrons are

assumed not to Influence the wave functions of the core nucleons, for which

reason these pairs are disregarded. In reality each extra pair of neutrons

causes increasing deviations from the single-particle model.

The properties of the groum. states of the odd-even nuclei are taken to

be mainly due to their single-particles, in our case being a hole in the

u2d5/2 subshell or an odd neutron. Likewise the properties of the odd-odd

nuclei are taken to result from the coupling between their two

single-particles.

In table 2.1 we have summarized the knowledge on the ground state
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Table 2.1 The lifetimes and the ground state spins of europium end

gadolinium nuclei- Most experimental data on the nuclear spins

of the mstable isotopes are knoun from atomic beam experiments

compiled by Ekstrm et al. C21].

Nucleus

145Eu
U6Eu
U 7 E u
148Eu
149Eu
150Eu
151Eu
152Eu
153Eu
154Eu
155Eu

l«6d
147Gd
149Gd
151Gd
153Gd
155Gd
157Gd

V»
5.93 d

4.61 d

24 d

54.5 d

93.1 d

12.62 h

Stable

13.33 y

Stable

8.8 y

4.94 y

48.3 d

38.1 h

9.4 d

120 d

241.6 d

Stable

Stable

I

5/2+

4~

5/2+

5-

5/2+

0~

5/2+

3"

5/2+

3"

5/2+

0+

7/2"

7/2-

7/2"

3/2"

3/2"

3/2"

configurations of europium and gadolinium nuclei. The proton configuration

of the europium nuclei is a (n2d5/2)~
1 nole state. Consequently the spin

and parity assignment by the shell model, as concerns the proton hole, is

5/2+. For all europium nuclei between A-145 and A-155 this spin and parity

assignment has been verified by experiments [21].

Like in the proton shell structure shown In fig. 2.1, the neutrons above

the closed shell at N«82 fall In the 2f?/2 subshell. The spin and parity of

the odd-A Gd Isotopes is, in agreement with the corresponding
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single-particle shell model expectation, found to be 7/2" up to 151Gd [21].

The ground state spin of odd-odd europium nuclei is predicted by the

coupling rules of Brennan and Bernstein [22]; I»5. For 150Eu and ^^Eu this

spin assignment is verified by experimental results of Ekstrom et al. [21],

but for ^"Eu they found a different result, I"4. They explained this from

the residual interactions between the proton hole and the odd neutron.

Collective effects appear in Eu and Gd nuclei above N-88 [20]. The

spherical single-particle model is then no longer valid. As can be seen

from table 2.1, the spins of these nuclei are found to have values

differing from the single-particle expectation. The nucleus *"Gd has

I«3/2, which is compatible with a configuration of [521 3/2] in terms of

so-called Nilsson states [8], which are normally used to describe the

configurations of deformed nuclei.

2.4 Nuclear magnetic dipole moments

The nuclear magnetic dipole moment of a nucleus can be written as a

vector proportional to the nuclear spin, as we have seen In chapter 1:

* W (2.5)

where gN denotes the gyromagnetic ratio of the nuclear spin I. The

magnitude of the magnetic moment is equal to the expectation value of the

z-component of the magnetic moment operator in the state with Iz-I [4]:

|i« <I,I -I|u 11,1 -I> (2.6)

To evaluate the magnetic moment we write this with the aid of the

Wigner-Eckart theorem [23]:

•*-ïïr<i.vll*-tlI'1«-1> (2'7)

From eq. (2.1) it is clear that this value depends on the angular momenta

of all the nucleons. Since neutrons are neutral, only the orbital angular

momenta of the protons contribute to the magnetic moment:
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g, _ - 1 8 t„"° <2'8>

The gyromagnetic ratios of the nucleon spins have values corresponding to

the single proton and neutron:

g - 5.585 g - -3.826 (2.9)
s,p s,n

The actual value of the nuclear magnetic moment Is determined by the

coupling of the angular momenta of the nucleons.

2.4.1 Single-particle magnetic moments

In first approximation we shall assume the nucleus to be a

single-particle nucleus. For a nucleus with one odd nucleon, the magnetic

moment operator becomes in the single-particle model:

t' MjjCê  t+ gs s) (2.10)

As for a single-particle nucleus only I»£+1/2 can occur, we may calculate

the corresponding magnetic moments from eq. (2.6):

for I - A ± % (2.U)

T.iese single-particle values for the magnetic moments of odd-A nuclei

are known as the Schmidt values. In figs. 2.2 and 2.3 they are represented

by lines, connecting the Schmidt values for various nuclear spin I, for

odd-proton and odd-neutron nuclei respectively. In these so-called Schmidt

diagrams, experimentally obtained magnetic moments of odd-A nuclei are

displayed.

The Schmidt diagrams show that in first approximation the nuclear

magnetic moments may be described with the single-particle model, but also

that the coupling between the angular momenta of the nucleons produces

large deviations from the single-particle values. The departures from the

Schmidt lines are mostly Inward and depend on the Individual

characteristics of each nucleus.
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Fig. 2.2 The Sohnidt diagram for magnetic momenta of odd-pnoton nuolei.

The lines represent the single-particle of Schmidt values,

whereas the dots represent experimentally obtained magnetic

moments.

In the previous paragraphs we have considered odd-A nuclei, that Is,

nuclei with an odd-even configuration In protons and neutrons. For such a

nucleus the ground state magnetic moment Is due to the orbital and spin

angular momentum of the last odd nucleon and to Its Interactions with the

paired nucleons.

The magnet1. moment of an odd-odd nucleus Is dependent on the coupling

of the angular momenta of the two odd nucleons. If we assume the residual

Interactions between nucleons to be small compared to the average nucleon

Interaction, we may apply the addltlvlty principle on magnetic moments. The

magnetic moment of an odd-odd nucleus Is then written In terms of the
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Fig. 2.3 The Sahmidt diagram far magnetic momente of odd-neutron nuclei.

magnetic moments of the two adjacent odd-even nuclei. For an odd-odd

nucleus with spin I and magnetic moment jï, having neighbouring odd-even

nuclei with spins Iĵ  and I2 and magnetic moments ^ and (̂  respectively,

the additivity principle yields:

(2.12)

with

(2.13)

By substitution into the expression given by the Wigner-Eckart theurem

(2.7) the magnetic moment of the odd-odd nucleus can be expressed as:

g]+82
(2.14)

2 2 1(1+1)

In order to apply this formula to an odd-odd nucleus we can take
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theoretical gyromagnetic ratios* Better agreement with experimental results

is obtained, if we take the experimental gyromagnetic ratios of the

neighbouring odd-A nuclei, in cases where they are known. Then the

corrections on the single-particle values, which are necessary for an

accurate description of the magnetic moments of these odd-A nuclei, are

implicitly incorporated in the calculated magnetic moment of the odd-odd

nucleus.

2.4.2 Corrections on the single-particle magnetic moments

Although a substantial degree of correlation is found between the

experimentally obtained magnetic moments and the single-particle values,

appreciable differences are observed in many cases. To explain these

differences we distinguish between three possible causes: (1) collective

motion; (2) configuration mixing; and (3) mesonic exchange.

In collective motion and configuration mixing the deviation of magnetic

moments from the Schmidt values is due to the mixing of excited

single-particle states of the nucleons into the ground state. The term

collective motion is used when the mixing is strong enough for the motions

of the individual nucleons to become correlated. Then many nucleons are

simultaneously excited, and nuclei with a stable deformed shape may occur.

These deformations lead to electric quadrupole moments or nuclear multipole

moments of even higher order.

The magnetic dipole moment of a deformed nucleus is usually partly

quenched compared to the Schmidt value. This is illustrated in fig. 2.4 for

an axially symmetric deformation. Then the nuclear spin ? is the sum of a

collective part R and a non-collective part it in the direction of the

symmetry axis of the nucleus:

? - £ + R (2.15)

This leads to two separate contributions to the nuclear magnetic moment:

< 2 a 6>
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Fig. 2.4 The components of the nuclear spin 1 in the case of a deformed
nucleus. The non-collective component; in the direction of the
symmetry axis z' of the nucleus, is ft, while the collective part
is denoted P.

where

(2.17)

From fig. 2.2 we see that the nuclear magnetic moment of Eu Is much

smaller than the magnetic moment of *^Eu. This illustrates the fact that

between N-88 and N-90 a strong deformation sets in [20]. Of the

investigated nuclei only 153Gd, having N=89, lies in the region where

appreciable deformations are expected. Therefore we shall not go further

into the details of collective motion.

The second origin of the deviations of the nuclear magnetic moments from

the single-particle values is configuration mixing. As in collective

motion, interactions of the valence nucleons or holes with the nucleons in

the closed core, cause the admixture of excited single-particle states into

the ground state. However, the mixing is not strong enough to induce

collective motion.

First order configuration mixing is a result of the coupling of a

valence nucleon (or hole) to an unperturbed single-particle state of a core

nucleon [24]. In fig. 2.5 the coupling is shown between a valence nucleon

with angular momentum j, and a core nucleon having j^-^+1/2. The latter
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Fig. 2.5 The interaction prooeee of a valenee nualeon with the core,

generating acre polarization. The valence nualeon with angular

momentum 3 vnteraote with a acre nualeon, having jj=%j+l/2 . This

core nualeon may be regarded as being temporarily exaited out of

the owe, to j2=X-i-
1/2' thereby influencing the magnetio moment

of the nucleus.

nucleon may be temporarily excited to J2"A^-l/2, in which case the nucleon

contributes to the magnetic moment of the nucleus. This process gives rise

to the so-called core polarization.

Second order configuration mixing is a result of the coupling between a

valence nucleon (or hole) and a perturbed state of the nucleus. For

instance, in the case of nuclei in the vicinity of 208Pb, the most

important influence on the nuclear magnetic moments stems from coupling to

collective states 125].

The third cause for the deviations of odd-A nuclear magnetic moments

from the Schmidt values is mesonic exchange [26]. The long-range

nucleon-nucleon Interaction is represented by the exchange of virtual

mesons between nucleons. The proton can be regarded for example as a

superposition of a bare proton state and the state of a neutron and a

virtual positive pion, as shown in fig 2.6(a).

The most important contribution to the magnetic moments from processes

Involving virtual mesons is the Sachs moment [27], Here, the virtual pion

combines with a nucleon different from the original one. For instance, the

following process may occur:
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Fig. 2.6 Meson processes influencing nuclear magnetic momenta: (a) The

meeon cloud of a proton; (b) One pion exchange, in which proton

P2 and neutron n2> through emission and absorption of a positive

pion, change into neutron n^ and proton P2'

(2.18)

where the two nucleons are labelled 1 and 2. This process, which is

illustrated in fig. 2.6(b), is called one plon exchange (OPE). If the

second nucleon In the exchange process is part of the closed core of the

nucleus, the magnetic moment of the nucleus will be modified due to the

temporarily distorted wave functions of the core nucleons.

Higher order virtual processes also contribute to the magnetic moment.

Here, two plons, or other particles such as Q or p, are involved in the

process [26].

Hesonic exchange In combination with configuration mixing may contribute

to the nuclear magnetic moments as well. Especially one plon exchange

combine.! with first order configuration mixing may be of Importance [28].
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2.4.3 Magnetic moments of Eu and Gd nuclei

In order to calculate accurate values for the nuclear magnetic moments

studied In this thesis we should apply the magnetic moment theories

presented In the previous section. Since It Is not within the scope of this

thesis to perform detailed theoretical calculations, we shall confine

ourselves to renormallzation of gyromagnetlc ratios with respect to the

single-particle values. The experimental magnetic moments shown In the

Schmidt diagrams (figs. 2.2 and 2.3) suggest a large quenching of gs and a

small enhancement of g .

We shall not take collective effects Into account, since most of the

nuclei Investigated in this thesis show predominantly a spherical

configuration [21].

Configuration mixing effects will be incorporated by an "effective"

value for g , quenched with respect to the "free" value [29]:
s

g"* - 0.7 zs (2.19)

Hesonic exchange gives the following corrections to g^ [30]:

g^meson _ + Q^ (2.20)

6 g ^ o n - - 0.05

In summary, the theoretical nuclear magnetic moments of odd-even and

odd-odd nuclei are given by eqs. (2.11) and (2.14) respectively. In these

formulas we account for configuration mixing and mesonic exchange by the

following gyromagnetlc ratios for protons and neutrons:

(2.21)- +1

- -0

.1

.05

g

g S

>P

.n

- +3

- -2

.91

.68

In table 2.2 we have suawrized the experimentally known magnetic dipole

moments of Eu and Gd nuclei. The theoretical estimates for the magnetic

moments, derived In this notion with the corrected single-particle model,

are given as well.
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Fable 2.2 The experimental ground state magnetic dipole momente and
electric quadrupole moments of europium and gadolinium nuclei,
and the theoretically eetimated magnetic momente calculated v>ith
the aorreated single-par Hole model.

Nucleus

U 5 E u
U 6 E u
147Eu
148Eu
149Eu
150Eu
151Eu
152Eu
153Eu
154Eu
155Eu

" 7 G d
U 9Gd
151Gd
153Gd
155Gd
157Gd

^exp

3.7(5)

+3.4717(6)

-1.9414(13)

+1.5330(8)

2.005(6)

1.93(26)

-0.2584(5)

-0.3381(13)

refs.

[31]

[32]

[34]

[32]

[35]

[36]

[34]

[34]

•* ^theor

4.16

1.01

4.16

1.157

4.16

4.16

4.16

4.16

-1.49

-1.49

-1.49

-1.49

-1.49

-1.49

+0.

+3.
+2.

+3.

+1.

+1.

Q

903(10)

16(35)

412(21)

9(5)

30(2)

36(2)

refs. Q

[33]

[34]

[33]

[34]

[37]

[37]

2.5 Nuclear electric quadrupole moments

The nuclear quadrupole moment Q of a nucleus is defined as [4]:

Q - <I,I «l|Q 11,1 -I> (2.22)

z z z

where the quadrupole operator is given by
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eQz - ƒ pe(r)(3cos2e-l)r
2dr (2.23)

In terms of the charge density p (r) at position r.

The nuclear quadrupole moment can be evaluated for single-particle

nuclei In a fashion analogous to the evaluation of the magnetic moment In

section 2.4.1.

Nuclear quadrupole moments are directly related to nuclear deformations.

Non-spherical nuclei can have finite quadrupole moments, whereas for

spherical nuclei the quadrupole moment averages out to zero. The

deformations can be either prolate (Q>0) or oblate (Q<0).

Since the nuclei In our Investigations are supposed to have a nearly

spherical configuration as a consequence of the double shell closure at

Gd, the nuclear quadrupole moments are expected to be relatively small.

We shall elaborate this assumption In the later discussions, since In the

case of small nuclear quadrupole Interactions their Influence on our

analysis of the experimental data in terms of nuclear magnetic moments can

be neglected.

The experimentally known quadrupole moments of Eu and Gd nuclei are

given in table 2.2.
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CHAPTER 3

THEORY OF NUCLEAR ORIENTATION

3.1 Introduction

Nuclear orientation Is based on the preference In direction of the total

angular momentum or spin of the nucleus. In quantum theory the orientation

of the nuclear spin, I, Is described In terms of Its spatial quantization.

With respect to a predefined quantization axis, each of the 21+1 possible

orientations of the nucleus Is uniquely represented by Its projection Iz on

this axis. In case of rotational symmetry about this axis, the orientation

of a system of nuclei Is then completely described by the relative

populations am of the magnetic substates with Iz*m, where m assumes the

values -1,-1+1,...,1.

If the nuclei have random orientations, the system Is called unorlented,

In which case all the population numbers am will be equal, whereas for an

oriented system at least one of the population densities will be different

from the others.

Orientation of the nuclear spin system can be obtained through static

methods or through dynamic methods. In static methods the orientation of

the nuclear spin system Is achieved through thermal equilibrium populations

of the nuclear substates. The experiments presented In this thesis were

performed using the static method of low temperature nuclear orientation.

To obtain a measurable degree of orientation in a static nuclear

orientation experiment one has to produce considerable differences among

the populations of the nuclear magnetic substates. Therefore the energy

difference between the sub&tates has to be at least of the same order of

magnitude as kT.

Mainly two methods have been used in low temperature nuclear orientation

in the past decades. One method, brute force polarization, makes use of the
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Zeeman Interaction between an externally applied magnetic field and the

magnetic dipole moment of the nucleus [I]. In brute force polarization the

ratio Bext/T between the external field and the temperature Is the dominant

factor which determines the degree of orientation. In the other method, the

Gorter-Rose method, hyperflne Interactions of the nucleus with the

electromagnetic fields generated by the surrounding electrons are employed

to achieve nuclear orientation. This method was used in our investigations.

In this chapter we shall present a theoretical description of nuclear

orientation. In the first part we will deal with interactions of a rare

earth impurity embedded in a ferromagnetic host material. Firstly, the

electronic interactions of the impurity ion with the host lattice will be

reviewed. In the next section the hyperflne interactions of an impurity

nucleus, caused by polarized electrons, will be presented. The magnetic

hyperfine interactions will be sketched, in which the nuclear magnetic

dipole moment plays a role, and also the electric hyperfine interactions

will be outlined. Emphasis will be laid on the hyperfine interactions of

Eu3+ and Gd3+-ions.

Some of the hosts used in the experiments presented in this thesis are

ferrimagnetlc intermetalllc compounds like SmFe2> Since hyperfine

interactions are produced in these ferrimagnetlc host materials in the

same manner as in ferromagnetic hosts, we shall only deal with the

hyperfine interactions of ferromagnetic host materials.

In the second part: of this chapter we shall present the formalism which

is used to describe the angular distribution of radiation emitted by

oriented nuclei.

3.2 Interactions of rare earth impurities in ferromagnets

The interactions of rare earth impurities in ferromagnetic host

materials can be divided into electronic interactions and hyperfine

interactions, the latter being caused by the impurity nucleus. A good

description of these interactions of rare earth ions is given by Abragam

and Bleaney [2].

The general form of the Hamiltonian of a rare earth impurity in a
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ferromagnetic material is given by:

*- M N ? + 3^ + 3Cexch - % ^ . f + ̂  (3.1)

Here (î  1B the nuclear magneton and gN the gyromagnetic ratio (or g-factor)

of the nuclear spin I. The electronic interactions of the impurity are

represented by the first three terms» Spin-orbit coupling of the electrons

Is denoted by X?*?. The influence of the surrounding ions is described by

the crystal field Hamiltonian 3^ and by the magnetic exchange

Interaction X • The last two terms represent the hyperfine interactions

of the impurity Ion. Here we take Into account magnetic hyperfine

interactions by B^ and nuclear quadrupole Interactions by 3%.

The magnetic field acting on the nucleus, it,, is a result of several

contributions:

*M ' *ext + fhf + K ~ rf <3-2>

B is the externally applied field, used to polarise the electrons of the

host. The Lorentz field, it, and the demagnetizing field, -VÊ, are small in

comparison to the hyperfine field if - due to the electrons, and will not be

taken into account In this thesis. The magnetic hyperfine field, £.., is

the magnetic field generated by the electrons of the impurity ion itself

and by the electron~ In the conduction band of the host material.

3.2.1 Electronic interactions

The rare earth series is characterized by the subsequent filling of the

electronic 4f-shell. Rare earth ions in metals or In internetallic

compounds are mostly in the trlvalent state. Although europium Is found to

be a divalent ion in many compounds [3], in our Investigations only Eu -

ions occur. A trlvalent rare earth ion has only its 4f and 5d shell

unfilled. For the determination of the hyperfine Interactions of such ions,

the most important electronic interactions are due to the 4f-electrons.

The 4f-electrons are strongly localized and shielded from the

surrounding Ions by the 5s, 5p and 5d electrons. Therefore the crystalline
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electric field has usually a smaller influence than the spin-orbit

coupling, .'he interaction between the orbital and the spin angular

momentum, L and S respectively. This results in electronic states

described by the total angular momentum J.

The crystalline electric field Is due to the spatial charge distribution

of the surrounding ions which interact with the 4f-electrons through the

electrostatic Coulomb interaction.

A convenient way of describing the crystal field interaction was

developed by Stevens in his operator equivalent method [4]. The

electrostatic potential V(r) can be expressed In terms of spherical

harmonics of the form Ya(?). With the help of these spherical harmonics the
n

Hamiltonian is written as:

3C, - t Bm 0 m (3.3)
n,m

Here the 0 m are angular momentum operators, in this case expressed in terms

of Lz, L+ and L_. The Bm coefficients reflect the symmetry of the

surrounding ions. They can be written as:

B» - if <rn> en (3.4)

The A° are functions of the spherical harmonics Y™ and of the geometry of

the surroundings. Point charge calculations of the Am were for instance

carried out by Hutchlngs [5], but they yield only crude approximations.

Within an L-multiplet the reduced matrix elements 9 are denoted

as <LlalL>, <LipiL> and <LIYIL> for n-2,4,6 respectively.

The exchange interaction is the coupling between the spins of the

4f electrons and of the electrons of the host conduction band. This may be

either a direct exchange interaction or It may be generated through

polarization of the 5d-electrons of the rare earth ion [6]. The total

result can be regarded as if only the direct interaction would exist. This

direct contribution to the exchange interaction stems from the interaction

of the 4f electrons with the s-llke conduction electrons. In the case of a

polarized host conduction band it can be written as:
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J

Kexch = -Jsf<8*Kf (3'5)

Here s and !>, . are the spins of the s-llke conduction electrons and of the

4f-electrons respectively, and Jgf is the effective s-f exchange coupling

integral. Jgf is positive since the s-like conduction electrons are

polarized In the direction opposite to the host moment [7]. In the

molecular field approximation the s-f exchange Interaction becomes:

«exch "

If we polarize the electrons of the host, the direction of the exchange

field, D can be made to coincide with the direction of the external

field, if . If we define a quantization axis parallel to $ , the
ext ext

exchange interaction reduces, e.g. in the case of Gd , to:

X - 2(iB ,S (3.7)
exch *B exch z

The effect of the exchange interaction on the 4f-electrons Is the

complete removal of the J-multiplet degeneracy. If no crystal field

interaction is present and ? , is large enough compared to kT/ug, only

the lowest level will be populated. Then the expectation values for the

z-component of the angular momentum will be: OZ>=J and

3.2.2 Magnetic hyperfine interactions

Magnetic hyperfine interactions are interactions between the magnetic

multipole moments of a nucleus and the magnetic fields acting on this

nucleus. We shall only deal with the Interactions of the nuclear magnetic

dipole moment, since higher order magnetic multipole moments play a

negligible role. The magnetic hyperfine Interaction can then be expressed

as:

The magnetic hyperfine field $ is the sum of two contributions, firstly
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the Fermi contact field, B , and secondly the magnetic hyperflne

field, B^f, due to the 4f electronic moment:

Bhf - Bc + B*4f (3.9)

The Fermi contact interaction is a result of the finite density of s-

electrons at the nucleus. These electrons produce a magnetic field at the

nucleus, given already by Fermi in 1930 [8]:

where |(l>.(0)|2= p.(0) is the density of s-electron i at the nucleus. In

ions with closed s-shells there may still be a difference in density

between s-electrons with spin-up and spin-down, due to their interaction

with other electrons. This difference contributes to the contact field:

The contributions to the Fermi contact interaction are classified

according to the type of s-electrons from which they originate. The two

contributions we shall consider, originate from core polarization and from

conduction electron polarization:

The core polarization (CP) contribution to the contact interaction

arises from the localized s-electrons of the impurity ion. The exchange

interaction between these localized s-electrons and the electrons of an

unfilled shell of the impurity ion produces a magnetic field at the

nucleus. This magnetic field has been calculated by Watson and Freeman for

rare earth ions in a ferromagnetic 3d host metal, such as iron [9]:

fcp = 9 <?4f> Tesla (3.13)

The direction of this core polarization field is parallel to <§4f>- In a

3d-ferromagnet, the 4f spin angular momentum Is always parallel to the host

magnetization, and, consequently, to the external field [10]. Hence, the
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core polarization field is also parallel to the external field in the case

of a rare earth in a 3d-ferromagnet.

The second contribution to the Fermi contact interaction is the

conduction electron polarization (CEP). Here, the s-d exchange interaction

between the host electronic moments and the s-like conduction electrons

results in a polarization of the conduction band. This polarization is

transferred to the Impurity through the scattering of the polarized

conduction electrons by the electrostatic potential of the impurity atom.

The impurity potential is created by the charge difference between the

impurity and the host ions.

In the first model Daniel and Friedel assumed a homogeneous band

polarization of the s-conduction electrons [11]. Campbell added s-d

hybridization of the conduction electrons to this model [6]. Later on

Blandin and Campbell [12] replaced the homogeneous band polarization by the

oscillatory behaviour which is a feature of the RKKY approximation for the

conduction electron wave function in the vicinity of an impurity.

The above two mechanisms, core polarization and conduction electron

polarization, contribute to the Fermi contact interaction between the net

unpaired s-electron density at the impurity nucleus and the magnetic dipole

moment of this nucleus.

In ions with an unfilled electron shell, there is also a magnetic

interaction between the moment of the electrons of this unfilled shell and

the magnetic moment of the nucleus. This magnetic interaction consists of

an orbital interaction term and the magnetic dipole-dipole Interaction, and

ca^ be represented by a magnetic field acting on the nucleus [2]:

where B„ is defined as:

Here all the electrons of the ion are taken into account, with orbital and

spin angular momenta 1. and s. and positions r.. Only the electrons of the

4f-shell contribute to this hyperfine field, hence we can write:
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The Af hyperfine field can be written In terms of an equivalent operator

$ [2]:

f4f " " 2i h <r"3> * <3'17>

where N Is defined as:

*- E [3^+3.3^^] (3.18)
1 ri

The factor <r~3> is the mean Inverse cube of the orbital radius of the

4f electrons.

3.2.3 Electric hyperfine interactions

Electric hyperfine interactions are the interactions of the electric

multipole moments of the nucleus with an electric field gradient. In

practice the quadrupole Interaction between the electric quadrupole moment

of the nucleus and the electric field gradient is the only relevant

contribution to the electric hyperfine interactions.

If the principal axes of the electric field gradient coincide with the

axes of our coordinate system, the nuclear quadrupole interaction can be

expressed as:

X. - P[{l2 - k(I+l)} +^){I2-12)] (3.19)

with

3eQV
P " 4ÏÏ2PT) (3'20)

and

V -V_
(3.21)
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Within a ground term J the components Vxx, Vvy and Vzz of the electric

field gradient are given by:

vzz " " 4 % <rq3><Jn«»J>{Jz
2 " y i ( J + 1 ) > ( 3 - 2 2 )

V -V = - ^~ <r~3XJHal1J>{Ji + J2} (3.23)
xx yy 8uen q ; + -'

and

These formulas are normally expressed in terms of J for rare earth ions.

In the case of Eu3+ and Gd3 , however, it is more convenient to express

them in terms of £. In this case, J must be replaced everywhere by L in

eqs. (3.22) and (3.23). The factor <r ~3> can be written as:

<rq"
3> = (1-R) <r"3> (3.24)

where R is the 4f-shielding factor for the nuclear quadrupole interaction.

In the case of axial symmetry around the z-axis, the Hamiltonian for the

quadrupole interaction reduces to:

3CQ = P{I Z
2-} 1(1+1)} (3.25)

In our investigations we used ferromagnetic or ferrimagnetic host

materials with a cubic lattice structure. Hence for guest atoms in sites

with cubic point symmetry, the host lattice does not contribute to the

nuclear quadrupole Interaction of an impurity.

3.3 The trivalent ions Eu3+ and Gd3*

3.3.1 Hyperfine interactions of Eu -ions

Europium ions in our investigations are in the trivalent state with a

4f° configuration. Hunds rules give angular momenta L-3, S=3 and a J»0

ground state, which is denoted as 'Fo> This ground state is a non-magnetic

singlet, i.e. this ground state does not generate hyperfine coupling with
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LaClg. The level sequence is caused by the epin-ovbit coupling of
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the Eu^+-nucleus.

However, hyperfine Interactions of Eu -ions can be generated by

possible admixtures of the excited states 7F1,
7F2 etc. into the ground

state. The excited states of Eu3+ are close to the ground state. This is

illustrated by fig. 3.1, which shows the lower electronic states of the

trlvalent rare earth ions in LaCl^, as caused by the spin-orbit coupling

and by crystal fields [13]. The first excited state of Eu3+, the triplet

with J*l, lies only at ~500 K, following from a spin-orbit coupling

parameter X»1320 cm"1 [14]. As a consequence of the relatively small

distance between these levels the exchange interaction causes mixing of the

excited states of Eu3+ into the ground state. The ground state is then

converted from a non-magnetic J=0 state to a <?>*0 magnetic state, which

may cause hyperfine interactions of the europium ion.

This has first been recognized by Elliot in 1957 [15]. By second order

perturbation theory he calculated the magnetic hyperfine field and the

nuclear electric quadrupole interaction induced by an external magnetic

field and by the crystalline electric field Interaction in the case of

europium-ethylsulphate.

A cubic crystal field can only mix the J-multiplets '2> F4 atld F6

(with even J) into the ground state, whereas a magnetic field can mix all

excited states, including , into the ground state. For this reason the
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influence of the crystal field on the hyperfine Interactions of Eu -ions

is usually small compared to the effect of the exchange field, Bexcll.

On the basis of this assumption Wolf and van Vleck [16] explained the

spontaneous magnetization of EuIG by taking into account the mixing of

excited states into the ground state of Eu3+ by the exchange interaction.

This was extended by Gilat and Nowik [17] and later on by Nowik and Ofer

[18], who calculated the effective magnetic hyperfine field, B e f f, and the

efiective electric field gradient, <leff> induced by the exchange

interaction. They diagonalized the Hamiltonian

within the 9 states of 7 F Q , 7F L and 7F 2. Thus their definition

of B* . differs by a factor of -1 from our definition,
excn

Beff w a s calculated using the hyperfine interaction operator N working

on the admixed eigenstates, with if, which is defined by eq. (3.17),

expressed in terms of .f. They calculated qeff by expressing V z z in the

perturbed scheme, where Vzz is given by eq. (3.22). Fig. 3.2 shows the

results they obtained for the Bexch-dependence of B e f f and q eff These

results were used to determine the magnitude of the exchange field for

substitutional Eu3* ions in several cubic host lattices, such a: iron [19]

and the intermetallic compounds SmFe2 [20], S11C02 [20] and SviPe-j [21]. In

these host lattices the effective hyperfine field B e f f was determined by

Mössbauer spectroscopy.

In all these cases the influence of the crystalline electric field was

neglected because the crystal field can not mix the first excited state of

Eu , F^, into the ground state, FQ. In the analysis of our nuclear

orientation experiments we shall admit the presence of strong crystal

fields for some Eu -ions, to interpret our measurements.

Elliot calculated the nuclear quadrupole interaction resulting from the

distortion of the electronic charge cloud by the crystal field [IS], caused

by mixing of the F2 state into the FQ ground state. Since also a magnetic

field was assumed to be present, he considered only an axially symmetric

z-component of the crystal field:

V - A° (3z*-r2) (3.27)
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Fig. 3.2 The effective magnetic hyperfine field, Befp and the eleotcie
field gradient, a

eff> <*« « function of the exchange field, Bea.a;,.
The effective hyperfine interactions are caused by the admixture
of the excited states 7Fj and ?F% into the 7FQ ground state of
Eus+. This figure is taken from [18].

By second order perturbation theory Elliot found for the nuclear quadrupole
Interaction, apart from a factor

* r'3<r'3>|<2lal0>|2(3l| - 1(1+1)} (3.28)

Here Q Is the nuclear quadrupole moment, A- the energy difference between

the J"2 and J"0 states, and <2«a«0> the non-diagonal reduced matrix element

for the electric field gradient.

Judd, Lovejoy and Shirley [22] found the quadrupole splitting In

europlumethylsulphate to be considerably larger and of opposite sign to

that predicted by Elliot. Edmonds [23] has shown that this can be ascribed

to a large antlshleldlng by the 5p shell of the electric field gradient at

the nucleus.
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If Eu impurities are associated with vacancies in the host lattice, the

4f electrons will experience both magnetic and electric interactions, each

of which will influence the magnetic hyperfine field and the electric field

gradient at the nuclear site.

In order to derive values for these fields, we shall consider an

exchange interaction along the z-direction, collinear with the external

field axis, since this corresponds to the situation in rather soft

ferromagnets in an external field. On the other hand, we shall assume the

presence of a crystalline electric field with a large axlally symmetric

component in an arbitrary direction. Then the Hamiltonian for the

electronic interactions can be expressed as:

3C= XL«£+ 2|i

(3.29)

where AL*S represents the unperturbed Hamiltonian. A2 determines the

strength of the axial component of the crystalline electric field,

while 0 is the angle between the largest component of this crystal field

and the z-axis.

Diagonalization of this Hamiltonian within the 49 states |L-3,S-3,LZ,SZ>

of Eu enables us to obtain the wave functions of the ground state. With

the aid of these ground state wave functions the expectation values of

magnetic and electric hyperfine operators can be calculated.

The magnetic hyperfine field due to the 4f-electrons is given by eq.

(3.17). The hyperfine field operator N can be written In terms

of £ and S [2]:

if - t + £L(L+1)£ - j££(£•£)+(£•£>£} (3.30)

where £ Is a numerical factor dependent on the specific ion, being §—1/135

for Eu . The z-component of the electric field gradient at the nucleus is

expressed in terms of L as:

Vzz - " 4 & " <rq3><L«a»L>{L2 - I L(L+1)} (3.31)

The reduced matrix element yields <L laHL>"2/45 in the case of Eu^+.
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With these equations we are able to calculate the hyperfine interactions

of EuJ -ions by diagonalization of the Hamilton!an describing the

electronic interactions, as given in eq. (3.29). The magnetic hyperfine

field and the electric field gradient are then given by eq. (3.30) and

(3.31) respectively, through the expectation values of the equivalent

operators <n> and <L2 - •=• L(L+1)> in the admixed ground state.
Z J

In chapter 5 we shall perform these calculations for the interpretation

of the experimental results of measurements on Eu -ions in Fe and

3.3.2 Hyperfine interactions of Gd3+-ions

In our investigations on Gd-isotopes in ferromagnetic metals, Gd-ions

are in the trivalent state. Gd3+-ions have a half filled 4f-shell (4f7),

with ground state angular momenta L-0, S=7/2 and J=7/2.

Electronic interactions with tne surrounding lattice structure are

predominantly magnetic of origin, being the magnetic exchange interaction

with the neighbouring host ions. The influence of crystal fields on the 4f-

electrons is small since the crystal field interacts primarily with the

orbital angular momentum L, while L-0 for Gd .

The hyperfine interactions of Gd3+-ions are characterized by the absence

of a direct orbital contribution from the 4f-electrons. This is again a

consequence of the vanishing L for Gd . As to magnetic hyperfine

interactions, contributions to the hyperfine field are present which are

due to core polarization and to conduction electron polarization. Nuclear

quadrupole interactions originate only from the direct interaction of the

nuclear quadrupole moment with the crystal field of the host lattice, since

the ionic contribution vanishes.

3.A Angular distribution of gamma radiation from oriented nuclei

In low temperature nuclear orientation experiments the orientation of

the nuclear spin system is detected through the angular distribution of the

radiation emitted by radioactive nuclei in the sample. We shall confine
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ourselves to the angular distribution of gamma radiation, since this type

of experiment is most suitable for our purposes.

As we have seen in the introduction to this chapter, the orientation of

a nuclear spin system with spin I is described in terms of the populations

am of the nuclear substates with Iz"m, provided that axial symmetry for the

nuclear spin interaction is a good approximation. These populations depend

on the energies E m of the substates through the Boltzmann distribution:

exp(-E /kT)
am - E„._,_„•"„.„! (3.32)

m

The hyperfine interaction Hamiltonian defines the energies of the

substates, in the case of axial symmetry given by:

Em - - S N W + Pfm2 " T I(I+1)} (3'33)

Orientation of the nuclear spin system will occur when kT becomes of the

same order of magnitude as Effl. When further lowering the temperature to

k'f«Em, only the lowest sublevel will be populated. In this case the

nuclear orientation will be close to saturation, so that the temperature

dependence of the orientation is greatly reduced.

3.4.1 Angular distribution formalism

The formalism for the angular distribution of gamma radiation emitted by

oriented radioactive nuclei, will be presented in the following sections.

Fig. 3.3 shows the decay process schematically. A parent nucleus decays

from its initial state with spin Io, through a ^transition and

several -^-transitions via intermediate states having spins Ij, 12 etc. to

the intermediate state with spin I., and then to If. We observe

the y-radiation emitted in the transition from the intermediate state with

spin I± to the final state, having spin If. This is not necessarily the

ground state of the daughter nucleus.

Gamma transitions are classified according to the multlpolarity of the

transition. The selection rule for the angular momentum L carried by the

gamma-quantum in a transition between states Ij and If is:
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AI \h-lf\ (3.34)

When the parity change ATE » (-1) the transition is called electric of

order 2r and when An " (-1) it is called magnetic of order 2L.

Gamma transitions may have mixed multipolariLy of order 2L and 2 L + 1.

Host frequent combinations for these mixed aultipolarity transitions are

M1+E2 and E1+M2. The mixing ratio delta is then defined as:

(3.35)

Here T^, and T^ are the transition multipole operators of, respectively,

the L'-L+l and the L radiation. We use the sign convention of Krane and

Steffen [24], which is the usual convention in quantum theory, but the

opposite from the sign convention of Rose and Brink [25].

Many descriptions have been given in the literature of the angular

distribution of gamma radiation emitted by oriented nuclei. These can be

divided in two groups. The first group makes use of a method in which

explicit formulas are derived for the angular distribution of radiation,

based on the parameter f^Cl) which is called the degree of orientation of

order k. The fk depend linearly on the populations ara of the nuclear
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substates [26,27]. The other group describes the angular distribution of

radiation by a number of coefficients, each taking into account a specific

parameter in the measured angular distribution, such as temperature,

nuclear decay properties etc. [25,28,29,30]. We shall follow this

coefficient method, as given In [28].

We consider an ensemble of nuclei with spin I and having an axis of

rotational symmetry. The general expression for the directional

distribution function, W(0), of -pradlatlon emitted from these nuclei is:

W(Q) - 1 f E QkBkUkFkPk(cos0) (3.36)
IC

where 0 is the angle between the directions of the emitted photons and the

quantization axis. The summation runs over the even k-values 2,4,... to 21

or 2L, whichever is the smallest of the two.

The Bfc coefficients are called the orientation parameters, which contain

the information about the degree of orientation of the ensemble of nuclei.

In order to calculate these parameters we can use the formula derived by

Fano [31]:

Bk(I) - (21+1)^ 2 am(-l)
I"m<ImI-m|IIk0> (3.37)

m

Here <ImI-m | IIkO> is a Clebsch-Gordan coefficient. These Bfc(I) can be

expressed as a function of the ffc(I). which are used in the other method to

describe the angular distribution of radiation [32].

The U^ and Fk coefficients take care of the angular momentum properties

of the preceding and the observed transitions respectively.

The preceding (3 or y transitions may cause reorientatlon, i.e. a change

in the degree of orientation, as Illustrated by fig. 3.4. The population of

the substates of the final state in a transition is subject to selection

rules. Hence, from the decay of one nuclear substate several substates of a

lower level in the nuclear decay scheme can be populated. Therefore the

observed degree of orientation of the nuclear spin system is influenced by

the preceding transitions. The parameter U^, describing the reorientation

due to a preceding transition between states with spins Ij and I2, Is given

by:

1,+1,+k+L ,

Ujl^kL) - (-1) [(2I1+l)(2I2+U;p.{^l£} (3-38)
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Here Û  i s expressed in terms of Wigner {6 j }-symbols and L i s the

raultipolarity of the radiation. When the observed transition i s preceded by

a cascade of transitions, the product of the corresponding Û  coeff ic ients

has to be taken. Hence, for a cascade of n steps, the observed transition

being the n+1 step, we find:

(3.39)

The Ujj coefficient for a mixed multipolarity transition is expressed in

terms of the mixing ratio 6:

(3.40)
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The Ufe parameters have been tabulated by several authors [25,33].

The F^ coefficients, concerning the angular momentum properties of the

observed transition between the states with spins 1^ and Ij, are given by:

Fk(U.'IfI1) - (-1)
 1

For a mixed transition we have:

,L L'kwL L'k
(•1-1 O'kjl^

(3.41)

1+62
26Fk(LL'IfI1) + 62Fk(L'L'If I±)] (3.42)

The Fk coefficients have been tabulated for instance by Ferentz and

Rosenzweig [34] and by Rose and Brink [25]. The latter however, tabulated

Rk coefficients, which, by a slightly different definition, have the

opposite sign for the cross term in the case of a mixed transition.

The solid angle correction coefficients Q^ are used to correct for the

finite solid angle subtended by the radiation detector, resulting from its

dimensions. For a given detector system, the Q^ depend on the distance

between the source and the detector [35].

The Fk(cos0) are the Legendre polynomials, describing the angular

dependence of the radiation with respect to a given quantization axis. For

k-2 and k-4 they are given by:

P,(cose) -~ (cos26-i) (3.43)

and

P4(cos9) - -5| (3.44)

3.4.2 Perturbations of the observed anisotropy of the radiation

Several effects may influence the observed anisotropy in the intensity

of the emitted radiation, the most important of which are reorientation

effects and the occurrence of non-substitutional impurity sites in the

lattice.
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In Che decermlnatlon of the angular distribution of the observed

radiation, reorientation effects play an important role. Reorientation can

be due to the angular momentum coupling, as determined by the selection

rules of ytransitions preceding the observed transition, as we have seen

in the previous section. Reorientation may also be a consequence of

intermediate state perturbation. In this case, interactions affecting the

intermediate state in the decay process with a sufficiently long lifetime

may cause a change in the orientation of this state. Only off-diagonal

terms in the nuclear interaction Hamiltonian can cause transitions between

nuclear magnetic sublevels and henceforth reorientation. These

perturbations may have several causes, of which we will discuss nuclear

spin-lattice relaxation, K-capture and non-axial quadrupole interactions.

In solids at low temperatures nuclear spin-lattice relaxation times are

of the order of seconds or longer, i.e. long compared to the lifetime of

the intermediate state. Therefore nuclear spin-lattice relaxation can

usually be neglected. However, when studying the time-dependence of y-ray

anisotropy upon variations of temperature, magnetic fields etc.,

spin-lattice relaxation may play an essential role.

In the process of K-capture, the nucleus decays through the capture of

an electron from the innermost electronic shell, the K-shell. During the

subsequent repopulation process of the hole by electrons from the outer

shells, strong time dependent perturbations act on the nucleus.

Furthermore, the final electron configuration is not uniquely defined,

and the interactions resulting from this undefined configuration may also

contribute to the reorientation by perturbations [36].

Electric quadrupole Interactions may cause intermediate state

perturbation by their off-diagonal terms superimposed on the magnetic

hyperfine interaction Hamiltonian [37,38]. These non-axial quadrupole

interactions occur when the direction of the magnetic hyperfine field does

not coincide with the direction of the electric field gradient.

Non-collinearity of magnetic and electric hyperfine interaction terms may

occur for rare earth ions occupying sites with non-cubic point symmetry in

the host lattice. This may be the case in non-cubic polycrystalline

materials, but also for rare earth ions in sites which are associated with

lattice damage. The influence of these randomly oriented electric

quadrupole interactions on the angular distribution of radiation has been

described in detail by Haroutunian et al., for the initial state

orientation [39] as well as for the intermediate state perturbation [38].
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Apart from reorientation effects, the existence of different possible

sites for Impurity ions in the host lattice may also influence the observed

anisotropy in the intensity of the emitted radiation. Ions which occupy

sites different from substitutional lattice sites will obviously experience

different hyperfine interactions. Non-subsCitutional sites of impurity ions

in the lattice are mostly caused by radiation damage which is a draw-back

of the techniques used to produce the experimental samples, such as ion

implantation. Among the surroundings of impurities occupying

non-substitutional lattice sites we mention the possibilities of a vacancy

in the host nearest neighbour shell, of the formation of a cluster of

impurities, and of the impurity atom occupying an interstitial site in the

lattice.

The magnetic hyperfine field of a substitutional impurity-atom is mostly

larger than the hyperfine field of a.i impurity ion with perturbed

surroundings, i.e. closer to the so-called free ion value. Furthermore, for

most rare earth ions at a non-substitutional site, the direction of the

magnetic hyperfine field and the orientation of the EFG-tensor are

determined by the actual configuration of surrounding ions, and they are

largely independent of the direction of the externally applied field.

Hence, the angular distribution of the radiation emitted by these

non-substitutional impurity ions will be averaged out to a spherical

(isotropic) distribution.

For these two reasons normally a two-component model is assumed in

nuclear orientation experiments on rare earth ions in ferromagnets. The

first component, consisting of ions in substitutional lattice sites,

experiences the full hyperfine field In the direction parallel to the

external field axis, whereas the directional distribution of the radiation

of the other component is taken to be isotropic. Hence the anisotropy of

the radiation is then attenuated by a factor n, being the fraction of ions

in substitutional lattice sites:

W(e) =• 1 + n E QkBkUkFkPk(cose) (3.45)

This angular distribution function is normally used In the analysis of

the anisotropy data obtained in nuclear orientation experiments. It will be

shown, however, that in the case of europium the two component model is

inadequate for the interpretation of our nuclear orientation measurements.

Hence, we shall introduce further refinements of this scheme, which can be

achieved by appropriately adjusting eq. (3.45).
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CHAPTER A

EXPERIMENTAL TECHNIQUES

4.1 Introduction

In this chapter we describe the experimental techniques which were

employed to carry out the nuclear orientation experiments presented in this

thesis.

We shall first give a brief description of the cryogenic apparatus and

of the experimental procedures utilized to obtain the low temperatures

necessary for nuclear orientation. The cryostat will be outlined, together

with the %e-*He dilution refrigerator, which serves as a first step

towards lower temperatures. In the experiments, temperatures of about 20 mK

have been reached with the dilution refrigerator. The nuclear

demagnetization cooling stage will be described, which provides the

opportunity to attain final temperatures down to 2 mK.

With this cryogenic apparatus nuclear orientation experiments were

performed on radioactive sources in polarizing magnetic fields up to 6 T.

The nuclear orientation thermometry will be discussed which was used to

measure the temperatures during the experiments, and possible deviations

will be considered in the temperature readings of these thermometers.

A description will be given of the methods to produce the radioactive

sources for the nuclear orientation measurements. These methods consist of

either implantation of a radioactive isotope into a metallic sample, or

particle irradiation of an intermetallic compound.

Finally we present the design of an automated system used for data

acquisition and processing and for experiment control. This system was

deployed for unattended running of the nuclear orientation experiments.
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4.2 Low temperature nuclear orientation apparatus

The cryogenic apparatus, with the aid of which we carried out the low

temperature nuclear orientation experiments, was described in detail by

Keus [1].

The cryostat, with the low temperature facilities, is shown in fig. 4.1.

Inside the outer wall, one first encounters a radiation shield at liquid

nitrogen temperature and a liquid helium vessel. The space between the

outer wall and the helium vessel is evacuated for thermal isolation of the

liquid helium. The vessel can contain about 30 litres of liquid helium,

which normally lasts for 2 or 3 days without refilling, depending on the

choice of energizing leads of the magnet system (varying wire diameter is

used for different current ranges).

The He- He dilution refrigerator is mounted inside the vacuum chamber

which is immersed in the liquid helium. This dilution refrigerator, a

S.H.E. Corporation model DRI-236, is operated with a rotary pump. Normally,

a circulation rate is used of 1.2x10"^ mol/sec He at a still power of

4 mW. For this flow the cooling power of the dilution refrigerator can be

expressed as:

Q = 5.2xlO~3 T2 - 2xl0~6 W (4.1)

Fig. 4.1 The low temperature nuclear or>ien 'ation apparatus.

A Pumping line of 1 K plate L LHe vessel

B High vacuum pumping line M 1 K plate inlet

C zHe pumping line NIK plate

D Lft2 outlet 0 Still of dilution refrigerator

E Copper thermal bridge P Beat exchangers

F Cryostat isolation vaouum Q Mixing chamber

connection R (De-)magnetisation coil A

G Radiation baffles S PrNi5 sample

H LNS vessel T Nuclear orientation samples

I Copper thermal shield V Polarisation coil B

J Heat pipe V Ge(Li) y-ray detection

K Copper radiation shield crystals
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Here T Is the temperature measured at the nuclear refrigeration stage. This

corresponds to a lowest temperature of 19.6 mK.

The 3He which is pumped out of the dilution refrigerator is purified

before returning to the apparatus by zeolite, kept at liquid nitrogen

temperature, and it is precooled in the cryostat by a 1 K plate. The

temperature of this plate is kept at about 1 K by continuous evaporation of

liquid helium.

Usually 2^-4 hours are required to cool the nuclear refrigeration stage

from 1 K down to temperatures around 20 mK. Then the demagnetization of the

nuclear cooling system is started.

The enhanced nuclear cooling stage of the low temperature nuclear

orientation apparatus is shown in fig. 4.2. It consists mainly of a cold

finger upon which the radioactive nuclear orientation sources are mounted,

and PrNi5 rods for cooling purposes. Nuclear cooling is achieved by

adiabatic demagnetization of this enhanced nuclear spin system.

The nuclear refrigeration stage is connected to the mixing chamber of

the dilution refrigerator by a thermal switch. This thermal switch is made

of 15 tin wires of 0.5 mm thickness, which are placed in a direction

slightly non-collinear compared to the the switch field, to prevent heat

leaks. By means of a small magnet coil, which is placed around the tin

wires, the switch can be set either in the superconducting state, having a

small heat conduction (closed), or in the normal state, with a relatively

high heat conduction (open). The switch is kept in the normal state while

cooling down by the dilution refrigerator, and switched into the

superconducting state when the demagnetization of the nuclear refrigeration

stage is started.

Two superconducting magnet coils can be operated separately to generate

a magnetic field of 4 T on the PrNl5 (coil A) and a polarizing field of 6 T

on the nuclear orientation sources (coil B). Coil A is used for

magnetization and demagnetization of the PrNi5. Normally the

demagnetization is carried out linearly (dB/dt is kept constant) in about

1.5 hours from 4 T to a final magnetic field varying between 0.05 T and

0.3 T. Coil B is used for polarization of the nuclear orientation sources.

Both coils are supplied with persistent current switches, which allow

persistent current mode operation during the measurements.

In the enhanced nuclear cooling stage, use is made of the intermetallic

compound PrNij. With this enhanced nuclear spin system, having an
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Fig. 4.2 The nuelean refrigeration etage.

A Mixing chamber
B Heat switch ooil
C Tin heat switch
D Perspex end of

support rod
E Mounting flangee
F Graphite support rod
G Copper thermal link
H (De-)magnetization

aoil A
I Pr-Nis rod assembly

J Copper radiation shield

from the 1 K plate

K Brass radiation shield

from the mixing chamber

I Silver thermal link

U Polarization aoil B

N Nuclear orientation

sample e

0 High vacuum y-window

enhancement factor (1+K)»14.3 [2], a lowest temperature of 0.8 mK has been

reached by Andres and Darack [3]. In our experiments we have attained

lowest temperatures down to 2.0 mK. The difference between our measured

lowest temperature and the one of Andres is ascribed to a small overdose of

Ni in our PrNi5 samples [1J. In our apparatus, 0.17 mole PrNi5 is used, in

5 rods of 5 mm diameter and 6 cm long. In our experiments it is found that
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the warming-up rate of the nuclear refrigeration stage obeys the following

expression:

Q = -85 (Bjxt + b
2) A(l/T) nW (4.2)

Here Q Is the external heating due to heat leaks and to the Internal

heating of the radioactive sources, and Bext is the external field (in T)

on the PrNij. The internal magnetic field of the PrNi5 samples is

represented by b, which is found to be 0.091 T in our case due to the

overdose of Ni. Here we also included in b the influence of the

pseudoquadrupole interaction which is present in PrNij [3]. A(l/T)

represents the inverse temperature increase per hour. With this system, at

a total heating of 25 nW, the nuclear cooling stage with the radioactive

sources can stay at temperatures below 10 mK for 1 to 3 days, dependent on

the final value of the externally applied magnetic field after

demagnetization.

The y~ray intensity of the radiation emitted by the nuclear orientation

sources was measured with two detectors placed at angles of 0* and 90* with

respect to the polarizing field axis. In the 0*-direction we used a Ge(Li)

detector with a crystal of 93 cm3 and a high purity Ge detector with a

75 cm3 crystal. A 55 cm3 Ge(Li) detector was utilized in the 90*-direction.

The automated system, which was developed for acquisition of the energy

spectra of the y-radiation recorded by these detectors, will be presented

in section 4.5.

4.3 Thermometry

For the thermometry below 1 K in the experiments described in this

thesis, we mainly relied on radioactive nuclear orientation thermometers,

partly since these very low temperature measurements had to be accomplished

in the presence of strong magnetic fields. As described in chapter 3, the

directional distribution function W(0) of y-radiation emitted by oriented

nuclei can be expressed in terms of the hyperfine interaction energy and of

the angular momentum properties of these nuclei. For a source with

radioactive nuclei of which these quantities are known, the angular
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distribution Is completely determined at a given temperature. Conversely, a

measurement of the anisotropy in the intensity of the radiation emitted by

these nuclei yields the temperature of this source, which functions

therefore as an absolute thermometer.

Two nuclear orientation thermometer sources have been employed in the

measurements: 60Co in a hep single crystal of cobalt, and 54Mn in iron. The

nuclear decay schemes of Co and ^Mn are shown in fig. 4.3. From these

decay schemes we calculated the coefficients of the angular distribution

function W(0).

Fig. 4.3 The nuclear decay sohemes of S4Mn and e0Co.

"Co

$ 835

54Cr

ƒ 100%

\526y

°x

60 Ni

The CoCp_ thermometer was prepared by irradiating the single crystal of

cobalt with thermal neutrons at the Energieonderzoek Centrum Nederland

(ECN) at Petten. The 60CqCo_ source had a strength of 0.3 MBq (9 (jCi). The

radioactive heating of the nuclear refrigeration stage due to the ^°CoCo

source is 15 nW, as measured from the warming-up rate of the nuclear

refrigeration stage. The magnetic hyperflne field of hep cobalt has been

measured to be Bhf—21.86 T [4]. Here we take the nuclear magnetic moment

of 60Co, n»3.790(8) |i[j, from [5]. Also, a small nuclear tjuadrupole

interaction is present [6]. These values determining the hyperfine

interactions of 60CoCo_ were used to calculate the Bk coefficients in the

angular distribution function W(0). The accuracy of *"°CqCo_ thermometers has
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been found to lie within 1%, by comparison with a noise thermometer, based

on measurement with a Josephson junction, at temperatures between 12 mK and

35 mK [6], and by comparison with a Pt pulsed NMR thermometer in the

temperature region of 2.5 to 6 mK [7].

The 54MnFe_ thermometer was prepared by exposing a polycrystalline iron

foil to fast neutrons at the ECN at Petten. Prof. H. Postma of the

Technische Hogeschool at Delft kindly put the source to our disposal for

thermometry purposes. The ^MnFe_ thermometer had a strength of 0.06 MBq

(1.6 pCi) during our measurements. The magnetic hyperfine field of Mn in

iron has been measured to be Bhf—22.697(35) T [8]. We take the magnetic

moment of 54Mn to be p=3.30 (̂  [9].

We have performed a calibration to compare the two thermometers. For

this purpose we have soldered both thermometers, 54MnFe_ and °CoCo_, o.ito

the cold finger of the nuclear orientation apparatus. In fig. 4.4 the

inverse temperature readings of these thermometers are compared at

temperatures down to 2.5 mK. It can be seen that for the lowest temperature

values, deviations occur between the temperatures recorded by the MnFe

thermometer and by the CqCo_ thermometer.

Fig. 4.4 Campariecn between the temperatures recorded by the two employed

nuclear orientation thermometers 54MnFe_ and B0CoCo_. The straight

line corresponds to equal temperatures.
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As discussed above, the temperature determination by a 60CoCo

thermometer was shown to be within 1% accuracy. Therefore It Is highly

probable that the deviations are due to the MnFe_ thermometer. These

deviations might be ascribed to various origins, of which we mention

clustering of Mn-ions in Fe, incomplete magnetization of the iron foil, and

surface oxidation of the iron foil. The description of the y-tay anlsotropy

of the MnFe_ thermometer leads in all these cases to a reduction of the

anisotropy corresponding to a fraction of Mn-lons which do not contribute

to the anisotropy, i.e. the two-component model which was discussed in

chapter 3. However, no good fit could be obtained to the data shown in fig.

4.4, on the assumption of a non-oriented fraction.

Although also in the higher temperature region small deviations occur,

we shall accept those measurements in the nuclear orientation experiments,

for which the 5*MnFe_ thermometer yields temperatures higher than

l/T*300 K . Measurements at lower temperatures will be omitted from the

analysis.

4.4 Preparation of radioactive sources

In the investigations presented in this thesis, we made use of

radioactive sources consisting of ^-emitting radio-isotopes embedded in

various host materials.

In our nuclear orientation experiments, the interactions of the

radioactive atoms with the host lattice are employed to orient the nuclei

of these atoms. In order to be able to determine magnetic moments from the

hyperfine interactions of these ions, it is necessary that they occupy

sites in the host lattice, for which the magnetic hyperfine field is known.

Usually this is only the case for substitutlonal sites of the host lattice.

Rare earth ions are mostly insoluble in 3d-ferromagnetic metals. To

overcome this problem, several techniques may be employed.

In our experiments we have made use of three methods for the preparation

of the radioactive sources: (1) implantation of radioactive ions with a

mass separator; (2) recoil implantation of radioactive ions during

irradiation; and (3) particle irradiation of an intensetallic compound.
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The radioactivity which was Implanted with a mass separator, was

produced by proton irradiation of an enriched target at tlie AVF-cyclotron

of the Technische Hogeschool at Eindhoven. The targets for the irradiation

were made of 147Sm2O3 and 151Eu2O3, enriched to 97.9% and 97.7%

respectively, and had an aluminum backing. The isotope Eu was produced

In 147Srn(p,2n)146Eu reactions with 25 MeV protons. The 149Gd activity

originated from ^Eu(p,3n) Gd reactions with 27 MeV protons. These

nuclear reactions resulted in target activities of ~70 MBq (2mCi).

The Eu and Gd isotopes were implanted into iron and gadolinium foils

with the mass separator of the University of Groningen. This is a two-stage

mass separator, where the ion-beam is exposed twice to a magnetic field.

The implantation energy was 120 keV in all cases. The resulting yield

ranged between 0.2% and 1.5% for various implantations. This is somewhat

lower than the usually encountered 1-2% yield. The difference is ascribed

to the extra difficulty in implanting rare earth ions, because of the high

chemical stability of the rare earth oxides which requires high

temperatures for evaporation of the rare earth ions.

Recoil implantation of radioactive Eu and Gd ions into iron was employed

at the cyclotron of the Kernfysisch Versneller Instituut (KVI) at

Groningen. A layer of Sm with a thickness of 1 (jn was evaporated upon 4

Al foils of 4.5 urn thickness. These foils were placed in an alternate

sequence with iron foils of 1.5 pm thickness into the beam line of the

cyclotron, as illustrated by fig. 4.5. The foils were placed in a closed

tube in a helium atmosphere at a pressure of 30 kPa with a zeolite air trap

at liquid nitrogen temperature, to prevent oxidation of the iron foils

during irradiation. The foils were irradiated with 60 MeV orparticles at a

beam current of 3 (jA for 13 hours. In this way, part of the Eu and Gd ions

which were produced by Stn(a,pxn)Eu and * Sm(a,xn)Gd reactions, were

implanted directly into the neighbouring iron foils. One of the iron foils

was visibly oxidized after the irradiation, and was not used in the nuclear

orientation experiments.

An advantage of this method is that the implantation energy (0-2 MeV) of

the recoiling radioactive ions Is relatively high compared to the

implantation energy of a mass separator, which was 120 keV in our case.

Therefore the penetration depth of the implanted ions will be higher, with

consequently a lower chance of Internal oxidation of these Ions.
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Fig. 4.S Schematic view of the arrangement of the Al and Fe foils in the

recoil implantation. A layer of 14?Sm with a thiaTmese of 1 \im

was evaporated upon one side of the Al foils. Var>t of the ions

produced by nuolear reactions on 147Sm is implanted directly into

the neighbouring Fe foils.

The last method which was employed in our investigations for the

production of radioactive sources, is particle irradiation of an

intermetallic compound.

Samples of SmFe2 and SmCc>2 were prepared by dr. Buschow of Philips

Laboratories, Eindhoven (*). Slices of approximately 1 mm thickness were

cut from these samples. These slices were placed into the beam line of the

cyclotron of the KVI at Groningen. Two SmFe2 samples were irradiated with

30 MeV protons for 1.5 and 6 hours respectively at a beam current of 3 pA,

to obtain the isotopes -̂'"•'•'*°Eu by Sm(p,xn)Eu reactions. The SmCo2 sample

was irradiated with 60 MeV er-particles at 3 pA for 1/2 hour, whereby Eu and

Gd isotopes were produced through Sm(a,pxn)Eu and Sm(a,xn)Gd reactions

respectively.

Apart from these Eu and Gd isotopes, both in SmFe2 and SmCo2 a

contaminating isotope was produced, "Co, having an activity of 50 and

80 MBq In the two hosts respectively. Because of the 18 hour half life of

the nucleus ^Co, these activities required a decay of several days before

the sources could be used in the experiments.

(*) We are indebted to dr. K.H.J. Buschow of Philips Laboratories,

Eindhoven, for kindly preparing samples of SmFe2 and
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4.5 NODAPEC: Automation of low temperature nuclear orientation experiments

Abstract:

An on-line microcomputer-based automated system for low temperature

nuclear orientation experiments has been developed. This system

performs data acquisition and processing as well as experiment control

and offers a complete set of functions for unattended running of the

nuclear orientation experiments.

4.5.1 Process definition and system requirements

A low temperature nuclear orientation experiment Is characterized by

successive cycles, consisting of a cooling procedure, followed by the

measurement of a number of data points by radiation counting. This type of

experiment is very well suited to automation. Since commercially available

systems do not have all the facilities necessary for data processing and

experiment control, we developed our own system.

To determine the requirements of this NODAPEC (Nuclear Orientation Data

Acquisition and Processing and Experiment Control) system, we must define

the characteristics of the nuclear orientation experiment. The cooling

procedure, in our case dilution refrigerator precooling followed by

demagnetization of an enhanced nuclear system, takes 4 to 8 hours in a

typical experiment. Data acquisition is started after cooling down. Two

types of experiments exist In low temperature nuclear orientation. In the

first type of experiment, the temperature dependence of the Intensity of

gamma radiation is usually measured in two directions during the warming-up

period of the sample. In the second type of experiment, an NMR-ON

experiment, the radiation intensities are measured as a function of the

applied frequency, alternately with and without frequency modulation of the

carrier frequency.

The measuring time for one data point may typically vary between 5

minutes and 2 hours, while the duration of a complete experiment can last

several weeks, with successive cycles of cooling down and measuring data
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points for one to three days. During each data point, the energy spectrum

of the source and of the nuclear orientation thermometers Is measured.

These spectra are recorded In a group of 512 to 4096 channels, where each

channel, represented by Its channel number, stands for a certain energy. At

the termination of the acquisition time, the whole spectrum (or only

predefined regions of Interest) Is stored In a storage device, and data

acquisition can start again.

The data acquisition puts the heaviest demands on the system

performance. In a typical nuclear orientation experiment, the output of an

ADC, after conversion to digital signals of the analog radiation pulses

from the detectors, may vary between 10^ and 5x10* counts per second. It is

Important that the processing of this data flow does not interfere with

other tasks of the computer.

The acquired energy spectra should be displayed in numerical, as well as

In graphical form. During the data acquisition, these spectra must be

constantly updated and manipulated, while also other programs, such as

calculation programs, must run simultaneously. All these factors make speed

of operation of paramount importance. According to these general

specifications, the computer system has to meet the following requirements:

- High operating speed to allow the processing of a substantial data

flow from the radiation detectors

- Interrupt processing with priority definition and vectored interrupts

for servicing various devices

- Capability of developing and running programs in assembler language to

acquire the necessary speed, as well as in a high level language, for

the easy development of I/O routines, data fitting procedures etc.

4.5.2 Hardware configuration of the NODAPEC system

The physical structure of the NODAPEC system as shown in fig. 4.6 is

based on an LSI-11 microprocessor unit, with 28 k words of 16 bits. All

other system components are connected to this unit.

For data and program storage an RX02 dual floppy disk unit is used. Each

double density disk can contain 512 k bytes. Program development was

performed on this system with the aid of the RT-11 operating system of DEC
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Fig. 4.6 Schematic view of the NODAPEC system components.

(Digital Equipment Corporation).

From a Beehive microBee 1 terminal the operator can control most data

and experiment functions. A graphical module (Matrox MLSI-512) is applied

to generate a 512x512 dot matrix on the screen for graphical display. By

mixing the video signals of the terminal and the matrox module,

simultaneous operation of normal and graphical display was achieved.

A serial interface connects the LSI-11 to the central PDP 11/44 computer

system in the laboratory. In this way the monitor can be used as a remote

terminal of the central computer during the on-line experiments. The LSI-11
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functions then simultaneously as a communication processor, and data and

experiment controller.

The spectrum display manipulator is a specially constructed hardware

unit. The 24 pushbuttons of this unit each generate a unique signal,

corresponding to a specific operation. This facility allows the operator to

manipulate the graphical display of the acquired energy spectrum on the

terminal screen by means of activating several display functions by the

appropriate pushbutton.

In order to keep track of the progress of the experiment, results of the

on-line data processing are printed by an Epson MX-80 printer. As back-up

systems in case of hardware problems with the floppy disk unit or with the

printer a Facit paper tape punch unit or a Teletype can be used.

Two configurations exist for the data flow trom the radiation detectors

to form the energy spectra stored in the data field of the LSI-11, as shown

in fig. 4.7. In the first configuration -he digital data from the ADC is

passed on to the microprocessor through a parallel interface generating a

vectored interrupt each time a radiation pulse is converted. In the second

configuration the acquisition of the entire energy spectrum is performed by

a specially constructed unit, which stores the spectrum in an 8 k memory

outside the microcomputer. This is called external data acquisition. Every

second a direct memory access (DMA) interface places the whole accumulated

energy spectrum into the data field of the microcomputer. In this way the

data acquisition can be monitored by the operator. The latter structure

allows a much higher data flow without resulting in a high dead time for

the microprocessor, which therefore retains its features of fast spectrum

display updating and ability to perform other tasks during the data

acquisition.

A real time clock, which is corrected for the dead time of the ADC,

keeps track of the elapsed counting time.

Experiment control is performed by two groups of devices: Low

temperature control devices and NMR-ON devices. The low temperature devices

control the dilution refrigerator temperature and the nuclear

demagnetization stage. This is achieved by way of a laboratory designed and

built microprocessor based control unit. This unit serves to regulate the

current of the demagnetization magnet and two other units, one to control

the superconducting heat switch and one to control the dilution

refrigerator temperature. In this way a complete cycle of magnetization,
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Fig. 4.7 The two possible oonfiaia-atians for1 the data flow from the

detector e to the memory of the microcomputer. One configuration

vises the microprocessor and a parallel -inter-fane, the other uses

an external memory and a DMA interface.

precoollng with the dilution refrigerator, demagnetization and warming-up

can be programmed and controlled with the computer system.

The NMR-ON control consists of a frequency control unit connected to a

signal generator (type Boonton 102C), and a radio frequency counter (type

HP 5305B). Together with the NMR-ON procedures these devices offer a

complete computer control over the frequency setting and the frequency

modulation modes.
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4.5.3 Software structure of the NODAPEC system

The software of the NODAPEC system amounts to a total of 39 k words, to

be divided in a 12 k data field for the energy spectra, 10 k assembler

routines, 13 k Fortran routines, and 4 k Fortran subroutine library. Since

the available memory is only 28 k, and 4 k is permanently in use for the

RT-11 operating system, an overlay structure is used, in which some

routines are always resident in core, and others are swapped over each

others place when they are needed.

The functional structure of the NODAPEC system can be divided into five

groups, shown in fig. 4.8:

- schedular

- ADC function

- keyboard monitor

- spectrum display manipulator

- background function

The background function, running when no interrupts are generated by any

device, displays the energy spejtrum or part of It on the terminal screen,

thereby visualising the data acquisition process. High priority (HFI) or

!ow priority vectored interrupts (1PI), generated by the various devices

connected to the LSI-11, cause the desired function to be carried out,

after which the background function resumes operation.

The operator controls the whole set of functions and options by means of

the keyboard and the spectrum display manipulator. With the help of the

pushbuttons of the spectrum display manipulator the display of the acquired

energy spectrum on the terminal screen can be controlled: vertical and

horizontal scales can be altered, parts of the spectrum or single channels

examined, markers can be moved, regions of interest can be defined and

their peak contents calculated with fitting routines, and several I/O

procedures can be activated.

All other functions are controlled from the keyboard. From here commands

can be given to the system, or information can be requested. The three most

important utilities are displayed in fig. 4.8.

With the taskbuilder, an array of commands can be created. The function

routines corresponding to these commands are executed sequentially after

elapse of the preset counting time of a data point in the so-called auto

analyze mode. Possible functions are data output to various devices, data
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Fig. 4.8 The five function groups and 8ever>al of their components of the

functional structure of the NODAPEC system. The functions are

activated by high priority interrupts (HPI) or by low priority

•interrupts (LPI), and they are exited via the return from

•interrupt (RTI) instruction.

fitting, spectrum display manipulation, etc.

The second "Utility, the system parameters definition, is used to set and

list the parameters used by the system functions, such as demagnetization

sweep rate, NMR-ON frequencies, peak fitting parameters, counting times,

etc. These parameters can be saved onto and restored from floppy disk by

two keyboard functions. These functions add considerably to the

user-friendliness of the system, since the NODAPEC system can be stopped

and restarted without loss of the current system parameters.

The last utility, the set of I/O functions, controls and performs output

to any device. This may be output to the floppy disk unit, the printer or

the keyboard terminal of the energy spectrum, results of the on-line data

processing, such as results of the data fitting procedures, etc.
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The schedular routine Is entered upon an HPI from the 10 Hz realtime

clock and performs all realtime based tasks such as auto analyzing, status

display updating and experiment control. Every second the status display

updates on the monitor screen the most Important system parameters, such as

the elapsed acquire time, the number of auto analyze cycles to go, the

marker positions, and the status of the various experiment control devices.

The experiment controller Issues the necessary commands to the low

temperature and NMR-ON control devices to control the nuclear

demagnetization and the NMR-ON experiments during the auto analyze mode.

The auto analyzer Is activated by the schedular after each cycle of data

acquisition. The preset task of functions, defined by the taskbullder, Is

carried out. The results of these procedures can be displayed on the

monitor screen for the operator to follow the experiment closely. A special

feature of the auto analyzer Is the scroll mode, In which data acquisition

Is restarted immediately in a new group of channels of the computer memory.

Analysis of the previously used group of channels is then performed by

completion of the auto analyze task.

In case of external data acquisition the schedular activates the DMA

Interface. The Interface generates a HOLD on the microcomputer bus to take

over command from the microprocessor, and places the entire accumulated and

externally acquired energy spectrum into the memory of the microcomputer.

It then returns command to the microprocessor to resume operation of the

program which was being executed before the HOLD was generated. The dead

time caused by this configuration is independent of the ADC count rate.

This count rate is therefore limited to about 100 kHz resulting from the

ADC conversion time.

If the data acquisition is performed on an interrupt basis the parallel

interface generates an HPI. Then a short software routine is executed to

increment the contents of the indicated channel of the energy spectrum.

4.5.4 Conclusions

The NODAPEC system presented here offers a complete control of nuclear

orientation experiments, performing data acquisition and processing as well

as experimental process control. This is very useful since nuclear
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orientation experiments based on nuclear demagnetization may require

continuous operation of the system for several days.

Commercially available systems usually lack the possibility of

experiment control, so that an extra external microprocessor would have to

be incorporated in the system.

The operations and functions of the system, which are used in the

nuclear orientation experiments, are defined by software. Therefore changes

in the hardware configuration of the system or in its functional structure

can usually be achieved by small software modifications. This flexibility

makes the system adaptable to a large variety of experiments.

The connection to a large computer system allows for a high level of

data processing with simultaneous on-line operation of the nuclear

orientation experiment.
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CHAPTER 5

EXPERIMENTS ON THE A-145-148 EUROPIUM NUCLEI

5.1 Introduction

The structure of nuclei lying In the middle of the rare earth series has

received much attention since the recent discovery of a new double shell

closure at Gd by Ogawa et al. [1]. From the unexpectedly high lying

lowest 2 + state of 146Gd, at 1.97 MeV, they concluded that an enhanced

energy gap exists between the nidj/? subshell, which is closed at Z»64, and

the next subshell, 1llhii/2' T h e determination of 1% »3~ for the lowest/

excited state of 146Gd, at 1.58 MeV, already pointed in this direction [2].

Since then many experimental investigations [3-6] and theoretical studies

[7-9] have established the Importance of the double shell closure at ^ G d .

In this chapter we present measurements of the nuclear magnetic dipole

moments of the ground states of the A"145-148 europium Isotopes. At the

beginning of this thesis investigation none of these magnetic moments were

known, except for a recent measurement of the magnetic moment of Eu by

Erzinkyan et al. [101.

Europium nuclei with Z-63 have one proton hole in the iüd^j2 subshell,

as discussed In chapter 2. This proton hole and, for A>145, additional

valence neutrons in the \>2f7/2 subshell outside the closed
 1*6Gd core can

be treated in first approximation as single-particles. Then the mutual

Interactions of the single-particles and their interactions with the closed

core determine the magnetic moments of the europium nuclei. The Eu-nuclei

which are investigated in this thesis, lie in the vicinity of the doubly

closed Gd-nucleus, and they have been found to possess configurations

corresponding to spherical shapes [11]. Thus we shall use the theory of the

spherical shell model, described in chapter 2, in a comparison with the

experimental magnetic moment values.

Scholten and Blasi [12] have performed a theoretical investigation of

the odd-A europium isotopes with A-147-155 in the interacting boson-fermion
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Fig. S.I Magnetic moments u and quadrupole moments Q of various nualear

states of odd-A Eu-isotopes, as oaloulated by Soholten and Blasi

[12] with the IBFA-model. The 5/2+-8tatee are the ground states

of these nuolei. The dots represent experimentally obtained

•results, while the lines represent the calculated values.

approximation (IBFA) model. Their estimates of the magnetic and quadrupole

moments for various states of these nuclei are shown in fig. 5.1. The

ground states of these isotopes are the 5/2+-states. We see that the

calculated magnetic moments show a drastic change at the transition between

the nuclei Eu and Eu, from spherical to deformed configurations.

Otherwise the magnetic moments are largely independent of neutron number.

In the measurements we made use of three host materials to provide the

hyperfine interactions which are necessary for nuclear orientation: pure Fe

metal and the lntermetallic compounds SmFe2 and
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Iron has a cubic lattice structure and ferromagnetic properties, which

are only slightly anlsotropic. In particular, an external field moderately

exceeding the demagnetizing field is capable of nearly saturating the

magnetization. The hyperfine interactions of Eu in Fe were studied by

Niesen and Ofer [13] in MSssbauer experiments on EuFe_. They deduced the

hyperfine field of substitutional Eu-ions In Fe as: |Bhf|-148.2(9) T. Also,

a value was deduced for the nuclear quadrupole interaction of EuFe:

eQVzz/h-649(7) MHz [13].

The Intermetallic compounds SmFe2 and SmCo2 have a cubic Laves phase

structure [14], with ferrimagnetic ordering of the Fe or Co ions [15]. The

hyperfine interactions of Eu-ions in SmFe2 and SraCo2 were measured by

Yanovsky et al. [16]- They found magnetic hyperfine fields

|Bhf |-109.0(2.0) T and | Bhf| =125.0(2.0) T, for SmFe2 and SmCo2

respectively. The direction of these fields is to be taken positive in our

case, i.e. parallel to the externally applied field. The quadrupole

interaction was determined as eQVzz/h-106O(5O) MHz for SmFe2 and

eQVzz/h-970(50) MHz for SmCo2-

Hyperfine interactions of Eu-ions are generated by a mechanism which

is rather different from the usual one for trivalent rare earth ions. The

formalism to describe these hyperfine interactions was presented in

chapter 3, and in the next section we shall calculate their magnitude.

5.2 Calculations on the hyperfine interactions of Eu -Ions

Eu -Ions have an electronic 4f6 configuration. Hunds rulea give L»3 and

S-3 and a J«0 ground state, which is denoted as FQ. This ground state is a

non-magnetic singlet, i.e. it does not produce hyperfine Interactions with
3+

the Eu -nucleus.

However, hyperfine interactions of Eu-ions are generated by the

admixture of the excited states F^, F2 etc. into the ground state.

In section 3.3.1 we have given the Hamiltonian for the electronic energy

levels in eq. (3.29), in the case of an exchange interaction in the

z-direction and an axially symmetric crystalline electric field (CEF) which

is directed at an angle 0 with respect to the z-axis (taken to be in the

xz-plane):
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Table S.I Results of calculations on the hyperfine •inter'actions of the
perturbed ground state of Eus+. For five combinations of Bexan,
AQ<T2> and 9, the expectation values of the hyper fine operator 8
and eoefficients of the ground state wave function are shown.
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0
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0
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0
0
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0
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0
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0
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0
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0
0
0
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0
0
0
0

0
0
0
0
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0
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0
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-0.00975

0
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0
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0
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0

+0.02878
0

-0.28903
0
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0
+0.65145

0

+0.68090
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X

(5.1)

The direction of the external field axis will be taken as the z-direction

throughout this chapter, except when explicitly mentioned otherwise.

The magnetic hyperfine field at 0 K is proportional to the expectation

value in the admixed ground state of the equivalent operator if for the

hyperfine field, given in eq. (3.30). Analogously, the z-component of the

electric field gradient is proportional to the expectation value of the

equivalent operator {3L2-L(L+1)}, according to eq. (3.31). The expectation

value <i,£-l.2> yiflds information on the non-axial electric field gradients

in the same manner as in eq. (3.23). However, it should be remarked here

that eq. (3.31) presupposes that the z-axis is along the 4f orbital

momentum, L. In principle £ will not be along the external field axis, so

that eq. (3.31) is only approximately valid if we want to evaluate the

nuclear quadrupole interaction.

We have diagonalized the Hamiltonian of eq. (5.1) within the 49 states

| L»3,S«3,t.z,Ss> of Eu for various combinations of the parameters Bexcjj,

A2<r2> and Q. In each case we have expressed the ground state wave function

in terms of |L»3,S«3,J,J_> states. We have calculated the expectation

values of <NZ>, <NX>, <3L|-L(L+1)> and <I-J-I<
2> for this ground state, since

at low temperatures the ground state is the only populated state.

By taking A2<r2>»0 we have the situation considered by Nowik and Ofer

[17], i.e. only a magnetic exchange interaction is present. In the first

two columns of table 5.1 we have given the admixed components of higher

J-aultlplets in the ground state for B
eXch"

0 (case I) and for

2PBBexch/k—400 K (case II). It can be seen that all excited | .J,JZ»O>

states are mixed into the | J«0,Jz»0> ground state by the exchange

interaction.

In fig. 5.2 we present the Bexcj)-dependence of the expectation values

<N2> and OL'-I^L+l». For the electric field gradient (EFG) we have

plotted 5<LlalL><3L2-L(L+l)>, where the reduced matrix element yields

<IilallL>"2/45 for Eu . In this fashion the figure can be compared to

fig. 3.2, which is taken from Nowik [17]. Here it should be noticed that

our definition of B e x c h differs from theirs by a factor of -1. It can be

seen froni table 5.1 and fig. 5.2 that the approximation made by Nowik, of
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Fig. 5.2 The Bexait-dependenae of the expectation values <Ng>
and 5<LlaiL><3L'2-L(L+l)> in the ground state of Eu^+. Thesez
expectation values are directly proportional to the magnetic

hyperfine field and the electric field gradient at the nucleus

veepeatively.

taking only the 7F0,
 7Fj and 7F2 states into account, is a reasonable

approximation for Bexch-values up to |2 MB
B
eXchI/

k*400 K« *he admixtures of

the higher J states are small In this range of exchange fields.

Comparable calculations were performed for the case of a purely electric

perturbation, corresponding to Bexch-0. If we take in this case the largest

component of the electric field gradient on the 4f-electrons as the

z-direction, we have 00*. The admixtures of excited states into the ground

state by this electric field gradient and the resultant expectation values

for the hyperfine Interactions are given in the third column of table 5.1

for eA2<r
2>/k-1000 K (case III). This purely electric perturbation mixes

only |J,Jz-0> states with even J into the | J-0,Jz-0> ground state. In

fig. 5.3 we have plotted the dependence of 5<LHa«LX3L2-L(L+l)> on A,<r2>

for the admixed ground state. It can be seen that, in the same manner as

for exchange Induced mixing, the resultant electric field gradient is
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Fig. 5.3 The expectation value 5<LViaHL><3L2-L(L+l)> in the ground state
z

of Eus+ as a flotation of the axial er>yetal field energy A2<r>
2>.

The calculations of Elliot [18] for Eu-ethyl sulphate (EES)

correspond to eAs
<r>2>/k='100 K.

saturated at high values of A2<r
2>. This is a consequence of the fact that

the perturbing interactions become of the same order of magnitude as the

spin-orbit coupling.

He have combined magnetic and electric perturbations in the last two

colums of table 5.1, for a parallel (i>0*, case IV) and for a perpendicular

electric field gradient (O90*, case V). In both cases we have taken

2(jgBexch/k=-400 K and eA2<r
2>/k-1000 K. For 9«90' also | J,JZ> states

with J *0 can be mixed into the ground state. Independently of the angle 0,
z

the magnetic hyperfine field is still parallel to the z-axis (<Nx>«0).

Thus, the collinearlty between the exchange field and the hyperfine field

can not be destroyed by crystal fields. The magnitude <NZ> of the hyperfine

field, however, is substantially affected by these crystal fields.

Depending on the angle 0, the hyperfine field can be slightly enhanced, or

partly quenched.
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The electric field gradient at the nucleus, resulting from the

4f-electrons, is also influenced by crystal fields acting, in addition to

the exchange interaction, on the 4f-electrons. For a crystal field

interaction eA2<r
2>-1000 K, the nuclear quadrupole interaction is still

largely parallel to the z-axis, and only small non-axial quadrupole

interactions occur, as can be seen from the last column of table 5.1.

5.3 Experimental procedures

5.3.1 Source preparation

Sources were prepared of radioactive europium isotopes in various host

materials. Two sources of Eu in iron were produced, and further also two

sources of 145~148Eu in SmFe2 and one of
 146~14pEu in SmCo2. These sources

were used in the nuclear orientation experiments described in this chapter.

One sample of iJJSm in SmFe2 was prepared for a M'dssbauer spectroscopy

experiment.

The first sample of ^^°Eu in iron was produced hy recoil implantation

(see section 4.4). The stable isotope Sm was evaporated upon Al foils.

These foils were placed in an alternate sequence with iron foils of 1.5 \w

thickness into the beamline of the cyclotron of the Kernfysisch Versneller

Instituut (KVI) at Groningen. The foils were irradiated with 60 MeV

a-particles to an integrated dose of 38 pAh. Part of the produced 1*^Eu

and Gd nuclei were recoil implanted into the iron foils. An account of

experiments on Gd in iron, which was produced as well, will be presented

in chapter 6. Four pieces of 8x10 mm were cut out of the iron foils and

indium soldered onto the cold finger of the nuclear orientation apparatus,

resulting in a total sample activity of 0.8 MBq (22 (iCi).

The Eu-nuclei of the second source of Eu In Fe were produced by a

proton irradiation of 1*7Sm at the cyclotron of the Technische Hogeschool

(TH) at Eindhoven, as described in chapter 4. After this irradiation, the

produced Eu-isotopes were implanted into a 0.1 mm thick iron foil of

8x9 mm with the ion implantation isotope separator of the University of

Groningen. Through this procedure we obtained a total sample activity of
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0.07 MBq. The implantation dose of the 146Eu-ions was 2.0x1010 Ions/cm2.

Into this sample, however, apart from implanting 14°Eu into the iron

foil, an unknown compound has been implanted as well, forming a

contamination in the same depth region as the Eu activity. This compound

may have consisted of a combination of the CI2 gas, which is necessary for

the implantation technique, with a metal ion present in the heated source

of the ion implantator, or possibly of a compound formed by the oil of the

diffusion vacuum pump. This contamination may have influenced the

surrounding lattice structure of part of the Eu-ions in source 2. The

implantation dose of the contamination was 2x1015 ions/cm2, which

corresponds to 1 or 2% of the Fe-ions in the appropriate depth region of

the iron foil.

As to the three sources of Eu-isotopes in Snd^, a sample of SmFe2 was

prepared by dr. Buschow of Philips Laboratories, Eindhoven. Two slices of

10x11x1 mm were cut out, and irradiated at the cyclotron of the KVI at

Groningen with 30 MeV protons.

One of these samples was irradiated to a dose of 4.5 pAh, to produce the

nuclides 145Eu (T^-5.5 d) and 146Eu (T^-4.6 d). After five days, necessary

for the decay of the shortlived Co contamination, the total activity of

the source was 1.1 MBq.

The second sample of SmFe2 was irradiated to a dose of 18 |iAh. After 30

days the activities of Eu and 4°Eu were small compared to the

activities of 147Eu (t^-22 d) and 148Eu (t^-54.5 d). The presence of the

latter two isotopes resulted in a total source activity of 1.0 MBq.

The last sample of SmFe2 was exposed to thermal neutrons at the

Energieonderzoek Centrum Nederland (ECN) at Petten, to form the radioactive

nuclide Sm. This sample was used as the source in a MSssbauer experiment

to measure the hyperfine field of europium ions in SmFe2*

For the source of 1^"~ "Eu in SmCc>2, a sample of SmCo2 was also

prepared by dr. Buschow. A slice of 9x10 mm and a thickness of 1 mm was cut

from the sample. This slice was irradiated at the cyclotron of the KVI at

Groningen with 60 MeV «-particles to an integrated dose of 1.5 pAh. After

13 davs the resulting source contained appreciable amounts of the

radioactive isotopes ^ E u , * Eu, *4°Eu and 14*Gd. The source had a total

activity of 2.6 MBq, when the 55Co contamination (iy»18 h) had decayed to a
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negligible level.

5.3.2 Nuclear orientation experiments

Low temperature nuclear orientation experiments were performed using the

nuclear orientation apparatus described In chapter 4.

The samples were Indium soldered onto a copper sample holder, which in

turn was indium soldered onto the cold finger of the enhanced nuclear

cooling stage.

Temperatures were monitored by a 60CqCo_ single crystal, whJch was also

mounted on the cold finger, acting as a nuclear orientation thermometer.

Using a split-pair superconducting coll, all samples except SmFe2 were

polarized in- an external field of 1.0 T. Our magnetization measurements and

earlier reported measurements [15] showed that SmFe2 samples are fully

magnetized in a flaid of 3.5 T. Therefore we applied an external field of

3.5 T in the nuclear orientation experiments on Eu in SmFe2- This field did

not significantly effect the value of the lowest attainable temperature. In

the case of SmCc>2 a field of 1.0 T was found to be sufficient.

After cooling down with the He- He dilution refrigerator for typically

2\ to 4 hours to temperatures around 20 mK, the nuclear demagnetization

stage, with the radioactive sources, was thermally isolated from the mixing

chamber by switching the heat svitch from the normal state into the

superconducting state. Linear demagnetization (with constant dB/dt) of the

PrNicj nuclear refrigeration stage was then performed, taking about 1.5

hours.

For each of the samples several demagnetization runs were carried out.

The lowest temperatures reached were L/pically about 2-3 mK, with a minimum

of 2.0 mK in the case of EuFe. The lowest temperatures were mostly

determined by the internal heating of the radioactive sources. This heating

amounted to 15 nW for the CoCo_ thermometer source and heating powers

between 0.5 nW and 30 nW In the various sources prepared for the

experiments.

During the warming-up periods of the nuclear cooling stage, which lasted

between 12 and 60 hours, gamma-ray spectra were recorded in radiation

counting cycles of 20 to 45 minutes each.
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For the measurement of the y-ray Intensities of the radiation emitted by

the radioactive sources, we used two detector systems placed at angles of

0' and 90* with respect to the external field axis. A Ge(Li) detector with

a crystal of 93 cm3 and a high purity Ge detectoi (75 cm3) were utilized In

the 0* direction, while In the 90* direction a Ge(Li) detector (55 cm3) was

used throughout the experiments.

For the data acquisition and for experiment control, we used the NODAFEC

automation system described in the last part of chapter 4 of this thesis.

Energy spectra were measured during each cycle of radiation counting.

Predefined regions of these energy spectra were stored on floppy disk.

Furthermore, on-line data processing facilities yielded radiation

anisotropy results for each observed -y-transition. For this purpose, during

each cycle of radiation counting, the y-ray anlsotropies were calculated

from the radiation intensities of the previous energy spectrum. In this way

the nuclear orientation results and the progress In warming-up could be

monitored.

5.4 Results

For the analysis of the -y-ray intensities measured in the low

temperature nuclear orientation experiments, we applied the angular

distribution function as given in eq. (3.45):

W(0) » 1 + n 2 QkBkUkFkPk(cos0) (5.2)

The orientation parameters B^ are functions of the hyperfine interaction

energy and of the temperature.

In the case of an Impurity ion occupying a lattice site with cubic

symmetry, the lattice does not contribute to the electric field gradient

(EFG) at the impurity nucleus. In our investigations only cubic host

materials were employed. Hence, for europium nuclei in substitutional

lattice sites of these host materials, the nuclear quadrupole interaction

will be symmetric about the axis of the applied magnetic field.
Consequently the hyperfine interaction Hamiltonlan of a substitutional

Eu-lmpurity can be written in the form;
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( 5 > 3 )

Here Pfl denotes the axial quadrupole interaction constant. We will use this

formula to fit our nuclear orientation anisotropy data to the angular

distribution function W(0) of eq. (5.2).

Apart from axial nuclear quadrupole interactions, also non-axial nuclear

quadrupole interactions may occur, in the case of damage-associated

Eu-ions. This non-axial quadrupole coupling will be represented by Pna.

5.4.1 Decay properties of the 145~1*8Eu-isotopes

The decay schemes of the europium nuclei with A=145-148 are complicated,

showing many transitions, part of which are illustrated in fig. 5.4. The

spins of many of the higher levels and the multipolarity mixing ratios of

most mixed transitions of 146Eu and 148Eu are unknown [19,20].

In table 5.2 we have shown, for each transition of which the radiation

intensity was measured, the deorientation coefficients U^ arising from

preceding transitions and the coefficients F^ concerning the observed

transition, both appearing in the angular distribution function W(0). They

were calculated from the spins and mixing ratios as far as known for the

Eu-nuclei investigated in this chapter. In all cases the lowest possible

angular momentum was assumed for the preceding (3-transitions. The

tabulations of Ferentz and Rosenzweig [21] were used for the calculation of

Ffc coefficients and the tabulations of Rose and Brink [22] for the

Uk coefficients.

Fig. 5.4(a) shows a simplified decay scheme of 145Eu [23]. Recently

Deryuga et al. [24] measured several level spins and multipolarity mixing

ratios in a nuclear orientation experiment on EuFe. We have used their

results to calculate the Uk and Fk coefficients. In the nuclear orientation

experiments on '•"Eu in SmFe2, the intensity anisotropies of the 894 keV,

1659 keV and 1997 keV transitions were measured, for the 894 keV transition

of **5Eu we calculated the F2-coefficient on the basis a pure E2

multipolarity.
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Table 5.2 The angular distribution parameters of the y-rays of tihieh the

anisotropy aas measured in the experiments on Eu-isotopes.

Nucleus

147Eu

148Eu

Ey (keV)

894

1659

1997

633

747

121

197

601

414

550

630

!,+!,

3/2+7/2

5/2+7/2

5/2+7/2

{(4?+2
2+0

5/2+7/2

3/2+7/2

3/2+3/2

2+0

4+2

Multipolarity

E2

M1+E2

M1+E2

El(+M2)
E2(+M1)

E2

M1+E2

E2+M3

Ml

E2

E2

6

-

-2.07(6)

+0.241(11)

6:( «0.0022
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The 1659 keV and 1997 keV transitions have a possible admixture of E2

type radiation to the Ml radiation. The spins of the initial and final

level are equal for these transitions. Hence, for the two transitions the

F2 and F4 coefficients depend on the multipolarity mixing ratio in the same

fashion:

1

1+62
(0.1336 + 1.3888x6 + 0.3245x62) (5.4)

and

1+62
x 0.1176 (5.5)

146BThe decay scheme of 1'*0Eu shows considerable complexity and the spin

values of most higher levels are unknown [19] (*). The two levels at

1380 keV and 1381 keV decay to the 747 keV level of I46Sm, as illustrated

in fig. 5.4(b). The corresponding y-rays of 633 keV and 634 keV could not

be separated by our detector systems, and have been taken as one line.

Although both transitions show mixed multipolarity, at this stage we have

taLen the values of the unmixed transitions to calculate the F2 and F4

coefficients. Lack of knowledge about Che spin assignments in the level

scheme prevent us from making a reliable estimate of Uk, hence we shall

take Ufc as a free parameter.

In the decay of 147Eu to 1*7Sm, as shown in fig. 5.4(c), the mixing

ratios of most mixed transitions are known from other experiments [26-28].

We used the mixing ratios of [28] to calculate the F^ and U^ parameters of

the measured transitions: 121 keV, 197 keV and 601 keV. It should be noted

that the 121 and 197 keV levels have comparatively long life times, which

could have a bearing on the analysis of the y-ray anisotropy data.

The decay scheme of Eu to Sm shows many transitions [20], and

(*) Quite recently nuclear orientation results have been published

concerning the decay of Eu [25]. These results were not included in

the calculations. This does not influence the derived magnetic moment

of Eu, since the magnetic moment is deduced only from the

temperature dependence of the y-ray anisotropy.
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resembles the decay scheme of 1 4 6Eu. We have drawn only some preponderant

transitions in fig. 5.4(d). We monitored the -pray intensities of the

414 keV, 550 keV and 630 keV transitions. We calculated the Ufc and F k

coefficients from the spin assignments as given in [20], many of which are

definite or at least probable.

The 414 keV y-ray is placed twice in the decay scheme. We observed an

intensity which can be ascribed to the sum of the intensities of both

possible transitions. Since the spins and multipolarities involved in these

transitions are not well known, no Ufc and Ffc coefficients were calculated.

This, however, does not influence the magnetic moment result which will be

derived from the 414 keV line of 1 4 8Eu in SmFe2. Namely, since we have been

able to reach saturation in almost all cases, we derive our magnetic moment

values directly from the temperature dependence of the orientation

parameter B^. Only the magnitude of the radiation anisotropy is influenced

by the Ufe and F k parameters.

The 550 keV y-ray could not be completely resolved from the 553 keV

y-ray, which is placed twice in the decay scheme. For the combination of

these three lines we calculated U2F2"-0.375 and U^F^—0.140, values not

much different from those of the 550 keV y-ray alone.

5.4.2 Nuclear orientation experiments on 146EuFe

The nuclear orientation measurements on 1 4 6Eu in iron were performed on

two samples produce-1, in different ways, as discussed in section 5.3.

The first sample, source 1, was produced by recoil implantation of 146,'Gd

and 146Eu into iron. 146Gd (ty-48 d) decays to 146Eu (t^-4.61 d) and to the

stable 14^Sm in a mother-daughter decay:

146Gd + 146Eu + I46sm (5.6)

In order to correct for this decay we monitored the intensities of the

633 keV and 747 keV lines at 1 K between the cold runs of the nuclear

orientation experiments. In the case of a mother-daughter relation, the

activity of the daughter nucleus can be expressed in terms of the initial

amounts of the mother and daughter nuclei:
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Fig. 5.5 Gamma-ray intensity of the 74 7 keV tine of 146Eu dwing our

experiments on 146EuFe_. The deaay rate is due to the

mother-daughter- relation of 146Gd and 14eEu. The initial time

t=0 corresponds to the end of the ar-partiale irradiation.

N2(t) e N 2 ( 0 ) e (5.7)

Here ^ ( t ) is the activity of the daughter nucleus, in our case

Nx(0) and N2(0) are the activities of mother and daughter nuclei

respectively at the initial time t-0, which are related to the initial

amounts, n, of the nuclei, while \± and \2
 are the corresponding decay

constants:

In 2 (5.8)

146,Gd

Fig. 5.5 shows, on a logarithmic scale, the intensity of the 747 keV

line of Eu during the experiments at 1 K between the cold runs. From the

fit to formula (5.7) we conclude for the ratio of the amounts of

and 146Eu-isotopes at the end of the irradiation, t-0:

n( 1 4 6Gd)/n( 1 4 6Eu) - 5.37(1) (5.9)
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The y-ray Intensities, measured In the nuclear orientation experiments

™EEuFe_, w e r e corrected for the decay of according toon source 1 of

eq. (5.7).

The second sample (source 2) of 146EuFe_ did not contain 146Gd, since It

was produced by proton Irradiation of ^'Sm. The results obtained for this

sample, however, are regarded to be less accurate, since, apart from

the Eu-ions, probably a contamination was implanted into the iron foil

(see section 5.3.1).

The hyperfine field of substitutional europium ions in iron was

determined in Mössbauer experiments by Niesen et al. [13] to be

| Bhf |-148.2(9) T.

The host metal, Iron, has a cubic lattice structure. Consequently the

lattice does not contribute to the nuclear quadrupole interaction of a

Eu-impurity in a substitutional lattice site.

Nuclear quadrupole interactions of substitutional Eu*+-ions are due to

the mixing of the excited electronic states into the ground state by the

Eu-Fe exchange interactions, as discussed in section 5.2 and in chapter 3.

Niesen et al. found a quadrupole interaction strength for 153EuFe^ of

eQVzz/h=649(7) MHz [13]. This result Is only -45% of the quadrupole

interaction expected from the deduced hyperfine field, when this field is

combined with fig. 5.2 to obtain the quadrupole interaction.

As we have seen in chapter 2, the quadrupole moments of l"~l*°Eu are

expected to be relatively small, resulting from a nearly spherical shape.

The quadrupole moment of 151Eu is known to be Q(151Eu)-O.903(10) b (see

table 2.2). This nucleus Is regarded to be the last odd-A Eu-nucleus before
1 e-a

the strongly deformed region sets in at Eu, as illustrated by the

quadrupole moment of this nucleus: Q(153Eu)-2.412(21) b. Since the

nuclei 145"148Eu are nearer to the doubly closed 146Gd-nucleus than 151Eu,

It is likely that their configurations tend to be even less deformed. This

is also predicted by Scholten [12], as illustrated by fig. 5.1. Henceforth

we shall take an upper limit for the quadrupole moments of 1*^~l48Eu:

|Q|<I b.
From the value eQ(153Eu)Vzz/h-649(7) MHz determined by Niesen [13] for

Eu in Fe, we calculate the upper limit for the quadrupole interaction

constant of 146EuFe_, with | Q | <X b and 1-4: |pg|<7.0 MHz.

For both sources of EuFe_ we measured tha temperature dependence of

the -pray Intensities of the 633 keV and 747 keV lines in the directions
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parallel (0*) and perpendicular (90*) to the external field axis.

The results for source 1, shown in fig. 5.6, have been presented before

[29]. Then, the anisotropy data were fitted to the angular distribution

function W(9), as given in eq. (5.2). In the data analysis the validity of

the two-component model was assumed, which has been discussed in section

3.4.2. Following this model, one fraction of Eu-ions was assumed to

experience the hyperfine field deduced in [13]. The other fraction of

Eu-ions was assumed not to contribute to the anisotropy in the r*ray

intensity. The computer fit to the experimental radiation anisotropy data

for the 747 keV line, as obtained with this two-component model, is shown

in fig. 5.6(a). It can be seen that in several temperature regions

systematic deviations occur between the data and the fitted curve.

Moreover, if we take Ü2"0.45(10) for the 747 keV line from our

experiments on Eu-isotopes in SmFe2 (see section 5.4*3), the results of the

two sources of ^*™EuPe_ yield the oriented fraction of ^°Eu-ions to be:

n»0.94(ll). In other experiments on rare earth impurities implanted into

iron, the fraction of rare earth ions in substitutional lattice sites has

been found to range between 30% and 60% [30-33]. Mössbauer experiments

on EuFe_ [34] and channeling experiments on YbFe. [35,36] suggest a

fraction of substitutional ions of ~60%. It therefore seems unlikely that

94% of the Eu-ions in iron occupied substitutional lattice sites in our

experiments.

In the analysis of the data we have therefore included the possibility

that non-substitutional Eu-ions were oriented at low temperatures. In

section 5.2 we have found from our calculations on the hyperfine

interactions of Eu-ions, that crystal fields generated by defects such as

vacancies can not destroy the collinearity between the magnetic hyperfine

field and the magnetic exchange field. Therefore only the magnitude of the

hyperfine field can be influenced.

Furthermore, these crystal fields were shown to cause non-axial electric

field gradients at the impurity nucleus, besides the axial electric field

gradient (EF6) which is due to the exchange interaction. These non-axial

quadrupole interactions, however, were evaluated to be small compared to

the axial interactions, so that only the z-component of the EFG is

important for the energy levels.

Based on these arguments, we assume in the analysis the existence of a

second component of Eu-ions which contributes to the y-ray anisotropy,
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apart from the substitutional component and the non-contributing component.

This second contributing component is taken to experience magnetic as well

as quadrupole interactions. He have taken the nuclear quadrupole

interactions of this component to be axially symmetric about the external

field axis:

*hf<2> " -

Here Bhf(2) denotes the magnetic hyperfine field of the second fraction

which contributes to the radiation anisotropy, and Fa(2) its quadrupole

interaction constant. The angular distribution function is then:

W(0)

n(2) (5.LI)

where n(i) is the fraction of ions in component i and 3Cf(i) is the

corresponding hyperfine interaction Hamiltonian.

The parameters which have been left free in the analysis of the

anisotropy data of the 747 keV line of 1^°EuFe_ with this three-component

model are the ratio between the fractions of the two contributing

components, n(l)/n(2), and the magnetic hyperfine field of the

non-substltutional contributing component, |Bhf(2)|. In table 5.3 the

results for source 1 are shown of three possible ways of analysis: (1) with

the two-component model; (2) with the three-component model assuming

Pa(2)»0; and (3) as (2), but leaving Pa(2) free. In al-1 cases we assumed

Pa(l)-O.

Table S.3 Derived values and fitted parameter's obtained from the nualear>

orientation, experiments on "EuFe.

nr.

(1)
(2)

( 3 )

method

2-comp

3-comp

3-comp

n(l)
n(2)

-

1.7(3)
0.78(11)

lBhf<2>l
(T)

-

25(8)
67(17)

Pa(2)
(MHz)

-

-

19(8)

|

(

0.

1.
1.

1*1
•t»N>

77(5)
10(15)
39(18)

0

0
0

nU2

.50(4)
•53(8)
.54(8)

6
1

1

X2

.40

.91

.69
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With the three-component model much better agreement is obtained between

the experimental anisotropy data and the angular distribution function

W(9). The quality of the three-component fits can be judged by comparing %2

of these fits with the x2 of t n e two-component fit. The fits to the

anisotropy data corresponding to the 2-component model (method 1) and to

the 3-component model (method 2) are shown in figs. 5.6(a) and 5.6(b)

respectively.

However, the three-component fits are insensitive to the parameters

n(l)/n(2), |Bhf(2)| and Pa(2) of this model. This is a consequence of the

limited precision of the data to determine the exact shape of the curve.

Therefore it is impossible to conclude from our results whether significant

axial quadrupole interactions are present or not, although the x2 of the

fit with P *0 is better. Moreover, the measured anisotropy curve may also

have been influenced by non-axial quadrupole interactions, in the manner

described by Haroutvmian et al. [37]. We included these uncertainties in

our error.

We deduce the magnetic moment of 1*6Eu to be:

|u(U6Eu)| - 1.3(3) Mf, (5.12)

In the following section, concerning '•*5»-'-*°Eu in SmFe2, a value of

U2-0.45(10) will be derived for the 747 keV transition of
 146Eu. From this

^-coefficient and from the values of nU2 given in table 5.3, we find the

total oriented fraction of 14°Eu-ions: n»1.18(29). Hence we conclude that

100(11)% of the Eu-ions contributed to the measured anisotropy effect for

this source of 1*^EuFe_, and that all ^Eu-nuclei were oriented at low

temperatures along the axis of the external magnetic field.

The influence of nuclear quadrupole interactions on the derived magnetic

moment can be estimated from the calculated upper limit for | Pa | in the

case of ^EuFe, |Pa| <7.0 MHz. We have fitted the nuclear orientation

anisotropy data of the 747 keV line of source 1 of ^"EuFe^ with the

three-component model, keeping the quadrupole interaction constant of the

substitutional fraction, Pa(l), fixed at values between -7 MHz and +7 MHz,

and keeping Pa(2) fixed at Pa(2)-0. The dependence of the magnetic moment

Pa(|u(146Eu) | on Pa(l), resulting from these fits, is shown in fig. 5.7. By

leaving Pa(l) free, a best fit result was obtained of | |i(
146Eu)[ -1.12 i^ at

P„(l)-2.3 MHz. From these results it can be concluded that axial nuclear
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Fig. 5.10 Normalised y-ray intensity W(Q) of the 633 keV transition
of ^46Eufej sounae 1, in the 0° and 90° dvreotions with respect
to the external field axis. The full eurve corresponds to the
parameters given by method (2) in table 5.3.
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quadrupole interactions can affect the derived value of the nuclear

magnetic moment by almost 10%.

A typical energy spectrum which was recorded in the measurements on

source 2 of EuFe_ is shown in fig. 5.8. The y-ray anisotropy data

obtained for this source were analyzed by assuming that possibly part of

the Eu-nuclei were influenced by the contamination which was implanted

into the iron foil as well. It is clear, that for those Eu-impurities which

occupied lattice sites which were not influenced by the contamination, the

same parameters |Bhf(l)| and Pa(l), or |Bhf(2)| and Pa(2), should be

applicable as those found for source 1. The impurity ions which were

influenced by the contamination were taken to experience a purely magnetic

interaction, leading to a modified hyperfine field | Bhf(3)|.

In this way a good fit could be obtained with the magnetic moment

derived for source 1, showing that 23(5)% of the Eu-ions were influenced

by the contamination. Considering the fact that the contaminating compound

ions amounted to 1 or 2% compared to the Fe-ions, we conclude that the

Eu-ions were affected by contaminating ions occupying sites in the first

and second nearest neighbour shell. For these Eu-ions a much lower average

hyperfine field was found: |Bnf(3)|=17(5) T. The ratio between the two

contributing fractions of the thvee-component model, n(l)/n(2), was found

to be in agreement with the value determined for source 1 with method (3)

of table 5.3: n-0.77(18) for Pa(2)«19 MHz. The full curve in fig. 5.9,

showing the radiation anisotropy obtained from source 2 of the 747 keV

transition of EuFe_, corresponds to these parameters.

The measured radiation anisotropy data of the 633 keV transition were

not sufficiently precise to distinguish between the two-component model and

the three-component model (see fig. 5.10). Therefore we have taken the

fitted parameters of the three-component model, n(l)/n(2), |Bhf(2)| and

Pa(2), from the analysis of the 747 keV transition. With these parameters,

values for the magnetic moment of Eu were obtained from the anisotropy

data of the 633 keV line. These values agree well with those from the

747 keV transition. In fig. 5.10 the anisotropy data are shown, obtained

from source 1 for the 633 keV transition of *^"Eu, with the full curve

corresponding to the parameters of method (3) In table 5.3.
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Fig. 5.11 Normalized y-ray intensity lf(Q) of the 894 hsV transition
of 14sEu in SmFe2 in the 0" and 90° directions with respect to
the external field axis. The full curve aorresponds to the
parameters given in table 5.4.
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Fig. 5.12 Normalized y-ray intensity W(Q) of the 165Ö keV transition
of ^^Eu in SmFe2 in the 0° and 90° directions with respect to
the external field axis. The full curve corresponds to the
parameters given in table 5.4.
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5.4.3 Nuclear orientation experiments on in SmFe2

A Mössbauer experiment was performed in the Kamerlingh Onnes Laboratory
I C O

on the neutron irradiated source of SmFe2, containing JJSm. From the
1 ^

recorded spectra of the 103 keV line of JJEu, we deduced the magnetic

hyperfine field of. Eu 3 + in SmFe2 to be |Bhf| =100(10) T. This should be

compared to the measurements of Yanovsky et al. [16], who found

| B h f | =109.0(2.0) T. In calculating the magnetic moments of the investigated

europium nuclei, we used the value Bnf»+109 T.

low temperature nuclear orientation experiments were performed on the

sources of 1^^»1^°Eu in SmFe2 and ^ ' » 1 * " E U in SmFe2. The samples were

polarized in a field of 3.5 T. The lowest temperatures which were reached

in the measurements ranged between 2.0 mK and 3.2 mK for various cold runs.

Apart from the nuclear orientation experiments, an extra low temperature

measurement was made, to investigate whether the radioactive heating of the

SmFe2 sources caused a temperature difference between these sources and the

thermometer. To this end, the CqCo_ thermometer source was soldered upon a

non-radioactive SmFe2 sample, which in turn was soldered onto the cold

finger of the nuclear orientation apparatus. Also, a MnFe_ thermometer

source was soldered directly upon the cold finger. In this way the heat

conduction of the SmFe2 sample was measured. The difference between the

temperatures yielded by these two thermometers, due to the internal heating

of the CoCo_ source, was found to be less than 0.2 mK for temperatures

down to 2.4 mK.

The -yray anisotropy data obtained from the nuclear orientation

measurements on the samples of Eu-isotopes in SmFe2 have been presented

before [38]. There, the data of the 121 keV transition of 147Eu were

erroneously taken the same as the data of the 550 keV transition of

The correct data for this transition are shown in fig. 5.16. In this

previous article the anisotropy data of 145~148Eu in SmFe2 were analyzed

using the two-component model [38].

Since the data of 146EuFe_ point In the direction of an analysis with the

3-component model, a reanalysis was made of the y-ray anisotropy data

obtained in the measurements on l*5-148gu in SmFe2. Like in the case

of 146'EuFe it was found that an analysis of the anisotropy data

of ~ 8Eu in SmFe2 in terms of the three-component model showed much
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parameters given in table 5.4.
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Fig. 5.14 Normalised y-ray intensity W(Q) of the 74? keV transition
of 14eEu in SmFe2 in the 0° and 90° ideations with respect to
the external field axis. The full awve corresponds to the
parameters given -in table S.4.
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better agreement with the experimental data than an analysis with the

two-component model, as can be s^en from the x2~va^-ues shown in tables 5.4

and 5.5.

The anisotropy data obtained in the nuclear orientation experiments on

the source of 145'146Eu in SmFe2 are shown in figs. 5.11-5.14. From the

analysis of the 747 keV line of Eu, the parameters of the 3-component

model were deduced to be n(l)/n(2)=0.33(10) and |Bhf(2)|=31(8) T. The

quadrupole interaction constant Pa(2) yielded Pa(2)=0.4 MHz when left free,

and was taken to be Pa(2)=0. The results of this analysis are given in

table 5.4.

From the fit to the experimental -pray anisotropy data of the 747 keV

line of Eu in SmFe2» shown in fig. 5.14, we deduce the magnetic moment

of 146Eu as:

k U 6Eu)| = 1.4(4) (5.13)

This value may be influenced by nuclear quadrupole interactions. The
nuclear quadrupole interaction of substitutional 'EU in SmFe2 was
measured by Yanovsky et a l . [16], and yields: eQVzz/h=1060(50) MHz. From
this value we derive for the nuclear quadrupole interaction constant of
substitutional 146Eu-ions in SmFe2, with J Q j<1 b: | P a ( l ) | <11 MHz. In the

Table 5.4 Derived values and fitted parameters obtained from the nuclear
orientation experiments on 145'14eEu in SmFe2. The quality of
the 3-oomponent fits aan be judged by comparing the x2 °f these
fits, x|> *o xj which is obtained with the 2-aomponent model.

Nucleus E
Y

(keV)
n(2)

|Bnf(2)|

(T)

xf derived values

145

146

Eu 894 1.93 1.93

1659
1997

'Eu 747 0.33(10) 31(8) 6.03 2.86

|n(145Eu)/n(146Eu)|=1.4(6)
n=n(l)+n(2)=0.60(12)
6=-0.36(8) or 6=-1.9(4)
6(E2/M1)=*+O.14(6)

-1.4(4) „f,|u(146Eu)|

nU2-0.27(6)
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same manner as in the previous section concerning the measurements

on EuFe_, it can be concluded from the results that these axial nuclear

quadrupole interactions can not change the derived magnetic moment by more

than 15%. This uncertainty has been included in the error.

Taking the value n»0.60(12) from 14^Eu (see below), we obtain for the

ü2-coefficient of the 747 keV transition of
 146Eu: U2-0.45(10).

The scatter in the anisotropy data of the three lines of 14^Eu in

is too large to be able to derive the parameters of the three-component

model. Hence, these parameters were taken from the Eu results in

From the fit to the data of the 894 keV transition of 5Eu in SmFe2 we

derive the sum of the fractions of the two contributing components, i.e.

the total fraction of ions being oriented at low temperatures:

n - n(l) + n(2) - 0.60(12) (5.14)

Our analysis yields the ratio of the nuclear magnetic moments of

and 146Eu:

|u(145Eu)/u(146Eu) | - 1.4(6) (5.15)

The same value of this ratio is also found when applying the two-component

model.

The 1659 keV transition of "Eu was proposed in the literature from

internal conversion experiments as being possibly of mixed M1+E2 type [23].

Recently Deryuga et al. [24] concluded from nuclear orientation

experiments: 6=-2.07(6). The sign of the anisotropy of this transition at

low temperatures (T<4 mK), W(0)=0.85(3), is opposite to the anisotropy

expected in the case of a pure Ml transition (see fig. 5.12). Consequently

it is clear that this transition is of mixed M1+E2 type. In fig. 5.15 the

F2~coefficient is shown for various values of 62/(l+62). Two possible

mixing ratios can be deduced from the measured saturation value of the

anisotropy:

6(E2/M1) - -0.36(8) or 6(E2/M1) - -1.9(4) (5.16)

These results are in agreement with those of Deryuga [24]. However, earlier

results [23] are in favour of the smaller value instead of the larger one,
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Fig. 5.15 The Fg-ooeffioient of the 16S9 keV and 1997 keV transitions in

the decay of 14SEu. These transitions have mixed M1+E2

multipolecfity, with the mixing vatio 6(E2/M1).

which was chosen by Deryuga.

The 1997 keV transition of 145Eu was deduced by Deryuga to be also of

M1+E2 type, with 6-0.241(11) [24]. Since the spins of the initial and final

state of the 1997 keV transition are equal to those of the 1659 keV

transition, fig. 5.15 applies to the 1997 keV transition as well. From the

measured saturation value of the anisotropy, W(0)=1.17(4), and from

eq. (5.14), we conclude for the mixing ratio:

6 - +0.14(6) (5.17)

This is just outside the error of [24]. Only one value is reported since

the other possible solution has 6»1, in disagreement with the previous

assignment of pure Ml multipolarity [23].

The y~ray anisotropy data obtained in the nuclear orientation

experiments on the second source of SmFe2, containing
 1 Eu and 148Eu, are

shown in figs. 5.16-5.20. These data were analyzed in the same way as the

data from the source of 145»146Eu in SmFe2.
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Fig. 5.16 Normalised y-vay intensity W(Q) of the 121 keV transition
of 147fiu fa snfêe^ in the 0° and 90° diveations with r>espeot to
the external field axis. The full curve aofr>esponde to the
pcwmeteve given in table 5.S.
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Fig. 5.17 normalized y-vay intensity V(Q) of the 197 keV transition

of **^Eu.in SmFe^ in the 0" end 90° dvceations with respeat to

the external field axis. The full ewve oofveeponds to the

parameters given in table S.S.
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Fig. 5.18 Normalized y-vay intensity W(Q) of the 414 heV transition
of 148Eu in SmFe2 in the 0° and 90° digestions with veopeat to
the external field axis. The full awoe aor-reepcm.de to the
parameter e given in table 5.5.
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Fig. 5.19 Normalized y-vay intensity W(Q) of the 5S0 keV transition
of 148Eu in SmFe2 in the 0° and 90° directions with vespeat to
the external field axis. The full aurve aorvesponds to the
papawetere given in table 5.5.

\\l



0.6
500

Fig. 5.20 Normalized y-ray intensity W(Q) of the 630 hzV transition

fa the 0° and 90° directions with veepeet to148
2

the external field axis. The full curve oor-responde to the

parameter's given in table 5.5.

For each of the three observed transitions of 148Eu, baing the 414 keV,

550 keV and 630 keV transition, the parameters n(l)/n(2) and |Bhf(2)| of

the three-component model were fitted independently. Pa(2) was kept fixed

at P (2)*0. This resulted in the values given in table 5.5. Average values

were deduced as n(l)/n(2)«l.l(2) and |l5hf(2)| -23(5) T. The results of this

analysis are given in table 5.5.

The averaged magnetic moment of *48Eu, derived from the three measured

transitions of 148Fu in SmFe2, yields:

2.2(4) (5.18)

Also in this source, axial nuclear quadrupole interactions may have

played a role. For 148Eu in SmFe2, we calculate |Pa|<7MHz. The

uncertainties arising from these nuclear quadrupole interactions are

included in the error.

The Y~ray anisotropy data obtained for the 121 keV and 197 keV

transitions of 147Eu in SmFe2 were analyzed using the average values for
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Table S.S Derived values and fitted parameters obtained from the nuclear
orientation experiments on ï4?»14SEu in

Nucleus

147Eu

148Eu

EY
(keV)

121

197

414

550

630

n(l)

n(2)

0.8(3)

1.0(3)

1.4(4)

|Bhf(2)|
(T)

22(6)
24(6)
24(6)

xf

1.37

10.9
7.98
14.43
11.51

xf

1.44

11.2

3.98

6.41
6.90

derived values

||i(U7Eu)/|i(148Eu)| -1-7(4)
n-n(l)+n(2)-0.35(8)
n-n(l)+n(2)-0.31(13)
|n(148Eu) |-2.4(6) ^
|u(U8Eu) |-2.2(5) pf,
|u(148Eu)|-1.9(5) p,

the parameters of the three-component model, as derived from the analysis
of 148Eu in SmFe2. With the aid of the 121 keV data on 147Eu we deduce the
ratio of the nuclear magnetic moments of Eu and Eu:

ln(147Eu)/n(148Eu)| - 1.7(4) (5.19)

The results on the two lines of Eu yield for the total fraction of

europium ions contributing to the measured anisotropy in this sample of

SmFe2:

n - 0.33(6) (5.20)

He included in the error the possibility of small intermediate state

perturbation effects, which might occur for the 121 keV and 197 keV states.

For both samples of SmFe2 we find oriented fractions which are much

lower than the 100(11 )% derived in the case of ^4°EuFe_. These lower

fractions may be ascribed to oxidation of the SmFe2 sample. The reason of

this oxidation, which lies in the irradiation method of the samples, will

be discussed in section 5.5.1.
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5.4.4 Nuclear orientation experiments on l46~148Eu in SmCo2

A typical spectrum obtained in the low temperature nuclear orientation

experiments on Eu-isotopes in SmCo2 is shown in fig. 5.21. Many y~ray

transitions were observed, but most of these did not show a significant

anisotropy in the radiation intensity. The anisotropy data obtained in the

experiments on the source of 1*6~1*8Eu in SmCo2 are shown in figs. 5.22,

5.23 and 5.24 for the 747 keV transition of 146Eu, the 601 keV transition

of Eu and the 550 keV transition of ^ 8Eu respectively. The •y-ray

Intensity of the 747 keV transition of 146Eu was corrected for the decay

of Gd, which was simultaneously produced, in the same fashion as in the

case of 14"EuFe_ in section 5.4.2.

The measured y-ray intensities are not precise enough to draw

conclusions as to whether the 2-component model or the 3-component model

should be applied. Since the lattice structure of SmCc>2 is equivalent to

the lattice structure of SmFe2 [14], we may expect the 3-component model to

be equally applicable as the 2-component model.

To obtain the parameters n(l)/n(2) and |Bhf(2)| of the three-component

model, we substituted the magnetic moments derived for °Eu and Eu in

Fig. 5.21 Energy spectrum of the measured y-vadiation, obtained in the

experiments on Eu-isotopes in SmCO2- The measured y-vays are the

74 7 hsV transition of 146Eu, the 601 keV transition of 147Eu and

the 550 teV transition of 148Eu.

1 0 6

10

10
200 «00 600 800 1000 1200 1400

Energy (keV)
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Fig. 5.22 Normalised y-ray intensity W(Q) of the 747 heV transition
of i4eEu in SmCos in the 0" end 90" d-vreatione with vespeet to
the external field axis. The full curve corresponds to the
parameters given in table 5.6, using the 2-ocmponent model.
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Fig. 5.23 Normalised y-vay intensity W(Q) of the 601 keV transition
of l*7gu fa gmc'02 in the t.° and 90° directions with yespect to
the external field axis. The full ourve corresponds to the
parameters given in table 5.6, using the 2-component model.
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Fig. 5.24 Normalised y-vay intensity W(Q) of the 550 heV transition

of 148Eu in SmCo2 in the 0° and 90° directions xöith r>espeot to

the external field axis. The full ourve corresponds to the

parameters given in table 5.6, using the 2-aomponent model.

SmFe2 into the analysis of the data for these nuclei in SmCo2- Then the

parameters obtained in terms of the 3-component model were used to analyze

the data of the other nuclides. Thus we analyzed the data in three

different ways: (1) assuming the two-component model to be valid; (2)

assuming the three-component model to be valid and taking the magnetic

moment ||i(W6Eu)| from the analysis of 1*^Eu in SmFe2i and (3) as (2), but

taking the magnetic moment | (j(1'<°Eu)| from the analysis of ^ " E U in SmFe2.

The x2 obtained with the 3-component model was not better than for the

2-component model.

With each of these three methods of analysis we derived ratios between

the magnetic moments of the Eu-isotopes under consideration, and the total

fraction n of Eu-ions contributing to the anisotropy. The results of these

three methods agree well with each other'. In particular, the ratios between

magnetic moments derived with the 2-component model agree with those of the

3-component model* The averaged results from all three methods are given in

table 5.6. The possible influence of nuclear quadrupole interactions was

not taken into account in the analysis, but has been included In the

errors.
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Table S.6 Magnetic moment ratios and oriented fraction of ions obtained

from the nuclear orientation experiments on I46-14 Eu in SmCo2-

|n(146Eu)/n(1A8Eu)| 0.64(12)

|u(147Eu)/n(146Eu)| 2.9(10)

||i(147Eu)/|i(148Eu)| 1.9(6)

n - n(l)+n(2) 0.29(10)

From the data shown in figs. 5.22-5.24 it can be seen that the measured

radiation intensity in the 90* direction is larger than expected from the

intensity in the 0* direction, given the parameters shown in table 5.2.

This is probably due to systematic errors, caused by the complexity of the

•y—ray spectrum obtained in the measurements on SmCc>2, as illustrated by

fig. 5.21. The fitted curves have been produced taking the ratio

(W(90)-l)/(l-W(0)) from our experiments on Eu-isotopes in Fe and SmFe2.

Apart from l"~**°Eu, also Gd-nuclei were produced in the sample of

SmCo2. The decay scheme of 14*Gd is shown in fig. 6.2 in chapter 6. The

y-ray intensities were measured of the 299 keV, 347 keV and 748 keV

transitions in the decay of Gd. These intensities showed negligible

anisotropies. Hence we conclude that the hyperfine field of Gd-ions in

SmCo2 is small: |Bhf|<5 T.

5.5 Discussion

5.5.1 Hyperfine interactions of Eu^+-ions in Fe, SmFe2 and SmCo2

Hyperfine interactions of Eu -ions are generated by the mixing of

excited electronic levels into the ground state. This makes the Eu^+-ion a

very sensitive probe for measuring the interactions of the 4f-electrons of

the Eu-impurity with the host lattice.

In the case of other trivalent rare earth ions the hyperfine

Interactions originating from the 4f-shell are determined by the population

densities of the electronic sublevels. The magnetic and electric hyperfine
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Interactions are then directly related to the electronic angular momentum

expectation values, <J~> and <J^ respectively [32]. At low temperatures

only the ground state will be populated, "rovided that the hyperflne

Interaction Is only a small perturbation, these expectation values depend

only on the relative magnitudes of the exchange and crystal field

interactions. For substitutional rare earth Ions In cubic ferromagnets this

has been shown experimentally e.g. for 147Nd in Fe and Ni [31] and

for 161DyFe_ [32].

Non-substitutional rare earth ions in the vicinity of defects such as

vacancies are supposed to experience large crystalline electric fields. In

nuclear orientation experiments these non-substitutional rare earth ion3

are normally "invisible", since the nuclei of these ions orient In randomly

oriented directions, determined by the direction of the axial component of

the crystalline electric field, and hence by the defect.

For Eu -ions in cubic host lattices the situation is different. In the

case of a substitutional Eu -ion, the influence of the (cubic) crystalline

electric fields on the hyperfine splitting is small compared to that of the

exchange interaction, as a result of the cubic symmetry of the host

lattice. The exchange interaction admixes excited J-multiplets into the J-0

ground state, whereby a magnetic hyperfine field and an electric field

gradient (EFG) are created along the axis of the exchange field, as we have

seen in chapter 3 and in section 5.2.

A non-substitutional Eu^+-impurity may experience large crystalline

electric fields, since especially in iron vacancy trapping by the

Eu-impurity is likely to occur, as is the case for most rare earths. For

instance, in Mbssbauer experiments on ° DyFe_ a large crystal field was

deduced for the non-substitutional Dy -ions [32J. The orientation of these

crystal fields will depend on the geometry of the defect cluster, and not

on the magnetic field axis. Since polycrystalllne host materials were used

in our experiments, these crystal fields were randomly oriented. The

interaction of the 4f-shell with the crystal field may perturb the

hyperfine interactions which arise from the exchange field. In particular

non-axial quadrupole Interactions may be generated, influencing the

orientation of the impurity nucleus.

In our measurements on 1'*6EuFe_ a fraction n-1.00(11) of the 1^6Eu-ions
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was oriented at low temperatures along the axis of the external magnetic

field» This can only have been caused by axial hyperfine Interactions

generated by the 4f-electrons. Therefore we conclude that the 4f-electrons

generate predominantly axial hyperfine interactions, even in the case of

damage-associated Eu-ions.

Orientation of the nucleus in a non-axial direction, i.e. a direction

differing from the the axis defined by the exchange interaction, can be due

to either non-axial magnetic hyperfine fields or to non-axial quadrupole

interactions. From the calculations in section 5.2 it was concluded that

the magnetic hyperfine field is always parallel to the exchange field, and

hence to the external field.

The influence of non-axial nuclear quadrupole interactions on y-ray

anisotropies in nuclear orientation experiments has been described by

Haroutunian et al. [37]. The attenuation of the radiation anisotropy is

represented by attenuation factors G^ in the directional distribution

function W(0). The results they obtained for I»9/2 are shown in fig. 5.25

for various values of K, where K is the ratio between the nuclear

quadrupole interaction and the magnetic hyperfine interaction:

(5.21)

The attenuation factors for I"4, which apply to Eu, are not much

different from the attenuation factors for 1-9/2. From the high fraction of

Eu-ions which was oriented in our experiments on ^°EuFe_, n»l.00(11), we

infer for the attenuation factor G2 of the non-substitutional Eu^+-ions the

value: G2>0.8. If we take the magnetic hyperfine field of the

non-substltutional fraction from the measurements on 1*6EuFeJ HÜL/IST-I

corresponds to l/T=300 K"1 in fig. 5.25. In this figure we see that G2>0.8

at huL/kT-1 corresponds to |K|<0.25, which yields for the

non-substitutional component:

|Pna I < 18 MHz (5.22)

The Influence of these nuclear quadrupole interactions on the deduced

magnetic moments may also be estimated from fig. 5.25. With the attenuation

factor G2>0.8, we find that no differences in magnetic moments larger than

10% can be caused by non-axial quadrupole interactions.
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(22

Fig. 5.25 Theoretical temperature dependenee of the attenuation
aoeffiaients Gs and G4 due to the perturbation of the nuclear'
orientation by a randomly oriented eleatria field gradient at
the nucleus. The attenuation aoeffiaients are shorn for several
values of the -ratio K between the nuclear quadrupole interaction
and the magnetia hyper fine inter action, f of 1=9/2 [Z'/J.

We shall try to estimate the magnitude of | Pa | and | Pna | for nuclear

quadrupolj Interactions generated by defects In the host lattice near the

Eu-lmpurlty. If we combine these estimates for | P| with the upper limit

deduced above from the experiments, we may draw conclusions as to the

lattice location of the Eu -ions.

The largest crystalline electric fields originate from vacancies in the

nearest neighbour shell. The influence of these crystal fields can be

estimated by point charge calculations. Following the method of
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Hutchings [39] we calculate a crystal field parameter Aj-l^xlO20 V/m2,

for an unscreened 3~ charge in the z-direction at a distance of %/3 lattice

constant of iron (a«2.86xlO~10 m). In a metal the crystal field due to this

charge i& enhanced by the conduction electrons, by a factor (1+6), which is

found to be (l+6)-2-3 in 3d-metals [40,411-

Crystal fields have a twofold influence on the nuclear orientation of

Eu -ions: (1) through perturbation of the exchange induced hyperfine

interactions of the 4f-electrons; and (2) by the direct interaction of the

nuclear quadrupole moment with the crystal field.

(1) The crystal field due to a defect will perturb the wave function of

the admixed ground state of the Eu -ion. The unperturbed ground state wave

function consists of a superposition of several J-multiplets (which may

also be written in L,S-representation). This results from the mixing of the

excited J-multiplets into the J=0 ground state by the magnetic exchange

interaction. The interaction of the 4f-shell with the crystal field

calculated above yields eA2<r2>/k=3.8xl0^ K for an unscreened 3~ charge in

iron. This charge is subject to enhancement by the conduction electrons and

to screening due to the outer electrons of the Eu-ion. Hence, for the

second degree crystal field term BSJOSJ we can write:

B° = eA^<r2><LllallL>(l+8)(l-O2) (5.23)

Here (I-OÓ) is the screening factor, which is found to have values of the

order of (X-<J2)=O. 1-0.4 [40,42].

The perturbed ground state generates electric as well as magnetic

hyperfine interactions of the Eu-nucleus. We shall first consider the

magnetic hyperfine interactions due to the 4f-electrons.

In the analysis of the measurements on Eu-isotopes in Fe and SmFe2 it

was found that the nuclear orientation data could be fitted well on the
3+

assumption of a magnetic hyperfine field for damage-associated Eu -ions

which differs from that for substitutional ions. The resulting average

non-substitutional field was found to be quenched to 1/4-1/2 of the

substitutional value.

In section 5.2 we have performed calculations on the perturbations of

the ground state by crystal fields. For this purpose we diagonalized the

Hamiltonian given in eq. (5.1). From the last two columns of table 5.1
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(cases IV and V), it can be seen that crystal field interactions can not

induce the 4f-shell to generate non-axial magnetic hyperfine field

components (hence <Nx>«0). This holds independently of the direction of the

crystal field. It can, however, change the magnitude of the hyperfine

field. Since the induced hyperfine field is already largely saturated at an

exchange interaction of 2MBBexct/k"~400 K ^see f l g' 5#2)> t h e additional

crystal field causes only slightly larger or partly quenched hyperfine

fields.

In order to obtain a large quenching in the calculations of section 5.2,

we had to assume eA2<r2>/k to be of the order of 1000-2000 K. This value

seems reasonable in view of other experiments, for instance on *^Dy in

various hosts [40,43]. In table 5.1 we have taken eA2<r2>/k-1000 K for the

interaction of the 4f-shell with the crystal field. This corresponds to

(l+6)(l-a2)=0.25.

Apart from the assumption of merely a different hyperfine field for

damage-associated Eu-ions, the shape of the measured anisotropy curves of

Eu in Fe and SmFe2 may also be explained from the combination of a partly

quenched hyperfine field with nuclear quadrupole interactions. Namely,

axial and non-axial electric field gradients are a consequence of randomly

oriented crystal fields.

The EFG originating from the 4f-shell is influenced by crystal fields

due to a defect, in the same manner as the magnetic hyperfine field. As can

be seen from table 5.1, the magnitude of this EFG due to the 4f-shell is

appreciably changed by a crystal field interaction of eA2<r2Vk»1000 K.

However, the largest electric field gradients which can be generated by the

4f-shell correspond to <3L2-L(L+1)>=15. This yields for the quadrupole

interaction constant of ^EuFej | P | < 3 0 M H Z . From the last column of

table 5.1 we see that for eA2<r
2>-1000 K the EFG originating from the

4f-shell is still directed primarily along the external field axis. The

magnitude of the EFG, however, depends strongly on the direction of the

vacancy with respect to the z-axis. Hence we conclude that the derived best

fit value for Pa(2) in the case of 146EuFe_ as given in table 5.3,

Pa(2)»19 MHz, might be explained by crystal fields generated by defects,

but must be considered an average value.

Apart from axial nuclear quadrupole interactions, also non-axial

electric field gradients may originate from the admixed 4f ground state due
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to crystal field perturbations. However, from the last column of table 5.1

It is clear that these non-axial electric field gradients are small

compared to the axial electric field gradients.

(2) The direct interaction of the nuclear quadrupole moment with the

crystalline electric field due to a defect cluster is subject to

enhancement by conduction electrons and to antishielding by the

localized 5p-electrons of the Eu3+-ion. In the case of Eu3+ in

europium-ethylsulphate, Edmonds [44] evaluated for the antishielding factor

the value |l-Y»Mo» i n agreement with the result of a measurement of the

nuclear quadrupole coupling of Eu and Eu in this material [45].

In a metal the situation is different, since 5p-electrons hybridize with

the conduction band. Still, we may estimate an upper limit for the direct

quadrupole interaction constant | Pna | of
 14°Eu. These nuclear quadrupole

interactions have random orientations, since their directions are

determined by the defects in the host lattice. Hence these interactions may

cause attenuation of the anisotropy, as described by Haroutunian [37].

We shall take the enhancement by conduction electrons to be (l+6)=2. For

the antishielding by the 5p-electrons we take | 1-Y„|"80. Then the EFG at

the impurity nucleus, due to a vacancy in the nearest neighbour shell,

yields: |Vzz|»2.5xl0
22 V/m2. This value seems somewhat higher than the

usually encountered values, which yield: | Vzz|»0.5-lxl0
22 V/m2. [40,41].

The estimated value corresponds to an upper limit for the direct nuclear

quadrupole interaction: | Pna|<55 MHz. The upper limit for | Pna | as

determined in eq. (5.22) from the measurements on "EuFe_, suggests for the

enhancement factor (1+6) (1-y,,,) a value of 60 rather than 160, in which case

the EFG is more in agreement with the usually found values for |v |.

On the basis of this reasoning, it is concluded that the crystal fields

which are generated by defects such as a vacancy in the nearest neighbour

shell, cause axial and non-axial nuclear quadrupole interactions, through

mixing of the 4f-states as well as directly, but that the non-axial

quadrupole interactions are small compared to the axial magnetic hyperfine

interaction. This is in agreement with the measured 100(11)% oriented

fraction of Eu-ions in iron, which was derived from our experiments.
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The above considerations for EuFe_ can be applied In an analogous

manner to the measurements on Eu-isotopes in SmFe2 and SmCo2. Here too, the

direction of the magnetic hyperfine field is determined by the exchange

interaction and hence by the external field axis. Crystal fields generated

by defects have a relatively small influence on the measured y-ray

anisotropy in the nuclear orientation experiments.

Nevertheless, in the analysis of the measurements on SmFe2 and SmCo2, it

was found that only part of the Eu-ions could be oriented. This must be

attributed to the absence of sizeable magnetic hyperfine fields for these

Eu-ions. This is possibly caused by internal oxidation of the samples,

which may have occurred during the irradiation with protons or arpartides.

The temperature of the sample may rise to a few hundred centigrades during

irradiation. At this temperature the highly reactive Eu-ions are liable to

attract oxygen atoms migrating from the surface of the sample. The formed

oxides are obviously different from the metallic environment, so that the

Eu-Fe exchange Interaction is no longer dominant. Then, no magnetic

hyperfine field is generated by the 4f-electrons.

These sample preparation difficulties are also reflected in the fact

that the two samples of SmFe2, irradiated in the same experiment but with

different irradiation times, gave a large difference for this non-magnetic

fraction (40% respectively 67%).

5.5.2 The nuclear magnetic moments of 145~148Eu

In previous sections, concerning the nuclear orientation experiments

on !45-148Eu in Fe, SmFe2 and SmCc>2, results were obtained on the magnetic

dipole moments of these nuclei. In some cases we have been able to deduce

absolute magnitudes from the measurements: for EuFe_ and for "">""Eu in

SmFe2* In other cases we determined ratios between magnetic moments:

for 145-146Eu In SmFe2, for
 147>148Eu in SmFe2 and for

 146"148Eu in SmCo2.

If we combine all these results, we obtain the experimental

magnetic moments given in table 5.7, where they are compared to values

which have been obtained recently by Kraclkova et al. [46] and by

Erzinkyan et al. [10] from low temperature nuclear orientation experiments,

and by Otten et al. [47] from laser spectroscopy. We also give the
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Table 5.7 Magnetic moments of odd-A europium isotope e. The experimental
results obtained in thie work are compared to the results of
Kraeikova [46], Erzinkyan [10] and Otten [47]. The shell model
value derived in chapter 2 of this thesis is also given. The
Schmidt value for 1=5/2 is 4.8 p^.

Nucleus This work Other experiments

M <MN> | M-l (^N) ref- Htheor

145Eu 1.8(9) 3.2(5) [Kr83] 4.16

3.99 [0t83]
146Eu 1-3(2) 1.7(3) [Kr83] 1.01

147Eu 4.0(9) 3.1(4) [Kr83] 4.16

3.99

1.7(3)

1.42

3.1(4)

3.7(5)

3.73

2.1(3)

2.34

[0t83]

[Kr83]

[0t83]

[Kr83]

[Er79]

[0t83]

[Kr83]

[0t83]

148Eu 2.2(4) 2.1(3) [Kr83] 1.87

theoretical estimates derived in chapter 2 with a simple theoretical model,

being the single-particle model with renormalized g-factors to correct for

core polarization and mesonic exchange.

For l*"~148Eu there is agreement between our magnetic moment values and

those quoted by other authors, whereas for Eu a discrepancy is found

between our result and the result of Otten [47]. From the nature of the

laser spectroscopy experiments [48,49] the quoted value should be regarded

as accurate. The discrepancy is probably caused by the relatively large

scatter occurring in our y-ray intensities of 14^Eu compared to the

magnitude of the anisotropy (see fig. 5.11).

Differences between our experimental magnetic moments and those obtained

by Kraclkovfi et al. [46] may be explained by the different way of analysis

of the radiation anisotropy data. They derived an average magnetic

hyperfine field |Bhf|-57 T for Eu implanted in Fe, from a direct

measurement of the magnetic moment of *47Eu in Gd. With this average

hyperfine field they deduced values for the magnetic moments of the
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isotopes 145»146»148Eu. This method disregards the known hyperfine field of

substitutional Eu-ions in Fe, | Bhf|-148.2(9) T [13]. Furthermore, their

magnetic moments were deduced from the radiation anisotropy measured at a

single value of the temperature in each experiment. These temperatures

varied between 12 and 16 mK for different measurements, but the temperature

dependence of the y-ray anisotropy was not measured. In this way no

distinction can be made between the possibility of a lower hyperfine field

and/or the possible occurrence of a lower substitutional fraction.

The presently known ground state nuclear magnetic moments of odd-A

europium nuclei are shown in fig. 5.26. They are compared to the

theoretical predictions of Scholten and Blasi [12], which were shown in

fig. 5.1, as obtained with the IBFA-model. For convenience the Schmidt

values and the shell model estimate with quenched gyromagnetic ratios are

shown as well.

The odd-A Eu-nuclei with A<151 (N<88) have ground state magnetic moments

only partly quenched from the single-particle value, p.=4.8 p̂ j. These values

can be understood within the nuclear shell model. If we accept the value of

Otten for 145Eu [47], the magnetic moments of 14^Eu and 14^Eu lie close to

the shell model estimate, (i=4.16 ^ . Consequently the nuclei 5Eu

and 14'Eu can be regarded primarily as spherical nuclei, with a few

single-particle states, consisting of a proton hole in the n2d5/2 subshell

and in addition a small number of valence neutrons in the v2fy/2 subshell.

The odd-A Eu-nuclei with A>153 are supposed to be strongly deformed, which

is reflected in the large quenching of the magnetic moments.

We conclude that the ground state structure of the neutron deficient

europium isotopes is strongly influenced by the double shell closure

appearing at *^Gd, with Z»64 and N-82. This is in agreement with recently

obtained information on the nuclear structure of nuclei lying in this

region, having configurations near the doubly closed Gd.

The theoretical values of Scholten and Blasi [12] are In good agreement

with the experimentally determined magnetic moments. The IBFA-theory

reproduces the transition from spherical to deformed nuclei, and the

relative lnsensity of the magnetic moments to neutron number, apart from

the transition region just mentioned.

The experimental magnetic moments of the even nuclides Eu and Eu,

derived In this chapter, appear to be somewhat higher than the values

estimated In chapter 2. These latter values are determined by the coupling
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Fig. 5.26 Magnetic moments of odd-A europium isotopes. The experimental

results obtained, in this work are shown, compared to results of

Kraaikovd [46], Efsinkyan [10], Otten [47], Evens [50] and

Barclay [51]. The predictions of Scholten [12], calculated with

the IBFA-model, are shorn. The shell model value whieh was

derived in chapter 2 of this thesis is drawn, and also the

Schmidt value for 1=5/2.

of the angular momenta of the proton hole and of the odd neutron. If the

addltlvlty principle Is valid for magnetic moments, the components cf the

magnetic moment due to the proton hile and to the odd neutron should be

added vectorlally.

In chapter 6 it will be found i. rom our experiments that the magnetic

moments of the nuclei 1<*7Gd and ^ 'Gd are smaller than expected from our

simple theoretical model. Since these magnetic moments are supposed to be

negative, this causes Increased magnetic moments of the neighbouring
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odd-odd europium nuclei, being Eu and Eu. Our experimental magnetic

moments of 1*6Eu and 1 *Eu are In agreement with this positive shift,

thereby supporting the additlvlty principle.

5.6 Conclusions

In this chapter we have presented results of nuclear orientation

experiments on neutron deficient Eu-isotopes In Fe, SmFe2 and SmCo2> Due to

the very low temperatures attained in the measurements, we reached

saturation of the anlsotropy In the ^-radiation emitted by the Eu-nuclei.

This enabled us to derive unique values for the fraction of Eu-nuclei in

these materials which contributed to the measured anisotropy. This

considerably increases the accuracy of the magnetic moments which are

determined from the measurements.

As regards iron as a host matrix, it was found in the experiments that

all Eu-ions contributed to the nuclear polarization, including those ions

which did not occupy regular sites in the iron lattice. We conclude that

the non-axial quadrupole Interactions acting on nuclei of damage-associated

Eu-ions in iron are small compared to the magnetic hyperflne

interactions. In the analysis of the nuclear orientation data we have taken

these non-substitutional Eu-ions into account by invoking the existence of

a component having a hyperfine field different from that of substltutional

ions.

We calculated the hyperfine interactions of Eu-ions, which are

generated through mixing of excited electronic states Into the non-magnetic

ground state by exchange and crystal field interactions. The influence was

evaluated of the randomly oriented crystal fields generated by a vacancy in

the nearest neighbour shell, additional to a magnetic exchange interaction.

It was shown that theee crystal fields can not destroy the collinearlty

between the magnetic hyperfine field and the exchange field, but that the

magnitude of the hyperfine field is substantially affected. The results of

the calculations also demonstrate that these crystal fields generate only

relatively small non-axial quadrupole interactions on the nucleus, through

the 4f-electrons as well as directly. These calculations are In agreement

with the experimentally found 100% participation in the nuclear
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polarization of Eu in iron.

Experimental values of the magnetic moments of ^ * Eu were deduced

from the nuclear orientation results. From comparison to shell model

estimates which we derived in chapter 2 and to theoretical predictions of

these magnetic moments calculated with the IBFA-model, we conclude that the

ground states of 5 "Eu may be regarded as nearly spherical nuclei. The

magnitude of the magnetic moments can be satisfactorily described by the

IBFA-model, and in this range of neutron numbers (N-82-85) there is also

reasonable agreement with the modified Schmidt values of the spherical

shell model*

During this thesis investigation, experimental values for the magnetic

moments under consideration have also been obtained by other research

groups. The magnetic moment values as far as presented by these groups are

in keeping with our results. Only in the case of En a discrepancy is

observed, which we ascribe to the large scatter in our y-ray anisotropy

data obtained for this nucleus.

For several y-ray transitions in the decay of 14^~^*°Eu we have

determined multipole mixing ratios. Our values compare favourably to

experimental values for these mixing ratios as obtained by other authors.
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CHAPTER 6

EXPERIMENTS ON THE A-147,149,153 GADOLINIUM NUCLEI

6.1 Introduction

The structure of gadolinium nuclei, with Z=64, has received much

attention in the last few years. The discovery of a substantial energy gap

betwaen the n2d^/2 an^ ^"11/2 Proton subshells [1] aroused a considerable

Interest in these nuclei, since for gadolinium the n£d5/2 subshell Is

closed. Experimental investigations using in-beam "y-ray techniques and

conversion electron spectroscopy [2,3,4], and ardecay studies [5] revealed

the Importance of the double shell closure at ^ G d , which has Z=64 and

N-82. Theoretical studies hava shown that the experimental results can be

only explained by assuming a large proton energy gap at Z964 [6,7].

In this chapter we present low temperature nuclear orientation

measurements on the nuclear magnetic dipole moments of the ground states of

the A-147,149,153 gadolinium Isotopes. As we have seen In chapter 2, these

nuclei are regarded as consisting of the closed "Gd core, to which some

valence neutrons in the v2fy^2 subshell are added.

The strength of the double shell closure at 14^Gd is reflected in the

nuclear structure properties of gadolinium nuclei. If the proton energy gap

at Z-64 is large, the closed ^^Gd core is important in the structure of

the Gd-nuclei. Then the valence neutrons may be regarded as

single-particles, and hence the magnetic moments of the Gd-nuclei may be

expected to be rather close to the Schmidt values.

In the case of a strong shell closure of 1*6Gd we also expect the Gd

magnetic moments to be largely independent of neutron number. Comparison

between the magnetic moments of ^'Gd and ^*'Gd will therefore yield

information on the strength of this shell closure.

Gadolinium nuclei with N>88 have been found to have deformed ground
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states, thus no longer following the single-particle model, as we have seen

in chapter 2. Casten et al. [8] have pointed out that the deformation of

gadolinium nuclei is influenced by the large proton energy gap at Z-64.

Valence neutrons which are added to the closed core of ^ G d , v±n first

occupy the 2fyĵ _ subshell, but around N=88 the neutrons will also begin to

populate the lhg/2 subshell. These Hnj/2 neutrons tend to polarize the

closed proton structure, i.e. admix the higher y^wfi subshell into the

ground state. Above N=88 this core polarization apparently becomes so

strong that a deformed ground state structure Is energetically favoured.

Then the nucleus would assume the largest possible deformation, as compared

to other nuclei with equal neutron number.

Among the investigated nuclei, 147Gd and 149Gd belong to the spherical

single-particle nuclei. In the case of Gd the nucleus was found to be

spherical for nuclear levels up to 1=41/2 [9]. The nuclear magnetic moments

of Gd and ^^Gd will therefore be compared to the single-particle

values.

Gd, however, with N=89, lies near the transition from spherical to

deformed nuclei. The nuclear spin of -̂'•'Gd, 1=3/2", suggests a deformed

structure, comparable to the deformed configurations of ^^Gd and ^-^Gd,

which also have 1=3/2".

EkstrBm [10] has performed calculations on the deformed Gd-nuclei, on

the basis of the Nilsson model [11]. In fig. 6.1 experimental values of the

magnetic moments of Gd-nuclel are compared to his theoretical predictions,

which depend on the deformation parameter e. It can be seen that the

assumption of a deformed structure for 1->3G(J iea<js t o a s m a n negative

magnetic moment, comparable to the magnetic moments of "-*Gd and 157g<i.

In this case, the nuclear electric quadrupole moment of ^^gj should

also be comparable to the quadrupole moments of "^Gd and ^-"GA, which are

given in table 2.2. Hence nuclear quadrupole interactions may play a

significant role in the nuclear orientation experiments on -"GdGd.

Low temperature nuclear orientation experiments were performed on

sources of Gd-nuclei embedded in Fe and Gd. Hyperfine interactions of

Gd -ions in these hosts were utilized to orient the Gd-nuclei, as

described in chapter 3.

As to the magnetic hyperfine interactions, Gd3+ represents an
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Fig. 6.1 Theoretical magnetic moments of deformed odd-A Eu isotopes, as

calculated by Ekstr'om [10], compared to existing experimental

values of magnetic moments of these nuclei. The odd-A Fu-nualei

are supposed to be in the [521 3/2 J Nilsson state.

exceptional case. The half filled 4f-shell has a 4f configuration, with

L=0, S=7/2 and a ground state with J=7/2, denoted as 8S 7/ 2- Since L=0> the

orbital 4f-contribution to the hyperfine field vanishes [12]. Core

polarization and conduction electron polarization (CEP) contribute to the

magnetic hyperfine field at the Gd-nucleus.

The hyperfine field of Gd in Gd is mainly due to core polarization,

since the CEP-contrlbutlons due to the Gd-ion itself and to the

neighbouring host ions are about equal and opposite in this case [13]. In

the case of GdFe_ the CEP-contribution is taken to be negative, i.e. to have

the direction opposite to the external field, and larger than the positive

core polarization field.

The magnetic hyperfine field of Gd in Gd has been investigated

extensively by Mbssbauer and NMR experiments [14]. Although some of these
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measurements are reported to be quite precise, discrepancies of about 10%

are found between various results, the deduced hyperfine field varying

between ~33 T and ~37 T.

Bauminger et al. [15] conclude from Mössbauer experiments on several

different single crystals and polycrystalllne samples of Gd metal, that the

zero-field magnetization does not occur along the c-axis of the crystal,

which defines the direction of the electric field gradient, Vzz. The angle

between magnetization and c-axis was concluded to be different for single

crystals and polycrystalline materials, thereby causing differences between

the measured hyperfine fields. This was ascribed to the possible admixture

of higher electronic states into the ground state» Also a difference in

hyperfine field was found between various polycrystalline samples, obtained

from different commercial companies.

In our investigations only polycrystalline Gd metal was used. For such a

material, we shall take an average value, calculated from the results of

Bauminger [15] and from measurements of other authors in polycrystalline

samples [16-20]:

|Bhf| - -33.3(3.2) T (6.1)

The hyperfine field of Gd in Fe has been measured in a M'dssbauer

experiment to be |Bhf| -14.2(2.3) T [21]. Since also an unpublished

different result is quoted in the literature [22], we shall only deduce

ratios between magnetic moments from our measurements on GdFe_. An average

value for the hyperfine field of GdFe_ will be derived by comparing these

results to those obtained from our measurements on GdGd.

As for nuclear quadrupole interactions, a distinction is made between

the nuclei 1 'Gd and 'Gd on the one hand and "^Gd on the other hand. The

nuclei Gd and Gd are supposed to have a spherical configuration as a

consequence of the doubly closed shell structure of Gd. This leads to

small nuclear quadrupole moments.

The nucleus x-"JGd, however, having N»89, is expected to lie at the

transition between spherical (N<88) and strongly deformed nuclei (N>90).
153Hence the nucleus Gd may have an appreciable quadrupole moment, which

may cause sizeable nuclear quadrupole interactions.
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6.2 Experimental procedures

6.2.1 Source preparation

For the low temperature nuclear orientation experiments on gadolinium

Isotopes In ferromagnets, sources were prepared which consisted of the

systems 147GdFe_, 149GdFe, 149GdGd_ and 153GdGd.

The source of 147Gd£e_ concerned the same sample as source 1 of 146EuFe,

described in chapter 5 of this thesis. This source was produced by recoil

implantation.

For the production of 1 'Gd a target was made of 147Sm, enriched to

97.9% and evaporated upon 4.5pm thick Al foils. These foils were positioned

in an alternate sequence with iron foils of 1.5|jm thickness and placed into

the beamline of the cyclotron of the Kernfysisch Versneller Instituut (KVI)

at Groningen, as described in chapter 4. The foils were irradiated with

60 MeV o-particles to an Integrated dose of 38pAh. The 147Gd-nuclei,

produced in the irradiation, were recoil implanted into the iron foils.

From the iron foils, 4 pieces of 8x10 mm were cut and indium soldered

onto the cold finger of the nuclear orientation apparatus, resulting in a

total sample activity of 0.8 MBq (22 ,jCi).

Three sources were prepared by implantation of mass separated ^49Gd: one

source of GdFe_ and two of *"Gd(3d. A second source of * 9GdGd_ was

prepared since the first source showed a visible oxide layer after

soldering. Extra precautions were taken in the preparation of this second

source, so as to prevent oxidation of the Gd metal after the implantation.

For this reason the surface of the Gd metal was covered with silicon spray

Immediately after implantation.

The Gd-isotope was produced twice by proton irradiation of Eu, as

described in chapter 4. The resulting "°Gd activity was implanted into

0.1 mm thick foils of Fe and Gd. From these foils samples were cut of

8x9 mm, and indium soldered onto the cold finger of the nuclear orientation

apparatus.

For ^49GdFe_ the Implantation dose was l.lxlO12 ions/cm2, resulting in a

source activity of 0.7 MBq. The implantation doses of ^49GdGd_ amounted to
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2.4X1011 ions/cm2 in the first sample and 3xlO10 ions/cm2 in the second

sample, corresponding to source activities of 0.15 MBq and 0.02 MBq

respectively.

The source of J-JJGdGd_ was produced by neutron irradiation of natural Gd.

A Gd sample of 0.5 cm2 with a thickness of 0.2 mm was prepared and

polished. Copper was evaporated upon one side, for soldering purposes.

At the ECN at Petten, this sample was exposed to thermal neutrons for

one hour to a total dose of 1.8x10*' neutrons. After 30 days the short

lived isotopes 159Gd (-1̂ =18.6 h) and 161Tb (6.9 d) had decayed to small

activities. Then the source contained mostly 153Gd, resulting in a total

sample activity of 0.3 MBq.

6.2.2 Low temperature nuclear orientation experiments

Low temperature nuclear orientation experiments were performed on the

samples of Gd-isotopes embedded in iron and gadolinium, using the nuclear

orientation apparatus described in chapter 4.

The samples were indium soldered upon a copper sample holder, which in

turn was indium soldered onto the cold finger of the enhanced nuclear

refrigeration stage.

Temperatures were monitored by a 60CoCo_ single crystal for the

measurements on Gd and Gd, and by a MnFe_ thermometer source in the

case of '•"GdGd. These nuclear orientation thermometer sources were also

mounted upon the cold finger.

All samples were polarized in a field of 1.0 T using a split-pair

superconducting coil.

The radiation intensities in the 0* and 90" directions with respect to

the external field axis were measured with a high purity Ge detector having

a 75 cm3 crystal and with a 55 cm3 Ge(Li) detector respectively.

Temperatures down to typically 2.5 mK were reached by the procedures

described in chapter 5.

The automated data acquisition system was described in chapters 4 and 5.
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6.3 Results

6.3.1 Decay schemes of U 7Gd, 149Gd and 153Gd

The ground state decay of the nuclei 147Gd and 149Gd shows several

common features [23,24]. The strongest transitions in the decay schemes of

these nuclei are shown in fig. 6.2. Both nuclei have an I7t=7/2~ ground

state, and decay to the ground states of the corresponding Eu-nuclel with

I7t»5/2+, through relatively few transitions of appreciable intensity.

These daughter nuclei, ^'Eu and 14*Eu, have an isomerlc 11/2" excited

state, with life times of 0.765(js and 2.43(js respectively. The magnetic

moments of these isomeric states were measured by Klinger et al. [25] to be

(1=7.04(5)^ and 0-7.0(3)^ for 147Eu and 149Eu respectively. Transitions

which are fed from these states are likely to show reorientation effects in

nuclear orientation experiments, since the life time of the isomeric states

is much longer than the Larmor precession time of the nucleus in these

states, which is of the order of 1 ns.

The decay of 1^7Gd to 147Eu has been investigated by several

experimental techniques such as conversion electron spectroscopy

and Y~Y correlation measurements [23,26]. Recently KracfkovS et al. [27]

performed low temperature nuclear orientation experiments on implanted

sources of 147GdFe_ and 147GdGd_. Their results yielded several new spin and

parity assignments of Eu levels and mixing ratios of many transitions in

the decay of Gd. Using these experimental results, we calculated the

coefficients of the angular distribution funtion W(0), which is given by

eq. (3.45). In table 6.1 the calculated coefficients are shown for each

transition of which the anisotropy was measured in our nuclear orientation

experiments. The errors in the U^-coefflcients are due to uncertainties in

the decay schemes.

In the case of Gd the angular distribution coefficients were

calculated from the known decay scheme of 149Gd to ***Eu [24] and from

preliminary nuclear orientation results [28].

Although many transitions in the decay of 1^'Gd and *"Gd have a mixed

multlpolarity, it can be seen from table 6.1 that the F^coefficient of

most transitions measured in our experiments is quite small. Consequently

hardly any influence is to be anticipated from the k=4 term in the

directional distribution function W(S). Only in the case of the 396 keV
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Table 6.1 The angular distribution parameter e of the y-vayn of which the
anieotropy was rreasured in the nuclear orientation experiments
on gadolinium isotopes in Fe and Gd.

Nucleus

" 7 G d

1 4 9Gd

1 5 3Gd

E y (keV)

229

370

396

929

1131

299

347

748

97
103

*f

7/24

9/2"

11/2"

9/2"

9/2"

9/2"

11/2"

7/2"

5/2"

*V

+ 5/2+
+11/2"
"+ 7/2+
+11/2"

•+ 7/2+

•+11/2"

"* 7/2+
•+ 5/2+

•+ 5/2+
3/2++ 5/2+

Multipolarity

M14-E2

M14-E2

M24-E3

M14-E2

E l

M14-E2

M24-E3

E14M2

El
M14-E2

+0

4 0

- 0

4 0

4 0

- 0

40

0 .

6

.10(3)
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Fig. 6.3 Normalized y-vay intensity W(Q) of the 3 70 keV transition
of 14?GdFe_ in the 0° and 90° directions with veepest to the
external magnetic field. The parameters eovv e spending to the
full curve one given in table 6.2.
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Fig. 6.4 Normalized y-ray intensity W(Q) of the 929 keV transition
of **?GdFe_ in the 0" and 90° directions with respect to the
external magnetic field. The parameters corresponding to the
full curve are given in table 6.2.
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line of 147Gd and the 347 keV line of 149Gd, both of which deexcite the

respective 11/2" isomeric state, the k»4 term is important as a consequence

of the predominantly M2 multipolarity of the radiation.

The decay scheme of 153Gd to 153Eu, as shown in fig. 6.2, is simple.

Only two ^-transitions could be measured: 97 keV and 103 keV. The U^ and F^

coefficients were calculated from the known transition properties of '•-"Q,}

[29]. Since the ground state of 153Gd has 1-3/2, the k=4 term in the

angular distribution function W(G) vanishes.

The 97 keV transition is of pure El type, and is fed only by direct

p-decay from 153Gd.

The 103 keV transition has an unfavourable 1^2 coefficient, and showed

only little anisotropy in the measured gamma radiation. Therefore the

results obtained for this transition were omitted from the analysis.

6.3.2 Nuclear orientation experiments on GdFe

Low temperature nuclear orientation experiments were performed on the

recoil implanted source containing 147Gd in iron, at temperatures down to

2.7 tnK. Some results obtained from these experiments have been presented

before [30]. The radiation intensities of five -/-transitions in the decay

of 147Gd to 147Eu were recorded: 229 keV, 370 keV, 396 keV, 929 keV and

1131 keV.

A purely magnetic hyperfine interaction was assumed in the analysis of

the measured radiation intensities, because the electric quadrupole moment

of Gd is expected to be small.

Reorientation effects may Influence the radiation intensity anisotropies

of the 229 keV and 396 keV transitions, as a result of the long life time

(0.765 us) of the 11/2" isomeric state of *4'Eu. If reorientation effects

occur for these transitions, no conclusions concerning the 147Gd ground

state can be drawn from the measured anisotropy effects for these

transitions.

The anisotropy data of the 370 keV and 929 keV lines were used to

determine the strength of the magnetic hyperfine interaction of 147GdFe.

These anisotropy data are shown In figs. 6.3 and 6.4 for the 370 keV and
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929 keV transitions respectively.

From the absolute magnitude of the anlsotropy at low temperatures, one

can determine the fraction n of Gd-ions being oriented along the

magnetic field axis. If we would accept the mixing ratios to have the value

deduced by Kracfkova et al. [27J, we would find that this fraction exceeds

100% in the case of the 370 keV transition, i.e. n-1.26(13), whereas for

the 929 keV line n»0.88(ll) is found. Although these values do not agree,

we conclude that n is close to unity. Hence we infer that a very high

fraction of Gd-ions can be oriented In iron along the direction of the

externally applied magnetic field. Only the nuclei of those ions which

experience predominantly magnetic interactions will orient along the

external field axis.

As the most simple approach consistent with the experimental anisotropy

data, we have assumed that all Gd-ions contributed to the anlsotropy and

we have -taken a single magnetic hyperfine interaction for GdFe_, that is, we

assumed a fraction of 100% to experience an average hyperfine field. This

single field may be an average of various components. The shape of the

curves in figs. 6.3-6.7 is not very sensitive to such a distribution of

fields as long as the various contributing hyperfine fields do not differ

more than a factor of 2.

The magnetic hyperfine interaction derived in this way is:

|u.Bhf| - 31.0(1.6) p„T (6.2)

This value Is not influenced by the mixing ratios ot the two transitions,

since the k»4 term In the angular distribution function W(Q), given In eq.

(3.45), is negligible due to the small F^-coefficient of these lines, as

shown in table 6.1.

The saturation anisotroples of the 370 keV and 929 keV transitions yield

experimental values for the mixing ratios of these lines. For the 370 keV

transition we find:

6(E2/M1) - +0.20(4) (6.3)

This should be compared to the value deduced by Kraclkova, 6-0.14(4) [27],

and to earlier measurements, 6-0.07(3) [23].
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Table 6.2 Re suite of the nuclear Ofientaticn experiments on *4 7GdFe.

(keV)

Multipolarity

229

370

396

929

1131

M1+E2

M1+E2

M2+E3

MI+E2

El

+0
+0

+0

.13(2)

.20(4)

.39(7)

31

31

30

.7(2.

.6(2.

.4(2.

4)

9)

1)

0.86(18)

0.90(32)

We deduce the mixing ratio of the 929 keV transition to be:

6 - +0.39(7) (6.4)

This should be compared to ^0.44(8) [27] and ö«0.62(18) [23].

The results obtained in this way are given in table 6.2, whereas the

theoretical anisotropy curve corresponding to these values is shown in

figs. 6.3 and 6.4.

The anisotropy data of the 1131 keV transition, as shown in fig. 6.5,

exh-fbit a large scattering. Hence no reliable value can be deduced for the

magnetic hyperfine Interaction from these data. By taking the value

determined for this interaction from the 370 keV and 929 keV transitions,

an oriented fraction of n»0.90(32) is derived from the 1131 keV transition,

in agreement with the assumed 100% fraction for the 370 keV and 929 keV

lines.

The anisotropy of the 396 keV line is shown in fig. 6.6. The influence

of reorientation effects on the 11/2" isomeric state of 147Eu can be judged

by comparing the saturation anisotropy of the 396 keV transition to the

saturation anisotropies of the 370 keV and 929 keV lines. By taking the

mixing ratio for the 396 keV transition from KracfkovS [27], we find an

attenuation factor G2"0«86(18). Within the errors this Is consistent with

unity, i.e. no serious attenuation of the anisotropy occurs for the 396 keV
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Fig. 6.S Normalised y-ray intensity W(Q) of the 1131 keV transition
of 147GdFe_ in the 0° and 90° directions with respect to the
external magnetic field. The parameters corresponding to the
full curve are given in table 6.2.
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Fig. 6.6 Normalized y-ray intensity W(Q) of the 396 keV transition
of ^'G&Fe in the 0° and 90° directions with respect to the
external magnetic field. The parameter's corresponding to the
full curve are given in table 6.2.
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Fig. 6.7 Normalized y-ray intensity W(e) of the 229 keV transition

of GdFe_ in the 0° and 90" directions with respect to the

external magnetic field. The parameter8 corresponding to the

full curve ape given in table 6.2.

line due to reorientatlon. The value for the magnetic hyperflne Interaction

deduced for the 396 keV line Is In agreement with the values from the

370 keV and 929 keV lines, which also supports the Indication that

reorientatlon effects are small or negligible.

From the anisotropy of the 229 keV transition, which is shown in

fig. 6.7, we calculate the mixing ratio of this line by taking the magnetic

hyperfine Interaction and the attenuation factor from the 396 keV line:

6 - +0.13(2) (6.5)

This value is in agreement with the results of Kraclkovfi, 6-0.10(3) [27],

and with earlier results, 6-0.13(2) [23].
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Fig. 6.8 Normalized y-ray intensity W(Q) of the 299 keV transition
of 149GdFe_ in the 0° and 90° directions with respect to the
external magnetia field. The parameters corresponding to the
full curve ar>e given in table 6.3.
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Fig. 6.9 normalized y-ray intensity W(Q) of the 748 keV transition
of 149GdFe_ in the 0° and 90° directions with respect to the
external magnetic field. The parameters aorre spending to the
full curve at>e given in table 6.3.
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6.3.3 Nuclear orientation experiments on GdFe

Low temperature nuclear orientation experiments were performed on the

source of * 9Gd Implanted Into iron, at temperatures down to 2.4 mK. The

radiation intensities of the 299 keV, 347 keV and 748 keV transitions in

the decay of Gd to Eu were measured as a function of temperature.

Results which were derived from these measurements have been presented

before [30].

Like in the case of ^ G d J ^ the obtained anisotropy data were analyzed

assuming a purely magnetic hyperfine Interaction, since the quadrupole

moment of Gd is expected to be small.

The measured anisotropies of the 299 keV and 748 keV lines are shown in

figs. 6.8 and 6.9 respectively. The magnetic hyperfine interaction of the

system 1^9GdFe_ was determined independently for the 299 keV and 748 keV

lines. The averaged result yields:

> B h f | - 28.3(2.0) (6.6)

147rAs in the previous section for GdFe_, this value is not influenced by the

mixing ratios of the two lines, since the k»4 term in the angular

distribution function W(0), given in eq. (3.45), is negligible due to the

small F^-coefficient of these lines, as shown in table 6.1.

If we take the mixing ratios of the 299 keV and 748 keV transitions from

the preliminary results of KraclkovS [28], we find for the fraction

of 49Gd-ions which can be oriented at low temperatures: n»l.14(17) and

n-0.92(14) for the 299 keV and 748 keV transitions respectively. Therefore

we assumed that all Gd-ions contributed to the measured anisotropy, i.e.

n-1.0, like in the case of 1 GdFe_. On the basis of these data and

considerations we obtain a value for the mixing ratio. In the case of the

299 keV transition we deduce:

6 =• 40.15(3) (6.7)

This value may be compared with the preliminary value of KraclkovS

6-0.11(3) [28].
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Fig. 6.10 Normalized y-vay intensity W(Q) of the 347 l&V transition
of 149GdFe_ in the. 0° and 90° directions with respect to the
external magnetic field. The parameters corresponding to the
full curve are given in table 5.3.

Table 6.3 Results of the nuclear orientation experiments on 149GdFe.

Multlpolarlty G2

299

347

748

M1+E2

M2+E3

E1+M2

+0.15(3)

+0.041(13)

28.3(2.3)

27.3(2.7)

28.8(4.3)

0.67(12)
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For the 748 keV transition we find:

6 = +0.041(13) (6.8)

to be compared with the quoted value 6=0.034(21) [28].

The y-ray anisotropy data obtained for the 347 keV transition in the

decay of 149Gd are shown in fig. 6.10. This transition deexcites the 11/2"

isomeric state of x Eu, which has a life time of 2.43jis [24], The

experimental data were analyzed taking the mixing ratio of this transition

from the preliminary results of Kraclkova [28]. From table 6.3 we see that

the anisotropy of this transition is attenuated to about 2/3 of the

anisotropy calculated in the absence of reorientation effects. This

attenuation indicates that at least for part of the Gd-ions in iron

non-axial hyperfine interactions existed in our sample.

No good fits could be obtained by assuming, instead of reorientation

effects, that another value for the mixing ratio of the 347 keV transition

would be the origin of the reduced anisotropy.

6.3.4 Nuclear orientation experiments on GdGd

Low temperature nuclear orientation experiments were performed on the

two sources of Gd implanted into Gd, down to 2.4 mK. For both sources

the f-ray intensities were measured for the 299 keV and 347 keV transitions
1AQ 149

in the decay of i4'Gd to Eu. The results of source 2 are regarded as

more accurate since this source was prepared more carefully to prevent

oxidation.

The mixing ratio of the 299 keV transition was taken from our
1 AQ

experiments on x Gd£e_, which were described in the previous section. Like
149for Gd-ions in iron we assumed for GdGd_ a purely magnetic hyperfine

Interaction.

The anisotropy data obtained for the 299 keV and 347 keV transitions are

shown for source 2 in figs. 6.11 and 6.12 respectively. The results

obtained from the analysis of the data from both sources are given in table

6.4.
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1.2

0.8

Fig. 6.11 Normalised y-ray intensity W(Q) of the 299 keV transition
of GdGd, source 2, in the 0° and 90° directions with respect
to the external magnetic field. The parameters corresponding to
the full awve ape given -in table 6.4.

l . i •

0.7

Fig. 6.12 Normalised y-r>ay intensity W(Q) of the 347 keV transition
of ^-^GdGd, sovpoe 2, w» the 0° and 90° directions with respect
to the external magnetic field. The parameters corresponding to
the full curve are given wi table 6.4.
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Table 6.4 Results of the nualea* orientation experiments on 149GdGd.

Source E„ (keV)

299

347

299

347

38(5)
30(9)
27(9)
31(8)

0.34(5)

0.74(20)

0.28(7)

0.72(17)

We deduce the strength of the magnetic hyperfine interaction from the

results oi the 299 keV transition obtained for the two sources:

|u.Bhf| - 33.8(4.7) MNT (6.9)

The deduced values of the fraction n of iH'Gd-ions contributing to the

measured anisotropy indicate that for both sources part of the implanted

ions could not be oriented at low temperatures. From evidence which will be

discussed In section 6.4.3 we infer that this may have been caused by

internal oxidation of the gadolinium foils.

The results of the 347 keV line are not accurate enough to conclude

whether reorientation effects have influenced the radiation anisotropy of

this line.

6.3.5 Nuclear orientation experiments on *^GdGd

He performed low temperature nuclear orientation experiments on the

neutron irradiated source of Gd in Gd metal. The lowest temperatures

reached were well below 3 mK, at which temperature the thermal contact with

the cold finger was still good. No problems were observed with the heat

conduction in the Gd metal, or with the soldered connection between the

cold finger and the Gd foil. The y-ray intensities of the 97 keV and

103 keV transitions of 153Gd were measured. Typical line shapes of the

97 keV and 103 keV transitions are shown in fig. 6.13 for high temperatures

(T>1 K) and also for low temperatures (T<4 mK).
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Fig. 6.14 Normalised y-fay intensity W(Q) of the 97 keV transition

of 1S3GdGd_ in the 0" and 90° directions.

Temperatures were measured with a MnFe_ nuclear orientation

thermometer. Since this MnFe_ thermometer yields accurate values for the

temperature only for 1/TO00 K"1 (see section 4.3), data obtained at still

lower temperatures were omitted.

The r"ray anisotropy results obtained for the 97 keV transition of

are shown in fig. 6.14. In the analysis of these data we have assumed that

100% of the Gd-ions in the Gd metal could be oriented. This assumption is

based on two arguments. Firstly, the source was prepared by irradiation

with thermal neutrons. Therefore the Gd-ions were produced throughout

the sample and not only in the surface layer. Internal oxidation of Gd-ions

is expected to occur mostly near the surface. The second argument for

assuming an oriented fraction of 100%, is the fact that predominantly core

polarization contributes to the magnetic hyperfine field of GdGd_. The core

polarization field of GdGd_ is largely independent of crystal field

interactions such as generated by defects, since L«0. Consequently all

Gd-ions will experience approximately equal hyperfine fields. With the

assumption of a purely magnetic hyperfine interaction for 15^GdGd_ this
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Interaction Is obtained as: |p..B̂ f| -12.7(1.5)^1. This corresponds to a

magnetic moment of 153Gd: |u|»0.38(6) ijjj.

Nuclear quadrupole interactions are expected to influence the nuclear

orientation measurements of GdGd_ since Gd may have an appreciable

quadrupole moment•

The importance of these quadrupole interactions may be estimated by

comparing the nuclear properties of 153Gd to those of 155Gd and 157Gd. The

nuclear spin of 153Gd, 1-3/2", is equal to those of 155Gd and 157Gd. These

latter nuclei have a deformed structure with magnetic moments

H=-0.2584(5) ^j and(i=-0.3381(13) |̂j respectively [31], and quadrupole

moments Q-H..30(2) b and Q=H-1.36(2) b respectively [32]. Since the measured

magnetic moment of 1"Gd is comparable in magnitude to the magnetic moments

of Gd and Gd, we assume this nucleus to have also a deformed

structure. Consequently the quadrupole moment of Gd will be of the same

order of magnitude as the quadrupole moments of 155Gd and "'Gd.

We analyzed the measured anisotropy data on the 97 keV line of "GdGd,

shown in fig. 6.14, by assuming Q(153Gd)=+1.3O b. From the work of

Bauminger et al. [15] we calculate the nuclear quadrupole interaction in

this case to be: P/h=27.6 MHz. Haroutunian et al. [33] described the

influence of randomly oriented nuclear quadrupole interactions on nuclear

orientation experiments. Using their results and the calculated quadrupole

interaction, which corresponds to K-0.43, we obtain the value for the

magnetic hyperfine interaction of 153GdGd_: | u-6hf |-13.3(1.5) î jT.

This is, at least in good approximation, independent of the sign of the

nuclear quadrupole interaction. From the small difference with the value

found on the assumption of Q"0, it is clear that nuclear quadrupole

interactions have only a small influence on the derived magnetic moment.

We shall allow a range of Q-values, |Q|<2.5 b, in the error margins of

our result:

|u.Bhf| - 13.3(2.1) ^T (6.10)

From this result we shall deduce the magnetic moment of Gd in section

6.4.2.
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6.4 Discussion

6.4.1 Reorientation of the 11/2" isomeric states of 147Eu and 149Eu

The reorientation effects due to non-axial (quadrupole) interactions

working on the 11/2" isomeric states of ^ E u and ^^Eu can be estimated

from the attenuation of the anlsotropy in the radiation emitted from these

states. The life times of the isomeric states of Eu and Eu are

0.765 us and 2.43 \ts respectively, and the energies of the transitions from

these states are 396 keV and 347 keV respectively.

From tables 6.2, 6.3 and 6.4 we see that the attenuation of the measured

anisotropy of these lines is relatively small. Only in the case of ^*GdFe

the attenuation coefficient G2 differs significantly from unity.

The interactions working on the isomeric states are the interactions of

Eu in Fe and Gd metal lattices. In the experiments on EuFe_ described

in chapter 5, it was found that a very high fraction of Eu -ions in iron

could be oriented along the external field axis, and it was concluded that

only small non-axial quadrupole interactions act on Eu -nuclei, even in

the case of a vacancy-associated Eu-ion. This is in agreement with the

relatively small reorientation effects found in the measurements on GdFe.

The source of 6dFe_ was the same recoil implanted source as source 1

of 146EuFe_. Since most of the 146Eu-nuclei in this source originated from

the decay of Gd to Eu when the sample was at low temperatures, we may

assume that the sites of 147GdFe_ and 146EuFe_ were equivalent. Consequently

it is likely that ~40% of the U7Gd-nuclei occupied substitutional lattice

sites, whereas the other ~60% were associated with lattice defects such as

trapped vacancies.

If we assume for the source of ^GdFe^ also a substitutional fraction of

~40%, the anisotropy of the 347 keV transition from the ~60%

non-substitutional Gd-ions is found to be attenuated to about half its

maximum value (G2=0»5).

The influence of intermediate state reorientation on the radiation

anisotropy in a nuclear orientation experiment has been described by

Johnston and Stone [34] for intermediate state life times long compared to

the Larmor precession time of this state, and by Haroutunian et al. [35]

for arbitrary life times. In fig. 6.15(a) the attenuation coefficients G2

and G^ are shown in the case of I«7 for polycrystalline materials, as
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Fig. 6.15 The attenuation factors <?2 and G4 dus to inter'mediate state
reorientation. Tlkese results were obtained for 1=7 by Johnston
and Stone [34J: (a) the dependence an the ratio X between the
nualeav quadrupole interaction and the magnetic hyperfine
interaction; (b) the dependence on the parent state orientation
parameter p=\tBftf/IkT, for X=0.1.

calculated by Johnston [34] for various values of X, where X is the ratio

between the electric quadrupole interaction and the magnetic hyperfine

interaction:

(6.11)
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From fig. 6.15(a) and from G,=0.5 we may conclude for non-substitutional
149

Eu-ions: |X|<0.1. Hence we find an upper limit for the non-axial
quadrupole interactions of Eu in Fe:

|P| < 14 MHz (6.12)

The attenuation coefficients G2 and G4 were also calculated by Johnston

[34] for Bi as a function of the parent state orientation parameter

p-(uBhf/IkT). From their results, shown in fig 6.15(b), it is clear that G4

can not be taken constant below p-1, which corresponds to l/T«300 K"1 in

our experiments. The k-4 term in the directional distribution function W(9)

is appreciable for the 396 keV and 347 keV lines of 147Gd and 149Gd

respectively, as can be seen from table 6.1. Therefore we have not used the

results obtained for these lines to deduce the magnetic hyperfine

interactions of 147GdFe_, 149GdFe_ and 149GdGd, and hence the magnetic

moments of 147Gd and 149Gd.

6.4.2 The nuclear magnetic moments of 147Gd, 149Gd and 153Gd

The results of our nuclear orientation measurements of the ground state

magnetic moments of Gd-isotopes in iron and gadolinium are given in table

6.5.

Table 6.S Magnetic hypeffine intevaation strengths obtained fr>om ow>

measurements on Gd-isotopes in Gd and Fe.

Source |n*Bhfl ( MtJT>

147GdFe 31.0(1.6)

149GdFe
149GdGd
153GdGd

23

33

13

.3(2

.8(4

.3(2

.0)

.7)

.1)
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The results of Mennenga [21] indicate that the hyperfine field of GdFe

is the same for recoil implanted sources as for sources prepared with a

mass separator. In this case, we may compare our results obtained for the

two sources of GdFe. From the ratio between the magnetic hyperfine

interactions Of GdFe_ and l"GdFe_ we deduce the ratio of the magnetic

moments:

"0.91(8) (6.13)

A somewhat smaller magnetic moment of Gd compared to Gd can be

expected because of larger deviations from the single-particle model in the

case of l"Gd, due to the extra neutron pair outside the closed ^ °Gd core.

The hyperfine field of Gd in Gd has been measured by several authors

[14,15]. If we take the value Bhf—33.3(3.2) T as discussed in section 6.1,

we obtain the following experimental values for the nuclear magnetic

moments of 149Gd and 153Gd:

|(i(149Gd)| - 1.01(16) n, (6.14)

and

|u( l 5 3 Gd)| - 0.40(8) ^ (6.15)

With eq. (6.13) we arrive at the magnetic moment of Gd:

|u(1 4 7Gd)| - 1.12(20) tl,, (6.16)

These results are given in table 6.6. They are compared to other

experimentally known magnetic moments of odd-A Gd-nuclei, and to the

theoretical estimates derived in chapter 2 with a simple magnetic moment

theory, based on corrected single-particle magnetic moments. The

single-particle value for 1=7/2 is -1.9 \t^.

The magnetic moments of **'Gd and 149Gd were expected to agree with the

corrected single-particle values, on the assumption that the odd neutron

could be regarded to be in a single-particle state.

The slightly smaller magnetic moment of *47Gd shows that even for this

nucleus, although expected to show the characteristics of a single-particle
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Table S.6 Experimentally obtained values of the magnetic moments of odd-A

Gd-ieotopes. They are oompared to the theoretical estimates

derived in chapter 2. The single-particle prediction for 1=7/2

is

Nucleus

U 7 G d
149Gd

153Gd
155Gd

157Gd

^exp <MN>

±1.12(20)

+1.01(16)

±0.40(8)

-0.2584(5)

-0.3381(13)

ref.

this work

this work

this work

[31]

[31]

Htheor (MtJ>

-1.49

-1.49

-1.49

-1.49

-1.49

nucleus, our approach of renormalized gyromagnetic ratios is inadequate.

The quenching of the magnetic moment from the single-particle value,

p,»-1.9 pjj, to ||x| »1.12(20) \Sff suggests that the double shell closure

occurring at ^ G d is not strong enough to prohibit the admixture of

excited single-particle states into the closed core.

The nuclear magnetic moment of Gd is comparable to the magnetic

moments of 155Gd and Gd, in agreement with the theoretical prediction of

Ekström [10], which is shown in fig. 6.1. It is therefore concluded that

the nucleus 153Gd is already fully deformed, although it is the first

nucleus after the onset of deformation. The nuclear spin of Gd, I"3/2~,

is also equal to the ground state spins of Gd and Gd, as shown in

table 2.2, which supports the conclusion of a deformed nucleus.

On the basis of the nuclear shell model, Casten et al. [8] have

suggested that this sudden onset of deformation between N-88 and N-90 is a

consequence of the large proton energy gap at Z»64. As discussed in

section 6.1 they predicted that as soon as Gd-nuclei reach neutron numbers

exceeding N-88, they make an abrupt transition from the spherical to a

deformed shape. Our experimental value for the magnetic moment of -"Gd

confirms that this transition occurs at N«89.
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The deduced gyromagnetic ratio of the ground state of 153Gd is:

|gN(
153Gd)| = 0.27(5) (6.17)

This value is smaller than the collective model prediction for the

gyromagnetic ratio of a nucleus with a homogeneous charge distribution,

which yields: gp~Z/A=0.42 for Gd. This, however, is also the case for

the nuclei 155Gd and 157Gd.

6.4.3 Hyperfine interactions of Gd-ions in Fe and Gd

Magnetic hyperfine interactions of Gd3+-ions are characterized by the

absence of the orbital contribution from the electrons of the 4f-shell. In

the case of Gd , which has a 4f' configuration, the 4f orbital magnetic

hyperfine field vanishes, since L=0. For other trivalent rare earth ions

this 4f-contribution is usually much larger than the magnetic fields

originating from core polarization (CP) and from conduction electron

polarization (CEP). A contribution to the hyperfine field could also arise

from 4f-5d electron hybridization. This will not be considered here, as it

does not influence our analysis.

Core polarization is a result of the exchange interaction between the

localized s-electrons of the Gd-ions and the spin angular momentum of the

4f-shell. The hyperfine field of Gd in Gd is mostly due to core

polarization, since the conduction electron polarization contribution Is

small in this case. As dissussed in section 6.1, this field is taken to be:

Bhf(Gd) = -33.3(3.2) T (6.18)

OJ.

The core polarization field for a Gd -ion in iron may be calculated

with eq. (3.13), as given by Watson and Freeman [36]:

Bcp(Fe) = +31.5 T (6.19)

The CEP field at Gd- ions in Fe Is found to be larger and opposite to
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the core polarization field, thereby causing a negative hyperfine field for

a substitutional Gd-lmpurity [14,21].

GdFe.

From our results for 1*'GdFe_ and 1 Gd£e_ it was concluded that we have

been able to orient all the Gd-ions in iron. Hence evidently the non-axial

electric field gradients have only little influence on the hyperfine

interactions of Gd-ions in Fe. This is not surprising, since the crystal

field interacts with L only, while for Gd^+-ions L O .

As to the crystal field, only the direct interaction with the nuclear

quadrupole moment is to be considered, but from the measured 100? fraction

contributing to the nuclear orientation we conclude that this interaction

is small compared to the magnetic hyperfine interaction. This supports our

assumption that the nuclear quadrupole moments of *'Gd and l*^Gd are

small.

Still, on the basis of widely accepted empirical evidence for implanted

radioactive nuclides in metals such as iron [37,38], it is highly probable

that part of the Gd-impurities in Fe occupied defect associated lattice

sites.

Since both ionic fractions were oriented at low temperatures, we

conclude that both fractions experienced predominantly magnetic hyperfine

fields along the external field axis, only differing in magnitude. The core

polarization field will be equal for the two fractions, because core

polarization arises from the 4f spin angular momentum of the ion itself.

The conduction electron polarization, however, depends on the immediate

surroundings of the impurity.

From our results on Ĝd£e_ we obtain an average hyperfine field for all
149Gd-impuritles in Fe:

|Bhf | - 27.9(4.4) T (6.20)

Mennenga and Niesen [21] found a hyperfine field |Bhf| =14.2(2.3) T for

GdFe. They fitted their Mössbauer spectrum of 1-"Gd£e_ with two components,

one of which was presumed to have a dominant quadrupole interaction. In

view of the results presented here this analysis does not seem to be

correct, since it is clear from eq. (6.20) that an ionic fraction must have
i An

been present in our experiments on Gd£e_ with a hyperfine field of at
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least 28 T. It can be noted here that the spectrum of Mennenga and Niesen,

when fitted with only one component, yields an average hyperfine field

of ±36 T [39]. The result given in eq. (6.20) is in agreement with the

value of Russel who found Bhf—37.0(8) T [22].

The obtained result provides the value of the CEP-contribution to the

magnetic hyperfine field of GdFe_. It can be argued that vacancy trapping is

the type of defect most frequently occurring for rare earth impurities in

iron. For instance, in Mössbauer experiments on 161DyFe_ Wit et al. [40]

found that a large crystal field interaction existed for the

non-substitutional *-°*Dy-impurities. They concluded that these

non-substitutional impurities were associated with vacancy-clusters, the

most simple possible configuration being a mono-vacancy at a nearest

neighbour site.

By assuming that the CEP-field of a Gd-impurity is proportional to the

number of occupied nearest neighbour sites, a reduction with respect to the

substitutional CEP-field is expected for a Gd^+-ion associated with a

vacancy-cluster. Using eq. (6.20), we find an upper limit for the CEP-field

for substitutional Gd-ions in Fe:

B C E p < -59(5) T (6.21)

This value may be compared to the CEP-contributions to the magnetic

hyperfine field measured by nuclear orientation experiments for the

impurity-host systems 140LaFe_ (BCEP=-46(5) T) [41] and 177LuFe_

(BCEP»-61(3) T) [42]. This comparison suggests that the upper limit found

for GdFe_ is close to the actual value, which implies that the reduction of

the CEP-field for the defect fraction is relatively small. This is in

agreement with the fact that the temperature dependence of the nuclear

orientation in GdFe_ can be fitted very well with one value for the magnetic

hyperfine field.

149GdGd-

The results obtained for 149Gd implanted into Gd metal, as given in

table 6.4, show an appreciably reduced anisotropy compared to its maximum

value. Also, a difference between these results is observed. The origin of

this reduction might be ascribed to various effects, of which we will

discuss: (') vacancy trapping; (2) crystal fields generated by the lattice;
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and (3) Internal oxidation of the Gd sample.

(1) Since Gd-ions In Gd metal are obviously not Impurities, vacancy

trapping can be ruled out.

(2) The hexagonal lattice structure of Gd metal will generate crystal

fields at the impurity nucleus. For our sample which was made of

polycrystalline material, these crystal fields will have random

orientations, producing attenuation of the radiation anisotropy in a

nuclear orientation experiment [33].

However, in the measurements on ^'Gdj?e_ no significant attenuation of

the radiation anisotropy was found. It is likely that in the case of GdFe

part of the Gd-ions will have trapped vacancies in the nearest neighbour

shell. These vacancy-associated Gd-ions experience much larger crystal

fields than the hexagonal crystal fields at regular sites in Gd metal.

Hence we conclude that the measured reduction of the anisotropy of *"GdGd_

can not have been caused by crystal fields.

(3) The only possibility left to explain the reduced anisotropy is the

existence of a fraction of Gd-ions which experience only a small or

negligible magnetic hyperfine field. This might be caused by internal

oxidation of the Gd sample.

The implantation energy of the **'Gd-ions was 120 keV, corresponding to

a mean penetration depth of ~11 nm. Since the sample holder was indium

soldered upon the cold finger of the cryostat, it is possible that the

oxide layer on the surface of the Gd metal migrated inward during this

soldering process, thereby causing internal oxidation of part of the

Implanted Gd-ions.

Also for other samples which we made by implantation into Gd-metal, in

particular for ^ C e in Gd, a low substitutional fraction was found, of

~15% [43]. This is only 1/3 of the substitutional fraction usually found

for rare earths in iron, a reduction which might be ascribed to internal

oxidation.

We have observed that soldering temperatures of 150-200 *C are

sufficient to produce visible oxide layers on the Gd surface. In the case

of our second sample of GdGd_ we have tried to prevent this by covering

the surface of the Gd metal with silicon spray immediately after

implantation. This sample showed the least attenuation of the anisotropy,

corresponding to ~30% internally oxidized Gd-ions.
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6.5 Conclusions

In this chapter we have presented the results of nuclear orientation

experiments on several Gd-isotopes in iron and gadolinium.

From the nuclear orientation results we deduced experimental values for

the magnetic hyperflne interaction of Gd-ions in Fe and Gd. From these

hyperfine interaction values, we derived experimental values for the

magnetic moments of Gd, Gd and '•"Gd. These magnetic moments were

compared to the theoretically estimated values which were derived in

chapter 2 on the basis of the spherical shell model, and to the

experimental values for the magnetic moments of the deformed nuclei Gd

and 157Gd.

It was found that the experimental magnetic moments of Gd and 1*9Gd

have values which are quenched from the Schmidt value stronger than would

have been expected from our theoretical estimate. We conclude that the

double shell closure of 1 Gd is not strong enough to prohibit the

admixture of excited single-particle states into the closed Gd-core.

The experimental magnetic moment of Gd was found to be comparable In

magnitude to the magnetic moments of Gd and Gd. Hence it may be

concluded that Gd has a deformed ground state. We infer that the

transition from spherical to deformed ground states of Gd-nuclei takes

place between N-88 and N-89.

The nuclear orientation results showed that a very high fraction of the

Gd-ions in iron contributed to the measured fray anisotropy. We conclude

that the Gd-ions in iron experienced predominantly magnetic hyperfine

interactions, which supports our assumption of small nuclear quadrupole

moments of 147Gd and 149Gd.

An average value was deduced for the magnetic hyperfine field of Gd-ions

in iron: I B^l «27.9(4.4) T. This value was inferred to be in agreement with

other measurements of the hyperfine field of Gd in Fe. With the measured

average hyperfine field we derived an upper limit for the contribution to

the hyperfine field from conduction electron polarization (CEP). This

CEP-contribution to the hyperfine field is consistent with experimental

values found for other rare earths In iron.

In the case of Gd-ions in Gd, we found a considerable reduction of the

•pray anisotropy compared to Its maximum value. We suggest that Internal

oxidation of the Gd-metal was responsible for this reduction.
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Intermediate state perturbation which could have Influenced the y-ray

anlsotropy from long-lived isomeric states In the decay of **'Gd and 1*^Gd,
1 AQ

was only found to some extent In the case of *3GdJ|e. These relatively

small perturbation effects are In keeping with the small non-axial

quadrupole Interactions deduced for EuFe_In chapter 5.

For several yray transitions in the decay of Gd and Gd we derived

multipole mixing ratios. These values are in agreement with experimental

values for these mixing ratios as obtained by other authors.
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SAMENVATTING

In dit proefschrift worden de resultaten beschreven van experimenten ten

einde de magnetische momenten te bepalen van radloaktieve atoomkernen van

europium (Eu) en gadolinium (Gd), elementen behorend tot de reeks van de

zeldzame aarden of lanthaniden in het periodiek systeem.

In deze experimenten werd gebruik gemaakt van de methode van

kernspinoriëntatie in ferromagnetische metalen of legeringen. Hierbij

detekteert men het richten van de kern(spin) bij zeer lage temperaturen

door het meten van de richtingsafhankeli jkheid van de straling die door

deze kern uitgezonden wordt. De oriëntatie van de kern wordt bewerkstelligd

door de hyperfijnstruktuur-wisselwerking van de kern met de omringende

elektronen. De sterkte van de magnetische hyperfijn-wisselwerking is een

maat voor het magnetische moment van de kern.

In het eerste hoofdstuk wordt een algemene inleiding gegeven van de

experimentele en theoretische onderwerpen die in dit proefschrift aan de

orde komen.

De theoretische beschrijving van kernen volgens het schillen-model is

het onderwerp van hoofdstuk 2. Er wordt ingegaan op de struktuur van

kernen, in het bijzonder kernen in de buurt van "Gd, een kern die zowel

voor protonen als voor neutronen een gesloten schillen-struktuur heeft. Ook

worden magnetische momenten besproken, en een simpele theoretische

schatting wordt gemaakt voor de magnetische momenten van de europium en

gadolinium kernen waaraan wij experimenteel onderzoek hebben gedaan.

Hoofdstuk 3 beschrijft de theorie van kernorl'êntatie. In dit verband

komen ook de hyperfijn-wisselwerkingen aan de orde, met nadruk op de voor

zeldzame aarden uitzonderlijke gevallen Eu en Gd . Verder worden de

temperatuur-afhankelijkheid en de richtings-afhankelijkheid beschreven van

y-straling uitgezonden door georiënteerde kernen.

In hoofdstuk 4 wordt een kort overzicht gegeven van de experimentele

technieken die gebruikt zijn voor het uitvoeren van de experimenten. De

kombinatie van een %e-*He verdunningskoelmachine met kerndemagnetisatie

van "versterkte" magnetische momenten van Pr-kernen in PrNij is hierbij

essentieel. Behalve de iage-temperatuur opstelling voor de

kernoriëntatie-metingen wordt ook de thermometrie met behulp van
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kernoriëntatie van Co en Mn behandeld. Verder worden de gebruikte

methodes besproken voor het maken van de meetpreparaten. Tevens wordt het

automatiserings-systeem van de kernoriëntatie-opstelling uitvoerig

beschreven.

De experimenten aan Eu-kernen in verschillende "gastheer"-materialen

zijn het onderwerp van hoofdstuk 5. Door de zeer lage temperaturen, behaald

in de kernoriëntatie-metingen, werd verzadiging bereikt van de stralings-

anisotropie. Daardoor kon een eenduidige waarde bepaald worden voor de

fractie van Eu-kernen in deze materialen, die bijdroeg aan de gemeten

anisotropie. Dit verhoogt de betrouwbaarheid van de uit de meetresultaten

afgeleide magnetische momenten.

De resultaten van metingen aan ^*5-148Eu i n ij z e r e n in de verbindingen

SmFe2 en SmCc>2 leveren experimentele waarden op voor de magnetische

momenten van de grond-toestanden van deze kernen. Geconcludeerd wordt dat

de magnetische momenten van deze kernen te beschrijven zijn met behulp van

het schillen-model van de kern en met het zogenaamde IBFA-model. Gedurende

het verloop van dit promotieonderzoek zijn ook door andere groepen waarden

gevonden voor de magnetische momenten van deze Eu-kernen. Deze waarden,

welke bekend zijn geworden tijdens de conferentie over Hyperfine

Interactions (Groningen) in 1983, blijken in overeenstemming te zijn met

onze resultaten.

Berekeningen aan de hyperfijn-wisselwerkingen van Eu -ionen tonen aan

dat het mogelijk is de kernen van alle Eu-ionen in ijzer te oriënteren, in

overeenstemming met onze resultaten voor °Eu in ijzer. Voor

verscheidene -y-overgangen in het radioaktieve verval van de bestudeerde

Eu-kernen worden mengverhoudingen van multipoolstralingen bepaald.

Het zesde hoofdstuk beschrijft de resultaten van kernoriëntatie-

experimenten aan radioaktieve Gd-kernen in ijzer en in gadolinium-metaal.

Uit de gemeten sterkte van de magnetische hyperfljn-wisselwerking in deze

systemen worden experimentele waarden bepaald voor de magnetische momenten

van drie Gd-nucliden. Door vergelijking met de in hoofdstuk 2 berekende

schattingen en met experimenteel bekende magnetische momenten van andere

Gd-kernen, wordt geconcludeerd dat **'Gd en ^'Gd beschouwd mogen worden

als nagenoeg bolvormige kernen, terwijl 153Gd een vervormde structuur

heeft.

Verder wordt uit de metingen een waarde afgeleid voor het magnetische

hyperfijnveld van Gd-ionen in ijzer, die in overeenstemming blijkt met
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resultaten van anderen. Uit de analyse van de meetresultaten volgt ook dat

een eventuele verstoring van de richtings-afhankelijkheid van de straling,

afkomstig van een langlevende tussentoestand in het radioaktieve verval van

de kernen Gd en 'Gd, geen significante Invloed heeft op de conclusies.

Tenslotte wordt de mengverhoudIng bepaald van verscheidene y-overgangen in

het verval van 147Gd en 149Gd.
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NAWOORD

Velen hebben bijgedragen aan het tot stand komen van dtt proefschrift.
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bij de automatisering van de meetopstelling. De aanvoer van vloeibaar

helium werd verzorgd door de cryogene technici en voor zaken aangaande het
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en de fotografische reproduktie werd verzorgd door de heer

L.A. Zuijderduin. De medewerking van P.A.M. Hemels in het drukken van dit

proefschrift wordt zeer op prijs gesteld.

Een belangrijk aandeel leverden de heren J.J. Smit en F.Th. ten Broek

van de Rijksuniversiteit in Groningen, die alle implantaties met behulp van

de Groningse massaseparator hebben uitgevoerd. De medewerkers van de

cyclotrons van het KVI in Groningen en van de TH in Eindhoven verzorgden

bestralingen voor de radioaktieve preparaten.

Boven alles dank ik Marjan, die mij steeds terzijde stond, het grootste

gedeelte van dit proefschrift heeft getypt, en vele van de tekeningen heeft

gemaakt.
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STELLINGEN



1. Hyperfijninterakties van Eu -ionen in 3d-ferromagneten worden

voornamelijk bepaald door de nagnetische exchange-wisselwerking met de

naaste buuratomen.

R.J. Elliot, Proa. Phy8. Soa. Londen B70 (1957) 119;

I. Wouik en S. Ofer, Phys. Rev. 1S3 (196?) 109;

dit proefschrift, hoofdstuk 5.

2. De experimenteel gevonden waarden voor de magnetische momenten van

oneven gadolinluipkernen wijzen erop dat een plotselinge overgang

optreedt tussen N»88 en N-89 van nagenoeg bolvormige naar gedeformeerde

kernen.

Dit proefschrift, hoofdstuk 6.

3. Bepaling van de concentratie van Ft-lonen door middel van extraktie met

acetylaceton uit een Pt-katalysator op AI2O3 als drager is niet

mogelijk in aanwezigheid van chloor.

bijv.: P. Putanov, M. Jovanovia, 0. Selakooia, React. Kinet. Cabal.

Lett. B_ (1978) 223.

4. Bij de berekening van het fasediagram van TMMC met behulp van het

solitonen-model door Boucher, wordt ten onrechte uitgegaan van een

overgang van een XY-systeem naar een Ising-systeem.

J.P. Boueher, Sol. State Comm. 33_ (1980) 1025.

5. In de diskussie van Calderwood betreffende de wetten van de

di'élektrlsche relaxatie, dient de temperatuurafhankelijkheid van de

relaxatie-kurve in beschouwing te worden genomen.

J.H. Calderwood, J. Phys. C16_ (1983) L301.

6. De flexibiliteit van een op software gebaseerd realtime

automatiserings-systeem voor experimenteel fysisch onderzoek is een

belangrijk voordeel bij wijziging of uitbreiding van de met dit systeem

geautomatiseerde experimenten.

P.C. van den Berg en ff.ff. Keus, Nuclear Instruments and Methods in

Physics Research (1984);

dit proefschrift, hoofdstuk 4.



7. Bij bcü interpreteren van metingen aan impulsmoment-polarisatie van

bundelmolekulen na botsing met een wand, zien Luntz et al. ten onrechte

een belangrijke klasse van mogelijke polarisaties over het hoofd.

A.C. Luntz, A.W. Kleyn en D.J. Auerbaah, Phye. Bei). B2S (1982) 4273;

J.J.G.M. van der Tol, S. ïu. Krylov, L.J.F. Hermans en

J.J.M. Beenakker, Phys. Lett. 99a (1983) 51.

8. In het model van Mledema en van der Woude voor de isonere verschuiving

dienen voor gadoliniumverbindingen naast ladingsoverdracht en

intra-atomaire elektronen-dichtheld ook volume-veranderingen in

rekening gebracht te worden.

A.R. Miedema en F. van der Woude, Physiaa 100B (1980) 145;

H. de Graaf, proefschrift, Leiden, 1982.

9. Arthrotomografie van het schoudergewricht Is een waardevolle

onderzoekmethode voor de vaststelling van een eventuele beschadiging

van de kraakbeenrand van dit gewricht.

J.H. Mink, A. Richardson en T.T. Grant, Am. J. of Roentgenology 133

(1979) 883;

G.ï. El-Khoury, J.P. Albright, M.M. Abu ïoueef, V.J. Montgomery en

S.L. Tuck, Radiology 131_ (1979) 333.

10. Dank zij het toegenomen aantal fysische onderzoekmethoden in de

geneeskunde is het aantal ziekten waarvan de oorzaak psychisch genoemd

kan worden afgenomen.

11. De huidige dlskussie over het aantal in Nederland te plaatsen

kernwapens doet ten onrechte vermoeden dat een kleiner aantal

kernwapens minder snel gebruikt zal worden.

12. Het gebruik van surfplanken die slechts bij hogere snelheden een

persoon kunnen dragen (zinkers), is fysisch wel verantwoord, maar

fysiek niet, gezien het aantal verdrinklngsgevallen.

F.G. van den Berg 30 mei 1984


