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1. Goldhaber en Smith gaan er ten onrechte van uit dat de construktie van een
A + + deeltje met totaal baan impulsmoment L = 0 uit drie kleurloze proton-
quarks, noodzakelijkerwijs in strijd is met het Pauli beginsel.

A.S. Goldhaber en J."Smith, Rep. Prog. Phys. 38 (1975) 755.

2. Bij de interpretatie van electron spin-rooster relaxatietijden als funktie
.3+ ionen in CaWÔ  wordt door Abdulsibarov e t a l .van de temperatuur van Cr

ten onrechte de inv loed van het Raman proces verwaarloosd.

R.Yu. Abdulsibarov, M.M. Zar ipov, I .N . Kurk in , E.A. Tsvetkov.en V . l .

Shlenkin, Sov. Phys. Solid State 15 (1973) 779.

3. Het verdient aanbeveling om een literatuuronderzoek te doen naar isomerie-
verschuivingen in binaire intermetallische verbindingen van elementen die
geschikt zijn voor Mössbauer spectroscopie. Dit kan gebeuren naar analogie
van het in paragraaf 5.5 van dit proefschrift beschreven werk aan binaire
intermetallische europium verbindingen.

4. De door Kugel et al. gegeven interpretatie van gestoorde hoekcorrelatie
metingen aan Gd:Fe is onjuist.

H.W. Kugel, L. Eytel, G. Hubler en D.E. Murnick, Phys. Rev. B13
(1976) 3697.

5. Het extrapolatiéschema van Weng voor de grondtoestand van polygonen van
antiferromagnetisch gekoppelde Heisenberg spins met S = 1, moet worden
herzien.

C-Y Weng, Thesis, Carnegie-Mellon University, 1968.
H.W.J. Blöte, Physica 79B (1975) 427.

6. Dupas en Renard houden bij de interpretatie van hun susceptibiliteits-
metingen aan K2CuF"4 en (CH3NH3)2CuCl4 in het kritische gebied ten onrechte
geen rekening met het aard-magnetisch veld.

A. Dupas en J.P. Renard, J. Physique 37 (1976) Cl-213.



7. De resultaten van Algra et al. aan Cc^Zn-. (PyN0)g.(C10.)2 doen vermoeden
dat de soortelijke warmte van magnetisch verdunde systemen, in een zeker
concentratie gebied, zich gedraagt als die van een lineair ketensysteem.
Ook de gemeten soortelijke warmte curve van Mn:£d (9%), kan worden beschre-
ven met die van een antiferromagnetisehe Heisenberg keten met S = 5/2.

De mogelijke implikaties van deze bevindingen zouden nader dienen te
worden onderzocht.

H.A. Algra, L.J. de Jongh en W.J. Huiskamp, Proc. I.C.M.'76, nog te
publiceren.

8. De door Rusby en Svenson gevonden hobbel in het verloop van de met de
magnetische thermometer bepaalde dampspanningsrelatie van helium-4 ten
opzichte van de thermodynamische dampspanningsrelatie, is niet te wijten
aan onzekerheden in de thermodynamische berekeningen, maar moet zijn
veroorzaakt door een experimentele fout.

R.L. Rusby en C A . Svenson, CCT/76-31.

i- •



Spin polarization in rare earth intermetallic compounds

A Mössbauer study using the 21.64 keV resonance of

151-europium and the 86.54 keV resonance of 155-gadolinium

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VÍN DOCTOR IN
DE WISKUNDE EN NATUURWETENSCHAPPEN AAM DE
RIJKSUNIVERSITEIT TE LEIDEN, OP GEZAG VAN DE
RECTOR MAGNIFICUS DR. D.J.KUENEN, HOOGLERAAR
IN DE FACULTEIT DER WISKUNDE EN IWUURWETEN-
SCHAPPEN,VOLGENS BESLUIT VAN HET COLLEGE VAN

DEKANEN TE VERDEDIGEN OP WOENSDAG 22
SEPTEMBER 1976 TE KLOKKE 111.15 UUR

door

Frank Jurriën van Steenwijk
geboren te Hiliegom in 1948

H
Dutch Efficiency Bureau— Pijnacker



Promotor: Prof. Or. W.ü. Huiskamp

Coreferent: Dr. K.H.J. Buschow

Dit proefschrift is tot stand gekomen

onder leiding van Dr. R.C. Thiel

This investigation is part of the research program of the 'Stichting

voor Fundamenteel Onderzoek der Materie (F.O.M.)1, which is

financially supported bij the 'Nederlandse Organisatie voor Zuiver

Wetenschappelijk Onderzoek (Z.W.O.)'.

ISBN 90 6231 011 7



Aan Marion

Aan mijn ouders



CONTENTS

PREFACE
References

CHAPrER 1 Hyperfine interactions and the Mössbauer effect
1.1 Introduction
1.2 Hyperfine interactions and internal fields
1.3 The Mössbauer effect
1.4 Hyperfine interactions and Mössbauer spectra
1.5 Mössbauer effect on 151-europium
1.6 Mössbauer effect on 155-gadolinium
1.7 Second order Doppler shift
1.8 Dispersion

References

9
9
12
15
17
20
22
23
24

CHAPTER 2 Instrumentation
2.1 Introduction

2.2 Spectrometer
2.3 Velocity calibration
2.4 Cryogenic and technical arrangements
2.5 Thermometry
2.6 Sample preparation
2.7 Absorbers and sources
2.8 Data processing

References

27
27
29
32
37
38
38
40

CHAPTER 3 Spin polarization in rare earth intermetaliics

3.1 Introduction 42

3.2 The RKKY model 43
3.3 R-N compounds: applications and modifications of the RKKY model 46
3.4 Interband mixing 47
3.5 d electron effects 49
3.6 Hyperfine fields in Eu- and Gü-N compounds 50
3.7 R-M compounds 52

4



3.8 Hyperfine fields in Gd-M compounds
References

56

57

CHAPTER 4 Spin polarization In some compounds with the CaCu5 structure
4.1 Introduction 60
4.2 Crystal structure 61
4.3 Experimental results and analysis 61
4.4 Easy direction of magnetization 66
4.5 Hyperfine field contributions in EuCu5> EuZn5 and GdCu,- 68
4.6 Discussion 69
4.7 Band structure calculations 72

References 74

CHAPTER 5 Spin polarization and charge transfer in europium intermetanics

5.1 Introduction 75
5.2 Crystal structures 75

Experimental results and analysis 77
H Q p versus isomer shift 85
Isomer shifts 89
References

5.3
5.4
5.5

CHAPTER 6 Mössbauer effect in some intermetallic gadolinium compounds
6.1 Introduction 93
6.2 Crystal structures 93
6.3 Experimental results and computer analysis 95
6.4 Nuclear moments 100
6.5 Hyperfine fields 101

References 106

SUMMARY OF RESULTS 107

SAMENVATTING 108



PREFACE

The notion that conduction electron polarization provides a driving force
in the mcgnetic behaviour of metals was put forward for the first time by
Frenkel in 1928 . Since that time the field has gained in interest, and a
number of theories have been developed, some with special reference to the
relatively itinerant moments occurring in the 3d metals (cf. ref 2), others
assuming the presence of sharply localized moments * '.

In this thesis, the problems associated with spin polarization in metals
are approached via the study of hyperfine interactions by means of the
Mössbauer effect. This effect, involving the recoilless emission and absorption
of nuclear y-radiation, was first discovered for the 129 keV transition of
191Ir in 1957 ",but has presently been observed for more than hundred other
nuclei .

The choice of the actual systems to be investigated in such a study, is then
largely determined by the following circumstances.

Firstly, as noted above, in a number of theoretical considerations concerning
spin polarization phenomena in metals, the presence of well localized moments
is assumed. It is therefore desirable to choose the experimental systems such
that this assumption .is fulfilled: the study of rare earth compounds suggests
itself.

Secondly, among the possible hyperfine interactions, the Fermi contact
interaction is cf particular interest: it samples directly the electron
polarization at the nuclear site and may be observed as an effective hyperfine
field. Therefore, to obtain accurate information, other contributions to the
hyperfine field should be avoided. In this respect especially orbital contributions
should be mentioned. These may constitute a major fraction of the hyperfine field
in the majority of rare earth compounds, i.e. those in which the rare earth
ion has a non-vanishing orbital angular momentum. The orbital contributions
may affect the determination of the Fermi contact field, in particular since
they may be modified by unknown crystal field effects.

Finally, the compounds to be investigated should contain a Mössbauer nuclide,
suitable for the study of magnetic hyperfine interactions.

These considerations narrow the field of rare earth intermetallics down
to Eu and Gd compounds. Both Eu2+ and 6d3+ are almost pure S-state ions and
one may therefore expect the Fermi contact field to be the major term in the
hyperfine field. The 21.64 keV resonance of Eu, which was recorded for- the

9)first time in 1962 , is very easily detectable, even at room temperature.



It features a high accuracy for hyperfine field determinations and is therefore
especially suitable for obtaining the desired information. The properties of
the 86.54 keV resonance of 155Gd, which was observed for the first time in
1966 ' are somewhat less spectacular, but still may yield hyperfine data
of acceptable accuracy. It does, however, require somewhat more elaborate
instrumentation to obtain acceptable statistics in the spectra. Not only the
absorber containing the actual sample, but also the source should be kept at
liquid helium temperatures. This could easily be realized in the spectrometer
at the Kamerlingh Onnes Laboratory.

In chapter 1, the relevant formulae used in Mössbauer spectroscopy and in
the description of hyperfine interactions will be recapitulated. Detailed
attention will be paid to the special properties of the 21.64 keV resonance
of 151Eu and the 86.54 keV resonance of 155Gd.

Chapter 2 will be devoted to the experimental arrangement. Besides a
schematic outline of the spectrometer, the applied method of velocity calibration,
the cryogenic and vacuum technical arrangements. and the thermometry, also
some attention will be given to the preparation of absorbers and the sources
used. Finally, some remarks will be made on data reduction.

The subject of spin polarization in rare earth intermetallic compounds is
introduced in chapter 3. Special attention will be given to the Rudermann-Kittel-
Kasuya-Yosida (RKKY) model. Its limitations will be discussed as well as some
modifications that have been proposed. We shall also consider the magnetic
coupling in compounds of gadolinium with 3d elements such as iron, cobalt and
nickel, which themselves may carry a magnetic moment. A discussion will be given
of the various terms that contribute to the hyperfine field in europium and
gadolinium intermetaliics.

In chapter 4, measurements are described on a number of europium compounds
that exhibit the CaCu structure. In combination with results obtained from
magnetic measurements, the hyperfine interaction data are compared with the
RKKY model. The agreement between theory and experiment is unsatisfactory.
As an alternative, the possible presence of d electrons is considered.

A variety of Eu compounds is investigated in chapter 5. A correlation
between the net spin density and the charge density at the nuclear site in
magnetically dilute europium compounds was suggested by Nowik et al. in 1973 .
In view of the present availability of more extensive information this idea
is reconsidered. Furthermore it is shown that the isomer shift is mainly
determined by the number of coordinating atoms of the alloying element.

In chapter 6, experiments on a number of Gd-3d transition metal compounds
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are described. An existing ambiguity around the quadrupole moment of the

86.54 keV state of Gd has been relieved. A discussion is given of the

relative magnitudes of the various contributions to the magnetic hyperfine

field. In a number of compounds, the sign of the field is determined.
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Chapter 1

HYPERFINE INTERACTIONS AND THE MOSSBAUER EFFECT

1.1 Introduction

The field of hyperfine interactions is treated in many reviews and
monographs ~ , both from a general point of view, as well as with special
reference to Mossbauer spectroscopy " . Therefore, in sections 1.2, 1.3
and 1.4, only a broad outline will be given of the nuclear and solid state
properties that influence Mossbauer spectra.

Thereafter, in sections 5-8 somewhat more specific features will be
considered in connection with the 21.64 keV resonance of Eu and the
86.54 keV resonance úf 1556d, which are employed in the experimental work
for this thesis.

1.2 Hyperfine interactions and internal fields

When a nucleus is embedded in a solid, its interaction hamiltonian can
quite generally be described by

(1.1)

Here 3f represents the interaction energy connected with intranuclear forces.
In the absence of the other terms in eq. (1.1), the eigenstates of X are
degenerate in the. magnetic quantum number m = I , of the nuclear spin I.
Further Jf refers to the electric monopole interaction due to penetration
of electrons into the nuclear volume, K stands for the interaction of the
nuclear electric quadrupole moment with the electric field gradient at the
nuclear site and 3C represents the interaction between the nuclear magnetic
dipole moment and the magnetic field at the nuclear site. The combined

hyperfine interactions JC = ic + jf + JC in the hamiltonian (1.1) are
nrs L "in

at least a factor of the order of 10 smaller than JCN> and can therefore
he treated as small perturbations on W . The effects of these perturbations



are different for the various terms of K, . : the effect of 3f_ is to shift the
nfs C

eigenvalues of Jf , while 3C and 3C reduce, resp. remove the degeneracy of the

eigenstates of Jf.

The electric monopole interaction can be shown to be
2 R?

where Ze represents the nuclear charge, e|i|/(0)| the electronic charge

density at the nuclear site, and R. the average nuclear radius corresponding

to the i'th eigenvalue of 3i' . The electronic charge density is established

by the contributions of s and p electrons, since only their wave functions

have appreciable probability densities at the nuclear site. For ionic

configurations, these densities may be obtained from Hartree-Fock calculations,

while for conduction electron densities in metallic systems, band structure

calculations are necessary. In the case of Zu, Hartree-Fock calculations of

various ionic configurations are available , while for metallic systems,

band structure calculations are unfortunately limited to metallic europium .

The electric quadrupole interaction hamiltonian is given by

V e2qQ

41(21 - 1)
(1.2)

In this equation I represents the nuclear spin, and 1 , 1 , and I the

conventional spin operators. Q stands for the nuclear quadrupole moment, and

eq = V is the main component of the electric field gradient tensor. In fact,

it is implied in equation (1.2) that the choice of coordinate axes is such

that the electric field gradient tensor is reduced to three diagonal components

V x x, V , and V2z. Taking the labeling of x, y, and z such that
 v

z z ^
v
x x ^

v
y y >

one can easily see that the asymmetry parameter n = (V - V )/V satisfies

0 < n < 1

One may regard the electric field gradient as being composed of several

terms (cf. ref.9):

eq = cond
(1.3)

Here eq Q f b denotes the component of the field gradient arising from the non-

spherical charge distributions associated with the orbital momentum of the
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central ion. In S-state ions like e.g. Eu + and 6d this contribution

vanishes, eq. . represents the contribution of the surrounding ions in the
lütt

lattice. It can be calculated in a relatively straight forward manner by

lattice sum methods when the ions are considered as point charges

R and y«, are Sternheimer (anti)shielding factors, which account for induced

distortions in the closed shells of the central ion (cf. ref.13). Finally,

the last term eq , in eq.(1.3) comes from a non-uniform distribution of

the conduction electrons. Various approaches to account for its magnitude

have been suggested

The magnetic part, K , of the hyperfine structure hamiltonian 5fhf can

in many circumstances be formulated as

f = - g ß
M 3n n eff -í" (1.4)

where g is the nuclear g-factor and (3 the nuclear magneton. H ff is the

effective magnetic field experienced by the nucleus. It originates from

various sources. Formally it can be given by:

eff
3f.(s..f.) si

r.'

8TT

-1.6(7.)
i v i '

(1.5)

The summation over i runs over all electrons that surround the nucleus, and 1.,

s., and r. are respectively the orbital angular momentum, the spin angular

momentum, and the position vector of the i'th electron. The first term in

eq.(1.5) represents the orbital contribution to the magnetic field. It

vanishes for ions with closed or half filled shells, where the quantum number

L for the total orbital angular momentum equals zero. The second term in

eq.(1.5) is due to the dipolar interactions of the nuclear magnetic moment

with the magnetic moment associated with the electronic spins. This

contribution is also zero for closed or half-filled shells because of their

spherical symmetry. The last term in eq.(1.5) is called the Fermi contact

field. It results from a direct interaction of the nuclear magnetic moment

with the unpaired spin of those electrons that penetrate into the nuclear

volume. One can rewrite this Fermi field H by

HF = -
16TT mini 2

•11

(1.6)



where |ip(O)ma-¡ |2 represents the probability density of majority spin electrons

and |<M0) m i n| 2 the probality density of minority spin electrons at

the nuclear site. The direction of f-L is here taken to be antiparallel with the

direction of the majority spin. Especially in Eu + and Gd , this Fermi

contact field may be the leading term in the effective hyperfine field.

In metals and metallic compounds, there can also be a substantial contribution

from polarized conduction electrons, since those have usually a dominant

s character, and, consequently have finite density at the nucleus.

When we have an unpaired s electron on a ionic core, eq.(1.6) simplifies

to

(1.7)

where |ip (0)| is the probability density of the unpaired electrons at the

nucleus. The magnetic hyperfine interaction can then be written as

A(s) Í.Í, (1.8)

with s the spin of the s electron. In combination with eq.(1.4) and eq.(1.7),

eq.(1.8) defines the hyperfine structure coupling constant for an unpaired

s electron in an atom 17).

A(s) - (1.9)

7) 2
I nse r t i ng Coul thard 's " value f o r |i|v ( 0 ) | i n a Eu atom, eq . (1 .9 ) y i e l d s

1 c;i
for I :"EU:

A(6s) = 1.1 x 10" l 6 erg (1.10)

as hyperfine structure coupling constant of an unpaired 6s electron. This

value corresponds with a hyperfine field of 7.9 MOe. In metallic systems,

this value may be used as a rough estimate to correlate conduction electron

polarization and hyperfine fields.

1.3 The Mb'ssbauer effect

When a nucleus decays from an excited state Eex of energy E with

respect to the ground state E 9 r of Jf , it will emit a photon of energy E

12



Then conservation of momentum imposes a recoil energy ED on the emitting
K

nucleus:

"R 2Mc2
(1.11)

where M represents the mass of the nucleus and c the velocity of the light.
Conservation of energy yields for the photon energy E = E - E¿. Similarly,
to excite such a nucleus from E91* to E e x, a photon energy E = E + ED will

O K

be required. It is clear therefore that resonant absorption of the emitted
photon can only take place, when E is comparable to or smaller than r, the
line width (full width at half height) of the excited state E e x. This line
width is connected to tne mean life time T of E

uncertainty relation:

^ h
~ 2ÏÏ

ex by the Heisenberg

where h stands for Planck's constant. For 151Eu, with x = 6.1 x 10~9 sec the
line width amounts to 1.7 x 1O~1^ erg. Since the recoil energy ED for a free
151 -1?

Eu nucleus, decaying from its first excited state, amounts to 2.66 x 10
erg, it is clear that the resonance conditions are not fulfilled for free
nuclei, the numbers for Eu being quite illustrative. However, when a
nucleus is rigidly embedded in a crystal, one may take for the mass M in
eq.(l.ll) the mass of the entire crystal, the recoil energy £D thus tending
to zero. In this case resonant absorption can take place. However in real
crystals the recoil impuls may also be disposed of by the excitation of
lattice vibrations. Since the characteristic energies of the latter are
about 10 erg, it is evident that nuclear resonance is effectively precluded
by such excitations.

A general expression for the probability of emission or absorption processes
in which no photons are excited is given by

f = exp/ 4TT2<X2> \

where X is the wave length of the emitted radiation and <x > is the mean square
displacement of the nucleus from its equilibrium position. The averaging in
<x2> is taken over the nuclear life time and in the direction of gamma ray
propagation. An evaluation of this quantity in the Debije approximation for
lattice excitations leads to the following expression for the recoilless

13



fraction:

f = exp
6 E R Í 1
ke D h

/ T

' \ e

e

0

D/T

xdx

e x - l

The energy distribution of the recoilfree emitted radiation can be shown

to be

I(EJ =
r2/4 \ (1.12)

while the probability for resonant absorption can similarly be described by

o(E, = (1.13)
)res

Here f and f are the recoilfree fractions in source and absorber respectively.

I describes the decay in the source, and a is the effective photon cross

section of the Mössbauer nuclide in the absorber.

It will be evident that the precise value of E depend; not only on E ,

but also on the eigenvalues of X f in the source crystal. Usually the latter

is chosen such that 3f does not raise the degeneracy of the eigenstates of

3f , viz. X = K in the source.

The precise value of the gamma ray energy required for absorptions on the

other hand, depends strongly on the influence of JC, in the absorber. When

the energy levels of X are split in the absorber, there are various absorption

er-argies. In Mössbauer spectrosccpy, the energy modulation required to match

the energy of the emitted radiation and the absorption energies, is provided

by moving the source crystal with respect to the absorber crystal, thus

imposing a Doppler shift on the emitted radiation. The energy shift thus

obtained is given by

AE = i EyEy

where v is the relative velocity of source and absorber.

It should be noted that combination of the emission and absorption

profiles (1.12) and (1.13), yields for the transmission, which is the actually

14



measured quantity, again a Lorentzian line shape, but with a line width
equal to 2r. The actual line width may however be broader than this value,
due to various effects, for example unresolved hyperfine structure or
mechanical vibrations. Another reason for line broadening arises from
absorber thickness. The effective absorber thickness may be characterized by

T = f d a o
a a a a o

(1.14)

where d denotes the number of atoms of the element concerned per cm in the
3

absorber, and a tho abundancy of the Mössbauer nuclide. For not too thick
absorbers, the transmission profile is still basically Lorentzian, and the
broadening can be described by

rexp
= 2.00 + 0.27 T , T < 5

a (1.15)

Fexp •)

—-- -= 2.00 + 0.29 T - 0.005 T ,F a a 4 < T < 10
a

(1.16)

Here r e x p stands for the line width that is determined from experiment and ris
the natural line width, described above. In eqs.(1.15) and (1.16), it is assumed
that no other mechanisms of line broadening are effective.

1.4 Hyperfine structure and Mössbauer spectra

The various contributions to 3fhfs (cf. eq.(l.l)) affect the velocity
spectrum in different ways. 3C reveals itself in the isomer (or chemical)
shift 6, which influences the centre of gravity of the velocity spectrum, and
which is given by:

6 = Ze2 ( k A ( 0 ) |
2 - |«Hs(0)|

2) (<R2> - <R2>) , (1.17)

where the suffixes A and S refer to absorber and source respectively. <R >
and < R ^ indicate the mean square nuclear radii of excited state and ground
state respectively. The effects of X and 3C are more complicated, since
they give rise to a multitude of lines. In practice, one chooses them zero
by an appropriate combination of compound and temperature, either in the
source or in the absorber. For the experiments that will be presented here, a
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single line source was used. In this case, the shape of the absorption spectrum

can be found by diagonal ization of 3f + JC for the absorber. For the most

general case, where the mdin axis of the electric field gradient tensor does

not coincide with the direction of the effective hyperfine field, this

hamiltonian is expressed by

e2qQ

41(21 - 1)
- 1(1 n(I

cosO I + sinGcostj) I + sin9cos<p 1 J
y i

(1.18)

where the angles 0 and <p specify the relative direction of Vzz and Heff. The

eigenfunctions of (1.18) can be given by

I* ¡> ̂ > *>e> •> i, m>

with m = I , and the i'th eigenvalue by

E! = E^eff. Vzz, n, 6,

The coefficients C. and the eigenvalues E1 can only be written as closed

functions of their variables in the case of an axially symmetric electric

field gradient that is collinear with H f,, viz n = 9 = 0 and <f being

meaningless.

To find the Mössbauer spectrum, JC. + JC has to be diagonalized for

nuclear excited state and nuclear ground state as well. The velocities at

which absorption occurs correspond to the possible transitions between excited

state and ground state energy levels as given by

¥ H = ^ ( E ' - Ej) + 6

where E1 and EJ denote eigenvalues of (1.18) for the excited state and ground

state respectively. The suffix ijindicates a transition from E1 to EJ. The

number of lines in the spectrum is consequently (21 + 1)(21 + 1), where I

and I are the nuclear spins of excited state and ground state respectively.

For the corresponding relative intensity distribution one derives

1 . ( 6 ' ) = 2 1 |C'
IJ m ' m IImm'

L,

16
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where the summation runs over the magnetic quantum numbers m" and m' corresponding

with the z components of the nuclear spins of excited state and ground state

respectively. C1,, are the coefficients of the eigenfunction appropriate to

E1, and C^, similarly with respect to EJ. <I ,m'; L,M|I ,m"> represent

Clebsch-Gordon coefficients connecting the angular momenta of the excited

state, the ground state and the absorbed gamma quantum. L denotes the multi-

polarity of the radiation and M its z component. The latter satisfies

M = m" - m'. The angle 6' in (1.19) specifies the direction of the

quantization axis with respect to the propagation direction of the absorbed

radiation. The angular factors F (e') and the Clebsch-Gordon coefficients are

listed in table l.II for the 21.64 keV resonance of 151Eu and in table I.IV for

the 86.54 keV resonance of 5^Gd. For a polycrystalline absorber with randomly

oriented crystallites, the angular factors may be integrated out of (1.19), thus

yielding for the relative intensities:

I. .= 2 2
'J m'm

I ,m'; L,M|I ,m">|
g e

(1.20)

This expression only holds rigorously for infinitely thin absorbers. For thick

absorbers saturation of the resonance lines influences the relative intensities

in a complex way. In general however, the more intense lines will be reduced

with respect to the weaker lines in case saturation effects.

1.5 Mössbauer effect on 151-europium

155,
Since all measurements reported in this thesis were performed on Eu and

3Gd, some general considerations with respect to their use in Mössbauer

spectroscopy will be reviewed here.

The decay scheme leading to the population of the 21.64 keV level is

shown in fig. 1.1. Of the two possible precursors, Sm was used. Though the

population of the 21.64 keV level by emission of this precursor is quite

inefficient, - only 1.7% -, it is however conveniently produced with hardly

any contaminant radiation, and is commercially available as an encapsulated

source. Furthermore, its long half life makes a once secured source a joy for

a life time. The 21.64 keV state has positive parity, and decays via a Ml

transition with negligeable E2 admixture to the ground state (<5 = 13 ±

4 x 10~ ). The nuclear spin quantum numbers I = 7/2 and "I = 5/2 can in

principle give rise to a 48 lines spectrum. However, for the simple case of

an axially symmetric electric field gradient tensor with a main component V
zz
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table I.I Nuclear data concerning the 21.64 transition of

Eu. Data were taken from ref. 19.

energy

line width 2r

polarity

spin

g-factor

magnetic moment

quadrupole moment
4<R2>

excited state

21.64 keV

1.31 mm/sec

positive

7/2
0.739

2.586 ß

1.48 x 10"24 cm2

ground state

0 keV
-

positive

5/2
Ï.386

3.464 ß

1.14 x 10"2/) cm2

20.6 x 10"29 cm2 20)

parallel to the magnetic hyperfine field, only 18 lines are present.

In table 1. II,the relative intensities corresponding to this situation are

listed, together with their angular dependence with respect to the direction

of Y-ray propagation. Further in all circumstances where the quadrupole

interaction is much smaller than the magnetic hyperfine interaction, the relative

intensities are also approximated by the numbers given in table l.II. In divalent

europium compounds,this is in practice always the case at temperatures far below

fig 1.1 Decay scheme showing the population of the 21.64 keV level of

Eu. The numbers at the right hand side above th<. levels indicate

the energies of these levels (in keV). The spins and polarities

of the Mössbauer levels are indicated above these levels at the left

hand side.
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table l.II Relative intensities and angular dependence of the Ml

transition between the 21.64 keV state and the ground state

of lolEu. The relative intensities refer to the ease that the

eigen functions of 3C, are pure states. Otherwine they should

be weighted according to eq.il.20).

m"

+ 7/2

*+ 5/2

+ 3/2

+ 1/2

- 1/2

- 3/2

+ 5/2

+ 3/2

+ 1/2

- 1/2

- 3/2

- 5/2

+ 3/2

+ 1/2

- 1/2

- 3/2

- 5/2

- 7/2

m'

- 5/2

- 3/2

- 1/2

+ 1/2

+ 3/2

+ 5/2

- 5/2

- 3/2

- 1/2
+ 1/2

+ 3/2

+ 5/2

- 5/2

- 3/2

- 1/2

+ 1/2

+ 3/2

+ 5/2

relative
intensity

21

15
10

6

3

1
6

10

12

12

10

6

1

3

6

• 1 0

15

21

1(1 + cos29)

\ sin2e

j(i + cos2e)

the magnetic ordering point. The values of the nuclear moments and the natural

line width are also inserted in table 1.1. They are such that for typical

hyperfine fields of a few hundred kOe magnetic hyperfine structure is fairly

well resolved, thus allowing quite accurate determination of these fields.

Quadrupole splittings, on the contrary, are in divalent europium compounds

fairly small, due to the lack of strong orbital contributions. Hence they are

only partially resolved when combined with relatively strong magnetic hyperfine

interactions. For typical spectra, the reader may refer to fig. 4.2 and fig. 5.4.

Another; and perhaps the most striking, feature in ' Eu Mössbauer

spectroscopy, is offered by the isomer shift. The difference in mean square
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nuclear radii, which enters in the expression (1.17) for the isomer shift, is
for the 21.64 keV state and the ground state quite large. It is estimated by
Cashion et al. ' as

A<R2> = <R 2> - <R 2> = 20.6 X 10"29 cm2

e g

As a consequence of this large value, there is a wide spread in isomer shifts
in Eu compounds: relative to a ^ Eu:SmF, source, tri val ent compounds have
isomer shifts between +5.0 and 0.0 mm/sec, while those of divalent compounds
vary from -7.0 mm/sec to -14.0 mm/sec. The larger charge density at the nuclear
site in Eu3+ compounds arises from the reduced shielding for the outer
s-shells upon removal of one of the 4f electrons'* 21'. Intermediate isomer
shifts indicate the presence of valency fluctuations, and have been observed
only in a few compounds (e.g. in Eu.S^ , and in EuCu.Si. . Also in a number
of pseudobinary compounds, constructed by mixing of two isostructural materials
that contain europium in different valence states such effects have been
studied lk> 25).

1.6 Mössbauer effect on 155-gadolinium

The decay scheme that illustrates the population of the 86.54 keV level of
Gd is shown in fig. 1.2. The precursor Eu can easily be produced to

155 Tb

fig. 1;2 Decay scheme showing the population of the 86.54 keV level of
Gd. The numbers at the right hand side above the levels indicate

the energies of these levels (in keV). The spins and polarities of
the Mössbauer levels are indicated above these levels at the left
hand side. 20



table 1.TT1 Nuclear data aonoeming the 86.54 ksV transition

of Gd. Data were taken from ref. 19..

energy

line width 2r

polarity

spin

g-factor

magnetic moment

quadrupole moment
A<R2>

ground state

86.54 keV
0.50 mm/sec

positive

5/2
-0.206

-0.516 ß

0.11 x 10~2^ cm
-8.8

a)

a)
a)

x 10"29

excited state

0 keV

-
negative

3/2

-0.172

-0.258 ßn

1.59 x 10~2M cm2

cm2 20>

a) see section

large activities by neutron irradiations of Sm. The relevant data, governing

the shape of the spectra connected with this transition, are given in tables

LIIIand 1.IV. The values. 5/2 and 3/2 of the spin quantum numbers could yield 24

lines, but this number is reduced for the case that the-eigenf unctions of 3f.,

are pure states. Since the ionic state of divalent Eu and trivalent Gd is

the same ( S ^ 2 ) , hyperfine fields and electric field gradients in their

compounds are of the same order of magnitude. It may be interesting therefore

to compare the nuclear parameters and their influence on the resolution of the

spectra. Firstly, it should be noted that the line width is almost a factor of

three smaller in case of the 86.54 keV state of i55Gd, when compared with the

line width of the 21.64 keV state of 1I;1Eu. The nuclear g-values are, however,

also more than a factor 3 smaller. In fact it turns out that for a typical

hyperfine field of 300 kOe, 155Gd spectra are rather poorly resolved, while

those of Eu give rather good resolution. The reader may compare fig. 4.2

For the quadrupole moment of the 86.54 keV state a number of values

were suggested 2 ' 21', which were all rather small. One of these values is

confirmed in section 6.4 (Q(86.54) = 0.11 barn). Since the quadrupole moment

of the ground state of 155Gd is of the same order of magnitude as that of

Eu, quadrupole interactions in Gd spectra having no magnetic hyperfine

structure may show up as two components well separated by the quadrupole

interaction of the ground state. Actually each of the components consists of

several lines whichare very poorly resolved due to the small quadrupole moment
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table l.IV Relative intensities and angular dependence of the El transition
7 55

between the 86. 54 keV state and the ground state of ' Gd. The

relative intensities refer to the aase that the eigenfunotions

of K, are pure stales. Otherwise they should be weighted
flJS

according to eq. (1.20).

m"

+ 5/2

+ 3/2

+ 1/2

- 1/2

+• 3/2

+ 1/2

- 1/2

- 3/2

+ 1/2

- 1/2

- 3/2

- 5/2

m1

- 3/2

- 1/2

+ 1/2

+ 3/2

- 3/2

- 1/2
+ 1/2

+ 3/2

- 3/2

- 1/2

+ 1/2

+ 3/2

relative
intensity

10

6

3

1

4
6

6

4

1
3

6

10

FLM(6)

l{\ + cos2e)

i sin2e

i(i + cos2e)

of the excited state. A similar electric field gradient in divalent Eu spectra
gives, due to the larger line width of thelatter, only one broad component

with a slightly asymmetric appearance. The reader is referred to fig. 4.2 and

fig. 6.2 for an illustration of these quadrupole-splitting-only spectra.

Isomer shifts in Gd spectroscopy are approximately as sensitive as in.
151Eu spectroscopy, the smaller difference in mean square radius of excited

and ground state being compensated by the smaller line width. Thus far, isomer

shifts are found to vary between -0.1 mm/sec and +0.7 mm/sec with respect to
155Gd:SmPd3

 28' 29)

1.7 Second order Popp!er shift

Aside from the influences of JC another phenomenon also appears to affect

the velocity spectrum, when one considers the atomic motions from a relativistic

point of view. In that case, the energy of a recoilfree absorbed photon is given
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which for v^ c can be approximated by

(1.21)

The velocity in this expression actually contains two terms, one due to the

relative velocity of source and absorber, and one due to atomic vibrations

in the absorber. Since the characteristic time connected with this last

contribution (^10 sec)is much shorter than the nuclear life time

(̂  10 3 sec) the mean velocity <v.~- due to lattice vibrations averages out

to zero during the Mössbauer event, leaving for the second term in eq.(1.21)

only the experimentally applied relative velocity of source and absorber. In

the last term in eq.(1.21), however, the atomic vibrations do not average to

zero, and they affect the resonance velocity with a temperature dependent

shift. This second order Doppler shift can be show"

C,

5) to be

Él
6 (1.22)

where C, is the lattice specific heat. In the classical high temperature limit

of an harmonic lattice, eq.(1.22) can be rewritten ' as

A 6
<5

3RT

2Mc2
(1.23)

R being the gas constant.

Fo

^10
For 5iEu and 155Gd, eq.(1.23) corresponds to a velocity shift of

" 1 ' •*• 1

mm sec K . Since the isomer shift accuracies of the measurements

in this thesis on 5 Eu are typically 0.1 mm/sec, we did not correct our

values, which were usually obtained with the source at ^ 15 K. Although in

the case of 5Gd the isomer shift accuracy is generally somewhat better

(̂  0.01 mm/sec), also hete no corrections were made, since in this case it is

common practice to use a source at liquid He temperatures.

1.8 Dispersion

Interference of the photoelectric effect and resonance absorption followed
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by internal conversion was demonstrated first in 1968 in the 6.25 keV transition
j Oí Jn\

of Ta . The phenomenon has been treated since by Hannon and Trammel 1 from

a theoretical point of view ' . It occurs mainly in the case of electric

dipole (El) transitions, but also, albeit to a lesser degree, in electric

quadrupole (E2) transitions and mixed electric quadrupole, magnetic dipole

(E2/M1) transitions. It was shown that, for thin absorbers, the resonant
absorption cross section a is modified to

= a
1 - - E

y res

Tfl
(1.24)

where E is the gamma ray energy and E the resonance energy. £, denotes the

interference amplitude and is given by

;v o

6ÏÏA'

(1.25)

here a is the electronic absorption cross section and a the internal conversion

coefficient. A stands for the wave length of the absorbed photon. Since the

interference term in eq.(1.24) introduces into the Mb'ssbauer line shape a

component which is the derivative of a Lorentzian, the effects of interference

are often referred to as dispersion. For the 86.54 keV transition of Gd,

which •'"s of El nature, the interference amplitude was experimentally determined

from Mössbauer effect measurements by Henning et al. , who found 2E,ex^ =

0.05 ± 0.01, which is somewhat larger than the theoretical value obtained from

eq.(1.25). Their experimental value, however was reproduced for various source
Ik)

and absorber combinations. Furthermore it was shown that eq.(1.24) is not

seriously in error when the thin absorber constraint is relaxed, even though

the experimentally determined £ turns out to be too large when compared with

the theoretical value. This is also in keeping with the results of Henning,

mentioned above.

In the analysis of the experiments in this thesis the interference effects

were taken into account for the Gd measurements. The 21.64 keV state of

Eu decays via an almost pure magnetic dipole transition, where dispersion

does not occur.
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Chapter 2
INSTRUMENTATION

2.1 Introduction

Besides the nuclear properties and the solid state environment of the

Mössbauer nucleus, which were investigated in the previous chapter, the

quality of the Mössbauer spectra profoundly depends on the specific

experimental parameters. Among those bearing upon the signal to noise

performance we mention the activity of the source, the efficiency of the

counter, the quality of energy discrimination, the thickness of the ¡

absorber, the geometry of the experiment, and the ambient temperatures of

source and absorber. In all measurements in this thesis, the main interest

was focussed on the magnetic properties of the absorbers. These were to be

measured either at a certain temperature or as functions of temperature. The

experimental arrangements were designed to meet this condition, while the

above mentioned quality of performance parameters were optimized . In the

subsequent sections of this chapter the schematic set up of the spectrometer,

the applied method of velocity calibration, the cryogenic and technical

arrangements necessary to cool both source and absorber, the used thermometry

and the preparation of absorbers and sources will be shortly described.

Finally some remarks on data reduction will be made.

2.2 Spectrometer

The measurements were performed with a more or less conventional

Kankeleit-type drive transducer, which is shown in fig. 2.2a.

For most of the experiments described in this thesis, the drive was operated

at approximately 20 Hz, either in a constant acceleration mode or in a

sinusoidal mode. Spectra were collected with a Nal(Tl) scintillation counter

a) The experimental set up was planned by Dr. R.C. Thiel. Most of the
technical arrangements that deviate from standard were designed by him.
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fig. 2.1 Bloak diagram of the spectrometer.

For a description.;, see text.

in the cases for which the 21.64 keV transition of Eu was utilized. For

the experiments with the 86.54 keV transition of "Gd, a lithium drifted

germanium diode was used. Though the 86.54 keV resonance could also be

detected with a 3 mm Nal(Tl) crystal, the use ot the germanium detector gave

a signal to noise ratio approximately two times becter in comparable counting

times.

For amplification and pulse height selection of the counter pulses, an

Elscint model CAV-N-2 main amplifier and an Elscint timing single channel

analyser model SCA-N-4 respectively were employed. Data were stored in 512

channels of a ND-2200series multi channel analyser (MCA), operating in the

multiscalar mode. In the earlier experiments, i triangular reference signal

was obtained by integration of a square wave voltage, drawn from the sweep

generator of the MCA. In the later' experiments an independent pulse generator

was used to deliver channel advance pulses to the MCA, and to trigger a digital

function generator a' which provided either a triangular or a sinusoidal

a) The digital function generator was developed by F.J. Kranenburg at our
laboratory from a design by the electronics department of the
Rijks Universiteit in Groningen.
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reference voltage. This reference voltage was applied to a feedback amplifier

controlling the transducer movement a'. This last arrangement is shown in a

block diagram in fig. 2.1.

It should be noted, that, since during each period of the drive each

velocity is encountered twice, two mirror spectra were recorded simultaneously:

one corresponding to increasing velocity, and one corresponding to decreasing

velocity. As is conventional in Mössbauer spectroscopy,positive velocity is

understood to imply motion of the source towards the absorber.

After collection of a spectrum, the data were read out on paper punch

tape by means of a Tally paper tape puncher.

2.3 Velocity calibration

Velocity calibration was obtained by utilizing the interference pattern

of a Michelson interferometer which had one of its mirrors connected to the

drive rod . The interferometer was designed to be as small as practicable,

thus facilitating adjustment and easy connection to the transducer. As a

coherent light source, a Metrologie Helium-Neon laser was used. A miniature

preamplifier, in connection with a EG&G SGD-040 photodiode was also included

in the interferometer assembly. Interferometer and its mounting to the

transducer are shown in fig. 2.2a. It should be noted that the interferometer

was included in the vacuum system (see also below). The adjustment of the

interferometer had to be done outside the vacuum system, but was sufficiently

stable to allow manipulating of the drive assembly into operating position

without readjustment becoming necessary. It proved necessary to use springs

of more or less radially symmetric shape in the drive to prevent the mirror

connected to the drive rod from wobbling. This wobbling, a repetitive

reorientation of the mirror plane in space could cause periodic misalignment

of the interferometer. This effect was most pronounced with a relatively large

stroke of the drive rod. The wobbling was eliminated by use of the springs

shown in fig. 2.3.

The preamplifier signal was fed to the MCA via a wide band main amplifier

and pulse shaping unit . Also in this case the MCA was operated in the multi

a) Feedback-amplifier and a prototype of the transducer were obtained from
the group of Prof. Dr. H. de Waard at the Rijks Universiteit in Groningen,
whose generous help is gratefully acknowledged.

b) Preamplifier, wide band amplifier, and pulse shaping unit were developed
by F.J. Kranenburg at our laboratory.
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fig. 2.2 a Transducer
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legend to fig. 2.2

1) Tube, for handling drive assembly

2) Protective cap

3) Prism

4) Laserbeam

5) Beamsplitter incorporating

fixed mirror

6) Moving mirror

7) Counterweight

8) Magnet

9) Yokes

10) Upp¿r flange of the aryostat

11) Drive rod

12) Screwdriver opening for

interferometer adjustment

12) Preamplifier

14) Photodiode

15) Adjustment screw

16) Dish springs for positioning

of interferometer

17) Blade springs for centering

drive ooils

18) Aluminum spacer

19) Pick-up coil

20) Drive coil

21) Ring clamped to upper end of

steel wires

22) Pusher pins

23) Steel wire

24) Conical seats

25) Toroidal Be-Cu springs

26) Ring clamped to steel wires

27) Radiation shields

28) Blade spring for centering

drive rod

29) Radioactive source in At mount

23

29

fig. 2.2b Tail
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fig. 2.3

Blade springs for support of the

drive rod.

a) Blade spring in the transducer

(fig. 2.2, #17)

b) Blade spring in the lower end

of the tail (fig. 2.2, #28)

scalar mode, and the actual velocity corresponding to each channel could be

extracted from the thus obtained velocity calibration spectra with the aid of

the formula:

ANn (2.1)

in which A ( = 6328 Á) represents the wavelength of the laser radiation, N

the number of channels of the MCA, n the number of counts in the particular

channel and t the collecting time. As collecting time 5 minutes were usually

taken, but it proved necessary to correct this value for the analyser dead

time, which turned out to be approximately 6 psec per channel advance.

This correction was measured by applying the output of a pulse generator

operating at a fairly high frequency,e.g. 500 kHz,via the wide band amplifier

and pulse shaping unit to the MCA, for a time equal to the calibration time.

At the same time the pulse generator output was connected to a frequency counter,

thus establishing the number of applied pulses quite accurately. Afterwards,

the total number of counts recorded in the MCA was compared to the total number

of applied pulses, the difference between these being due to the analyser dead

time.

By connection of another interferometer assembly to the source end of the

drive rod, which was separated by approximately 80 cm from the transducer coils,

it was confirmed that velocity calibration obtained with the assembly as shown

in fig. 2.2a did not differ more than 0.5% from the actual velocity of the

source.

2.4 Cryogenic and technical arrangements

The cryostat in which the measurements were taken is similar to the one
2)described by Hanley , and is shown in fig. 2.4. The reader is suggested to

refer to this figure and the other figures in this chapter while proceeding
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inte the following. Essentially the cryostat consists of two liquid He vessels
(f ig. 2.4, #1 and fig. 2.4, #2) separated by a vacuum space (fig. 2.4, #6), in
which the actual experiment took place.

The temperature of the inner He pot (fig. 2.4, #1), could be varied from
0.8 K up to room temperature. The temperature region between 0.8 K and 1.2 K
was covered by utilization of an activated charcoal pump (fig. 2.4, #3), which
was submerged in the outer He bath (fig. 2.4, #2). The charcoal pump was
connected to the inner He vessel via a wide aperture indium valve (fig. 2.4,
#4 and fig. 2.5), as developed by Thiel . The entire content of the inner
He vessel (0.6 litres) could be absorbed in the charcoal pump. The temperature
of the inner He vessel could be maintained continuously at 0.8 K for
approximately one week. After elapse of this time, the charcoal had to bo
outgassed, and the inner He vessel had to be refilled. For outgassing of the
charcoal, it proved sufficient to heat the charcoal pump up to about 40 K.
Under normal circumstances, the outer He vessel needed refilling every three
to four days. Since the pumping speed of the charcoal pump did depend on the
liquid He level in the outer vessel, a refilling of the main helium vessel
every other day was advisable when good temperature stability at lowest
temperatures was required.

The liquid nitrogen bath (fig. 2.4, #17) needed refilling every other
day. Being constructed of aluminum, this liquid nitrogen vessel yielded
adequate radiation shielding even at a low fluid level.

The absorber (fig. 2.4, #27; fig. 2.6, #6) was kept in the exchange gas
space (fig. 2.4, #6) and was situated in the central bore of the annular shaped
inner He vessel. The absorber mounting block (fig. 2.6, #5) was thermally
clamped to the inner He bath with beryllium-copper springs (fig. 2.6, #7).
Absorber replacement could be effectuated without warming up the cryostat.
For this purpose, a shaft with a screw fitting (fig. 2.6, #3) into the absorber
mounting block could be brought into the exchange gas space via a gas lock.
The room temperature end of this shaft extended outside the gas lock via an
0-ring seal, thus allowing the rotational and vertical movement of the shaft
necessary to handle the absorber.

The source (fig. 2.4, #26) was mounted at the lower end of an 80 cm long
drive rod (fig. £.2, #11). The drive rod was supported by two beryllium-copper
blade springs (fig. 2.2, #17; fig. 2.3a) at either side of the transducer, and
by one smaller blade spring (fig. 2.2, #28; fig. 2.3b), also constructed of
beryllium-copper, at the lower end of the drive rod. This lower spring was
seated in a frame (fig. 2.2b), which was rigidly connected to the transducer
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fig. 2.4 Cryostat
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legend to fig. 2.4

1) Inner He vessel

2) Outer He vessel

3) Charcoal pump

4) Indium valve

5) Vacuum space

8) Exchange gas space

7) Gas lock

8) Drive assembly

9) Electric leadthroughs

10) Tube to handle drive assembly

11) Optical window

12) Laser

13) Operation handle of indium valve

14) Outlet to gasholder

15) Outlet to external pump

16) Radiation shield

17) Liquid N- vessel

18) Gate valve

19) Upper flange of the cryostat

20) Outlet to gasholder

21) Operation handle for needle valve

22) Outlet to high vacuum pump

23) He transfer tube inlet

24) Liquid N„ evaporation tube

25) Needle valve

26) Radioactive source

27) Absorber

28) Mylar windows

body. To prevent the drive system from entering a high frequency resonance, a

counterweight of approximately 100 grams (fig. 2.2, #7) was placed on top of

the drive rod.

The frame was thermally connected to the walls of the exchange gas space

by means of toroidal beryllium-copper springs (fig. 2.2, #25), which were

supported by conical seats (fiq. 2.2, #24) in the frame. Rings (fig. 2.2, #26),

situated just underneath thes conical seats were utilized to push the toroidal

springs outwards, towards the walls of the exchange gas space. The downwards

force which was exerted by the transducer body on the upper flange of the

cryostat (fig. 2.4, #19; fig. 2.2, #10) was brought over as upward force on

the rings by means of steel wires (fig. 2.2, #23) through the tubes of the

frame, thus camming the toroidal springs outwards and effectuating the thermal

contact. Between room temperature and He temperature, three of these toroidal

springs were used. One was mounted approximately at liquid nitrogen temperature,

at the height of the upper radiation shield (fig. 2.4, #16), another one at the

height of the He vessel and a third one in between. The source temperature

achieved this way, was approximately 15 K.

A tube (fig. 2.2, #1), throttled through the upper flange of the gas lock,

we; connected to the transducer and served as a handle to move the whole drive

assembly, consisting of source, drive rod, frame, transducer, and interfero-

meter, up and downwards, as necessary when replacing source or absorber. This tube
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fig. 2.5 Indium valve

a) Room temperature part

b) Low temperature part

1) Electric leadtkroughs

2) O-ring seal

3) Sarew aap

4) Screw cap for valve operation

5) O-ring seals

6) Outlet to gasholder

7) Outlet to external pump

8) Electric leads
9) Conoentria tubes

10) Indium O-ring seal

11) Knife edge

12) Indium

IS) Heater coil

14) Thermocouple

15) Centering star
16) Outlet to charcoal pump

17) Outlet to inner He vessel
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fig. 2.6

Absorber mounting

1) Liquid He in 1 K bath

2) Exchange gas space

3) Shaft with sarew fitting

4) Inner wall (copper) of inner He vessel

5) Absorber mounting block

6) Absorber mounting ring (brass) and

absorber
7) Be-Cu springs, for thermal contact

8) Conical centering piece

9) End block

also served as a stable seat for the electric leadthroughs (fig. 2.4, #9).

An optical window (fig. 2.4, #11) in the gas lock allowed the laser beam

to reach the interferometer, when the drive assembly was in operating position.

2.5 Thermometry

Temperatures were measured by means of a Standard Cryocal germanium-

resistor and a Rosamount platinum resistor. Typical resistances of the germanium

resistor were ^ 7000 ft at 1.2 K, ̂  500 0. at 4.2 K, and ^ 5 ft at 100 K. The

platinum resistor varied from ^ 5 ft at 80 K to 'v, 25 ft at room temperature .

For resistance measurements, a four terminal A.C.-bridge, operating at 35 Hz

was used, in conjunction with phase sensitive detection. An accuracy of 0.l7oO
could be achieved in the resistance measurements with this bridge. A feedback

system ' connected to a heater provided temperature control.

The resistors were mounted on the brass top of the inner He vessel; the

bottom was also brass, while the walls were of copper. The manganine wire of

the heater was wound around this vessel. Also the thermometer leads were

cemented around the vessel over a length of at least 50 cm, to insure thermal

anchoring.

The absence of an appreciable temperature gradient between thermometers

a) These thermometers were kindly provided and calibrated by the thermometry
group of Dr. M. Durieux at our laboratory.

b) The four-terminal resistance bridge and heater feedback system were
developed by R. Hulstman at our laboratory.
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and the absorber was checked by placing temporarily a second calibrated Ge

resistor in the centre of an absorber. Even at low temperatures, there were

no appreciable differences between absorber temperature and the temperature

as measured by the thermometers on top of the He vessel. Thermal relaxation

tiir.es were also short (less than two minutes).

The accuracy of the temperature measurements achieved in this way is

estimated to be better than l"/oa above % 2 K, and somewhat worse below that

temperature.

2.6 Sample preparation

The samples of the intermetallic Eu compounds were prepared by sealing

stoichiometric amounts of the constituent metals into a molybdenum container

and heating at about 1000 °C for 1-2 hours. For most of the compounds this

treatment was followed by vacuum annealing for several weeks at temperatures

near 600 °C. The Gd compounds, were prepared by melting proper amounts of the

constituent elements in an arc furnace, and afterwards annealed under vacuum

at 1000 °C for 15 days a^.

The thus obtained ingots were ground to a particle size varying between

10 ym and 100 pm. X-ray diffraction was performed on the powdered materials

with CuK<* radiation. Usually the samples were found to be single phase.

Sometimes, slight amounts of Eu 0 were observed.

2.7 Absorbers and sources

The absorbers were prepared in holders, which consisted of brass rings

backed by a kitchen type aluminum foil. The absorber material was immersed

in Apiezon N grease, to provide good thermal contact. In several cases it was

also checked that the addition of the grease had no observable influence on

the shape of the spectrum. For the Eu measurements, the absorbers varied

between 40 and 75 mg cm total material thickness, which corresponds with

effective thickness T between 2 and 10. For the Gd measurements, the total
a

material thickne
approximately 2.

As 51Eu sou

from the Radio Chemical Centre at Amersham. Corrected for absorber thickness,

material thickness varied between 200 and 600 mg cm , thus having a T of
3

As 51Eu source 300 mCi of 5 Eu:SmF was used, obtained commercially

a) The samples were prepared by Dr. K.H.J. Buschow at the Philips Research
Laboratories, Eindhoven, The Netherlands.
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this source gave a line width versus EuF of 2.13 mm/sec. With this source we
obtained typical counting rates of 150000 per channel per day in 512 channels
of the MCA. The measurements on Gd were performed with a 60 mCi source of
155Gd:SmPd,. SmPd- was known to be a proper matrix for a single line source
The source was prepared by irradiating 1200 mgof SmPd powder during one week
at a thermal neutron flux of 2 x lO1*4 cm"2sec"1 in the High Flux Reactor of
the Reactor Centrum Nederland in Petten. The irradiated material was stored
for several months to ̂ low a huge "sm activity to die out. Since the samarium
used was a natural isotopic mixture, there was considerable contaminant
radiation. As noted earlier, it proved worthwhile to use a Ge(Li) detector to
separate the 86.54 keV line from other radiations, though a 3 mm Nal(TI)
counter gave also sufficient resolution to obtain Mössbauer spectra. The
155Gd:SmPd, source was tested against an absorber of GdCs NaCl . In this

i 2 0

material, the Gd ion occupies a site which has cubic point symmetry. Moreover
specific heat measurements had shown no magnetic ordering above 100 mK
Therefore at 4.2 K no broadening due to hyperfine splitting was expected. This
spectrum is shown in fig. 2.7, and exists of one unsplit line with a width of

-¿ - 1 0 1 2
VELOCITY (MM/SEC)

fig. 2.7

Mössbauer spectrum of a
155Gd:SmPd7 source at 15 K

versus a GdCs JlaCl„ absorber

at 4.2 K. The full ourve

corresponds to a computer fit

which yielded an isomer shift

of 0.472 ± 0.003 rm/sec, a line

width of 0. 73 mm/sec and an

interference amplitude £ = 0.05

(cf. sections 1.7 and 2.8)

-J0.73 mm sec . Corrected for absorber thickness, this yields 0.60 mm sec
The slightly asymmetric appearance of the line is due to the interference

-1

effect described in section 1.7. With this 155Gd:SmPd„ source we obtained
typical counting rates for the 86.54 keV line of 10 counts per channel per

day in 512 channels of the MCA.
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2.8 Data processing

Mössbauer spectra as well as velocity calibration spectra were processed
using the I.B.M. 370 computer of the Centraal Reken Instituut of the
Rijks Universiteit in Leiden. Most of the paper punch tapes were fed into the
computer via the Tally tapereader connected to a Data 100 input and output
terminal, which was installed at our laboratory during the course of this work.
The information was stored in a data set on magnetic disc after some preliminary
checks were made. From there, the raw data were plotted and, if necessary,
corrections could be made. These corrections were necessary when for example
a single channel contained information far from the average channel content.
This happened occasionally due to punch failure of the Tally papertape puncher
or by erroneous data handling in the MCA.

After this data preprocessing the spectra were submitted to an analysing
program . In this program, the velocity calibration spectra were fitted to
7th degree polynomials when a triangular reference voltage was used, and to
7th degree Fourier series when a sinusoidal reference voltage was applied. With
the aid of eq.(2.i) the veiocity v(x) corresponding to channel number x could
subsequently be determined. The Mössbauer spectra were least squares fitted
to the following function:

N(x) = (CQ + C,v(x) + C2v(x)) 1 -
A.

(v(x)-6.)2 + A2

(2.2)

N(x) represents the number of counts in channel number x. CQ, C., and C,
specify a parabola to fit the background. The periodic movement of the source
induces a corresponding periodic variation of the solid angle embraced by
the detector window and introduces a slight velocity dependence of the
off-resonance counting rate. This effect is accounted for by fitting the
background to a parabola instead of to a constant. The sum over i in eq.(2.2)
counts the number of lines in the spectrum, which had to be specified in

a) The plot program was written by Drs. H.Th. Le Fever at our laboratory.
b) The analysing program was originally prepared by Dr. J.R. Luyten of the

Rekencentrum of the Rijks Universiteit in Groningen and altered by various
users since.
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advance. A., 6., and A. represent respectively the area, the position and the

half width of a line. E, is the interference amplitude that is referred to in

section 1.5. In the fitting procedure, all of the quantities C Q, C^, C^, £,

A., &., and A. could be adjusted independently as free parameters, but it was

also possible to fix a certain variable at a preset value. So, in case of

Eu spectra, E, was set to zero, since this is to be expected from theoretical

considerations (cf. section 1.8). furthermore, matrices could be specified,

giving correlations between line area's, line positions or line widths. So,

usually the area's were interrelated by the relative intensity values

corresponding to a random arrangement of hyperfine field directions. The line

positions were usually expressed in terms of an isomer shift, an electric

quadrupole interaction energy, a magnetic hyperfine field and, sometimes, the

ratio's of the nuclear moments between excited state and ground state. The line

widths of the individu?.! components were usually constrained to be equal.

As mentioned earlier (section 2.2), the recorded data actually consisted

of two spectra. Sometimes these spectra were fitted independently, thus

providing afterwards a consistency check on the data. Usually, however, the

data were folded, thus yielding better statistics and a less curved background.

Finally, plots were made of the linearized data, together with the computed

curve. All spectra shown in this thesis, are direct copies of these computer

plots.
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Chapter 3
SPIN POLARIZATION IN RARE EARTH INTERMETALLICS

3.1 Introduction

It is useful to divide the vast number of rare earth intermetallic compounds
into two main categories: those which besides the rare earth (R) contain only
non-magnetic (N) constituents, and those in which the rare earth is alloyed with
transition metals (M) which themselves carry a magnetic moment, for example
Fe or Co. The first class of systems, which will be denoted as R-N compounds,
is the simplest or,e. The magnetic behaviour of such compounds is fully
determined by the R-R interactions, i.e. those among the rare earth moments.
The magnetic behaviour of the other category, which will be denoted as R-M
compounds, is much more complex. In principle, one can distinguish three
types of interactions. Firstly, the R-R interactions, secondly the R-M inter-
actions between the rare earthsand the transition metal moments, and finally
the M-M interactions among transition metal moments themselves.

In order to understand the magnetic behaviour of the R-M compounds, one
would like to know the various types of interactions and to have some idea
of their relative importance. The R-R interactions may be studied in the rare
earth metals, or in the R-N compounds. Knowledge of M-M interactions may be
derived from studies of the pure transition metals, where obviously the R-M
and R-R interactions are not present. The R-M interactions are clearly the
most difficult to study, since in principle they can not be separated from
the other two types of interactions. It seems therefore imperative that
precise knowledge concerning M-M and R-R interactions is available, before
the R-M interactions can be fully elucidated. Since in the present work only
europium and gadolinium compounds are investigated, it will be assumed in
this chapter that the rare earths have a pure spin angular momentum, which is
a good approximation for Eu + and Gd .

In section 2 attention will be paid to the RKKY model, which appears to
play an important role in the description of spin polarization phenomena in
R-N compounds. The relevant formulae will be recapitulated, and the assumptions
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that are made will be discussed. In the sections 3 to 5 we will focus on a
number of modifications to the model that have been proposed. Also the
influence of interband mixing and the presence of d electrons will be
considered. Furthtrn-jre, the various terms that contribute to the hyper-
fine field in R-N compounds are discussed in section 6. Thereafter, in section
7 the M-M and R-M interactions will shortly be reviewed. Finally, in section
8, the hyperfine fields at the Gd nucleus in Gd-3d transition metal compounds
will be considered.

3.2 The RKKY model

The mechanism of conduction electron polarization, which seems to account
at least qualitatively for the magnetic phenomena in many metallic systems,
was put forward by M.A. Rudermann and C. Kittel to account for the
interactions between nuclear magnetic moments in e.g. Ag. Further extensions
to the model were made by T. Kasuya 2\ K. Yosida 3), and P.G. de Gennes " .
In this theory, known as the RKKY theory, the exchange interaction between
localized spins and conduction electrons is treated as a perturbation on free
conduction electron states. The conduction electron polarization is obtained
by applying a first order perturbation to the free electron wave functions.
The spatial spin up and spin down densities ¡y~(r)| of the conduction
electrons is then given by :

= r-%?J^f(q>??i' - fy
(3.1)

Here q = k - k', where k and k' represent conduction electron wave vectors,
before and after scattering by the localized moment respectively. The sum over
i counts the number of localized spins in the crystal. The other symbols in
(3.1) have the following meaning:

N - total number of conduction electrons

n - conduction electron to atom ratio
Ep - Fermi level energy
t. - position vector of the i'th localized spin S.

0(q) - exchange interaction between the conduction electrons and
the localized moment

Furthermore f(q) is given by
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f(q) = 1 +
- q'

In
4kpq 2kp - q

k being the Fermi wave vector.

If one assumes J(q) to be constant and equal to J(0), it follows that

(3.2)

with F(X) = -x cosx - s i n x

The function F(x), which is shown in fig. 3.1, reflects the spatial variation

of the conduction electron polarization by a single localized moment.

The interaction of the spin polarization (3.2) with nuclear magnetic moments

was investigated by Yosida to account for the Knight shift in Cu-Mn alloys.

It was shown that the unpaired spin density gives rise to an effective hyperfine

field that can be written as

fi -N 2E_g ßr n n
R
¡

(3.3)

where the origin is chosen at the nuclear site that is considered, and where

the summation runs over all the other lattice sites. A represents the effective

hyperfine structure coupling constant, and g and ß are the nuclear g-value

and the nuclear magneton respectively. The macroscopic behaviour of an ensemble

of localized moments that interact via the conduction electrons polarized

according to eq.(3.2), was discussed by de Gennes , using a molecular field

approach. It may be shown that the paramagnetic Curie point can be expressed as

B F
!F(2k FR.) (3.4)

where for the summation over i, the same considerations are valid as for

eq.(3.3).

It may be useful at this stage to state explicitly the approximations that

are involved in the derivation of the eqs. (3.1) to (3.4). First of all, as

mentioned before, there is the assumption that the conduction electron wave
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fig. 3.1

The function Fix), which determines

the spatial variation of the conduction

electron polarization by a localized

moment, according to the RKKY model.

functions can be described by plane waves. This is a rather good approximation
for s-type or p-type electrons, but for a conduction band with appreciable d
character, this assumption is certainly not valid. Therefore one may not
expect quantitative agreement of experimental data with eqs.(3.1) to (3.3) in
case one deals with d bands.

Furthermore J(q) is taken as a constant J(0) in eqs.(3.2), (3.3), and (3.4).
Actually, the exchange integral for the interaction of a localized electronic
spin with free conduction electrons depends on q = t - t'. The replacement
of J(q) by J(0), which is made for reasons of computational simplicity, would
imply that all wave vector changes in the scattering process are equally
probable. This is certainly not true. It seems obvious, for example, that
J(q) should approach zero for q tending to infinity. Similar considerations
hold for A which is introduced as the hyperfine structure coupling constant.
Also in this case, the q dependence is neglected. These approximations,
especially J(q) = J(0), have rather serious consequences. For example, the spin
density, according to eq.(3.2), would diverge at the sites of the localized
spins. In eq.(3.3) and eq.(3.4), the contributions of the localized spins at
the origin are excluded for this very reason. Therefore, the hyperfine field
contribution HN, given by eq.(3.3), takes only effects of the conduction
electron spin polarization by the neighbouring localized moments into account.
Therefore, a prediction of the hyperfine field contribution due to the
conduction electron polarization by the localized moment at the ion itself
cannot be given as a consequence of the neglect of the q dependence of J.

The third assumption concerns only eq.(3.3), in the derivation of which
the molecular field approximation is used. The shortcomings of the theory,
due to this simplification are probably not too serious. Firstly, the inter-
action is relatively long range (r"3). Moreover, in this thesis, only compounds
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of Eu + and Gd ions with rather high spin values (S = 7/2) are considered, which
tends to reduce the deviations from the molecular field«theory.

3.3 R-N compounds: applications and modifications of the RKKY model

As noted above, the magnetic interactions in R-N compounds are restricted
to those between the rare earths. Since the 4f moments are in general quite
well localized, it may naively be expected that the RKKY model can account for
these interactions in those cases where the conduction band has mainly s

character. In fact, there is at present quite some evidence pointing into this
7-21)direction. A number of authors were able to interpret their data ,

obtained by various techniques, in the framework of the RKKY theory. Studies
concerning the effects of conduction electron concentration variations are
especially interesting * .In connection with this it should be noted
that in the argument of F(2k R.), in the formulae in section 3.2 only the
product kpR. occurs. Since kF depends inversely on the lattice parameters, it
is clear that the sum 2F(2kpR.) over the magnetic sites in the crystal, is
invariant under isotropic expansions and contractions of the lattice. This
implies *"hat the sign of transferred hyperfine fields, as well as the sign
of epi i.e. the occurrence of ferromagnetism or antiferromagnetism, depends
almost exclusively on kp for any given crystal structure.

Some alterations to the RKKY model have been made. Firstly, a reduction of k
with respect to the free electron value, k°, has been introduced by Buschow
et al. ' to account for the ferromagnetism in GdAl„, TbAl», and ErAl,. Such
reductions have also been employed by other groups to fit their experimental
results. In most cases, this reduction factor kp/kp falls between 0.70 and
0.95. The physical justification of this procedure is related to the free
electron assumption in the PKKY model, which neglects zone boundary effects.
In real crystals, such effects are indoubtedly present, so that one may
consider k as an effective radius, which averages the Fermi surface into
a spherical one.

Furthermore, an important modification of the RKKY model bears upon the q
dependence of J. In his original paper Yosida had already introduced a
cut-off in J, to circumvent the divergencies at the magnetic lattice sites, by
taking J(q)f(q) = 2J(0) for q < 2kp, and J(q)f(q) = 0 for q > 2k,p. This
procedure leads to the occurrence of factors £(2kpR.)F(2kpR.) in the expressions
for HN and 6p:
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ft -Ecg ßr n n
(3.5)

and

BF
7 (2kFR.)F(2kFR. (3.6)

-2
In this approximation for J(q), the interaction falls off as r instead of
r . The convergence of the lattice summations therefore becomes dubious. The
success of this modification proved rather questionable. A comparison of the
original RKKY picture as given by eqs.(3.3) and (3.4), and the revised

21)version ju¿.t mentioned, was made by Loeuwenhaupt , who interpreted Mössbauer
measurements and magnetic data on EuSn, and EuPb in the frame of the RKKY model
The experimental results could be interpreted in a much more satisfactory way
when the original picture, with J(q) as a constant for all values of q, was
employed than when the revised model with a cut-off in J(q) was used.

Finally, a third modification to the RKKY model has been introduced by de
Gennes ' in order to take into account the influences of a finite mean free
path 1 of the conduction electrons. These effects were dealt with by weighting
the sumfunctions in eqs.(3.3) to (3.6) with a damping factor exp(-R./l), thus
reducing the effects of far away spins.

3.4 Interband mixing

Another feature that has to be taken into account when applying the RKKY
model to fit experimental data is the possible occurrence of interband mixing.
In the foregoing equations, J(0) is supposed to represent an electrostatic
exchange integral, and is therefore expected to be positive, thus inducing
parallel spin alignment in the immediate vicinity of the local moment. In
practice, however, J(0) may be effectively reduced, or even be negative. Watson
et al. investigated the interband mixing of localized 4f states and
conduction electrons. Their illustrative picture, referring to the case of Gd
is shown in fig. 3.2. The 4f states are represented as narrow bands: the spin
up states, that are all occupied in the case of Gd fall below the Fermi level,
while the spin down states are situated above the Fermi level. The conduction
electron states at the Fermi level will mix with these 4f bands, because unlike
the 4f states they are not exact eigenstates of the one electron Hartree-Fock
hamiltoni ans. The occupied 4f states with spin up will mix with- spin up
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fig. 3.2

A schematic representation of

interband mixing for' Gd, and its

contribution to a J'(0) defined for

Fermi-surface electrons (taken from

ref. 22).

conduction electron states just above the Fermi level. The effect of this

mixing is to raise the energy of the conduction electron states, and to lower

the 4f state energy. This results in a slight delocalization of the 4f moment,

and furthermore a repopulation of conduction electron states at the Fermi level,

thus introducing a conduction electron polarization anciparellel to the 4f

moment. On the other hand, the mixing between the unoccupied spin down 4f states

above the Fermi level with spin down conduction electrons just below the Fermi

level will lower the energy of the conduction electron states, and raise the

energy of the virtual 4f levels. Also in this case, a repopulation of

electron states at the Fermi level induces a conduction electron spin

polarization that is antiparallel to the spin of the 4f occupied states.

The effects of this interband mixing may be described by a negative effective

exchange parameter, J'(0), which should be added to the electrostatic exchange,

thus yielding

Jeff(0) = J(0) + J'(0)

22)

Watson et al. ' estimated, by numerical calculation, the dependence of

Jeff(0) on kp and found a sign reversal of Jeff(0) at kp & 2 A"
1. For k < 2A~',

Jeff(0) was found to be positive, while for kF > 2 A"
1, negative values were

obtained, the effects of interband mixing thus being dominant in that region.

Experimental evidence for interband mixing was found by de Wijn et al. ,

who tabulated a number of effective exchange parameters, obtained in various

compounds, versus kp. The sign change of Jeff(0) was found to occur at

kp a 1.4 A" , as is also shown in fig. 3.3.
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Dependence of the exchange constant

( T=2J(0)) on L (taken from vef. 10).

3.5 d electron effects

In the foregoing, it was implicitly assumed that in the R-N compounds, the

conduction band can be-well described by free electrons. As noted before, this

may be a rather good approximation for electrons having predominantly s and

p character, but for d electrons it is certainly wrong. In most experimental

studies of R-N compounds, d band effects are neglected. It should be kept in

mind, however, that Gd, like most rare earths, besides releasing two 6s

electrons into the conduction band also donates a 5d electron into the

conduction band, when acquiring the trivalent state which usually occurs in

intermetallic compounds. The existence of a 5d band at the Fermi level can

therefore not be excluded a priori. It is evident that the relatively high

density of states associated with d bands at the Fermi level will influence

spin polarization phenomena and therefore the magnetic characteristics, in a

profound way. Deviations from a simple RKKY picture are therefore expected in

such cases.

As an extreme alternative to indirect exchange, Campbell suggested

that a local d moment may be formed at the rare earth site through positive

f-d exchange. This d moment in turn may interact by direct d-d interaction

with other rare earths. As far as the R-R interactions in the R-N compounds

are concerned, this mechanism is of course limited to those compounds that

are rich in rare earths. On the other hand, the formation of such a local moment

at the rare earth site would probably influence the hyperfine field at the

rare earth site in all R-N compounds.

Thus far behaviour deviating from the Rudermann-Kittel-Kasuya-Yosida

model in R-N compounds that have been attributed to d character of the rare

earth electrons were reported in a number of cases, referring predominantly
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to compounds with the CsCl structure 2 ~ . Band structure calculations for
some of these compounds also showed the possible presence of a d band at the

28 29)

Fermi level ' J' . In ferromagnetic Gd the wave functions at the Fermi level
were even found almost completely d-like . For divalent Eu compounds,
where Eu releases only two 6s electrons into the conduction band, such effects
are less obvious. The Eu 5d states will in general lie above the Fermi level.
However, they may be influenced by interband mixing. In fact, band structure
calculations on metallic Eu have shown d character of the conduction electrons
at the Fermi level ^' ^ . Furthermore it should be kept in mind that the
conduction band may also obtain d character from some N elements, especially
in cases where the N component is a 4d or 5d transition element. Crecelius et
al. , for example, investigated Eu diluted in Ca, Sr, Ba and Yb, and ascribed
the variation of Eu hyperfine fields and isomer shifts to the increasing
d character of the conduction band, when going from Ca to Yb, the effects in
Yb - a 5d transition metal - being most outspoken.

3.6 Hyperfine fields in Eu and Gd-N compounds

For Eu- and Gd-N compounds it has been common practice ' to split

the effective magnetic hyperfine field at the rare earth nuclear site into three

contributions

Heff = HCP H0P + HN (3.7)

H.p represents the core polarization contribution, which reflects the response
of the inner s shells to the intra-atomic exchange with the localized moment.
H the 'own' polarization contribution, arises from the conduction electron
polarization by the 'own' moment of the ion, the nucleus of which is considered.
The last term in eq.(3.7), the neighbour contribution H.,, takes the effects of
the surrounding magnetic moments into account. A few remarks can be made with
respect to each of the terms in this decomposition of the effective hyperfine
field. H r D can be estimated in insulating ionic compounds, where no conduction
electron contributions to the hyperfine field are expected. Baker et al.
measured -340 kOe for Eu :CaF .The minus sign is, as usual, employed to indicate
that the direction of H.D is opposite to the direction of the 4f moment. Also
in most Eu salts a value near -340 kOe is found . For ionic Gd compounds a

similar value is found kO)

It is assumed in eq.(J.7) that no orbital contributions are present. However
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there is evidence that neither in Eu2+ nor in Gcr the ground state is purely

S-,.-, but that there is some 1.5% admixture of the higher P.,,, state J '
11¿ ' ' f t

While the orbital contribution to the hyperfine field of a pure S 7 /, state
6vanishes, a pure P-,.o state may contribute 1100kOe to the hyperfine field.

6Therefore a few percent admixture of the P-,,- state introduces a contribution

to the hyperfine field that may amount some tens of kOe . Moreover this

contribution may be anisotropic and different for different compounds, because

of crystal field effects on the P7,2 state. Since this orbital contribution is

absorbed in H f p in eq.(3.7), it will be clear that the above mentioned

configurational mixing introduces some uncertainty in the H.p values, as

determined in insulators. However, since these effects are expected to be rather

small, they will, in accordance with common practice, be neglected in the

discussion of hyperfine fields in the following chapters.

The neighbour contribution I-L exists of two contributions. One is due to

the dipolar interaction with the surrounding Eu and Gd moments, and is given by:

J B / .

3R.(S..R.) s.
V

(3.8)

where S. denotes the spin at the i'th lattice site, which has a position vector

t.. The origin is taken at the nuclear site under consideration. H?jip may be

estimated by rather straightforward computation, using eq.(3.8). Its magnitude

rarely exceeds 10 kOe and is zero for sites of cubic magnetic symmetry.

An important part of I-L is H|'
r , which arises from transferred effects. In

the frame of the RKKY model, one may estimate its magnitude by the use of

eq.(3.3). An experimental determination of H^r may be obtained by dilution

of the compound with an isostructural non-magnetic counterpart, which contains,

instead of Eu or Gd, a non-magnetic element of the same valency. Working along

this line HN was determined by Hüfner et al. ' ' in metallic europium, by

dilution with Ca. Also in some intermetallic compounds H.. was estimated ' " .

The 'own' polarization contribution HQp in eq.(3.7), takes into account all

effects due to polarization of the valence electrons by the ion's own magnetic

moment. Experimentally one finds that it is usually positive and of moderate

magnitude (cf. section 5.3). If we assume that the conduction band has dominant

s character, then hLp is fully determined by the net 6s spin density at the

europium nuclear site. Furthermore, it seems plausible that the degree of

polarization of the 6s electrons is proportional to the effective exchange

interaction J f. The net spin density at the nuclear site then correlates to

51

I



the total 6s probability density as:

In Mössbauer spectroscopy the total 6s probability density is probed by the
isomer shift (eq.(1.17)). Though it may be remarked that penetration of the
6s electrons at the nuclear site is influenced by screening of the inner shells,
one may assume that this screening is primarily determined by the atomic structure
and only moderately dependent on the composition of the compound. Therefore isomer
shift differences between various compounds. It may be clear from the discussion
above that for s-like conduction bands a proportionality, or at least a monotonie
correlation between H Q p and the isomer shift would be expected:

It should be noted, that when the conduction electron wave functions are not
dominantly s-like, for example by effects of interband mixing, deviations from
this correlation may occur. For instance, polarized d electrons interact with
the nucleus only indirectly via core polarization and thus contribute negatively
to the isomer shift. The isomer shift, on the other hand, is not sensitive
to the presence of d electrons.

Experimentally, Nowik et al. indeed found a correlation between H o p

and the isomer shift, and their results are shown in fig. 3.4. However, in
their study, only few compounds were included. In section 5.3 we will come back
to this proportionality in relation to the measurements reported in the sections
4.3 and 5.2.

In general the combined effect of H Q p + HN is found to be positive, but
much too weak to cancel the contribution H_p (= -340 kOe) to the hyperfine
field in Eu-N intermetallics. Therefore, with the possible exception of Eu-4d
compounds, the Eu hyperfine field is negative in these compounds. Usually
their values are found to range between -300 kOe and -150 kOe ' 33-37)_

3.7 R-M compounds

As noted before, the R-M compounds, with M denoting magnetic species, form
a somewhat more complex class of materials than the R-N compounds. In general,
M represents a 3d transition metal. In the beginning of this chapter it was
already argued that one may separate for practical purpose, the possible
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interactions into those between the rare earths (R-R), those between the 3d

transition metals (M-M), and those between the rare earths and the transition

metals (R-M). The R-R interactions were considered in the foregoing paragraphs,

in connection with R-N compounds. It will be assumed that these interactions

are of the same nature in R-M compounds as in R-N compounds. Here, only

compounds will be considered that are relatively rich in the transition metal.

In these cases, the R-R interactions are relatively weak with respect to the

other two types of interactions. In our consideration of the R-M compounds,

a further restriction will be made to compounds with iron, cobalt, and

nickel. The nickel compounds are of course only relevant for the present

purpose when nickel carries a moment. Manganese compounds have thus far been

little investigated, and appear to exhibit rather puzzling behaviour .

Since, furthermore the measurements in this thesis do not include any manganese

compounds, we shall not cover them in our discussion.

In the intermetallic binary compounds of the rare earths with iron, cobalt or

magnetic nickel , the Fe, Co, and Ni sublattices are at low temperature

usually found to be ferromagnetic. This feature, and also the very high Curie

points, which are of the same order of magnitude as those of the pure 3d metals,

suggest that in these compounds, the M-M interactions are quite important,
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and very similar to the interactions in pure Fe, Co, and Ni. The precise
nature of these interactions has been in discussion for many years and it is
far beyond the scope of this thesis to cover all models that have been
proposed. An extensive review has for instance been given by Herring '.

The main interest has been focussed on the question whether the 3d transition
metal moments are localized or itinerant. As an example of a model, assuming
completely itinerant magnetic moments may be mentioned the Stoner-Wohlfahrt
model '" , in which the concept of partially filled rather narrow d band
accounts for many.observed quantities like for instance the non-integral value
of the magnetic moments in these metals. Also models assuming a partial
itineracy have been suggested. Recently for example it was put forward by
Stearns that the magnetic behaviour in Fe is dominated by indirect exchange
via a small fraction (̂  5%) of itinerant d electrons, the major portion of the
3d electrons being localized and constituting local magnetic moments. These
induce an oscillatory polarization of the itinerant d electron fraction very
much in the same way as in the RKKY theory. In this picture the polarization of
the itinerant d electrons is, unlike the polarization of the s type conduction
electrons, still positive at nearest neighbour distances and would
thus lead to the observed ferromagnetism.

As stated before, the R-M interactions are the least understood. It is clear
however, from experimental data, that in transition metal rich R-M compounds,
the spin angular momenta of the rare earths couple antiferromagnetically to the

54



MAJORITY SPINS
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fig. '¿.6

Sketch of the density of states of

majority and minority spins for- Fe,

Co and Ni. The Fermi levels of

Fe, Co and Ni are depicted by the

vertical lines. For simplicity, the

band splitting is taken equal for

the three metals. The shaded areas

denote the densities of states for

the itinerant d electrons according
SO)

to Stearns

iron, cobalt or nickel sublattices. This is clearly demonstrated for example,
by the variation of the saturation magnetization of the various Gd-Co compounds,
as was already pointed out in an early paper of Nesbitt et al. 51) as is shown
in fig. 3.5. A similar behaviour is also found in Fe compounds. Also later
work has confirmed this so called 'antiferromagnetic coupling scheme .

A complication in the R-M exchange interactions is offered by the
transition metal moment variations of the 3d transition metal moments. This
so called 'transition metal moment collapse' appears to be the most drastic
for Ni compounds. In metallic Ni, the magnetic moment is known to be

approximately 0.62uD per atom. In Gd_Ni,, the Ni moment is reduced to 0.31JJD
58)per Ni atom , while for compounds richer in the rare earths than GdNic, the

CO) ->

Ni moment vanishes . Similar behaviour is found in Co compounds. The Co moment
for pure Co is 1.71u which is reduced when Gd is added. In GdCo„, the Co moment
is only 1.05p ' per Co atom. In Fe compounds, on the contrary, these transition
metal moment perturbations are much smaller. The moment per Fe atom in GdFe2

is approximately 2.In , almost the same as in pure Iron (2.22y_). These features
can be qualitatively understood in a rigid band model. A rough picture of the
density of states of the 3d bands of Fe, Co, and Ni is shown in fig. 3.6 50' 6 .
The position of the Fermi levels for the various metals is indicated. It is
here assumed that these densities of states are similar in intermetallic
compounds. The alloying with rare earths acts then as an addition of conduction
electrons, due to the tri valency of most of the rare earths, and will raise the
Fermi level. For Ni, the majority spin band being fully occupied, a raise of the
Fermi level means a rapid lowering of the moment, until the minority spin band
is filled as well, and the moment has vanished. In the case of Fe, on the
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other hand, the density of states near the Fermi level is almost equal for

both majority and minority spin bands. The Fe moment is therefore only sensitive

to alloying. For Co, a raise of the Fermi level does not seem to effect the

net polarization \iery much, until the hump in the minority spin density has

been passed. Then a strong reduction of the moment is expected. Such behaviour

is indeed qualitatively observed (cf. fig. 3.7)

Much less understood is the dependence of the 3d moment on the rare earth

moment. In fig. 3.7, for example, one sees that the Co moment in GdCo_

differs from the Co moment in YCo2< Apparently, the band splitting between

the 3d subbands depends on the rare earth moment. It should be noted that in

the considerations above,only average moments are considered. Especially

in compounds like R£Ni17 and R2Co , which are rather rich in Ni and Co, one

should not expect all transition metal atoms to possess the same moment

(cf. ref. 63 and also section 6.5).

3.8 Hyperfine fields in Gd-M intermetallics

The Gd hyperfine field in Gd-M intermetallic compounds can be decomposed
into four contributions:

Heff = HCP H
0P (3.9)
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't fFor HCpJ HQp and HN the same considerations apply, as were held for the

three contributions to the hyperfine fields in R-N. compounds (cf. section

3.6). The superscript to H¡!f is added to indicate that this contribution arises

from the rare earth moments. Here we will focus on H^ , which accounts for all

effects that originate from the magnetic 3d neighbours.

Experimentally, the magnitude of H^ may be estimated in a certain Gd-M

compound from hyperfine field results obtained in isostructural compounds where

Gd is replaced by a non-magnetic element like for instance Y or La. The hyperfine

field at the Y or La nucleus is solely due to the surrounding 3d moments.

Unfortunately Y or La hyperfine fields can not be measured by Mössbauer

spectroscopy, but can be determined by e.g. NMR techniques. Since we are dealing

with Fermi contact interactions, it should be noted that the hyperfine fields

probed by different nuclei have to be scaled to the respective hyperfine

structure coupling constants, in order to make them comparable with one another.

Furthermore, hyperfine fields measured in Y-M or La-M compounds should be

corrected for possible variation of the 3d moment (cf. fig. 3.7) in order to

obtain an estimate of H^ in the isostructural Gd-M compounds. In section

6.5 we will proceed along this line to estimate Hj* in a number of Gd-M

compounds.

A theoretical prediction of the magnitude of H^ is unfortunately hard

to give. This problem is related to the characteristics of the 3d moments.

For example, when the 3d moments are mainly localized one may perhaps largely

ascribe H^ to a RKKY-like polarization of s-type conduction electrons .

If one considers the 3d moments as itinerant, they will probably mainly

interact via core polarization with the Gd nuclei.

The theoretical and empirical guidelines presented in this chapter will

be used in the discussion of the experimental results in the following chapters.
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Chapter 4
SPIN POLARIZATION IN SOME COMPOUNDS WITH THE CaCu5 STRUCTURE

4.1 Introduction

In this chapter measurements on a number of compounds with the CaCu,-

str.icture will be presented. The investigated compounds are EuZn,., EuAu-,

EuAg,- and EuCu,.. It was our intention to disentangle the various contributions

to the magnetic hyperfine field, and therefore a number of experiments were

also performed on magnetically diluted compounds, such as EuQ 2Ca Q gCu,. and

EuQ 2CaQ gZn5. Furthermore, the effects of small changes in the conduction

electron concentration were investigated, by means of the pseudobinary

compounds Eun „Lan QCu.-, Eun „Lan QZn.- and Eun „Gdn aCuc. After a short
U.z U.o p U.¿ U.ö p U.¿ U.ö p

introduction to the crystal structure in section 2, the measurements and their

computer analysis will be presented in section 3. Thereafter, the easy

direction of the magnetic moments it; EuAu,., EuAg_ and EuCuq will be discussed.

Then, the various hyperfine field contributions will be considered and a

comparison will be made with the observed values for the asymptotic Curie

temperatures in the framework of the RKKY model.

• o -

*

o /

•

/-o-
r • / •,

/ ° . /°
A - plane

B-plane

fig. 4.1
Hexagonal CaCu^ structure. The A-plane

contains Ca atoms (open circles)

as well as Cu atoms (black dots).

The planes are stacked alternatingly

in the crystdllographic c direction.

The Vriin linas demárcale a uniL

cell.
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4.2 Crystal stricture

The hexagonal CaCu,. structure can be visualized as consisting of two

different layers (cf. fig. 4.1) that are stacked alternatingly in the

crystallographic c direction. The A-plane contains Ca atoms, as well as Cu

atoms, while in the B-plane only Cu sites are located. Since the unit cell

comprises one formula unit, all Ca sites are crystal'lographically equivalent.

They are coordinated by 18 Cu atoms. Nearly all the compounds investigated

in this chapter could be indexed according to the CaCu,. structure. The lattice

constants are given in table 4.II.There is little variation in the c/a ratio:

0.78 < c/a < 0.82.

4.3 Experimental results and analysis

In order to avoid lengthy descriptions of computational details for each

of the measured compounds, it seems useful to introduce a few expressions that

will be extensively used in the following.

'To fit with one suhspeotrum'. When a spectrum is fitted with one subspectrum,

it is meant that a least squares analysis is applied to the data in terms of

18 Lorentzian shaped lines of equal width and with relative intensities as

given in table 1. Ill. In such a fit there are in general eight adjustable

parameters: the magnetic hyperfine field, the electric quadrupole splitting,

the isomer shirt, the line width, the line intensity and three parameters to

account for a parabolic background.

'To fit with two subspectra'. In this case, two subspectra, together comprising

36 lines, are included in the analysis. For each of the subspectra, the same

variables are included as under the previous entry, but all line widths are

constrained to be equal. In such a case, there are 12 adjustable parameters

(2 hyperfine fields, 2 quadrupole splittings, 2 isomer shifts, 1 line width,

2 intensities and 3 background parameters).

'Single line'. Besides one or two subspectra, occasionally additional single

lines have been included in the analysis. In general, each 'single line1 will

add an isomer shift and a relative intensity to the total number of adjustable

parameters. The line width may or may not be a free parameter. Usually, the

line width was held equal to the width of all other lines, except when the

'single line' represented nrre than ^ 10% of the total intensity.

The measured compounds are listed below, and for each of them some comment

will be made With regard to the treatment of the data. The results of the
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table 4,1 Mössbauer data

oí
ro

EuAu-

EuAg5

EuAg^

EuCu5

E u0.8C a0.2C u5
E u0.2C a0.8C u5
E l J0.8L a0.2C u5
E u0.2L a0.8C u5
E u0.2G d0.8C u5
EuZn5

Eu0.2Ca0.8Zn5
Eu0.2La0.8Zn5

!H e f f(0) |

(kOe)

-274 ± 3

-245 ± 3

-225 ± 5

-269 ± 3

-270 ± 3

-265 ± 3

-274 ± 3

-274 ± 5

-298 ± 3

-292 ± 3

-298 ± 4

-284 ± 4

I.S.

(mm/sec)

-10.4 ± 0.1
-10.1 ± 0.1

- 9.5 ± 0.1

- 8.2 ± 0.1

- 8.1 ± 0.1

- 8.3 ± 0.1

- 8.1 ± 0.1

- 8.1 ± 0.1

- 7.9 ± 0.1

-10.0 ± 0.1

-10.0 ± 0.1

- 9.9 ± 0.1

V
ZZ

(101 7 V cm'2)

+9.4 ± 0.6
+6.2 ± 0.6

+2 ± 2

+7.5 + 0.6

+7.5 ± 0.6

+6.5 ± 0.6

+7.2 ± 0.6

+7.9 + 0.6

+6.2 + 0.6

+0.4 + 0.5
+0.6 ± 0.6

-1.2 ± 0.6

line
width

(mm/sec)

2.2

2.5

2.5

2.7

2.5

2.8

2.5

2.6

2.5

2.7

2.4

2.3

relative
intensity

{%)

100

70

30

93

95

100

93

100

100

100

100

100

Eu2O3

intensity
(%)

0
0

0

7

5

0
7

0

0

0

0

0

ordering
temperature

(K)

14.3 ± 0.3

18 ± 1

6 ± 1
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Mössbauer spectrum of EvAu,..

The solid lines correspond to

the least squares fits described

in the text. Above the spectra

the relative intensities of the

lines are indicated.

analyses are compiled in table 4.1. Crystallographic and magnetic data obtained

on the same compounds are listed in table 4.II.

EuAu,

Two spectra are shown in fig. 4.2, and were fitted with one subspectrum.

However, in the analysis of the spectrum at 20 K, the hyperfine field was set

equal to zero. The asymmetric appearance of these spectra is due to the

presence of a quadrupole splitting which is unusually large for Eu compounds

(cf. refs. 1-4). A computer fit was also performed with the ratio of Q(21.64)/Q(0)

between the nuclear quadrupole moments as a free parameter. The value obtained,

0(21.64)/Q(0) = 1.30 ± 0.01,is in agreement with earlier results '' 2K

EuAg6

The measurements on EuAg_ are shown in fig. 4.3. The spectrum at 1.15 K was

analysed in terms of two subspectra. The main spectrum shows magnetic splitting

at temperatures below 18 K, while the ?acondary subspectrum first exhibits

splitting at temperatures below 6 K. In the intermediate region, the spectra

were fitted with one subspectrum plus a single line.

The subspectrum that shows magnetic splitting below 6 K should be attributed

to the presence of EuAg.. This phase has a hitherto unresolved and probably
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table 4.II Crystallographia and magnetic data
a)

EuAu,.
EuAg^.
EuCu5

E u0.8 C a0.2 C u5
E u0.2 C a0.8 C u5
E u0.8 L a0.2 C u5
E u0.2 L a0.8 C u5
E u0.2 G d0.8 C u5
GdCu5

EuZn5

E u0.2 C a0.8 Z n5
E u0.2 L a0.6 Z n5

a(A)

5.545

5.629

5.138

5.126

5.101

5.143

5.177

5.100

5.039

5.437

5.44

5.468

c(A)

4.587

4.638

4.114

4.096

4.099

4.103

4.088

4.099

4.111

4.312

4.267

4.267

yeff

(VEu)
7.78

7.43

7.6

8.04

7.87

7.89

7.99

y(18k0e)

(UB/Eu)

6.6

6.3

7.2

4.8

5.0

5.4

ep(K)

+14

+ 19

+58

+39

+43

+20

-24

ordering
temperature

(K)

Tc = 13

Tc - 19

Tc = 57

Tc = 42

Tc = 25

a) By courtesy of Dr. K.H.J. Buschow
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Mössbauer spectrum of EuAgr.

The solid lines correspond to

fits described in the text. The

arrows in the spectra at 24.5 K

and 9.0 K indicate the position
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subspectrum. The spectrum at

0.83 K shows splitting for both

phases: EiiAg^ and EuAg . The

relative intensities are indicated:

the upper set of relative
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quite complex crystal structure . Its presence was also observed on micro-
structure photographs where it showed up with a darker shade than the main
phase. The magnetic data that are reported in table 4.11 refer to a second sample
that was prepared with a surplus of Ag, and therefore can be attributed to
EuAg,.. It should be noted that acceptable computer fits were obtained by
allowing one subspectrum to account for the EuAg.. This is probably a
simplification, since it seems unlikely that in EuAg, all Eu sites are
equivalent. Apparently, the various Eu sites in EuAg, are rather alike as to
thei,' hyperfine interactions. From the present data, it can also be concluded
that all Eu ions in EuAg, are in the divalent state.

EuCu.

The spectra of EuCur were similar to those of EuAu,-, except that in the

analysis an additional s ngle line had t̂> be included (cf. ref. 6). The isomer
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shift of this line (+0.9 mm/sec) indicates it to be due to Eu in the trivalent
state, and is in keeping with the isomer shift expected for Eu20,. Therefore
we identify this line with a small Eu„CL contamination.

The spectra of the pseudobinary compounds EuQ gCaQ 2
Cu5> Euo 2Cao 8Cu5'

EuQ 2La Q gCu,- and EuQ 2GdQ were treated similarly to those of EuCu5,
except that occasionally we found no evidence for a EuJD, impurity. In all
cases, a good description of the data was obtained with a single value for
the hyperfine field, as can be seen in fig. 4.4 (which can be regarded as a
representative example).

EuZnr

Spectra were collected both above and below the magnetic ordering (see
also ref. 7). The spectra below the ordering temperature were fitted with one
subspectrum. Above the ordering temperature, the spectra could be fitted with
one single line This was possible since in EuZn,. the quadrupole splitting
almost vanishes, in contrast to the situation in EuAu5> EuAg- and EuCu5.

For EuZn_ some diluted compounds were also considered. EuQ 2Ca. „Zn,. and
EUg 2La Q gZn_ were treated with one subspectrum. In these cases, as well, there
was no reason to take distributions of hyperfine fields or quadrupole splittings
into account , as may also be inferred from the absence of line broadening in
the analysis with one subspectrum.

4.4 Easy direction of magnetization

In those compounds where a relatively large quadrupole interaction is
present, such as EuAuc, EuAgc and EuCuc, it is possible to derive the easy

2+direction of magnetization. Since Eu has no orbital momentum (J = S = 7/2),
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fig. 4.5

Simulated spectra for various values

of the hyper f ine field (H „J and

V , the main component of the electric

field gradient tensor. For all spectra
17 2shown, V is taken to be 9 x 10 V/cm

and a line width of 2.4 mm/'sec is

assumed. The isomer shift and the

vertical scale are chosen arbitrarily.

The upper spectrum shows quadrupole

splitting only. In the lower spectra

# .¿v is present and the effect of a

varying angle 6 is shown.

the electric field gradient tensor should reflect the symmetry of the lattice,

and should exhibit only a very moderate temperature dependence. Symmetry

considerations appropriate to the CaCur structure demand in such a case that

the main component of the electric field gradient tensor coincides with the

crystallographic c direction, and the asymmetry parameter r¡ to be equal to

zero. Some examples of computer simulated spectra (cf. section 1.4), showing
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the effect of a variable angle 6 between H ,, and V , are given in fig. 4.5.

For all thesQ spectra, the same value of V ? (9 x 10
1 7 V cm"2) and the same

line width were used. From a comparison of these simulated spectra with the

experimental data on EuAu (fig. 4.2),it may be inferred that the directions

H ,f and V z z coincide or nearly coincide. In fact for cases with n = 0 and

e qQ « gnß H it can be shown that the quadrupole splitting is described by

= e2qQ 3 cos 6 - 1 (4.1)

where e qQ denotes an effective quadrupole splitting. In the fitting procedures

applied in this chapter V and H ,., are always assumed to be col linear. The

quadrupole splittings derived from spectra at temperatures far below T thus
2 ft c

correspond to e qQ , while on the contrary the quadrupole splittings derived
from spectra above T correspond to e qQ. If 8 were different from zero,

C

therefore an effective reduction of the quadripole splitting or even a sign

reversal (9 > 57°)should have been found. However at all temperatures nearly

the same quadrupole splittings were derived from the spectra for each compound

considered in this chapter. Therefore it can be concluded that in EuAu,-, EuAg

and EuCu-, as well as in the diluted compounds of the latter, the angle e is

zero. The easy axis of magnetization is directed along the crystallographic

c-axis (perpendicular to the planes shown in fig. 4.1).

4.5 Hyperfine field contributions in EuCuc, EuZnc and GdCuc

As noted in the introduction, the measurements on EuQ 2CaQ gCu- and

Eu. _Can nZrv were performed to obtain an estimate of the neighbour contribution

H to the hyperfine fields in EuCu_ and EuZn_. Since the signs of the

measured fields are expected to be negative (cf. section 3.6), one can derive

a value for HN in EuCu- of -5 ± 5 kOe, by substraction of the fields observed

in EuQ 2Ca Q gCu5 (-265 ± 4 kOe) and EuCur (-269 ± 3 kOe), and extrapolation

to zero Eu concentration. A calculation of H 'p in EuCu- using eq.(3.7) and

performed under the assumption of infinitely long cylindrical crystals yielded

a value +4.3 kOe. Therefore we conclude that the transferred field H^r (EuCu_)

(cf. section 3.6) amounts to -9 ± 5 kOe . As discussed in section 3.6,Hcp is

approximately -340 kOe. Among the three contributions Hcp, Hflp and K, that

contribute to H ff, the only remaining unknown quantity is H~p e.i. the field

a) HN was computed by Dr. H.W.J. BISte at our laboratory.
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due to the conduction electron polarization by the Eu atoms' own 4f moment.

Its value can therefore be calculated for EuCu,.. One finds HQp(EuCu,-) =

76 ± 5 kOe. Working along similar lines, one can derive for EuZn,. : HN =

+8 ± 5 kOe and HQp = +40 ± 5 kOe.

A discussion of the values obtained for HQp will be deferred to chapter 5,

where the results of the measurements described in that chapter can also

be taken into account. Here, the results on EuQ -GcL gCu5 and EuQ 2La 0 gCu^

will be considered. Both La and Gd release three valence electrons into the

conduction band. One can therefore expect that the difference between the

Eu hyperfine fields in these two pseudobinary compounds is due to the

circumstance that in EuQ «Gd» gCu,-, the Gd neighbours of the Eu atoms do

carry a magnetic moment, while the La neighbours in EuQ „La. gCu,- do not.

This difference may thus provide a reasonable estimate of the neighbour

contribution HN that is present in GdCur- Comparison of the data (see table

4.1) and extrapolation to zero Eu concentration thus, leads us to the

assignment HN(GdCu_) = -30 ± 7 kOe. Taking into account a dipolar contribution

HN'
P of +5 kOe, we thus derive for the transferred hyperfine field in

GdCu5: ,H*
r(GdCu5) = -35 ± 7 kOe.

4.6 Discussion

The observed values for the paramagnetic Curie points and the derived

neighbour contribution to the hyperfine fields may be compared with one

another in the framework of the RKKY theory. As noted in section 3.3, the

value of the sumfunction ZF(2kpR.) that occurs in the formulae of the RKKY

model is invariant under isotropic lattice expansions. It depends only on the

number of conduction electrons per unit cell, which enters via kp into the

sumfunction. Since the other quantities that occur in eq.(3.4), such as E p

and J ,, are not expected to be very different in EuCuq, and EuAu,., both having

the same number of conduction electrons per unit cell, the RKKY model analysis

predicts that the paramagnetic Curie points of these compounds are

approximately equal. The measurements for EuCu_ (0 = 58 K) and EuAu5 (ep = 14 K).

however, show that this conjecture is not corroborated by the experimental

results.

Furthermore, the observed neighbour contributions may be compared to the

0p values. For ferromagnetic materials, the equations (3.2) and (3.3) can be

directly compared with one another, since in that case the sumfunction

2 F(2kpR.) of eq. (3.4) is directly proportional to S F(.2k,.R.).!>. of
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eq.(3.3). We thus derive from eqs.(3.4) and (3.3):

3kB9p = (4.2)

It can be seen from this equation that for positive J f, one expects 6p

and H to be of the same sien, which is observed neither for EuCUj- (6 = +58 K,

Htr = -9 kOe) nor for GdCu5 (9p =+18 K,HN
tr

the compounds, widely different Jsf

= -35 kOe). Also when comparing

values are necessary to account for the

data. Moreover, if one inserts the value of 0p measured for EuCu,-, a

reasonable estimate for J f (̂ 0.2 eV), and the value given in section 1.2 for
sf -16,the hyperfine structure coupling constant A (eq.(1.8), A = 1.1 :< 10 erg),

one obtains for rL a value of approximately +130 kOe, in sharp contradiction

with the experimental result.

It should be noted that the crystal structure does not enter in eq.(4.2),

so that this correlation does not depend on the precise value of the effective

Fermi wave vector kp (cf. section 3.3.). Also application of modified versions

of the RKKY model, either concerning a cut-off in J(q) or dealing with the

effects of a finite mean free path (cf. section 3.3) do not alleviate the

discrepancy noted above, since these versions of the RKKY model leave eq.(4.2)

essentially unaltered. Effects of s-f interband mixing such as described in

section 3.4, could in principle lead to an effective sign reversal of the

exchange integral, but these effects are probably not very strong in EuCu,-

and GdCUc, because of their relatively low electron concentration. Also the

relative magnitudes of rL and 0 p of EuCu_ on the one hand, and of GdCu5

on the other hand, are not in keeping with an interpretation solely in terms

of s-f interband mixing. Here, the conclusion seems justified that the

observed data can not be explained by a straightforward application of the

RKKY model.

The observed phenomena may possibly be understood if one assumes the

presence of a considerable fraction of electrons having non s character in

the conduction band. A rough estimate (cf. ref. 8) of the influence of such

effects may be obtained as follows: eqs.(3.3) and (3.4) may be rewritten as

A(s)J
sf (4.3)

and

2(jsfr
3kr

(4.4)
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where <s> represents the s type conduction electron polarization. This is
given by

sf

as can be verified from eq.(3.2). The influence of other than s type conduction
electrons, for example d electrons, may now be described as a simple extension
of eqs.(4.2) and (4.3):

A(s)J
sf

A(d)J
df (4.5)

Jn n

and

2(Jsf>' (4.6)

where <s^ stands for the spin polarization of d electrons. J,. denotes the
effective exchange integral that describes the coupling between the 4f moment
and the d electrons. A(s) represents the hyperfine structure coupling constant
corresponding to the direct interaction of an unpaired 6s electron with the
nucleus, while A(d) denotes an effective hyperfine structure coupling constant
due to a 5d electron, which interacts indirectly, via core polarization with
the nucleus. The relative magnitude of A(s) and A(d) has been estimated by
Narath et al.9) as Aid) = ̂  -0.1 A(s). J,, is positive and may perhaps be a

in} ar

few times larger than J f
 ;. It is clear from eqs.(4.4) and (4.5) that if

the spin polarizations <s> and <S5 are of the same sign, the introduction of
polarized d electrons may push the observed 6p values upwards and at the
same time provides a contribution to f-L that counteracts the effects of the
s electrons. It is of course clear that a similar discussion can be held for
p electrons, which also exert a negative hyperfine structure coupling
(A(p)'V' -0.1A(s) 1 1 ' ) . It may be possible that considerations of this type
apply to EuCu,- and GdCu,-.

It should be noted that, when other than s electrons play an 'important
role, the numerical results obtained in section 4.5 lean heavily on the assumption
that the band structure remains essentially unchanged upon magnetic dilution.
The value of the own polarization contribution H Q p to the hyperfine field will,
for instance, definitely change with variation of the d electron character of
the conduction band. Since our estimates of HN are based on a comparison of
concentrated and diluted compounds, assuming H.p to be equal in both cases,
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-02

fig. 4.6

Energy bands for EuCUr

as determined with the

velativistie LUTO method.

the obtained values for H., are also sensitive to the band structure. It is hard
to quantify such effects. Probably their influence is rather limited, since the
replacements that occur in the pseudobinary compounds do not affect the first
neighbour shell of the Eu atoms, the latter being coordinated by Cu atoms only.
In this respect, it may also be noted that only minor changes in the isomer
shift are observed. In any event one may expect that in the case of a free
electron like conduction band, the determinations of rL and H_p are essentially
correct.

4.7 Band structure calculation

In order to get independent information with respect to the conjectures
made in the previous section, band structure calculations were attempted
for EuCu_. The applied method is the reiativistic linear combination
of muffin-tin Orbitals (LMTO) method due to Andersen 12' 13\ The
necessary computer programs were available at our laboratory .

The initial muffin-tin potential was constructed from the atomic wave
functions as were obtained from relativistic Hartree-Fock calculations.

a) The here presented band structure calculation was made possible
by Dr. H.L. Skriver. His help, both in the use of his programs as well
as in the interpretation of the results, is gratefully acknowledged
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Exchange and correlation were included in both the atomic and crystal
calculations by the Slater p 1 / 3 approximation 1it' with a = 1. The muffin-tin
radii were chosen such that the atomic potential matched at touching spheres.
Outside the atomic spheres the potential was taken at a constant value
Vmtz (muffin~tin zero), which was the average over the interstitial region.

In the LMTO method the basis functions are constructed from linear
combinations of the functions tj>£(Ev,r), which are solutions of the radial
Schrodinger equation inside the muffin-tin spheres for the arbitrary, but
fixed energy E v > and their energy derivatives 4>£(Ev,r). In the interstitial
region outside the spheres, the muffin-tin orbitals are restricted to
solutions of the Laplace equation.

The outer configurations used for Eu and Cu were 6s 2 and 3d104s
respectively. The obtained energy bands and corresponding density of states
are shown in figs. 4.6 and 4.7. In both figures the Cu d bands are clearly
visible in the energy region between 0.05 Ry and 0.25 Ry. The Fermi level
is situated at 0.366 Ry. The density of states at the Fermi level amounts to
36 electrons per Rydberg per unit cell. In neither one of fig. 4.6 and 4.7
are there clear indications of a Eu d band. .However inspection of the wave
functions for various points in the Brillouin zone showed that many electron
states in the Eu atomic sphere have appreciable d character in the energy
region between 0.25 Ry and 1.25 Ry. Apparently the Eu d states are strongly
hybridized, resulting in a very broad d band centering around 0.75 Ry.

Unfortunately we were not in a position to decompose the density of
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states to contributions of specific multipole character in the various

atomic spheres. Furthermore it should be noted that in the present calculation

no charge transfer effects are taken into account. As will be shown in

section 5.5, such effects are definitely present. Also, the hyperfine field

results presented in this chapter do essentially pertain to the ordered

state, thus actually necessitating a spin-polarized band structure calculation.

In view of these considerations we can thus not make any quantitative

statements. However, in view of the strong hybridization of the Eu d states,

an appreciable d electron polarization in the Eu atomic sphere, as anticipated

in the previous section, can not be excluded, even though the centre of the

Eu d band is located far above the Fermi level.
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Chapter 5
SPIN POLARIZATION AND CHARGE TRANSFER
IN EUROPIUM INTERMETALLIC COMPOUNDS

5.1 Introduction

In this chapter Mössbauer measurements on a variety of compounds will be
presented. A number of these materials (e.g. EuZn^, EuCd^ and, to a lesser
extent, EuCd,) are rather dilute in europium and show magnetic ordering only
at liquid He temperatures. It therefore seems plausible that the neighbour
contribution, H.,, to the magnetic hyperfine field is only of minor importance
in these materials. The hyperfine fields in such compounds thus provide
estimates of the 'own' polarization contribution H Q p without the necessity of
performing experiments on pseudobinary compounds as was discussed for instance
in chapter 4. Also some compounds with the orthorhombic CeCu„ structure were
investigated. Since these compound','are relatively rich in Eu, it is conceivable
that Hj. can have appreciable magnitude. In one of these materials, EuAu,, also
the effect of dilution with Ca has been investigated. Furthermore the compound
Eu6Cd5 will be considered, which possesses two different Eu lattice sites.
One of these sites appears to experience a quite large transferred hyperfine
field, while for the other site I-L is relatively small.

After a presentation of the crystal structures in section 2, the
experimental results will be presented in section 3. The relation between
the 'own' polarization contribution to the hyperfine field, HnD, and the isomer

1)shift that was predicted by Nowik et al. (cf. section 3.6), will be
considered in section 4, in view of the larger amount of experimental data
presently available. A general discussion of the isomer shifts in Eu binary
compounds is given in section 5.

5.2 Crystal structures

Various crystal structures are encountered among the Eu intermetallic

compounds presented in this chapter. The orthorhombic CeCu_ structure
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fig. S.I CeCu9 structure. The layers shown are taken perpendicular to.the
crystallographic a-axis and are stacked alternatingly in that
direction. The open circles denote Ce sites, the black dots
indicate Cu sites.

can be visualized as an alternating stacking in the crystallographic
a direction of the planes shown in fig. 5.1. Note that these planes are in fact
identical but mutually shifted by half a lattice constant in both b and c
directions. As can be seen, each Ce atom is coordinated by 12 Cu atoms and
6 Eu atoms. Depending on the relative size of the constituent atoms, small
variations in the structure occur, as can also be inferred from table 5.1,
where the structural data of the various compounds are summarized. For the
compounds that crystallize in the CeCu? structure slight variations on the
relative magnitudes of the lattice constants are observed.

In fig. 5.2 the body centered cubic CsCl structure is shown. Its gratifying
simplicity makes the figure self explaining.

fig. 5.2 The body centered
cubic CsCl structure.

Cs

O Cl

The cubic NaZn,, structure ' can most easily be visualized as the CsCl
structure, with Na atoms occupying the Cs sites and clusters of thirteen
Zn atoms centered around the chlorine sites. The Na atom is thus coordinated
by 24 Zn atoms.

The cubic YCd, structure and the tetragonal BaCd.. structure are rather
complex, but in each of them all Y resp. Ba atoms occupy equivalent sites. The
reader is referred to the original structure determinations '' ' for details.
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Here it is only of importance to note that the Y and Ba sites are coordinated

by 17 and 22 Cd atoms respectively.

5.3 Experimental results and analysis

In the following description of the measurements, especially witi. respect

to their analysis, the same terminology will be utilized, as defined in section

4.3. The obtained results ^re listed in table 5.II.

EuZn.,

The spectra of EuZn ,, below the magnetic ordering temperature (Tc = 3.19 K)
were fitted with one subspectrum and a single line. The latter accounts for the
presence of some Eu.O, in the absorber. Above the ordering temperature, two
single lines were used in the computer analysis, one corresponding to EuZn ,
and the other to Eu,0 . Measurements were performed at various temperatures. The
temperature dependence of the effective hyperfine field was calculated on the
basis of the assumption that the hyperfine field is proportional to the
spontaneous magnetization, according to the molecular field theory for S = 7/2.
By adjusting the hyperiine field at zero temperature (H ff(0)) and the magnetic

0 02 (K 06 08 10
T/Tc

fig. 5.2

Reduced effective hyperfine field

versus reduced temperature of EuZn^?.

The solid curve represents the

temperature dependence calculated

assuming the hyperfine field

proportional to spontaneous magneti-

zation according to molecular field

theory for S = 7/2. A best fit was

obtained by ̂ efJ
0^ = 283 ± 3kOe and

T = 3.19 t 0.02 K.

ordering temperature, agreement with the data could be obtained (cf. fig. 5.3).

The thus derived values for H ff{0) and T are listed in table 5.1.
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table 5.1 Structural and magnetic data
a)

EuZn13

EuCcL.

EuCd6

EuCd2

EuZn2

EuAu2

EuAg2

Eu6Cd5

structure type

NaZn,, (cubic)

BaCd-. (tetragonal)

YCd6 (cubic)

CeCu„ (orthorhombic)

CeCu2 (orthorhombic)

CeCu2 (orthorhombic)

Ct;Cu2 (orthorhombic)

CsCI (cubic)

a(A)

12.215

11.93

15.92

5.057

4.713

4.67

4.785

3.955

b(A)

7.922

7.431

7.33

7.534

c(A)

7.682

8.500

7.661

8.14

8.125

effective
moment(uD)

D

/.94

7.87

7.82

7.1

7.59

7.60

7.92

9p(K)

-2

-2

-15

+35

+29

+20

-6

-11

ordered
state

F

AF?

AF?

MM

MM

MM

MM

AF/F c)

:

a) By courtesy of Dr. K.H.J. Buschow.

b) F, AF and MM refer to ferromagnetic, ant¡ferromagnetic and metamagnetic resoectively.

c) see text.



fig. 5.4

Mössbauer spectra of EuCd^.. For

the spectrum at 0.83 K the relative

intensities of the lines are

indicated.
-30 -20 -10 0 10 20

VELOCITY (MM/SEC)

EuCdn

Spectra recorded above ana well below the ordering temperature (T.. = 2.77 K)

are shown in fig. 5.4. They were analysed in the same manner as those of EuZn...

but no oxide peak had to be included in order to obtain a good fit to the data.

The hyperfire field at T = 0 and the ordering temperature were determined "rom

the data following the áame procedure as in the case of EuZn.,.

EuC.düo

The spectra were similar to those of EuCd.., and were analysed in terms of

one subspectrum. The Nee! point (TN = 2.25 K) was determined from the onset of

the magnetic splitting, and the hyperfine field at magnetic saturation was obtained

from a spectrum at 0.83 K, assuming that the temperature dependence of the

hyperfine field was analogous to that in EuZn...

Several of the spectra recorded of EuCd are shown in fig. 5.5. The spectrum
2+

at 42.5 K shows two components: the main line corresponds to Eu , the smaller
one to Eu . The isomer shift of the Eu line (+1.0 mm/sec) leads us to ascribe
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table 5. II Mössbauer data

00

o

EuZn13

EuCd,,
EuCd,
EuCd,-A >
EuCd2-B '
EuZh2-A

 b)

EuZn2-B '
J)

EuAu2

Eu0.2Ca0.8Au2
EuAg2

Eu6Cd5(EU')

Eu6Cd5(Eu")

Heff(0)

(kOe)

-283 ±

-263 ±

-258 ±

-245 ±

-263 ±

-238 ±

-291 ±

-232 ±

-258 ±

-190 ±

-148 ±

-275 +

a)

3

5

5
ETu

8

3

5
3

8

3

4

5

I.S.

(mm/sec)

-11.75

-12.2

-10.8

-10.0

-10.5

- 9.1

-10.0

- 9.9

- 9.2

- 9.5

- 8.9

-11.0

± 0.10

± 0.1

± 0.3

± 0.1

± 0.2

+ 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

Vzz * lf
(V cni )

0

0.6 ± 0.

0

0.0 ± 0.

0.0 ± 1.

1.0 ± 0.

0 ± 1

0.0 ± 0.

0

1.1 ± 0.

0

0

7

3

5
0

5

4

3

~1
line width

(mm/sec)

2.3

2.3

4.0

2.6

2.6

2.4

2.4

2.4

3.5

2.6

2.8

2.8

relative
intensity

(%)

92

100

100

79

16

68

18

100

94

95

82

9

Eu203

intensity
(%)

8

0

0

5

14
0

6

5

o
y

ordering
temperature

(K)

3.19 ± 0.02

2.77 ± C.07

2.25 ± 0.05

36 ± 1

.26 ± 3

29.3 ± 0.3

13.8 ± 0.5

8.5 ± 0.5

5.7 ± 0.7

12.0 ± 0.5

75 ± 3

20 ± 3

a) For an account of the sign, see section 3-6.

b) A refers to the main phase, B to a second subspectrum inc ded in the analysis (see text).
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fig. 5.5

Mössbauei spectra of EuCd„. The

full curves apply to fits

described in the text. The

relative intensities of

individual lines of the

subspectra are indicated. Single

lines are indicated by arrows.

The length of the arrows is not

proportional to the intensity

of the single lines.

i; to a small Eu-0, impurity (cf. ref. 7). The divalent component appears to
be constituted of two subspectra. Magnetic splitting of the main spectrum occurs
at temperatures below 36 K, but for a smaller portion of the Eu + component,
magnetic splitting starts to occur at a lower temperature. The spectra below
20 K were fitted with two subspectra and a single line, those between 20 K and
36 K with one subspectrum and two single lines, and above 36 K the spectra were
fitted with three single lines.

The origin of the subspectrum with the low temperature onset of magnetic
splitting is not entirely clear. It is possible that it has to be attributed

o \

to some contamination of the adjacent phase Eu,Cd„ , which escaped
identification in the X-ray diagrams. It is also possible that the observed
phenomena are due to the existence of Cd vacancies. A relatively small number
of such vacancies would not show up in the X-ray measurements, but will
influence the magnetic characteristics of a rather large number of Eu atoms,
since each Cd site is surrounded by six nearest Eu neighbours. Also the
observed fsomer shift of this subspectrum (I.S. = -10.5 ± 0.1 mm/sec) would
be in keeping with the existence of Cd vacancies, since it is indicative of
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fig. 5. ff

Mössbauer spectra of Eu^ 2^aQ 8^U2

The full curve represents the fit

described in the text. The arrow

denotes a Eu impurity,

a lower electronic density than occurs for the main phase (T.S. = -9.9 ±0.1
mm/sec).

EuZne

The data obtained for EuZn. were reported earlier in ref. 9 and were

rather similar to those obtained for EuCd„. Here, the main phase showed

magnetic splitting below 30 Ks while a second subspectrum was present that
began to exhibit magnetic splitting only at temperatures below 14 K. The spectra
were analysed exactly as those of EuCd„. As shown before , the second
subspectrum can be due to a contamination with the phase EuZnc . The latter
is a non-stoichiometric form of EuZn_, with a somewhat higher ordering

temperature than stoichiometric EuZn .

EuAur

The spectra of EuAu. were treated with one subspectrum, except above the
magnetic ordering temperature, where the spectrum was fitted to a single line.

In order to estimate the neighbour contribution in EuAu„, a magnetically
diluted compound was also investigated. The spectrum of EuQ „Ca0 QAU_ is shown
in fig. 6.5, and is fitted with one subspectrum and a single line. In the X-ray
diagrams of the latter sample, the presence of an impurity phase was visible.
However, in view of the poor statistics, no attempt was made to include more
subspectra in the analysis.

Though the results obtained for EuQ 2Ca 0 gAu 2 should be regarded with some
reserve, we will make an estimate cf H„ and H in EuAu2> By comparing the
hyperfine fields in EuAu„ and EuQ 2Ca. gAu 2 we thus derive H^ = +32 ± 6 kOe and
HQp = 77 ± 10 kOe. Proceeding along similar lines as in section 4.5, this value
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Mössbauer spectrs of EuAg_. The

arrow near zero veloatty

indicates the presence of Euo0 .

Note that the relative

intensities of the outer three

lines at either side of the

subspectrum are somewhat

increased with respect to the

values given in table l.II.

may be conpared with the 6p value observed in CuAu . Though eq.(4.2) is only

rigorously valid for ferromagnets, it still holds approximately for meta-

magnetic materials. Inserting in eq.(4.2) the observed value for 9o(+20 K),
-16

the hyperfine coupling constant A (1.1 x 10 erg), and 0.2 eV as an estimate

of J fS one obtains HN « 40 kOe. This value compares reasonably well with

the above derived value.

EuAg

Some of the spectra of EuAg are shown in fig. 5.7. The spectrum at 4.2 K

was fitted with one subspectrum and a single line. The latter corresponds to

trivalent Eu, attributable to Eu?0,. The relative intensities of the individual

lines of the subspectrum were only to a certain extent fixed at the values of

table l.II. In fact, the intensities of the three outer lines at either side

of the spectrum were kept free with respect to the intensities of the twelve

more centrally located lines. This procedure was adopted because of the large

absorption encountered in the spectra of EuAg«. This was due to the relatively

thick absorber and possibly rather high Debije temperature. As was discussed

in section 1.4, in such cases saturation occurs of the more intense absorption

lines, thus affecting the relative intensities in favor of the weaker components.

It should be noted that the above described way of dealing with these

saturation phenomena can only approximately account for its most important
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features. In principle also the relative line widths and even the line shapes

are affected. Moreover, the relative intensities can in principle not be

described by the introduction of une extra parameter. However, since the main

objective of the measurements was to derive hyperfine fields and isomer shifts,

we preferred the simplest possible analysis of the data which still yields

the desired quantities with acceptable accuracy.

Eu,Cd,
6 5

The spectra of Eu¿Cd,- are shown in fig. 5.8. The spectrum at 4.2 K was

fitted with two subspectra and a single line. The latter can also in this case

be attributed to the Eu of Eu?0 contamination. For one of the subspectra,

corresponding to about 10% of the divalent component, the magnetic splitting

vanishes at approximately 20 K. Above this temperature, but below the ordering

temperature of the main phase (75 K), the data were fitted with one subspectrum

and two single lines. The spectrum at 91.9 K, far above the ordering temperature,

was fitted with three single lines.

A corresponding feature was also present in the magnetic behaviour: at 75 K

the magnetization exhibited a peak, pointing to an anti ferromagnetic ordering

at that temperature. At 20 K an upturn in the magnetization shows that a

ferromagnetic ordering for part of the Eu atoms sets in. It is very unlikely

that the subspectrum for which magnetic splitting vanishes above 20 K, can be

attributed to an impurity phase. Its isomer shift (-11.0 ± 0.2 mm/sec) is

indicative of Eu in metallic environment. On the other hand the adjacent phases

in the Eu-Cd phase diagram ;, elemental Eu and EuCd2, are also excluded

because of their different isomer shifts (cf. table 5.II) and magnetic ordering

points.

It is, on the contrary, much more likely that the observed behaviour arises

from the unusual composition of the CsCl structure compound Eu,Cdj.. The excess

Eu concentration implies that 10% of the Eu atoms occupy Cd sites. The anti-

ferromagnetic ordering of the majority of the Eu atoms at 75 K is then due to

Eu atoms at Cd sites. Apparently, the corresponding anti ferromagnetic structure

is relatively simple and col linear. If, for instance, the magnetic ordering is

of one of the types (0,0,^), (0,»,T) or (W,T,T), it can be shown that the

exchange field at tte Cd sites due to the Eu atoms in the CsCl structure

averages to zero. The small fraction of excess Eu sites in Eu,Cd?, occupying

some of the Cd sites, will therefore experience a much 1 wer exchange field.

Accordingly, magnetic ordering will set in at a much lower temperature.
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5.4 H p versus isomer shift

As was discussed in section 3.6 a correlation is expected between the isomer

shift on th.1 one hand and the hyperfine field contribution H-p, due to conduction

electron polarization produced by the Eu ions own 4f shell, on the other hand.

This relation will be considered here in view of the present, more extensive,

information.

In table 5.1II, the HQp values that are known at present are listed, as

well as the corresponding isomer shifts. The data for HQ were obtained by

the use of eq.(3.7), assuming the core polarization contribution to amount

to -340 kOe (cf. section 3.6). The influence of the neighbour contribution H
N

was eliminated in most cases by considering magnetically diluted compounds and

85



table 5. TU Values of ¡¡op and T.S.

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

material

Eu:Yb

Eu:Ba

Eu:Sr

Eu: Ca

Eu:YbCu2

Eu:YbAi2

Eu:LaAl2

Eu:YbSn3

EuA^

EurCaZn

Eu:LaZn?

EicCaCiv

Eu:LaCu,.

Eu:CaAu2

EuAg5

EuAu5

EuZn13

EuCdn

EuCd6

Eu 6 Cd 5 (Eu")

H0p(k0e)

+190 ±

+190 ±

+200 ±

+230 ±

+135 ±

+105 ±

+135 ±

+ 62 ±

+ 50 ±

+ 40 ±

+ 58 ±

+ 76 ±

+ 65 ±

+ 77 ±

+105 ±

+ 66 ±

+ 57 ±

+ 77 ±

+ 82 ±

+ 65 ±

10

10

10

10

20

20

10

4

20

5 C )

5 C )

5 C )

5 C >

8 C )

5 C )

5 C )

5^

5 C >

5C5

5 C >

I.S.(mm/sec) a )

- 7.3

- 8.3

- 8.2

- 8.2

- 7.9

- 8.5

- 8.2

-10.0

-10.5

-10.0

- 9.9

- 8.3

- 8.1

- 9.2

-10.1

-10.4

-11.75

-12.2

-10.8

-11.0

± 0.1

± 0.1

± 0.1

± 0.1

± 0.3

± 0.3

± 0.2

± 0.1

± 0.3

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

± 0.1

ref.

10,11,12

11,12

12

12

]

1

1

13

1

b

b

b

b

b

b

b

b

b

b'

b

151,a) relative to Eu:SmF,

b) present work

c) possible systematic errors (see also text) are not
included in the error iimits that are listed.



table U.IV ¡lyperfine fields, isomer sh, ts and the coordination

number N for divalent europium intermetallia binary compounds.

Eu

Eu6Cd5 (Eu1)

Eu6Cd5 ( E u M )

lv.?é

EuSn

EuAl2

EuCu2

EuZn2

EuPd2

EuAg2

EuCd2

EuPt2

EuAu-

Euln

EuSn

EuPb3

EuAl^

EuCu5

EuZrir

EuAg5

5

EuCd6

EuCdn

EuZn13

(kOe)

-264 i

-148 ±

-275 ±

-160 ±

-222 ±

-278 ±

-196 ±

-238 ±

0 ±

-190 ±

-245 ±

± 80 ±

-231 ±

-230 ±

-284 ±

-245 ±

-300 ±

-225 ±

-269 ±

-292 ±

-245 ±

-274 ±

-258 ±

-263 ±

-283 ±

K)

5

4

5

2

7

10

10

3

20

3

3

20

3

4

3

5

10

5

3

3

4

3

5

5

3

I .S . a )

(mm/sec)

- 7.2 ±

- 8.9 ±

-11.0 ±

- 8.1 ±

-11.1 ±

- 8.8 ±

- 7.9 ±

- 9.1 ±

- 8.6 ±

- 9.5 ±

-10.0 ±

- 9.0 ±

- 9.9 ±

-10.9 ±

-10.1 ±

-10.8 ±

-10.5 ±

- 9.5 ±

- 8.2 ±

-10.0 ±

-10.. 1 ±

-10.4 ±

-10.8 +

-12.2 ±

-11.75±

0.2

0.1

0.1

0.1

0 . 1

L> -

0.3

0.1

0.2

0.1

0.1

0.2

0.1

0 . 2 ••

0.1

0.1

0.3

0.2

0.1

0.1

0.1

0.1

0.1

0.1

0.10

N

0

8

?

7

7

12

12

12

12

12

12

12

12

12

12

12

16

?

18

18

18

18

17

22

24

ref.

12,14,15

b

b

16

17

18

18

b

19

b

b

19

b

20

13,17,20

13,20

18

b

b

b

b

b

b

b

b
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fig. 5.9 H„ versus isomer shift. The square dots correspond to results

of other workers (cf. table 5.III). The circular dots correspond

to results obtained in the present work. For further explanation

see text.

extrapolating to zero europium concentration. In those cases where the isomer

shift varied with concentration, the isomer shift value was also extrapolated

to zero europium concentration. Isomer shift data of authors who used a

Eu:Sm„0, source were corrected with +0.95 mm/sec, in order to make them
r 1

comparable to our source ['•' Eu:SmF ). For some compounds listed in table

5.Ill, no dilution experiments were performed, but in these materials it was

assumed that H is only of minor influence, either in view of the low magnetic

ordering points and relatively large Eu-Eu distances (e.g. EuZn , EuCd.. and

EuCd,, or on the basis of their similarity to EuCu,., where only a small value

for H was found (e.g. EuAg , EuAu,.).

In fin. 5.9, the data listed in table 5.Ill are plotted. As can be seen,

there is quite some deviation from the average behaviour, indicated by the

dashed curve. Deviation occurs in particular in the region of relatively high

charge density at the nuclear site (I.S. > -9 mm/sec). Part cf the scatter

can probably be ascribed to the assumptions made in the determination of Hnp.

The data point number 15, for instance, corresponding to EuAg , is located

somewhat above the average. This may perhaps indicate a positive H contribution
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that has been erroneously neglected.
A further cause of scattering may arise from the circumstance that the

ground state of Eu2+ is not purely S7/,. As discussed in section 3.6 admixtures
6of the higher P-,,. state may lead to spurious variation in Hcp. Since in the

determination of H it was assumed that H is equal to -340 kOe in all compounds,
these effects show up as scattering of the data points in fig. 5.9. However,
it should be noted that these crystalline electric field effects are not
restricted to any particular region of isomer shifts, while in fig. 5.9 the
larger scattering in the data appears to be exclusive to isomer shifts near
-8.0 mm/sec, which corresponds to a relatively high charge density at the
nuclear site.

It is possible that some of this scatter has to be attributed to the presence
of conduction electrons with d character. Spin polarized d electrons at
the Fermi level may exert via core polarization indirectly a field at the nuclear
site. Though it is difficult to quantify such effects they would tend to lower
H with respect to the value expected when only s-like conduction electrons
would be present. Moreover, since the 6s states have a lower energy than the
5d state in the Eu atom, it is plausible that in metallic compounds d electron
effects will mainly occur in cases where also the 6s electrons are relatively
strongly attracted by the Eu ion, that is in compounds with a relatively high
charge density at the Eu nuclear site.

Despite of the effects that muffle this behaviour, clearly there appears
to be an upturn in the average of the encountered H values in the region of
the higher charge density (I.S. >-9mm/sec). This corresponds to the behaviour
predicted in section 3.6.

5.5 Isomer shifts

Here some trends in the observed isomer shifts will be considered. In table
5.IV a survey is given of Mössbauer data obtained on binary intermetallie Eu
compounds, that contain Eu in the divalent state. First of all it is noteworthy
that in all intermetallic compounds the isomer shift has a lower value than in
elemental Eu metal. In general the charge density appears to be smaller when
the compound contains less Eu. Apparently part of the electronic charge of a
Eu atom is transferred to the coordinating atoms of the alloying element.

Therefore in fig. 5.10, the isomer shift is plotted versus the number N
of coordinating atoms of the other element in the compound for each of the
alloying elements. In table 5.IV this number N is also listed. In tig. 5.10
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fig. 5.10a

Isomer shift of binary

intermetallio compounds that

contain Eu in the divalent

state versus N3 the number

of coordinating atoms of

the alloying element for

Eu-Cd and Eu-Zn compounds.

the data point corresponding to elemental Eu (N = 0) is also included. For

the Eu-Cd system and the Eu-Zn system (fig. 5.10a) the data can be fitted with

a straight line. For the compounds of Eu with the other elements the data

points were simply interconnected for display purpose» in view of the

limited number of Eu compounds that have been measured for each of these

elements.

It can be seen that, with the exception of the Eu-Sn compounds, the charge

density diminishes with increasing coordination number N in a more or lejs

proportional fashion. Of course one may expect only general trends. The isomer

shift will probably depend not only on the coordination number, but also on

fig. 5:10b

25

90

Idem as fig. 5.10a, but for

Eu-Au, Eu-Ag and Eu-Cu

compounds.
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Idem as fig. 5.10a, but for

Eu-Sn, F.u-Al and Eu-Pd

compounds.

interatomic distances. The Eu atoms in EuAu,., for instance, are coordinated

by 6 nearest neighbours and 12 neighbours at a slightly (̂  10%) larger distance.

It seems conceivable tnat the neighbours that are located somewhat further

away are a little 1e¿s succesfull in pulling off the Eu charge. Effects of

this type will certainly cause deviations from the average behaviour. It is

possible that, for instance, the flattening off of the 'curves' for the Eu-Au

and the Eu-Ag systems have to be related to such considerations. In view of

the limited amount of experimental data no parametrization of these effects

will be attempted. Also, the anomalous behaviour of the Eu-Sn compounds is not

understood at present.

It should be noted that the electron charge transfer from Eu to coordinating

atoms in a certain column of the periodic table, is apparently more effective

with increasing atomic number: as can be seen in fig. 5.10a and fig. 5.10b the

slopes of the curves increase when going from Eu-Zn to the Eu-Cd system or

from the Eu-Cu to the Eu-Au syst- \

5.6 Conclusion

Electron charge transfer effects appear to be a dominant factor in the

isomer shift, which strongly depends on the number of coordinating atoms of

the alloying elements as well as on the electro-chemical characteristics of

the latter. These quantities also influence the hyperfine field in divalent

europium intermetallics, in view of the observed relation between H and the

isomer shift.
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Chapter 6
MOSSBAUER MEASUREMENTS ON SOME GADOLINIUM COMPOUNDS

6.1 Introduction

In this chapter, measurements will be described on some Gd intermetallic

compounds with 3d elements. The investigated materials are GdNi ̂ , Gd„Ni.?,

GdCcv, Gd2Co17, and Gd2Fe.7. In the latter four compounds, the transition

metal carries a magnetic moment, and the hyperfine fields experienced by the

Gd may therefore be described by equation (3.7). One of the compounds, GdNi ,

proved to be quite a suitable candidate for a determination of the nuclear

moments of the 86.54 keV state of 155-gadolinium, since the spectrum of this

material exhibits better resolution than spectra on which earlier evaluations

of these moments were based . In the following section, some cttention will

be given to the crystal structures encountered. Then, in section 6.3, the

measurements will be presented and the computer analysis will be described.

In section 6.4, the nuclear moments obtained will be compared with the results

of other workers. Finally a discussion will be given of the various terms that

contribute to the observed hyperfine field. In particular attention will be paid

to the sign of the encountered fields.

6.2 Crystallographic data

GdNi and GdCo crystallize in the CaCu,- structure described in section 4.2.

The lattice constants are listed in table 6.II. The R,M17 compounds can be

thought of as being built up of the fWL-type compounds (CaCuq structure), by

replacement of one out of every three R atoms by a pair of M atoms:

3 RM5 - R + 2M -> R2M17

As noted in section 4.2, the CaCu,- structure consists of a stacking of two

different layers: the A-plane, which contains Ca as well as Cu atoms, and the

B-plane, which contains exclusively Cu atoms (cf. fig. 4.1). The replacement
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a) The A '-plane as ooauro in the RJ4 compounds. The large diamonds demarcate

unit cells of the R<M~n compoundsy while the small diamonds correspond to

unit cells of the original RM- structure compounds.
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b) Stacking of the layers in R2
Mi7 compounds • The plane of the paper is taken

perpendicular to the layers and through the line indicated by the arrows

in fig. 6.1a. For the hexagonal ThJSi-„ modification, the 2b- and the

2d sites are indicated. Of the M atoms, only those belonging to the

dumbbells are shown.

just mentioned therefore affects only the A layers. In fig. 6.1, such a

modified A layer (A-plane) that occurs in the R M1?-type compounds is shown.

The pair of M atoms that replace an R atom may be looked upon as a dumbbell

that is situated perpendicular to the plane of the layer. There exist various

modifications of the R2M,7 -structure, which differ in.the stacking of the layers.

The Gd2Co17 and Gd2Fe.7 samples that are investigated in this chapter exhibit

the rhombohedral Th^Zn.^ modification, while Gd.Ni... crystallizes in the

hexagonal Th2Ni1? modification
 3' '. In fig. 6.1, the different stacking

sequences are shown. It may also be clear from the figure that all Gd sites

in the rhombohedral modification are equivalent, while on the other hand, two
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different but equally abundant Gd sites are encountered in the hexagonal G d ^ i ^ .

The two sites are designated in VJyckoff's notation as the 2b-site and the

2d-site. The 2b-site is like the Gd in GdNi coordinated by 18 nickel atoms, while

the 2d-site is surrounded by 20 nickel neighbours. The difference arises from

the dumbbell nickel atoms, which take part in the coordination of the 2d-site,

bt c not in the coordination of the 2b-site. The hexagonal modification contains

2 formula units per primitive cell. In the rhombohedral modification, the Gd is

coordinated by 19 nickel neighbours, and in this case, three formula units are

necessary to fill up the unit cell. Finally, it should be noted that the above

described replacement scheme is a slight simplification of reality: in fact,

two M atoms take up less space than oneR atom, which also causes minor

modifications in the positions of the M atoms originally present.

6.3 Mb'ssbauer spectra and computer analysis

GdNi,

Mössbauer spectra were recorded at 1.15 K and at 43.5 K, corresponding to

situations well below and well above the magnetic ordering temperature (cf.

fig. 6.2). A least squares analysis was performed on the spectra. The spectrum

fig. 6.2

Mössbauer spectra of GáWir. The

upper spectrum, recorded at

43.5 K, exhibits quadrupole

splitting only, the lower

spectrum, taken at 1.15 X,

shows combined magnetic and

quadrupole splitting.
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table 6.1 Mössbauer data for some Gd intermetallics.

10
en

GdNi5

Gd2Ni17

GdCo5

Gd2Co17

Gd Fe
2 17

H e f f (k0e)

-252±5

-27O±2O a )

-115±20

± 50±10

± 75±1O

+210±10 a )

Vzz

(1017V cm"2)

8.4±0.

6.1±0.

4.2±0.

8.0±0.

4.3±0.

3.6±0.

1

2

2

1

1

1

I.S

0.

0.

0.

0.

0

0

.(mm/sec)

27±0.

24±0.

28±0.

24±0.

24±0.

26+0.

01

01

01

01

01-

01

1 ine wie

0.

0.

0.

0.

0.

69+0.

75±0.

64±0.

61±0.

65+0.

th

01

01

01

01

01

0

0

0

0

0

.03±0.

.01±0.

.03±0.

.03±0.

.02±0.

01

01

01

01

01

g(86.
g(0)

5)/

1.20±0.01

1.20

1.20

1.20

1.20

b)

b)

b)

b)

Q(36.5)/Q(0)

0.085±0.

0.085

0.085

0.085

0.085

005

b)

b)

b)

b)

6

0

0

0

90

90

a) For a determination of the sign: see text.

b) Ratio's of nuclear moments that were kept fixed in the computer analysis.



at 1.15 K shows combined magnetic splitting and quadrupole splitting, and was

fitted while the magnetic hyperfine field, the electric quadrupole splitting,

the isomer shift, the ratio's of the nuclear moments, the line width, the

line intensity, the interference amplitude, and the background were allowed

to vary. It was assumed that the main component of the electric field gradient

tensor V and the magnetic hyperfine field H ,, coincide. The line widths of

the individual twelve components were constrained to be equal,, and the relative

intensities, were fixed at values corresponding to a random variation of

hyperfine fn'eld directions. The spectrum at 43.5 K was created similarly, but

assuming no hyperfine field present. Furthermore, the ratio of thj quadrupole

moments was fixed at 0.085, the value that was obtained from the spectrum at

1.15 K. The thus obtained data are compiled in table 6.1.

Gd.jVt ,„
¿ i f

The spectrum, recorded at 4.2 K is shown in fig. 6.3. In a least squares

analysis with only one subspectrum present, no acceptable fit to the data could

be obtained, even when the angle 6 between V __ and H ,f was also allowed to

vary (see also below). Therefore, the presence of two different subspectra,

SS 100
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N

 ¡
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X
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CC.
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Gd2Ni,7
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| • - - |r n -i

<
\
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fig. 6.3

Mössbauer spectrum of Gd„Nin„ a-*

4.2 K. The full cweve corresponds

to a fit with two sets of

twelve lines. The positions of

the lines and their relative

-^intensities are indicated.

VELOCITY (MM/SEC)

corresponding to the two crystallographic sites, was assumed, while V and

H ,, were taken to be col linear. The hyperfine fields, quadrupole splittings,

isomer shifts, line width, line intensity, interference amplitude and back-

ground were allowed to vary. For the ratio's of the nuclear moments, the values
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at 4.2 /{. T?ze predominant

appearance of two components

arises from the targe

quadruiole interaction óf the

nuclear groundstate.

obtained with GdNi,. were used again. The relative intensities of the individual

lines were once ac,iin fixed at the values corresponding to random orientation

of hyperfine field directions, while for the two subspectra, equal relative

intensities were adopted, in concord with the relative occurrenceof the two

lattices sites. All line widths were again constrained to be equal. The fit

thus obtained is shown as the full curve in fig. 6.3, and the corresponding

data are given ir> table 6.1.

GdCoL

The spectrum of GdCo,., shown in fig. 6.4, was obtained at 4.2 l(. The

computer analysis was similar to that described for GdNi-, except that the

ratio's of the nuclear moments were kept fixed at the values obtained with the

latter material.

GdJOo^-, and GdJ'e.

The spectra of Gd.Co ? and Gd Fe 1 7, both obtained at 4.2 K are shown in

fig. 6.5 and 6.6. In these materials, which are known to have planar anisotropies,

the directions of H ff andV are not expected to coincide. In general, the

positions of the lines and their relative intensities depend on R, the relative

magnitude of magnetic splitting and quadrupole splitting, on the angles e and

<j> that specify the direction of H e f f with respect to the electric field gradient

tensor, and on the asymmetry parameter n = (V - V )/V . In the case of the 86.54

= 5/2 and I = 3/2, one cannot easily obtain closed
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expressions for the relative positions a.id intensities that ¿re "'?eded for

making a computer fit. We therefore adopted a different procedure to hardle

such spectra.

For a certain combination of R, 0, <j>, and n.» the relative positions and

intensities of the lines were computed, assuming once more the ratio's of the

nuclear moments to be equal to those found for GdNi,-, and the arrangement of

hyperfine field directions to be random. Then, the data were least square fitted

with the interspacing of the lines, the isomer shift, the line intensity, the

linewidth, the interference amplitude and the background as free parameters.

This procedure was repeated many times for various values of R, 6, cf>, and n»

until a minimum in the chi-square value was found. The work was in practice

greatly reduced by the fact that the shape of the spectra is quite insensitive

for the values of <\> and n. Furthermore, the angle 6 is expected to be 90°.

This can be inferred from the experimental evidence that the Gd moments (and
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fig. 6. 6

'Mössbauer spectrum of Gd0Fe „ at

4.2 K. The full curve corresponds

to the fit described in the text.
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7-9)therefore che hyperfine fields) are oriented perpendicular to the c-axis

On the contrary, it is plausible that the electric field gradient tensor

reflects the symmetry of the lattice, because the electronic shells of Gd have

a spherical charge density distribution. Therefore V is probably parallel to

the c-axis. Other values of 6 than Q = 90° were also investigated but gave worse

results in the least squares fitting. The values for H ,f and V , thus obtained

by trial and error, are again listed in table 6.1. It should be noted that the

procedure outlined above can only be utilized in cases where one has only one

lattice site.

6.4 Nuclear moments

The values of the nuclear moments of the 86.54 keV state of Gd that have

been determined by us (cf. table 6.1) may be compared with those obtained by

other workers. Armon et al. reported for the ratio of the nuclear g-values

g(86.54)/g(0) = 1.235 ± 0.008 obtained from a spectrum of GdFe2 exhibiting

magnetic splitting only. For the ratio between the quadrupole moments, these

authors quote two possible /alues: Q(86.54)/Q(0) = 0.087 ± 0.006 and

Q(86.54)/C(0) = -0.083 ± 0.0U8, which they obtained from a spectrum of Gd.Ti„O-,
2)showing quadrupole splitting only. Bowden et al. reported g(86.54)/g(0) -

1.203 ± 0.017 and Q(86.54)/Q(0) = 0.33 ± 0.06, which values were the results of

a rather sophisticated analysis of Gd metal spectra, showing combined magnetic

and quadrupole splittingwith V and H ,, non-coaxial. Our value Q(86.54)/Q(0) =
ZZ 6T r 1 \

0.085 ± 0.005 is in excellent agreement with one of the results of Armon et al

This is also the value which they preferred from theoretical considerations.

We find only one possible value for Q(86.54)/Q(0), because of the simultaneous

presence of magnetic splitting and quadrupole splitting, which excludes the

ambiguity, associated with the determination in ref. 1.

Our result for the ratio between the nuclear g-values (c.f. table 6.1),

g(86.54)/g(0) = 1.20 ± 0.01, is slightly smaller than the value given by Armon.

However, the latter determined g(86.54)/g(0) from a spectrum which has a rather

symmetric snape, due to the lack of a quadrupole interaction. It may be noted

that besides g(86.54)/g(0), also H ff and the line width affect the spectrum

in a symmetric way, and therefore slight variations of these parameters may

be rather interchangeable. Our spectrum nf GdNi" (cf. fig. 6.2) is asymmetric

and has moreover quite a good resolution due to the presence of the large

quadrupole splitting. The agreement of our value for g(86.54)/g(0) with the one
)found by Bowden et al. 2) iis probably accidental, because of their very different
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value for Q(86.54)/Q(0) which they determined simultaneously with g(86.54)/g(O),

6.5 Hyperfine fields

As noted in section 3.8, the hyperfine field at the Gd-site in these
compounds may be separated into four contributions:

Heff = HCP H 0P
(6.1)

where the symbols have the same meaning as in chapter 3. HrD amounts to

-332 kOe if one assumes a pure 4f moment at the Gd-site. The minus sign

denotes, as usual, that the hyperfine field is directed antiparallel to the

4f moment.

The results discussed in section 5.4, as well as experimental 11 data
available for Gd intermetallic compounds, show that the term H„D is positive.

12)This follows also from theoretical considerations . Its magnitude is fairly

moderate (<150 kOe).

In GdNi , the Ni atoms do not carry a magnetic moment ' , so that the

term Hj\ can be left out of consideration. If the sign of the observed field

were positive, a hL value of aoout +450 kOe would be required. Such a large

value is unreasonably high, and not at all in keeping with the rather low

paramagnetic Curie point, which amounts to +30 K (cf. section 4.6).

Therefore it may be concluded that the sign of the hyperfine field in GdNi..

is negative.

As mentioned before, of the two inequivalent Gd-sites in Gd.Ni , the

¿b-site appears to be most comparable to the Gd-site in GdNi,-. It may therefore

be expected that among the Gd atoms in Gd,Ni17, those at the 2b-site will

behave fairly similar to the Gd atoms in GdNi,-. Inspection of table 6.1,

therefore leads us to ascribe the subspectrum with the field gradient

V
2Z

= 6.1 x 10 7 V/cm ana the hyperfine field H ff = -270 kOe to the 2b-site,

while we attribute the electric field gradient V z z = 4.2 x 10
1 7 V/cm2 and

the hyperfine field to the 2d-site. This is also in keeping with the observed

isomer shifts. In view of the results obtained in section 5.5 one may expect

that the charge density at the Gd nuclear site is larger for the.2b-site than

for the 2d-site, since the latter is coordinated by more Ni atoms. Since

A<R > is negative (cf. table 1.Ill), it can be derived from eq.(1.17) that

the isomer shift corresponding to the 2d-site is expected to be more positive

than the isomer shift of the 2b-site. As can be seen in table 6.1, this is
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indeed observed.

As indicated we believe that the observed hyperfine fields are also negative
in this case. Since the Ni atoms carry only a small moment (̂  0.3yß ' ) , H^°
is expected to be rather small, so that similar considerations as for GdNi
with respect to the magnitude H hold also for Gd?Ni1?. The rather large
difference between the two sites is at first sight somewhat puzzling. However,
there exist several mechanisms that may induce the hyperfine field at the
2d-site to be more positive than the field at the 2b-site.

Firstly, one may think of a variation Of the Ni moments in the neighbourhood

of the Gd-sites. It is well known that the addition of rare earths causes a

lowering of the transition metal moment. The moments of the nickel atoms close

to the 2b-site may therefore be somewhat lower than the moments of the nickel

atoms close to the 2d-site, since the latter has relatively few Gd atoms in its

immediate vicinity. Since H^ is expected to be positive (see below), such

a moment distribution would favour a more positive H^ contribution at the

2d-site, and. would agree with our Mössbauer data. However, NMR measurements

on the Y-site of hexagonal Y,Co , which is isomorphous to Gd2Ni' , have shown

that the transferred hyperfine fields at the two sites differ only by about

10 kOe 20^. From this result it may be inferred (see also below) that the above

described effect is rather small and can probably not explain the large

difference in hyperfine field at the two Gd sites in Gd_Ni .

Another possible mechanism that can be produce different fields at the two

Gd sites originates from the third term in eq.(6.1). The contribution H7. due

to the Gd sublattice is most conveniently described in terms of the RKKY model.

It should be emphasized that in those compounds where the 3d atoms carry a

magnetic moment, one can certainly not describe the overall magnetic behsviour

in terms of the RKKY model, since it is dominated by 3d-3d and Gd-3d

interactions of a more complex type. Nevertheless, a RKKY-like polarization

of s-type conduction electrons will probably be present. In the RKKY picture

this contribution is given by eq.(3.3).

In fig. 6.7 we calculated the variation of 2F(2l< .ft.) as a function of

kc. As can be seen large differences between the two sites are encountered iti
r _ i

the region k = 0.8 A . This k value would correspond to an s-like conduction
electron concentration of approximately 4.2 conduction electrons per formula
unit. This seems to be a quite reasonable value, since each of the Gd atoms
contributes 3 conduction electrons, part of which is transferred to the Ni atoms.
In this situation a rather strong and positive H.. contribution is associated
with the 2d-site as may be inferred from inspection of eq.(3.3) and fig. 6.7.
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RKKY sums for the two Cd sites in

GdJHnn. The sums have been calculated
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a sphere with a radius of 20 Ä. The

full curve refers to the 2b site, while

the dashed :i-urve holds for the 2d site.

The origin of the strongly positive contribution for the 2d-site is the absence

of the two nearest Gd atoms in the crystallographic c-directicn when compared to

the 2b-site. The two nearest neighbours at the 2b-site in the c-direction

occur at a distance about 20% shorter than the nearest neighbours in the

a- and b-direction and the conduction electron polarization of these two

types of close neighbours is of opposite sign.

In the compounds GdCor, Gd„Co,-, and Gd-Fe,., the 3d atoms carry a fairly

large magnetic moment (see table 6.II). Since the 3d atoms are the majority

atoms, H^ is expected to be rather large. The magnitude and sign of H^

can be inferred from the transferred hyperfine fields Hj\ (Y), determined by

MMR on the Y-sites in the isomorphous yttrium compounds YCoc, rhombohedral

Y2Co)7 and Y2Fe17. These transferred fields can be related to H^ in Gd compounds

by

(6.2)

Here A(Gd) and A(Y) denote the hyperfine structure coupling constants of valence

s electrons (6s, 5s) for Gd and Y respectively. R(u) stands for the ratio

between the 3d transition metal moments in a Gd-3d compound and its

isostructural Y-3d counterpart. In eq.(6.2) it is thus assumed that the effects

of the neighbouring 3d moments on the Gd and Y hyperfine field, scale to the

magnitude of the 3d moments. Such a proportionality to the transition metal

moment has been well established in hyperfine field studies of non-magnetic
20 21)

solvents in the pure 3d transition metals ' .
The values of H^ (Y) in YCoR5 rhombohedral Y2CoI7 were recently determined
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The ¿d-transition nut cd rnomoiiis were dcU'-rmi'nud from the mturalion

moment, asauniimj antiparallel coupling between the Cd and

transition, metal sublattices. The Gd moment was taken to be 7 u .

GdNi

Gd2N1,7

GdC05

Gd2C0,7

Gd2Fe,7

VCo5

¥°,7

V2Fe,7

structure type

CaCu5

CaCu5

Th2Zn17

Th2Zn1?

CaCu5

T h2 Z f l17

Th2Zn1?

(hexagonal)

(hexagonal)

(hexagonal)

(orthorhombic)

(orthorhombic)

(hexagonal)

(orthorhombic)

(orthorhombic)

lattice
constants

(A)

a
c

a
c

a
c

a
c

a
c

a
c

a
b

a
c

= 4.904
= 3.967

= 8.431
= 8.049

= 4.973
= 3.969

= 8.365
=12.184

= 8.517
=12.429

= 4.937
= 3.978

= 8.344
=12.19

= 8.46
=12.41

3d

(

0

0.27

1.71

1.67

2.16

1.36

1.63

2.04

moment

3, 1̂ )

15)

16)

17)

18)

16)

17)

19)

79)

by Figuel et al. • and are respectively -101.7 kOe, -87.4 kOe Q^d -204 kOe.

The corresponding ratio's R(y) can be derived from the magnetic moments listed

in table 6.II and equal to 1.26, 1.02 and 1.06. Using A(Gd)/A(Y) = 2.32 (cf.

ref. 23), we thus derive by means of eq.(6.2) for H^d in the compounds GdCo ,

Gd2Co17 and Gd2Fe17 respectively +297 kOe, +207 kOe and +502 kOe. Since the

3d moments are ordered anti parallel to the Gd moment, one has to use positive

values instead of negative values.

It should be noted that the above derived values for H^d can only be

regarded as estimates. Possible errors may for instance arise from the employed

values of the hyperfine structure coupling constants. In ref. 23 these are

calculated by means of a Fermi-Segré formula, which is certainly toocrude to

yield very accurate values. On the other hand, since only the ratio A(Gd)/A(Y)
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see text.

2b-site

2d-site

uu Go r

(JU _ Lo.

Gd 2Fe 1 ?

HCP

-332

-332

-332

-332

-33c

-332

0

C+HOP

+ 80

+ 60

+217

+297

+207

+502

- 15
+ 85

+ 55

+195

+ 40

H ,,ef f

-252

-272

-115

- 50
+ 50

- 70

+ 70

+210

occurs in eq.(6.2), possible systematic errors due to this simple approach

may partially cancel.

Using eq.(6.1) and the estimated values for H c p ( = -332 kOe) and Hj*
d

(= +502 kOe), we are now in a position to determine the sign of the observed

hyperfine field in Gd.Fe,.,. If the effective field is positive we derive for

the combined effect of H Q p + WH a value of +40 kOe, while if H £ f f is negative

H + H^f amounts to -380 kOe. The latter value requires a quite large negative

H*f value (̂  -450 kOe), since H is expected to be positive. This is clearly

unrealistic. Therefore we conclude that the observed hyperfine field in Gd 2Fe 1 7

is positive.

In view of the rather small absolute values of the hyperfine fields in

GdCo and Gd 2Co 1 7 similar reasoning as for is not conclusive with

respect to the signs of the hyperfine fields in those compounds. A survey of

numerical estimates of the various terms contributing to the hyperfine fields

of the compounds investigated is presented in table 6.III.
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SUMMARY OF RESULTS

In this thesis the results of Mössbauer experiments performed on a series of

intermetallic compounds of europium and gadolinium are reported. For each of

these compounds the magnetic hyperfine field, the electric field gradient at

the nuclear site and the isomer shift were determined. For most of the compounds

also the magnetic ordering temperature was measured. For some of the europium

compounds (e.g. EuAu~, EuAg,., and EuCu5) it could be derived fron: the

measurements that the easy direction of magnetization falls along the crystallo-

graphy c-axis.

In a number of compounds (e.g. EuCUj-, EuZn,, EuAu? and GdCu,-), the various'

contributions to the magnetic hyperfine field were disentangled by the

investigation of suitable pseudobinary compounds that are dilute in Eu. The

neighbour contribution H and the paramagnetic Curie temperature 0 p were

compared with each other in terms of the RKKY model for EuCUr and GdCu5- Since

the correspondence was found to be poor it can be concluded that the magnetic

behaviour in these compounds cannot, be described by a simple free electron

picture as is the basis for the RKKY model.

A correlation was found between HQp, the 'own' polarization contribution

to the hyperfine field and the isomer shift in divalent intermetallic compounds:

H o p tends to be larger in the region of high charge density. Some deviations

from the average behaviour, however, are not yet completely understood.

Furthermore a correlation was found for divalent europium intermetallics

between the isomer shift and the number of coordinating atoms of the alloying

element. The charge transfer from ? europium atom to the coordinating atoms

is therefore, besides by their place in the periodic table, mainly determined

by their number.

From spectra of GdNi the quadrupole moment of the 86.54 keV excited

state of "Gd was determined to be 0.085 ± 0.005 barn. In a number or

gadolinium compounds with magnetic 3d transition metals the various contributions

to the hyperfine field could be estimated and in some cases the signs of these

fields could be determined.
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In dit proefschrift worden onderzoekingen beschreven die betrekking

hebben op de magnetische polarisatie (zogenaamde spin polarisatie) van

geleidingselektronen in metallische verbindingen van de zeidzame-aard

metalen europium en gadolinium. Een goed inzicht in de mechanismen die

bij elektron polarisatie een rol spelen is van belang voor een beter be-

grip van het magnetische gearag van dit soort materialen. Zo worden bij-

voorbeeld de temperatuur beneden welke ordening van de atomaire magneetjes

(magnetische momenten) optreedt, en de aard van die ordening (bijv. ferro-

magnetisch of antiferromagnetisch), voornamelijk bepaald door de mate en

de richting van de geleidingseïektron polarisatie die ieder magnetisch

moment ondervindt ten gevolge van alle andere magnetische momenten in de

stof.

De experimentele resultaten in dit onderzoek zijn verkregen met behulp

van het Mössbauer effekt. Bij dit effekt wordt gebruik gemaakt van gamma-

straling die vrij komt in een radio-aktief vervalsproces waarbij, in dit

geval, europium of gadolinium kernen overgaan van een aangeslagen toestand

naar een stabiele toestand (grondtoestand). Als de aangeslagen toestand van

voldoend lage energie is, dan is het mogelijk dat de straling wordt uitge-

zonden zonder dat de vervallende kern een terugstoot ondervindt. De straling

kan in zo'n geval weer worden geabsorbeerd door stabiele europium of gadoli-

nium kernen, die dan op hun beurt in de aangeslagen toestand komen. Door de

bron van de straling te bewegen, kunnen hele kleine veranderingen (van de

orde van grootte van 10 %) worden te weeg gebracht. Een Mössbauer spectrum

komt tot stand door de absorptie van deze straling in een te onderzoeken

verbinding te meten als funktie van de snelheid van de bron. In dit proef-

schrift is de 21.64 keV straling van Eu gebruikt voor het onderzoek aan

europium verbindingen, en de 86.54 keV straling van Gd voor gadolinium

verbindingen.

Uit de Mössbauer spectra kunnen gegevens worden afgeleid over de wissel-

werking van de atoomkernen met de elektronen in hun omgeving (zgn. hyperfijn

interakties). Zo wordt bij voorbeeld de ladingsdichtheid ter plaatse van de

kern gemeten door de isomerie verschuiving, d.w.z. de snelheid die corres-

pondeert met het zwaartepunt van het absorptie spectrum. Verder kan het
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effectieve magnetische veld ter plaatse van de kern (hyperfijn veld) worden,
bepaald uit de mate van opsplitsing van het absorptie spectrum. De hyperfijn-
veiden ter plaatse van europium en gadolinium kernen worden in het algemeen
veroorzaakt doordat de elektronen ter plaatse van de kern gepolariseerd zijn.
In het algemeen treden hyperfijnvelden alleen op beneden de magnetische orde-
ningstemperatuur, die voor veel van de onderzochte verbindingen ver beneden
kamertemperatuur ligt. Door het hyperfijnveld als funktie van de temperatuur
te meten kon voor een aantal verbindingen de ordeningstemperatuur worden be-
paald.

De experimentele opzet was zodanig dat de temperatuur van het absorber
preparaat kon worden gevarieerd van 0.8 K tot kamertemperatuur, terwijl de
bron altijd op ongeveer 15 K werd gehouden. Hoewel de temperatuur van de bron
niet direkt van invloed is op de beoogde experimentele resultaten, die betrek-
king hebben op de absorbers, is het toch wenselijk de brontemperatuur zo
laag mogelijk te houden omdat bij lage temperatuur de kans op terugstootloze
uitzending van de straling groter is. Vooral bij de gadolinium metingen is dit
van belang omdat het in dat geval zelfs niet mogelijk is om met een bron op
kamertemperatuur in acceptabele tijd redelijke spectra op te nemen.

In dit proefschrift zijn voor een aantal verbindingen verschillende bij-
dragen tot het hyperfijnveld afgeschat door ook magnetisch verdunde ver-
bindingen in het onderzoek te betrekken. De verkregen resultaten zijn verge-
met theoretische beschouwingen op het gebied van ïlektron polarisatie in metalen
Een belangrijke theorie is de zgn. RKKY theorie, die voorspelt dat de gelei-
dingselektron polarisatie die veroorzaakt wordt door een magnetisch atoom
zoals bijv. europium of gadolinium, een oscillerende funktie van de afstand
tot dat atoom is. De metingen blijken, althans gedeeltelijk, in slechte
overeenstemming met deze theorie te zijn.

Verder is onderzocht of er in de intermetallische europium verbindingen
een betrekking bestaat tússen de isomerie verschuiving (een maat voor het
aantal elektronen ter plaatse van de kern) en het hyperfijnveld (een maat
voor het aantal gepolariseerde elektronen ter plaatse van de kern). Voor
verbindingen die voldoende verdund zijn in europium blijkt een dergelijke
correlatie inderdaad te bestaan, zij het dat er ook afwijkingen van het ge-
middelde verband voorkomen die nog maar ten dele begrepen zijn.

Ook is in dit onderzoek aangetoond dat er nauw verband bestaat tussen de
isomerie verschuiving van de europium spectra en het aantal atomen van het
andere element in de verbinding dat een europium atoom omringt. Kennelijk is
de iadingsoverdracht van een europium atoom op de omringende buren van het
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andere element in de verbinding, behalve door de aard van die atomen
vooral bepaald door hun aantal.

Verder zijn een aantal metingen verricht aan intermetallische verbindingen
van gadolinium met ijzer, cobalt en nikkel. Uit één van deze metingen kon het
quadrupool moment (d.w.z. de afwijking van de bolvorm) worden afgeleid voor
de 86.54 keV toestand van de Gd kern. In enkele verbindingen kon ook het
teken van het hjperfijnveld, d.w.z. de richting ervan ten opzichte van de
magnetisatie wo "den bepaald.
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Op verzoek van de faculteit aar Wiskunde en Natuurwetenschappen volgt hier
een overzicht van mijn studie.

In juni 1966 behaalde ik het diploma gymnasium-B aan het Eerste Christelijk
Lyceum te Haarlem. Hierna verbleef ik een jaar in Charlotte, North Carolina,
U.S.A., waar ik lessen volgde aan Garinger High School in het kader van het
Charlotte Exchange Student Program. In september 1967 begon ik de natuurkunde
studie aan de Rijks Universiteit te Leiden. Het kandidaatsexamen natuur- en
wiskunde met bijvak sterrenkunde werd afgelegd in juli 1969, het doktoraal
examen experimentele natuurkunde met als bijvak wiskunde in juni 1972.

Sinds augustus 1969 ben ik werkzaam op het Kamerlingh Onnes Laboratorium
in de werkgroep F.O.M. K IV, thans K-VS X-L, die onder leiding staat van
Prof. Dr. W.J. Huiskamp. Aanvankelijk assisteerde ik bij soortelijke warmte
metingen van Dr. E. Lagendijk en bij kernorientatie experimenten van
Dr. L. Niesen en Drs. N. de Boo. In februari 1972 werd ik door Dr. R.C. Thiel
intensief betrokken bij de bouw van de Mössbauer spectrometer met behulp waar-
van de in dit proefschrift beschreven metingen zijn uitgevoerd.

Sedert augustus 1972 ben ik als wetenschappelijk medewerker in dienst van
de Stichting voor Fundamenteel Onderzoek der Materie (F.O.M.).

Velen hebben bijgedragen aan de tot standkoming van dit proefschrift.
Veel heb ik geleerd van Dr. R.C. Thiel. Zijn begeleiding en inzet, vooral
in de opbouwfase van de apparatuur zijn van grote steun geweest. Ook corri-
geerde hij de Engelse tekst. De preparaten werden verzorgd door
Dr. K.H.J. Buschow. Van de intensieve samenwerking met hem heb ik veel profijt
gehad. Belangrijk was de hulp van de heren R. Hulstman, F.J. Kranenburg en
J. van der Waals, die elk verschillende onderdelen van de apparatuur hebben
vervaardigd en veel technische problemen hebben opgelost. De enthousiaste
inzet van Drs. H.Th. Le Fever voor een aantal computer problemen zij hier met
eer vermeld. Graag wil ik ook de centrale diensten van het Kamerlingh Onnes
Laboratorium bedanken. De cryogene afdeling, in het bijzonder, zorgde voor
een continue toevoer van vloeibaar helium. De heer W.F. Tegelaar verzorgde
de fotografische reproduktie van de figuren.
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