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STELLINGEN

De conclusie van Kobayashi, Tsujikawa en Friedberg dat een spingolf model
toegepast op een ééndimensionaal magnetisch systeem de waarde van Xl(o)
voor de magnetische keten verbinding CanC]3~2H20 bevredigend verklaart
is niet afdoende gefundeerd.
H. Kobayashi, |. Tsujikawa en S.A. Friedberg, J. Low Temp. Phys.
10, 621 (1973).

Door aan te nemen dat bij 250 °C de methaan-deuterium uitwisseling op 2%
Ni/SiO2 uitsluitend op het nikkel plaats heeft, gaan Cece en Gonzales ten
onrechte voorbij aan eerder door henzelf verkregen resultaten.

J.M. Cece en R.D. Gonzales, J. Catal. 28, 260 (1973).

J.M. Cece en R.D. Gonzales, J. Catal. 28, 254 (1973).

De interpretatie van de absorptiebanden in het spectrum van mangaan-
cupferraat zoals die gegeven wordt door Abou El Ela en Afifi stemt niet
Overeen met de toekenning van de absorptiebanden van het door dezel fde
auteurs beschreven zinkcupferraat-complex.

A.H. Abou El Ela en H.H. Afifi, Z. naturforsch. 29a, 719 (1974).

De toekenning in de NMR spectra van p-halogeenfenyllood-tris (trifluor-
acetaat) aan de fenylprotonen zijn door Kalman, Pinhey en Sternhell on-
zorgvuldig gedaan.
J.R. Kalman, J.T. Pinhey en S. Sternhell, Tetrahedron Letters
5, 5369 (1972).

De conclusie van Clack en Williams dat de resul taten van nun M.0.
berekeningen aan CuFé- worden ondersteund door de door hen gemeten absorp-
tiespectra is aan twijfel onderhevig.

D.W. Clacken W.T. Williams, J. Inorg. Nucl. Chem. 35, 3535 (1973).

De indicering van het rontgendiffractiepatroon van NaHnCI3 zoals die door
Kestigian en Croft voor het door hen bereide preparaat gegeven wordt is
onjuist.

M. Kestigian en W.J. Croft, Mat. Res. Bull. 4, 877 (1969)




7. De conclusie van Riou, Gérault en Lecerf dat de zuurstofatomen en de OH-
groepen in het y-Cuz(OH)ZCrOh een hexagonale dichtste bolstapel vormen
is onjuist.

A. Riou, Y. Gérault en A. Lecerf, Bull. Soc. France Min. Crist.
6, 25 (1973).

8. De door Yu.E. Kirsh, 0.P. Komarova en G.M. Lukovkin gevestigde indruk dat
het potentiometrisch titratiegedrag van poly-4=vinyl-pyridine als functie
van de zoutconcentratie in het gebied van lage ladingsdichtheid afwijkt
van het gedrag van andere zwakke polyelectrolyten is onjuist.

Yu.E. Kirsh, 0.P. Komarova en G.M. Lukovkin, European Polymer J.

9, 1405 (1973).

9. Aangezien een mede-eigenaar van een octrooi volgens artikel 39 1id 2 van
de Rijksoctrooiwet de bevoegdheid heeft alle handelingen genoemd in artikell
30 van de Rijksoctrooiwet te verrichten, kan, omdat uit artikel 39 lid 1
van de Rijksoctrooiwet en uit de Memorie van Toelichting daarop blijkt dat
de mede-eigendom van een octrooi een vrije mede-eigendom is, het gedeelte
van artikel 39 1id 2 van de Rijksoctrooiwet, waarin bepaald wordt dat
licentie slechts met gemeen goedvinden der mede-eigenaren verleend kan
worden, tot een dode letter gemaakt worden door overdracht van een gedeel~

te van een aandeel in een octrooi.

10. Het zou aanbeveling verdienen voor die ongehuwde en andere al leenstaanden
die daar prijs op stellen de mogelijkheid te scheppen met vervroegd pen-

sioen te gaan.

11. Gezien het feit dat de gemiddelde tevensduur van vrouwen groter is dan die
van mannen, is het onrechtvaardig vrouwen op een lagere leeftijd te

pensioneren.

J.W. Arbouw Leiden, 2 oktober 1974
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CHAPTER.I

INTRODUCT ION

During the past decade a lot of information has been obtained in
the field of the chemistry and physics of the rare-earth metals. One
of the reasons for this is the availability of the rare-earth metals
and a great number of their compounds in a high state of purity and
at reasonable prices.

From a crystal chemical point of view the rare-earth metals and
compounds are very interesting because in corresponding valence states
the ionic radius decreases with increasing atomic number. This gives
the crystal chemist the possibility to search after the influence of
the radius ratio of cation and anion on the crystal structure, and
related to that after the influence of the radius ratio on the physical
properties.

From a physical point of view the rare-earth metals and compounds
are also of great interest because of the, by the outer 5s- and 5p-
electrons well screened, 4f-electrons which are responsible for the
greater part of the magnetical and other physical properties.

The ground states of the trivalent rare-earth ions are in general very
well described by the Russell-Saunders coupling model, and the values

of the effective magnetic moments (ueff) are generally in good agree-

ment with the theoretical values R g/I({J + 1) Hg? where g is the

Landé spectroscopic splitting factor and J is the total angular momentum.
Only in the cases of Eu(lll) and Sm(I111) there is a discrepancy which
can be explained by thé existence of excited states lying close enough

to the ground state to be populated at ordinary temperatures.

The behaviour of the rare-earth ions is obviously different from




the magnetic behaviour of the compounds of the first row transition

metals. In compounds of these elements the influence of the crystal

field on the atomic orbitals of the magnetic ions is much greater and
consequently the orbital angular momentum is completely or partially
quenched. In many of these compounds the effective magnetic moment is
fairly well described by: Mogs ™ g/S(S + 1) Hg? where S is the spin
angular momentum, and g is not greatly different from the 'free-elec-
tron'" value of 2 (deviations up to 20% due to residual orbital contri-
butions may occur).

Next to the difference in magnetic behaviour of the rare-earth
compounds from that of the first row transition metal compounds, the
magnetic behaviour of the rare-earth metals and alloys also differs
from that of the other spontaneously magnetized elements, iron, cobalt
and nickel.

The magnetic moment of the spontaneously magnetized rare-earth
metals results mainly from the 4f-electrons, which are localized at the
individual ions. This is clearly revealed: first by the measurements
of the magnetic moment per ion determined by saturation measurements
second by measurements of the paramagnetic susceptibility well above
the magnetic ordering temperatures. These moments correspond, in most
cases, within a few percent with the theoretical values for isolated
rare-earth ions having unpaired 4f-electrons, as is indicated in
table I-1.

As in the case of iron, cobalt and nickel the direct 3d-3d ex-
change interaction is too weak to account for the magnetic ordering (1),
the even much weaker Lf-4f exchange interaction is incapable to explain
the magnetic ordering in rare-earth metals at a somewhat elevated tem-
perature. Therefore it is reasonable that other electrons than the
localized 4f-electrons are assumed to take part in the interaction even
though they make only a small contribution to the spontaneous magnetic
moment. That a different type of magnetic interaction plays a role here
is also indicated in table I-1, where the different kinds of spin-
arrangements are also listed.

Zener (2) proposed a model of magnetic interaction in which

itinerant electrons couple together electrons which are localized on
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Some magnetical properties of the rare-earth metals. T, anomalies in the specific
heat, Ty: Néel temperature, Tg: Curie temperature, O.: paramagnetic Curie temperature,
Mp: saturation moment, Heff: effective magnetic moment, the values in parenthesis

are the calculated values. (After W.C. Koehler (18).)




the rare-earth ions. Ruderman and Kittel (3) worked out a similar
second order interaction between nuclear spins via the conduction elec-
trons. Kasuya (4) and Yosida (5) obtained for the coupling of localized
ionic moments via the conduction electrons a similar quantitative result.
This theory, the so-called Ruderman and Kittel, Kasuya and Yosida
(RKKY) theory can be used to explain many of the properties of the rare-
earth metals and their alloys (6-13).

The magnetic behaviour of the insulating rare-earth compounds
generally can be explained in terms of a weak direct and a weak
super exchange interaction. E.g. the magnetic properties in the series
Eu0, EuS, EuSe and EuTe; in which the oxide, sulphide and selenide of
europium are ferromagnetic, and EuTe is antiferromagnetic (Gorter et

al. (14)) (table 1-2). The direct exchange interaction in these compounds

Heff

Eu0 7.9
EuS 8.0
EuSe 8.2
EuTe 7.6 7.5

Table 1-2. Magnetic data for europium
chalcogenides. (After E.W.
Gorter et al. (14).)

is assumed to be ferromagnetic and to decrease with increasing cell-
edge; the super exchange interaction via an anion is supposed to be
antiferromagnetic and to increase with increasing atomic number of the
anion.

F. Holtzberg et al. (15) suggested that the magnetic properties

of the series Eu(

Gd Se (x =0 to 1), which form a complete homo-

1-x)
geneous system having the rocksalt structure and a number of conduction

electrons per magnetic ion that varies from 1 for x = 1 to 0 for x = 0,

can be explained in terms of the RKKY-theory. This applies as well for

10




the series Eu( LaxSe with the same variation in conduction electron

concentration ;nz)with a varying number of magnetic ions. As in the
weak ferromagnetic semiconductor EuSe the Eu(ll) ions are partially
replaced by Gd(I111) or La(lll) ions the number of electrons in the
conduction band increases. In addition to a large increase in electrical
conductivity the paramagnetic Curie-temperature ( p) changes from
positive to negative in the case of the system Eu(]_x)deSe. In the

system Eu( LaxSe, the paramagnetic Curie-temperature has the same

1-x)
behaviour, but the changes are less due to the decrease in number of

the magnetic ions. Figure |I-1 gives the paramagnetic Curie-temperature

o EU(I-X,‘ Gdy Se

1 ° Eu“_x)LoxSe
-60
Fig. 1=1, Variation of the paramagnetic Curie—temperat
of EuSe with GA(III) and La(IlI) substit 1fter
F. Holt werdg, TR, »l'lll."ly;‘.'i-!'!_‘, . M
J.C. Sutte (ref. 15)).

versus X for these two series.
The same authors (16) indicated that probably a similar interac-

tion occurred in the gadolinium selenide series Gd( Seu, where

3-x)
x =0 to 1/3, with the thorium phosphide structure (figure 1-2), and

1
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'.R. McGuire, S. Methfessel and J.C. Suits (ref. 16)).

in the mixed gadolinium antimonide-gadolinium bismuthide system of the
formula Gdh(beBi(1-x))3’ (x = 0 to 1), with the anti-thorium phosphide
structure (figure 1-3).

J. Grunzweig and M. Kuznietz (17) tried to account for the proper=
ties of uranium compounds UX, where X is either an element of the
pnictide group (N,P,As,Sb) or an element of the chalcogenide group
(s,5e,Te) . The pnictide group compounds are antiferromagnetic, while
the chalcogenide group compounds are ferromagnetic. All compounds have
the rocksalt structure, high magnetic transition temperatures (50 -

220 K) and low electrical resistivities (table 1=3). The uranium ion

12
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ref. 16)).

is assumed to be in the U(IV) state and the surplus electrons are
supposed to be in a conduction band. The coupling between U(IV) ions
is assumed to be an indirect one via the conduction electrons

(RKKY mechanism). The experimental data agree rather well with these

assumptions.
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. | 4.890 3.11 -325 160
| uw | 5.5865 123 .72 3.31  + 3 200
| 5.589 130 1.9 3.56 + 36 244
I oW |
‘ UAs 5.766 128 3.54 + 32 238
¥ | 5.771
. usb | 6.1805 213 3.85  + 95 357
| 6.191 ~
| us 5.487 178+2 1.20 222 +173 112 }
. 5.4885 18045 1.60 2.25 +185 286
—_— - - ==
k USe } 5.710 185 1.31 2.51 +188 244 |
| 5.743 210 280
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Table 1-3. Properties of UX compounds (after J. Grunzweig
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CLH ASPAFREYR, L)

RUDERMAN AND KITTEL, KASUYA AND YOSIDA INTERACTION.

l1=1.Introduction.

The most important interaction that is believed to cause magnetic
long-range order in the rare-earth metals and their metallic conducting
compounds is generally assumed to be an indirect exchange interaction
of localized ionic magnetic moments via the conduction electrons. This
concept is supported by studies of the N.M.R. spectra (Knight=shift(1)),
electron spin resonance (2) and by the fact that the rare-earth oxides
and other ionic rare-earth compounds, having no conduction electrons,
have very low magnetic ordering temperatures.

This indirect type of interaction, that is responsible for the
coupling of nuclear spins, the line broadening in N.M.R. spectra and
for the Knight=-shift in metals and metallic compounds, has first been
suggested by Frohlich and Nabarro (3), and has been worked out in more
detail by Ruderman and Kittel (4). Zener (5), Kasuya (6), Yosida (7)
and several others (8-13) investigated the analogous interaction via
the conduction electrons of the electronic magnetic moments localized
on the metal atoms.

The interaction of a localized magnetic moment on a metal atom
with the localized magnetic moment on another metal atom can be visua-
lized in the following manner. The scattering of a conduction electron
by a localized magnetic moment 31 depends on the interaction J].g,
where s is the spin of the conduction electron. A second localized
magnetic moment 32 percepts the density of the scattered electron
through the interaction jz.;. This process effectuates an interaction

between the two localized magnetic moments j] and jZ' With an inter-

16




action of this type the expression obtained for the paramagnetic

Curie-temperature (fp) is:

2 2 i e
312" (g-1) J(J+1)ASm:nF(2kFRmn)

thzeF

with: Z is the number of conduction electrons per rare-earth atom,
g is the Landé spectroscopic splitting factor,
J is the magnetic moment of the rare-earth ion,
is the exchange interaction between 4f- and conduction electrons,
k is the Boltzmann constant,
F is the Fermi energy,
k. is the Fermi momentum,

R is the distance between the rare-earth ion spins.

ZkFRmncos(ZkFRmn)—S|n(2k
4

RE)
F''mn
F(ZkFRmn

)

(ZkFRmn)

| 1-2.RKKY=theory.

The above-mentioned theory, the so-called Ruderman and Kittel,
Kasuya and Yosida (RKKY) theory, assumes, as given in the approach of

Kittel (14), a nearly free electron model described by Bloch-functions:

- ik.x _ > -
g (X) = e e (X) = ¢3(x) |s> (1)

where s is the spin-index and denotes spin-up (4) or spin-down (+) for
z
S
The perturbation of the conduction electron density created by the
. . - -+ . - . .
Interaction of a localized moment Jnat the position Kn with a conduction
electron at ?j is first calculated. The hamiltonian X, for this inter-

1
action has the form:

X, = r(?j - R) EJ..'JU (2)




=
rj =
For the entire system with many (j) electrons and many (n) localized

where T'( ﬁn) is an exchange constant.

magnetic moments we have an interaction hamiltonian:

The electron-field operators are:

+ -»

c. ¢ (x) (4)

-»> - -> +
v(x) =Zc, ¢, (x); ¥ (x)=%c, ¢,
ks ks

L
ks ks ks ks
+ : 3 Ten 4
where ci and ¢, are the fermion creation and annihilation operators.
s

ks * s
By using the one electron expectation value: / ¢ (;)K@(x)de, we

obtained the following hamiltonian in second-quantized form:

K-35 ©rddxles rG-R)3T 6, R (5)
kk' n k's' ks k's' ks
ss'

Substituting for ¢ the Bloch functions of (1), we get:
ks
'V)' vk > >
e ecrrdten BN Rr =T Ede N Ry Bl
kk' n k's' 4 v
ss'

- - -
If we take x' = x - Rn, the integral becomes:

- ' * T - e - T (x'+R > >
ra3xt etk AX+R”)u* (x'+Rn)T(x')s.Jne'k'(x +Rn)u+ (x'+R )]
k's' ks
and as u, (x' + ﬁn) = u, (x'), due to the periodicity of the lattice, we
ks ks

may rewrite this as:

jd3x[e-|k'§n ¢x (;)T(;);-jn¢, e'k'ﬁn]

k's! ks

So we obtain for the hamiltonian:




kk' n k' k B
ss'
PN o -
= el(k K')Ry (k,k')<s'|s Jn s ct c,
kk' n k's' ks
ss'
where: Z(K,i') = [dzx:: (;);(;);»(&)
k! k
With: s.J = s%J% + 55+J_ - gs_J+
n n n n

+ e ’
where s, J', s , J are the raising and lowering operators:

) 's':sZJZISfct c, = iJi(cf c. -cr S,
ss' Vst Ks k' kt K'+ ke
- N

% s'|s'J ‘S/Ct C, = ancﬂ c.

ss' k's' ks '+ ket
3L <s' s-J:‘s-cf c, = gJ:Cf ;

ss' k's' ks k' kb

Consequently
T > Eyone 5
=gz, 3! K)o @R 03 o, -t o))+

kk' n k't kt k't ki
J:ct c. # J-c: c, !

"K' ki Rt ke

(7)

(8)

The wave function for electrons with spins mainly up is in first order

perturbation theory given by:

- - 3 <k's 3| kt>
[kt> = |[kt> 0 + 5! [k's>
] -

k k'

(9)

where :K1>0 is the unperturbed state with spin up, and the prime in the

19




. = .
summation indicates that the state k's = k4 is to be excluded from

the summation.

is the energy of a nearly free electron in the state k and m is

effective mass of the electron, then we find from the equations 8 and 9:

O L W
3 |(k-k').§n( Z|72, 1> o
ot te (F[ke> + 9% K>

|ka> = |ka> + = 3
kl

3
KD = K n (12)

If the u, part of the Bloch function is independent of k, and if we

take I'(k,k') = TI' is a constant we may write equation 12 as:

J

(34> + 3T (13)
12 n n
=K n
The principal value for the integral, which is necessary because of the
exclusion of the state k' = k from the summation over k' in the
equations 9 and 12, is given by:
ik'.x 2
e i 2m
—2———=————cos kr

K+ = k'2 r

‘Jdak'

thus we have:

p= - mxTJcos kr o
[Ktim R i 2IZ]4> + 37 [4>)
bnrh n

The electron density corresponding to this wave-function is:

” m“FJcos kr
p(kt) = 1 + —————— cos kx 2L (16)
2 n
2nrh n

Integrated over the ground state Fermi-sea this gives the total spin-
up electron density:
20




3

3o (2 F

d”kp (kt) = — {1
6+

2kFRc052k R = sin2k_R

F F
4

(ZkFR)

This is the Ruderman-Kittel function; a graphical representation of

this function is given in figure I1-1.

F(x)A

Fig. ll-1.Variation of the Ruderman-Kittel function, F(z),

.1
with

o

x (after A. Herpin, Théorie du Magnétisme (ref. 15)).

We can see that the localized Lf-moments perturb the conduction
electron spin in an oscillatory way. In second order this perturbation
leads to an interaction between two localized magnetic moments, which
is given by the hamiltonian:

| -

1 <ks || k' s><k's |7 ks>
X' =

kk'

ss'

€k T Skt

Using for ¥ the hamiltonian of eq. 8 and making the same assumptions

(eq. 10 and 11, I(k,k') ='FJ, uw, is independent of k) we made before, we
k
find:




9722TJ

- 1 ——F FlkeR,) Iy T, (20)
m>n 4e V
F
where: Z is the number of conduction electrons per atom, and V is the
atomic volume.
According to the evaluation of de Gennes (15) and Liu (16) the

exchange constant TJ
orbit coupling, by (g - 1)?5, where T _ is a constant for all rare-earth

may be replaced, in the case of a strong spin-

ions and g is the Landé spectroscopic splitting factor of the ion.
Thus the final form for the interaction hamiltonian becomes:
2 2
: gnz?r2(g - 1)
I = I F(2k

2 FRmn) Jm'Jn
-

m>n Lv=e
Interactions of this type cause a long-range magnetic order.
We now replace the interaction in eq. 21 by an effective magnetic
field H_ so that RJ has the form:
e

= + >

I =3Ig uBJ

m

.H
m e

21 and 22 we may write:
2-2 2
T

9nZ 5

g-1) .
2 F(ZKFRmn) Jn
hngV EF m>n

In the Weiss approximation we may replace each jn by its average <Jn*,
and as all magnetic atoms are identical and equivalent, <jn> is rela-
ted to the total magnetic moment of the crystal by:
i = Nqu.<J > 24
» Ng B Jn (24)
From eqs. 23 and 24 we may write:

)2

. 9ﬁZZT§(g <) u "
Ho= L F(2keR ) M (25)

° &Ngzpszvst m>n

n

For a simple paramagnet the magnetization due to a magnetic field H

22




given by: . NgzpéJ(J 1) N
M=—-—————H (26)

3kT

In the molecular-field model we replace H by the sum of the applied

field HO and the molecular-field ﬁe’ hence from eqs. 25 and 26:

NgzugJ(J +1)

Mee———— (A +H) =
3KT = e
NgzuéJ(J + 1) *0 3rZZJ(J + 1)r§(g = 1) o
= — 3 EF(ZkFRmn) M
3k T Lkv eFT m>n
(27)
NgZuZa(d + 1)
When we take ( = —————————— and rewrite eq. 27
3k
B LikTvZe
> 0 F
LS 7 7.2
j LkTV EF = J(J + 1)372Z ;S(g -1) z F(ZkFRmn)
m>n
2 2 i g
3n2%(g = 1)V + 1)1S z F(ZkFRmn)
m>n
L 2
Lkv €F
T =09
P
X Q. . v 2
where: 3nZ2%(g 19 + ])rsminF(ZkFRmn)
up = 5 (28)
Lkv €F

is the paramagnetic Curie-temperature. From this formula it can be
seen that in the case of RKKY-interaction the paramagnetic Curie-
temperature, among other things will depend on the conduction electron

concentration and on the distances between the magnetic ions.
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CHAPTER III

CRYSTAL CHEMISTRY OF SOME OF THE BINARY AND TERNARY
RARE-EARTH CHALCOGENIDES

I11-1.Survey of the rare-earth chalcogenides.

A very extensive survey of the crystal-chemistry of the binary
and ternary rare-earth chalcogenides has been given by Flahaut and
Laruelle (1) and by Flahaut (2). Here only a brief summary of the
phases existing between the rare-earth metals on the one hand and
sulphur, selenium or tellurium on the other hand and also of the mixed
rare-earth metal, alkaline-earth metal chalcogenides will be given.

A schematic representation of the phases existing in the binary
rare-earth chalcogenide series is given in the figures 111-1, 111-2

and 111-3. The phases whichare investigated in this thesis are those
la Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

LSZZ.O‘ 800

0 OO

Ls1.o-DDDD_—DUDUDD

Fig. Ill=1.Schematic representation of the phases in the rare-earth

sulphur system (after J. Flahaut and P. Laruelle (ref.1)).
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with the ThBPQ-structure, the y-phase.

This thorium phosphide structure will only exist if the radius of
the rare-earth ion with regard to the chalcogen ion is large enough
for an eight-coordinated metal ion. This will only be realized with
rare-earth metals having a lower atomic number and large radius. For

the sulphides the thorium phosphide structure is found in the metal

Qeficient composition,l3]/3L22/35“ (equivalent with LZSB) from lantha-

num up to and including terbium, and for the non-deficient composition,
L3SQ, from lanthanum up to and including europium. Contrary to Flahaut
and Laruelle (1) we have also found a phase with the thorium phosphide
structure in the dysprosium sulphur system, with a cell-edge of:

a = 8.293 ﬁ, but we did not succeed in obtaining this phase pure. In
the selenide series we find the thorium phosphide structure from lan-
thanum up to and including samarium for D]/3L22/35el4 (equivalent with
L25e3) as well as for LBSeb. For the tellurides 31/3L22/3Teu and L3Teu
we find the thorium phosphide structure from lanthanum up to and in-
cluding neodymium. These facts all agree very well with the assumption
that the radius-ratio of cation and anion is the determining factor for
the structures in the rare-earth chalcogenides.

In fact the thorium phosphide structure is a high temperature
modification. At lower temperatures the orthorhombic a=modification
and the tetrogonal B-modification are stable. The B-modification however
seems to be stabilized by approximately 0.8% oxygen (n L]OSIAO)(3,A,5).
The a- and B-modification are stable up to 1200°¢ - 1400°¢ approximate-
ly. Above these temperatures the thorium phosphide structure (y-modifi-
cation) becomes stable.

The compositions L2X3 of the rare-earth metals with higher atom-
numbers have the YZSB- and U253-structures with 7-coordinated metal
203- and Sc253-structures, both with 6-coordinated metal
ions. These compounds can all be obtained in the higher coordinated,

ions or the Al

and more dense thorium phosphide structure under a pressure of approxi-
mately 80 k.B at a temperature of 1200°C or higher as is shown by
Eatough et al. (6,7).

The ternary chalcogenides of the rare-earth metals with the diva-

lent alkaline-earth metals, of the general formula MLZXA (M = Ca, Sr or
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Ba), show a similar behaviour. With the rare-earth metals of lower
atomic number the thorium phosphide structure is obtained; the alkaline-
earth and the rare-earth metal being distributed statistically over the
eight coordinated thorium position. With the rare-earth metals of high-
er atom-number and smaller radius the seven-coordinated ytterbium
selenide structure (8) or the calcium ferrite structure (9) are formed,
the latter with the metal-ions in six- and in eight-coordination.
Chalcogenides of the general formulas: L2X3, L3Xh and MLZXA crys=

tallizing in the various types of structures are given in table Il1-1.

111-2.The thorium phosphide structure.

Many of the chalcogenides of the first elements of the rare-earth
metals have as the high temperature crystal structure the eventually
metal-deficient thorium phosphide structure. The thorium phosphide
structure belongs to the very interesting group of cubic crystal struc-
tures with non-intersecting threefold-axes. The space-group is 1%3d
(Tg), and the atoms have been placed in the following special positions

(notation after International Tables for X-ray Crystallography).

Th: (12a)
(0,0,05%,%,%) + 3/8,0,1/4; 1/4,3/8.0; 0,1/4,3/8;
1/8,0,3/4; 3/4,1/8,0; 0,3/4,1/8.

P: (16c)
(0,0,05%,%,%) + Rip X553 1744, 1/b4%x,1/b+x;
1/24x,1/2=x, x ;3  3/b+x,1/4-x,3/4~x;
X S 1/24x,1/2-x; 3/4=x,3/44x,1/b-x;
1/2=x, X ,1/24x; 1/4=%,3/b4=x,3/4+x.

where x equals approximately 1/12.

A projection of the thorium phosphide structure on the (001) plane
is given in figure |l1I-4. A good description of this structure is given
by Yu.A. Kharitonov et al. (10). As a basis for their description these
authors take the distorted octahedron with thorium atoms at the vertices

and a phosphorus atom in its centre. A Penfield projection of this
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La Nd

“— ThsP,
L,S
23 8.731 8.630 8.573 8.527 8.387 8.334
2 ThsP),
374 8.730 8.626 8.575 8.524

€

Cal,S, g.687 8.615 8.578 8.533 8.423 8.400 8.376

Th3pb

SrL,S,  8.790 8.718 8.682 8.649 8.551
———ThyP,

Bal,S, g8.917 8.864 8.817 8.793

Th, P
L, Se 34
ST 9.055 8.973 8.927 8.859
25 - Th3Pu
3774 9.055 8.973 8.927 8.859
<« ThBPh
L 9.124 9.060 9.019 8.989
BalL,Se ThBP“ rt:E
2°%4 9,258 9.186 9.150 9.120

SrLZSe

Table I11-1. The structures of the rare-earth chalcogenides of the formula: L2X3, L3X“ and MLZXk'

For the thorium phosphide-type compounds the cell-edge is given in R.




octahedron is given in figure |11-5. The distortion can be realized

by rotating the upper plane of a regular octahedron by approximately

22° relative to the basal plane around a threefold axis and a subse-

quent elongation of the octahedron by about 13.4% along the threefold
axis. Along the threefold axes of the cubic cell we have continuous
columns of these octahedra sharing their common equilateral triangles.
In figure |11-6 we have indicated one of these columns in the projec-
tion of the structure. Now any octahedron is connected by its two bases
to adjacent octahedra in the same column and by three of its lateral
(and distorted) faces to three octahedra of the other columns corres-
ponding to the other three directions of threefold axes of the cubic
cell. The three remaining and non-shared faces of each octahedron
participate in empty tetrahedra.

This brings us to (distorted) octahedra which share five faces,
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etion of the distorted thorium

Fig. |l11-5.Penfield proj

octahedron in the thorium phosphide structure.

six edges and half of the corners twice and the remaining corners three
times as is indicated in figure I11-7. The above~indicated framework

of octahedra is a very dense one, the ratio of the number of tetrahedra
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Colum of face shared octrahedra along a threefold

and octahedra in this metal matrix is three to four. In structures
based on a closest packing of equal spheres the ratio of tetrahedral
to octahedral sites is two to one. The relatively high density of this
stacking of octahedra is also illustrated by the space-filling of the
thorium=lattice which, for a hard sphere model with half of the thorium-
thorium distance chosen as the radius for thorium, is 64.3%. For com-
parison the closest packing of equal spheres is 74.05%, and that of a
body-centered cubic lattice is 68.02%.

A quite different description of the thorium phosphide structure
is indicated by Loeb (11). For his description of crystal structures
Loeb uses the concept of invariant lattice complexes (Niggli (12)). A

lattice complex is defined as an arrangement of equivalent points which

are related by the symmetry operations of a space-group (13). Such a

lattice complex is called invariant when the points have definite and
constant coordinates. For the invariant point complexes a nomenclature

and a complete taxonomy has been developed by Hermann, Hellner etc.
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The sharing octahedron of the thorium phosphide struc-

= A . Ly o e
ture. @éy Corner thrice shared @z» Corner twice shared

===== Edge once shared ————== Non-shared edge

Shaded faces are shared faces.

(14,15,16) . Loeb found that by rounding off all coordinates to the near-
est multiple of 1/8 it is nearly always possible to identify a point
complex as a distorted form of one of the invariant lattice complexes.
In this way it is often possible to find relations between crystal
structures.

In the thorium phosphide structure the thorium positions al ready
occupy an invariant complex, the so-called +S-complex. These positions
are equivalent to 1/8 of the interstices in a body-centered cubic
lattice, or to one quarter of the vanadium positions in V3Si.

With the parameter of the phosphorus atoms set equal to zero, the
phosphorus positions form an |-complex that is a body-centered cubic
lattice. In the real structure the parameter of the phosphorus positions,
which is approximately 1/12, brings the phosphorus atoms to the centres
of the distorted thorium octahedra, and it brings the coordination of
the thorium from four to eight. As can be seen in the upper part of
figure 111-8, which is a projection of the +S-complex, the lower and the

upper plane of the octahedron are rotated by a fixed angle of 21°48'
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Fig. Penfield projection of

the stacking of

indicated,

position of the phos-
phorus atoms ts
centres of

octahedra.

relative to a regular octahedron. The lower part of figure I11-8 gives

the Penfield projection of the stacking of two space-filling polyhedraof
the bcc-lattice (cubo-octahedra, Gorter (17)), with the idealized thorium
and phosphorus positions. The stacking of these cubo-octahedra in the

different directions of the threefold axes is given in figure |11-9.

111-3.0rdering on the cation sites in the thorium phosphide structure.

F.L. Carter (18-21) has studied recently the possibility of

cationic charge ordering and vacancy ordering in the thorium phosphide
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related structures.

In the literature dealing with the rare-earth chalcogenides having
the thorium phosphide structure no experimental evidence for the
ordering of vacancies in the compounds of the general formula:
C]]/3L22/3Xh or for charge ordering in the compounds of the general
formula: Mszk has been found.

MSssbauer studies in 1967 by Berkooz et al. (22) on EuBSh show
the existence of Eu(ll) and Eu(lll) ions in the ratio one to two below
210 K but above that temperature the isomer-shift peaks broaden and
then merge into a single intermediate peak, consistent with a hopping
electron transport model of the extra electron. For the same compound
Bransky et al. (23) have observed an electrical transition near 175 K,
due to an abrupt change in activation energy for conduction from
0.16 eV to 0.21 eV below the transition temperature. This is in reason-
able agreement with 0.24 eV obtained by Berkooz et al. More recently

Davis et al. (24) have shown from X-ray analysis, D.T.A. data and

magnetic data that in Eu3Su a phase transformation occurs at 168 Kwhich

is non-magnetic in origin. These authors suggest this phase transfor-

mation to be due to a charge ordering of Eu(ll) and Eu(lll) in a tetra-
12
Zd)'

We have tried to find experimental evidence for a crystallographic

gonal cell of the space-group 1%2d (D

ordering in the compositions O L22/3Xh as well as in the compositions

1/3

MLZXA For the latter we used CaCe Sh The reason for this choice was
the relatively great difference in X-ray scattering of calcium and
cerium ions. We prepared CaCeZSh by heating cericoxide and calcium=
carbonate in a stream of dry hydrogensulphide (method 3, Chapter V-1).
The obtained CaCeZSb was treated thermally in several ways in order to
obtain crystallographic ordering. After this treatment X-ray powder-
diffraction data were collected. All different treated materials gave
the same results. In table I11-2 we have collected the observed and
calculated diffraction data for the thorium phosphide structure with
calcium and cerium statistically distributed over the position 12a of
the space group 153d (T ) and for the ''zellengleiche' sub-group 1524
) with the calcnum-lons and the cerium-ions on the positions 4a

and 8d respectively. The calculated X-ray diffraction data were
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Table 111-2. Observed and calculated intensities for CaCeZSb.

space-group space-group
1524 153d
I zl I £l
calc calc
17
30
1000
286
33
227
121
212
138
48
137
284
5

—
>
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obtained with the aid of a computer program written by Dr. H.M. Rietveld
of the R.C.N. Petten, the Netherlands. The agreement of observed and
calculated data is fairly good for the model with the calcium and cerium
ions distributed statistically over the position 12a of the space-group
153d.

For :H/zPr22/3S“ and for D1/3Nd22/331+ the observed intensities are
also in good agreement with those calculated for a model with the
vacancies statistically distributed over the cation positions in the

thorium phosphide structure, as can be seen in table 111-3.

Il1-4.Parameter variations in rare-earth chalcogenides with the thorium

phosphide structure.

In the rare-earth chalcogenides with the thorium phosphide struc-
ture it will be possible to vary both the conduction electron concen-
tration and the cell edge almost independently. This is the reason why
these compounds seem to form an excellent subject to study the indirect
magnetic interactions of the RKKY type. For instance going from Ce253
fitting with the crystal structure D]/3Ce22/35b (where O denotes a
cation vacancy) to Ce Sh,the interatomic distances will hardly vary

3
a=28.630+5R, Ce a=8.625+ 5 ). The number

(0y/3e2;5/3% 3%
of conduction electrons, however, assuming an ionic model with trivalent
cerium and divalent sulphur, will vary from zero to one per formula

unit, which is reflected in the electrical resistance and other

physical properties (figure I11-10 (‘D]/3Ce22/35h: p > 1000 x 10.6 Qcm,
Ce Sb: p = 0.58 x 10-6 Qcm)) . From BaCeZSh (a = 8.864 R) to Ce Sb both

3 3

conduction electron concentration and interatomic distance vary.

As the compounds with the thorium phosphide structure form a com-
plete homogeneous system, it will be possible to prepare compositions
in the quaternary system between: D‘/3L22/3XA, L3Xb’ ALZXh and BLZXA

of the general formula:

A

Ol-(x+y+z) Dl/3x szLB-(1/3x+y+z)




77 . 77
96 95
48 s 48
47 47

53 . 53
20 W 20

N oo oCNNUvITBT T st soc eI SN SV ESWwWEWEERETWNWNN
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Table |11-3. Observed and calculated intensities for Pr,.S, and

253

Nd253 for a model having the thorium phosphide structure with

statistically distributed metal vacancies.
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J.C. Danko et al. (ref. 24)).

where: 0 is an electron
is a cation vacancy

is a divalent alkaline-earth cation

A
B is a divalent alkaline-earth cation
X

is a chalcogen anion

Xm0 1, ym0+1; z=0+1; x+yxzsl.

With compositions of this general formula it is possible to vary the
interatomic distances and the number of conduction electrons almost

independently.

Due to the distribution of the thorium phosphide type structure
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over the rare-earth chalcogen series we were restricted to the elements
La, Ce, Pr, Nd, Pm and Sm. Our only possible choice was the elements
praseodymium and neodymium. The reasons for these limitations are: for
La(lll), the lack of magnetic moment; for Ce(lll) the large extent of
the 4f-orbital so that direct- and superexchange play a larger role
here; for Pm(l11) the radioactivity of this element and for Sm(l11) the
small spacing of the J-multiplet levels relative to kT. So we investi-

gated the systems:

iH/BPr22/3Sb = PrSSb 2 CaPrZSq BaPrZS“

:I/Bpr22/3seh = PrBSeh SrPrZSeu BaPrZSeu

Oy/aNd2, )58, - Nd,S), - CaNd, S, BaNd, S,

CH/BNdZZ/BSeA = NdBSeu - SrNdZSeb BaNdZSeh

In figure II1-11 is indicated how we selected among all possible
compositions in these quaternary systems, the compositions to be measured.
This figure gives the four equilateral triangles forming the faces
of a regular tetrahedron, which represents a quaternary system. First
we limited ourselves to the isoelectronic planes with 0, 1/3, 2/3 and
1 electron per formula unit represented in figure 111-11 by the dash-
dot lines. Then starting with the binary compositions on these planes
we prepared compositions with equal cell-edge on the other planes. This
is indicated by the dashed lines in figure I11-11. In this way it is
possible, providing Vegart's law will hold, to obtain series of com-

positions with equal cell-edge and varying electron concentration.
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MAGNETIC MEASUREMENTS

IV=1.Introduction

In the range 2 K to 100 K magnetic measurements were carried out
by means of a Princeton Applied Research (P.A.R.) Parallel Field
Vibrating Sample Magnetometer Model 150. These measurements were per-
formed in magnetic fields up to 56 kOe produced by a superconducting
Nb=Zr coil. Details of the apparatus were described by H.T. Witteveen
(1). In the temperature range 80 K to 1200 K we used for the magnetic
measurements an automatic Faraday-balance which will be described in
IV-2.

We analyzed the magnetic behaviour of our compounds in the para-

magnetic region with the Curie-Weiss law:

Xy = [C/(T - @)] - A

3

the magnetic susceptibility in cm mole-].

- : =Y
the Curie constant in cmzdegree mole .

the asymptotic Curie temperature in K.
the temperature in K.

3

. ' . 5 ~ =3
is a temperature independent contribution in cm"mole .

The Curie-Weiss law can generally be used for samples with loca-
lized moments. In that case the temperature independent correction, A,
is a diamagnetic one due to the core electrons. For such a diamagnetic
term we corrected our experimental data, using the diamagnetic suscep-

tibilities per mole as tabulated by Selwood (2). If also collective

Ly




electrons are present temperature independent Pauli paramagnetism must
also be taken into account. When however the multiplet intervals are
comparable to kT, as is the case with Eu(lll) and Sm(111), the simple
Curie-Weiss law will no longer hold and a different dependency of , 2
from T will be expected.

Values for the Curie-Weiss parameters C, © and A were calculated
from the observed molar susceptibilities and temperatures, on an |BM
360/65 computer, with the aid of a least squares approximation program

written by Rietveld (R.C.N. Petten, the Netherlands). From the relation:

the effective magnetic moment
the Boltzmann constant
Avogadro's number

the Bohr magneton
the effective magnetic moment can be calculated.

1V-2.The automatic Faraday balance.

Measurements of the magnetic susceptibility in the temperature
range from 80 K to 1200 K were performed by using the Faraday method
(2,3). The general set-up of the apparatus we used is a modification
of the apparatus described by J.W. Roelofsen (4).

The Faraday method, for measuring magnetic susceptibilities, is a

force method based on the fact that if a sample is placed in an inhomo-

geneous magnetic field Hx in the x-direction (Hy = Hz = 0) the force,

Fz’ in the z-direction, exerted on the sample is given by:
aH

X
R = (mxS - XV)Hx 7;: dynes

is the force exerted on the sample in dynes

is the mass of the sample in grams

ks




S flchedl
g
the magnetic susceptibility of the sample holder in cm

the magnetic susceptibility of the sample in cm

3

the magnetic field in the x-direction in Oe

;Hx/Nz is the magnetic field gradient in Oe cm-]

The geometry of our equipment (figure IV-1) has been chosen in such a
manner as to make the field gradient (z-direction) vertical. Now the
force exerted on the sample, which for a magnetically isotropic sample
also will be vertical, can be measured with a microbalance as if it was
a difference in weight. The balance we use is an automatic compensated
balance, Ugine Eyraud type B60, which can be evacuated. At one side

of the balance beam a silica wire with a silica sample holder is sus-

pended, at the other side is suspended a permanent bar-magnet in the

Fig. |V-1.Faraday equipment.




field of a solenoide. The force on the sample is automatically compen-
sated by a current through the solenoide. When the balance beam is out
of its equilibrium position the illumination of a photo-resistor is
changed. An amplifier system tries to keep the illumination of the
photo-resistor on a fixed value and brings back the balance beam in

its equilibrium position by changing the current through the solenoide.
The change of the current through the solenoide, which is measured over
a potentiometer as a change in voltage, is directly proportional to

the change in the force exerted on the sample. As this compensation
system is sensitive to magnetic fields in the neighbourhood, e.g. to
the leakage field of the electromagnet we use for our measurements,

the balance is screened magnetically by inserting a weak-iron sheet
between the electromagnet and the balance. The small influence of the
leakage field that remains after this shielding is involved in the
correction for the empty sample holder.

The output voltage of the balance is transmitted to a digital
millivolt meter (Solartron type LM1420) and via a signal reducer, which
reduces the signal with approximately 0%, 25%, 50% or 75% of the origi-
nal signal, also to a 2.5 mV Honeywell chart recorder, in order to
check the stability of the balance. The sensitivity of the balance, in

the way we generally use it, is 650 mV gram-]. The stability of the

balance is 5 x 10-6gram.

The sample holder is surrounded by a tube (figure 1V-2) around
which a non-inductive wound coil as heating element. The temperature
of the sample is measured with a chromel-alumel thermocouple for the
measurements in the low temperature region (80 K to 300 K) and with a
Pt/Pt - 13% Rh thermocouple for the high temperature region (300 K to
1200 K). The cold junction of the thermocouples was at 0°C and the
electromotive force was also measured with the Solartron LM1420 digital
millivoltmeter. The thermocouples were calibrated with a platinum re-
sistance thermometer (H. Drijfhout en zoon; type WP-KE-33, DIN-43760).

The magnetic field is generated by an electromagnet provided with
constant force pole-caps. For the low temperature region we use a Dings
electromagnet type GM-1 and for the high temperature region we use a

Brucker electromagnet type B-E 10 Si. As power supply we use a
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specially designed rectifier of high stability built and developed by
- Jesse Electro Apparaten en Transformatoren Fabriek B.V. -.
The magnetic susceptibility per mole of a compound is computed

by using the following formula:

L

X =[U'-Vi]ciG

m I

3 1

Xen is the magnetic susceptibility of the sample in cm mole
is proportional to the force experienced on the sample and
the sample holder by the magnetic field i.

is proportional to the force experienced on the empty sample
holder by the magnetic field i.

is a constant whose value is proportional to the product of
the field strength and the field gradient of the magnetic
field i.

is the molecular weight of the sample.

is the weight of the sample in grams.

The values of Ui’ Vi and Ci depend on the strength of the magnetic field.
The values of Ci for the five fixed values we generally use for the
current through the electromagnet are determined by a relative method
which was based on the magnetic data of mercurytetraisothiocyanato-

cobal tate, Hg[Co(CNS)u] (5,6). In order to check this way of calibra-
tion and in order to check our temperature measurements we used a sample
of gadolinium sesquioxide. We measured several times samples of Gd203
(cacermet 99.999%) which were heated in air at 800°C to remove traces
of water. The magnetic data of these samples obeyed the Curie-Weiss
law with:

% 7.77
Xat = 8
T-0 T+ 16.3

This result is in good agreement with the results of Arajs and Colvin

3'3t-1 and © = =17 K in the tem-

(7) who found the values Cat = 7.80 cm

perature range between 300 K and 1500 K.
The Faraday equipments are completely automized. A schematic

diagram of the overall measuring system is shown in figure 1V-3. The
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Fig. IV=3.Block diagram of the automatic magnetic Faraday

experiment control unit consists of a programmed switch which controls
a program cycle consisting of eight measurements: one force measure-
ment at zero field, followed by five force measurements at five dif-
ferent values of the magnetic field, another force measurement at zero
field and finally one temperature measurement. For each temperature
this cycle is repeated four times. The results of these 32 measurements
are punched on a paper-tape. As these four cycles have been performed
the temperature is altered and after temperature equilibrium has been
reached a new set of four measuring cycles is started. >0 we obtain
with the aid of a computer program, for each temperature four values
of the magnetic susceptibility at five different values of the mag-

netic field.
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€EHAPTERsV

EXPERIMENTAL DATA AND RESULTS

V-1. Preparation of the samples.

The most general techniques for preparing sulphides and selenides
of the rare earth metals are:
b2 Direct reaction between the elements.
22 Reaction of powdered metal with dry hydrogen sulphide or hydrogen
selenide.
Reaction of metal oxides, metal carbonates or mixtures thereof
with hydrogen sulphide, hydrogen selenide or carbon disulphide.
Reaction of rare earth metal compounds with dry hydrogen sulphide
or hydrogen selenide.
Reduction of sulphates, selenates, sulphites or selenites with
dry hydrogen gas.
Solid state reaction of powdered and compressed mixtures of the

products obtained by one or more of the above-mentioned methods.

ad.1:The desired quantities of the rare earth metal and sulphur or

selenium were put in a degassed silica tube, which was evacuated

3

= 10-4 torr and sealed. The tube was heated

to a pressure of about 10
in an electrical furnace, first at 500 °C to prevent any attack of the
silica by the metal and in order to maintain the sulphur or selenium
vapour pressure low. After all sulphur or selenium vapour had disap-
peared, the temperature was raised to 1100 °C for a week. After this
week the samples were cooled quickly (quenched) to room temperature.
If X-ray diffraction showed that the reaction had not been completed

or that one of the low-temperature phases had been formed, the samples
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were powdered in an agate mortar and subsequently compressed into a

cylinder. This cylinder was heated in a thick-walled tantalum crucible

placed in a sealed evacuated (to a pressure smaller than 10-5 torr)

silica tube at 1400 oC, by means of a high frequent induction furnace.
With X-ray fluorescence no tantalum could be detected in the samples

after this treatment.

ad.2:This method of preparation was not used in our investigations.
Because this method only allows us to obtain the sesquisulphides

of the rare earth metals, as is the case with the third method, and

because some of the rare earth metals are pyrophoric and not easy to

handle, we preferred to use the third method.

ad.3:The rare earth oxides were placed in a graphite crucible (Schunck
and Ebe, quality FE 49). This crucible was surrounded by a layer of
non-conducting graphite felt (Schunck and Ebe) and by a cylindrically
shaped graphite radiation shield with vertical slits to avoid energy
pick-up from the H.F. field. This whole ensemble was placed in a silica
tube and heated in a stream of dry hydrogen sulphide at a temperature
of 1300 - 1500 °¢ by means of a high frequent induction furnace (figure
V-1). The products obtained by this method ure in most cases the rare
earth sesquisulphides, which lie on the sulphur-rich side of the thorium
phosphide type phase extension area, as shown by Klemm et al. (1).
Only in the case of europium, EUBSA or even EuS or a mixture thereof
is formed according to the circumstances of the reaction. We emp loyed

this method with hydrogen sulphide only.

ad.4:The reaction between hydrogen sulphide or hydrogen selenide and the
salts of the rare earth metals shows the same advantages and dis-
advantages as the former method. Consequently we did not use this reac-

tion for preparing our compositions.

ad.5:The reduction of sulphates, selenates, sulphites or selenites with
dry hydrogen has many disadvantages. For instance, it is very hard

to avoid the chalcogen element being lost due to the reverse reaction
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Fig. V-1. Equipment for the preparation of rare earth sulphides.
The eylindrically shaped radiation shield is given in

detail.

of the water formed during the reaction, with the sulphide or selenide
(2). We only used this method to obtain the selenides of barium and
strontium (2), which we used to prepare ternary strontium and barium

rare earth selenides according to the sixth method.

ad.6:To obtain the intermediate phases between those prepared by one

of the methods 1, 3 and 5, we compressed appropriate amounts of
powdered specimen obtained by said methods into cylinders. These cylin-
ders were heated in a thick-walled tantalum crucible placed in a sealed

6

torr) silica tube by

and evacuated (to a pressure of about 1072 - 10”

means of a high frequent induction furnace at 1400 °c. X-ray fluorescence
showed that after this treatment no trace of tantalum was present in the

samples.
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The rare earth metals used were powders or chips of high purity
grade, better than 99.9% (Cacermet, Elcomat). By X-ray fluorescence no
trace of other than the assumed rare earth metals could be detected.

The rare earth oxides had a claimed purity of 99.9% (Cacermet,
Elcomat). By means of X-ray fluorescence no rare-earth metals except the
assumed ones could be detected.

The sulphur and the selenium used, had both claimed purities of
99.999% (Fluka A.G.), the carbonates of calcium strontium and barium all
had claimed purities of 99.9% (Merck A.G.), the selenates of strontium
and barium had a purity better than 99.9% (K & K). The hydrogen sulphide
we used had a purity better than 99.5% (Loosco). Prior to use we dried

the hydrogen sulphide over phosphorus pentoxide.

V-2. Characterization of the samples.

X-ray diffraction analysis was carried out by means of a Guinier-
de Wolf camera, and by means of a Philips powder diffractometer, type
PW 1025/25, equipped with a graphite monochromator. In both cases we
used Cu K-a radiation (A = 1.5418 R). In the powder diffractometer all
samples were examined with the reflection method. In view of the possible
influence of preferred orientation of the crystallites due to the flat
sample holder of the diffractometer on the intensities of the diffraction
lines, some samples were also investigated with the transmission method.
As no significant differences in the intensities obtained by these two
methods could be detected the influence of preferred orientation of the
crystallites on the intensities may be neglected.

The cell dimensions and the intensities were calculated on an
1.B.M. 360/65 computer by means of a least-squares Algol program for
overlapping X-ray powder reflections, written by Rietveld (R.C.N. Petten,
the Netherlands). Table V-1 gives, as an example, thé observed and cal-
culated values for IossinZO and for the intensities of PrZS3 and Pr3Sh.
The calculated values are based on a model having the thorium phosphide
structure with the space group 143d (Tg) comprising the sulphur atoms at
the 16c position, with 1/12 as the value for the parameter, and the metal
atoms having the position 12a. For the compositions showing metal-site

vacancies, the calculated values are based on a model with a statistical
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Table V-1. Observed and calculated intensities and lossinzo

values of PrZS3 and PrSSb.

distribution of the vacancies over the metal sites. The agreement between

the observed and calculated data is fairly good.

Vr3ele The system CaPrzsélﬁaPrZSl~Pr22/3S!-Pr3§h.
The compositions investigated in this system are indicated in

figure'V-2. In order to obtain these compositions we first prepared
as starting materials P'22/3Sa' Pr35b, CaPrZSl+ and BaPrZSh. Pr3Sh was

prepared by heating a mixture of the elements in an evacuated silica
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planes of equal electron concentration and dashed lines

indicate planes of equal interatomic distances.

ampoule, according to method 1 (chapter V=1). Przz/3 4’ CaPr S“ and

BaPr Sb were prepared by reaction of dry hydrogen sulphide and praseo-
dymium oxide or mixtures of praseodymium oxide and calcium carbonate

or bariumcarbonate according to method 3 (chapter V-1). The intermediate
compositions were prepared by a solid state reaction of compressed mix-
tures of the starting materials (method 6, chapter V-1).

Magnetic susceptibility measurements were carried out by means of
the Faraday-balance in the temperature range of 80 - 1000 K, in which
temperature range all compositions showed a Curie-Weiss behaviour.

The cell edge, paramagnetic Curie-temperature and the effective
magnetic moment per rare earth ion of the investigated compositions are
indicated in table V-2. In this table we have also indicated the
conduction electron concentration as can be calculated from a simple
ionic model with trivalent praseodymium and divalent calcium, strontium

and barium. In this table we have also indicated the corresponding data

for SrPrZSb.
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Table V-2. Cell edge (a), assumed number of conduction electrons
per formula unit (Z), paramagnetic Curie-temperature (Up)
and the effective magnetic moment (ueff) of some composi-=

tions in the series Pr S%-PrZS

3 -CaPrZSb-BaPrzsu.

3
In figure V-3 the paramagnetic Curie-temperature of these composi-
tions is given as a function of the conduction electron concentration
for the different series of values for the cell edge.
Low temperature magnetic measurements were performed by means of
the P.A.R. vibrating sample magnetometer on samples of PrBS“, Pr22/35h,

CaPrZS“, SrPrZSh and BaPrZSh. The results of some of these measurements
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are summarized in figure V-4.

V=32, The system SrPrZSeL-BaPrZSe[-Pr3§g!-Pr22/}§gh.

The compositions investigated in this system are indicated in
figure V-5. For the preparation of these compositions we used as
starting materials SrSe, BaSe, Pr22/35eh and Pr3Seu. Strontium selenide
and barium selenide were prepared by the reaction between dry hydrogen
gas and SrSeOh and BaSeOu respectively, according to the fifth prepa-

Se were prepared by

ration method of chapter V-1. Pr22/35eh and Pr

3

heating a mixture of the elements in an evacuated silica ampoule, ac-
cording to method 1 (chapter V-1). The sixth method of chapter V-1 was
used to prepare the intermediate compositions.

The results of magnetic susceptibility measurements, carried out
by means of the Faraday balance in the temperature range of 80 - 1000 K,
are given in figure V-6 and table V-4. In that temperature range a
Curie-Weiss law is obeyed. In table V-3 is also indicated the cell

edge and the conduction electron concentration based on a simple ionic

BaPrSey

SrPraSe; PrySe; SrPrySe

Fig. V=5. Compositions investigated in the quaternary system

4 3 4 23
planes of equal electron concentration and dashed lines

SrPryse;-BaPrnSe =Pr Se ,~Pr Se,. Dash-dot lines indicate
& 4 &

indicated planes of equal interatomic distances.
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Table V-3. Cell edge (a), assumed number of conduction electrons
per formula unit (Z), paramagnetic Curie-temperature
(Op) and the effective magnetic moment in the series

PrBSeh-PrZSeB-SrPrZSeh~BaPr25eb
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model comprising trivalent praseodymium,
In this system low temperature magnetic measurements were performed

on samples of Pr Seh, Pr22/33eh’ SrPrZSeh and BaPrZSeh by means of the

3
P.A.R. magnetometer. The results of these measurements are summarized
in figures V-7 and V-8.

For PrBSeu Loginov and Sergeeva (3) have reported +6 K and 3.43 Vg

as values for the paramagnetic Curie-temperature and the effective

magnetic moment respectively.

V-3-3. The system CaNdzgu-BaNdzé 'Nd}Et'Nd22/3§g'
The compositions investigated in this system are given in figure V-3.

These compositions were prepared in an analogous way as those in the

system CaPrZSu-BaPrZSA-PrBSu-Przz/BSh (chapter V-3-1).

Magnetic susceptibility measurements were carried out by means of
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Table V-4. Cell edge (a), assumed number of conduction electrons
per formula unit (Z), paramagnetic Curie-temperature

in the

(Op) and. the effective magnetic moment (
series Nd_S -NdZS -CaNd,S -BaNdZS

ueff)

374 3 274 4*

the Faraday balance in the temperature range 80 - 1000 K. All compo-
sitions showed a Curie-Weiss behaviour in said range. The cell edge,
paramagnetic Curie-temperature, the effective magnetic moment per ion and

the number of conduction electrons per formula unit are given in table
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V=4, In figure V-10, the paramagnetic Curie-temperature of these com-
positions is indicated as a function of the conduction electron con-
centration.

Low temperature magnetic measurements by means of the P.A.R.
magnetometer were carried out on samples of Nd3sh' Ndzz/BSh' CaNdZS“,
SrNdZSh and BaNdzsh. The results of these measurements are summarized
in figure V=11, figure V-12 and figure V-13.

Our values for the paramagnetic Curie-temperature for NdBSh and
NdZS3 agree with those reported by Loginov et al. (4).

Rough conductivity measurements were carried out on powdered sam-
ples of Nd3sb, NdZZ/BSh and CaNdZSh in the temperature range of 80 -
300 K. The samples were pressed in bars of about 3mm x 3 mm x 15 mm
and sintered in an evacuated silica ampoule at 1100 °C. The four-point-
contact method was used. For the samples of NdZZ/BSh and CaNdZSh the

conductivity decreased with the temperature, whereas for Nd Sh the

3

conductivity increased with decreasing temperature. For Nd22/35“ and

CaNd,S, the resistivity was in the order of 1 - 107! Qcm and for NdsS,
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The paramagnetic Curie-temperature (©_) versus the

.
assumed number of conduction electrons for compositic

J

eompositions

r 2 5 nnz 9
compositions with a = 8.703 A.

2 3

we found 10 < - 10 ° Qcm. No discontinuity in the resistivity as a

function of the temperature was observed. The values of the resistivity
give only a rough information and depend strongly on the preparation
method of the bars. Picon and Flahaut have found 1.2 x 10"6 flem for the
resistivity of Nd35h (5).

V-3-4. The system SrNdzseL-BaNdzseL~Nd}§g _Nd22/3§5h'

The compositions investigated in this system are given in figure
V-14. These compositions were prepared in an analogous manner as those
in the system SrPrZSeA-BaPrzse“-PrBSeu-Przz/BSeh (chapter V-3-2).

Magnetic susceptibility measurements were carried out by means of
the Faraday balance in the temperature range of 80 - 1000 K. All

compositions showed a Curie-Weiss behaviour in that region. The cell
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Fig. V=-11.The 1/x versus T curves for Nd_S. and N
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Fig. V-15.The paramagnetic Curie-temperature (op) versus the

assumed number of conduction electrons for compositions
investigated in the series SrNd2$e4-BaNdESe4—Ndsse4—
ngses. °: compositions with a = 8.859 4; o: composi~
tions with a = 8.902 2; A : compositions with a'=

8.945 4; + : compositions with a = 8.990 4; v : eompogi-
tions with a = 9.033 4; e: composgitions with

a = 9.076 4.

edge, paramagnetic Curie-temperature, the effective magnetic moment

per ion and the number of conduction electrons per formula unit are
given in table V-5. In figure V-15, the paramagnetic Curie-temperature
of these compositions is indicated as a function of the assumed conduc-
tion electron concentration.

We have carried out low temperature magnetic measurements using
the P.A.R. vibrating sample magnetometer on samples of NdBSeb’ Nd22/35eb,
SrNdZSeu and BaNdZSe“. The results of these measurements are given in
figure V=16, figure V=17 and figure V-18.
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Table V-5.

Cell edge (a), assumed number of conduction electrons

per formula unit (Z), paramagnetic Curie-temperature

(up) and the effective magnetic moment (ueff) in the
series Nd Seh-NdZSe -SrNd Seh-BaNd Se“.

2

3 3 2
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V-3-5. The system Gd

3324
In this system the only possible values for x are in the range

0.33 > x > 0.23. Figure V=19 shows the results of the susceptibility

measurements on the two extreme compositions in this system in the

temperature range of 80 - 300 K. The values of Up and Hepg are

- +57 K, Hoff = 8.28 Mg for Gd2_775h and :p = -18 K, Mogf = 8.03 Mg

for Gd2.67sh (GdZSB)'
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CH AP T E Re Y

DISCUSSION

Vi=1.Introduction.

From the magnetic data obtained for the rare earth chalcogenides
it is clear that a certain relationship exists between the ratio of
rare earth ions to chalcogen ions and the paramagnetic Curie-temperature.
As the number of electrons in the conduction band is also related to
this ratio it is obvious to check if there is a relation between the
number of conduction electrons and the paramagnetic Curie-temperature.
The influence of the magnitude of the cell edge, being a function of
size and ratio of cations and anions, must be considered as well. A
theoretical relation between the conduction electron concentration and
the paramagnetic Curie-temperature for a metallic compound is given by
the RKKY-theory as is indicated in chapter || (eq. 11-28).

The summation of eq. |1-28 over all metal positions in the thorium-
phosphide structure has been carried out for various values of the Fermi-
vector (kF) and the cell edge of the cubic unit cell. Due to the conver-
gency the summations could be limited to a sphere with a radius of 25 R.
The results are graphically represented in figure VI-1. As the theoreti-
cal value for kF’ based on a model with free conduction electrons is
zero for L2X3 and approximately 0.6 R-l for L3Xh, we expected an increas-
ing positive interaction between the lanthanide ions when the conduction
band is filled and consequently we expected an increasing value for the

paramagnetic Curie-temperature on going from L to L Xh. As can be

2 0y
seen from figure V-10 and figure V-19 the values for the paramagnetic
Curie-temperature rise when we go from Nd

from Gd253 to Gd2.77Sh. 253 to PrBSh a similar behaviour

is shown, although a slight minimum can be observed for Z = 1/3 in some

to NdBSh and when we go

2%3
Going from Pr
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Fig. VI-1.RKKY-gum versus k, for the metal positions in the thorium-
phosphide structure for different values of the cubic
cell edge.

of the series in that system (figure V-3). However, the curves of the

paramagnetic Curie-temperature versus the number of conduction electrons

for the selenide series Pr.Se.-Pr Seh and Nd,Se.-Nd Seh show a deviation

273873 2. 3.3

from this behaviour (figures V-6 and V-15). Here we see a small negative
value of the paramagnetic Curie-temperature for the compounds Pr25e3
and NdZSeB' These values are of the same order of magnitude as the
values found for the compositions L253. However, when in the selenide
compositions the metal content is increased, the paramagnetic Curie-
temperature first becomes more negative. This is not the expected beha-
viour on applying the RKKY-theory on these compositions. Thus a new
theoretical interpretation must be found.

First we have to find an explanation for the negative values of
the paramagnetic Curie-temperature which we have found for the semi-
conducting compounds L2X3 and MLZXM' The negative magnetic interactions

in these compounds may be caused by several mechanisms or combinations
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thereof:

s A direct exchange interaction of the localized ionic magnetic
moments.
A superexchange interaction of the localized ionic magnetic moments
via the chalcogen atoms or via virtually excited states.
The ground state J-multiplet of the rare earth ions can be split
due to the crystalline field. This splitting, when large in °
comparison to the temperature of the magnetic measurements, will
influence the value of the paramagnetic Curie-temperature.
An indirect exchange interaction of the RKKY-type due to thermally

excited electrons in the conduction band.

We will now give a short discussion of these four possibilities
which may cause the negative interaction in the semiconducting com-

positions:

ad 1. A direct exchange interaction between the rare earth ions
can be neglected for two reasons.
a. The distance between the rare earth ions in these compounds
is large. Rare earth compounds having comparable distances between

the rare earth ions generally show smaller values for the paramag-

netic Curie-temperature. For example NdCI3 shows a paramagnetic

behaviour to 2.5 K with a paramagnetic Curie-temperature of

0.00 K £ 0.01. The Nd-Nd nearest neighbour distance is 4.231 .
For PrCI3 having approximately the same nearest neighbour distance
the value for Op is 0.50 K + 0.01 (1).

b. Direct exchange interaction in the rare earth compounds

(the cerium compounds excluded) is small due to the deep-lying
Lf-electrons which are well-screened by the outer 5p~ and 5s-
electrons.

Super exchange optionally combined with an indirect exchange
mechanism of the RKKY-type is possible for the semiconducting
compounds. A theory for this type of interaction has been worked
out by Gongalves da Silva and Falicov (2). A brief summary of this
theory will be given in section VI-2.

The degenerate energy levels of the J-multiplet of the ground
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state can be split due to the effects of the crystalline field.
When this splitting is large relative to the temperature, the
lowest energy level will be more populated. As the population of
the split levels is temperature dependent, the value of the para=-
magnetic Curie-temperature will not be related to the exchange in-
teraction in that case, and also the measured effective magnetic
moment will be different from that predicted by the Russel-Saunders
coupling model. For the compositions we measured, we have found a
linear dependency of 1/x on T in the temperature range between

80 K and 1100 K, with an effective magnetic moment that approxi-
mately equals the theoretical value predicted by the Russel-Saunders
coupling scheme, Meff ™ 9/373_:—77. As can be seen from the low
temperature measurements (figures V-4, V=7, V-11 and V-16) the
influence of the crystalline field on the magnetic properties can
only be found below 15 K. So the values of the paramagnetic Curie-
temperature determined in the temperature range between 30 K

and 1100 K are not or only slightly influenced by the effects of
the crystalline field.

The excitation of electrons from the valence band into the
conduction band of a semi-conductor is strongly temperature depen-
dent. Consequently the RKKY-type exchange interaction via thermal-
ly excited electrons will be temperature dependent and consequently
there will not be a linear dependency of 1/x on T. For the com-
positions under our investigation however we find a linear rela-
tion between 1/x and T, so a RKKY-type interaction via thermal ly

excited conduction electrons is not important here.

VI-2.The Gongalves daSilva and Falicov model.

In this model a system of itinerant electronic states weakly
hybridized with a set of localized electronic states is discussed. The
hamiltonian used by Gongalves daSilva and Falicov (2) consists of six

different terms:

= X Ly by I
X Eg + Mb +I + ¥+ s hyb

where: Eg represents a constant corresponding to the ground state
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energy, Kb describes the contribution of excited electron- and hole-

states in the conduction band, M+ and ¥_ represent the contribution of
extra electrons respectively extra holes in the ionic levels, K& is a
correlation term which makes it impossible that two extra holes or two

extra electrons are present at the same ion and X provides a hybri-

dization between conductionband-holes and -electrgz: and localized
ionic states. Fourth order perturbation theory yields a coupling between
the localized magnetic moments that can be described by an exchange
integral. Gongalves da Silva and Falicov calculated the exchange inte-
gral for the following three simple models.
1s Free-electron-1ike conduction band.
First the authors restricted themselves to a large number of con-
duction electrons, that is, to a metal. This case gives rise to an
oscillating indirect interaction between the localized spins of
the RKKY-type. In the case of a single empty free-electron-like
conduction band however, that is an insulator or an intrinsic semi-
conductor, an antiferromagnetic exchange equivalent to Anderson's
super exchange (3) is obtained. In the intermediate cases both
effects compete and the resulting magnetic ordering depends on the
number of conduction electrons.
Free-electron-free-hole~1ike conduction bands.
For this model two conduction bands with equal effective masses are
considered. This model is the exact equivalent for the rare earth
metals to the Fedders and Martin model (4) for antiferromagnetism
in systems with itinerant electrons.
s-Like~ body-centered tight binding band in a b.c.c. lattice.
With this model the exchange integral is calculated as a function
of the Fermi-energy and the hole-energy. For the different values
of the exchange integral the most stable magnetic ordering is
predicted by minimization of the classical Heisenberg-energy. A
summary of the results as obtained by Gongalves daSilva and Falicov

is given in table VI-1, as a function of:

- h
]

€
e. = 1; and e

F h

where: €F is the Fermi-energy.
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0.30

564 84
318 51
95 19

416

53 32
126 18

236
391 4o
287 53

1821 337
665 220
- 402 82 =33

1645 435 20
-7998 -1692 -694
- 50 - 14 - 8 6

-1860 306 =109 51 27
687 324 152 85 53
648 75 25 11 6

=05 264 120 67 42
-1029 100 21 5 0
194 59 27 15 10

266 70 51 34 24
448 117 48 25 15
264 29 8 3 1

858 95 24 8 2
335 9 36 39 3
27 15 7 4 3
517 93 32 14 7
-1.00 248 AF2 31 AF1 8 AF1 3 AF1 1 AF1
92 7 1 0 0

Table VI-1. Values for the three nearest neighbour exchange integrals

8 J : 8N2 v, 3
as a function of e and ep in units of —3_(W) V, and the

ground state magnetic configuration. AF1, AF2 and AF3 repre-
sent three types of antiferromagnetic order, F represents
ferromagnetic order and H represents helical order (after

Gongalves da Silva and Falicov (2)).
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Eh is the energy difference between a system comprising

the ion in the (bf)nn] configuration plus one electron

with the energy €F and the ionic ground state level.

is half the band width.

For the calculations, Gongalves daSilva and Falicov have made the
assumptions that there is no orbital degeneracy (J = 1) and that
Ee >> Eh. The value ep = =1.0 corresponds to an intrinsic semi-
conductor. For that value of er Gongalves daSilva and Falicov have
found two types of antiferromagnetic ordering depending on the
values of e For e, = 0.1 and e = =1.0, the localized level being
close to the bottom of the conducting band Gongalves daSilva and
Falicov have predicted for a body centered cubic lattice the anti-
ferromagnetic ordering of figure VI-2a due to a considerable in-
fluence of second nearest neighbour interaction. This influence
becomes less when the number of conducting electrons increases and

the antiferromagnetic ordering of figure VI-2b is obtained. For

larger values of er ferromagnetism and helical magnetic order are

Fig. VI-2.Ezpected types of antiferromagnetic ordering for ep =
1,00 and e, = 0.10 (a) and for ep = 0.80 and e, = 0.30
(b), according to the model of Gongalves da Silva and
Falicov.
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predicted. For larger values of e, the influence of second nearest
neighbour interactions is less, so the type of antiferromagnetic
ordering of figure VI-2b is predicted. For an increasing number

of conduction electrons here also the RKKY-type of interaction

begins to dominate, finally resulting in a ferromagnetic ordering.

VI-3.Discussion.

As it is not possible to explain the magnetic behaviour of the
rare earth chalcogenides having the thoriumphosphide structure in terms
of the RKKY-theory, we will try to give an explanation for the different
behaviour of the sulphides and selenides using the model of Gongalves
da Silva and Falicov. For instance, if we assume e, to be approximately
0.30 - 0.50 for the sulphides, we expect a decreasing antiferromagnetic
interaction with an increasing conduction electron concentration, that
is with increasing er When er equals approximately =-0.70 we expect a
ferromagnetic ordering to become stable. The expected value of e for
the selenides will generally be smaller than that for the sulphides of
the same composition due to the larger value of the band width (W) for
the selenides. When we assume e for instance to be approximately 0.1
for the selenides we expect a strong antiferromagnetic interaction re-
sulting in the antiferromagnetic ordering of figure Vi-2a, due to the
considerable contribution of next nearest neighbour interaction. For
increasing values of e the contribution of next nearest neighbours

relative to the nearest neighbours is reduced and the antiferromagnetic

ordering of figure VI-2b is expected. When er equals approximately

-0.50 a ferromagnetic ordering is expected. |f these assumptions are
correct, this behaviour will be reflected in the variations of the
paramagnetic Curie-temperature with the composition. For the sulphides
we expect a negative value for the paramagnetic Curie-temperature of
LZS3 and MLZSH' With the number of conduction electrons increasing we
expect the paramagnetic Curie-temperature to rise. In case of the
selenides we also expect negative values for the paramagnetic Curie-
temperatures of L,.Se. and MLZSe“. If our assumption of the value for e

Cld

is correct the value of the paramagnetic Curie-temperature will become

h

more negative with an increasing number of conduction electrons. When

er reaches the value of -0.50 the RKKY-type interaction begins to
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dominate and the paramagnetic Curie-temperature rises to positive
values.

With this model of Gongalves daSilva and Falicov it will probably
be possible to explain the different magnetic behaviour of the rare
earth sulphides and selenides. To give a more quantitative discussion
of the magnetic behaviour of these compounds a more detailed knowledge
of the band-structures of these compounds is necessary. This informa-
tion is not available at present, but may probably be obtained by
measuring the electrical conductivity and optical properties of these

compounds.
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SAMENVATTING

Het doel van het in dit proefschrift beschreven onderzoek was een
inzicht te verkrijgen in hoeverre de interactie tussen gelocaliseerde
magnetische momenten via de electronen in de geleidingsband een rol
kan spelen bij het magnetisch gedrag van de chalcogeniden van de
zeldzame aardmetalen. In het bijzonder hebben wij hiervoor onderzoek
verricht aan de zeldzame aardmetaalchalcogeniden met de thoriumfosfide
structuur omdat het bij deze verbinding mogelijk is het aantal elec-
tronen in de geleidingsband onafhankelijk van de grootte van de kristal-
lografische as te varieren.

In het eerste hoofdstuk wordt een overzicht gegeven van de diverse
typen van magnetische interactie die bij metalen en metaalachtige
verbindingen een rol kunnen spelen. Tevens wordt in dit hoofdstuk
een aantal resultaten vermeld zoals die uit het werk van andere onder-
zoekers bekend zijn.

In het tweede hoofdstuk wordt de voor magnetische interactie in
metalen belangri jke Ruderman en Kittel, Kasuya en Yosida-theorie be-
besproken en wordt een relatie tussen de paramagnetische Curie-
temperatuur en het aantal geleidingselectronen afgeleid. De in deze
theorie voorkomende Ruderman en Kittel-som is voor het kationen rooster
van de thoriumfosfide structuur berekend.

Het derde hoofdstuk geeft een overzicht van de in de zeldzame
aardmetaalchalcogenide systemen voorkomende verbindingen en kristal-
structuren. Van de in deze systemen veel voorkomende thoriumfosfide
structuur wordt een beschrijving gegeven. Tevens is gezocht naar een
mogel i jke ordening van de kationen in de verbindingen M(II)L(III)ZXA
en naar een ordening van vacatures in het katiorfen rooster van de
metaal deficiente verbindingen met de thoriumfosfide structuur. Het
voorkomen van dergelijke ordeningen was niet aantoonbaar. Wel kon

worden aangetoond dat dergelijke ordeningen niet te verwachten zijn

behalve voor de verbindingen Eu(II)Eu(III)ZXh.

In het vierde hoofdstuk wordt een beschrijving gegeven van de voor
dit onderzoek gebouwde, volledig geautomatiseerde apparatuur voor het

meten van magnetische susceptibiliteiten.
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Het vijfde hoofdstuk geeft de magnetische gegevens van de door
ons onderzochte verbindingen. Deze resultaten zijn niet geheel in over-

eenstemming met de RKKY-theorie.

In het zesde hoofdstuk wordt getracht aan de hand van de theorie

voor de magnetische interactie tussen zeldzame aardmetaalionen zoals
die is afgeleid door Gongalves daSilva en Falicov de afwijkingen van
het volgens de RKKY-theorie verwachte magnetisch gedrag te verklaren.
Het blijkt mogelijk met bepaalde aannamen voor de breedte van de

geleidingsband, de Fermi-energie en de aanslagenergie van een 4f-electron

naar de geleidingsband een verklaring te geven voor het magnetisch gedrag

van deze verbindingen.




Op verzoek van de Faculteit der Wiskunde en Natuurwetenschappen volgt
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