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C H A P T E R  I

INTRODUCTION

D ur ing  th e  pa s t  decade a l o t  o f  i n fo r m a t io n  has been o b ta in e d  in

th e  f i e l d  o f  th e  c h e m is t r y  and p h y s ic s  o f  th e  r a r e - e a r t h  m e ta ls .  One

o f  the  reasons f o r  t h i s  i s  th e  a v a i l a b i l i t y  o f  th e  r a r e - e a r t h  m e ta ls

and a g re a t  number o f  t h e i r  compounds in  a h ig h  s t a t e  o f  p u r i t y  and

a t  reasonab le  p r i c e s .

From a c r y s t a l  chem ica l p o in t  o f  v ie w  th e  r a r e - e a r t h  m e ta ls  and

compounds a re  v e ry  i n t e r e s t i n g  because in  c o r re s p o n d in g  va le n c e  s ta te s

th e  i o n i c  ra d iu s  decreases w i t h  in c r e a s in g  a to m ic  number. T h is  g iv e s

th e  c r y s t a l  c h e m is t  the  p o s s i b i l i t y  to  sea rch  a f t e r  th e  in f l u e n c e  o f

the  ra d iu s  r a t i o  o f  c a t i o n  and an io n  on th e  c r y s t a l  s t r u c t u r e ,  and

r e la t e d  t o  t h a t  a f t e r  th e  i n f l u e n c e  o f  th e  ra d iu s  r a t i o  on th e  p h y s ic a l

p r o p e r t i e s .

From a p h y s ic a l  p o in t  o f  v ie w  th e  r a r e - e a r t h  m e ta ls  and compounds

a re  a ls o  o f  g r e a t  i n t e r e s t  because o f  th e ,  by the  o u te r  5s -  and 5p-

e le c t r o n s  w e l l  screened,. 4 f - e l e c t r o n s  w h ich  a re  re s p o n s ib le  f o r  the

g r e a te r  p a r t  o f  th e  m ag ne t ic a l  and o th e r  p h y s ic a l  p r o p e r t i e s .

The ground s ta te s  o f  th e  t r i v a l e n t  r a r e - e a r t h  ions a re  in  gene ra l v e ry

w e l l  d e s c r ib e d  by th e  Russel 1-Saunders  c o u p l in g  m odel,  and th e  va lue s

o f  t h e - e f f e c t i v e  m agne tic  moments (p a re  g e n e r a l l y  in  good a g re e 

ment w i t h  the  t h e o r e t i c a l  va lu e s  *  g / J ( J  + 1) Ug, where g is  the

Landé s p e c t ro s c o p ic  s p l i t t i n g  f a c t o r  and J is  th e  t o t a l  a n g u la r  momentum.

Only in  th e  cases o f  E u ( I I I )  and S m ( l l l )  th e re  is  a d is c re p a n c y  w h ich

can be e x p la in e d  by thé  e x is te n c e  o f  e x c i t e d  s t a t e s  l y i n g  c lo s e  enough

to  the  ground s t a t e  t o  be po p u la te d  a t  o r d in a r y  te m p e ra tu re s .

The b e h a v io u r  o f  the  r a r e - e a r t h  ions  i s  o b v io u s ly  d i f f e r e n t  from
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the magnetic  behaviour o f  the compounds o f  the f i r s t  row t r a n s i t i o n

m eta ls . In compounds o f  these elements the in f lu e nce  o f  the c ry s ta l

f i e l d  on the atomic o r b i t a l s  o f  the magnetic ions is  much g re a te r  and

consequently the o r b i t a l  angu la r momentum is  com ple te ly  o r  p a r t i a l l y

quenched. In many o f  these compounds the e f f e c t i v e  magnetic moment is

f a i r l y  w e l l  described by: ye f f  = g /s(S  '+ 1) vu, where S is  the spin

angu la r  momentum, and g is  not g r e a t ly  d i f f e r e n t  from the " f r e e - e le c -

t r o n "  va lue o f  2 (d e v ia t io n s  up to  201 due to  res idua l o r b i t a l  c o n t r i 

bu t ions  may o c c u r ) .

Next to  the d i f fe r e n c e  in magnetic behaviour o f  the ra re -e a r th

compounds from th a t  o f  the f i r s t  row t r a n s i t i o n  metal compounds, the

magnetic behaviour o f  the ra re -e a r th  metals and a l lo y s  a lso  d i f f e r s

from th a t  o f  the o th e r  spontaneously magnetized elements, i r o n ,  c o b a l t
and n i c k e l .

The magnetic moment o f  the spontaneously magnetized ra re -e a r th

metals r e s u l ts  m a in ly  from th e A f -e le c t ro n s ,  which are lo c a l iz e d  a t  the

in d iv id u a l  ions. Th is is  c l e a r l y  revealed: f i r s t  by the measurements

o f  the magnetic moment per ion determined by s a tu ra t io n  measurements

second by measurements o f  the paramagnetic s u s c e p t i b i l i t y  w e l l  above

the magnetic o rd e r in g  temperatures. These moments correspond, in most

cases, w i t h in  a few percent w i th  the th e o re t ic a l  values f o r  iso la te d

ra re -e a r th  ions having unpaired A f -e le c t r o n s ,  as is  in d ica ted  in
ta b le  1-1.

As in the case o f  i r o n ,  c o b a l t  and n icke l  the d i r e c t  3d-3d ex

change in te r a c t io n  is  too weak to  account f o r  the magnetic  o rd e r in g  (1 ) ,

the even much weaker k f - k f  exchange in te r a c t io n  is  incapable to  exp la in

the magnetic o rd e r in g  in ra re -e a r th  metals  a t  a somewhat e leva ted  tem

p e ra tu re .  There fore  i t  is  reasonable th a t  o th e r  e le c t ro n s  than the

lo c a l iz e d  A f -e le c t ro n s  are assumed to  take p a r t  in the in te ra c t io n  even

though they make on ly  a small c o n t r ib u t io n  to  the spontaneous magnetic

moment. That a d i f f e r e n t  type o f  magnetic in te r a c t io n  p lays a ro le  here

is  a lso  in d ica ted  in ta b le  1-1, where the d i f f e r e n t  k inds o f  s p in -

arrangements are a lso  l i s t e d .

Zener (2) proposed a model o f  magnetic in te ra c t io n  in which

i t i n e r a n t  e le c t ro n s  couple toge the r e le c t ro n s  which are lo c a l iz e d  on

8



Metal TX(K) Tn (K) Ob
- VK) m B V f V

Spin

Arrangement

Ce 12.5 12.5 0 .62( 2.14)
Nd 19 20 2.3 ( 3.27)

7.2 7-5 1.8
Sm 13.6 14.8

Eu 90 5-9 ( 7.0 )
Gd 291 293-2 e/ /  “  e i  “  317 7• 55( 7 .0  ) 7•97( 7.94) Ferro .
Tb 227.7 229 e/ /  = 1 9 5  ex = 239 9-34( 9 .0  ) 9-70( 9.72) S p i r a l .

221 221 Ferro .
Oy 174 178.5 0^ -  121 0 = 169 10.20(10.0 ) 10.64(10.65) S p i r a l .

83.5 85 Ferro .
Ho 131.6 132 e/ /  = 7 3  e -  88 10.34(10.0 ) S p i r a l .

19.4 20 Ferro .
Er 84 85 Gy -  61.7 e x = 32.5 8 .0  ( 9 .0  ) S in u s o id a l .

53-5 S p i r a l .
19.9 19-6 Ferro .

Tm 55 53 0 = 20 6 .8  ( 7 .0  ) Ferro .
22 |4 ,3 ,4 ,3 -F e r ro .

Table 1-1. Some magnetical p ro p e r t ie s  o f  the ra re -e a r th  m e ta ls .  Tx anomalies in the s p e c i f i c
hea t,  T|g: Néel tem pera ture , Tq: Cur ie  tem perature, 0_: paramagnetic Curie  temperature,
pm: s a tu r a t io n  moment, yef f :  e f f e c t i v e  magnetic moment, the values in paren thes is
are the c a lc u la te d  va lues . ( A f t e r  W.C. Koehler (1 8 ) . )



the rare-earth ions. Ruderman and K itte l (3) worked out a s im ila r
second order in te rac tion  between nuclear spins via the conduction elec
trons. Kasuya (4) and Yosida (5) obtained fo r the coupling o f localized
ion ic moments via the conduction electrons a s im ila r quan tita tive  resu lt.
This theory, the so-called Ruderman and K it te l,  Kasuya and Yosida
(RKKY) theory can be used to explain many o f the properties o f the rare-
earth metals and th e ir  a lloys (6—13)-

The magnetic behaviour o f the insu la ting  rare-earth compounds
generally can be explained in terms o f a weak d ire c t and a weak
super exchange in te rac tion . E.g. the magnetic properties in the series
EuO, EuS, EuSe and EuTe; in which the oxide, sulphide and selenide o f
europium are ferromagnetic, and EuTe is anti ferromagnetic (Gorter et
a l.  (1 4 ))(tab le 1-2). The d ire c t exchange in te raction  in these compounds

“ • f f e p (K) TC(K)

EuO 7-9 6.9 +77
EuS 8.0 6.5 +16 +16

EuSe 8.2 7.0 + 6 + 6

EuTe 7.6 -  7-5 +11

Table 1-2. Magnetic data fo r europium
chalcogen ides. (A fte r E.W.
Gorter e t a l . (14).)

is assumed to be ferromagnetic and to decrease w ith  increasing c e l l-
edge; the super exchange in te rac tion  via an anion is supposed to be
antiferromagnetic and to increase w ith increasing atomic number o f the

anion.
F. Holtzberg et a l.  (15) suggested that the magnetic properties

o f the series Eu^_xjGdxSe (x -  0 to 1), which form a complete homo
geneous system having the rocksalt s tructure  and a number o f conduction
electrons per magnetic ion that varies from 1 fo r x = 1 to 0 fo r x = 0,
can be explained in terms o f the RKKY-theory. This applies as well fo r

10



the s e r i e s  Eu,. \La Se with the same v a r ia t i o n  in conduction e le c t r on(1-x) x
concentra t ion and with a varying number of  magnetic ions.  As in the
weak ferromagnetic semiconductor EuSe the Eu( l l)  ions a r e  p a r t i a l l y
replaced by Gd(III)  o r  La(I II )  ions the number of  e l ec t r o n s  in the
conduction band increases.  In addi t ion  to a large  increase in e l e c t r i c a l
conduct iv i ty  the paramagnetic Curie -temperature  (0 ) changes from
p o s i t iv e  to nega tive  in the case of  the system E u ^ ^ G d ^ S e .  In the
system Eu,^_xjLa^Se, the paramagnetic Cur ie -temperature has the same
behaviour,  but the changes a re  less  due to the decrease in number of
the magnetic ions.  Figure 1-1 gives the paramagnetic Cur ie- temperature

Fig. 1-1. V aria tion  o f  th e  paramagnetic C urie-tem perature
o f  EuSe w ith  G d(III) and. L a ( I I I )  s u b s t i tu t io n  ( a f te r
F. H oltzberg,  T.R. McGuire, S. M eth fesse l and
J.C . S u i ts  ( r e f .  IS) ) .

versus x for  these two s e r i e s .
The same authors (16) indica ted t h a t  probably a s im i l a r  i n t e r a c 

t ion occurred in the gadolinium se l en ide  s e r i e s  Gd^_xjSe^,  where
x = 0 to 1/3,  with the thorium phosphide s t r u c t u r e  ( f ig ure  1-2),  and

11



6 d i k )

Fig.  1-2. S p e c i f ic  c o n d u c tiv ity  and paramagnetic C urie-tem perature
o f  Gd(s  x )S e4 as a fu n c tio n  o f  x  ( a f te r  F. H oltzberg,
T.R. McGuire,  S. M eth fesse l and J.C . S u its  ( r e f .  16)).

in the mixed gadolinium antimonide-gadolinium bismuthide system of  the
formula Gd^CSb^f (1_x ) ) 3- (x -  0 to  1),  with the an ti - thor ium phosphide

s t r u c t u r e  ( f i gu re  I~3)-
J .  Grunzweig and M. Kuznietz (17) t r i e d  to account for  the proper

t i e s  o f  uranium compounds UX, where X is e i t h e r  an element of  the
pn ic t id e  group (N.P.As.Sb) or  an element of  the chaicogenide group
(S,Se ,Te).  The pn ic t id e  group compounds a r e  ant i  ferromagnet ic,  while
the chaicogenide group compounds a re  fer romagnet ic.  All compounds have
the ro ck sa l t  s t r u c t u r e ,  high magnetic t r a n s i t i o n  temperatures (50
220 K) and low e l e c t r i c a l  r e s i s t i v i t i e s  ( ta b l e  1-3).  The uranium ion

12



-  340

3.49-

A -

0 Gd-Gd distance -320

0p(K)

-300

3.47- *

3.45-

3.43-

0 0.2 0.4 0.6

• -280

-260,_:
0.8 i!oX

Fig. 1- 3. Variation o f  the paramagnetic Curie-temperature
and the Gd-Gd distance in  Gd^Bi^ w ith Sb su b s titu tio n
(a fte r  F. Holtzberg, T.R. McGuire, S. M ethfessel and
J.C. Su ite  (ref .  16)).

is assumed to be in the U(IV) s ta te  and the surplus e lec trons are
supposed to be in a conduction band. The coupling between U(IV) ions
is assumed to be an in d irec t one via the conduction e lec trons
(RKKY mechanism). The experimental data agree ra ther well with these
assumptions.
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UX a Y c  um “ e f f  ® p (30 ° K)

(8) ( k) (pB) (v B) 00  iva.cm )

UN 4.8835 53+2 0.75 3 .0  -310 90

4.890 3-11 -325 160

UP 5.5865 123 1-72 3.31 + 3 200
5.589 130 1.9 3.56 + 36 244

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 2.22 +173 112

5.4885 180±^\. 1-60 2.25 +185 286

USe 5.710 185 1.31 2.51 +188 244

5.743 210 280

UTe 6.151 103 1-10 2.36 +104 1300

6.163 123 2.84

Table 1-3. P ro p e rtie s  o f  UX compounds ( a f te r  J . Grunzweig

and M. K uzn ie tz  (17)) -
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C H A P T E R  II

RUDERMAN AND KITTEL, KASUYA AND YOSIDA INTERACTION.

11- 1 . 1ntroduction.
The most important in teraction  that is believed to cause magnetic

long-range order in the rare -earth  metals and th e ir  m eta l l ic  conducting

compounds is generally assumed to be an ind irec t exchange in teraction

of localized ionic magnetic moments via the conduction electrons. This

concept is supported by studies o f the N . M . R .  spectra ( K n ig h t - s h i f t O ) ) ,

e lectron spin resonance (2) and by the fa c t  that the rare-earth  oxides

and other ionic rare -earth  compounds, having no conduction electrons,

have very low magnetic ordering temperatures.
This in d irec t type of in te rac t io n , that is responsible for the

coupling o f nuclear spins, the l in e  broadening in N.M.R. spectra and

for the K n igh t-sh ift  in metals and m e ta l l ic  compounds, has f i r s t  been

suggested by Frohlich and Nabarro (3 ) .  and has been worked out in more

d e ta il  by Ruderman and K i t te l  (4 ) .  Zener (5 ) ,  Kasuya (6 ) ,  Yosida (7)

and several others (8-13) investigated the analogous in teraction  via

the conduction electrons of the e lectron ic  magnetic moments localized

on the metal atoms.
The in teraction  of a localized magnetic moment on a metal atom

with the localized magnetic moment on another metal atom can be visua
l ized  in the following manner. The scattering of a conduction electron

by a localized magnetic moment 3 ,  depends on the in teraction  J^.s ,

w h e r e !  is the spin o f the conduction e lectron . A second localized

magnetic moment ^ 2 percepts the density o f the scattered electron
through the in teraction  ! 2 .s .  This process effectuates an in teraction

between the two localized magnetic moments and J j .  With an in te r -
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action o f th is  type the expression obtained fo r the paramagnetic
Curie-temperature (0 ) is :

P

: Z is the

9 is the
J is the

r s i s the
k is the

eF is the

V is the
1

mn is the

3TrZ2(g - l) 2J (J + l) r2 I  F(2kcR )s_ f mnm>n

4kV2eF

F(2k_R )F mn
2k_R cos(2kr R )-sin(2k_R )F mn F mn'____  F mn

(2k_R )**F mn

I I~2. RKKY-theory.

The above-mentioned theory, the so-called Ruderman and K it te l ,
Kasuya and Yosida (RKKY) theory, assumes, as given in the approach o f
K it te l (14), a nearly free electron model described by Bloch-functions:

' ^ ( x )  “ ♦ t & l s> ( i )

where s is the spin-index and denotes spin-up (+) or spin-down (+) fo r
Sz .

The perturbation o f the conduction electron density created by the
in te raction  o f a localized moment? a t the position  w ith a conduction
i ■+■ , "  n

electron a t r .  is f i r s t  calculated. The hamiltonian 3Cj fo r  th is  in te r
action has the form:

*1 = r tfi - R„> »,*?1 J n j  n ( 2)
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where r (" r . -  ^ n) is  an exchange constant.
For the e n t ire  system w ith  many ( j )  e lectrons and many (n) loca lize d

magnetic moments we have an in te ra c tio n  hami1tonian:

JC -  EE r ( r .  -  t  ) s . . l  (3)
jn J " J "

The e le c tro n - f ie ld  operators are:

* (x )  -  E c <|> (x) ; ^ ( x )  *  5 c % *  (x) W
ks ks ks ks ks ks

where c t  and c*. are the ferm ion c rea tion  and a n n ih ila t io n  operators.

By using the one e lec tron  expectation value: f  <(> (x)3Cifi(x)dJx , we
obtained the fo llo w in g  ham ilton ian in  second-quantized form:

Jf -  E E /d 3x [ f *  ( x ) r ( x  -  £  )s .3  K  ( x ) ] c  c
n P s '  n "  t s  P  s'  ks

ss1

( 5)

S u b s titu tin g  fo r  6 the Bloch functions o f (1 ), we get:
KS

JC -  E E / d W ^ 'A *  <S)r(S - *  ) t .3 e l U u &K, , ct
t t '  n P  S' n n P  Ps> t s

I f  we take x ‘ -  x -  ? , the in teg ra l becomes:

/ d W ^ ’̂ u *  (5'4B)r(5 ');.ïne, t r(5,+*niu (P + \ ) ]
k 1 s 1

and as u (x* + "R ) -  u (x 1) ,  due to  the p e r io d ic ity  o f  the la t t ic e ,  we
t s  n ks

may re w rite  th is  as:

/d 3x [ e " ' ^ n <t>* ( x ) r ( x ) s . U  e ,^ ‘^n]
I t ' s 1 ks

So we ob ta in  fo r  the ham ilton ian:
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* - & .  / d 3x<k (x) r (x)*  ( x ) < s ' | s . J  | s>c+ c
ie- t  n t ' s *  t -kk' n

ss '

£ £ e
f ó '  n

ifï-lt'JÏL ~ / t  i i + - t  I +n r ( k , k ' ) < s '  s . J  s>c c
" P s ' ts ( 6)

where: r(lc,1t’ ) = / d 3x<j>* (x)r(x)<t! (x)
k'  t

With: s . 3  -  s zJ z + i s +j "  + i s " j + (7)

where s , J , s , J a re  the r a i s in g  and lowering opera tor s :

£ <*' | *ZJ*|  S>C* c -  i J z (c* c .  - c + c )
s s ' tc's' P  £' + 1<+ !<' + ]<+

i£ < s ' J s +J I s>c+ c = i J  c+ c
SS' n p s> ts "£'+&•

i£ < s 1Is J+ | s>c+ c = i J +c+ c
SS' n ï ' s ^ t s  " £ ' + £ +

Consequently

7C=iI £ r ( t , t ' ) {j z (c+ c -c* c ) +
kk' n

jV  c + J c+ c }
" Pi P  " Pi P

n''P*P t '+ k+

The wave funct ion for  e le c t ro ns  with spins mainly up is in f i r s t  order
pe r turba t io n  theory given by:

|£+> -  |t+> + £ ' |ic's>.
<t's|ïC|lc+ >

ek " ek'

where |k+>0 is the unperturbed s t a t e  with spin up, and the prime in the
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summation in d ic a te s  th a t the  s ta te  k 's  = k+ is  to  be excluded from

the summation.

' f :  - l i t "
|ts> = V ^e ’ Xu |s> ■ (10)

K

where V is  the atom ic volume and:

2 2k T T ( 11)

■ J.

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

|t+>  = |l<+> + 2
T (£ ,£ ')

fi2 I '  k2 - k '2 n
£ e i ( t - t 1) ,zn{J^|t+> + J+ |t+>}

( 12)

I f  the  u+ p a r t o f  the Bloch fu n c t io n  is  independent o f  k , and i f  we
k

take r ( k , k ' )  ■ r  is  a cons tan t we may w r ite  equa tion  12 as:

|t+>  = |£+>
m *r. ,  lit' .x

0 + 7 7 0  p/d3k' “ f  T I  + Jj * >} ( ,3 >8fi u k -  k ‘ n

The p r in c ip a l va lue  fo r  the in te g r a l ,  which is  necessary because o f  the

e xc lu s io n  o f  the s ta te  !<' = £  from the summation ove r k ‘ in  the

equa tions 9 and 12, is  g iven by:

P /d 3k ‘ 6
k '  .x

. 2 . ,2k -  k ‘ r
cos k r ( U )

thus we have:

|l<+> = |l<+>
m r .cos k r

+ ----- -------- —  £ {J ZU> + J+ U > }
0 . _ 2 n 1 n 1

H T rr f i n
(15)

The e le c tro n  d e n s ity  correspond ing  to  th is  w a ve -fu n c tio n  is :

m r .cos k r
p(£+) = 1 + --------------y ~  cos ^x

2 irrfi n
(16)

In te g ra te d  ove r the ground s ta te  Ferm i-sea th is  g ives  the to ta l  s p in -

up e le c tro n  d e n s ity : '



p(+)
(2ir)

d ^ k p ( 1 < + )
<1 3m*r , j \ F
- -  {1 - Z ------F(2k_R)}

where:
F (2kcR)

2kpRcos2kpR - sin2kpR

(2kpR)

(17)

(18)

This is the Ruderman-Kittel function; a graphical representation of
this function is given in figure 11-1.

Fig. 11-1.Variation o f  the Ruderman-Kittel function, F(x), with
x  (a fter  A. Herpin, Théorie du Magnétisme (ref. 15)).

We can see that the localized i*f-moments perturb the conduction
electron spin in an osc i1latory way. In second order this perturbation
leads to an interaction between two localized magnetic moments, which
is given by the hamiltonian:

X1
“  ?

t '
s s 1

^ s l X l f r s x f r s l y l S s »

ek '  ek‘
(19)

Using for X the hamiltonian of eq. 8 and making the same assumptions
(eq. 10 and 11, r (k, k1) - !r ., u+ is independent of £) we made before, we

“ kfind:
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( 20)
, 9"Z2r

K “ 2 T ~ J  F(2kF̂ mn V nm>n 46pV

where: Z is the number o f conduction electrons per atom, and V is the

atomic volume.
According to the evaluation o f de Gennes (15) and Liu (16) the

exchange constant Tj may be replaced, in the case o f a strong spin-
o rb it  coupling, by (g - Dr,., where is a constant fo r a l l  rare-earth
ions and g is the Lande spectroscopic s p lit t in g  fa c to r o f the ion.
Thus the f in a l form fo r the in te rac tion  hamiltonian becomes:

, 9irZ2r 2 (g -  I ) 2
X ' =  I

m>n l*V2e,
F(2kcR ) J . JF mn m n

(21)

Interactions of this type cause a long-range magnetic order.
We now replace the in te raction  in eq. 21 by an e ffe c tive  magnetic

f ie ld  ft so that 3C1 has the form:

X̂  = £ g pDJ  .ft3 B m em

from eqs. 21 and 22 we may w rite :

. 9irZ2rJ(g -  1)2
K -  1 --------  2 F(2kFRmn \4gpBV £p m>n

( 22)

(23)

In the Weiss approximation we may replace each by i ts  average <ftn>,
and as a l l  magnetic atoms are iden tica l and equivalent, <Jn> is re la 
ted to the to ta l magnetic moment o f the crysta l by:

ft = Ngu<ft >D n
( 21*)

From eqs. 23 and 24 we may w rite :

9itZ2r 2 (g -  1)2 +
ft „ --------- 5------- ------  £ F(2k_R ) M
ne . 2  2 2 F mnANg y_ V £p m>n

(25)

For a simple paramagnet the magnetization due to a magnetic f ie ld  H is
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given by: Ng2UpJ(J + 1)
- - - - - - Ë- - - - - - - - - - - - f f ( 26 )

In the m o lecu la r - f ie ld  model we replace H by the sum of the applied
f i e l d  lïg and the m o lecu la r - f ie ld  fte , hence from eqs. 25 and 26:

*  Ng2p2J ( J  + 1) _
* — h z— W

Ng2u2J ( J  + 1) ftQ 3irZ2J ( J  + l ) r 2 (g -  1)

When we take C
Ng2u2J (J  + 1)

4kV CpT

and rew rite  eq. 27

ZF(2k_R ) ft* D F mn

(27)
m>n

ft = c S -
hkl\l2e.

T 4kTV2e_ -  J ( J  + 1)3TrZ2r 2 (g -  1) £ F(2kPR )• s _r mnm>n

3irZ2 (g -  1)2J (J + 1 ) r2 I  F(2k_R )s___ F mn__  m>nT------

- L _  ft

i*kV2e r

T -  0

where: 3irZ2 (g -  1)2J ( J  + l ) r 2 E F(2k_R )s  ̂ r mnm>n
4kV2e P

( 28 )

is  the paramagnetic C urie-tem perature . From th i s  formula i t  can be
seen th a t  in the case of  RKKY-interact ion the paramagnetic Curie-
temperature, among o th e r  th ings wi l l  depend on the conduction e lec tro n
concen tra tion  and on the d is tan ces  between the magnetic ions.
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C H A P T E R  I I I

CRYSTAL CHEMISTRY OF SOME OF THE BINARY AND TERNARY

RARE-EARTH CHALCOGENIDES

111-1.Survey o f the ra re -ea rth  chalcogen ides .

A very extensive survey o f the c rys ta l-ch e m is try  o f the b inary
and te rnary ra re -ea rth  chalcogenides has been given by Fiahaut and
Larue)1e (1) and by Fiahaut (2 ). Here on ly a b r ie f  summary o f the
phases e x is t in g  between the ra re -ea rth  metals on the one hand and

sulphur, selenium o r te llu r iu m  on the o ther hand and a lso o f the mixed
ra re -ea rth  m etal, a lk a lin e -e a rth  metal chalcogenides w i l l  be given.

A schematic representa tion  o f  the phases e x is t in g  in the b inary
ra re -ea rth  chalcogenide se ries is  given in the fig u re s  | | | - 1, | | | - 2

and 111-3. The phases which are investiga ted  in th is  thes is  are those

LS2 2.0-

l 5 s 7
L2S3 1.5

LoS,

LS 1.0-

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

□ □ a a □ □ □□□□□□

□ □ □ □ □ = D ° = D - - = □
D Ü □

Fig. 11 \ -X.Schematic rep resen ta tion  o f  the phases in  the ra re -e a rth

su lphur system (a f te r  J . F iahaut and P. L a ru e lle  ( r e f .1 ) )
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La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

LSe2 2.0-

L4Se7 -
□ □ □ □ □

L2Se3 1.5-
L p S g o

5 7 4 se4
L5Se6

□  D O O D
LSe 1.0-

□  □  □

Fig.  I I I - 2 .Schematic representation o f the phases in the
rare-earth selenium system (after J. Flahaut and
P. Lamelle (ref. 1)).

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

LTe3 3.0- — — — — — —

t-2Te5 2-5'  — — — — _ _ _ _ _

L, TeyLTe2 2"; □ □ □ □ □
L2Te3 « ;  □  □  □  □  □

l-3Te4
LTe 1.0- — — — — —

c n  a  a

Fig.  111- 3 . Schematic representation o f the phases in the
rare-earth tellurium system (after J. Flahaut and
P. Lamelle (ref. !))•
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with the Th,P^-structure, the y-phase.
This thorium phosphide structure w ill only exist i f  the radius of

the rare-earth ion with regard to the chalcogen ion is large enough
for an eight-coordinated metal ion. This w il l 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
defic ient composition, □ (equivalent with L ^ )  from lantha
num up to and including terbium, and fo r the non-deficient composition,

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 o f:
a = 8.293 8, but we did not succeed in obtaining th is phase pure. In
the selenide series we find the thorium phosphide structure from lan
thanum up to and including samarium for G ^ I ^ ^ S e ^  (equivalent with
L2Se3> as well as fo r LjSe^. For the te llu rides and L^Te^
we find the thorium phosphide structure from lanthanum up to and in
cluding neodymium. These facts a ll 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 8-modification are stable. The 8-modification however
seems to be stabilized by approximately 0.8% oxygen ('v L^.S.^0) (3,A,5).
The a- and 8-modification are stable up to 1200°C - 1400°C approximate
ly . Above these temperatures the thorium phosphide structure (y-modifi-
cation) becomes stable.

The compositions I^X, of the rare-earth metals with higher atom-
numbers have the ^2^3” an<̂ U2^3_structures with 7-coordinated metal
ions or the AJ^O^- and SCjS,-structures, both with 6-coordinated metal
ions. These compounds can a ll be obtained in the higher coordinated,
and more dense thorium phosphide structure under a pressure of approxi
mately 80 k.B at a temperature o f 1200°C or higher as is shown by
Eatough et a i . (6,7)•

The ternary chaicogenides of the rare-earth metals with the diva
lent alkaline-earth metals, of the general formula M L ^  (M = Ca, Sr or
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Ba), show a s im i l a r  behav iour. With the ra re -e a r th  metals o f  lower

atomic number the thor ium phosphide s t r u c tu re  is  ob ta ined ; the a l k a l i n e -

e a r th  and the ra r e -e a r th  metal being d i s t r i b u te d  s t a t i s t i c a l l y  over the

e ig h t  coord ina ted  thor ium p o s i t io n .  With the ra re -e a r th  metals o f  h igh 

e r  atom-number and sm a l le r  rad ius  the seven-coord inated y t te rb iu m

se len ide  s t r u c tu re  (8) o r  the ca lc ium  f e r r i t e  s t r u c tu re  (9) a re formed,

the l a t t e r  w i th  the m e ta l- io n s  in s i x -  and in e ig h t - c o o rd in a t io n .

Chaicogenides o f  the general fo rm u las : I^X ^ , L^X^ and MI^X^ c ry s 

t a l l i z i n g  in the  va r ious  types o f  s t r u c tu re s  are given in ta b le  111-1.

I 11 -2 .The thor ium  phosphide s t r u c tu r e .

Many o f  the chaicogenides o f  the f i r s t  elements o f  the ra re -e a r th

metals  have as the h igh temperature c ry s ta l  s t r u c tu re  the e v e n tu a l ly

m e t a l - d e f i c ie n t  thor ium  phosphide s t r u c tu re .  The thor ium phosphide

s t r u c tu r e  belongs to  the very i n te r e s t in g  group o f  cub ic  c r y s ta l  s t r u c 

tu res  w i th  n o n - in te rs e c t in g  th re e fo ld -a x e s .  The space-group is  |T*3d

( T j ) ,  and the atoms have been placed in  the fo l lo w in g  spec ia l p o s i t io n s
a

(n o ta t io n  a f t e r  In te rn a t io n a l  Tables f o r  X-ray C ry s ta l lo g ra p h y ) .

Th: (12a)

(0 ,0 ,0 ; i , i , i )  + 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 ,0 ; i , i , i )  + x , x , x ;

1 /2 + x ,1 /2 -x ,  x

x  ,1 /2 + x ,1 /2 -x

1 /2 -x ,  x ,1 /2+x

1/4+x,1/4+x,1/4+x;
3/4+x ,1/4-x ,3/4-x ;
3/4-x ,3/4+x ,1/4-x ;
1/4-x ,3/4-x ,3/4+x .

where x equals approx im ate ly  1/12.

A p ro je c t io n  o f  the thor ium phosphide s t r u c tu re  on the (001) plane

is  g iven in f i g u r e  i l l - 4 .  A good d e s c r ip t io n  o f  th i s  s t r u c tu re  is  g iven

by Yu.A. K haritonov e t  a l .  (10) . As a basis  f o r  t h e i r  d e s c r ip t io n  these

authors  take the d is to r t e d  octahedron w i th  thor ium atoms a t  the v e r t ic e s

and a phosphorus atom in  i t s  c e n tre .  A P e n f ie ld  p ro je c t io n  o f  th is
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SrL .S

SrL„Se

■Th3PA'
L2S3 8.731 8.630  8 .5 7 3  8 .5 2 7  8 .4 4 8  8.387  8.33**

-Y2S3- A12°3-

Th3P4
L3S4 8 .7 3 0  8 .6 2 6  8 .5 7 5  8.52** 8 .5 5 6

Th3V
CaL2S4 8.687  8.615  8.578  8 .5 3 3  8.*472 8 .4 2 3  8 .  **00 8.376

'Yb3V
-Th,P

3 **
2 ** 8 .7 9 0  8 .7 1 8  8 .6 8 2  8 .6 4 9  8 .5 9 5  8.551

Th3V
BaL2S** 8 .9 1 7  8 .8 6 4  8 .8 1 7  8 .7 9 3

■ Th,P3 4
L2Se3 9 .0 5 5  8 .9 7 3  8 .9 2 7  8 .8 5 9  8.785

U2S3“

Th3p4-
L3Se4 9 .0 5 5  8 .9 7 3  8 .9 2 7  8 .8 5 9  8 .8 9 4

-Th3p 4-
2 4  9 .1 2 4  9 -06 0  9 -0 19  8.989  8 .931

<----------------ThjPj,---------------- >
BaL2S e4 9.258  9 .1 86  9.150  9.120

CaFe20^-

• C a F e ^ O ^ -

Sc2S3-

V v
• C a F e .O .-

■ CaFe-O^-

T a b le  I I 1 -1 .  The s t r u c t u r e s  o f  t h e  r a r e - e a r t h  c h a l c o g e n i d e s  o f  t h e  fo r m u la :  l-2X , ,  L-X^ and M L ^ .

For t h e  th o r iu m  p h o s p h i d e - ty p e  compounds th e  c e l l - e d g e  i s  g iv e n  in  « .
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Fig. I I 1-4.Projection o f  the cubic thorium phosphide structure
along a tetragonal axis. Heights o f  the atoms above

the plane o f  the paper in  1/24 o f  the a-axts.

octahedron is given in figure 111-5. The d is tortion  can be realized
by rotating the upper plane of a regular octahedron by approximately
22° re la tive  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 ce ll we have continuous
columns of these octahedra sharing the ir common equilateral triangles.
In figure 111-6 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 di rections. of threefold axes o f the cubic
c e ll.  The three remaining and non-shared faces of each octahedron
partic ipate in empty tetrahedra.

This brings us to (distorted) octahedra which share five faces,
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Fig. I I 1-5 .P enfield pro jection  o f  the d is to r te d  thorium
octahedron in the thorium phosphide structure.

s ix  edges and h a l f  o f  the corners twice and the remaining corners th ree
times as is indica ted in f igu re  11 I~7- The above- indica ted framework
of oc tahedra is a very dense one, the r a t i o  of  the number of  t e t ra hedra
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Fig. I I 1-6 .Column o f  face shared, oatrahedra along a threefo ld
axis in  the thorium phosphide structure.

and oc tahedra in t h i s  metal matr ix is th ree  to four .  In s t r u c tu r e s
based on a c l o s e s t  packing of  equal spheres the r a t i o  of  t e t rahedra l
to oc tahedral  s i t e s  is two to one. The r e l a t i v e l y  high dens i ty  of  th i s
s tacking  of  octahedra is a l s o  i l l u s t r a t e d  by the s p a c e - f i l l i n g  of  the
th o r i u m - l a t t i c e  which, for  a hard sphere model with ha l f  o f  the thorium-
thorium d is tance  chosen as the radius for  thorium, is 64.3%. For com
par i son the c l o s e s t  packing of  equal spheres is 74.05%» and th a t  of  a
body-centered cubic l a t t i c e  is 68.02%.

A q u i t e  d i f f e r e n t  de sc r ip t io n  of  the  thorium phosphide s t r u c t u r e
is ind ica ted  by Loeb (11).  For his  de sc r ip t io n  of  c ry s ta l  s t ru c tu re s
Loeb uses the concept of  in va r ia n t  l a t t i c e  complexes (Niggli (12)) .  A
l a t t i c e  complex is defined as an arrangement of  equiva len t  po in ts  which
are  r e l a te d  by the symmetry operat ions  of  a space-group (13)- Such a
l a t t i c e  complex is ca l led  invar ian t  when the points  have d e f i n i t e  and
cons tant  coord ina tes .  For the in va r i an t  po int  complexes a nomenclature
and a complete taxonomy has been developed by Hermann, Hel lner e tc .
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Fig. 111- 7. The sharing octahedron o f  the thorium phosphide struc
ture. (^ )  Comer thrice shared (Q) Comer twice shared

--------- Edge once s h a r e d _______ Eon-shared edge
Shaded faces are shared faces.

(14 ,15,16).  Loeb found t h a t  by rounding o f f  a i l  coordinates to the  near
e s t  mu l t ip le  of  1/8 i t  is nearly always poss i b l e  to i den t i f y  a point
complex as a d i s t o r t e d  form of  one of  the in va r i an t  l a t t i c e  complexes.
In t h i s  way i t  is  o f ten  poss ib l e  to f ind r e l a t i o n s  between c ry s ta l
s t r u c t u r e s .

In the thorium phosphide s t r u c t u r e  the thorium po s i t io ns  a lready
occupy an invar ian t  complex, the so -ca l led  +S-comp1ex. These po s i t io ns
are  equivalen t  to 1/8 of  the i n t e r s t i c e s  in a body-centered cubic
l a t t i c e ,  o r  to one qu a r t e r  of  the vanadium pos i t i ons  in V,Si .

With the parameter o f  the phosphorus atoms s e t  equal to zero,  the
phosphorus po s i t io ns  form an l-complex th a t  is  a body-centered cubic
l a t t i c e .  In the real s t r u c t u r e  the parameter of  the phosphorus p o s i t i o n s ,
which is  approximately 1/12, b rings  the phosphorus atoms to the cen t res
of  the d i s t o r t e d  thorium oc tahedra,  and i t  brings the coordinat ion  of
the thorium from four to e ig h t .  As can be seen in the upper pa r t  of
f igure  i l l - 8 ,  which is a p ro jec t ion  of  the +S-complex, the lower and the
upper plane of  the octahedron a re  ro ta ted  by a f ixed angle o f  21°48'
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F ig . 111-8. Pen f i e ld  p ro jec tio n  o f

the 8 tacking  o f  two

s p a c e -f i l l in g  polyhedra

o f  the b c c - la t t ic e . The

thorium positions are

in d ica ted , the id e a lize d

p o s itio n  o f  the phos

phorus atoms is  in  the

centres o f  the cubo-

octahedra.

r e l a t i v e  to  a re g u la r  octahedron. The lower p a r t  o f  f i g u r e  i l l - 8  g ives

the P e n f ie ld  p ro je c t io n  o f  the s tack ing  o f  two s p a c e - f i l l i n g  polyhedra o f

the b c c - l a t t i c e  (cubo-octahedra, Gorter (17))> w i th  the id e a l iz e d  thorium

and phosphorus p o s i t io n s .  The s tack ing  o f  these cubo-octahedra in the

d i f f e r e n t  d i r e c t io n s  o f  the th re e fo ld  axes is  g iven in f i g u r e  111 —9.

I I l~ 3 .O rd e r in g  on the c a t io n  s i te s  in the thor ium phosphide s t r u c tu r e .

F .L . C a rte r  (18-21) has s tud ied  re c e n t ly  the p o s s i b i l i t y  o f

c a t io n ic  charge o rd e r in g  and vacancy o rd e r in g  in the thor ium phosphide

3A



Fig. 111-$.The stacking o f  the cubo-oatahedra o f  the idealized thorium-
phosphide structure in  d ifferen t directions o f  the three fo ld  axes.

®  Height above the plane o f  the paper is  1/12/3 o f  the a-axis.
O  Height above the plane o f  the paper is  1/6/3 o f  the a-axis.
®  Height above the plane o f  the paper is  1/4/3 o f  the a-axis.
O  Height above the plane o f  the paper is  1/3/3 o f  the a-axis.
®  Height above the plane o f  the paper is  5/12/3 o f  the a-axis.
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related structures.
In the lite ra tu re  dealing with the rare-earth chalcogenides having

the thorium phosphide structure no experimental evidence fo r the
ordering of vacancies in the compounds of the general formula:
□ or for charge ordering in the compounds o f the general
formula: ML̂ X. has been found.

MSssbauer studies in 1967 by Berkooz et a l. (22) on Eu^S  ̂ show
the existence of Eu( I I )  and E u ( lll)  ions in the ra tio  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 a l. (23) have observed an e lec trica l transition  near 175 K,
due to an abrupt change in activation energy fo r conduction from
0.16 eV to 0.21 eV below the transition  temperature. This is in reason
able agreement with 0.2k eV obtained by Berkooz et a). More recently
Davis et a l. (2k) have shown from X-ray analysis, D.T.A. data and
magnetic data that in Eû Ŝ  a phase transformation occurs at 168 Kwhich
is non-magnetic in o rig in . These authors suggest th is phase transfor
mation to be due to a charge ordering of Eu( I I )  and Eu(111) in a te tra -

12gonal ce il of the space-group l**2d (D^^)•
We have tried  to find experimental evidence fo r a crystallographic

ordering in the compositions /3X4 as W®'1 as in the compositions
ML2X.. For the la tte r we used CaCe^S.. The reason fo r th is choice was
the re la tive ly  great difference in X-ray scattering of calcium and
cerium ions. We prepared CaCê Ŝ  by heating cericoxide and calcium-
carbonate in a stream of dry hydrogensulphide (method 3, Chapter V-1).
The obtained CaCe.S. was treated thermally in several ways in order to
obtain crystallographic ordering. A fter th is treatment X-ray powder-
d iffra c tio n  data were collected. A ll d iffe ren t treated materials gave
the same results. In table 111-2 we have collected the observed and
calculated d iffrac tio n  data fo r the thorium phosphide structure with
calcium and cerium s ta t is t ic a lly  d istributed over the position 12a of
the space-group l^ d  (T.) and fo r the "zel lengleiche" sub-group |T(2d

12 ^(D 'j) with the calcium-ions and the cerium-ions on the positions **a
Zd

and 8d respectively. The calculated X-ray d iffrac tio n  data were
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Table I I 1 -2 . Observed and c a lc u la te d  in te n s i t ie s  fo r  CaCe-S..

space- group space-group

|7*2d l"Ï3d

h k 1 'c a lc El 1c a lc 'c a lc I I ca lc 'obs

1 0  1 17 17 n .o .
2 0 0 30 , 30 n .o .
2 1 1
1 1 2

1000
286 < 1286 840 840 714

2 2 0 33 250 118 118 128
2 0 2 227
3 1 0 121
3 0 1 212 471 1000 1000 1000
1 0 3 138 .
3 2 1 48
3 1 2 137 469 519 519 655
2 1 3 284
4 0 0 5 28 12 12 390 0 4 23
3 0 3 0 26 n .o .
4 1 1 26
4 2 0 112
4 0 2 181 408 407 407 321
2 0-4 115 .
3 3 2
3 2 3

57
144 1

201 237 237 212

4 2 2 99 1 124 64 64 78
2 2 4 25
4 3 1 68

163]4 1 3 95
3 1 4
5 1 0

71
42 350 232 296

5 0 1 23 69,
1 0 5 51
5 2 1 14
5 1 2 17 55 131 131 131
2 1 5 24
4 4 0
4 0 4

15
4 19 14 14 13

4 3 3 7
5 3 0
5 0 3

0
3

■ 13 5 5 n .o .

3 0 5 3
4 2 4 i n 19 n .o .
6 0 0 2 J
5 3 2
5 2 3

42
41 1751

3 2 5 32 . 239 ■ 283 287
6 1 1 98 108,
1 1 6 26 1
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obta ined with the aid of  a computer program w r i t t e n  by Dr. H.M. Rietveld
of  the R.C.N. Pe t te n ,  the Netherlands.  The agreement of  observed and
ca lc u la ted  data is f a i r l y  good for  the model with the calcium and cerium
ions d i s t r i b u t e d  s t a t i s t i c a l l y  over the pos i t ion  12a of the space-group
n»3d.

For Q |^ j P r 22/ 3S4 and for  0 ^ ^ 0 2 2 / ^ ^  ° ^ serve^ i n t e n s i t i e s  are
a l so  in good agreement with those ca lc u l a ted  for  a model with the
vacancies s t a t i s t i c a l l y  d i s t r i b u t e d  over the ca t ion po s i t io ns  in the
thorium phosphide s t r u c t u r e ,  as can be seen in ta b le  111 - 3 •

11 I-A.Parameter v a r ia t i o n s  in ra r e - e a r th  chalcogenides with the thorium
phosphide s t r u c t u r e .
In the r a r e - e a r th  chalcogenides with the thorium phosphide s t r u c 

tu re  i t  wi l l  be poss ib le  to vary both the conduction e le c t r on  concen
t r a t i o n  and the ce l l  edge almost independently.  This is the reason why
these  compounds seem to form an e x c e l l e n t  sub jec t  to study the in d i r ec t
magnetic in te r a c t i o n s  of  the RKKY type.  For ins tance going from Ce^S^
f i t t i n g  with the c ry s t a l  s t r u c t u r e  ^ jCe22/jS/,  (where □  denotes a
ca t ion vacancy) to Ce^S^,the interatomic d i s tances  wi ll  hardly vary

i*: a = 8-630 ± 5 8 , Ce^S^: a = 8.625 ± 5 8 ) .  The number
of  conduction e l e c t r o n s ,  however, assuming an ionic model with t r i v a l e n t
cerium and d iva l en t  sulphur ,  wil l  vary from zero to one per formula
u n i t ,  which is r e f le c te d  in the e l e c t r i c a l  r e s i s t an ce  and o ther
physical  p r o p e r t i e s  ( f igu re  111-10 (.O ^ ^ C e 2 2 ^ ^ i t '• P > 1000 x 10 Jicm,
Ce^S^: p = 0.58 x 10 ficm)). From BaCe2S^ (a = 8.864 8) to Ce^S^ both
conduction e le c t r o n  concent ra t ion and interatomic d i s tanc e  vary.

As the compounds with the thorium phosphide s t r u c t u r e  form a com
p l e t e  homogeneous system, i t  wi l l  be pos s ib le  to prepare compositions

in the qua ternary system between: *-3*4 » an^ ®*"2^4
of  the general formula:

0 1-(x+y+z) ° 1 / 3 x  AyBzL3- (1/3x+y+z) X4
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h k 1

v. s .V. s.

v . s .
n .o .n .o .
v .s .v .s .
v.w.v.w.

n .o . n .o .

v .s .v.s.

v.w.v.w.

n .o .n .o .

n .o .n .o .

n .o .

n .o .n .o .

v.w. v.w.

Table I I  1-3* Observed and c a lc u la te d  i n t e n s i t i e s  f o r  Pr^S- and

Nd2S3 f o r  a model having the thor ium  phosphide s t r u c tu re  w i th

s t a t i s t i c a l l y  d i s t r i b u te d  metal vacancies.
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-oao 5 V

-0.35 S £electrical
resistances e e b e c k \

coefficient o  <
-030 5  -

-0.25 w >.

'therm al
'.conductivity - 0.20

-0.15 “

-140-

-160- -0.05

1.30 134 1.38 1.42 1.46 150 1.54

F ig . 111-10.E le c tr ic a l resistance, Seebeok co e ffic ien t and
thermal conductivity o f  CeS (1.33 < x  < 1.50) (a fte r
J.C. Danko e t a l.  (re f. 24)).

where: 0 is  an e lec tron

□  is  a ca tion  vacancy

A is  a d iv a le n t a lk a lin e -e a r th  ca tion
B is  a d iv a le n t a lk a lin e -e a r th  ca tion
X is a chalcogen anion

x ■ 0 -*■ 1; y ■ 0 -*■ 1; z » 0 -H ; x + y x z s  1.

With compositions o f  th is  general formula i t  is  possib le  to vary the
in te ra tom ic  distances and the number o f conduction e lec trons  almost

independently.
Due to  the d is t r ib u t io n  o f the thorium phosphide type s tru c tu re
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over the ra re -e a r th  chalcogen s e r ie s  we were r e s t r i c t e d  to  the elements

La, Ce, Pr, Nd, Pm and Sm. Our o n ly  po ss ib le  cho ice was the elements

praseodymium and neodymium. The reasons f o r  these l im i t a t i o n s  a re : f o r

L a ( I I I ) ,  the lack  o f  magnetic moment; f o r  C e ( l l l )  the la rge  e x te n t  o f

the 4 f - o r b i t a l  so th a t  d i r e c t -  and superexchange p lay  a la rg e r  ro le

here; f o r  Pm ( I I I )  the r a d i o a c t i v i t y  o f  t h i s  element and f o r  Sm ( M l )  the

small spacing o f  the J - m u l t i p l e t  le v e ls  r e l a t i v e  to  kT. So we i n v e s t i 
gated the systems:

Q1/3Pr22 /3 S4 Pr3S4 C a P r ^ B a P r ^

D1/3Pr22 /3 Se4 Pr3Se4 ’ SrPr2Se4 - BaP^Se

D1/3Nd22 /3 S4 Nd3S4 - CaNdjS. BaNdjS.

° 1 /3 Nd22 /3 Se4 Nd3Se4 - SrNdjSe. BaNd-Se2 '

In f i g u r e  111-11 is  in d ica ted  how we se lec ted  among a l l  po ss ib le

composit ions in these qua te rnary  systems, the composit ions to  be measured

This f i g u r e  g ives the fo u r  e q u i la te r a l  t r ia n g le s  forming the faces

o f  a re g u la r  te t ra h e d ro n ,  which represents a qua te rnary  system. F i r s t

we l im i te d  ourse lves  to  the i s o e le c t ro n ic  planes w i th  0, 1 /3 , 2 /3  and

1 e le c t ro n  per formula u n i t  represented in  f i g u r e  111-11 by the dash-

dot l in e s .  Then s t a r t i n g  w i th  the b in a ry  composit ions on these planes

we prepared composit ions w i th  equal c e l l -e d g e  on the o th e r  p lanes. This

is  in d ica te d  by the dashed l in e s  in  f i g u r e  111-11. In th i s  way i t  is

p o s s ib le ,  p ro v id in g  VegartJs law w i l l  h o ld ,  to  o b ta in  s e r ie s  o f  com

p o s i t io n s  w i th  equal c e l l -e d g e  and va ry ing  e le c t ro n  co n c e n tra t io n .
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bl2x4

b l 2x4

a l 2x4 a i /3L22/3X<

bl2x 4

Fig. 111-1 1 .Quaternary system between: □ .  ^3 ^2  667*4" B3*4J
AL„X. and BL^X^. General formula o f  the compositions
in  th is  system is :

Ql-(x*y+z) °0. 333xAyBzL3-(0. 333x+y+z)X4’
----------- ; Lines indicating planes o f  equal interatomic

distances.
Lines indicating planes o f  equal electron
concentration.
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C H A P T E R  IV

MAGNETIC MEASUREMENTS

IV -1 . In trod uc tio n
In the range 2 K to 100 K magnetic measurements were ca rr ied  out

by means o f a Princeton Applied Research (P.A.R.) P a ra lle l F ie ld
V ib ra tin g  Sample Magnetometer Model 150- These measurements were per
formed in  magnetic f ie ld s  up to  56 kOe produced by a superconducting

Nb-Zr c o i l .  D e ta ils  o f the apparatus were described by H.T. Witteveen

(1 ). In the temperature range 80 K to  1200 K we used fo r  the magnetic

measurements an automatic Faraday-baiance which w i l l  be described in

IV—2 •
We analyzed the magnetic behaviour o f our compounds in the para

magnetic region w ith  the Curie-Weiss law:

Xm “  [C /(T -  0 )] -  A

3 -1where: x *s the magnetic s u s c e p t ib i l ity  in  cm mole
m 3 -1

C is  the Curie constant in cm degree mole .

0 is  the asymptotic Curie temperature in K.

T is  the temperature in  K.
A is  a temperature independent c o n tr ib u tio n  in cm^mole .

The Curie-Weiss law can genera lly  be used fo r  samples w ith  loca

liz e d  moments. In th a t case the temperature independent c o rre c tio n . A,
is  a diamagnetic one due to  the core e le c tron s . For such a diamagnetic

term we corrected our experimental data, using the diamagnetic suscep
t i b i l i t i e s  per mole as tabu lated by Selwood (2 ). I f  a lso c o lle c t iv e
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e le c t rons  a r e  present  temperature independent Pauli  paramagnetism must
a l s o  be taken into account.  When however the m u l t i p le t  in te rv a ls  a re
comparable to kT, as is  the case with Eu( I I I )  and Sm( l l l ) ,  the simple
Curie-Weiss law wi l l  no longer hold and a d i f f e r e n t  dependency of  \

from T wi l l  be expected.

Values for  the Curie-Weiss parameters C, 0 and A were ca lc u la ted
from the observed molar s u s c e p t i b i l i t i e s  and tempera tures ,  on an IBM
360/65 computer, wi th the aid of  a l e a s t  squares approximation program
w r i t te n  by Rietveld (R.C.N. Pe t ten ,  the Netherlands) .  From the r e l a t i o n

pe f f =

%
where:

U ** is the e f f e c t i v e  magnetic moment
k is  the Boltzmann constant
N is Avogadro's number
Ub is  the Bohr magneton

the  e f f e c t i v e  magnetic moment can be ca lc u la te d .

IV-2.The automatic Faraday ba lance .

Measurements of  the magnetic s u s c e p t i b i l i t y  in the temperature
range from 80 K to 1200 K were performed by using the Faraday method
(2 ,3 ) .  The general se t -up  of  the appara tus  we used is a modif ica t ion
of  the apparatus descr ibed by J.W. Roelofsen (4) .

The Faraday method, for  measuring magnetic s u s c e p t i b i l i t i e s ,  is a
force method based on the f a c t  th a t  i f  a sample is placed in an inhomo
geneous magnetic f i e l d  H in the x - d i r e c t i o n  (H = H = 0 )  the force ,x y z
Fz> in the z - d i r e c t i o n ,  exerted on the sample is  given by:

3H
F “ (mx + X„)H — -  dynes

X 3z

where:

Fz is  the force  exerted on the sample in dynes
m is  the mass of  the sample in grams
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X is the magnetic s u s c e p t ib i l i ty  o f the sample in cm g
s 3X is the magnetic s u s c e p t ib i l i ty  o f the sample holder in cur

H is  the magnetic f ie ld  in the x -d ire c tio n  in Oe
x . - 13H /3z  is  the magnetic f ie ld  g rad ien t in Oe cm

The geometry o f our equipment ( f ig u re  IV-1) has been chosen in such a
manner as to  make the f ie ld  g rad ien t (z -d ire c tio n )  v e r t ic a l.  Now the
fo rce  exerted on the sample, which fo r  a m agnetica lly  is o tro p ic  sample
a lso w i l l  be v e r t ic a l,  can be measured w ith  a microbalance as i f  i t  was
a d iffe re n ce  in w eight. The balance we use is an automatic compensated
balance, Ugine Eyraud type B60, which can be evacuated. At one side

o f the balance beam a s i l ic a  w ire  w ith  a s i l ic a  sample holder is  sus-
pended, a t the o the r side is  suspended a permanent bar-magnet in the

F ig. IV -1. Faraday equipment.
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f ie ld  o f a solenoide. The force on the sample is autom atically compen
sated by a current through the solenoide. When the balance beam is out
o f its  equilibrium  position  the illum ina tion  o f a photo-res is to r  is
changed. An a m p lifie r system tr ie s  to keep the illum ina tion  o f the
photo-resisto r on a fixed value and brings back the balance beam in
its  equilibrium  position  by changing the current through the solenoide.
The change o f the current through the solenoide, which is measured over
a potentiometer as a change in voltage, is d ire c tly  proportional to
the change in the force exerted on the sample. As th is  compensation
system is sensitive  to magnetic f ie ld s  in the neighbourhood, e.g. to
the leakage f ie ld  o f the electromagnet we use fo r our measurements,
the balance is screened magnetically by inserting  a weak-iron sheet
between the electromagnet and the balance. The small influence o f the
leakage f ie ld  that remains a fte r  th is  shie ld ing is involved in the
correction fo r the empty sample holder.

The output voltage o f the balance is transm itted to a d ig ita l
m i l l iv o l t  meter (Solartron type LM1420) and via a signal reducer, which
reduces the signal w ith  approximately 0%, 25%, 50% or 75% o f the o r ig i 
nal s igna l, also to a 2.5 mV Honeywell chart recorder, in order to
check th e .s ta b i1i ty  o f the balance. The s e n s it iv ity  o f the balance, in
the way we generally use i t ,  is 650 mV gram . The s ta b i l i t y  o f the
balance is 5 x 10 gram.

The sample holder is surrounded by a tube (figu re  IV-2) around
which a non-inductive wound co il as heating element. The temperature
o f the sample is measured w ith a chromel-alumel thermocouple fo r  the
measurements in the low temperature regioh (80 K to 300 K) and w ith  a
P t/P t - 13% Rh thermocouple fo r the high temperature region (300 K to
1200 K). The cold junction  o f the thermocouples was a t 0°C and the
electromotive force was also measured w ith the Solartron LM1420 d ig ita l
mi 11ivo ltm eter. The thermocouples were ca lib ra ted w ith  a platinum re
sistance thermometer (H. D rijfh o u t en zoon; type WP-KE-33, DIN-43760).

The magnetic f ie ld  is generated by an electromagnet provided w ith
constant force pole-caps. For the low temperature region we use a Dings
electromagnet type GM-1 and fo r the high temperature region we use a
Brucker electromagnet type B-E 10 S4. As power supply we use a
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Fig. IV-2 .Lower part o f  the sample device.
1. Sample tube.
2. Thermocouple leads.
3. Furnace leads.
4. Glass-metal jo in t.
5. Outer tube.
6. B ifila ry  wound furnace.
7. Thermocouple.
8. Window.
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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:

X " [U. - V.] C. £Am 1 1 iJ i G
where:

1 -1
X|n is the magnetic susceptibility of the sample in cnrmole
U. is proportional to the force experienced on the sample and

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

holder by the magnetic field i.
C. is a constant whose value is proportional to the product of

the field strength and the field gradient of the magnetic
field 1.

M is the molecular weight of the sample.
G is the weight of the sample in grams.

The values of IL, V. and C. depend on the strength of the magnetic field.
The values of C. 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-
cobaltate, Hg[Co(CNS).] (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 GdjO^
(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:

at /*//Xat “ ---  --------
1 T - 6 T + 16.3

This result Is in good agreement with the results of Arajs and Colvin
(7) who found the values C - 7.80 cnrat and e - -17 K in the tem
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 IV—3• The
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Magnet

Chart-
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Magnet-
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Fig. IV-3.Block diagram of the automatic magnetic Faraday system.

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, so 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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C H A P T E R  V

EXPERIMENTAL DATA AND RESULTS

V-1. P r e p a r a t i o n  o f  the  samples .

The most general  t e chn iques  f o r  p r ep a r i n g  su l ph id es  and s e le n i d e s
o f  the  r a r e  e a r t h  me ta l s  a r e :

1: D i r ec t  r e a c t i o n  between the  e l ement s .

2: Reac t ion  o f  powdered metal  wi th  dry hydrogen su lp h i d e  o r  hydrogen
s e i e n i d e .

3: Reac t ion o f  metal  o x id e s ,  metal  ca rb o na te s  o r  mi x tu res  th e r e o f

wi th  hydrogen su lp h i d e ,  hydrogen s e i e n i d e  o r  carbon d i s u l p h i d e .

A: Reac t ion  o f  r a r e  e a r t h  metal  compounds wi th  dry hydrogen su l ph i de
o r  hydrogen s e i e n i d e .

5: Reduct ion o f  s u l p h a t e s ,  s e l e n a t e s ,  s u l p h i t e s  o r  s e l e n i t e s  wi th
dry hydrogen gas .

6: So l id  s t a t e  r e a c t i o n  o f  powdered and compressed mix tu res  o f  the

produc t s  o b t a in ed  by one o r  more o f  the  above-mentioned methods.

ad .1 :The  d e s i r e d  q u a n t i t i e s  o f  the  r a r e  e a r t h  metal  and su l phur  o r

se lenium were put  in a degassed s i l i c a  tube ,  which was evacua ted
-3 -Ato  a p r e s s u r e  o f  about  10 -  10 t o r r  and s e a le d .  The tube was hea ted

in an e l e c t r i c a l  fu rn a ce ,  f i r s t  a t  500 °C to  p r even t  any a t t a c k  o f  the

s i l i c a  by the  metal  and in o r d e r  to  ma in ta in  the  su l phur  o r  se lenium

vapour p r e s s u r e  low. A f t e r  a l l  su l phur  o r  se lenium vapour  had d i s a p 

pea red ,  the  t empe ra tu re  was r a i s e d  to  1100 °C f o r  a week. A f t e r  t h i s

week the  samples were cooled q u i c k l y  (quenched) to  room tempera tu re .

I f  X-ray d i f f r a c t i o n  showed t h a t  the  r e a c t i o n  had not  been completed

o r  t h a t  one o f  the  low-tempera tu re  phases  had been formed,  the  samples
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were powdered in an agate mortar and subsequently compressed into a
cy l ind er .  This cy l in de r  was heated in a th ick-walled  tantalum c ru c ib le
placed in a sealed evacuated ( to a pressure  smaller  than 10~^ to r r )
s i l i c a  tube a t  1400 C, by means of  a high frequent  induction furnace.
With X-ray f luorescence no tantalum could be detec ted in the samples
a f t e r  t h i s  t rea tment .

ad .2 :This  method of  prepara t ion  was not used in our in v e s t i g a t i o n s .
Because t h i s  method only allows us to obta in the sesquisu lphides

of  the ra re  ea r th  meta ls ,  as i s  the case with the th i r d  method, and
because some of the rare ea r th  metals a r e  pyrophoric and not easy to
handle,  we p re fe r r ed  to use the th i r d  method.

ad.3:The ra re  ea r th  oxides were placed in a graphi te  c ru c ib le  (Schunck
and Ebe, q u a l i t y  FE 49).  This c ruc ib le was  surrounded by a layer  of

non-conducting gr aphi t e  f e i t  (Schunck and Ebe) and by a c y l i n d r i c a l l y
shaped gr aphi te  r ad ia t io n  sh ie l d  with v e r t i c a l  s l i t s  to avoid energy
pick-up from the H.F. f i e l d .  This whole ensemble was placed in a s i l i c a
tube and heated in a stream of dry hydrogen sulphide a t  a temperature
of  1300 -  1500 C by means of  a high f requent  induction furnace ( f igure
^ " 0  • The products obtained by t h i s  method a r e  in most cases the rare
ear th  sesquisu lp hides ,  which l i e  on the su lp hur - r i ch  s ide  of  the thorium
phosphide type phase extens ion a r ea ,  as shown by Klemm e t  a l .  (1) .
Only in the case of  europium, Eu-S^ or  even EuS or  a mixture thereof
is formed according to the circumstances of  the reac t io n .  We employed
t h i s  method with hydrogen sulphide only.

a d .4 : The reac t ion  between hydrogen su lphide or  hydrogen se l en ide  and the
s a l t s  o f  the r a r e  ear th  metals shows the  same advantages and d i s 

advantages as the former method. Consequently we did not use t h i s  reac
t ion  for  prepar ing our composit ions.

ad.5:The reduct ion of  su lph a t es ,  s e le n a te s ,  su lp h i t e s  or  s e l e n i t e s  with
dry hydrogen has many d isadvantages.  For ins tance ,  i t  is very hard

to avoid the chalcogen element being lo s t  due to the reverse react ion
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water

Fig. V-1. Equipment fo r  the preparation o f  rare earth sulphides.
The oy lin d rio a lly  shaped radiation  sh ie ld  i s  given in
d e ta il.

of the water  formed during the reac t io n ,  with the su lphide  or  se len ide
(2) .  We only used t h i s  method to ob ta in  the se len ides  of  barium and
st ron tium (2),  which we used to prepare te rnary  st ront ium and barium
rare  ea r th  se len ides  according to the s ix th  method.

ad.6:To obta in  the intermedia te  phases between those prepared by one
of the methods 1, 3 and 5» we compressed appropr ia te  amounts of

powdered specimen obta ined by sa id  methods into cy l in de rs .  These; c y l i n 
ders were heated in a thick-wal led tantalum c ru c ib le  placed in a sealed
and evacuated ( to a pressure  of  about 10 ^ -  10 ^ t o r r )  s i l i c a  tube by
means of  a high frequent  induction furnace a t  1400 °C. X-ray f luorescence
showed th a t  a f t e r  th i s  t rea tment  no t r ace  of  tantalum was present  in the
samples.
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The ra re  ear th  metals used were powders or  chips of  high pur i ty
grade,  b e t t e r  than 99.9% (Cacermet, El comat). By X-ray f luorescence no
t r ace  of  o th er  than the assumed ra re  ear th  metals could be de tec ted .

The ra re  ear th  oxides had a claimed pu r i t y  of  99-9% (Cacermet,
Elcomat).  By means of X-ray f luorescence  no r a r e - e a r th  metals except  the
assumed ones could be detec ted .

The sulphur and the selenium used, had both claimed p u r i t i e s  of
99-999% (Fluka A.G.) ,  the carbonates of  calcium s tront ium and barium a l l
had claimed p u r i t i e s  o f  99.9% (Merck A.G.),  the se lena te s  of  st ront ium
and barium had a pur i ty  b e t t e r  than 99-9% (K & K). The hydrogen sulphide
we used had a pur i ty  b e t t e r  than 99-5% (Loosco). Pr io r  to use we dr ied
the hydrogen su lphide  over phosphorus pentoxide.

V-2. Cha rac te r iza t ion  of  the samples.
X-ray d i f f r a c t i o n  ana l ys i s  was ca r r ie d  out  by means of  a Guinier-

de Wolf camera, and by means of  a P h i l i p s  powder d i f f r a c to m e te r ,  type
PW 1025/25, equipped with a gr aphi te  monochromator. In both cases we
used Cu K-a r ad ia t i on  (X = 1.5418 8) .  In the powder d i f f r ac to me te r  a l l
samples were examined with the r e f l e c t i o n  method. In view of  the poss ib le
influence of  p re fe r red  o r i e n t a t i o n  of  the c r y s t a l l i t e s  due to the f l a t
sample ho lder of  the d i f f r ac to me te r  on the i n t e n s i t i e s  of  the d i f f r a c t i o n
l in e s ,  some samples were a l so  inv es t iga ted  with the t ransmission method.
As no s i g n i f i c a n t  d i f fe re nces  in the i n t e n s i t i e s  obtained by these two
methods could be de tec ted the inf luence of  p re fe r r ed  o r i e n t a t i o n  of  the
c r y s t a l l i t e s  on the i n t e n s i t i e s  may be neglec ted.

The ce l l  dimensions and the i n t e n s i t i e s  were ca lcu l a t ed  on an
I.B.M. 360/65 computer by means of  a l e a s t - squa re s  Algol program for
over lapping X-ray powder r e f l e c t i o n s ,  w r i t t e n  by Rietveld (R.C.N. Pe t te n ,
the Netherlands).  Table V-1 g ives ,  as an example, thè observed and ca l -

5 2cula ted  values for  10 s in  0 and for  the i n t e n s i t i e s  o f  P ^ S ^  ant* P .
The ca lcu la ted  values a r e  based on a model having the thorium phosphide
s t r u c t u r e  with the space group 143d (Tj) comprising the sulphur atoms a t
the 16c po s i t i o n ,  with 1/12 as the value for  the parameter,  and the metal
atoms having the po s i t ion  12a. For the compositions showing m e t a l - s i t e
vacanc ies ,  the ca lcu la t ed  values a r e  based on a model with a s t a t i s t i c a l
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h k 1

3 1

7 1
6 4

7 3

1000
140
997
504

16
445
256

70
183
86

145
16
4

189
113
57

150
62
70

7
2

77
47
48
96
53
20

Pr2S3 P r3S4
1O5s in 20 105 . 2 -s i n 0

obs c a l c obs 1 ,ca lc *obs c a l c obs

v .s . 4848 4831 1000 V . S . 4845 4837m. 6464 6454 140 m. 6460 6452
v .s . 8080 8073 902 v .s . 8075 8067v .s . 11312 11305 447 v .s . 11305 11292
v.w . 12907 12933 17 v.w . 12899 12919
v .s . 16133 16139 420 s . 16124 16124
s. 17747 17738 240 s . 17734 17734
w. 19360 19364 66 w. 19348 19348
s. 20973 20974 175 1

86 ƒ s. 20961 20944
m. 24200 24213 138 m. 24185 24204
v.w . 25813 25846 16 v.w . 25798 25837n .o . 27368 n .o . 3 n .o . 27410 n .o .
s. 30653 30635 177 1104 ƒ s. 30635 30632
w. 32267 32256 51 w. 32247 32245m. 33865 33865 157 m. 33860 33838
w. 37107 37104 57 w. 37084 37076
w. 38720 38730 66 w. 38702 38702
n .o . 40247 n .o . ? } n .o . 40309 n .o .
w. 41947 41948 73 w. 41921 41929

44 ]
m. 43560 43546 45 m. 43534 43527

90 J
w. 45174 45167 48 w. 45146 45147
v.w . 46787 46803 20 v.w . 46758 46756

Table V -1 . Observed and c a lc u la te d  in te n s i t ie s  and 1O5s in 20

values o f  and P r.S ^.

d is t r ib u t io n  o f  the vacancies ove r the metal s i te s .  The agreement between

the  observed and c a lc u la te d  data is  f a i r l y  good.

V -3 -1 . The system CaPr^S,^BaPr-S^-Pro,. ,.̂ - P r  .

The com positions in v e s tig a te d  in  th is  system are  in d ic a te d  in

f ig u r e ‘ V -2 . In o rd e r to  o b ta in  these com positions we f i r s t  prepared

as s ta r t in g  m a te r ia ls  P ^ ^ S k, P r ^ ,  C a P r ^  and B a P r ^ .  P r ^  was

prepared by hea tin g  a m ix tu re  o f  the elements in  an evacuated s i l i c a
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CaPr^S*

Fig. V-2. Compositions investigated, in  the quaternary system

CaPr2S4~BaPr2S4~Pr3S4-p r2S3‘ Dae^-dot lines indicate
planes o f  equal electron concentration and dashed lines
indicate planes o f equal interatomic distances.

ampoule, according to method 1 (chapter V-1). P r ^ jS * .  C a P r^  and
BaPr2S4 were prepared by reaction o f dry hydrogen sulphide and praseo
dymium oxide or mixtures o f praseodymium oxide and calcium carbonate
or barium carbonate according to method 3 (chapter V-1). The intermediate
compositions were prepared by a solid state reaction o f compressed mix
tures of the starting materials (method 6, chapter V-1).

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

The ce il edge, paramagnetic Curie-temperature and the effective
magnetic moment per rare earth ion o f the investigated compositions are
indicated in table V-2. In th is table we have also indicated the
conduction electron concentration as can be calculated from a simple
ionic model with fr iva le n t praseodymium and divalent calcium, strontium
and barium. In th is table we have also indicated the corresponding data
for SrPr^S^.

57



a  (8 ) z e p (K) p e f f ( p B)

Pr3s l* 8 . 5 7 8 6 ( 1 7 ) 1 . 0 0 0 . 0 3 . 5 6

P r 2 . 9 8 S 4
8 . 5 7 8 . 6 7 - 1 6 . 0 3 . 5 5

P r 2 . 7 8 S lt 8 . 5 7 7 . 3 3 - 2 1 . 7 3 - 5 8

P r 2 . 6 7 S 4
8 . 5 7 6 0 ( 1 7 ) . 0 0 - 2 6 . 9 3 - 5 9

Ca0 . 3 3 P r 2 . 6 7 S 4
8 . 5 7 9 . 6 7 - 1 5 . 6 3 - 5 8

Ca0 . 3 3 P r 2 . 5 6 S i*
8 . 5 7 8 . 3 3 - 2 1 . 9 3 . 5 9

Ca0 . 3 3 P r 2 . 4 4 S 4 8 . 5 7 7 . 0 0 - 2 7 . 2 3 . 6 0

Ca0 . 6 7 P r 2 . 3 3 S 4
8 . 5 7 9 . 3 3 - 2 1 . 5 3 . 5 9

Ca0 . 6 7 P r 2 . 2 2 S A
8 . 5 7 8 . 0 0 - 2 6 . 5 3 . 6 0

CaPr2Sll 8 . 5 7 9 3 ( 8 ) . 0 0 - 2 6 . 8 3 - 5 9

B a0 . 3 3 P r 2 . 6 7 S ^
8 . 6 5 7 . 6 7 - 2 0 . 3 3 . 5 7

B a 0 . 3 3 P r 2 . 5 6 S 4
8 . 6 5 6 . 3 3 - 2 7 - 4 3 - 5 8

B a0 . 3 3 P r 2 . 4 4 S 4 8 . 6 5 5 . 0 0 - 2 7 . 6 3 . 6 1

B a 0 . 3 3 Ca0 . 3 3 P r 2 . 2 2 S A 8 . 6 5 7 . 0 0 - 2 7 . 6 3 . 6 0

B a0 . 3 3 Ca0 . 6 7 P r 2 S 4 8 . 6 5 7 . 0 0 - 2 7 . 5 3 . 6 0

B a0 . 3 3 Ca0 . 3 3 P r 2 . 3 3 S ^
8 . 6 5 7 • 33 - 2 8 . 2 3 . 5 8

B a 0 . 6 7 P r 2 . 3 3 S A
8 . 7 3 5 • 33 - 2 8 . 6 3 . 5 9

B a0 . 6 7 P r 2 . 2 2 S A 8 . 7 3 4 . 0 0 - 2 6 . 9 3 . 5 9

B a0 . 6 7 Ca0 . 3 3 P r 2 S it 8 . 7 3 6 . 0 0 - 2 7 . 1 3 . 5 9

BaPr2s l, 8 . 8 1 3 6 ( 1 8 ) . 0 0 - 2 6 . 2 3 . 6 0

SrPr2S4 8 . 6 8 1 7 ( 1 5 ) . 0 0 - 2 6 . 5 3 . 6 1

Table V-2. Cell edge (a ) ,  assumed number of  conduction e lec t rons
per formula un i t  (Z) , paramagnetic Curie- temperature (0 )
and the e f f e c t i v e  magnetic moment (y of  some composi
t ions  in the s e r i e s  Pr -S^-P^S^-CaP^S^-BaP^S^.

In f igu re  V~3 the paramagnetic Cur ie- temperature of  these composi
t i ons  is given as a func t ion of  the conduction e le c t r on  concent ra t ion
for  the d i f f e r e n t  s e r i e s  of  values for  the ce l l  edge.

Low temperature magnetic measurements were performed by means of
the P.A.R. v ib ra t in g  sample magnetometer on samples of  P r ^ ,  Pr22/3sv
CaPr2Slf, S r P r ^  and B a P r ^ .  The r e s u l t s  o f  some of  these measurements
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Fig. V*3. The paramagnetic Curie-temperature (Q̂ J versus the
assumed number o f  conduction electrons fo r  compositions
investigated in  the series CaPr^S^-BaPr^S^-Pr^S^-Pr^S^.
'' « :  compositions with a -  8.578 o.: compositions
With a -  8.657 *: compositions with a = 8. 735 2.

Fig. \l-h. The l / \  versus T curves fo r  Pr^S^ and Pr^S^. • : obtained
from measurements with the Faraday balance; » ; obtained
from measurements with the vibrating sample magnetometer.
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are summarized in figu re  V-4.

V~3~2. The system SrPuSe^-BaPr^Se^-PrjSe^-Pr?^ /^Se^ .
The compositions investigated in th is  system are indicated in .

figu re  V-5. For the preparation o f these compositions we used as
s ta rtin g  m aterials SrSe, BaSe, Pr22/ 3Se2, and Pr^Se^. Strontium selenide
and barium selenide were prepared by the reaction between dry hydrogen
gas and SrSeO  ̂ and BaSeO, respective ly, according to the f i f t h  prepa
ra tion  method o f chapter V-1. pr22/jSe^ and Pr,Se were prepared by
heating a mixture o f the elements in an evacuated s i l ic a  ampoule, ac
cording to method 1 (chapter V-1). The s ix th  method o f chapter V-1 was
used to prepare the intermediate compositions.

The results o f magnetic s u s c e p tib ility  measurements, carried out
by means o f the Faraday balance in the temperature range o f 80 - 1000 K,
are given in figu re  V-6 and table M-k. In that temperature range a
Curie-Weiss law is obeyed. In table V- 3 is also indicated the ce ll
edge and the conduction electron concentration based on a simple ionic

S rP rjS e*

/  /  /

Fig. V-5. Compositions investiga ted in  the quaternary system
SrPrgSej-BaPrgSe^-Pr^Se^-PrgSeg. Dash-dot lines ind ica te
planes o f  equal e lectron concentration and dashed lines
ind ica ted planes o f  equal in teratom ic distances.
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a (8 ) ep (K) Z

ür 3Se4 8.9288(14) -  3.1 1.00 3-52
£ r2.96?e4 8.928 -13.1 .88 3.54
Pr2.89*e4 8.928 -27.0 .67 3.56
» r2.87^e4 8.927 -31.5 .61 3-56
o r2.78^e4 8.926 -37.2 • 33 3.58
Pr2.70?e4 8.926 -26 .7 .09 3-55
or2.68ceA 8.925 -24.3 .03 3-59
Pr2.67*e4 8.9251(16) - 21.6 .00 3-58
c r0.33pr2.67eeA 8.953 -25.1 .67 3.57
c r0.33pr2.56cei* 8.952 - 32.1 .33 3.58
n r 0.33pr2.44ce4 8.951 - 21.6 .00 3-58
B*0 . 12p r 2 .59c®1» 8.952 - 22.3 .00 3-59
Ra 0.12pr2.70ce i*' 8.954 -31.5 • 33 3.58
p30 . 12p r2 .81 8.955 -25.0 .67 3.57
?a0 . 12p r 2 . 885e i| 8.956 -11 .7 .88 3-55
^ r0.67pr2.33^e i» 8.978 -26.7 .33 3.58
o r0.67pr2.22ceii 8.977 - 22.0 .00 3.60
oa0.22pr2.52ce4 8.975 -21.7 .00 3.59
oa 0.22pr2.63ce4 8.976 -26 .3 • 33 3.57
pa0.22pr2.74^eit 8.977 -19.1 .67 3-56
pa0 . 22pr2 . 78pe i* 8.978 -16.3 .78 3.56

S > r \ h [ ° ‘ ' 6  i \ 6 ^ k
8.977 - 20.1 .67 3.56
9.0027(17) - 21.6 .00 3-58

b30.33d 2 .4 4 ^ 4 9.001 - 22.5 .00 3.60
Rd0.33pr2 .5 6 je4 9-002 -21 .3 • 33 3.58
pd0.33c r2.67„e4 9.003 -15.1 .67 3.57
!!a0 .1 7p r0 . 50c r2 . 33Se4 9.004 -21 .5 • 33 3.59

a0.56DPr2.29 eA 9.052 - 21.9 .00 3.60
oa0.56pr2.40^e4 9.053 -19 .7 • 33 3.59
pa0.56Pr2.44pe i» 9.054 - 17.6 .44 3.59
od0 .50? r0 .1 7p r2 . 33Se4 9.053 -19.9 .33 3.58
Rd0 . 33» r0 . 67p r2Se4 9.052. - 2 2 .6 .00 3.59
pa0.67pr2.22ce4 9.076 - 22.0 .00 3.59
Ba 0.67Pr2.33^e4c 9.078 -18.7 .33 3-57

B a ^ 0 ' 50 2 4
9.078
9.1518(15)

- 21.0
- 22.2

.00

.00
3.57
3.58

Table V~3. Cell edge (a ) ,  assumed number o f  conduction e lec tro n s
per formula un i t  (Z), paramagnetic Curie-tem perature
(0p) and the e f f e c t iv e  magnetic moment in the s e r ie s
P r 3Se4-P r2Se3-S rP r ^ - B a P  r ^
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Fig. V-6. The paramagnetic Curie-temperature ( 0^J versus the as
sumed number o f  conduction electrons fo r  compositions
investigated in  the series SrPr^Se.-BaPr^Se^-Pr^Se^-
Pr„Se7. o ; compositions with a -  8.927 ft; o : composi-

tions with a = 8.953 ft, A : compositions with a = 8.977 ft;
+ : compositions with a = 9.003 ft; x : compositions with '
a = 9.053 ft; V : compositions with a -  9.078 ft.

model comprising t r iv a le n t  praseodymium.
In th is  system low temperature magnetic measurements were performed

on samples o f Pr^Se^, Pr 2 2 / 3 Se^, SrPr^Se^ and BaP^Se^ by means o f  the
P.A.R. magnetometer. The re su lts  o f these measurements are summarized

in fig u re s  V- )  and V-8.
For Pr^Se^ Loginov and Sergeeva (3) have reported +6 K and 3>^3 Pg

as values fo r  the paramagnetic Curie-temperature and the e ffe c t iv e

magnetic moment re sp e c tive ly .

V-3-3. The system C a N d ^ -B a N d ^ -Nd^ - N d ?2 /^ -
The compositions investiga ted  in th is  system are given in f ig u re  V-9.

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

system CaPr2 Sit-BaPr2 S|j-Pr-S |t-P r2 2 y 3 S|( (chapter V -3 '1 ).
Magnetic s u s c e p t ib i l ity  measurements were ca rr ie d  out by means o f
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Fig. V'7. The 1/x versus T curves fo r  Pr^Se^ and Pr^Se^.
• : obtained from measurements with the Faraday balance
0 obtained from measurements with the vibrating

sample magnetometer.

HIkO»l

Fig. V-8. The magnetization (M) versus the magnetic f ie ld  (B)
fo r  PrJSe-. T = 1.95 K.
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a (8) z 0p (K ) *Je f f ( l iB)

Nd3S4 8.5236(12) 1.00 +40.3 3.42

Nd2 .8 9S4 8.525 .67 + 2.2 3.53

Nd2.78S4 8.526 .33 -24 .7 3.60

Nd2 .6 7S4 8.5275(19) .00 - 2 9 . I . 3.66

Ca0.33Nd2.67S4 8.526 .67 + 1.7 3.61

Ca0 . 33Nd2.56S4 8.528 .33 -26 .7 3.63

Ca0.33Nd2.44S4 8.529 .00 -29 .7 3.63

Ca0.67Nd2.33S4 8.529 .33 -26 .5 3.59

Ca0.67Nd2.22S4 8.530 .00 -30 .5 3.61
CaNd-S, 8.5315(13) .00 -30 .7 3.63

Ba0.33Nd2.67S4 8.613 .67 + 0.9 3.55

Ba0.33Nd2.56S4 8.614 .33 -27 .7 3.61

Ba0.33Nd2.44S4 8.616 .00 -31.1 3.60

Ba0.33Ca0.33Nd2.22S4 8.617 .00 -30 .8 3.60

Ba0.33Ca0.67Nd2S4 8.618 .00 -31.1 3.59

Ba0.33Ca0.33Nd2.33S4
8.616 .33 -27-3 3-58

Ba0.67Nd2.33S4
8.702 .33 -28 .0 3.58

Ba0.67Nd2.22S4 8.703 .0 0 -31 .7 3.60

Ba0.67Ca0.33Nd2S4 8.705 .00 - 3 I . 9 3.61
BaNd 8.7914(13) .00 -32.1 3.60
SrNd S. 8.6537(11) .00 -31 .5 3.62

Table V-4. C e ll  edge (a ) ,  assumed number o f  conduction e le c tro n s

per formula u n i t  ( Z ) , paramagnetic C ur ie - tem pera ture

(e ) and- the e f f e c t i v e  magnetic moment ( p ^ ^ )  In the

s e r ie s  N d ^ - N d ^ - C a N d ^ - B a N d ^ .

the Faraday balance in the temperature range 80 -  1000 K. A l l  compo

s i t i o n s  showed a Curie-Weiss behaviour in sa id  range. The c e l l  edge,

paramagnetic C u r ie - tem pera tu re , the e f f e c t i v e  magnetic moment per ion and

the number o f  conduction e le c t ro n s  per formula u n i t  are g iven in ta b le
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CaNd2S4

Fig. V-9. Compositions investigated in  the quaternary system
CaNdgSj-BaNdgSj-NdgSj-NdgSg. Dash-dot lines indicate
planes o f equal electron concentration and dashed lines
indicate planes o f equal interatomic distances.

M-h. In figu re  V-10, the paramagnetic Curie-temperature o f these com
positions is indicated as a function o f the conduction electron con
centration.

Low temperature magnetic measurements by means o f the P.A.R.
magnetometer were carried out on samples o f Nd^S^, CaNdjS^,
JrNdjS^ and BaNd2S^. The results o f these measurements are summarized
in figu re  V-11, figu re  V-12 and figu re  V-13-

Our values fo r the paramagnetic Curie-temperature fo r Nd.S^ and
^^2^3 a9ree w'Th those reported by Loginov et a l.  (4).

Rough conductiv ity  measurements were carried out on powdered sam
ples o f NdjS^, Nd2j,y-S^ and CaNd2S  ̂ in the temperature range o f 80 -
300 K. The samples were pressed in bars o f about 3 mmx 3 mmx 1 5 mm
and sintered in an evacuated s i l ic a  ampoule a t 1100 °C. The fou r-po in t-
contact method was used. For the samples o f and C a ^S ^ the
conductiv ity  decreased w ith  the temperature, whereas fo r Nd-S^ the
conductiv ity  increased w ith decreasing temperature. For Nd22/jS ^  and
CaNd2Si, the re s is t iv i ty  was in the order o f 1 - 10~ ficm and fo r Nd^S^
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Fig. V-10.The paramagnetic Curie-temperature (6^) versus the
assumed number o f conduction electrons for compositions
investigated in the series CaNd^S -̂BaNd^S -̂Nd^S -̂Nd^S

o : compositions with a = 8.526 2; » : compositions
with a = 8.616 a j  A : compositions with a = 8.703 a .

~2we found 10 - 10 ftcm. No discontinuity in the res is t iv ity  as a
function of the temperature was observed. The values of the res is t iv ity
give only a rough information and depend strongly on the preparation
method of the bars. Picon and Flahaut have found 1.2 x 10 ftcm for the
res is t iv i ty  of Nd^S  ̂ (5)•

V-3~h.___ The system SrNd^Se^-BaNd^Se^-Nd-Sei^Nd?^ /^Se^.
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 SrPr2Seij-BaPr2Seit"PrjSeif-Pr22/jSe^ (chapter V-3- 2).

Magnetic susceptib ili ty  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 ceil
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F i g .  V- 1 1 .  The 1/x versus T curves fo r  and . •  : obtained from
measurements with the Faraday balance; » :obtained from
measurements w^th the vibrating sample magnetometer.

F i g .  V - 1 2 .The magnetization (M) versus the temperature (T) fo r  Nd^S^.
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70-1

MxKf2
Gauss cm3

Fig. V-13•The magnetization per Nd (M) versus the magnetic field
(H) for BaNd-S . T = 2.05 K.

SrNd2Se4

Fig. V-14.Compositions investigated in the quaternary system
SrNd^le j-BaNdgSe j-Ndg5ej-NdJSe Dash-dot lines indicate

planes of equal electron concentration and dashed lines

indicate planes of equal interatomic distances.
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Fig. V - 15•The paramagnetic Curie-temperature (Q ) versus the
assumed number o f  conduction electrons for compositions
in vestig a ted  in  the ser ie s  SrU dfiej-B aN dfie j-M ^e.-
Nd2Se3' ° ; aomP0 8 ition s with a = 8.859 ft; o ;  composi
tions with a — 8.902 ft; A : compositions with a —

8.945 ft; + : compositions with a = 8.990 ft; V : composi
tions with a = 9.033 ft; • ;  compositions with
a = 9.076 ft.

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 Nd^Se^, Nd2 2 /jSe^
SrNd2 Se^ and BaNd2 Se^. The results of these measurements are given in
figure V-16, figure V-17 and figure V-18.
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a (R) 0p (K) Z V f (vB}

NdjSe^ 8.8576(19) +17-2 1.00 3.40

Nd2.89Se4 8.859 -26.2 .67 3-56

Nd2.78Se4 8.860 -40.6 • 33 3.63

Nd2 .6 7Se4 8.8619(12) -29.2 .00 3.62

Sr0.33Nd2.67Se4 8.900 -33.1 .67 3-57

S r0.33Nd2.56Se4 8.902 -45 .8 .33 3.59

S r0.33Nd2.44Se4 8.903 -28.6 .00 3.60

Ba0.17Nd2.56Se4 8.905 -27.1 .00 3.61

Ba0.17Nd2.67Se4 8.904 -46.0 .33 3.58

Ba0.17Nd2.78Se4 8.902 -34.3 .67 3-57

Ba0.17Nd2.83SeA 8.902 -12.9 .83 3.54

S r0.67Nd2.33Se4 8.943 - 4 7 .O •33 3.61

S r0.67Nd2.22Se4 8.944 - 2 9 .2 .00 3.61

Ba0.33Nd2 . ^ Sel4 8.948 -28.7 .00 3 .6 0

®a 0-33^d?-S6Beii 8.947 -47.9 .33 3.59

Ba0.33Nd2.67Se4 8.945 -36.7 .67 3.56

SrNd.Se, 8.9857(16) - 2 7 .2 .00 3.62

Ba„ _„Nd„ , ,S e i 8.991 -27.9 .00 J.61
0.50 2.33 4

Ba0.50^d2.44Be4 8.990 - 4 9 .I .33 3.59

Ba0.50Nd2.50Se4 8 .9 8 9 -43.8 .50 3.58

Ba0.33Sr0.33Nd2-33Se^
8.988 -26.7 .33 3.60

Ba0.33Sr0.67Nd2SeA 9.031 -27.8 .00 3.61

Ba0.67N2.22Se4 9.035 - 2 9 .O .00 3.60

Ba0.67Nd2.33SeA 9.033 -49 .5 .33 3.58

Ba0.67Sr0.33Nd2Se4 9.076 -28.4 .00 3.62

Ba0.83Nd2.11Se4 9.078 -28.1 .00 3.61

Ba0.83Nd2.17Se4 9.076 -42.7 .17 3.60

BaNd-Se. 9.1211(11) -29-2 .00 3.62

Table V-5. Cell edge (a ) ,  assumed number of  conduction e le c t ro n s
per formula un i t  (Z ) , paramagnetic Curie-temperature
(0 ) and the e f f e c t iv e  magnetic moment (p -ƒ) in the
s e r ie s  NdjSei>-Nd2Se^-SrNd2Sei(-BaNd2Se^.
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Fig. \l-](>.The l / \  versus T curves fo r  Nd0Se ,  and NdJSe..
U  V u  3

•: obtained from measurements with the Faraday balance;
obtained from measurements with the vibrating

sample magnetometer.

5000-1

Gouss cm3,

3000-

2000-

1000-

Fig. \l-\~l.The magnetization (M) versus the temperature (T) fo r
Nd-Se..ó 4
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HIKOe)

Fig. M-\8.The magnetization (M) versus the magnetic f i e l d  (H) fo r
M £ e 4. T = 2 K and T = 10 K.

Fig. V-19.The l / \  versus T curves fo r  Gd^S^ (upper) and fo r
Gd„ . (lower).
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V"3"5* The system Gd. S. .— -----------------------------------3-x—U
In th is  system the only possib le  values fo r  x are in  the range

0.33 > x > 0.23. Figure V-19 shows the re su lts  o f the s u s c e p t ib i l ity
measurements on the two extreme compositions in th is  system in  the
temperature range o f 80 -  300 K. The values o f 0 and u , ,  are

p e f f
ep “  +57 K, ue f f  -  8.28 pB fo r  Gd2 ^  and 0p = -18 K, ue f f  = 8.03 P0

fo r  Gd2.67S4 <“ as3)-
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C H A P T E R  VI

DISCUSSION

V I-1 . In troduction .
From the magnetic data obtained fo r the rare earth chalcogen,ides

i t  is c lear that a certa in  re la tionsh ip  ex is ts between the ra tio  of
rare earth ions to chalcogen ions and the paramagnetic Curie-temperature
As the number o f electrons in the conduction band is  also related to
th is  ra tio  i t  is obvious to check i f  there is a re la tion  between the
number o f conduction electrons and the paramagnetic Curie-temperature.
The influence o f the magnitude o f the c e ll edge, being a function o f
size and ra tio  o f cations and anions, must be considered as w e ll. A
theore tica l re la tion  between the conduction electron concentration and
the paramagnetic Curie-temperature fo r a m e ta llic  compound is  given by
the RKKY-theory as is indicated in chapter II (eq. 11-28).

The summation o f eq. 11-28 over a l l  metal positions in the thorium-
phosphide structure  has been carried out fo r various values o f the Fermi
vector (kp) and the c e ll edge o f the cubic un it c e ll.  Due to the conver-
gency the summations could be lim ited  to a sphere w ith a radius o f 25 A.
The resu lts  are g raph ica lly  represented in figu re  V I-1. As the th e o re ti
cal value fo r kp, based on a model w ith  free conduction electrons is
zero fo r i-^X, and approximately 0.6 8 fo r L^X^, we expected an increas
ing pos itive  in te raction  between the lanthanide ions when the conduction
band is f i l le d  and consequently we expected an increasing value fo r the
paramagnetic Curie-temperature on going from l^X- to L^X^. As can be
seen from figu re  V-10 and figu re  V-19 the values fo r the paramagnetic
Curie-temperature rise  when we go from Hd^S  ̂ to Nd^S  ̂ and when we go
from to Gd£ 77^4* Going from 1° Pr^S^ a s im ila r behaviour
is shown, although a s lig h t minimum can be observed fo r Z = 1/3 in some
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RKKY-sum

Fig. VI-1 .RKKÏ-sim versus 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 o f the
paramagnetic Curie-temperature versus the number o f conduction electrons
for the selenide series Pr^ej-P rjSe^ and Nd^ej-NdjSe^ show a deviation
from this behaviour (figures V-6 and V-15)* Here we see a smalt negative
value o f the paramagnetic Curie-temperature fo r the compounds P^Se^
and Nd2Se-. These values are of the same order of magnitude as the
values found fo r the compositions L2S,. However, when in the selenide
compositions the metal content is increased, the paramagnetic Curie-
temperature f i r s t  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.

F irs t we have to find an explanation fo r the negative values of
the paramagnetic Curie-temperature which we have found fo r the semi
conducting compounds l-2X, and MI_2X^. The negative magnetic interactions
in these compounds may be caused by several mechanisms or combinations
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thereof:

1. A d ire c t exchange in te raction  o f the localized ion ic magnetic
moments.

2. A superexchange in te raction  o f the localized ion ic magnetic moments
via the chalcogen atoms or via v ir tu a l ly  excited states.

3. The ground state J -m u ltip le t o f the rare earth ions can be s p l i t
due to the c ry s ta llin e  f ie ld .  This s p l i t t in g ,  when large In »
comparison to the temperature o f the magnetic measurements, w il l
influence the value o f the paramagnetic Curie-temperature.

k. An in d ire c t exchange in te rac tion  o f the RKKY-type due to thermally
excited electrons in the conduction band.

We w i l l  now give a short discussion o f these four p o s s ib ilit ie s
which may cause the negative in te raction  in the semiconducting com
positions:

ad 1. A d ire c t exchange in te rac tion  between the rare earth ions
can be neglected fo r 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 fo r the paramag
ne tic  Curie-temperature. For example NdCl^ shows a paramagnetic
behaviour to 2.5 K w ith  a paramagnetic Curie-temperature o f
0.00 K ± 0.01. The Nd-Nd nearest neighbour distance is 4.231 8 .
For P rC lj having approximately the same nearest neighbour distance
the value fo r 0 is 0.50 K ± 0.01 (1).
b. D irect exchange in te raction  in the rare earth compounds
(the cerium compounds excluded) Is small due to the deep-lying
4f-e lectrons which are well-screened by the outer 5p- and 5s-
electrons.

ad 2. Super exchange o p tiona lly  combined w ith  an ind irec t exchange
mechanism o f the RKKY-type is possible fo r the semiconducting
compounds. A theory fo r th is  type o f in te raction  has been worked
out by Gonialves da S ilva and Falicov (2). A b r ie f summary o f th is
theory w i l l  be given in section VI-2,

ad 3. The degenerate energy levels o f the J -m u ltip le t o f the ground
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state can be s p l i t  due to the e ffec ts  o f the c ry s ta llin e  f ie ld .
When th is  s p lit t in g  is large re la tive  to the temperature, the
lowest energy level w i l l  be more populated. As the population o f
the s p l i t  levels is temperature dependent, the value o f the para
magnetic Curie-temperature w i l l  not be related to the exchange in 
te raction  in That case, and also the measured e ffe c tive  magnetic
moment w i l l  be d iffe re n t from that predicted by the Russel-Saunders
coupling model. For the compositions we measured, we have found a
linea r dependency o f 1/x on T in the temperature range between
80 K and 1100 K, w ith  an e ffe c tive  magnetic moment that approxi
mately equals the theore tica l value predicted by the Russel-Saunders
coupling scheme, m g / j  (J + 1). As can be seen from the low
temperature measurements (figures \M ,  V-7, V-11 and V-16) the
influence o f the c ry s ta llin e  f ie ld  on the magnetic properties can
only be found below 15 K. So the values o f the paramagnetic Curie-
temperature determined in the temperature range between 30 K
and 1100 K are not or only s l ig h t ly  Influenced by the e ffec ts  o f
the c ry s ta llin e  f ie ld .

ad 4., The exc ita tion  o f electrons from the valence band in to  the
conduction band o f a semi-conductor is strongly temperature depen
dent. Consequently the RKKY-type exchange in te raction  via thermal
ly  excited electrons w i l l  be temperature dependent and consequently
there w i l l  not be a linea r dependency o f 1/x on T. For the com
positions under ouf investigation however we find  a linea r re la 
tion  between 1/x and T, so a RKKY-type in te raction  via thermally
excited conduction électrons is not important here.

VI-2.The Goncaives da S i1va and Falicov model.
In th is  model a system o f it in e ra n t e lectron ic  states weakly

hybridized w ith a set o f localized e lec tron ic  states is discussed. The
hamiltonian used by Gongalves da Si 1va and Falicov (2) consists o f s ix
d iffe re n t terms:

K = E + X. + X + X + X + X
g b + -  c hyb

where: E represents a constant corresponding to the ground state
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energy, JC. describes the c o n t r ib u t io n  o f  e xc i te d  e le c t ro n -  and ho le -

s ta te s  in  the conduction band, JC and JC_ represent the c o n t r ib u t io n  o f

e x t ra  e le c t ro n s  re s p e c t iv e ly  e x t ra  holes in the io n ic  l e v e ls ,  JC is  a

c o r r e la t io n  term which makes i t  impossib le  th a t  two e x tra  holes o r  two

e x t ra  e le c t ro n s  are p resen t a t  the same ion and JCj^^ provides a h y b r i 

d iz a t io n  between conducti-onband-holes and -e le c t ro n s  and lo c a l iz e d

io n ic  s ta te s .  Fourth o rde r p e r tu rb a t io n  theory  y ie ld s  a coup l ing  between

the lo c a l iz e d  magnetic moments th a t  can be described by an exchange

in t e g r a l . Gonial ves da S i lv a  and F a l ico v  ca lc u la te d  the exchange i n t e 

g ra l  f o r  the fo l lo w in g  th ree  simple models.

1. F re e -e le c t ro n -1 ik e  conduction band.

F i r s t  the authors  r e s t r i c t e d  themselves to  a la rge  number o f  con

duc t ion  e le c t ro n s ,  th a t  i s ,  to  a m e ta l.  Th is  case g ives r i s e  to  an

o s c i l l a t i n g  i n d i r e c t  in te r a c t io n  between the  lo c a l iz e d  spins o f

the RKKY-type. In the case o f  a s in g le  empty f r e e -e le c t ro n -1 ik e

conduction band however, t h a t  is  an in s u la to r  o r  an i n t r i n s i c  semi

conductor , an a n t i  fe r rom agne t ic  exchange e q u iv a le n t  to  Anderson's

super exchange (3) is  ob ta ined . In the  in te rm ed ia te  cases both

e f f e c ts  compete and the re s u l t i n g  magnetic o rd e r in g  depends on the

number o f  conduction e le c t ro n s .

2. F re e - e le c t r o n - f r e e - h o le - l i k e  conduction bands.

For th i s  model two conduction bands w i th  equal e f f e c t i v e  masses are

cons idered. Th is model is the exact e q u iv a le n t  f o r  the ra re  ea rth

metals to  the Fedders and M ar t in  model ( k )  f o r  an t i fe r rom agnet ism

in  systems w i th  i t i n e r a n t  e le c t ro n s .

3. s -L ik e -  body-centered t i g h t  b ind ing  band in a b .c . c .  l a t t i c e .

With th i s  model the  exchange in te g ra l  is  ca lc u la te d  as a fu n c t io n

o f  the Fermi-energy and the ho le -energy . For the d i f f e r e n t  values

o f  the exchange in te g ra l  the most s ta b le  magnetic o rd e r in g  is

p re d ic te d  by m in im iza t io n  o f  the c la s s ic a l  Heisenberg-energy. A

summary o f  the re s u l ts  as ob ta ined by Gongalves da Si 1va and F a l icov

is  g iven in ta b le  V I -1 ,  as a fu n c t io n  o f :

and

where: e_ is  the Fermi-energy.
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-  416

- 402

-186a
-0.30

- 905
-0.50 -1029

-0.70
- 264

-0.90

- 1.00

Table VI-1. Values fo r the three nearest neighbour exchange integrals
as a function of e^ and ep in units o f 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 (a fter
Gon9a)ves da Silva and Faiicov (2)).
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is the energy d i f f e r ence  between a system comprising
the ion in the ( 4 f )n conf igura t ion  plus one e lec t ron
with the energy Ep and the ionic ground s t a t e  leve l .

W is ha l f  the band width.

For the ca lcu lat ions,Gongalves  da Si lva  and Falicov have made the
assumptions th a t  there  is  no o r b i t a l  degeneracy (J = i )  and th a t
Ee >> • The value e p = -1 .0  corresponds to an i n t r i n s i c  semi
conductor.  For th a t  value of  ep Gongalves da Si 1va and Falicov have
found two types of  an t i  ferromagnet ic ordering  depending on the
values of  eh- For eh « 0.1 and e p = - 1 . 0 ,  the loca l ized  level being
c lose  to the bottom of  the conducting band Gongalves da Si 1va and
Falicov have predic ted for  a body cente red cubic l a t t i c e  the a n t i 
ferromagnet ic order ing of  f igure  Vl-2a due to a cons iderable in
f luence  of  second ne ares t  neighbour in t e r a c t i o n .  This inf luence
becomes less  when the number of  conducting e l ec t ro n s  increases and
the an t i  ferromagnet ic order ing of  f ig u re  Vl-2b is obtained.  For
la rger  values of  e p ferromagnetism and he l ica l  magnetic order a re

Fig. M \-2.Expected types o f  a n ti ferrom agnetic ordering fo r  e„ =
F

1.00 and = 0.10 (a) and fo r  e^ -  0.80 and e , = 0.30
(b ) , according to  the model o f  Gongalves da S ilv a  and
F alicov.
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predicted. For larger values of e^ the influence o f second nearest
neighbour interactions is less, so the type of antiferromagnetic
ordering of figure Vl-2b is predicted. For an increasing number
of conduction electrons here also the RKKY-type of interaction
begins to dominate, f in a lly  resulting in a ferromagnetic ordering.

VI~3.Discussion.

As i t  is not possible to explain the magnetic behaviour of the
rare earth chalcogenides having the thoriumphosphide structure in terms
of the RKKY-theory, we w il l try  to give an explanation for the d iffe ren t
behaviour o f the sulphides and selenides using the model o f Gongalves
da Silva and Falicov. For instance, i f  we assume eh to be approximately
0.30 - 0.50 fo r the sulphides, we expect a decreasing antiferromagnetic
interaction with an increasing conduction electron concentration, that
is with increasing ep. When ep equals approximately -0.70 we expect a
ferromagnetic ordering to become stable. The expected value o f eh for
the selenides w il l generally be smaller than that fo r the sulphides of
the same composition due to the larger value of the band width (W) for
the selenides. When we assume e^ fo r instance to be approximately 0.1
fo r the selenides we expect a strong anti ferromagnetic interaction re
sulting in the anti ferromagnetic ordering o f figure Vl-2a, due to the
considerable contribution o f next nearest neighbour interaction. For
increasing values o f ep the contribution of next nearest neighbours
re la tive  to the nearest neighbours is reduced and the anti ferromagnetic
ordering o f figure Vl-2b is expected. When ep equals approximately
-O.5O a ferromagnetic ordering is expected. I f  these assumptions are
correct, th is behaviour w il l be reflected in the variations o f the
paramagnetic Curie-temperature with the composition. For the sulphides
we expect a negative value fo r the paramagnetic Curie-temperature of

L2S3 and ML2SV  With the number ° f  conduction electrons increasing we
expect the paramagnetic Curie-temperature to rise . In case o f the
selenides we also expect negative values fo r the paramagnetic Curie-
temperatures of i-2Sej and ML2Se^. I f  our assumption of the value fo r eh
is correct the value o f the paramagnetic Curie-temperature wi l l  become
m°r9 negative with an increasing number o f conduction electrons. When
ep reaches the value of -0.50 the RKKY-type Interaction begins to
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dominate and the paramagnetic Curie-temperature rises to pos itive
values.

With th is  model o f Gongalves da S i1va and Falicov i t  w i l l  probably
be possible to explain the d iffe re n t magnetic behaviour o f the rare
earth sulphides and selenides. To give a more quan tita tive  discussion
o f the magnetic behaviour o f these compounds a more deta iled knowledge
o f the band-structures o f these compounds is necessary. This informa
tion  is not availab le a t present, but may probably be'obtained by
measuring the e le c tr ic a l conductiv ity  and op tica l properties o f these
compounds.

References.

1. J.C. Eisenstein, R.P. Hudson, B.W. Mangum, Phys. Rev. (1965)
137A, 1886.

2. C.E.T. Gongalves da S ilva , L.M. Falicov, J. Phys. (C) (1972)

5, 63.
3. P.W. Anderson, Phys. Rev. (1950) 350.
1». P.A. Fedders, P.C. Martin, Phys. Rev. (1966) 143, 245.

82



SAMENVATTING

Het doel van het in d i t  p ro e fs c h r if t  beschreven onderzoek was een
in z ic h t te ve rk rijg e n  in hoeverre de in te ra c t ie  tussen ge loca iiseerde

magnetische momenten v ia  de electronen in  de geleidingsband een ro l
kan spelen b i j  het magnetisch gedrag van de chaicogeniden van de
zeldzame aardmetalen. In het b ijzonder hebben w ij h ie rvoor onderzoek

v e rr ic h t aan de zeldzame aardmetaalchaicogeniden met de tho rium fos fide
s tru c tu u r omdat het b i j  deze verb ind ing m oge lijk  is  het aantal e lec

tronen in  de geleidingsband o na fha n ke lijk  van de g ro o tte  van de k r is t a l -
iog ra fische  as te va rië ren .

In het eerste  hoofdstuk wordt een o ve rz ich t gegeven van de d iverse
typen van magnetische in te ra c t ie  d ie  b i j  metalen en m etaalachtige

verbindingen een ro l kunnen spelen. Tevens wordt in  d i t  hoofdstuk

een aantai resu lta ten  vermeid zoals d ie  u i t  het werk van andere onder
zoekers bekend z i jn .

In het tweede hoofdstuk wordt de voor magnetische in te ra c t ie  in
metalen belangri jk e  Ruderman en Ki t t e l , Kasuya en Y osida -theorie  be-

besproken en wordt een re la t ie  tussen de paramagnetische C urie-
temperatuur en het aantal ge le id ingse lectronen  a fg e le id . De in deze

theo rie  vóórkomende Ruderman en K itte l-som  is  voor het kationen rooster
van de tho rium fos fide  s tru c tu u r berekend.

Het derde hoofdstuk gee ft een o ve rz ich t van de in  de zeldzame

aardmetaaichalcogenide systemen voorkomende verbindingen en k r is t a l 
s tru c tu re n . Van de in  deze systemen veel voorkomende tho rium fosfide
s tru c tu u r wordt een b esch rijv ing  gegeven. Tevens is  gezocht naar een

m ogelijke  ordening van de kationen in de verbindingen M(l l ) L ( l  I O .X.
en naar een ordening van vacatures in  het kationen rooster van de

metaal d e fic ië n te  verbindingen met de tho rium fosfide  s tru c tu u r. Het
voorkomen van d e rg e lijk e  ordeningen was n ie t aantoonbaar. Wel kon

worden aangetoond dat d e rg e lijk e  ordeningen n ie t te  verwachten z i jn
behalve voor de verbindingen Eu(l l)E u ( l I l)_X> .

In het v ierde  hoofdstuk wordt een b e sch rijv in g  gegeven van de voor
d i t  onderzoek gebouwde, v o lle d ig  geautomatiseerde apparatuur voor het
meten van magnetische su s c e p tib i1i te ite n .
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Het v ijfd e  hoofdstuk geeft de magnetische gegevens van de door
ons onderzochte verbindingen. Deze resultaten z ijn  n ie t geheel in over
eenstemming met de RKKY-theorie.

In het zesde hoofdstuk wordt getracht aan de hand van de theorie
voor de magnetische in te ra c tie  tussen zeldzame aardmetaal ionen zoals
die is a fge le id  door Gonga1ves da S i1 va en Falicov de afwijkingen van
het volgens de RKKY-theorie verwachte magnetisch gedrag te verklaren.
Het b l i j k t  mogelijk met bepaalde aannamen voor de breedte van de
geleidingsband, de Fermi-energie en de aanslagenergie van een 4f-e1ectron
naar de geleidingsband een verk laring  te geven voor het magnetisch gedrag
van deze verbindingen.
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Op verzoek van de Facu lte it der Wiskunde en Natuurwetenschappen vo lg t
h ie r een kort overzicht van mijn academische studie.

Na het behalen, in 1959, van het einddiploma HBS-B aan het
Rembrandt)yceum te Leiden begon ik  in september van datzelfde jaa r mijn
studie in de scheikunde aan de R ijk s u n iv e rs ite it te Leiden. Het candi-
daatsexamen, le t te r  F, werd afgelegd in oktober 1963. De studie werd
voortgezet onder le id ing  van de hoogleraren Dr. E.W. Gorter, Dr. E.C.
Kooyman en Dr. W.M.H. Sachtler en de lec to r Dr. W.J.A. Maaskant.

Het doctoraalexamen met ais hoofdvak anorganische chemie en ais
bijvakken organische chemie en heterogene katalyse werd afgelegd in
oktober 1966.

Van a p r il 1962 to t en met oktober 1966 vervulde ik  een assis ten t
schap b ij de afde ling anorganische chemie. Van november 1966 to t en
met december 1967 was ik  a ls doctoraalassistent, vanaf januari 1968 als
wetenschappelijk medewerker, en vanaf januari 1972 ais wetenschappelijk
medewerker I b i j  de afdeling anorganische chemie werkzaam, waar ik
sinds augustus 1967 de taak van conservator vervul.

Na een onderzoek over de carbiden van de zeldzame-aardmetalen
maakte ik  in 1968 een begin met het in d i t  p ro e fsch rift beschreven
onderzoek.

In 1973 legde Tk met goed gevolg het examen voor octrooigemachtigde
a f.
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De d is cus s ie s  met de leden van de werkgroepen Vaste Stof  Chemie
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