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CHAPTER 1

GENERAL INTRODUCTION

1.1 Hyperfine interactions.

Hyperfine interactions have been known since 19 24 when Pauli

(ref.l) postulated the existence of a nuclear moment to explain

the hyperfine structure of spectral lines. Soon it became clear

that the charge and current distributions inside the nucleus give

rise to a multipole field, which can be thought of as existing of

magnetic and electric multipole moments (ref.2). It can be shown

that these moments appear in an alternating sequence, electric

monopole (EO), magnetic dipole (Ml) , electric quadrupole (E2),

magnetic octupole (M3), etc., while the conjugate moments MO, El,

M2, etc. are zero (ref.3). Also,the order of the multipole moment

cannot exceed 21, with I the nuclear spin. Usually we deal only

with EO, Ml and E2, while rarely the M3 component of the multipole

field is encountered (ref.4).

The electric monopole EO gives rise to the Coulomb interaction,

shifting all the energy levels by the same amount. In Mössbauer

experiments, this is an important effect, leading to the so-called

isomer shift (ref.5). In nuclear orientation experiments, it is

of no importance and can be neglected. The two nuclear multipole

moments in which we are interested are the magnetic dipole moment

Ml, that interacts with the magnetic field at the nuclear site,

and the electric quadrupole moment, E2, interacting with the

electric field gradients. In general, the hyperfine interactions

can therefore be written as:

where 3CM describes the magnetic interactions and JC the quadrupole

interactions.

The electric quadrupole interaction consists of two parts:



a) the interaction between the nuclear quadrupole moment, Q, and

the electric field gradient created by the magnetized electron

shells of the atom we study, and b) the interaction with the

electric field gradient induced by the ions of the host lattice

(ref.6). In dealing with rare earth impurities, the first contri-

bution is generally the most important one. In the case of iron

or nickel as host metal, the crystal structure has cubic symmetry,

and the lattice does not contribute to the quadrupole interaction.

Assuming axial symmetry, K takes the simple form:

XQ = p{l^ - I X (i+i)} • (l.i)

where P stands for the strength of the quadrupole interaction and

I is the nuclear spin. I is the expectation value of I in the

direction of the principal axis of the electric field gradient.

The interaction between the nuclear magnetic dipole moment, y,

and the magnetic hyperfine field, H, ̂ , can be expressed as:

in which yN is the nuclear magneton, and gN the nuclear g-factor.

The magnetic hyperfine field, H,f, consists of three contributions:

»hf = S è x t + 3 o r b + H S (1.3)

where H* . stands for the external magnetic field, corrected for

the demagnetizing field and the Lorentz field. Excepting brute-

force experiments in non-magnetic systems, 5' . is the smallest

of the three terms. H , is the field from the orbital moment of

the localized electron shells of the ion. Its contribution to the

Hamiltonian can be written in the case of a rare earth ion as:

K4f =AJ-I = -%U NH 4 f.I • (1.4)

A is the so-called hyperfine coupling constant, related to several

properties of the 4f shell. According to this expression, we see

that H.f is dependent on J, and therefore also on the interactions

between the electronic configuration and its surrounding, i.e. all

sorts of solid state interactions.

The term Hg is the Fermi contact field (ref.7), arising from



the s-electrons only, The general form of the Fermi contact field

can be represented by:

11|> (0)|2 ±s the probability of finding an electron at the nuclear

site, from which it follows that only s-electrons contribute to

this interaction. The spin of an electron can either point 'up1

or 'down', leading to contributions of opposite sign, and a

resulting field H_ can only arise from an imbalance in the densi-

ties of these spin-up and spin-down electrons at the nucleus,

where variations over the nuclear volume are neglected.

There are three mechanisms contributing to the contact inter-

action, and we distinguish between: 1) core polarization,

2) conduction electron polarization, and 3) overlap polarization.

All these interactions are exchange interactions between the

spins of magnetic shells of either the host atoms or the impurity

atom and the s-electrons from the shells of the impurity atom or

from the conduction band. In core polarization, the imbalance in

the spin density is created by the exchange interaction of the.

closed s-shells and a magnetic shell in the impurity atom itself.

The conduction electron polarization contribution arises from

conduction electrons which become polarized by interacting with

magnetic shells of the host atoms as well as with the impurity

atoms.

Overlap polarization is the result of the overlap between outer

s-shells of the impurity atom and magnetic host orbitals. All

these interactions will be discussed in more detail in chapter 2.

In this thesis we will study the hyperfine interactions of rare

earth ions, dissolved in very low concentrations in ferromagnetic

metals like iron, cobalt, and nickel. These ions exhibit a wide

variety of interesting properties, the origin of which is the

presence of an unfilled magnetic shell of electrons (the 4f shell)

in the interior of the ion. As an example, the radial charge

densities of the 4f, 5s, 5p, and 6s electrons of Gd are plotted

in fig.1.1, where it can be seen that the 4f shell lies deeply

imbedded in the ion (for completeness, also the 6s electron

density is plotted, although we are only concerned with trivalent

8
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Fig.1.1 The Hartree-Foak radial charge densities for the 4f, 5Sj
5p and 6s electrons of Gd (taken from ref.8).

ions) (ref.8).

Because of their small radial extension, the 4f electrons are

well shielded by the 5s and 5p shells from influences of the

surrounding ions, which are kept at a relatively large distance.

Consequently, the exchange- and crystal field interactions between

the 4f shell electrons and the neighbouring atoms are smaller than

for instance in the case of the 3d-electrons of an iron group

impurity, despite the same radial extension of the magnetic shells.

These characteristics make these ions, when they are dissolved

in metals in very low concentrations (~10 in nuclear orientation

experiments), very suitable as 'probes1 to study hyperfine inter-

actions. However, although the exchange- and crystal field inter-

actions are relatively weak, they still have to be evaluated first,

in order to obtain a full understanding of the hyperfine inter-

actions involved.

1.2 Experimental methods.

To measure the hyperfine interactions, several methods have

been developed, which can be divided into two types: the radiative

and the non-radiative methods. For example, specific heat experi-



ments belong to the non-radiative methods. In these experiments

Schottky type anomalies due to the hyperfine splittings are

measured (ref.9). Because of the small energies involved, the

measurements are performed at temperatures below IK, where other

contributions to the specific heat have become sufficiently small.

Another non-radiative method is the nuclear magnetic resonance

technique, where the hyperfine structure is detected by measuring

the resonance frequencies of the nuclei. In most cases, this is

done as a function of the external magnetic field (ref.10).

In the radiative methods, the radiation used can vary from the

three types of nuclear radiation, alpha, beta, and gamma radiation,

to particle beams, e.g. neutrons in polarized neutron experiments.

We will only briefly mention some of the methods employed here.

In Mössbauer experiments use is made of the resonant absorption

of gamma rays, emitted by nuclei where no recoil due to the

emission occurs (ref.ll). An advantage of this method is the

temperature range, which extends from ~50mK to ~1000K. This also

holds for the angular correlation methods, where the angular

distribution of radiation is measured with respect to the di-

rection of a preceding transition. Of these measurements, the

most frequently used types are the beta-gamma and the gamma-gamma

correlation experiments (ref.12).

The method we are interested in is nuclear orientation. Here,

the degree of orientation due to hyperfine interactions is

measured by means of the directional distribution of the nuclear

radiation. The temperatures required for nuclear orientation lie

in the order of 0.0IK, and the early experiments were done by

demagnetization of paramagnetic salts like neodymium ethylsulfate.

A small fraction of the stable Nd nuclei were replaced by radio-

active isotopes. By demagnetizing the salt, the nuclei were

cooled and orientation effects could be measured (ref.13).

The number of systems that could be measured by this substi-

tutional method was limited, and soon the salts were used only as

an electronic refrigerant to cool metal foils into which the

activity was melted or diffused. Two of the most widely used

paramagnetic salts were chromium potassium alum and cerium

manganese nitrate (CMN). The first was used in case a large

cooling -?ower was required, providing lowest temperatures of

10



about lOmK. The latter was employed when it was important to

measure at temperatures below lOmK, but allowance for a smaller

cooling power had to be made.

3 4
The introduction of the He- He dilution refrigerator made xt

possible to maintain low temperatures over long periods of time.

Furthermore, in some dilution refrigerators room-temperature

access was facilitated such as to enable rapid sample change. For

still lower temperatures nuclear demagnetization, (proposed in

1934 by Gorter (ref.14) and Kurti (ref.l5))f came within reach,

since the low temperatures required for this type of demagneti-

zation could be conveniently provided by the dilution refrigerator

(ref.16 and 17). Demagnetizatxon of nuclear spin systems gave

access to a new temperature region, heretofore unattainable with

electronic systems. Refrigeration into the milliKelvin region can

also be obtained by adiabatic demagnetization of enhanced nuclear

systems, in which the hyperfine interaction between the electronic

configuration and the nucleus enhances the magnetic interaction

between the nuclear moment and the applied field.

Because the nuclear moment/ UN, is much smaller (Vl837) than

the electronic moment, yn, the interaction energy E of the nuclear
a

system is likewise much smaller. This interaction energy, e,

determines the final temperature after demagnetization, which is

consequently much lower than in electronic systems. Several rare

earth intermetallic compounds appeared to be very suitable for

enhanced nuclear demagnetization (ref.16). One of them, PrNi^, is

employed in the experiments described in this thesis.

In nuclear orientation experiments, the concentration of radio-

active atoms in the host metal can be very small (in the order of

10 ) , and the atoms can be used as 'nuclear probes'. One can

study either the hyperfine interactions in different environments

or in one host with different probes, without having much influence

of the presence of the probe. In the study of rare earth elements

in ferromagnetic host metals, we are confronted with a very low

solubility in these systems. Therefore ordinary sample preparation

methods, such as melting and diffusion, will fail, and the only

technique which remains is ion-implantation.

Inherent to this method is the production of a certain amount

of radiation damage to the host lattice, and the possible existence

11



of different lattice sites for the implanted ions. This is an

additional difficulty in interpreting results from this type of

experiment on implanted systems. Nuclear orientation is an

integral technique, where the effects of nuclei that have

different hyperfine interactions due to different lattice po-

sitions, are all summed together, and usually cannot be separated.

When nuclear magnetic resonance techniques are applied to these

systems of oriented nuclei (ref.18, 19), this disadvantage is

removed, and it is possible to determine very accurately the

interaction strengths associated with different site locations of

the nuclei (ref.20).

A convenient aspect of nuclear orientation is that during the

measurements the thermometry can be performed using the same

technique. When all the relevant system parameters concerning the

gamma radiation, nuclear properties (MJ- and I) , and the hyperfine

interactions aro known, the expected anisotropy can be calculated

as a function of the temperature. By measuring the intensity of

the gamma radiation at low temperatures in a certain direction,

usually parallel and perpendicular to the orientation direction,

and comparing it with the intensity at high temperatures (IK), the

anisotropy is known, and hence also the temperature.

In the following two chapters we will discuss the theoretical

framework for describing the behaviour of a rare earth impurity

atom in a ferromagnetic host metal and the nuclear orientation of

that impurity. In chapter 2 we will treat the interactions between

the solute atom and the host, such as the exchange and crystal

field interactions with the electronic configuration, and the

hyperfine interactions with the nucleus of the solute ion. The

formalism, used to describe nuclear orientation, resulting from

either magnetic or electric interactions, is given in the third

chapter. We shall also pay attention to various mechanisms that

may influence the degree of orientation, like electronic

rearrangement after K-capture and reorientation resulting from

preceding beta- or gamma transitions.

To produce nuclear orientation, low temperatures (<0.1K) and

high magnetic fields (>10T) are required. The experimental

techniques involved in nuclear orientation experiments, required

to fulfil these conditions, are given in chapter 4. In the first

12



part of that chapter we describe the relatively new method of

hyperfine enhanced nuclear refrigeration, that is employed to

obtain temperatures of a few millidegrees. In the thermometry of

our experiments use is made of the nuclear orientation thermome-

ters MnFe and CoCo. It will be shown that there is good

agreement (within 1%) between the two thermometers till a tempera-

ture of ~5mK.

In the last part of chapter 4 we present a microprocessor-based

processing system for nuclear orientation experiments. This system

is capable of automatically performing a large part of the

experimental procedures during the measurements. An up-to-date

account of these measurements is provided by on-line data pro-

cessing facilities.

In chapter 5 we describe the nuclear orientation experiments

performed on Lu ions, implanted into iron, cobalt, and nickel

foils. The results of these measurements are discussed in com-

parison with some models of contact contributions to the hyperfine

field at impurity atoms in ferromagnetic host metals.

147The measurements on Nd nuclei implanted into iron and nickel

foils are discussed in chapter 6. The results obtained in chapter

2 about the reduction of the expectation value of the electronic

orbital momentum of the Nd ion by the crystal field interaction

are used in comparing the measured hyperfine field on the Nd

nucleus with the free-ion hyperfine field.
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CHAPTER 2

RARE EARTH IMPURITIES IN FERROMAGNETIC HOST METALS

2.1 Introduction.

Interactions in which the multipole moment of the nucleus plays

a role are called hyperfine interactions. In chapter 1 va saw that

we can distinguish between contributions of magnetic or of electric

origin. They form an area of overlap betwee two fields of phvsical

research: solid state physics, dealing with atoms and electrons, and

nuclear physics, studying e.g. nuclear moments and radiation.

In this thesis, we will study the hyperfine interactions as the

origin of the magnetic fields acting on the nucleus, and we will

restrict ourselves to rare earth atoms which are implanted in

ferromagnetic host metals like iron, cobalt, and nickel. The

general form for the Hamiltonian- of a rare earth impurity in a

ferromagnetic system is given by:

4
(2.1)

where y_ is the Bohrmagneton, \i„ the nuclear magneton, and g„ the

nuclear g-factor. The influence of the surrounding ions is

represented by X , the crystal field Hamiltonian, and by H , ,i~£ ^ excn
the magnetic exchange field. The term XL.S represents the spin-

orbit coupling between the orbital angular momentum and the spin

of the electrons of the atom. For a rare earth atom, the last term

of expression (2.1), representing the interaction between all the

electrons of the atom and the nucleus, leads to a contribution of

the 4f shell, which is the only not completely filled electron

shell. This contribution can be thought of as an effective magnetic

field, H4f, acting on the nucleus. For 3N, we can write the

expression:

15



«N - 5c + «ext * V ™ ' (2"2)

where H is the Fermi contact field, generated by polarised

s-electrons. H . is the external magnetic field, while HL en DM

are the Lorentz field and the demagnetizing field, which arise

from the sample magnetization M and the shape dependent demagneti-

zation factor D. The last three terms of eq.(2,2) are generally

small compared to the field of the 4f electrons, H4^, and the

Fermi contact field H , ïf_ in eq,(2.1) is the nuclear quadrupole

interaction to be discussed in section 2.4.

The rare earth atoms behave, when dissolved into a metal, in
2+ 2+

most cases as trivalent ions, except Eu and Yb . The 4f shell

is well-shielded by the 5s and 5p electrons, and consequently the

influences of the surrounding ions are small. In this case, the

spin-orbit • "ling term XÏ1.S is larger than the crystal field

interaction, /hich implies that £ and § are coupled into the total

angular momentum J. For Nd the 4f shell contains 3 electrons,

resulting in L=6 and S=-R-. In the first half of the lanthanides,
=>• ± •*• 9

L and S couple antiparallel into J, so J=T,, and we write for the
4 3+

ground state I9/2* 'n:ie spin-orbit coupling constant X for Nd is

A=900 cm~ (or A/jc=1295 K) (ref.l). Considering also Lu + as

belonging to the rare earth series, the 4f shell is completely

filled, so that L=o, S=o and J=o, and the ground state is repre-

sented by S .

2.2 Exchange and crystal field interactions.

Experimental data for rare earth atoms embedded in ferromagnetic

3d host metals show (ref.2) that, for ions of the first half of

the rare earth series, the hyperfine field is parallel to the host

magnetic moment, while for the second half the hyperfine field is

oriented antiparallel to the host moment. For most of the rare

earth elements, the largest contribution to the hyperfine field

comes from the orbital moment of the 4f electrons. Since L and ê

couple antiparallel in the first half and parallel in the second

half of the series, it appears that for all rare earth ions S is

oriented antiparallel to the host 3d spin. This orientation results

from the sign of the exchange interaction between the 4f electrons

and the electrons of the host conduction band. This interaction

16



can be expressed as:

JC . = -J c<s>'tAf, (2,3)
exch sf 4f'

where <s> and § 4 f are the spins of the s-like conduction band

electrons and the 4f electrons, respectively, and J ^ is the

effective exchange coupling integral. When we consider the inter-

action between the conduction band electrons and the 4f electrons

as a direct Heisenberg-like exchange interaction, i,e. Jsf
>o» it

can be concluded that the polarization of the conduction electrons

is negative with respect to the host moment. This can be explained

by taking into account that for transition metal hosts the con-

duction band must be treated as a hybridized band, which means that

d character is mixed into the s-like conduction band. The s-d

exchange can be described with the effective exchange integral

Jsdf' w h i c h i s :

Teff -.dir , Jiyb ,_ ..
Jsd = Jsd + ^sd ' (2"4)

where J , is the direct Coulomb exchange integral between the

s-like conduction electrons and the localized d electrons, and

J^ r has a positive value. This direct interaction, which is in

fact the RKKY interaction (ref.3), gives rise to an oscillatory

behaviour of the conduction electron polarization. The second

contribution in eg. (2.4) comes from interband mixing or hybridi-

zation (ref.4), and J*|j£ is a negative quantity. The two inter-

actions are of almost equal strength and result in a small net

negative polarization of the s-like conduction electrons (ref.5).

The 4f spin moment being antiparallel to the host 3d moment was

also explained by considering the d-f exchange between ̂the 3d and

the 4f electrons. The d-f coupling is a direct Coulomb coupling

and thus J,f is positive (interband mixing plays no role in the

d-f exchange). This would lead, however, to a 4f spin polarization

parallel to the host moment. This difficulty was circumvented by

assuming a host conduction band having essentially d-character,

with screening of the charge difference between the impurity and

the host atoms occurring mainly through the d-like conduction

electrons. In that case, band calculations showed that large

impurity potentials, i.e. a large difference between the valence

17



electrons of the impurity and the host atoms, may reverse the d

moment at the impurity site (ref.6). Then the ferromagnetic coupling

between the 4f electron spin and the d electron spins at the

impurity site would result in a negative 4f spin moment. We will

not go into detail as to whether or not this mechanism actually

holds for the rare earth impurities in transition metals, but will

take eg.(2.3) as it stands for the rest of the discussion and

accept the possibility of the d-f interaction being incorporated

into the effective exchange coupling J _ .

For rare earth impurities in 3d metals, the s-f exchange inter-

action is usually treated in the molecular field approach, so that

we can write for eq.(2.3):

K exch exch#> (2.5)

where we have projected S.f onto J. In the absence of an external

field, the exchange field 3 e x c n in the ferromagnetic host will

have its direction along the easy axis of magnetization of the

lattice. In a polycrystalline material, with its domain structure,

there will be an isotropic distribution of the exchange field

directions. When we define a quantization axis (z-axis), the

direction of the exchange field in a domain is determined by the

angles 9 and $ with respect to the z-axis (see fig. 2.1).

exch
Fig.2.1 The direction of the exchange

field with respect to the

quantization axis (z-axis) .

According to this definition, the product of H e x c n -
J i n eq.(2.5)

can be written as:

(2.6)

18



with J =J ±iJ . However, when an external field H , is applied,

the direction of the exchange field can be made to coincide with

3 when the host metal is fully magnetized by H fc. In this case,

9=0 and eg.(2.6) simply reduces to:

(2'7)

The effect of the exchange interaction on the 4f electrons is a

lifting of the degeneracy of the J-multiplet, and when H„ x c n is

large enough, <J >=J and <J >=J . These expectation values,

however, are in most cases reduced due to the presence of the

crystal field interaction.

The spatial charge distribution of the surrounding ions gives

rise tc a crystalline electric field which interacts with the 4f

electrons, Extensive discussions on the crystal field interaction

of rare earth ions can be found in various text books, for instance

Abragam and Bleaney (ref.7), and Hutchings (ref.8), and we shall

confine ourselves to a short outline. For an ion, the electrostatic

potential V(r) generated by the spatial distribution of point

charges q. at a distance R. from the ion, is given by:

qiV(r) = I 2 . (2.8)1 V?

Since this potential satisfies the Laplace equation, we can expand

it as a sum of spherical harmonics Ym(r), so that

V(?)=S S A V Y ^ r ) , (2.9)
n m=-n

An = l 2nTI *rt « f y

According to the operator equivalent method of Stevens (ref.9),

the crystal field Hamiltonian can be written as:

JC = E B ¥ . (2.11)
C F n,m n n

The symmetry of the surroundings is reflected in the B-coefficients,

which are B m = An'<r
n>0n; 6n are coefficients calculated by Stevens.

The O n coefficients are angular momentum operators, and are

functions of the spherical harmonics Ym.

19



In the case of cubic symmetry of the surroundings, eq.(2.11)

can be written as:

By taking the z-axis of the coordinate system to be parallel to

one of the symmetry axes, the Hamiltonian can be reduced to

WCP " BJ<°?+5 °1> + B6 ( O6" 2 1 0 6 K (2

Lea, Leask and Wolf, rewrote this Hamiltonian in a form which is

very convenient for numerical calculations (ref.10). They trans-

formed expression (2.13) into the form

KCF = B4 F ( 4 )FTIT + V ( 6 ) F T I T ' (2

where 0 4 = [0°+5 0
4] and Og =lO°-21 04] . The F(4) and F(6) are

factors common in all matrix elements of the operators 0. and 0 g.

The coefficients B. and Bg are given by the expressions:

B
4 =

 <JI|3||J><r4>A4, (2.15a)

B
6
 = < JIM|J><r 6>A g. (2.15b)

The reduced matrix elements <j||g||j> and <j||y||J> depend on the

specific rare earth ion, and are tabulated in table 16 of ref.7.

The <r > and <r > are radial integrals of fourth and sixth order.

The factors A- and A, reflect the symmetry of the surroundings,

and can be calculated according to equation (2.10) by assuming a

point charge model. However, with regard to rare earth impurities

in ferromagnetic hosts, the point charge model does not seem to be

applicable, since predictions of this model differ not only in

magnitude but also in sign from the experimentally determined

values. In general, the coefficients A. and A, have to be determined

by experiment. Now, following Lea, Leask, and Wolf, we define two

constants W and x as:

B4F(4)=xW (2.16a)

B6F(6)=W(l-|x|), (2.16b)

in which W reflects the overall strength of the crystal field
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interaction, and x the ratio between the fourth and sixth degree

terms. Using W ar>d x, eq.(2,14) can be rewritten in the form:

^CF - W | * FÏ4T ¥W>
1

(2.17)

Now the behaviour of the J-multiplets in a cubic crystalline

electric field can be calculated as a function of x.

As an example, the splitting of the lowest J-multiplet of Nd ,

J=^ , is plotted in fig.2.2.
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Fig,2.2 Lea-Leask and Wolf diagram for the splitting of the J=9/2

multiplet. The energy E (in units of W) is plotted versus

the cubie crystal field parameter x (taken from ref.10).

When combining the exchange-and the crystal field interactions,

i.e. eq.(2.7) and eq.(2.17), we find:

0. 0^ 1
W

F(4) F(6)J
(2.18)

In contrast to the exchange interaction, the crystal field effects
o

tend to lower the value of <J > and <J >. In order to enable a
z z

quantative discussion, it is useful to rewrite eq.(2.18) in a

somewhat different form. By introducing the quantity y, defined

by:
2Wy = (gT-l)y„H_.._L , (2.19)
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where y stands for the ratio of the strength of the exchange

interaction and the crystal field interaction, we find;

K = W

L
2yJz+

°6
Fl6) (2.20)

The expectation values of J can now be calculated as a function
3+

of x and y. We applied this to the case of a Nd ion, implanted

in a cubic ferromagnetic host, such as iron or nickel, and calcu-

lated <J >, To represent the results in a convenient way, we

introduce the reduction factor, R , given by

I<J
ZH

m'

m
(2.21)

,3+ ion, with J = -z , the reduction factor R is plottedFor the Nd

in fig.2.3 as a function of x and y, and for W=±l .
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Fig.2.3 The reduction factor R=<J >/J for J=9/23 as a function

of the exchange- and crysual field parameters x and y}

plotted for positive and negative values of W.

The electronic behaviour of the impurity atom under the

influence of the exchange- and crystal field interactions is of

great importance for the last term in the Hamiltoniar. of eq.(2.1)

For a rare earth ion, this term has only contributions from the

4f electron shell, in which case it can be expressed by:

4 f
(2.22)
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The reduced matrix elements <j||N||J> can be considered as a

constant for each rare earth element, and are tabulated for

instance in ref. 7. The factor <r~ > is the inverse cubed mean

radius of the 4f shell, and can be obtained by means of Hartree-

Fock calculations. Equation (2.22) can also be written as;

(2.23)

where A is called the hyperfine coupling constant, and H.f the

hyperfine field due to the 4f electronic moment. When the J-multi-

plet is split-up by the exchange field H , , the factor J.I
GXCO

Jbecomes <J >I, with <J > the projection of J on the direction of

the exchange field. For free rare earth ions, the hyperfine coupling

constants A are known from experiments. These give, according to

expression (2.23), the free ion hyperfine field values Hf.,

representing the maximum contribution of the 4f shell, with

<J >=J, to the total hyperfine field. The free ion hyperfine

fields

2.1.

for the rare earth ions have been tabulated in table

Table 2.1

Ion

La 3 +

Ce 3 +

Pr 3 +

Nd3+

Pm3+

Sm3+

Eu 3 +

Eu2+/Gd3+

Tb3+

Dy3+

Ho 3 +

Er3+

Tm3+

Yb 3 +

Lu 3 +

J

0

5/2

4

9/2

4

5/2

0

7/2

6

15/2

8

15/2

6

7/2

0

Hf.(T)

+ 183

+ 337

+430

+426

+ 342

0

-34/-32

-314

-570

-740

-746

-662

-413

0

Table 2.1

Values of the total angular

momentum J and the free ion

hyper fine field H „^ of the

rare earth ions.
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For the solute ion, where we deal with the interplay of exchange-

and crystal field interactions, <Jz> may be substantially smaller

than J, as is shown in fig.2.3. In subtraction from the measured

hyperfine field H h f the H e x t and I^-values, originating from the

external field and the Fermi contact interaction, the remainder

should be directly proportional to <J >. When also the lattice

structure is known, a direct estimate of the crystal field

parameters can be made.

2.3 The Fermi contact interaction.

In the preceding section, two interactions were discussed, the

exchange and the crystal field interaction, which determine the

expectation value of the angular momentum of the not completely

filled electron shells of the impurity atom. Also their influence

on the hyperfine interaction between the 4f shell and the nucleus

of a rare earth impurity was evaluated. We shall now proceed with

a second important type of hyperfine interaction: the Fermi

contact interaction. The origin of this interaction is the non-

vanishing of the wavefunction of s-electrons at the nuclear site.

Therefore the spins of these electrons can produce large magnetic

fields that interact with the nucleus. This was already mentioned

by Fermi in 1930 (ref.ll), who gave the general expression for the

magnetic field

S s = - $j- g\iB11|> (o) |
2 s , (2.24)

where |\|>(o)| = p(o) is the density of the s-electrons at the

nucleus. Several mechanisms contribute to the contact interaction,

and they can be distinguished by the type of s-electrons from

which they originate, such as s-shells or s-electrons from the

conduction band. The three contributions we shall consider are:

1) core polarization

2) conduction electron polarization

3) overlap polarization.

In the next three subsections we shall discuss these contributions

more extensively.
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2.3.1 Core polarization.

In dealing with core polarization, we consider the localized

s-electron shells of the impurity atom. For a rare earth atom, we

find, according to expression (2.24) for the magnetic field of an

unpaired 6s-electron, a value of 1500 T, and for a single 5s

electron, 4000 T. For the s-electrons from the inner shells, these

values are even much larger. In atoms with closed s-shells, the

electrons are paired, one with spin-up and one with spin-down.

Equation (2.24) then becomes

^ V Ps- ( o )-^ ( o )|S , (2.25)

where p,(o) and p,(o) stand for the density of the spin-up and the

spin-down s-electron, respectively, and 3 is the total spin of the

ion. In simple one-electron theory, one would expect these two

contributions to cancel exactly, so that there is no net result.

Ions, however, which have an unfilled shell (no s-shell) , can have

a resultant spin S. In this case, an exchange interaction exists

between this resultant spin S and the spin of the s-electrons.

Theoretical calculations concerning core polarization have been

carried out using the exchange polarized Hartree-Fock approximation

(ref.12). These calculations showed that the exchange produces an

attractive force on those s-electrons, that have a spin parallel

to the spin of the magnetic shell. As a result, the net spin

density at the atomic nucleus will be opposite to that of the

magnetic shell. The proportionality between the ionic spin S and

the core polarization field Hcp, earlier observed in the 3d and

4d groups (ref.l3a), was extended by Freeman and Watson (ref.l3b)

to the ions of the 4f series. From the observed value of H ™ of
2+

Eu in CaF„, they estimated the core polarization contribution to

the hyperfine field of the rare earth ions to be:

H c p =-9<S>Tesla.

The minus sign in this equation accounts for the observed negative

value of H c p, that is, H c p is found to be opposite to the magneti-

zation of the rare earth ion. However, this way of defining the

direction of the core polarization field may easily lead to con-

fusion when dilute rare earth ions in ferromagnetic 3d host metals
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are considered. For in these systems the sign of a magnetic field

is determined with respect to the 3d host magnetization, whose

direction may differ from that of the dilute rare earth impurities.

For these impurities the direction of the spin of the magnetic

shell, i.e. the 4f shell, is oriented parallel to the magnetization

of the host by the s-f and d-f interactions (see the discussion in

section 2,2), and consequently the magnetization of the rare earth

ions is reversed when going from the first to the second half of

the 4f series. Defining H c p with respect to the rare earth magneti-

zation would lead to inconsistencies with other field distributions

of which the directions are defined with respect to the host mag-

netization. For this reason, it is better to account for the sign

of H c p by means of the direction of the rare earth ion spin and we

obtain:

H c p = 9(gj-l)J Tesla, (2,26)

where we have projected S onto J. Now we must take into account

the direction of J with respect to the host magnetization. In this

way, we obtain for all dilute magnetic rare earth elements in

ferromagnetic 3d host metals positive contributions from the core

polarization.

2.3.2 Conduction electron polarization.

For solute ions in a ferromagnetic 3d host metal, the electrons

of the conduction band play an important role in contributing to

the hyperfine field. These electrons can be polarized by exchange

interactions with the d or f electrons from the magnetic shells of

either the host atoms or the impurity atoms. When the conduction

band is polarized, those electrons which have s character can

contribute through the Fermi contact interaction, and d-like

electrons via the core polarization mechanism.

A variety of models have been proposed to explain quantitatively

the CEP contributions to the hyperfine field. These models can be

divided into two catagories. In the first catagory, the CEP contri-

bution is explained by a difference in scattering of the spin-up

and spin-down conduction band electrons by an impurity atom po-

tential which is created by the charge difference between the

valence of the impurity and that of the host atoms. These theories
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are called the scattering or charge perturbation theories. The

second catagory of models regard the net CEP polarization at the

impurity site as arising from the exchange interaction between

the s-like conduction band electrons and the magnetic shells of

the neighbouring host atoms. This is sufficient as far as non-

magnetic impurities are concerned, but for magnetic impurities,

in addition the exchange interactions with the magnetic shells of

the impurity must be taken into account. For the second group of

theories, the possible charge perturbation created by the solute

atom is considered as having little influence on the conduction

band, hence the CEP polarization is determined purely by the host

atoms. We cannot treat here in detail all the models developed,

but we shall briefly discuss the most important features in as

much as they are relevant for this thesis.

One of the first models proposed to describe the hyperfine field

contributions of the conduction band electrons was developed by

Daniel and Friedel (ref.14), and was based on the charge pertur-

bation by the impurity atoms. All the valence electrons of the

impurity were supposed to enter the host conduction band and to be

non-localized. The impurity, remaining as an ion in the metal

lattice was represented by a square well potential. The conduction

band was treated as non-hybridized and as being uniformly polar-

ized, and only the s electrons of the conduction band were con-

sidered to contribute to the hyperfine field. Daniel and Friedel

assumed in their model that the d electron magnetic moment p^ of

the host acts as an effective field on the free-electron-like

conduction band, resulting in an energy difference between the

spin-up and spin-down electrons (see fig.2.4). Since both bands

are filled to the same height, the Fermi level, this results in an

imbalance between the densities of spin-up and spin-down electrons

and a net polarization of the conduction band, proportional to the

host moment yn. The square well potentials VI and V+ that represent

the impurity atom act on the spin-up and spin-down conduction

electrons (fig.2.5). The depth of the potentials is determined by

the condition that the charge difference, AZ=Z.-Z., between the

impurity atom and the host atoms is compensated through screening

by the conduction electrons (ref.15). The value a was chosen such

that kFa=2, which corresponds to the assumption that the conduction

band contains one s electron per host atom. Because of the relative
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Fig.2,4 Imbalance between the density n(E) of the spin-up and

spin-down oonduation bands in a ferromagnetic metal. The

spin-up direction is parallel to the magnetic moment of

the d shells, e is the s-d interaction energy.

shift 2e of the up spin with respect to the down spin conduction

bands, the effective depth of the potential for spin-up electrons

is V(o)-£, and V(O)+E for spin-down electrons. By using scattering

theory, Daniel and Friedel calculated the polarization of the s-

like conduction electrons at the impurity site,p.,as a function

of the charge difference AZ between the impurity and the host

atoms. These calculations resulted in curve a of fig.2.6. The

experimentally determined sign reversal of the hyperfine fields

of sp impurities in iron was correctly predicted at AZ~3. The

conclusion was that the s-d exchange between the s-like conduction

band electrons and the 3d magnetic moment of the host atoms is

ferromagnetic.

One of the most essential points of the DF model was the choice

of the parameter k„a. This can be demonstrated by regarding an

impurity with AZ=o. According to the DF model, the equation for

the conduction electron polarization at the impurity site is:

p± = ea sin(2kFa)

and at the host site:

Ph = 2ea
2(kFa) .

(2.27)

(2.28)
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Fermi level

ar~-Tf

impurity host

Fig.2.5

Impurity potentials Vi and K+ for

the spin-up and spin-down

conduction electrons. The effective

depth of the potential V(o)±et

depends on the spin direction of

the conduction electrons.

(units are ti=m=l) .

For kpa=2, we get p./p. =-0.2, which signifies a conduction electron

polarization at a non-magnetic impurity site opposite to that at

a host site. Based on the fact that the electrons of the conduction

band do not have a pure s character, Campbell argued (ref.16),when

he proposed a somewhat different model, that it is more likely that

there is considerably less than one s electron per host atom in

the conduction band, so that kpa will probably be smaller than 2.

By taking k„a=l for instance, we find pi/p.=
!0.5, where now we have

a parallel conduction electron polarization at the impurity and

at the host site. Compared to the experimental results, this new

value would fit much better. If we consider copper in iron, the

hyperfine field on the copper nuclei is -21.3T. For p./pn=-0.2,

the field from the conduction electrons at an iron site would be

about +100T, while the measured hyperfine field for iron is -33T.

The difference of -130T is much too large to be explained by core

polarization. However, assuming p./p, =0.5, this would give a field

of -40T at the iron site, which is much closer to the experimental

value.

Because of the reduced s-character of the conduction band

electrons due to interband mixing, Campbell introduced a model

based on this hybridized band structure (ref.16). Instead of taking

a free-electron-like conduction band, Campbell used a tight binding

approach to treat the charge screening of the impurity atoms. Since

the effects of interest, i.e. the polarization of the conduction
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electrons, are evaluated within the impurity potential, a tight

binding approach should give reasonable results for large impurity

potentials. For potentials that were not too large, the results

were similar to those obtained from a free-electron type conduction

band. The major difference with the DF model consisted in the

assumption that only 25% of the conduction band electrons have s

character. The remainder of the electrons is assumed to have d

character near the bottom of the band, being p-like elsewhere.

-0.5-

-1.0

Fig.2.6 Conduction electron polarization p. at the impurity site

as a function o^ the charge difference AZ., between the

impurity ion and the host, according to the Daniel and

Fried'el model (curve a) and the Campbell model (curve b) .

The calculations according to this model resulted for non-magnetic

impurities in a conduction electron polarization p. represented by

curve b of fig.2.6. On the basis of the derived value for pif the

s-CEP contribution to the hyperfine field can be calculated

according to:

H
CEP (2.29)

where A(Z) is the hyperfine field due to one unpaired outer s

electron of the impurity. Eq.(2.29) follows from the assumption

that the wave functions of the s electrons of the conduction band

take on the character of the impurity s valence electrons near the

impurity. The s electron hyperfine coupling constants A(Z) were

calculated by Campbell, while a more recent tabulation can be
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found in ref.17 and ref.26. Also, this model predicted correctly

the sign reversal of the hyperfine field for sp impurities between

AZ=2 and 3. Now, however, for AZ=o the conduction electron polar-

ization at the impurity site is parallel to that of the host site,

namely p./p. =+0.6. For the conduction band, this means that the

summation of the Heisenberg-like direct s-d exchange, having a

positive exchange integral Jsj
r» and the interband mixing, with

r'y<o, results in antiparallel coupling between the s and d
SCi

spins, and in a negative conduction electron polarization. This

agrees with the discussion in section 2.2.

Spin dependent scattering of the conduction electrons by the

potential of the impurity was also the basis of a later model by

Blandin and Campbell (ref.18). They abandoned the idea of a

uniformly polarized conduction band, which was typical for both

models mentioned above, but treated a free-electron-like conduction

band in the RKKY approach, which is more realistic. The s-d

exchange was represented by a spherical 6-function shell at the

location of the neighbour shells of the impurity. Blandin and

Campbell found for the spin polarization at the impurity site,

induced by a magnetic host atom at a distance R:

pR~acos(2kpR+26^)/R3 , (2.30)

where a is a constant containing several parameters of the model,

and 6 is the Friedel phase shift (ref.15) caused by the potential

of the impurity. The total CEP polarization at the impurity site

was obtained by summation over all the neighbouring magnetic sites.

The change in sign of the hyperfine fields in going across an sp

series in a given host is attributed to 6 , which varies with the

charge difference between the impurity and the host atoms. In

order to come into agreement with the experimental data, it

appeared to be necessary to introduce, in addition to the Friedel
F

phase shift 6 , an extra phase shift n- By choosing this empirical

parameter to be equal to ir/2, the general behaviour of the hyper-

fine fields of non-magnetic impurities in Fe could be reasonably

explained.

In the charge perturbation models, no attention was paid to the

size effects of the impurity implanted in the lattice, such as

deformation of the lattice structure and overlap of impurity and
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host electronic wave functions. In these models, the impurity was

denied any adaption to its environment, and all its valence

electrons were supposed to enter the host conduction band. Since

these electrons are not localized near the impurity, the solute

ion could have a considerable charge difference with the host

atoms, which was supposed to be screened by the host conduction

electrons. In a model proposed by Stearns (ref.19), a quite differ-

ent approach was followed to describe CEP, It was assumed that the

soluted ion tends to adapt itself to its environment, and tries to

behave like a host atom. In this fashion it would contribute only

about one sp-like outer valence electron to the host conduction

band, while the other valence electrons were assumed to stay in

the direct vicinity of the impurity, shielding its excess charge.

The host s-CEP is thereby not affected significantly. One of the

arguments for this approach was that experimental results showed

that the hyperfine fields on Fe nuclei around the impurity were

largely independent of the number of valence electrons of the

impurity (ref.5, 20, 21). From this, Stearns concluded that the

s-CEP is determined predominantly by the host atoms.

The hyperfine field due to the polarized s conduction electrons

was obtained by summation of all the contributions to the polar-

ization over the neighbour shells of host atoms, and Stearns
Fe

derived for an Fe atom in iron: Hj. --15T (ref.19). Thus the polar-

ization of the s-like conduction electrons in iron can be calcu-

lated according to:

PFe = H*
e/A(Fe), (2.31)

and for an impurity atom Z in Fe, the s-CEP contribution to the

hyperfine field is found to be:

HCEP = pFe A ( Z ) = H^eA(Z)/A(Fe). (2.32)

According to this expression, H C E p is always negative, and varies

only with the ratio of the hyperfine coupling constants A. From

this, it is clear that eq.(2.32) alone cannot explain the positive

hyperfine fields that were found for several non-magnetic impuri-

ties in various host metals. Therefore Stearns introduced an

additional contribution to the hyperfine field, namely overlap

polarization. This overlap polarization is created by the volume
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misfit of the impurity atom in the host lattice, and leads to

positive contributions. In the next section we shall discuss this

contribution.

2.3.3 Overlap polarization.

When an impurity atom is placed in a host lattice, there will

usually be a volume misfit. Especially when the atomic volume of

the impurity is larger than that of the host atoms, there will be

an overlap between the impurity outer electron shells and the

magnetic shells of the neighbouring host atoms. Due to the resulting

exchange interaction, the s-like valence electrons will become

polarized and contribute, through the contact interaction, to the

hyperfine field at the impurity nucleus. Since polarization is

transferred from the magnetic shells of the host atoms towards the

impurity, this contribution is also called the transferred hyperfine

field.

In regarding one solute-host-atom pair, the field contribution

to the hyperfine field arises from the overlap between (in the case

of a transition metal host) the 3d(m=o) electron of the host atom

and the closed s-shells of the impurity. Other d electrons, having

m^o, have a zero overlap integral, and do not contribute. Thus the

transferred hyperfine field, H o p, is given by:

H o p = | TryBnd S 2 Si(r)Sj(r)0is(o)0js(o)B|(Z)B^(Z), (2.33)

where Si(r) is the 3d-is overlap integral, 0is(o) is the value of

the 'is'orbital at the impurity nucleus, B. (Z) is a relativistic

correction factor (ref.22), and the summation goes over all the

closed impurity s shells. The factor n, takes into account the

polarization of the single d orbital that is considered in the

calculation. For iron as a host metal, the total d moment is 2.2u„,

and since band calculations showed (ref.23) that all m quantum

numbers are equally populated in the occupied d band, we can

attribute -̂  of the moment to the 3d(m=o) orbital, so n,=0.44 for

iron. To obtain the total OP contribution to the hyperfine field,

the contributions of all the neighbour host atoms have to be

considered. By taking host atoms from up to the 3 r d nearest

neighbour shell, and by assuming additivity, we find:
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HOP • 8HOP + 6 HOP + 1 2 HOP' (2'34)

where the superscripts give the nearest neighbour shell and the

coefficients represent the number of atoms in that shell.

Shirley attributed the discrepancies encountered in explaining

the hyperfine fields of sp impurities with a CEP contribution to

the overlap or transferred polarization mechanism (ref.24), Using

atomic wave functions for the iron 3d electrons and the 5s electrons

of Xe, he obtained an OP contribution of Hop=300T. In more extensive

calculations by Shondi (ref.25), it was shown that also the more

inward s shells must be taken into account, which resulted in an

appreciable reduction of the overlap contribution.

Because of the overall correspondence between the hyperfine

fields and the atomic volume of the elements, Stearns suggested

the empirical model that the overlap polarization p Q p would be

proportional to the volume misfit between the impurity volume V ,
z

and the volume V. available on a substitutional lattice site in

the host, so:

POP = a'VV' (2'35)

where a is a positive constant, depending on the host. For iron,

Stearns derived that a^O.OlA and V„ =10A , corresponding to a
r e

radius of 1.58A which is somewhat larger than the iron radius of

1.40A. Because the atomic volumes of iron, cobalt, and nickel are

almost equal, the overlap for a solute atom will not differ much

in these three hosts and the polarization depends only on the host

magnetization \L, so that

S OP V^Fe • <2-36)

Use of eq.(2.35) and (2.36) enables only a qualitative description

of the OP contributions to the hyperfine field, since no second or

higher nearest neighbour effects can be evaluated. In trying to

obtain quantitative results having a more physical background, use

must be made of the wave function calculation method according to

eq.(2.33).

The results of the volume misfit model, according to eq.(2.33),

combined with the constant s-CEP polarization idea were demon-

strated in calculations concerning 4sp and 5sp impurities in iron
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(ref,26) and in HeusIer alloys (ref.27) . Unlike Shirley (ref.24)

and Shondi (ref.25), Stearns did not use atomic Hartree-Fock wave

functions for the 3d orbitals of the magnetic atoms. For a tran-

sition atom in a solid, the 3d orbitals are less localized than

for an isolated atom, so that using normal Hartree-Fock wave

functions, the estimate for the OP contribution will be too small.

Stearns used modified band-like HF wave functions (MHF), which

should represent the d orbitals in the solid better than atomic HF

functions. With these MHF orbitals and the models mentioned above,

a good fit to the experimental hyperfine fields for 4sp and 5sp

impurities in iron was obtained. These results demonstrated that

the volume misfit model is able to give a good description of the

hyperfine field non-magnetic impurities in magnetic hosts.

2.4 Electric hyperfine interactions.

When an atomic nucleus has a spin value higher than one half,

it possesses a nuclear quadrupole moment Q. Then, in the presence

of an electric field gradient, we have to take into account the

electric hyperfine interaction. An electric field gradient can

arise from the surrounding ions or from the unfilled magnetic

shells of the atom itself. We shall give a brief outline of the

theory of electric hyperfine interactions. A more extensive dis-

cussion can be found in ref.7.

The general form of the nuclear electric hyperfine interaction

can be written as:

in which A£ and Bĵ  are the multipole tensor operators of re-

spectively the nucleus and the electrons. Since the nucleus has a

very small size compared to the radius of the electron orbits, con-

tributions of terms with k>2 are small,and in general only k=2 terms

have to be evaluated. These terms give rise to the nuclear quadru-

pole interaction. The nuclear tensor operator terms of A? can now

be written down:
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o _ eQ 1 ,3 X2_
2 1(21-1) * Z

A±l = *_J*Q 1 V | ( x ( 2. 3 8 )

^ 1(21-1) Z " "

A±2 = _eQ JL ,3 2
2 1(21-1) ^ l ~

q
Similarly for the electron tensor operator components B^:

o — 3 1 1 1 1 1 2B ~~ ̂ e ^ r ^^Jllctll J^^ri.3J ^J(J"J" 1) s
2 q 1 1 1 1 2 z

B*1 = ±e<r^ 3xj| |ct| |J>|V|(J2J±+J±JZ) (2.39)

B*2 = -e<rg 3xj| |a| |j>-|x/| J+ •

The constants <J | | ot | | J> are reduced matrix elements, and charac-

teristic for a 4fn configuration. Tabulated values of these

constants can be found in ref.7 and 28. The factor <r > can be

expressed as:

<r^3> = (1-R)<r"3>,

where R is the Sternheimer antishielding factor (ref.29), and

<r > is the mean inverse cube of the orbital radius of the 4f

electrons. The antishielding factor R corrects for the screening

effect of other electrons, and for induced electric field gradients

due to perturbed symmetry of charge distributions of closed shells.

Substituting eq.(2.38) and (2.39) into eq.(2.37), the nuclear

quadrupole interaction takes the form:

{3(J.I)2+•!(!.J) - I(I+1)J(J+1)},
* 21(21-1) (2J-DJ * (2.40)

where B is given by:

B = -eQ<r~ 3xj| lal I J>J(2J-1) . (2.41)

This Hamiltonian can be written in a more convenient form when we

choose the axes of our coordinate system to coincide with the

principal axes of the electric field gradient, which are defined

by the crystal axes. Then, eq.(2.40) becomes:
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(2.42)

with

and

3eQV
zz

41(21-1)

V -V
xx yy
vzz

(2.43)

V , V , and V are the components of the electric field

gradient at the nucleus and they are given by:

ZZ
= -3e<r"3><J| |a|

(2,44)

(2.45a)

V x x-V y y = - (2.45b)

In the case of axial symmetry around the z-axis, v
x x

= v
y y

expression (2.42) reduces to:

„ _ , 2 _ 1
XQ ~ pH{Iz 3

and

(2.46)

In this thesis which deals with rare earth impurities in ferro-

magnetic host metals, we have, in the case of iron and nickel,

cubic host lattices, where V" equals zero. Hence the lattice does
ZZ

not contribute to the quadrupole interaction, and we have only to

Table

Ion

Ce 3 +

Pr 3 +

Nd3+

Pm3+

Sm3+

Tb 3 +

oy3+

Ho 3 +

Er 3 +

Tm3+

Yb 3 +

2.2

4I(2I-1)P (MHz)

1675Q

1917Q

906Q

-392Q

-1887Q

3879Q

4211Q

1811Q

-1977Q

-5328Q

-5842Q

Table 2.2

The free ion values for the

nuclear quadrupole interaction

parameter P of the rare earth

ions (Q in barns). From ref.SO,
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consider the interaction between the 4f shell and the nuclear

quadrupole moment, Q. When the exchange interaction between the

impurity ion and the host is strong, the expectation value of

<J > will be equal to J at low temperatures. Then we can calculate
z

Pn according to eq,(2.43) and (2.45a), using the free ion values
— 3

for <r >, corrected with the Sternheimer antishielding factor R,

and the result can be seen in table 2.2. However, for ions

embedded in a crystal lattice, not only exchange interactions play

a role, but also the crystal field interaction has to be taken

into account. In section 2.2 it was already shown that the effect

of the crystal field is to lower the expectation value of <J >

and <3t>' In calculating the quadrupole interaction parameter P|| ,

it would be incorrect to take the free ion value, even when the

lattice has cubic symmetry, since we have to correct for this
2

reduction of <J >.
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CHAPTER 3

RADIATIVE DETECTION OF NUCLEAR ORIENTATION

3.1 Introduction.

The various ways by which hyperfine interactions can be

measured were already mentioned in chapter 1, where it was

convenient to distinguish between radiative and non-radiative

methods. As to the radiative methods, we will discuss in this

chapter the method of angular distribution of radiation emitted

from oriented nuclei.

In order to describe an angular distribution, it is necessary

to define a quantization axis relative to which the angles are

measured. In the nuclear orientation method, one orients the

nuclei along the direction of an external magnetic field, or along

•*• crystal axis, which serves as the quantization axis. Nuclear

orientation implies an unequal distribution over the nuclear mag-

netic sublevels. The population of a magnetic sublevel, m, can be

described by the Boltzmann distribution:

•» - ï
and we will consider nuclear systems for which the energy E is

given by:

Em = " gN yN Hhf m + P { m 2 " I 1 <I+1>>- -.(3.2)

Nuclear orientation will occur when kT becomes of the same order

of magnitude as E . Suppose we neglect at this stage the quadrupole

term in eq.(3.2). Then substantial orientation occurs when

ÏJÏ>2X10 T/K, from which it is clear that we need temperatures far

below 1 K to produce nuclear orientation, in practice T<50 mK.

It may be noted that when we have only the nuclear quadrupole

term of eq.(3.2), nuclear orientation will also occur, but in a
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different way compared to the case with only a magnetic inter-

action. For nuclear quadrupole orientation, <Iz> differs from its

high temperature average -| I (1+1), while <Iz>=0. This situation

is referred to as nuclear alignment/ in distinction to nuclear

polarization, induced by magnetic interactions, where <Iz>^0.

Nuclear quadrupole orientation may occur in diamagnetic crystals,

where large electric field gradients due to the lattice can be

present. These may, at low temperatures, produce nuclear

alignment. For metals, only non-cubic systems with no or small

magnetic hyperfine contributions will be suitable (ref.l, 2).

Since the direction of the electric field gradient is determined

by the lattice structure, only single crystals should be considered

for nuclear quadrupole orientation experiments. One of the inter-

esting aspects of this type of experiment is that the measured

anisotropy yields directly the sign of the electric field gradient

at the nucleus.

The method of nuclear quadrupole orientation has only recently

become systematically available, because of the rather low temper-

atures required. This is demonstrated in fig.3.1, where the

temperature is plotted to which a nuclear system must be cooled

in order to produce a 5% anisotropy in the gamma-ray angular
17 2

distribution for the case in which we take Q=lb and V =6x10 V/cm .
zz

nuclear
spin

1.5 2.0 2.5
temperature (mK)

3.0

Fig.o.l The temperature required to achieve an observed anisotropy

in the gamma-ray intensity of the order of 5% (with Bo=-0.1,

see eq.(3.8)) from a quadrupole aligned nuclear spin system

with Q=lb and V
zz

17 2
=6x10' V/cm as a function of the nuclear

spin I (after ref.3).
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In our experiments, however, the magnetic hyperfine interaction

is the dominant mechanism through which nuclear orientation is

produced, and any possible guadrupole contributions act only as

small perturbations. In the ferromagnetic metals, the hyperfine

fields are of the order of 10-100T, and combined with the fact

that the lowest attainable temperatures lie in the milliKelvin
H 3 5

range, our 5 values vary between 10 and 10 T/K, With this ratio,
the orientation of many nuclear systems can be fully saturated.

3.2 General properties of beta and gamma radiation.

The process of nuclear decay in which we are interested is

schematically shown in fig.3.2. We assume that a y- .at nucleus,

with an initial spin I , decays via the emission «-<: a 3-particle

to an intermediate state, having spin I., followed by Y emission

to a final state of the daughter nucleus, with spin I f. The

angular distribution we wish to study is that of the gammas

emitted by the transition between the spin states I± and I-.

Fig.3.2

Nuclear decay of an initial

state having spin I y via 3

Ij emission to an intermediate

state with spin I . , followed

by Y emission to a final

V state having spin I „.

V

This distribution depends on the orientation of the intermediate

state I i # and has its origin in the initial orientation of state

IQ. Due to the preceding 6 transition, a certain amount of

reorientation will occur in going from I to I.. This reorien-

tation will be discussed in section 3.4. To be able to calculate

the amount of reorientation, full knowledge of the preceding 3

(and Y) transitions is generally required.

For the p-decay, the following condition must be met:

AI = (3.3a)
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with

-(le+tv) + (se+sv) '
 (3'3b)

where 1 , s and 1 , s are the orbital and spin angular momenta

of respectively the B particle and the neutrino. When l e or lv > 0,

a retardation effect in the probability amplitude will occur. The

origin of this effect can to a certain extent be visualized as

follows: particles with t = rAp can be thought to be created at a

mean distance r*lk/p=lH of the nucleus. For a nucleus with radius
R 2

R, the emission probability is retarded by a factor (•=•) - A charac-
« R 1

teristic value for 3 emission is p = y^mc, which means that •jf^^»

even for the largest nuclei. Emission of a 0 particle with L=l is

therefore retarded by a factor 1600 compared to an emission with

L=0 in the same situation.

We can now classify the P transitions in two categories: the

allowed and the forbidden transitions. For allowed transitions,

the selection rule stands:
AI = |l±-If| = 0 or 1 (3.4)

AIT = +1

When AI = J = S = 0, the lepton spins are antiparallel and the

transition is called a Fermi transition. In the case in which the

lepton spins are parallel, S=l and AI=0 or 1, which is called a

Gamow-Teller transition. For AI=0 (except 0->0) , it is clear that

Fermi as well as Gamow-Teller transitions are possible, and hence

an admixture of J=0 and J=l radiation can occur. The second and

largest class is that of the forbidden transitions, which occur

when the conditions of (3.4) are not met. A transition is called

n-times forbidden when the parity change is Air=(-l)n and AI=n or

n+1, while for n=l also AI=o is possible. For all these transi-

tions L is unequal to zero.

To calculate the reorientation effect of a preceding g tran-

sition is a straightforward matter when the transition is pure

J=0, or 1, or 2, etc. In many transitions, however, a certain

amount of mixing can occur. Usually the mixing ratio is an unknown

quantity, and since the reorientation1 effect is dependent on J,

only the lowest and highest values of this effect can be calculated.

An example of this is encountered in the Nd experiments de-
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scribed in chapter 6.

For Y transitions the selection rule is:

AI = |l i-l f|<L<|l 1+I f| f (3.5)

where L is the multipolarity of the transition. When ATT=(-1) the

transition is called electric of the order L, and for ATT=(-1)

it is magnetic with a multipolarity L. Also for y transitions, the

situation occurs that the radiation is not necessarily of a single

multipolarity. Radiation of the type E2+M1 frequently occurs,

sometimes also B1+M2; in such cases, we define a mixing ratio 6.

Several different definitions of <5 can be found in the literature

(ref.4, 5, 6). We will use a definition which follows the usual

conventions of quantum theory:

where 1L, and T. are the transition multipole operators of

respectively the L'=L+1 and the L radiation. We note that this

definition is opposite to that of Rose and Brink (ref.4), who

exchanged the initial and final states. With the mixing ratio 6

known, which is usually the case for y transitions, the reorien-

tation effect can be calculated (see section 3.4).

We will now proceed with the subject of describing the degree

of nuclear orientation and the angular distribution of the y

radiation from the oriented nuclei. Extensive derivations and

discussions can be found in articles by Rose and Brink (ref.4),

Huiskamp and Tolhoek (ref.7), and Blin-Stoyle et.al. (ref.8, 9 ).

3.3 Angular distribution of nuclear radiation.

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

axis of rotational symmetry. The general expression for the

directional distribution function of gamma radiation emitted from

these nuclei is:

W(e) = £ Qk B k Uk Fk Pk(cos9), (3.7)

where 9 is the angle between the directions; of the emitted photons
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and the quantization axis and the summation is over the even

k-values. All the k=o coefficients are normalized to unity.

•the B. coefficients are called the orientation parameters,

which contain the information about the degree of orientation of

the ensemble of nuclei. To calculate these parameters we can use

the formula derived by Pano (ref.10):

B. (I) = (2I+1)% E a (-l)1~m<lml-m|llko> . (3.8)
K m m

Here <lml-m|llko> is a Clebsch-Gordon coefficient and a m is the

population of the magnetic sublevel as defined in eq.(3.1). Another

method which is frequently used is to express Bk(I) as a function

of f. (I)t which is the degree of orientation of order k (ref.ll):

The f^'s are linear combinations of the population moments,

defined as Em a . Since there are 21 independent quantities a ,
m m , • • • • • ••.-.••

a l l f k ' s with k>2l+l vanish. The general expression for f̂  is
given by (ref.12): .

fv(I) = (2.k)~1l"k Z f (-DV ( I - m ) l ( l V m ) ! {^)2am. (3.10)
K K m v=o (i-m-v)1(I+m-k+v)I v

When the nuclear orientation is fully saturated, a m
= ö

mi»
 a n d eci'

(3.10) reduces to:

fmax=(2k)-lI-k_(2I)i_ ;
K K

the maximum obtainable angular distribution effect can be easily

calculated. For L=l and 2, the k-values are limited to 2 and 4,

respectively, and the explicit formulas for f2^
1) a n d f 4 ^ a r e :

f , ( l ) = ~[ Z m 2 a m -^ 1(1+1)] (3.12)
2 j.2 m m 3

and
4 4 2 2 ^ (1+2) (1-1)] .4 m 4 m ̂* T* m m ' m m J 3

(3.13)

The Pj(cos9) terms are the Legendre polynomials, which describe

the angular dependence of the radiation with respect to the
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quantization axis. The k=2 and 4 terms are:

P2(cos6) = |(cos
2e--5> (3.14)

and

P4(cos0) - -^ (cos
49-| cos26 + - ^ ) - (3.15)

The F, coefficients contain information concerning the angular

momentum properties of the observed gamma transitions. They are a

function of the spins of the initial and final states between which

the transition takes place, and of the multipolarity of the

radiation:

Fk(LL'IiIf) = (-1)
 X Z 1(2^+1) (2L+1) (2L'+1)F

<HL-l|ko>W(IiIfLL';kIf) , (3.16)

where Wd.I-LL';klf) is a Racah coefficient. For mixed multipole

radiation with a mixing ratio 6, as defined in eq.(3.6), the

resulting F, coefficient is a sum of three terms, according to:

k 2 k i f k i f F ] c ( L ' L ' I i I f ) ] , (3.17)

with L'=L+1. Several tabulations of these coefficients exist. The

most frequently used are those from Ferentz and Rosenzweig

(ref.13) and Rose and Brink (ref.4). Some care has to be taken,

however, in using the tabulated values of ref.4, since here the R.

coefficients are tabulated which are related to Fk in the following

way:

Rj^LL'I.^) = (-l)L~Ll+kFk(LL
sIiIf) (3.18)

Thus, in the case of mixed multipole radiation, the sign of the

cross terms differ in the two descriptions.

The solid angle correction terms, Q., correct for the finite

dimensions of the radiation detectors. When the absorption coef-

ficient and the dimensions of the detector material, in our case

lithium drifted germanium crystals, are known, the correction

factors Qk can be calculated as a function of the detector-source

distance and the energy of the incident radiation (ref.14).

Typical values for Qfc lie between 0.85 and 1. In the decay process,

several deorientation effects can occur. These effects are
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described by the U. coefficients, which are discussed in the next

section.

Aside from this coefficient method, using tabulated values for

several parameters, also explicit formulas, describing the angular

distribution function, W(9), can be used. These formulas can be

found in the work of Tolhoek and Cox (ref.12,15), and in a review

article of de Groot et al (ref.16).

3,4 Reorientation effects.

In determining the angular distribution of the radiation, the

reorientation effects play an important role. The two mechanisms

responsible for reorientation are intermediate state perturbation

and preceding B or y transitions.

Usually the initial state of an observed y transition is an

intermediate state in the decay process. When the lifetime of such

a state is sufficiently long, reorientation due to extra-nuclear

perturbations may occur. As long as the terms in the Hamiltonian

describing the interactions with the nucleus are diagonal, no

transitions between different nuclear magnetic sublevels can take

place (only rotations around the quantization axis), and conse-

quently the degree of orientation remains constant. As soon as

there are perturbations with an off-diagonal character, the

orientation may change (ref.18-21). One of these effects is the

nuclear spin lattice relaxation (ref.17). However, in solids at

low temperatures, the nuclear spin lattice relaxation time is in

nearly all cases long,>1 sec , compared to the lifetime of the

nuclear intermediate state, and hence reorientation due to direct

relaxation to the lattice can be neglected. Mechanisms which play

a more important role in affecting the degree of orientation are,

for instance, K-capture and nuclear quadrupole interactions.

In the process of K-capture, the parent nucleus decays via the

capture of an electron from the K-shell, thereby creating a hole

in this shell. From the single unpaired K electron, the nucleus

experiences a magnetic field of the order of 104T. During the

time the hole exists in the K shell (of the order of 10~ sec for

medium weight atoms), and in the subsequent process of the hole

being filled-up from the outer shells (this takes about 10~14sec),

strong time-dependent perturbations act on the nucleus. The time
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required to fill the outermost shell depends on the chemistry of

the environment, and may vary between 10 to 10 sec. The

electronic configuration reached upon filling the outermost shell

is not necessarily unique, but depends, amongst others, on the

number of Auger electrons emitted when the inward electron shells

were being filled up. Regardless which configuration is reached,

the changed hyperfine interactions between the nucleus and the

surrounding electrons may result in reorientation. In paramagnetic

salts reorientation effects have been encountered for several

isotopes. Some of the measurements have successfully been explained

by Misra (ref.21), using the assumption that the amount of reorien-

tation is predominantly determined by the hyperfine interactions

in the new electronic configuration. The perturbations during the

electron-shell deexcitation were considered to last too shortly to

produce significant reorientation. When the symmetry of the

surroundings is axial, no reorientation can be detected, since

in that case reestablishing the Boltzmann distribution over the

nuclear magnetic sublevels takes place via the nuclear spin lattice

relaxation mechanism, which is too slow to produce measurable

effects during the intermediate state lifetime.

Nuclear electric quadrupole interactions can also result in

terms that are not diagonal in the Hamiltonian describing the

intermediate state. The quantization axis of the magnetic hyperfine

interactions in metals is determined by the direction of the

applied magnetic field, while the direction of the electric field

gradient depends on the lattice structure. In polycrystalline

materials, these directions do not coincide and in situations

where both magnetic and electric interactions are present, appreci-

able reorientation effects can be anticipated. Also when the

nuclear magnetic or quadrupole moment of the intermediate state

differs much from the moment of the parent nucleus, a redistri-

bution over the nuclear sublevels can take place. A detailed

description of reorientation due to electric quadrupole inter-

actions can be found in the work of Johnston and Stone (ref.22)

and Haroutunian et al (ref.23 and 24) .

The most important reorientation effect originates from

preceding 3 or y transitions. This effect is illustrated in fig.

3.3. The initial state, with a nuclear spin IQ=2, is completely
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m
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O
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C
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O If=1

Fig.3.3 Reorientation of a completely polarized initial state with

spin I =2, via 3 and y decay to a final state having spin

I_p=l, For clarity the separation of the magnetic substates

m is shown on an expanded scale.

polarized, i.e. only the m=-2 level is occupied. This state decays

through a 3 transition to an intermediate state, with I.=2.

Because of the selection rule Am=o, ±1, we observe in addition to

the I (m=-2)+I.(m=-2) transition also a contribution from

I (m=-2)-»-I. (m=-l) . The observed y radiation between 3^=2 and a

final state If=l consists now of the predominant 1^ (m=-2) ->If(m=-l)

part and of the I. (m=-l) ->If (m=o,-l) transitions. Preceding y

transitions give rise to reorientation in the same way as the 3

transitions. The example demonstrates that the degree of reorien-

tation is dependent on the spin states between which the transition

takes place, and also on the multipolarity of the radiation. The

general expression for the reorientation coefficients tL , due to

a preceding transition between the spin states I, and I 2, is given

by:

Uk(I1I2kL)=(-l) (3.19)

where W(I1I1I2I2;kL) is a Racah coefficient and L the multipolarity

of the radiation. When the observed transition is preceded by a

cascade of transitions, the corresponding U, coefficients should

be multiplied. Hence, for a cascade of n steps, the observed

transition being the n+1 step, we find:

49



ü k o t = u k u k — u k - (3-20)

For mixed transitions, also the mixing ratio 6 must be accounted

fori and:

ad.I-kLL') = - ^ [ ü (I I,kL)+6"a (I I?kL')] . (3.21)

Tabulations of the most frequently occurring Ufc coefficients can

be found in ref.4 and 25.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.l Introduction.

In this chapter we shall describe the experimental procedures

for studying nuclear orientation.

For impurity atoms in ferromagnetic host metals, nuclear

orientation usually occurs at temperatures below about 50 mK (see

section 3.1). As a first stage in reaching temperatures in the mK
3 4regime, we employed a liquid helium cryostat and a He- He dilution

refrigerator, described in sections 4.2.1 and 4.2.2 of this chapter.

The lowest temperatures that were reached with the dilution re-

frigerator were about 20 mK. In order to measure at temperatures

of a few mK, we used as a final cooling stage the demagnetization

of an enhanced nuclear system. With this system, final temperatures

of about 2 mK were reached in magnetic fields up to 6 Tesla. This

gives an H/T ratio of 3x10 T/K, which is large enough to produce

nuclear orientation in a large variety of systems. The principles

and experimental procedures of enhanced nuclear cooling are given

in section 4.2.4. In section 4.2.5 the nuclear orientation ther-

mometry that is used for the measurements is described.

The last part of chapter 4 is dedicated to the nuclear orien-

tation data acquisition and processing system. Nuclear orientation

experiments can easily extend over periods of several weeks,

which makes it very attractive to automate them. Since most of the

commercially available systems were not suited to our purposes, we

preferred to develop a system based largely on software. This was

realized by employing a microcomputer. Not only automatic data

acquisition and processing were incorporated, but also most of the

experimental procedures were performed under full computer control.

This computer based system is described in detail in section 4.3

of this chapter.
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4.2 Cryogenic techniques.

4.2,1 Cryostat.

The cryostat, designed especially for nuclear orientation

experiments, was built in the Kamerlingh Cnnes Laboratory. It

consists of an outer wall, a liquid nitrogen reservoir with a

copper radiation shield attached to it, and a liquid helium vessel

(see fig,4.1). The length of the cryostat is 148 cm and the inner

diameter of the liquid helium vessel is 17 cm in the neck and tail

section, and 26 cm in the middle section. The cryostat is attached

to a 2 cm thick Al plate, which is supported by four air-mount

vibration isolators. To lower the resonance frequency, an extra

weight of lead of about 660 kg was added to the Al support plate.

3 4In the liquid helium vessel, the He- He dilution refrigerator

is suspended together with the magnet system, and when we allow

for the volume of these parts, the remainder contains about 30

litres of LHe. To cool down from LN_ temperature and fill with the

LHe takes 47 litres when done carefully. The LHe consumption varied

between 200 and 250 cm liquid/hour, dependent on the type of

energizing leads to the magnet system and on the liquid level.

Precooling to LN_ temperature is done simply by filling LN.,

into the liquid helium vessel until about 5 to 10 cm of the magnet

system is immersed in the liquid. The inner parts of the refriger-

Fig.4.1

Cryostat and inner apparatus

A IK plate pumping line L LHe vessel

B high vacuum pumping line M IK plate inlet

C He pumping line N IK plate

D LN2 outlet 0 still

E copper thermal bridge P heat exchangers

F cryostat isolation vacuum Q mixing chamber

connection R (de-) magnetization coil A

G radiation baffles S PrNi„ sample

H LN£ vessel T nuclear orientation samples

I copper thermal shield U polarizing coil B

J heat pipe V Ge(Li) detection crystals.

K copper radiation shield
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ator and the nuclear cooling state are cooled down close to LN~
A

temperature using He exchange gas. The LN2 is forced out of the

helium vessel through a tube extending from the top flange to the

bottom, by pressurizing this vessel with 0.3 bar of air. The neck

of the helium vessel is precooled to LN_ temperature by means of a

copper bridge to the LN2 reservoir, thus reducing the heat input

from roomtetnperature. This cooling was made independent of the LN2

level by means of a copper shield extending all the way to the

bottom of the LN_ vessel. Attached to the LN- reservoir is a 1 mm

thick copper radiation shield, covered with 5 layers of super-

isolation to reduce the radiation heat leak from the outer wall of

the cryostat which is at room temperature. This shield is cooled

by 4 heat pipes, that extend from the LN- vessel to the end of the

radiation shield. These heat pipes are closed copper tubes with an

inner diameter of 8 mm, filled with nitrogen gas at a pressure of

70 bars. The nitrogen condenses on the coldest part of the tube

and droplets fall down. On reaching warmer parts, they evaporate,

thereby cooling the whole shield much more effectively than by

heat conduction through the copper. LN_ consumption amounts to

about 12 litres/day, and the reservoir is automatically refilled

about every 24 hours.

Because of the nuclear orientation experiments, gamma radiation

windows are provided in the tail section of the cryostat. In the

copper radiation shield holes are provided, covered with aluminized

adhesive tape, which has a negligible gamma ray absorption. In

the horizontal plane, the radiation has to pass 0.6 mm of stainless

steel of the helium vessel and 1.4 mm of Al of the magnet system

and the outer wall of the cryostat, while in the vertical direction

this amounts to 1.5 mm of stainless steel. For e.g. 80 keV gamma

radiation, this means that in the first direction 70% of the gamma's

are transmitted, while for the latter direction this is 50%. For

lower gamma energies the transmission coefficient decreases rapidly

and for 50 keV only 10% is transmitted in the vertical direction.

The transmission coefficients for 3-particles are practically zero.

When nuclear orientation experiments using 0-particles instead of

Y-radiation should be required, part of the detecting equipment

can be placed just below the magnet system, while the (3-detector

can be fitted inside the magnet system, mounted on a specially

adapted bottom flange.
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4.2.2 3He-4He dilution refrigerator.

The 3He-4He dilution refrigerator is a S.H.E,-Corporation model

DRI-236. This refrigerator is intended to be used with a booster

pump and was in this way factory tested at a minimum temperature

of 9.63 mK. However, in order to avoid gas contamination problems

associated with the use of booster pumps, in our experimental

set-up we operated with the aid of a Balzers rotary pump, model

DUO-60. With this pump, a circulation rate of 1,2x10 mol/sec He

could be attained at a still power of 4 mW. At these values, the

cooling power of the refrigerator could be expressed by the relation

Q = 5.2xlO~3T - 2xlO~6 W,

where T is the temperature outside the mixing chamber. In the gas

handling system, a gas purifier at liquid nitrogen temperature was

used to prevent plugging of the He return tube. Activated

absorption material (zeolite) as well as brass netting were used

to absorb any possible gas contamination and to remove oil and

cracked oil products.

In the refrigerator we used, apart from the copper 1 K shield,

also a brass shield (0.7 mm thick), fastened to the mixing chamber,

which served as a gas trap and as a radiation shield for the

nuclear cooling stage. On the 1 K plate, a charcoal pump was

mounted, made of activated charcoal glued onto a brass netting.

The use of this pump reduced the time required for removing the
4
He exchange gas and made also external pumping on the high vacuum

system redundant for the duration of the experiments. After the

bake-out of the refrigerator, and the removal of the He exchange

gas, the starting-up time of the dilution refrigerator was 4 to 5

hours till nuclear refrigeration. It took about 1^ hour to condense
3 4

the He- He mixture and to get the circulation started. About 3

hours were required to cool the nuclear cooling stage to a tempera-

ture of 30 mK. This temperature is low enough to start the nuclear

demagnetization.

4.2.3 Magnet system.

The magnet sytem used to operate the enhanced nuclear cooling

stage was built by Cryogenic Consultants Ltd., and consists of two

epoxy impregnated coils, wound of multifilament NbTi superconducting
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wire. Coil A is used to magnetize and demagnetize the PrNi5 nuclear

stage, and coil B to polarize the samples. The system was designed

according to two major demands: the outer diameter had to be as

small as possible and the distance between the mixing chamber and

the middle of coil A and also the distance between the middle of

the two coils A and B should be kept as small as possible. Also

the two magnets had to be demountable, in order to replace the

split pair coil B by a solenoid, producing a very homogeneous

field, when brute force NMR experiments on oriented nuclei are to

be performed.

Fig.4, 2

PrNic nuclear refrigeration
o

stage and magnet system

A mixing chamber (m.c.)

B heat switch aoil

C tin heat switch

D perspex end of

support rod

E mounting flanges

F graphite support rod

G copper thermal link

H 4T (de-)magnetization

coil A

I PrNi rod assembly

J copper radiation shield

from the IK plate

K brass radiation shield

from the m.a.

L silver thermal link

M 6T polarizing coil B

N nuclear orientation

samples

O high vacuum closing

flange
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This resulted in the system as shown in fig.4.2. The overall

length is 28 cm, the outer diameter is 14.5 cm, and the clear bore

is 4 cm. Both magnets are equipped with persistent current switches,

which allow persistent current mode operation during the measure-

ments without measurable field decrease. Coil A is capable of

generating a field of 4 T at a current of 45 A. It has a self

induction of 7 H,while the inhomogeneity at the PrNic is 2% in a

cylindrical volume of 2 cm diameter and 5 cm long. The magnet is

compensated in the region of the mixing chamber and of the heat

switch just below it. This compensation allowed the distance

between the mixing chamber and the middle of coil A to be only

15 cm.

The polarization coil B produces a maximum field of 6 T at a

current of 72 A. This magnet is of split-pair type, to enable the

transmission of gamma radiation in a direction perpendicular to

the field direction, which is desirable in nuclear orientation

experiments, where detection usually occurs in two directions with

respect to the magnetic field direction. Two compensation coils

are connected in series with coil B. These compensate the magnetic

field at the mixing chamber and at the PrNic, respectively. In Fig.

4.3, the field profile of the magnet system is shown with both

-H

Fig.4.3 Field profile of the (de-)magnetisation coil A and the

•polarizing aoil B3 for both aoils fully energized. The

locations of the mixing chamber, the heat switch, the

i nuclear stage and the sample are also given.
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magnets fully energized. Good compensation allowed a distance of

14 cm between the middle of the two coils.

Both magnets are energized using hollow brass rods in the upper

part of the cryostat down to the vacuum flange of the dilution

refrigerator, and below that superconducting single core NbTi wires.

The leads were fitted inside a teflon tube, which resulted in

better cooling and less LHe consumption. For coil A, the leads were

optimized for 45 A and for coil B we employed two different sets

of leads: one optimized for 25 A and the other one for 75 A. In

several experiments, only low magnetic fields are required, and

then the low-current leads give the advantage of a low LHe boil-off

rate.

The magnet system is attached to the vacuum can of the dilution

refrigerator through stainless steel flanges, using indium o-ring

seals. This construction enabled the inner tube of the magnet

system to be part of the high vacuum system, thereby reducing the

number of stainless steel walls.

To have a high transmission of low energy gamma's, the inner

tube of the magnet system is of a special design. The tube assembly

consists of an aluminium alloy tube connected to stainless steel

end flanges via the intermediary of friction welds and epoxy bonded

joints. The aluminium alloy tube had a thin walled window section

of 0.8 mm, providing a beam path through the polarizing magnet

windows. The top flange of the tube assembly is connected to the

mating flange at the end of the vacuum can, and the bottom one is

closed with a thin walled (0.5 mm) end flange to seal off the high

vacuum system.

Two separate power supplies are used to energize the magnet

system. The output of these supplies is regulated by electronic

sweep units which can energize linearly, and deenergize either

linearly or exponentially to preset upper and lower current levels.

Both power supplies have built-in diodes connected over the current

leads, which protect the coils against high reverse voltages in

case of a field quench.
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4,2.4 Enhanced nuclear refrigeration stage.

The basic principles of nuclear demagnetization equal those of

conventional adiabatic demagnetization of a paramagnetic salt,

except that one deals with nuclear magnetic moments instead of

electronic magnetic moments. However, because nuclear moments are

about 2000 times smaller than their electronic counterparts, the

H/T ratio must be 2000 times larger to achieve the same entropy

reduction for the nuclear system as in the electronic system. Since

the interactions involved in nuclear demagnetization are so small,

the end temperatures therefore are also much lower. Characteristic

are final temperatures of the nuclear system in the order of 1 yK.

The disadvantage of this method is the small cooling power, and for

that reason, only very small external heat leaks can be tolerated.

Together with the requirement of a high H/T ratio (several hundred

T/K), this places heavy demands on the experimental equipment. When

final temperatures between, about 1 and 5 ml', are required, it is

much more convenient to employ the so-called hyperfine enhanced

nuclear magnetic cooling or refrigeration in Van Vleck paramagnetic

compounds, as was first suggested by Al'tshuler (ref.l) and success-

fully carried out by Andres and Bucher (ref.2). Detailed discussions

about experimental and theoretical principles of hyperfine enhanced

nuclear demagnetization can be found in several papers (ref.3), and

we will restrict ourselves in this section to mentioning only a few

important aspects.

We consider an ion, having a not completely filled electron

shell, placed in a crystal lattice. On this ion, crystal field and

exchange interactions will be exerted by the neighbouring ions and

electrons. For certain values of the crystal field parameters, the

degeneracy of the electronic configuration can be lifted in such

a way that the ion has a non-magnetic singlet ground state. This

only happens when the exchange interaction is small compared to

the crystal field interaction, which makes rare earth ions good

candidates. The 4f shell lies well inside the ion, i.e. the 4f

electrons are well shielded by the 5s and 5p shells, and exchange

interactions will be relatively small. If the energy distance

between the non-magnetic ground state and the excited magnetic

states is small, the ground state wave function will become admixed

with magnetic components when an external magnetic field is applied.

This can be demonstrated by considering the crystal field inter-
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action in combination with the electronic Zeeman interactions. For

further discussion, we also add the hyperfine coupling between the

nucleus and the electronic state. The Hamiltonian is then:

X = 5fcp-gj)JB3.J + A3.ï-gNnNH.Ï , (4.1)

where all the terms have already been defined in chapter 2. The

last three terms of eq,(4.1) will be treated as perturbations of

the crystal field term %CF- For a perturbation 3f', the ground state

|o'> and its energy E_ is given in second order perturbation theory

as:

|O > = |O> + E ' ' 1 1> (4.2a)

and j 2

E' = <o|3C*|o> + Z 1^1^'1 1 : >1 , (4.2b)
1 o 1

where the summation over 1 goes over all the excited crystal field

states. Further, we shall take into account the degeneracy arising

from the nuclear spin; accordingly, we label the energy levels by

E Q , and we need to introduce the last two terms of the Hamiltonian

(4.1). By taking K'-JC-JC^, we obtain for an external magnetic field

V
E* = g_u_A H - (gMvi.T+2gTyr,AA )H I +o , n J B z z N w J B z z z

^ ' , 1 . 2 . ( 4 ' 3 )

with A =E |<o|J |l>|2/(E -E ) (a=x,y,z) .

The first term leads to the Van Vleck susceptibility, and the last

term is the pseudoquadrupole interaction, which can be reduced to

zero by choosing a cubic lattice structure around the rare earth

lattice site. We are interested in the second term, which can also

be written as 9NUNHZ(1+K)Iz, where

(4-4)

From this it is clear that the applied external field H z is

enhanced by a factor (1+K), which is called the enhancement factor.

Materials which exhibit the behaviour we mentioned above are several

intermetallic compounds. In particular those containing the element
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Pr turn out to be very- suitable. This rare earth element has a

low spin angular momentum, S=l, and thus the strength of the

exchange interaction is comparatively weak. It is essential that

electronic magnetic ordering is suppressed by the crystal field,

since otherwise the ordering temperature is too high to make the

compound useful for nuclear demagnetization. However, the electronic

exchange may also induce nuclear spin interactions. These indirect

interactions and the quadrupole interactions determine at which

temperature nuclear ordering takes place in zero external field.

The ordering temperature is the lowest temperature that can be

attained upon demagnetization.

For our cooling stage we have chosen the intermetallic compound

PrNij-. The crystal structure of PrNi5 is of the hexagonal CaCu5

type, and the Pr-ions experience a crystal field of hexagonal

symmetry. Due to this non-cubic lattice structure, the pseudo-

quadrupole interaction term of eq.(4.3) does not vanish. Its

effect in nuclear orientation experiments can be looked upon as

if, upon demagnetization to zero external field, a residual

internal magnetic field of 17 mT is present, corresponding with

a nuclear ordering temperature of about 0.5 7 mK (ref.4). This means

that final temperatures after demagnetization below 1 mK should be

possible, and in fact, experimentally lowest temperatures of about

0.8 mK have been observed by Andres and Darack (ref.4). They have

also determined from susceptibility measurements the enhancement

factor (1+K), and found that parallel to the c-axis (1+K)^=8.1 and

perpendicular to this axis (1+K),=16.4. In a polycrystalline sample

this should average to (1+K)=13.6, which is in good agreement with

the experimental value of 14.3 (ref.5).

A schematic view of our nuclear demagnetization stage, surrounded

by the magnet system, is given in fig.4.2. The mixing chamber of

the dilution refrigerator is fitted with a flange from which the

cooling stage is suspended by means of a copper mating flange. The

cooling stage consists of 5 rods of PrNi,.. Each rod is approximately

65 mm long and has a diameter of 6 mm, so that the total amount of

PrNi,j is 0.17 moles. For nuclear orientation experiments, where

only very small samples have to be cooled down, this quantity is

sufficient, and even NMR-ON experiments at very low temperatures

can be carried out. The rods are covered with a very thin layer of

indium metal to increase thermal contact, and they are soldered
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with indium around a silver rod of 6 mm diameter and a purity of

6 N. This rod extends downwards towards the middle of the polarizing

coil, where the sample holders have been soldered. The PrNi,. and

the silver rod are connected to the flanges at the mixing chamber

via a high purity (>5 N) copper rod of 6 mm diameter and 10 cm

long, and a tin superconducting heat switch. The heat switch is

constructed of 15 tin wires, which are 10 mm long and 0.5 nun in

diameter. These wires were soldered between two copper disks

(thickness of .1 mm and 6 mm diameter) , and this assembly was

soldered between the mating flange at the mixing chamber and the

top of the copper thermal link. The switch is driven by a small

superconducting coil attached to the copper support flange. This

switch coil is wound from superconducting single core NbTi wire

of 0.1 mm diameter and has 26 layers of 102 windings, which results

in a field to current ratio of 0.14 T/A. The switch, as well as the

mixing chamber, is positioned in the field compensated region of

the polarizing and the magnetization coils, as can be seen in fig.

4.3. The compensated field of the magnetization coil at the switch
—5 -4

amounts to +5x10 T/A and that of the polarizing coil to -3x10

T/A. When both coils are fully energized the residual field is less

than 10~2T. Given the critical field of tin, 3xlO~2T, only about

150 niA is required to switch from, the superconducting to the normal

state, provided the switch field is parallel to the residual field.

Calculations showed that when the mixing chamber is at 25 mK and

the PrNi5 at 1 mK, the heat leak through the switch in the super-

conducting state is only 0.14 nW which is sufficiently low for our

purposes. It is obvious that because of the way the heat switch is

constructed, it cannot carry the weight of the material underneath

it. Hence the nuclear stage is suspended by three bars of carbon

and perspex, having a diameter of 6 mm and a length of 11 cm. The

carbon to perspex length ratio is chosen so that the linear thermal

contraction of these rods equals that of the copper thermal link

and the heat switch. In this way no forces due to contraction act

on the heat switch. The nuclear refrigeration stage is surrounded

by a heat shield attached to the support flange at the mixing

chamber. This shield is 28 mm in diameter and 0.7 mm thick. It is

made of brass, instead of copper, to reduce eddy current heating.

The heat load due to demagnetization in say 1\ hour, is less than

10 nW on the mixing chamber.
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Fig. 4.4 The nuclear spin entropy, S., as a function of the tempera-

ture for several magnetic fields, b is the internal field.

The process of adiabatic demagnetization is shown in fig. 4.4,

If we consider the magnetization process, it is clear that the heat

production due to magnetization is minimized if we magnetize

isothermally, that is, along the path X-»-Y. The amount of heat that

has to be removed is then given by:

T±AS
?i
J i 9H T.(|f)HdH (4.5)

Magnetization can also be carried out at high temperatures,

followed by cooling in a constant magnetic field along the path

x'-*Y. In this case we obtain:

AQ(H±) =

T.
T(||)HdT , (4.6)

which equals AQ(T.) plus the area inclosed by X XY in fig.4.4.

Especially when high magnetic fields are required, AQ(H.) can be

substantially larger than AQ(T.). However, isothermal magnetization

is not practical in nuclear demagnetization experiments, since

superconducting coils are involved. In order to magnetize

isothermally at low temperatures it would be necessary to increase

the current in the magnet slowly, which would result in a large

LHe boil-off rate. The slow increase is even more compelling

because of the smaller cooling power at low temperatures. It is

therefore much more practical to magnetize quickly at high temper-

atures, followed by cooling along the curve x'+Y. We have adopted

this procedure, and magnetized the PrNi5 in a field of 4T at a
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temperature of 1 K. This was followed by cooling by the dilution

refrigerator to a temperature between 20 and 30 mK in a period of

3 to 5 hours. Upon reaching this temperature, the heat switch was

closed (superconducting state) and adiabatic demagnetization was

carried out to a final magnetic field Hf. This is represented in

fig.4.4 in going from Y to Z. After demagnetization, the system

will warm up along the curve Z-X1 . Or alternatively, when demagneti-

zation was performed until zero external field, along the curve

Z'-X'. In the latter case the role of the/final magnetic field is

taken over by the internal field b. The amount of heat that can be.

absorbed after demagnetization is given by the shaded area in fig.

4.4, and we see that this is much smaller than the amount of heat

that has to be removed at magnetization. This difference can be

demonstrated even more clearly when we consider the specific heat

C„. Starting with the partition function for a system of N nuclear
n
spins:

l n Z - =Nln (4.7)

gNyNHzN N zwi th x = — T - = — , and us ing the thermodynamical e q u a t i o n :

CH T 1 3 T '

with F=-kTlnZ, we derive for the specific heat C H in a constant

magnetic field:

N k { ( | ) 2 c o s e c h 2 | - 2 x 2 c o s e c h 2 x} (4.8)

Substituting in this equation the value of gNUN of Pr, we have

plotted in fig.4.5 the specific heat C„ of PrNi5 as a function of

the temperature for magnetic fields of 4 T, 0.4 T, and 0.1 T. We

note that in eq.(4.7) we have neglected the quadrupole and pseudo-

quadrupole interaction, as well as the exchange interaction between

the spins. These interactions become important only at temperatures

close to the ordering temperature of PrNi5, which is 0.57 mK.

It will be clear that the consequence of demagnetization to very

low final magnetic fields is a rapid decrease in heat capacity and
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T (mK)

Fig.4.5 The specific heat of PrNi5 in external magnetic fields of

0,1 Tt 0.4 T and 4 T.

a quick warming-up, hence a compromise has to be sought between

the desired lowest temperature and the heat capacity. The demagneti-

zation rate is governed by the requirements of a slow field change

in order to reduce eddy current heating Q, and, on the other hand,

a rapid field change in order to reduce the total amount of heat

absorbed from the external heat leak Q .. Given the eddy current
* * 2 ext

heating, Q=qH , in which q is a constant and assuming a constant

external heat leak, Qext# the optimum linear demagnetization time,

T, is given by:

= (H.-Hf) (4.9)

In calculating q for our demagnetization stage, it appeared that

the contribution to q of the PrNi5 rods is more than 10
2 times

smaller than the total contribution of the copper thermal link, the

silver rod around which the PrNi5 is soldered, and the indium

solder. Therefore it is important not to exceed the calculated

quality factor of the thermal links, since otherwise this would

result in excessive eddy current heating during demagnetization.

A typical demagnetization run is shown in fig.4.6. A linear

demagnetization in 120 minutes was started at 21 mK to a final

magnetic field of 0.2 T. The following warming-up period to mixing

chamber temperature was divided into periods where only the external

heat leak Q e x t was responsible for the increase in temperature,
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periods denoted by I in fig.4.6, and into periods where an addition-

al heat input was applied, periods II. This additional heat input

was generated by means of a heater, made of evanohm wire, wound on

a copper rod of 1 nun diameter, which was soldered onto the silver

rod below the PrNig. In periods Ila and lie, the additional heat

input was 200 nW and in period lib it amounted 400 nW. At the

beginning of period III, the heat switch to the mixing chamber was

opened (normal state), which resulted in warming-up to the mixing

chamber temperature of 21 mK.

500

400

300

200

100

Pr Ni5 demagnetization
: Q -a,ext

6 (hours) 8 10 12

Fig.4.6 Demagnetization and warming-up periods of the PrNic nuclear

stage. The heat input during the warming-up is the external

heat leak Qgxt in the periods I, and an additional heat

input of 200 nW in the periods Ila and He, and of 400 nW

in period lib.

The thermometry was performed with two radioactive thermometers:

the first being a single crystal of cobalt ( C o ) which contains

a small amount of radioactive Co atoms, and the second is a
54

MnFe thermometer. The radioactive thermometry and the discrepancy

between the two thermometers will be discussed in the next section.

In the high temperature approximation, i.e. at the right hand side

of the curves of fig.4.5, the specific heat CR can be described by:
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C H = -5 Rx
2I(I+l), (4.10)

where R is the gas constant. When Q represents a constant heat leak,

we can relate it to the specific heat, C H, according to:

By substituting eq.(4.10) into (4.11) and inserting the appropriate

numerical factors, we arrive at the following expression for the

PrNi5 demagnetization stage:

Q = -85(H2+b2)A(|)nW, (4,12)

with H the external field (T) and A(^) the inverse temperature

increase per hour. Prom the data shown in fig.4.6, we calculated

an external heat leak of 25 nW, which value seemed to be typical

for most of the demagnetizations. The lowest temperature that was

reached with the PrNig refrigeration stage was 2.0 mK.This tempera-

ture is not in agreement with the results of Andres and Darack

(ref.4), who measured a lowest temperature of 0.8 mK. A possible

explanation for this discrepancy would be an entropy production

during demagnetization. It is likely that the origin of this

entropy production is to be found in the presence of an overdose

of Hi in the sample. In fact, evidence for this was found in a

separate experiment at room temperature. In the sample, a small

remanent magnetism could be detected with a sensitive magnetometer,

which we ascribe to an overdose of Ni, which was polarized in an

external magnetic field, previous to the measurement. Despite the

imperfect quality of the PrNi- rods, they are none the less very

suitable for performing nuclear orientation experiments down to2mK.

By choosing a relatively large value for the final magnetic field

after demagnetization, thereby enlarging the heat capacity, even

NMR-ON experiments at very low temperatures can be carried out.

Such an experiment has been performed, measuring the resonance

frequency of Co nuclei diffused into an iron foil, in which the

temperature remained below 12 mK during a period of 8 to 10 hours

despite the large heat leak due to radio frequency heating.
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4.2.5 Thermometry.

For the thermometry in the experiments described in this thesis,

use is made exclusively of carbon resistors in the high temperature

region (T>1K), and of radioactive thermometers in the low temper-

ature region (T<1K). The theory behind radiative thermometry is

described in chapter 3. By choosing a nuclear system of which all

the relevant parameters are known, the distribution function W(8)

can be calculated as a function of the temperature, and by measuring

the anisotropy of the nuclear radiation, the temperature can be

derived. The reasons for the choice of this type of thermometry are

obvious, since it fits very well to the nature of the experiment,

and also since it needs no additional calibration in the course of

the experiment, i.e. it is an absolute thermometry method. The two

radioactive nuclei employed are Mn and Co, of which the decay

schemes are given in fig.4.7. The $ decay that preceeds the y

5+ 60CO

2.5057 MeV

2.158

1.3325
^2+, E2

0+
E2

6O...

Ni

Fig.4. 7 The nuclear decay schemes of 4Mn and 60Co.

transitions is for both Mn and Co of the allowed Gamow-Teller

type, and consequently JD=1. These type of transitions are also
P

called 'stretched transitions'. The y transitions are all of the

electric quadrupole type, E2, which leads, together with the nuclear

spin values 1=3 for Mn and 1=5 for Co, and the equations (3.9),

(3.16), (3.19) and (3.20), to the angular distribution formula for
54Mn of:

W(e,T)=l-1.287Q2f2P2(cos9) - 4.

and for Co:

(cosG) (4.13)

W(8,T)=l-1.190Q2f2P2(cos9) - 2.479Q4f4P4(cos6) (4.14)
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where we have expressed W(e,T) in terms of the temperature dependent

orientation functions fk, given in eq.(3.12) and (3.13).

The detection of the radiation occurs in two directions: one

parallel to the quantization axis, which is the direction of the

external field, and one perpendicular to this axis. The detectors

employed are two Canberra Ge(Li) semi-conductor detectors. The

horizontal detector has a detection crystal of 55 cm and the

vertical one of 93cm , Knowing the dimensions and the absorption

coefficients of the detection crystals, the solid angle correction

factors Q, can be computed as a function of the gamma energy and

the source-detector distance (ref.6). usually these factors differ

less than 10% from unity. Semi-conductor detectors are preferable

to conventional Na(I) detectors when a high energy resolution is

required. A Ge(Li) detector can achieve a resolution of about 1.9

keV for energies up to several MeV, while a Na(I) scintillator

detector can reach a resolution of only 7% of the detected energy.

Also the behaviour in a magnetic field is far bstter than that of

a scintillation detector, where photomultiplicator tubes are used

that cannot stand large magnetic fields.

The thermometry using Co nuclei was performed with a single

crystal of natural abundancy, i.e. Co. The Co activity was

made by irradiating the crystal with thermal neutrons in the high

flux reactor of the ECN at Petten. An advantage of using Co

nuclei in a single crystal of Co ( CoCo), over the alternative

method of dissolving radioactive cobalt in polycrystalline iron,

is that no external magnetic field is required to align the magnetic

domains of the crystal. Because of the large magnetocrystalline

anisotropy, the nuclei will align along the electronic magnetic

moments, that is in the direction of the c-axis. The magnetic

hyperfine interaction results in a hyperfine field of H,f=-22.7T,

where the minus sign refers to a direction antiparallel to the

magnetization. The hyperfine splitting, A=gNPNH_f, of the nuclear

magnetic sublevels in this field is A/k=6.2 3 mK. Since the lattice

structure of cobalt is hexagonal, there is also a nuclear quadru-

pole interaction, which gives, on the average, an additional

hyperfine splitting of 4.1yK (ref.7). In most cases, this quadrupole

contribution can be neglected. The resultant radiative angular

pattern of Co nuclei is plotted in fig.4.8 for several values of

e, with e=A/kT. The sensitivity of the 60CoCo thermometer lies in
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the temperature region between 1 and 30 mK. In the region from 12

to 35 mK this thermometer has been compared to a Josephson junction

noise thermometer by Marshak and Soulen (ref.9), and the agreement

between the temperature scales of the two primary thermometers was

better than 1%, Hunik (ref.10) has performed comparative measure-

ments between C0.C0 and a platinum pulsed NMR thermometer in the

temperature region of 2,5 to 6 mK, also finding agreement within

1%.

8=0

Fig.4. 8

The angular distribution pattern

of emitted gamma radiation of
fin

oriented Co nuclei of several

values of the parameter E.

(A is the hyper fine splitting).

54 54

The Mn thermometer consists of Mn nuclei dissolved into a

polycrystalline foil of iron. This thermometer was prepared by

placing a small droplet of HC1, in which the active material was
54

soluted as MnCl, on the iron foil, and allowing it to dry. The
foil was then put in an r.f. furnace and heated to 800°C during

one hour in a hydrogen atmosphere to remove the chloride, and it

was subsequently melted. After cooling down, the iron was welded

into a foil of about 0.1 mm thickness and the surface was etched
54

with a HC1 solution. The hyperfine interaction between the Mn
nuclei and the iron host is purely magnetic and results in a

magnetic hyperfine field of -22.7T and a hyperfine splitting of

A/k=9.14 mK.

One of the differences between the CqCo and the MnFe

thermometers is that the latter requires an external field to

polarize the iron foil. For accurate measurements, this means that
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care has to be taken that the magnetization of the iron foil is

completely saturated, since a small deviation from complete

saturation is amplified in the angular distribution function W(6,T)

(ref.ll).

Another important factor to take into consideration is the

difference in self-heating of the two thermometers. The average

energy of the 3 decay of 6 0Co is 0,11 MeV, which is almost com-

pletely absorbed in a source having a thickness of 0.1 mm. The heat
54

production due to this absorption is 0.65 nW/yCi. Mn decays

through electron capture, thereby producing X-rays, Auger electrons,

etc. with an average energy of about 5 keV, which results in a self-

heating of 0.03 nW/yCi. Although the yrays of 54Mn and 6 0Co are

very penetrating, a fractional absorption can give rise to a

significant heating effect due to the high energies Involved. This

results, when we take into account the y-absorption of a 2 mm silver

(or copper) backing of the nuclear thermometers, in a total heat

input of 0.28 nW/pCi for the MnFe thermometer and 1.3 nW/yCi for

CoCo. When a low heat leak is required and heat contact problems
— 54

are anticipated, these values are clearly in favour of Mn as a
temperature probe at very low temperatures.

In figure 4.9 and 4.10, the results of a comparative measurement

400

300

200-

100 200 300 400

Fig.4.9 Comparison between the temperature readings of the nuclear

orientation thermometers MnFe_ and CoCo_. The straight

line corresponds to equal temperatures.
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between a 54MnPe and a 60CoCo single crystal thermometer are plotted.

At decreasing temperatures from below 5 mK, an increasing tempera-

ture difference occurs between the two thermometers. Similar results

have also been reported by others, e.g. by Sites et al.(ref.X2),

who found that at 4 mK the temperature indication of a MnFe

thermometer was about 10% higher than that of a 60CoFe thermometer.

There are several mechanisms that may be responsible for this

anomalous behaviour; however, all of them result in a fraction of

ions that do not participate in the process of nuclear orientation.

One of these mechanisms is that part of the 54Mn atoms are clustered

together. This would result in nuclear spin-spin interactions, of

which the preferred directions are randomly distributed in space.

Although the concentration of radioactive Mn atoms, ~ 10 , is not

directly an indication towards clustering, the actual Mn concen-

tration may have been much higher, because it is conceivable that

a considerable amount of stable 55Mn is also present. This possi-

bility was already noted by Hiraki and Ono (ref.13), who reported

a ratio of 103 between the two isotopes in their 'carrier-free'

54
Mn solution.

-10-

100 200 300 400 500
60,

Fig.4.10 The difference of the inverse temperatures of Co Co

and MnFe_ as a function of the inverse temperature

of CoCo_. The solid curve represents the theoretical

deviation assuming a 2% non-oriented fraction of Mn

atoms.
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We should also consider the possibility of incomplete magnetic

saturation of the iron foil. In that case, we have a distribution

of the direction of the electronic moments, and consequently also

of the nuclear spins, over a small cone angle. The result of

integrating the angular distribution function W(9) over the cone

angle is a decreased nuclear orientation effect, which can be

looked upon as if, to first order, a small fraction of the radio-

active nuclei does not orient. However, since an external magnetic

field of 1 T was applied during these measurements, the fractional

deviation from complete magnetic saturation should not exceed 0.1%

(ref.ll). This value is too small to account for the measured
54

deviation of the MnFe thermometer.

Surface oxidation of the iron foil also yields a fraction of

ions that does not take part in the nuclear orientation process.

In order to obtain an estimate of the depth of the oxide layer that

is required to produce the measured deviation, we fitted the data

of figure 4.10 with the angular distribution functions of eq.(4.l3)
54

and (4.14), assuming various non-cooperative fractions of Mn

atoms. In figure 4.10 the solid curve represents the expected
54

deviation when assuming that 2% of the Mn atoms does not orient.

For values lower than 2% the fit to the data becomes worse in the

low temperature region, i.e. the theoretical deviation for temper-

atures below 3 mK becomes too low compared to the measured deviation.

For fractions higher than 2% the calculated deviation becomes too

high for temperatures higher than 3 mK. Since the iron foil was

rolled to a thickness of approximately 100 ym, a fraction of 2%

would yield a thickness of the oxide layer of about 2 ym. This is

thick enough to be clearly visible on the foil, which was, however,
54

not the case for the MnFe thermometer. Because of this and the

fact that the fit to the data is not very good, it cannot be

concluded from the measurements whether surface oxidation or even

the fractional model is able to give a satisfactory explanation of

the measured deviation of the temperature indication between the

CoCo and the 4MnFe thermometer. It is therefore advisable that

additional measurements should be performed at lower temperatures,

while varying the concentration of Mn and the thickness of the iron

foils.

However, despite thedeviation at very low temperatures, it can be

concluded that MnFe still remains a good thermometer for temper-

atures above 4 to 5 mK.
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4.3 Nuclear orientation data acquisition and processing system.

4.3.1 Process definition and system requirements.

A nuclear orientation experiment, employing nuclear demagneti-

zation, is characterized by successive cycles, consisting of long

periods of cooling, and followed by series of radiation counting

measurements. This type of experiment is very well suited to

automation. Since in many cases, several on-line data processing

facilities are also required, the most obvious way to accomplish

this is to use a computer which controls the data acquisition and

the various devices that are needed to run the experiment. Since

no such computerized information systems incorporating all these

features are commercially available, they have to be developed in

situ. In order to draft the system requirements, we must define

the process for which the computerized information system is to be

developed.

Before the data acquisition can start, the source has to be

cooled down to the required temperature. The first step is pre-

cooling with the dilution refrigerator, followed by demagnetizing

the nuclear refrigeration stage to a final magnetic field determined

by the lowest temperature that has to be reached and by the desired

heat capacity. The length of these procedures is about 3 hours for

precooling and 1 to 5 hours for the demagnetization. The warming-up

rate, that follows the demagnetization can be controlled by a heater

mounted on the nuclear stage. The amount of heat that has to be

applied lies in the nW region. When the source is cooled down, data

acquisition can start. Sometimes this is already done during the

demagnetization, when the variation of the temperature is not too

large compared to the acquire time of one data point. In a pure

nuclear orientation experiment, the temperature dependence of the

intensity of gamma radiation is usually measured in two directions

during the warming-up period of the sample. In NMR-ON experiments,

the temperature increase is kept as small as possible, and the

Y-ray intensities are measured as a function of the applied

frequency. These measurements are performed alternatively with and

without frequency modulation of the carrier frequency.

In both types of orientation experiments, the acquire time of

one data point can vary between about 5 minutes to one hour, while
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the duration of the whole experiment can last from several days up

to a few weeks, in the case of successive demagnetizations. During

every data point, the energy spectrum of the source and the ther-

mometers is measured. These spectra are recorded in a group of 512

to 4096 channels, where each channel, represented by its channel

number, stands for a certain energy. At the termination of the

acquire time, the whole spectrum, or only predefined regions of

interest, are stored in a storage device, and data acquisition can

start again. The data acquisition puts the heaviest demands on the

system performance. In a typical nuclear orientation experiment,

the total activity of the source and the thermometers can be in

the order of magnitude of 50yCi, which means that the output of the

Ge(Li) detectors can readily be 5 to 10xl04 counts/sec. By using

discrimination techniques, a window can be defined, where only

pulses within a certain energy range are admitted, and the analog

input for the analog-to-digital converter, the ADC, can vary between
3 4

10 and 3x10 counts/sec. Obviously also the digital data input to

the computer amounts to this value. It is important that the

processing of this data flow does not interfere with other tasks

of the computer.

The data is stored in energy spectra from 512 to 4096 channels

that should be displayed in numerical, as well as in graphical

form. During the data acquisition, these spectra must be constantly

updated and manipulated, while also other programs, such as calcu-

lation programs, must run simultaneously. All these factors make

speed of operation of paramount importance. According to these

general specifications, the computer system has to meet the

following requirements:

- high operating speed to allow a large data flow

- vectored interrupt structure with priority definition facilities

for fast interrupt processing

- capability of running programs in high level languages such as

Fortran or Pascal

- ample facilities for program development in high level language,

as well as in assembler, which is needed to obtain a high

program speed.

In the process of developing the information system, the last

requirement appeared to be very important, especially the assembler

programming facilities. There are two different techniques for
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performing high speed input/output operations: interrupt driven

i/o and direct memory access. In the interrupt technique, the

normal program execution is interrupted when an i/o transfer has

to take place. Then a short, assembler written program is executed

to handle the input operation, some simple processing, and the

storage of the data in the memory. After the execution of this

interrupt program, normal program execution is resumed. For i/o

processes that use the direct memory access (DMA) technique, all

functions to be performed on the input data are executed by special

hardware, without interrupting the normal program execution. It is

obvious that DMA works faster than the interrupt technique, but

requires specially built hardware. However, for the type of computer

system we had in mind, no 'read-modify-write' DMA interfaces that

met our specific demands, were available. Since we had no experience

in developing this type of interface, we laid much emphasis on the

facilities of assembler programming.

4.3.2 Technical structure of the NODAP system.

The technical realization of the NODAP (nuclear orientation data

acquisition and processing) system is shown in fig.4.11, where a

schematic view is given of the system components. The heart of the

system is an LSI-11 microprocessor, which is the same processor

that is employed in the more luxurious version: the PDP 11/0 3

minicomputer. From an economical point of view a microprocessor

system was preferred above a minicomputer. The available memory

size amounted 28k words (16 bits) plus 4k of i/o memory locations.

A Beehive microBee 1 terminal is used as a console/monitor. To

enable the terminal to operate in graphic display mode, a Matrox

module (type MLSI-512) was incorporated into the microprocessor

system. This module generates a 512x512 dot matrix, with which

graphic operations with the data can be performed. The videosignal

of the Matrox module is mixed with the videosignal of the console/

monitor. This results in simultaneous operation of normal and

graphic mode.

As a mass-storage device, a RX02 dual floppy disk unit was chosen

This unit has a storage capacity of 512 k byte/disk and is used for

program and data storage. Program development was performed with

the RT 11 operating system of DEC (Digital Equipment Corporation).

78



I/O-devices

NMR-ON
| deyice£

data-acquisition
-L _ _de"ices_ _

'low-temperature
| devices )

Fig.4,11 Sohematia view of the NODAP system components.

The Facit output device is a papertape punch unit and is used

for some special purposes. It also serves as a back-up data storage

device in case of a system output failure to the floppy disk unit.

The TTY or teletype is used during the measurements to obtain

hardcopy information of some of the experimental results.

In nuclear orientation experiments, it is important that the

data acquisition process can be directly monitored, in particular

the energy spectrum that is being acquired. To establish this

facility, a 24-pushbutton hardware device was designed, the so-

called spectrum display controller, which is connected via a serial

line interface to the microprocessor. By pushing one of the buttons,

the controller interrupts the processor and the appropriate spectrum

display manipulation routine is activated.

The real time clock unit can be used in two modes. It serves as

a 50 Hz clock when use is made of the RT 11 operating system, and

is switched to the 10 Hz mode when the NODAP system is running. In

the latter case, one of the functions is to account of the real

acquire time, and the clock can therefore be corrected, if necessary,

for the ADC's dead time.
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In the lower part of fig.4.11 three, experiment-oriented system

components are displayed. In the middle, the data acquisition

component is shown, consisting of an ADC/ROUTER combination, Ge(Li)

semiconductor detectors, and the associated amplifiers and pre-

amplifiers. The latter components are double, since the radiation

is detected simultaneously in two directions. The output of the

detectors, typically between 103 to 3x10 4 counts/sec per detector,

is amplified and shaped to obtain the correct input signal for the

ADC/ROUTER combination. The ADC (type Canberra, model 8080) converts

the analog input signals to digital information of 16 bit words

that serve as input for the computer via a DRV11 16 bit parallel

interface. Since two detectors are employed simultaneously, the

system must be able to distinguish between the data of these

detectors. This is accomplished by a Router (type ND 568 gated

analog router) which controls two bits of the 16 bit ADC word.

These bits stand for the number of the detector to which the

converted ADC data belongs, and up to four detectors can be con-

nected to the input gates of this Router.

Since also NMR-ON experiments are to be performed, an NMR-ON

control component was incorporated in the NODAP system. This

component consists of a radio frequency control unit and a radio

frequency counter (type Hewlett Packard, model 5305 B). Both units

are connected to the computer via a DÉV11-J serial line interface.

The frequency control unit is connected to a r.f. signal generator

(type Boonton, model 102C), and offers a complete computer control

over the frequency and the frequency-modulation. The setting of

the frequency is monitored by the frequency counter.

The last experiment-oriented component is the low temperature

control. This system component was incorporated to attain

temperature control over the nuclear stage. The nW-heater is a

stabilized power supply, controlled by the computer, and regulates

the voltage applied to the heater mounted on the PrNi5 stage. The

function of the nuclear control unit is to control the supercon-

ducting heatswitch between the mixing chamber and the nuclear

stage, and to serve as a sweep unit to regulate the power supply

of the demagnetization magnet. With these low-temperature control

devices, the magnetizations and demagnetizations can be performed

automatically, and the warming-up rate after the demagnetization

is computer controlled.
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4.3.3 Functional structure of the NODAP system.

The software of the NODAP system is developed using the RT11-FB

operating system, and amounts to a total of 29 k words. About 4 k

are routines written in Fortran, while the remainder are assembler

routines (~18 k) and RT11 system overhead (~7 k ) . Since no DMA

interface was developed, extensive assembler programming was a

prerequisite to increase program speed, and it was also beneficial

for the flexibility of the total software structure. Because of

the program size and the available memory (28 k of which 4 k for

the R TH resident monitor), an overlay structure was required.

Several program routines are always resident in core, while certain

special purpose routines can be read into the memory when they are

needed. The functional structure of the NODAP system can be divided

into five groups:

- schedular

- ADC/ROUTER function

- keyboard monitor

- spectrum manipulator

- background function.

These function groups will be discussed below, according to fig.

4.12.

HPI

HPI

scheduler

ADC
function

auto
analyzer

status
display

controller

experiment
controller

RTI

RTI

RTI LPI
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\

LPI

keyboard
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task
builder

system
parameters
definition

I/O
functions

RTI

RTI

RTI
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spectrum
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Fig.4.12 The five function groups and several of their components

of the functional structure of the NODAP system. The

functions are activated by HPI (high priority interrupts)

or by LPI (low priority interrupts) and they are exited

via the RTI (return from interrupt).
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The background function is a spectrum display routine which

displays, via the Matrox module on the terminal, the whole or a

part of the energy spectrum. This function meets the demand that

the data acquisition process be visible and updated during the

whole experiment. Because of its background nature, it runs

indefinitely until it is interrupted by low priority interrupts

(LPI) or high priority interrupts (HPI), which require attention

of one of the other system functions. These functions are then

activated, carried out, and exited via the inverse interrupt

process: the return from interrupt (RTI).

The man-to-machine interfacing is formed by the keyboard monitor

and the spectrum manipulator. Both functions are activated by LPl's,

generated by the operator at the console or at the spectrum display

controller, respectively. The spectrum manipulator offers a com-

plete control over the displayed spectrum. Markers can be moved

along the spectrum, the area between the markers can be totalized,

or expanded, so that the finer details of the spectrum can be

examined more closely. Both horizontal and vertical scales of the

spectrum can be changed, and channel contents can be examined.

Also several output operations can be performed on any part of the

spectrum, and regions of interest can be defined, which can be

fitted using calculating routines written in Fortran. All these

functions can be activated by the pushbuttons of the spectrum

display controller.

The most important part of the man-to-machine interfacing is

performed by the keyboard monitor, which interprets the commands

issued on the console keyboard, and calls the appropriate routines

to execute the specified commands or requests. Via this monitor,

special system functions can be started, and information can be

requested on the current status of these functions. The most

important utilities are displayed in fig.4.12. These are the task-

builder, system parameters definition, and several i/o functions.

With the taskbuilder, several routines determined by the operator

can be linked together to a task, to be executed when the measure-

ment starts. Upon starting the sequence of measuring the data

points, the NODAP system will enter the auto-analyse mode (A-A),

in which the designated task is carried out a preset number of

times.
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The system parameters definition is used to set and to list the

parameters used by the system program routines. With this function

we can define, for instance, the frequencies for the NMR-ON

utilities, the parameters for the Fortran peak fitting routines,

heater values, acquire times, and spectrum lengths, etc.

With the i/o functions, various output operations can be started

to any of the four output devices? console, floppy disk, Facit, or

teletype.

Data acquisition starts by activating the clock routine, which

monitors the elapsed acquire time, and by enabling the interrupts

from the ADC/ROUTER. Upon completing a conversion, the ADC generates

a HPI, which activates the ADC function. This function reads the

ADC-word, stores the count by incrementing the double precision

integer that represents the contents of the channel indicated by

the ADC-word, and it resets the ADC. This software controlled

function lasts about 85usec, including a mean ADC conversion time

of lOpsec. This results in a maximum count rate of 12 kHz, that is,

an input rate of 1.2x10 counts/sec. For future applications this

count rate can be increased by replacing some of the software

operations by hardware operations, which can be executed much

faster. However, the largest contribution to the function time of

85iasec arises from the interrupt latency, which is the time that

elapses between the generation of the ADC interrupt request and

the start of the first instruction of the interrupt service routine.

This time is about 35psec, which prohibits count rates higher than

30 kHz. This may be compared to an average function time of 10-15

ysec when a DMA data input technique is used. Then a theoretical

maximum count rate of 70-100 kHz will be possible.

The last function of fig.4.12 to be disbussed is the schedular,

which incorporates all the real-time processing tasks of which we

mention the auto-analyzer, the status display controller, and the

experiment processor. When all the system parameters- are set,

control of the measurement is passed to the schedular. Timing is

performed via the 10 Hz real-time clock which generates HPI's to

the schedular. Every second the status display controller is

activated, which displays and updates the most important system

parameters, such as elapsed acquire time, marker positions in the

spectrum, NMR frequencies, heater-, heat switch- and magnet con-

ditions, output status, and several other parameters.
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The experiment controller will control the heater and the

nuclear control unit. At preset times, defined with the system

parameters definition function, it will open or close the heat

switch and/or magnetize or demagnetize the nuclear stage, which

allows successive demagnetization runs to be carried out completely

automatically.

The auto-analyzer was already mentioned in discussing the task-

builder. When the acquire time of a data point has elapsed, the

schedular will activate the auto analyse task controller. The task

which has been constructed by the taskbuilder will than be executed.
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Fig.4.13 Several of the routines that aan be linked together by

the taskbuilder to form the A-A (auto-analyse) task,

which is processed by the auto analyzer.

, x'
In fig.4.13, several of the routines are shown of which the A-A

task can be made up. A very useful feature is the scroll mode,

which allows the start of a new data acquisition cycle directly

after completion of the old acquisition. This was accomplished by

dividing the maximum available spectrum space of 4096 channels into

groups of 2 n channels, say 4 groups of 1024 channels. After termi-

nating the acquisition in one group, data acquisition directly

starts in the next group. Then the remainder of, the A-A task is

completed, such as several output and fitting procedures on the

data acquired in the previous group. In this way, data acquisition

scrolls through the groups and no time is lost due to elaborate

time consuming routines in the A-A task.

The A-A task can contain a maximum of 24 routines, of which

several may occur more than once. With the A-A task, several data-
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oriented routines can be activated, such as data display manipu-

lation, data routing to various output devices, fitting predefined

parts of the spectrum, etc. The results of these procedures can be

displayed on the terminal, so that an up-to-date account of the

measurement is obtained. Also several experiment-control procedures

may be part of the A-A task. They will become active at the preset

times, and together with the data-oriented procedures, they take

care of the processing of the experiment.

4.3.4 Conclusions.

The microprocessor based NODAP system presented here offers a

complete control of nuclear orientation experiments, based on

nuclear demagnetization techniques. It allows a large degree of

unattended processing of the experiments, and it performs on-line

data processing tasks. The advantages of this system are manifest,

particularly as regards flexibility, price, and experiment- and

data processing capabilities. Most commercial systems, some of

them also based on microprocessors, cannot be programmed, and

offer only limited data acquisition, display manipulation, and

output facilities. Incorporating more sophisticated tasks in these

systems requires in most cases an extensive knowledge of the

hardware of the system, or even the aid of an additional micro-

processor. The flexibility of a software based microcomputer

approach is evidently much greater than with hardware apparatus.

Changes in, for instance, data output type can be easily realized,

and require only a, usually minor, adaptation of the software

routines. The amount of information offered by these kinds of

computerized systems can be varied and adapted to a great variety

of requirements because of the on-line calculating capabilities.

When coupling the microprocessor to a larger computer system, the

capabilities are even further enlarged. Then tasks requiring a

large memory size or long computation times can be carried out by

the larger system, and after completion, the results can be sent

back to the microprocessor.
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CHAPTER 5

EXPERIMENTS ON 1 7 7Lu IN IRON, COBALT AND NICKEL

5.1 Introduction.

For most of the rare earth ions, the dominant contribution to

the magnetic hyperfine field arises from the orbital magnetic

moment of the ions. However, other contributions to the hyperfine

field, although comparatively small, are of considerable interest

e.g. for the study of very dilute alloys. These contributions can

be studied by varying the environment (e.g. different hosts), or

by using different ions in the same host. According to eq.(1.3),

these other contributions reduce to the Fermi contact field and

a contribution associated with the external field. In chapter 2,

several models were discussed which describe the contact inter-

actions. Most of these models are based on the systematic behaviour

of the hyperfine fields of ions in a ferromagnetic host. Hyperfine

field values of ions at the beginning or at the end of a group of

elements are usually important in determining roughly the' boundary

values the model has to meet. In this respect, the element Lutetium

plays an important role, since it can be considered as the last

element of the rare earth series, or as the beginning of the 5d

series. A Lu atom has a completely filled 4f shell and one electron

in the 5d shell. Dissolved in a metal, it behaves as a trivalent

ion, since the 5d electron and the two 6s electrons become part of

the conduction band of the host metal. The resulting ion has no

magnetic electron shells, and consequently, no local moment

behaviour is to be expected. Hence, Lu presents an ideal case for

studying pure contact interactions, which we expect to arise from

polarized conduction electrons and from overlap polarization. By

using three different host metals, iron, cobalt, and nickel, the

influence of the host local moments may be evaluated.

87



5.2 Experimental procedures.

In order to prepare the samples for nuclear orientation experi-

ments, ion implantation techniques were used. This preparation

method was required because of the lack of solubility of Lu in the

three host metals, which precludes ordinary preparation methods

such as melting and diffusion. The Lu activity was obtained

from the IRE N.V. (Utrecht, Netherlands) in the form of 10 mCi
177

carrier-free 'Lu chloride, soluted in 0.IN HC1. The activity

was implanted into polycrystalline iron, cobalt, and nickel foils

using the Groningen mass separator*. The dimensions of the rec-

tangular metal foils were 6 by 8 mm and the thickness was 100 ym.

The implantation took place at room temperature at an implantation

energy of 105 keV. The total implanted dose was estimated at about
13 2

8x10 ions/cm , and resulted in sample activities of 30 pCi.

Sample preparation by means of the implantation technique

results- in a thin layer of a very dilute alloy. This follows from

considering the concentration of the implanted ions in the surface

layer of the host. The spatial distribution of the implanted Lu

ions in the metal foils can be estimated by applying the theory

formulated by Lindhard, Scharff, and Schitftt (ref.l), usually

abbreviated as LSS. This theory was developed to calculate ranges

and range distributions for heavy ion implantations in amorphous

solids. The theory showed that for these solids the range distri-

bution appears to be approximately Gaussian, and that it can be

characterized by two parameters: the mean projected range R , i.e.

the projection of the range on the incident ion beam direction,

which is taken to be perpendicular to the surface of the target,

and by the range straggling parameter AR . The distribution width

of the range of the implanted ions, i.e. the full width at half

maximum of the Gaussian distribution, is given by 2.5 AR .

By applying the LSS theory to the implanted Lu ions, we

calculate a mean projected range of 170 A in iron, while for the

distribution width we obtain 145A. For cobalt and nickel, the

corresponding values are approximately the same as for iron. From

*We thank the Mössbauer group of the R.U. Groningen for carrying

out the implantations.
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these valuesi we estimate a maximum Lu concentration of about

600 at, p.p.m. However, it should be noted that these results,

calculated with the LSS theory, are valid when the host metal is

amorphous. For implantations in polycrystalline materials the

calculated range and distribution width is larger than the LSS-

values would indicate, since part of the implanted atoms (in

specific cases up to 50%) will channel through the solid, This

causes the ranges distribution to have a 'channeling tail' (ref.2),

and consequently the average concentration of the implanted atoms

will be lower than calculated with the LSS theory. This shows that

the implanted sources represent very dilute alloys and that no

impurity-impurity interactions are to be expected.

The metals foils were, prior to the implantation, etched with

HC1 and cleaned with aceton and trichloroethylene. After cleaning,

they were soldered with indium onto silver sample holders (di-

mensions 10x35x1 mm) . The sample holders were screwed to the end

of the silver coldfinger of the demagnetization stage. By adopting

this procedure we avoided any soldering after the implantation and

hence no annealing effects in the samples due to warming-up could

occur.

The nuclear orientation experiments were performed with an

adiafaatic demagnetization apparatus, where the paramagnetic salt

CMN was employed as an electronic refrigerant. The experimental

procedure consisted of precooling to 1 K, and subsequent thermal

isolation of the demagnetization stage by removing the He exchange

gas from the high vacuum space. Then a demagnetization was started,

which lasted about one and a half hours. Several demagnetization

runs were performed for each sample, and lowest temperatures

between 7 and 8 mK were obtained. Warming-up after demagnetization

to 1 K lasted about 6 hours, and during that time, gamma ray spectra

were accumulated in periods of 30 minutes. The spectra were obtained

with two Ge(Li) detectors in the 0° and 90° directions with respect

to the external magnetic field. In the gamma spectra (stored in

2x1024 channels of the multichannel analyzer) six energy regions

of interest were defined, i.e. three regions per detector. These

regions contained the 835 keV peak of the MnFe thermometer that

was used during the measurements, and the 113 keV and 208 keV peaks
177

in the gamma spectra of the Lu sample. All six regions (with ~40
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channels/region) were recorded, at time intervals of 30 minutes,

corresponding to increasing temperature. The peak in each region

was later fitted with Gaussian peak fitting routines.

The experiments were started by the measurements on the LuFe

sample and concluded by measuring the LuNi sample.

5.3 Measurements and results.

The decay scheme of Lu, according to ref.3, is shown in fig.

5.1, from which, the weakest gamma transitions have been omitted.

The measurements were performed on two gamma transitions: the first

is a mixed E2/M1 transition between the first exited state, the

113 keV level with spin ^, and the ground state of *"Hf, with spin

•5. The second is the 208 keV transition, having an M2/E1 character,
9

between two spin -̂  levels with opposite parity.

7/2+ 6.7d

9/2"

rur

9/2"

• 321.3keV
71.6
0.3

208.3136.7
11.7

7/2"

- 249.7

0.1

113.0
20.9

72Hf105

-113.0

•0.0

Fig.5.1

The nuclear decay scheme of
177

Lu (after ref.3). The weakest

transitions have been omitted.

The numbers along the vertical

arrows indicate the y-ray

energy and the relative

intensity.

The angular distribution function, W(9), for these transitions

is given by:

W (6) = £°-fcBkUk
F
k
Pk (cos 9) ,

for which we have to calculate the various coefficients. For both

transitions, the orientation parameters B, are those of the Lu

ground state, with 1 = ̂  and u=2,239yN, and according to eq.(3.9):
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B2(|) = 2.673 i2(\) B4(J) = 9.976 f4(|) . (5.1)

f. is given by the expressions (3.12) and (3.13), and

as a function of ̂ (according to eq.(3.1)), it accounts for

the temperature dependence of the angular distribution function

W(9), The Hamiltonian describing the Lu nuclear spin system is

given by:

x = -gNyNHhfm + p(m
2- 3 1 (i+D).

In this Hamiltonian we assume the quadrupole interaction term to

be negligible, because of the cubic symmetry of the lattice and

the completely filled electron shells. Therefore we deal only with

the magnetic hyperfine interaction.

The angular momentum coupling coefficients F, , according to eq.

(3.16) and (3.17), can be determined with the aid of the tabulated

values of ref.4. For the 113 keV transition, between spin states
9 7
2" and =•, we obtain:

F,(113) = (0.303-1.871 óllV-0.020 67. ,) / (1+6,, ,) (5.2a)
& X X J X -L J X X j

and

F4(113) = 0.586 Ó^/d+ö?,.,), (5.2b)

where 6^3 is the M2/E1 mixing ratio, defined according to eq. (3.6).

For the 208 keV transition the coefficients become:

F2(208) = (-0.440-0.603 62Q8+0.275 62Og) / U+62Og) (5.3a)

and

F4(208) = -0.513 «208 / ( 1 + 6208 ) f (5.3b)

with 6208 the E2/M1 mixing ratio of the 208 keV transition.

For the 208 keV transition, the reorientation coefficients U.

are determined by the beta transition between the 177Lu ground

state (spin -|) and the 321.3 keV level (spin |) of 177Hf. This

transition obeys the beta selection rule for allowed transitions

(expression (3.4)), and can be classified as a pure Gamow-Teller

transition with J=l. The reorientation effect induced by this
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transition is given by;

U2(208)= 0.725 U4(208)=0.750. (5.4)

The 113 keV level is fed directly from the Lu ground state via

a beta transition, and indirectly via the 208 keV gamma transition

and its preceding beta transition to the 321 keV level. The reorien-

tation by the 208 keV gamma transition and the preceding beta

transition is given, according to eq.(3.20) and ref.4, by;

U2(g,208) = U2(B)U2(208) = ° '
12\ (0 .879+0 .652<52Q8) (5.5a)

1 + ö 2 0 8

U 4 (3 ,2O8)=U 4 (&)UJ(2O8) = ° - 7 5
2 ( 0 ,596+0 ,01526208 5 (5 .5b)

from which it is seen that these coefficients depend on the mixing
2 —2

ratio ö_Og. However, due to the small value of S2Q8(<l0 ) the

dependence is smaller than 0.5% and can be neglected. The direct

beta transition to the 113 keV level is first forbidden, and by

assuming J=l, the reorientation coefficients are the same as those

of the beta transition to the 321.3 keV level. The total reorien-

tation coefficients U. (113) are the weighted average of the two

contributions to the 113 keV level and are given by:

U2(113) = 0.676 U4(113) = 0.579. (5.6)

It should be mentioned that the reorientation effects of the 71.6

keV and 136.7 keV cascade were neglected, since these effects are

very small, due to the low intensities of these transitions.

When we substitute the obtained values of the coefficients into

eq.(3.7), the angular distribution function w(6) of the 113 keV

transition becomes:

W(0) = 1+1.750 nF2(113)f2+5.157 nF

(5.7a)

W(90) = 1-0.872 nF2(113)f2+1.905 nF

and for the 208 keV transition:

W(0) = 1+1.883 nF2(208)f2+6.804

W(90) = 1-0.937 nF_(208)f„+2.502 nF.(208)f•.2 2 4 4
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For both transitions we have distinguished between the 0=0 and

90° directions with respect to the external field, and corrections

are applied (the Qk coefficients) for the finite solid:angle of

the Ge(Li) detectors.

The parameter n in the angular distribution formula stands for

the fraction of Lu ions that experience the full, unperturbed

hyperfine field. When we use the maximum value of the orientation

parameters of the measured gamma transition, given by expression

3.11, and by substituting the known values of ref.3 for the mixing

ratio <S113 and 5208
 i n e ^ u a t i o n (5-2) a n d (5.3), we can calculate ;

the maximum obtainable anisotropy effect, |W(9)-l|, for the two

transitions. For the 113 keV transition this results in 60% and ^ ; ̂

10% for the 0° and 90° directions, respectively, while for the

20 8 keV these values amount to 42% and 21%. From the experimental

results, shown in fig.5.2 to 5.7, a tendency towards saturation

as a function of 1/T can be observed. However, it is seen that the

measured anisotropies do not reach the theoretically calculated

maxima, which lead us to introduce a two fraction .model. Inherent

to the employed sample preparation method of ion implantation is

the creation of radiation damage, caused by the decelerating

particles. Experiments have shown that this radiation damage

results in different lattice sites at which the implanted ions may

be positioned (for rare earth implantations see e.g. ref.6). This

means for the Lu implantation that only part of the ions are

situated substitutionally and experience the full unperturbed

hyperfine field. In equations (5.7a) and (5.7b) this ionic fraction

is represented by the parameter n. The remainder of the ions are

associated with vacancies or possible contamination in the iron

foil, such as oxygen atoms, being-clustered, or situated near

defects in the host. The essence of the two fraction model is based

on the validity of (at least) one of the following assumptions:

1) the hyperfine field of the non-substitutional fraction of ions

is supposed to be small, i.e. negligible compared to the field of

the substitutional fraction, and/or 2) the defects, contamination,

etc. are distributed in random directions with respect to the

implanted ion and the direction of the hyperfine field is

determined by the axial interactions in the direction of the lattice

defect or contamination around the ion. For nuclear orientation

experiments, this implies that the angular distribution function,
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Fig.5,8 Normalized gamma-ray intensity W(Q) of the 208 keV

transition of LuF£ in the 0° and 90° directions with

respect to the nuclear polarization direction. The full

curve is a least squares fit of eq.(5.7b) to the data with

the parameters: \H^J=61.4 T, n=40% and $ZQ8=-0.08.

0.90

Fig.5. 3 Normalized gamma-ray intensity W(Q) of the 113 keV transi-
"10 1177

tion of LuFe_ in the 0° and 90° directions. The full

curve is a least squares fit of eq.(5.7a) to the data with

the parameters: \HhJ=61.4 T, n=40% and 8 =-4.5.
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W(8), has to be integrated over all directions, which results in

an isotropic distribution and hence no gamma ray anisotropy can be

measured, for the (1-n) fraction of the implanted ions.

On the basis of the two fraction model (i.e. introducing n as

an adaptable parameter), the equations (5.7a) and (5,7b) were

fitted to the experimental data. By taking ö113=-4.7
 a n d ^208=+0"0^'

from ref.5, it appeared that the computed hyperfine field value

was rather insensitive to variations in the mixing ratios. Since

there is no interplay of 208 keV parameters in the anisotropy

function of the 113 keV transition, as we showed in discussing the

reorientation coefficients U. of the 113 keV transition (eq.(5.5)

and (5.6)), it is possible to determine both mixing ratios inde-

pendently from the experimental data. By requiring the fraction n

to be the same for both transitions, we obtained for the LuFe

sample, by a least squares fit to the data (fig.5.2), a hyperfine

field of |HLuFe|=6l(3)T for a 40(2)%substitutional fraction of

Lu ions. For the E2/M1 mixing ratio of the 113 keV transition

we found 6113=-4.5(2), and for the M2/E1 mixing ratio of the 208

keV transition 62og=-0.08 (2) was obtained. Similarly the LuCo

data yielded a hyperfine field of |HLuCo|=43(2) T, and a substi-

tutional fraction of n=53(2)%. For the mixing ratios, we obtained

6,,-,=-4 .8 (2) and 6„no=-0 .07(2) . Because of the short lifetime of

the Lu activity (t,=6.7d), and the LuFe and LuCo samples being

measured first, only a quarter of the initial activity was left of

the LuNi sample when the measurements on this sample started.

The low intensity of the emitted radiation led to large scattering

in the experimental data1, especially for the 113 keV transition,

which suffered, due to its relatively low energy, from a large

background radiation. This effect was already noticeable for the

LuFe and LuCJo samples. Because of the small hyperfine field of Lu

in nickel, no saturation effects in the anisotropy of the two

measured transitions could be detected. For that reason, no determi-

nation of the hyperfine field and the substitutional fraction of

the Lu ions independent from each other is possible, but only the

mutual dependence of the two parameters can be determined. However,

by considering the systematics in the implantation data of other

ions in the three host metals, an estimate of both parameters can

be obtained. Existing experimental data of rare earth ions implanted

into iron, cobalt, and nickel, show that the fraction of substi-
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Fig.5.5 Normalized gamma-ray intensity W(Q) of the 113 keV transi-

ti-on of Lu£o_ in the 0° and 90° directions. Full curve

parameters are: \H,~\=42.S T, n=S3% and &ris=-4.8.
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tutionally located ions does not vary much, and usually values

around 50% are encountered (ref.6). By taking into account that the

implantation of Lu is carried out simultaneously into the three

host metals, so that the preparation conditions were identical, we

assume that the substitutional fraction of Lu ions in nickel does

not deviate significantly from the fractions found for the iron

and cobalt sample. With this assumption and the values for ö,13

and öortQ, deduced from the LuPe and LuCo measurements, we fitted

177
first the data of Lu in nickel with a fraction of 40%, obtaining

a hyperfine field of 15(2)T. Taking n=53% yielded the value of

13(2) T, and we infer by interpolation that the hyperfine field of
177Lu in nickel is |HLuNi|=14(3)T and that the substitutional

fraction is n=46(12)%.

Table 5.1

Sample H
h f

( T ) n ( % ) «ll3(B2/Ml) 620g(M2/El)

177LuFe
l77LuCo
177LuNi

61(3)

43(2)

14(3)

40(2)

53(2)

46(12)*

-4

-4

-4

.5(2)

.8(2)

.7(2)*

-0

-0

-0

.08(2)

.07(2)

.07(2)*

17 7Table S.I Results of the nuclear orientation measurements on Lu

implanted into iron, cobalt and nickel. (* these values

are based upon our LuFe and'LuCo results).

5.4 Discussion.

5.4.1 Comparison with other experimental results.

In table 5.1 we have summarized the obtained values for the

hyperfine field H n f, and the substitutional fraction n of the Lu

ions in the three host metals, together with the mixing ratios,

6113 a n d S208' o f t h e 1 1 3 k e V an<5 2 0 8 k e V gamma transitions,

respectively. To begin with, the results of our experiment may be

compared with previous measurements. For the mixing ratio of the

113 keV transition, <5113=-4.7 (2) , we find our value to be in good

agreement with a previous nuclear orientation experiment of Blok

and Shirley (ref.7), who found «113
a-4.7~[J;J. It is also in keeping

with the results of similar experiments, reported in ref.5, 8 and

14, which yielded 6113=-4.7(2), -4.75(7), and -4.8(2), respectively.
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Our experimental result for the 208 keV transition, <52O8=-O .08(2),

disagrees in sign with the work of Krane et al.(ref.5), who con-

cluded to 5208=+0.07(2). However, the angular correlation data of

ref.8-11 seem to favour a small negative value, whereas the results

of ref. 12 and 13 indicate that 5208
 i s Posi-tivei

In the previous section it was already noted that the values

obtained for the substitutionally located fraction of Lu ions agree

with the values that are usually encountered for rare earth implan-

tations in iron and nickel (ref.6), i.e. in most cases, about half

of the implanted ions are found to be located on substitutional

lattice sites after the implantation.

The hyperfine fields that were deduced for the substitutional
177

fraction of Lu ions may be compared with the results of several

IPAC (integral perturbed angular correlation) measurements.

However, since these IPAC experiments were performed at room

temperature or even higher, and because some contributions to the

hyperfine field may be temperature dependent, care must be taken

in comparing them with nuclear orientation measurements, which are

performed at temperatures close to zero. Also, since in IPAC

experiments two successive transitions are involved, the uncertain-

ties may be larger than in nuclear orientation experiments, where

only single transitions are studied. Perturbed angular correlation

experiments on Lu were performed by Thomë et al.(ref.l5). These

experiments yielded for Lu in iron and nickel values of H u e=

-57.5(4.1)T and HLuNi=-13.0(2.7)T. These values are in agreement

with our work, as is the case for the measurements of Deutch and

Heestand (ref.16), which yielded HLuCo=-39.2T. Our result for LuFe

disagrees, however, with that of Nielsen and Deutch (ref.17 and 18),

who found HLuFe=-48.3(6.0)T.

In trying to explain the measured hyperfine fields, we will

treat a Lu ion in a transition metal host in a first approximation

as a non-magnetic ion, and consequently, only contact interactions

contribute to the hyperfine field. These contact contributions

arise from conduction electron polarization (CEP) and from overlap

polarization (OP).
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5.4.2 s-Conduction electron polarization contribution.

In considering the CEP contribution to the hyperfine field, we

compare the experimental results with the predictions of the CEP

model formulated by Stearns (ref.19). According to this model, the

s-CEP is supposed to be independent of the impurity atom, and

determined entirely by the host metal» In chapter 2, we saw that

the contribution of the s-CEP for an impurity atom X in iron can

be expressed by the relation:

HCEP = HT A(X)/A(Fe), (5.8)

with Hye=-l5T, For the 3d elements as host metal, in particular

also for cobalt and nickel, H„ is assumed to be proportional to

the host magnetic moment, y. , and to the s electron hyperfine

coupling constant A(h), thus:

HCo,Ni = (A(CO/Ni)/A(Fe))(vlco^i/yFe)HFe< ( 5 > 9 )

Using eq.(5.8) and (5.9), the general formula for the s-CEP contri-

bution to the hyperfine field of the Lu ion in a transition metal

host h becomes:

HCEP = <A(I.u)/A(Fe)) (jih/nFe)H^
e. (5.10)

For the s electron hyperfine coupling constants A(Z), several

tabulations exist, although they differ significantly from each

other (ref.20-22). The constants A(Z) in ref.20 and 21 are calcu-

lated using atomic s electron wave functions, which are valid for

isolated or free atoms. However, in dealing with atoms in a solid,

it is known that the wave functions differ from those of the free

atom, i.e. the orbitals of the soluted atom are more extended,

resulting in lower values of A(Z). This effect was included in the

tabulation of ref.22 for the atoms of the host metal. However,

since in expression (5.10) only the ratio of A(Z) and A(Fe) enters,

it should not make much difference which set of wave functions and

A(Z) values is taken in calculating H C E p. Since the relative values

A(Z)/A(Fe) are largely independent of the basis set, the errors in

eq.(5.10) are expected to be small, as long as a consistent set of
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wave functions is used. From the tabulated A(Z) values of ref.22,

and the systematic behaviour deduced from ref.20 and 21, we infer

that A(Lu)=600T, while for the host metals iron, cobalt, and nickel

we find: A(Fe)=l46T, A(Co)=162T and A(Ni)=175T. When we substitute

these values into eq.(5.10) and use for the host magnetic moments

PFe=2.2pB, wCo=1.7nB, and uNi=0.6yB, we find for the s-CEP contri-

bution to the hyperfine field of 177Lu: H^ e=-6l.6T, H^p°=-47.6T

and H™_ =-16.8T. The agreement between these theoretical values

and the experimentally determined values is actually quite good,

considering the crude approximation of assuming proportionality of
HCEP wit** t n e n o s t magnetic moment. Therefore, no overlap polari-

zation is required to explain the measurements, and any possible

contribution arising from that mechanism will be small.

Hh fand HCEpof 5d elements

Lu Pt Au

Fig.S.8 The experimental hyperfine fields, H, „, of Sd impurities

in iron, cobalt and nickel, indicated by circles. The

dashed curves represent the theoretical s-CEP contribution,
HCEP' *° the hyperfine field, as calculated from eq.(S.S)

and (5.9) (black dots).

In the analysis of our measurements, we shall also consider the

results from the point of view of the systematics of the hyperfine

fields of the 5d impurities in iron, cobalt, and nickel. In fig.

5.8 we have plotted the experimental hyperfine fields of the 5d

elements in the three host metals (ref.23). The elements in the
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second half of the 5d group exhibit a d moment (ref,20) , and the

relatively large values of the hyperfine field for these elements

can be attributed to a negative core polarization contribution,

which attains its maximum value at Ir. The first three or four

elements exhibit zero or at most a small d moment, and hence the

contributions to the hyperfine field are expected to arise entirely

from CEP and OP. To test this assumption, we calculated the s-CEP

contribution according to eq.(5.8) and (5.9) for 5d impurities in

the three host metals. In table 5.2 the s-CEP fields are given in

columns 6-8, together with the s electron hyperfine coupling

constants A(Z) used. In fig.5.8 these calculated fields are

represented by the dashed lines. When we make a very crude cor-

rection for the CP contribution in the second half of the 5d

series, simply by interpolating between Re and Au, it appears that

s-CEP alone does not explain the experimental hyperfine fields in

a satisfactory way. In fact, for all three host metals, the s-CEP

curves lie above the experimental curves, and only for Lu there is

agreement between the s-CEP and the experimental values. This

suggests that there are other contributions which should also be

taken into account. In the following section we shall consider

overlap polarization, which, yielding a positive contribution to

the hyperfine field, would reduce the s-CEP value.

Table

Z

Lu

Hf

Ta

W

Re

Os

Ir

Pt

Au

5.2

Hexp

-61

-62

-60

-65

-76

-109

-145

-130

-120

HZCo
Hexp

-42

-16

-36

-35

-44

-87

-100

-80

-80

ZNi
exp

-14

-6

-9

-8

-11

-29

-47

-35

-27

A(Z)

600

690

770

920

1050

1180

1320

1440

1570

„ZFe
HCEP

-62

-71

-79

-95

-108

-122

-136

-148

-162

HZCoHCEP

-48

-55

-61

-73

-83

-94

-105

-114

-125

„ZNi
HCEP

-17

-19

-21

-25

-29

-33

-37

-40

-44

„ZFe
HOP

+46

+39

+7

-

-

-

-

-

+3

Table 5.2 Experimental hyperfine and CEP field values for 5d

elements in iron, cobalt and niakel. For iron also the

OP contribution is calculated, (all values in Tesla).
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5.4.3 Contribution from overlap polarization.

The OP contribution is supposed to be proportional to the

volume misfit between the impurity volume, Vz, and the volume

available on a substitutional lattice site in the host, V^.

According to eq.(2.35), the OP contribution for an impurity Z in

a host metal h is given by:

HQp1 = ahA(Z)(Vz-Vn). (5. U )

In column 9 of table 5.2 we find the values calculated for the OP

contribution of the 5d impurities in iron, taking for a ? e and V F e

the values given in chapter 2. For Co and Ni no values for a„ N.

and V_ N i are known, but in these hosts, the OP contribution will

follow the behaviour as a function of Z of H o p in Fe, although the

values will be smaller because of the smaller host moment.

The atomic volume decreases in going from Lu to Os and increases

again from Ir to Au. For the elements between Te and Au, the atomic

volume is smaller or almost equal to the volume available in the

iron host, and no significant OP contribution is expected. When we

add the CEP and OP values, H C E p and H_p, the result gives a poorer

fit to the experimental hyperfine fields than H C E p alone. From

this we can conclude that for 5d impurities, a simple OP model,

according to eq.(5.H), in combination with the constant s-CEP

model, does not give results in agreement with the existing

experimental data.

In a more realistic approach to the calculation of the OP

contribution, the wave function overlap calculation method,

according to eq.(2.33) and (2.34) should be used, since then also

higher nearest neighbour contributions can be evaluated. This

refinement is not included in eq.(5.11), and the two methods may

yield results that differ significantly. However, since the

overall behaviour of H Q p will not change much by using the wave

function method, it is not expected that a good fit to the experi-

mental hyperfine fields will thus be obtained, especially for the

first half of the 5d series.

For the s conduction electron polarization contribution, as

well as for the overlap polarization contribution, the hyperfine

coupling constants, A(Z), were required for the calculation. These
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were calculated only for the host atoms with a modified Hartree-

Fock wave function, taking into account the band structure of the

host metal. For the s electrons of the impurity atoms the pure

Hartree-Fock functions were used on the grounds that these wave

functions should not be significantly changed by the presence of

the host metal. From the systematics and the calculated s-CEP

curves, presented in fig.5.8, it should be remarked that this

assumption is not confirmed by the experimental results,

5.4.4 Effect from d-conduction electron polarization.

The preceding discussion was based on the contact fields arising

from the s-like conduction electrons of the host. However, in

dealing with impurities of a d group, we should also consider the

influence of the impurity on the d-like CEP of the host metal,

which can be considerable. When we take iron as the host metal,

the conduction band contains about 1 sp-like electron and

~0.2 to 0.3 d.-like (itinerant) electrons per host atom (see

section 2.3 in discussing the conduction electron polarization).

The s-like electrons are only weakly polarized, whereas the small

fraction of itinerant d^ electrons are strongly polarized. The d̂

electron polarization is produced by exchange interactions with

the localized d electrons, and has an oscillatory character, very

much like the RKKY-like oscillations of the s conduction electrons.

The shape of the d-CEP curve depends, amongst other things, on n.,

the number of d. electrons. For iron, which has a small value of

n^, this results in curve 2 of fig.5.9. For elements at the

beginning of a d series, the d electrons are not very tightly

bound, and most of these electrons are itinerant (ref.22). In

proceeding along the d series, n. will decrease, because the d

electrons become more tightly bound. Therefore, the d-CEP near an

impurity atom in a transition metal depends not only on the host,

but it will also be influenced by the number of d. electrons of

the impurity itself. For elements of the beginning of a d series,

the increased n. causes the d-CEP near the impurity to be negative,

as indicated by curve 3 of fig.5.9. Elements with less d. electrons

than iron will tend to decrease n., which leads to a positive d-CEP

around the impurity, as given by curve 1 of fig.5.9. For the ele-

ments of the first half of the 5d group, this means that the d-CEP

in the vicinity of the impurity will be negative, which leads to
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N3

Fig.S.9 Variation of the d-CEP as a function of the distance, r,

in the vicinity of an nd impurity atom. Curve 1 for fewer

3d. electrons than Fe, ourve 2 for pure Fes and curve 3

for more 3d. electrons than Fe. Ml, N2 and N3 are the

positions of the first, second and third nearest neighbour

shells (after ref.22),

a negative overlap contribution to the hyperfine field of the s

electrons around the impurity. The sign of this effect is in

accordance with the difference between the sum of the s-CEP and

OP values and the experimental hyperfine fields. It is likely that

OP wave function calculations will give larger positive values for

Ho_ than the values we obtained with the simple V„-V, model, since

in the latter model, only first nearest neighbour shell contri-

butions are accounted for. This means that the difference between

the sum of the s-CEP and OP contribution and the experimental

hyperfine fields is negative and decreasing in absolute value

when we proceed along the 5d series, and possibly even becomes

positive for the elements at the end of the series. A negative

d-CEP contribution that diminishes for elements further in the 5d

series could account for this difference. However, quantitative

calculations concerning the variational d-CEP around d impurities

in transition metal hosts are needed to test the validity of this

qualitative picture.

5.5 Conclusions.

In this chapter we have presented the experiments performed on
177Lu atoms implanted into polycrystalline iron, cobalt, and
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nickel foils. The nuclear orientation measurements yielded the

mixing ratios of the two dominant gamma transitions, the fraction

of 1 7 7Lu ions that after the implantation were located on substi-

tutional lattice sites in the host metal, and the hyperfine field

of the substitutional fraction of Lu ions.

It was noted that the obtained value for the E2/M1 mixing ratio

of the 113 keV transition agreed with earlier experiments, while

for the M2/E1 mixing ratio of the 208 keV transition, positive

as well as negative values were reported.

The deduced substitutional fraction for Lu ions implanted in

iron, cobalt, and nickel is in keeping with the values that are

usually encountered in room temperature rare earth implantations

in these metals.

We also saw that the measured hyperfine fields of Lu in the

three host metals are in accordance with IPAC experiments performed

on Lu nuclei. The results of the hyperfine field measurements

were discussed in the scope of conduction electron polarization

and overlap polarization models. A simple model, with the s-CEP

being practically independent of the impurity, could explain the

experimental results rather well. However, considered from the

point of view of the systematics of the hyperfine fields of the

elements of the 5d series, it was found that the presence of other

contributions had to be invoked to explain the systematic behaviour.

An overlap polarization model based on eq.(5.11), was found to be

inadequate to explain the differences between the experimental

results and the s-CEP va-lues. More realistic results may be

expected from wave function overlap calculations, where first and

higher nearest neighbour shell contributions are included. Finally,

we argued that a combination of s-CEP, d-CEP,- and OP contributions

(and for the second half of the 5d series also a CP contribution)

can explain the systematic behaviour of the experimental hyperfine

fields of 5d series elements.
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CHAPTER 6

147
EXPERIMENTS ON Nd IN IRON AND NICKEL

6.1 Introduction.

In the study of the hyperfine interactions of dilute rare earth

ions in ferromagnetic metals the solid state interactions, like the

exchange- and the crystal field (c.f.) interactions, play an impor-

tant role. This is related to the circumstance that the c.f. inter-

action is not strong enough to quench the orbital momentum of the

4f shell, because this shell lies deeply inside the rare earth ion

and is well shielded by the 5s and 5p shells. This "unquenched"

orbital momentum produces a large contribution to the hyperfine

field, the magnitude of which is strongly dependent on the ratio

between the exchange- and the crystal field interaction and on the

values of the parameter W and x of the c.f. interaction (see fig.

2.3). unfortunately the point charge model for the c.f. interaction

does not explain the empirical crystal field data. Hence usually

the parameters W and x have to be determined experimentally. In

this chapter we shall study the hyperfine interactions, using the

nuclear orientation technique, for very dilute Nd ions in ferromag-
147netic host metals, in particular Nd ions implanted into iron and

nickel. The purpose of this study is to obtain information on the

solid state interaction of Nd in 3d-metals by means of a determi-

nation of the Nd-hyperfine field.

147The use of the Nd isotope is particularly interesting from

the point of view of intermediate state reorientation, because of

the presence of a long lived nuclear state in the decay process of

the nucleus. In the past, reorientation effects have been encoun-

tered in some nuclear orientation measurements on rare earth ions

in paramagnetic salts, where the perturbations, which caused the

reorientation, resulted from non-isotropic hyperfine interactions

(ref.l). Recently, renewed interest has been aroused by a series

of papers on intermediate state reorientation due to non-axial
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electric quadrupole interactions in, for instance, ferromagnetic

metals (ref.2-4). In several experiments reorientation effects

have been successfully explained by the theory proposed in these

papers (ref.4 and 5).

For Nd the 91 keV level has a lifetime of 2.5 nsec, which is

long enough for non-axial perturbations to produce significant

reorientation effects. The presence of a strong gamma transition

from a different level, which has a lifetime short enough to main-

tain an unperturbed orientation, makes it possible to use this

transition as an internal calibration, and should allow an accurate

determination of the degree of reorientation of the nuclear spins

in the 91 keV level.

6.2 Experimental procedures.

Like all of the rare earth elements the solubility of Nd in iron

and nickel is very low, so that we have to rely on the ion implan-

tation technique to prepare the nuclear orientation samples. The
147

*'Nd isotope was obtained from the IRE N.V. (Utrecht, Netherlands)

in the form of 10 mCi carrier-free NdCl soluted in 0.1 N HC1. With

the Groningen mass separator the activity was implanted at room

temperature into rectangular, polycrystalline iron and nickel foils

(6x8 mm) . The metal foils were etched, cleaned and indium soldered

onto silver sample holders before the implantation. The implantation
147

energy for both implantations amounted to 122 keV. For the NdFe
sample the total implanted dose was estimated at 1.4x10 ions/cm
and for NdNi at 2x10 ions/cm . This resulted in source activ-

147
ities after the implantations of 10 and 2 yCi for the NdFe and
147

NdNi sample, respectively. The spatial distribution of the

implanted ions can be estimated with the LSS theory (ref.6), which

was already briefly discussed in the previous chapter. By applying

this theory to the implantation of Nd into iron at an implan-

tation energy of 122 keV, we obtain for the mean projected range

Rp=200 A and for the distribution width of the range of the

implanted ions 180 A. For nickel the values are almost the same.

In combining these values with the estimate for the total implanted

dose, we find that the maximum concentration of Nd ions in iron

amounts to 90 at.p.p.m. and in nickel to about 15 at.p.p.m. However,

since both host metals are polycrystalline, instead of amorphous

materials for which the LSS theory has been developed, channeling
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of the implanted ions will occur and the calculated values of the

range and the distribution width will be somewhat increased, while

the actual concentration of Nd ions in both samples will be lower

than calculated.

The samples were soldered, after the implantation, onto the end

of the cold finger of the PrNic cooling stage. The temperature
54

during the experiments was measured using a MnFe nuclear orien-

tation thermometer which was also soldered onto the end of the

cold finger, opposite to the Nd sample, luè sample and MnFe foils

were polarized by an external magnetic field of 1 T. The cryogenic

procedures were already briefly mentioned in chapter 4, where we

saw that about 4-5 hours were required to cool tht. sources from

liquid helium temperature to the initial demagnetization tempera-

ture of about 25 mK. After this cool down period the nuclear refrig-

eration stage is thermally isolated from the mixing chamber by

switching the heat switch from the normal into the superconducting

state. Subsequently the demagnetization of the PrNi^ is performed

in about 3 hours. Several demagnetization runs were carried out,

in which a lowest temperature was reached of 3.7 mK. This tempera-

ture is low enough to produce saturation of the gamma ray anisotropy

of the measured gamma transitions. In the warming-up periods, which

lasted between 12 to 24 hours, the gamma ray spectra jre obtained

during periods of 25 minutes by counting with two Ge(Li) detectors

in the 0° and 90° directions with respect to the external field.

Every 25 minutes the predefined regions of interest in the gamma

spectra were stored on floppy disk. During the data acquisition

the spectra of the previous counting period were analyzed with

peak fitting routines. Obviously this on-line data processing made

part of the results of the experiment available already during the

measurement, which was particularly important for the nuclear

orientation thermometer readings.

6.3 Measurements and results.

147

The measurements on Nd were performed on two gamma transi-

tions, the 91 keV transition and the 531 keV transition, which are

shown in the decay scheme in fig.6.1 (according to ref.7). Both

transitions are of a mixed E2/M1 type and take place between levels

having a spin ^ and 4.
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Fig.6,1

The nuclear decay scheme of
14?

Nd (after ref.7). The

weakest transitions have been

omitted. The numbers on the

vertical arrows indicate the

y-ray energy and the relative

intensity.

The angular distribution function of the emitted radiation is

given by equation (3.7). For the two measured gamma transitions

the orientation parameters Bk are given by:

B2(|) = 2,506f2 (|) B4(|) = 10.55f4(|). (6.1)

The calculation of the fk coefficients is based on the Hamiltonian

describing the interactions of the Nd nucleus with the surroundings.

Since in the case of Nd we deal with a not completely filled 4f

shell, we expect a quadrupole contribution to the Hamiltonian,

which will be of the form as given in eq.(2.46). The nuclear

quadrupole moment of Nd is Q=±0.7 barns and using table 2.2 we

find for the free ion quadrupole interaction parameter P/h=±15 MHz.

Because the host metals Fe and Ni have a cubic lattice structure

and we will only consider the substitutional fraction of Nd ions,

no lattice contribution is expected to the quadrupole interaction,

which consequently consists only of the 4f shell contribution.

Since the tendency of the crystal field interaction is to lower

the expectation values of <J > and <J >, we consider the calculated

value of |P/h|=15 MHz to be an upper limit for the quadrupole

interaction.

The 91 keV and 531 keV mixed multipole transitions take place

between spin levels -̂  and -*, whence we obtain the following expres-

sions for the angular momentum coupling coefficients F, :

111



and

F2(6) = (Q.134 + 1.3896 + 0 . 324Ó
2) /(l+<52) (6.2a)

F4(6) = 0,ll86
2/(l+62). (6.2b)

For 6 we must substitute the E2/M1 mixing ratio of the 91 keV and

531 keV transitions. By substituting the values of the mixing

ratios of ref.7, 6gi=+0.094 and 6531=-0.4 we obtain F2(91)=0.265

and F.(91)=0.00103, and for the 531 keV transition F2(531)=-0.319

and F4(531)=0.0162.

The reorientation effect due to preceding transition is for the

91 keV radiation predominantly determined (for >95%) by the direct

6 decay from the Nd ground state (see fig.6.1). This is a first

forbidden 3 transition which can have J=0, 1 or even 2. In the case

of pure J=0 character the reorientation parameters are given by

U2(0)=U4(0)=l, while for pure J=1 character we find U2(l)=0.657

and U.(l)=-0.1429. When the 3-transition has both J=0 and J=l

character/the reorientation parameters can be calculated according

to:

Ufc(a) = (Uk(0) + aUk(l))/(l+ct), (6.3)

where a is the ratio of the J=l and the J=0 intensities. For the

531 keV transition the reorientation effect is only determined by

the direct B decay from the Nd groundstate, which is also a first

forbidden transition and eq.(6.3) can be applied.

As in the previous chapter we should also include in the angular

distribution function, W(0), the parameter n, which accounts for

the fraction of Nd ions located on substitutional lattice sites.

At this stage we shall take from ref.7 the experimentally determined

mixing ratios of 6gi and <S53., and we shall assume J=0 for both of

the preceding 3 transitions to the 91 keV and 5 31 keV level. This

results in the following angular distribution function for the

91 keV transition:

W(9) = 1+0.663 nQ2f2P2(cos6) + 0.011 nQ4f4P4(cosG) (6.4a)

and for the 531 keV transition we obtain:

W(6) = 1-0.799 nQ2f2P2(cos6) + 0.171 nQ4f4P4(cosO), (6.4b)
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to the nuclear polarisation direction. The full curve is

a least squares fit of eq.(6,4a) to the data with the
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where all the coefficients have been defined before (see also chapt.

3).

Eqs.(6.4a) and (6.4b) were fitted to the experimental data (see

fig.6.2-6.5) with the magnetic hyperfine field and the substi-

tutional fraction as variable parameters. For the 91 keV transition

of the 147NdNi sample (fig.6.2) this yielded Hg^Nl=338 T for

P=+15 MHz and. Hg^Ni=320 T for P=-15 MHz. In both cases the substi-

tutional fraction of Nd ions was 36%. For the 531 keV transition

(fig.6,3) we obtained H ^ 1 = 3 3 2 T and 314 T for P=+15 MHz and

-15 MHz, respectively, and a substitutional fraction of 59%. The

deduced magnetic hyperfine fields are in good agreement with each

other but the substitutional fractions differ appreciably,

147
For the NdFe sample similar results were obtained. The

147 147
'̂NdFe data was fitted in the same fashion as that of NdNi,

that is assuming pure J=0 character for the 3 transitions and using

the values of the mixing ratios of 691 and ö 5 3 1 of ref.7. From the

91 keV data (fig.6.4) we deduced HgdFe=306 T and 288 T for P=+15 MHz

and -15 MHz, respectively. In addition, we found a substitutional

fraction of 42%, which appeared to be practically independent for

variations in H N d F e and P. The data of the 531 keV transition

(fig.6.5) yielded a hyperfine field of H ^ e = 3 0 0 T and 284 T for

P=+15 MHz and -15 MHz, respectively, while in this case the substi-

tutional fraction of Nd ions was 6 8%. Also for the iron host we

find an attenuation of the gamma ray anisotropy of the 91 keV

transition, resulting in a lower substitutional fraction compared

to the 531 keV transition. The attenuation coefficient, usually

denoted by G^, is for both samples, NdFe and NdNi^, the same

and amounts to 0.61.

Table 6.1

sample

l47NdFe

147NdNi

transition

91

531

91

531

(keV) Hhf(T)

298(20)

293(20)

329(20)

323(20)

n(%)

42(2)

68(3)

36(2)

59(3)
1 A *7

Table 6.1 Results of the nuclear orientation measurements on Nd

implanted into iron and nickel.
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Fig,6,4 Normalized gamma-ray intensity W(Q) of the 91 keV transi

tion of NdFe_ in the 0 and 90° directions. Full ourve

parameters are; |fl, J=298 T, n=42% and &9:,=0.094.
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Fig.6.5 Normalized gamma-ray intensity W(%) of the 531 keV transi-

tion of NdF£ in the 0° and 90° directions. Full ourve

parameters are: \HhJ=293 T3 n=68% and 65sl=-0.4.
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In table 6.1 we have summarized the results of our measurements

on 147NdFe and 147NdNi. In the next section 6.4.1 we shall discuss

the disagreement between the substitutional fractions of Nd ions,

and in section 6.4,2 we shall pay attention to the interpretation

of the measured magnetic hyperfine fields.

6.4 Discussion.

6.4.1 Substitutional fraction of Nd in iron and nickel.

In the previous section, several assumptions were applied in

determining the coefficients of the angular distribution function

W(6). With respect to the P. coefficients, we took for the mixing

ratios <5Q, and Ö531 the values quoted in ref.7, and as to the U.

coefficients, we assumed J=0 for the B transitions to the 91 keV

and 531 keV levels. Furthermore, an implicit assumption was, that

no intermediate state reorientation, usually denoted with Gk, occurs

in the 91 keV state, that is, Gj=sl. When we do not apply these

assumptions and use no explicit values for Gk, P. and U. , then

the experimental data should be analyzed in terms of the product
n Gk Uk Fk' H e r e w e a r e only concerned with the k=2 term, because the

k=4 term is small (<1%) compared to the k=2 term. The disagreement

we found between the fractions n obtained with the data of the

91 keV and the 531 keV transitions may be due to the non-validity

of one of the assumptions mentioned above. In the following we

shall discuss the influence of each of these coefficients, starting

with Gj^, that is, intermediate state reorientation.

147For the Nd ion, time dependent perturbations originate from
147

the 6 decay to the excited states of the Pm ion. However, since

no electron capture is involved in the (S decay, only small field

changes occur, and in the short time of electron shell adaptation

to the changed nuclear charge (typically <lO~1^sec), no reorien-

tation effects are expected from time dependent perturbations.

With respect to static perturbations, we note that the lifetime

of the 91 keV level is 2.50 nsec. This lifetime is usually

compared with the Larmor precession time of the nucleus in the

intermediate state, in order to get an indication whether raorien-

tation effects due to static perturbations are likely. When the
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lifetime is longer than the precession time,reorientation effects

may be anticipated. When the hyperfine field in the intermediate

state is known the precession time can be calculated, since the

spin value and the magnetic moment of the 91 keV level are known.

Assuming tentatively a hyperfine field of 300 T and using

1=1- and y=3.6 (ref.7), we obtain for the Larmor precession time

0,30 nsec. Because the lifetime of the 91 keV level is about 8 times

longer, reorientation effects due to static perturbations may not

be excluded. These perturbations may arise e.g. from nuclear quadru-

pole interactions, whose principal axes are determined by the

symmetry of the local impurity environment. In the host metals iron

and nickel the lattice has cubic symmetry and the electric field

gradients will be zero, or at most very small due to magnetostric-

tion or crystal distortions, so that, at this stage, we shall only

consider the electric field gradient arising from the 4f shell.

However, because of the cubic symmetry of the surroundings and the

oriented state of the 4f shell along the external magnetic field,

the direction of the quadrupole interaction will coincide with the

quantization axis of the magnetic interaction and no off-diagonal

terms, capable of producing reorientation, will be present in the

Hamiltonian. Even if the two directions would not coincide, for

instance because of lattice distortions, measurable reorientation

effects arising from the 4f electric field gradient, will still be

unlikely since the magnitude of the quadrupole interaction compared

to the magnetic interaction is too small. The ratio K between the

electric and magnetic interactions can be calculated for the 91 keV

level because both the nuclear magnetic moment, y=3.6, and the

nuclear quadrupole moment, Q=0.6, are known. Using table 2.2 to

obtain the value of P for a Pm ion (the 91 keV level is an excited
147

state of Pm) and assuming a value of 300 T for the hyperfine

field, we find K=1.7xlO . This ratio is too small to produce a

measurable degree of reorientation as can be verified in fig.6.6.

In this figure the reorientation parameters G, , for a nuclear level

with a spin 1=5/2, are plotted for a combined magnetic interaction

and a randomly oriented electric quadrupole interaction as a

function of the ratio K and the orientation parameter f>wB/,kT , with

fiuiQ the magnetic hyperfine interaction energy. These calculations

are performed assuming the nuclear level to be an initial state,

i.e. having an infinitely long lifetime. This can be considered as
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Fig. 6,6 Theovetiaal attenuation coefficients Gj3 G,, and G^t

arising from a random, symmetric electric quadrupole

interaction, for a spin 1=5/2, plotted for several values

of Kt which is the ratio between the magnitude of the

magnetic and electric interactions. tiaig is the energy of

the magnetic interaction (taken from ref.3).

the limiting case for the lifetime to be much longer than the

nuclear precession time and we assume these calculations to be a

reasonable approximation for the 91 keV level, having a lifetime

almost an order of magnitude larger than the nuclear precession

time. From the curves in fig.6.6 it can be concluded that a ratio

of K=1.7xlO is too small to produce an experimentally determined

attenuation of 0.61. In order to obtain a value G2=0.61, a ratio

of about K * 0.3 would have been required (the G. coefficient is

less important because the k=4 component in the angular distribution

function W(6) for the 91 keV transition amounts only 0.3% of the

k=2 component). We find this value of K to be consistent with the

results of other calculations (ref.2 and 4), indicating that

substantial reorientation occurs for ratios of at least 0.1 a 0.2.

Such large nuclear quadrupole interactions (i.e. about a 170 times
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larger than the interaction produced by the 4f electrons) would

involve electric field gradients of the order of magnitude of
20 2

10 V/cm, which can only be caused by lattice defects like mono-

or divacancies trapped by the Nd ion in the first nearest neighbour

shell. However, we must take into account that the orientation of

the1 Nd ground state would also be strongly perturbed by these

large electric field gradients. Because the magnetic moment of the

Nd ground state is about 6.5 times smaller than the moment of the

91 keV level and the nuclear quadrupole moments of the two levels

are almost equal, the ratio parameter K for the Nd ground state

will be Kas!2. According to fig.6.6 this results in an attenuation

coefficient G, between 0.2 and 0,3, its precise value depending

on the sign of K. For the 531 keV level, in which no reorientation

takes place because of the short lifetime, we measure, however, by

means of the fraction parameter n a reduction factor of the

anisotropy of 0.68 for NdPe and 0.59 for NdJNi, which is much larger

than would be allowed by the preceding discussion.

Furthermore, the strong temperature dependence of the attenu-

ation parameters G. would lead to different shapes of the experi-

mental anisotropy curves of the 531 keV and the 91 keV radiation,

and as a result the derived magnetic hyperfine fields from the two

anisotropy curves would differ appreciably for any one sample.

Since the hyperfine fields derived from the 531 keV and 91 keV

data are in very good agreement with each other, it is unlikely

that reorientation coefficients will have values that differ much

from unity. Our conclusion,that the fraction discrepancies do not

originate from intermediate state reorientation, is also supported

by the fact that in both samples the attenuation has the same value.

Because the deduced hyperfine fields are about equal for both

samples, the magnitude of the electric field gradients, corre-

sponding to the anisotropy reduction, should also have equal values,

which is, however, improbable in view of the differences between

the two hosts.

A different explanation for the discrepancy between the frac-

tions for the 531 keV and the 91 keV transitions may be sought in

possible admixtures of J^0 components in the 6 transitions.Because

the effect of these admixtures is to lower the values of the Uk

coefficients, the fraction parameter n should correspondingly

increase in order to produce the same anisotropy. For this reason
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only for the 3 decay to the 91 keV level admixture of J>0 components

should be considered (see fig.6.7). Assuming pure J=l character for

this transition we obtain a substitutional fraction of n=55% and

n=62% for NdNi and NdJFe, respectively, as can be seen in figure 6.7.

35
-0.2 -0.4 -0.6 -0.8 -1.0 0.06 0.08 0.10 0.12 0.14

"531

147,
Fig.6.7 The substitutional fraction, n3 of Nd ions in niokel as

a function of the mixing ratios &gl and &r3j3 and of the

amount of J=0 character in the direct 3 decay to the 91 keV

and 531 keV levels.

These values are still lower than the values of n=59% and n=6 8%

determined from the data of the 531 keV transition. This would

indicate that also a J=2 component is involved, which would produce

a stronger reorientation than the J=l component. From a theoretical

point of view doubt arises, however, whether large contributions of

J/0 components in only one of the two 3 transitions is the correct

explanation for the observed differences of the fractions. The

Hamiltonian that governs the 3 decay gives rise to several nuclear

matrix elements, which represent the overlapping of the nuclear

wave functions of the initial and the final states (see for instance

ref.8). The 3 transitions in which we are interested (we shall

denote them 3_ and 3 5 3 1)r are both of the first forbidden type,

both have the same initial state and the final states have equal

spin values, so that presumably the nuclear matrix elements will

not differ much for the two transitions. This assumption is con-
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firmed by the log ft values. The value ft, which may be considered

as a comparative lifetime for 3 transitions, is a measure of the

nuclear matrix elements that are involved in the transition. For

both transitions the log ft values differ little from each other,

that is,log ft=6.95 for &531 and 7.4 for 691, Hence it is unlikely

that the composition of the two fl transitions differ so much, i.e.

a large contribution of J=l and J=2 components for the transition

to the 91 keV level and almost completely J=0 for

A further possible explanation for the fraction discrepancy is

a deviation of the values of the mixing ratios <5gi and 6 5 3 ] from

the values we have used. For the 91 keV radiation the experimen-

tally determined values of 691 center around +0.094(7), while for

(553, values are measured of -0.40 and -0.69 (see ref.9-15) . In fig,

6.7 we see that for ög^^O.OS and 5531
;«-0.6 we obtain a good

agreement between the data of both gamma transitions. If this

explanation is correct it would lead to a substitutional fraction
147

of Nd ions of about 45% in nickel and 50% in iron. These values

are close to those usually encountered, i.e. experimentally it is

found that after implantation, about half of the rare earth ions

end up on substitutional lattice sites in 3d ferromagnetic host

metals (ref.16).

6.4.2 Magnetic hyperfine field of Nd in iron and nickel.

In section 6.3 we have seen that for each of the samples the

hyperfine fields, deduced from the data of the 91 keV and the

531 keV transitions, are in very good agreement with each other.

Our fitting procedures showed that the values of the hyperfine

fields are only sensitive to variations in the strength of the

guadrupole interactions. The assumption that for Nd ions in

iron and nickel the strength of the quadrupole interactions would

not exceed the value determined for the free ions, was supported

by the discussion in the previous subsection, where no conclusive

evidence could be found for reorientation arising from large

quadrupole interactions. Using the free ion value for P, the

magnetic hyperfine field for 147Nd in iron is determined to be
H h f F e = 2 9 5 ( 2 0 ) T ' w h i l e for nickel we obtain H^Ni=326 (20) T.

Our iron result is in good agreement with IPAC measurements of

ref.17 and 18, on the isotopes 146Nd and 150Nd, which yielded
NdFe

H h f =310(60)T and 304(71)T, respectively. It disagrees with
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similar type of experiments of ref.19 and 20, where it was found

that H?^Fe=168(29)T and 19O(4O)T, respectively. However, these

IPAC measurements were performed at room temperature, which are

known to yield values different from those at T % 0, because of

the temperature dependence of the contributions to the hyperfine
147

field. This is also the case when we compare our result for NdNi

with the* room temperature experiments of ref.19 and 20, in which

values of Hu*Ni=10.7(1.8)T and 66(7)T were determined. However,
h f 146

the IPAC measurement of ref.18 at T=4 K yielded a value for Nd
ions in nickel of H?J^Ni=167 (39)T, which is clearly much lower than

NdNi

our result of art =326(20)T. Those measurements, however, were

performed on an implanted source where radiation damage effects

may very well influence the crystal field interactions. Because of

the inability to distinguish between various fractions of Nd ions

and the resulting assumption of a 100% substitutional fraction,

the measurements at low temperatures, where crystal field inter-

actions are relatively more important, may yield results, which

are too low compared with nuclear orientation results.
147

When we compare the hyperfine fields of Nd in iron and in
nickel we note that the field in nickel is actually higher than

the field in iron, which is in contrast to what is usually

encountered. This can be explained by the circumstance that the

crystal field interactions in nickel are relatively more important

than in iron, because of the smaller exchange interaction. The

crystal field interaction is of importance for the contribution of

the 4f electrons to the hyperfine field and for a quantitative

discussion we need to know the magnitude of the other contributions.

We shall distinguish between the contribution of the external mag-

netic field of 1T (for which the quoted values are already cor-

rected) , the Fermi contact field and the contribution of the 4f

electrons, which is the dominant one.

The contact field is composed of contributions from core polar-

ization, conduction electron polarization and possibly from overlap

polarization. For the core polarization field we will use equation

(2.26) discussed in section 2.3.1. Substituting in eq. (2.26) J= 9/2

and gj=8/ll for the Nd ion, and accounting for the direction of J

with respect to the host magnetization, we obtain for the core

polarization field Hcp=+ll T, where the positive sign refers to

the direction parallel to the external field.
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With respect to the conduction electron polarization (CEP)

contribution of the host, we note that the rare earth elements

differ from each other in the number of 4f-electrons, while the

number of valence electrons is the same. For the CEP models based

on the conduction electron scattering by the impurity potential,

as well as for the models based on an impurity independent con-

duction electron polarization, this means that the CEP contribution

throughout the 4f series should differ only with respect to the

values of the hyperfine coupling constants A(Z). This can be

verified by regarding the rare earth elements La, Gd and Lu, for

which the CEP contribution can be calculated. For La the hyperfine

field in iron, H. ̂  e=-17.5 T, is the average value of the results

reported in ref.2l and 22. Since L and S of La are zero, this field

is to be attributed entirely to conduction electron polarization.

From chapter 5 we find A(La)=345 T which leads, according to eq.
Fe

(2.29), to a conduction electron polarization of Ppp^-O.OS. For

Lu we use our results discussed in chapter 5, H,^ e=-61.4 T and

PCE S S~ 0' 1 0' T h e f i e l d o n G d i n i r o n i s Hhf F e =~ 2 0 T < a v e r a9 e value
of ref.23 and loc.cit.). The core polarization contribution of the

Gd ion can be estimated with eq.(2.26), from which we obtain
H C p F S = + 3 2 T* B y subtracting H c p from the hyperfine field we find

for the CEP field due to the host Hh,°^t=-52 T and for the conduction
Fe

electron polarization pCE=-0.11, where we have used A(Gd)=470 T.

The values of p̂ f, for Gd and Lu are mutually in good agreement but

the value for La is too small, i.e. the hyperfine field is not

sufficiently negative. This may be the result of overlap polari-

zation, which gives rise to positive hyperfine field contributions.

Because the atomic radius is largest at the beginning of the rare

earth series the result is a more positive value of the hyperfine

field than expected on the basis of a CEP model alone. To account

for a possible overlap polarization contribution for Nd we assume

p^|«-0.08. Using A(Nd)=390 T, we then find H^°|fc= - 31 T for Nd

in iron. For the nickel host we use the equation:

Ni UNi Fe ,, ..
pCE-TI^pCE' (6"4)

which is equivalent to equation (5.9) . Thus we obtain for Nd in

nickel for the CEP contribution due to the host H^°^fc= - 8T.

123



For rare earth ions having J^O there will also be a polarization

of the conduction electrons caused by the magnetic moment of the 4f

shell. For iron this contribution may be estimated by using the

analysis of Hüfner (ref.24) for the case of Gd. The field arising

from the conduction electrons polarized by the 4 f spin is propor-

tional to (gj-i)J and for Nd in iron we find H C E p=8 T. Similarly

for Nd in Ni, using eq.(6.4) the estimate is n*£p=2 T,

In table 6.,2 we have listed the values of the various contri-

butions to the hyperfine field. The quoted errors result from

assuming a 10 to 20% accuracy for the calculated values of CP and

CEP. The field of the 4f electrons can now be calculated by sub-

tracting from the measured hyperfine field the CP and CEP contri-

butions. This results in H^|Fe= + 323 (21)T and H^N:L= + 325 (21) T,

where we have implicitely assumed a positive value for the measured

hyperfine fields, in accordance with systematics and with the

results of ref.17, 19 and 20.

Table 6.2

Sample Hhf Hcp H ^ f H^p H4f

7

NdFe + 2 9 5 ( 2 0 ) + 1 1 ( 2 ) - 3 1 ( 5 ) - 8 ( 3 ) + 3 2 3 ( 2 1 ) 0 . 7 5 ( 5 )

l 4 7 N d N i + 3 2 6 ( 2 0 ) + 1 1 ( 2 ) - 8 ( 3 ) - 2 ( 1 ) + 3 2 5 ( 2 1 ) 0 . 7 6 ( 5 )
Table 6.2 The various contributions to the experimental value of

the hyperfine field E,~ and the reduction factors
147 *

R =<j >/j for Nd in iron and niakel. (all field
m s
values in Tesla).

The obtained values of H.f can be compared with the 4f field

of the free ion, according to eq.(2.22). The free ion field of Nd
Nd

is Hf;r= +430 (2)T (ref.25), which is significantly larger than the

experimental values of H._. The observed attenuation of H.f is the

result of the crystal field interaction, which lowers the expec-

tation value of <J >. According to the notation in section 2.2,
z

the reduction factor for NdFe is R =0.75(5) and for NdNi R =0.76(5).
— m — m

When we introduce these values of R in fig.2.3, 'allowed' areas

for the parameters x and y are found. For Rm=0.75(5) these areas,

both for positive and negative values of W, are given in fig.6.8.

Kugel et al.(ref.l8) have calculated the exchange field for Nd

ions in iron and found Hexch=316(5)T. By substituting this value
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-1.0 -0.5

Fig.6.8 The allowed avea (shaded) of the exchange- and crystal
147field parameters x and y for 1€*'Nd in iron and nickel,

resulting from the magnetic reduction factor R =0.75(5),

deduced from our experiments.

into eq.(2.19), it follows that Wy=58 K. According to fig.6.8 the

maximum value of the ratio between the exchange interaction and

the crystal field interaction is y « 6 , so that we find for the

strength of the crystal field interaction |w|>10K. This can be

compared with the estimates from ref.18 for the crystal field

parameters B 4 and Bg, from which we calculate W=13.7 K and x=-0.74.

Using Wy=58 K, y becomes 4.2. These values of x and y lie just

outside the 'allowed' region we have determined for positive W,

which is most likely due to an erroneous determination of one of

the contributions to the hyperfine field of Nd in ref.18. The

actual values of the W, x and y parameters, however, will differ

only little from the quoted values above, so that the obtained

values are a good indication towards the region in fig.6.8 of the

actual W, x and y parameters. In nickel the exchange field of

substitutional guest atoms is usually a factor 4 to 10 times

smaller than the exchange field in iron (ref.16, 18 and 26). The

value of Hexch"=50(5)T from ref.18 is in keeping with this fact,

and using eq.(2.19) we find Wy=9.2 K for NdNi. For NdNi the results

of the calculations of the crystal field 'parameters B 4 and Bg from

ref.18 cannot be used here, since the low temperature data from

which these results have been derived differs too much from our

measurements, i.e. the observed hyperfine fields are too low (see

the beginning of this subsection). As a consequence, for NdNi no
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conclusions can be drawn about the values of each of the parameters

W, x and y separately.

6.5 Cone1us ions.

In this chapter we have discussed the nuclear orientation

experiments on Nd ions implanted into iron and nickel hosts.

The data of the two measured gamma transitions yielded magnetic

hyperfine field values that were in mutual agreement, but for the

substitutional fraction a discrepancy was encountered in both

samples. For intermediate state perturbations no mechanism could

be found that could explain the differences in the observed gamma-

ray anisotropies of the 91 keV and 5 31 keV transitions. However,

in assuming suitable values for the mixing ratios 6Q. and <5531, we

were able to bring the anisotropies of the two transitions into

agreement with each other. An accurate redetermination of the

mixing ratios, fi». and 6 „ , , could yield conclusive evidence for

the justification of the above mentioned assumption.

For the deduced hyperfine fields the various contributions were

determined, from which it appeared that in the two host metals the

contribution of the 4f electrons is practically equal. This was

discussed according to a model of a combined exchange and crystal

field interaction. For both host metals, iron and nickel, 'allowed'

areas could be determined in the xy-plane that describes the

parameters of the exchange and the crystal field interactions on

the Nd impurity ion. For Nd in iron we could establish, with the

results of an earlier IPAC measurement, the most probable values

of the interaction parameters W, x and y. For Nd in nickel the data

appeared to be insufficient to perform the same calculation, and

additional experiments would be desirable.
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Samenvatting

In dit proefschrift worden de experimenten beschreven aan twee

zeldzame aard (z.a.) metalen, Nd en Lu, die als verontreinigingen,

d.w.z. in zeer kleine concentraties, zijn gebracht in zogenaamde

'gastheer' metalen, waarvoor ijzer, cobalt en nikkel zijn gekozen.

Deze systemen zijn bestudeerd met behulp van kernoriëntatie, waar

gebruik gemaakt wordt van de wisselwerkingen tussen de atoomkernen

en de electronen; de zgn. hyperfijn interacties. Een algemeen over-

zicht van deze interacties en van de methoden waarmee ze bestudeerd

kunnen worden, is in hoofdstuk 1 gegeven.

Uitvoerig wordt in hoofdstuk 2 ingegaan op de wisselwerkingen

die optreden tussen de z.a. ionen en de ferromagnetische metalen,

waarin ze zich bevinden. Omdat bij 'zeldzame aarden' de magnetische

electronschil, de 4f schil, meestal de grootste bijdrage levert aan

het magnetische hyperfijn veld H, -, wordt allereerst aandacht

besteed aan de wisselwerkingen die de toestand van de 4f schil

bepalen, de exchange- en de kristalveld interacties. Vervolgens

worden de contact- en de quadrupool interacties behandeld, welke

in het bijzonder van belang zijn wanneer de 4f bijdrage aan H. -

gering of afwezig is, zoals voor La, Gd en Lu.

Het formalisme waarmee de kernoriëntatie wordt beschreven, is

gegeven in hoofdstuk 3. De experimentele technieken die gebruikt

zijn om een waarneembare graad van kernoriëntatie in een kernspin

systeem te realiseren, zijn in hoofdstuk 4 behandeld. Bij de koel-

techniek wordt gebruik gemaakt van een He- He mengmachine en een

e kerndemagnetisatie trap, waarmee temperaturen van 2 mK kunnen

worden bereikt. Tesamen met een magneetveld van 6 T, dat ter plaatse

van de meetbronnen kan worden opgewekt, zijn deze condities vol-

doende om in een groot aantal systemen kernoriëntatie te bewerk-

stelligen. Het laatste deel van hoofdstuk 4 is gewijd aan de

beschrijving van een informatiesysteem, gebaseerd op een micro-

processor. Met behulp van dit systeem is het meetproces voor het

grootste gedeelte geautomatiseerd en zijn de resultaten van de

meting direct beschikbaar en kunnen reeds tijdens het experiment

worden verwerkt.

De experimenten aan Lu, beschreven in hoofdstuk 5, werden uitge-

voerd aan de preparaten LuFe, LuCo en l77LuNi, die werden

vervaardigd m.b.v. een isotopenseparator, waarmee de radioactieve

128



ionen in de drie gastheer metalen werden geschoten ('geïmplanteerd').

Deze preparatiemethode brengt een zekere hoeveelheid stralings-

schade in het metaal met zich mee, waardoor niet alle Lu ionen op

gelijkwaardige roosterplaatsen terecht komen. De meetresultaten

wezen uit dat ongeveer de helft van de geïmplanteerde ionen zich

op substitutionele posities bevinden. Deze waarde sluit goed aan

bij de resultaten van reeds eerder gedane metingen aan andere

'zeldzame aard' implantaties in ferromagnetische metalen. Omdat de

4f schil van Lu volledig is gevuld, dragen alleen de contact inter-

acties en het externe magneetveld bij tot het hyperfijn veld H. f.

Een eenvoudig model voor de s-geleidingselectron polarisatie kon

de gemeten waarden van Hn^ voor Lu in de drie gastheer metalen

goed verklaren. Een vergelijking van de hyperfijn velden van de 5d

elementen wees uit dat het systematische verloop van deze velden

redelijk is te verklaren met een combinatie van overlap-, s- en

d-geleidingselectron polarisatie voor de eerste helft van de 5d

groep, en dat in de tweede helft bovendien de core polarisatie nog

in rekening moet worden gebracht.

De experimenten aan Nd, beschreven in hoofdstuk 6, zijn eveneens
147

aan geïmplanteerde systemen uitgevoerd, t.w. Nd in ijzer en

nikkel. De waarden voor de substitutionele fractie van Nd ionen,

berekend uit de metingen aan twee verschillende gamma overgangen,

bleken voor beide preparaten niet overeen te stemmen. Aangetoond

werd dat reoriëntatie in de 91 keV tussentoestand, of bijmenging

van J^O componenten in de beta overgangen naar de 91 keV en 531 keV

niveaus geen bevredigende verklaring opleverden. Door echter andere

waarden voor de mixing ratios van beide gemeten gamma overgangen

(91 en 5 31 keV) aan te nemen dan in de literatuur vermeld, konden

de resultaten goed met elkaar in overeenstemming worden gebracht.

Uit de experimenteel bepaalde waarden voor het magnetische hyperfijn
147

veld van Nd in ijzer en nikkel kon worden berekend dat de

bijdrage van de 4f electronen aan H. f in beide gastheer metalen

gelijk is. Dit resultaat werd geanalyseerd met een model van gecom-

bineerde exchange- en kristalveld interacties. Voor Nd in ijzer

kon hiermee een goede schatting worden gemaakt van de waarden van

de interactieparameters W, x en y, terwijl voor Nd in nikkel

het meest waarschijnlijke gebied voor de waarden van deze parameters

in een xy plot kon worden bepaald.
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STELLINGEN

1. Bij de bepaling van het "core" polarisatieveld van zelfdzame-aard ionen

dient rekening gehouden te worden met de richting van de magnetisatie

van het ion ten opzichte van de omgevingsmagnetisatie.

hoofdstuk 2 van dit proefschrift.

2. Het verdient aanbeveling een nauwkeurige bepaling uit te voeren van de

E2/MI mengverhoudingen van de 91 keV en 531 keV gamma-overgangen uit

het vervalsproces van Nd.

hoofdstuk 6 van dit proefschrift.

3. De berekening van de contactbijdrage tot het hyperfijnveld van

zelfdzame-aard ionen in ijzer, zoals uitgevoerd door Bernas, is onjuist.

H, Bernas, Phys. ReV, B16_ (197?) 596.

4. De formule, die volgens het Miedema-model de concentratieafhankelijkheid

van de isomere verschuiving beschrijft in geordende intermetallische ver-

bindingen, levert voor de isomere verschuiving van gadolinium in binaire

Gd verbindingen met 3d overgangsmetalen niet het gewenste resultaat.

A.R. Miedema en F.v.d. Woude, Physica WOB (1980) 145.

5. Bij de berekening van energieën en golffuncties van een gehinderde planaire

rotor, is het gebruik van storingstheorie overbodig,

6. Het verdient aanbeveling de invloed van solitonen op de Mössbauer lijn-

breedte ook in ééndimensionale verbindingen met Ising anisotropie en

ferromagnetische wisselwerking te bestuderen.

7. In tegenstelling tot de bewering van Jaderlund zijn de gehanteerde matrix-

afbeeldingen in de Systematrix methodiek weinig geschikt als communicatie-

middel tussen de systeem specialist en de gebruikers.

C. Jüderlund, Systematrix, concepts,

(Systematik AB, Stockholm, 1980).
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8. Het ontbreken van een nederlandse wetgeving waarbij het gebruik en

beheer van gegevens, opgeslagen in databanken, wordt geregeld, heeft

op zowel sociaal als op economisch gebied een negatieve invloed.

9. De grootte van de zogenaamde "overkill" factor van de kernwapens van

de twee nucleaire supermogendheden doet vermoeden dat het vertrouwen

in deze cijfers gering is.

H.E. Keus Leiden, 11 november 1981


