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ELECTRICAL RESISTIVITIES OF RARE EARTH SOLUTES IN LIQUID INDIUM AND TIN 

S. Ohno and F. Kakinuma 

Niigata College o f  Pharmacy, 5829, Kamischtn-eicho, Niigata, Japan 

Abs t rac t .  - The r e s i d u a l  r e s i s t i v i t i e s  of r a r e  e a r t h  s o l u t e s  i n  l i q u i d  I n  and Sn i n c r e a s e  g radua l ly  
from La t o  Nd, peak a t  Nd and dec rease  g radua l ly  from P?d t o  Yb. S i n c e  t h e  conduction e l e c t r o n s  of 
s imple  l i q u i d  me ta l s  may b e  t r e a t e d  as n e a r l y  f r e e  e l e c t r o n s ,  t h e  r e s i d u a l  r e s i s t i v i t y  c o n s i s t s  of 
two terms; t h e  f i r s t  due t o  t h e  impurity p o t e n t i a l  and t h e  second due t o  t h e  s p i n  s c a t t e r i n g .  The 
s p i n  s c a t t e r i n g  cerm has  a  maximum a t  Gd. The t r end  of r e s i d u a l  r e s i s t i v i t i e s  i n  l i q u i d  I n  and Sn 
does  not  ag ree  wi th  t h e  c a l c u l a t e d  va lues  of s p i n  s c a t t e r i n g .  Therefore ,  i t  seems t h a t  t h e  impuri ty  
p o t e n t i a l  is a  major term and t h e  s p i n  s c a t t e r i n e  is  a  minor term i n  l i q u i d  I n  and Sn. 

5 1. Introduction 

Recently several experimental works have 

been carried out to understand the behav- 

iobr of the 4f and 5d electrons in the 

liquid metals.ly2) The 4f electrons of 

rare earth (RE) metals lie deep inside the 

2 6 5s 5p closed shell, so that the effective 

number of Bohr magneton has been success- 

fully explained by the Hund's rules. 

The electrical resistivities of RE met- 

als have a maximum for Gd at low tempera- 

tures. Similarly, the residual resistiv- 

ities of dilute RE alloys as a function of 

RE elements are mainly explained by the 

effect of magnetic scattering due to the 

s-f exchange interaction. 3)  

However, the electrical resistivities of 

liquid RE metals increase nonotonically 

across the RE series from ~ ' a  to Er. ') The 

electronic behaviour of pure RE metals 

shows a considerably large difference in 

the solid and liquid states. The addi- 

tional resistivities of RE solutes in liq- 

uid Sn have been mainly explained by the 

effect due to the s-d or s-f resonance 

scattering and the distortion effect due 

to the lanthanide contraction. 4, The mag- 

netic scattering is a minor term in the 

case of liquid Sn with RE solutes. From 

the experimental results of electronic 

properties, we will discuss the influence 

of the 4f and 5d electrons in liquid In 

and Sn.' 

§ 2. Experimental Procedure 

The magnetic susceptibility apparatus 

used in this experiment is the Faraday 

method due to a torsion balance. Details 

of the apparatus have been described pn a 

previous ') As the standard sqmple 

we used Mohrs salts (X = 1.26~10-~cgkemu 

/mol at room temperature). Measurements 

of the susceptibilities were carried out 

under the condition of H = 12000 Gauss and 

2 H.dH/dx = 12.6 5 0.5 (k-Gauss) /em. The 

alloys sample of about 3 g was put into 

the vacuum sealed quartz tube. This sam- 

ple was kept at high temperatures for sev- 

eral hours before measurements. 

The electrical resistivity apparatus used 

in this experiment is essentially the same 

as before.') The liquid specimen is in 

the alumina crucible which is held by 

stainless steel rod. When the specimen is 

heated up to a required temperature, the 
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stainless steel rod is moved to a resistiv- The effective Bohr magneton numbers (P) 

ity cell which has a small hole at the and Van Vleck terms ( a  ) of Ce, Pr and 

bottom in order to push the liquid speci- Nd solutes in liquid In and Sn. 

at % and that of RE metals is 99.9 at $.  Dy and Er in liquid In and Sn agree with 

men into the cell. This rod was often re- ( a  ~10'~c~semu. , P = gJJ$(~ + 1) ) 

3. Experimental Results Curie law (a = 0). The effective magneton 

peated to move up and down during the mea- 

surements for degassing. P,'Ieasurements 

were carried out at pressures about 

Torr. A digital voltmetre with the accu- 

racy of volt was used for measure- 

The additional susceptibility of La so- numbers agree with the calculated values 

lute is small positive value for liquid In of trivalent RE ion using Hundfs rules. 

ments. The purity of In and Sn is 99.99 The additional susceptibilities of Gd, 

a 
In 

P 

a  
Sn 

P 

and Sn. This value is explained by the The temperature dependences of electri- 

C e Pr Nd 

1.56 5.19 8.90 

1.78 3.14 3.17 

7.42 11.9 14.6 

1.49 2.50 2.57 

concept of virtual bound state. cal resistivities of liquid In and Sn with 

The additional susceptibility of Ce, Pr RE solutes have been measured from the 

and ~d solutes is experimentally written by melting point to about 1000 OC. Mattie- 

ssenfs rule is satisfied for dilute RE al- 
2 2 

= n(gJpB J(J + 1)/3kT + a 1 (1) 
loys. These experimental results give a 

where N is the number of magnetic ion per linear relationship between the residual - 
unit volume, J is total angular moment, gJ resistivity and concentration of RE so- 

is Landefs factor, UB is Bohr magneton and lute. These values of residual resistiv- 

a is a temperature independent term which ities are 'yiven in 2. 

will be discussed later. 4. Discussion 

The effective magneton number P and con- The additional susceptibilities of liq- 

stant parameter a  were determined by eq. uid In and Sn with Gd, Dg and Er solutes 

(1) as given in Table 1. obey the Curie law. This means that the 

Table 1. 4f electrons of heavy RE ions lie deep in- 

Table 2. 

The additional resistivities of RE solutes AR (1 at % )  and 

the number of 5d electrons nd per RE ion in liquid In and Sn. 

AR 
In (pa-cm) 

n 
d 

La C e Pr Nd an ,. Gd DY Er Y b 

1.58 2.13 2.50 
6tb ..@" 

2.07 1.23 1.51 1.45 

1.75 2.08 , , 2-29 2.37"l.-9~~~2.05 1.53 1.71 1.67 



s i d e  t h e  5 ~ ~ 5 ~ ~  c l o s e d  s h e l l  and s a t i s f y  

t h e  c o n d i t i o n  (EJ - EJ,)>>kT where EJ i s  

t h e  ene rgy  l e v e l  o f  m u l t i p l e t .  The 4f 

e l e c t r o n s  o f  heavy RE s o l u t e s  l o c a t e  com- 

p l e t e l y  f a r  from t h e  conduc t ion  e l e c t r o n s .  

I n  t h e  c a s e  o f  l i g h t  RE s o l u t e s ,  t h e  ex- 

p e r i m e n t a l  magneton numbers i n  l i q u i d  I n  and 

Sn a r e  s m a l l e r  t h a n  t h e  c a l c u l a t e d  v a l u e s  o f  

t r i v a l e n t  RE i o n  u s i n g  Hund's r u l e s .  The 

c o n s t a n t  pa ramete r s  a i n  l i q u i d  I n  and Sn 

a r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  c l a c u l a t e d  

v a l u e s  de te rmined  by a p p l i n g  Van Vleck The- 

o r y .  ') 1 t  seems t h a t  t h e  c o n s t a n t  pa ramete r  

a of  each RE s o l u t e  i n c r e a s e s  w i t h  i n c r e a -  

s i n g  t h e  v a l u e s  o f  kF o f  h o s t  n e t a l s .  I n  

o r d e r  t o  e x p l a i n  t h e s e  f a c t s ,  we assume t h a t  

t h e  i n c r e a s i n g  o f  a might b e  r e l a t e d  t o  t h e  

enhancement of s - f  mixing which i s  caused 

by t h e  i n c r e a s i n g  Fermi ene rgy  o f  h o s t  me- 

t a l s .  De Wijn e t  a ~ . ~ )  have shown t h a t  i n  

g e n e r a l  t h e  e f f e c t i v e  exchange i n t e g r a l  va- 

r i e s  w i t h  t h e  Fermi wave nun?ber k F .  

The a d d i t i o n a l  s u s c e p t i b i l i t y  o f  Sm so- 

l u t e  i s  e x p l a i n e d  by t a k i n g  i n t o  account  

t h e  e x c i t e d  s t a t e s .  I t s  t e m p e r a t u r e  de- 

pendence i s  c a l c u l a t e d  from t h e  r n u l t i p l e t  

of t h e  e x c i t e d  l e v e l .  

The e l e c t r i c a l  r e s i s t i v i t y  o f  d i l u t e  RE 

a l l o y s  i s  w r i t t e n  by 

where Ro i s  t h e  l a t t i c e  r e s i s t i v i t y  o f  t h e  

h o s t  m e t a l ,  Ra i s  t h e  r e s i s t i v i t y  due t o  

t h e  i m p u r i t y  p o t e n t i a l  and Rm i s  t h a t  due 

t o  s p i n  s c a t t e r i n g .  The e x p r e s s i o n  o f  Rm 

h a s  been g i v e n  by de  Gennes a s  7 

where D(EF) i s  t h e  d e n s i t y  o f  s t a t e s  a t  t h e  

Fermi l e v e l ,  n  i s  t h e  e l e c t r o n  number p e r  

u n i t  volume and Jex i s  t h e  e f f e c t i v e  ex- 

change energy .  The e l e c t r i c a l  r e s i s t i v i t y  

of p u r e  RE m e t a l s  i s  e x p l a i n e d  from t h i s  

t e r m  a t  low t e m p e r a t u r e s .  The curve  o f  

r e s i d u a l  r e s i s t i v i t y  of d i l u t e  RE a l l o y s  

v s  RE e lements  h a s  a  maximum a t  Gd s o l u t e  3) 

and d-oes n o t  a g r e e  w i t h  t h o s e  of RE so-  

l u t e s  i n  l i q u i d  I n  and Sn. T h e r e f o r e ,  i t  

seems t h a t  t h e  i m p u r i t y  s c a t t e r i n g  i s  a  

major  t e r m  and t h e  magnet ic  s c a t t e r i n s  i s  

a minor t e r m  i n  t h e  c a s e  o f  l i q u i d  I n  and 

Sn w i t h  RE s o l u t e s .  

The i m p u r i t y  p o t e n t i a l  i n v o l v e s  some e f -  

f e c t s  due t o  t h e  r e sonance  s c a t t e r i n g ,  t h e  

r e d i s t r i b u t i o n  of t h e  conduc t ion  e l e c t r o n s  

around t h e  i m p u r i t y  atom and t h e  l a t t i c e  

d i s t o r t i o n  a round  i t .  The u r l f i l l e d  f -  

s h e l l  e x e r t s  two i n f l u e n c e  o f  r e sonance  

s c a t t e r i n g  and l a t t i c e  d i s t o r t i o n  upon t h e  

r e s i d u a l  r e s i s t i v i t y .  Roughly s p e a k i n g ,  

t h e  r e s i d u a l  r e s i s t i v i t i e s  change smoothly 

from La t o  Yb. S i n c e  t h e  r a d i i  of RE i o n s  

chanqe smoothly from La t o  Yb, t h e  r e s i d u -  

a l  r e s i s t i v i t y  due t o  t h e  l a t t i c e  d i s t o r -  

t i o n  might be r e s u l t e d  from t h e  l a n t h a n i d e  

c o n t r a c t i o n  o f  u n f i l l e d  t - s h e l l .  

On t h e  o t h e r  hand, Duth ie  and P e t t i f o r  

showed t h e  c u r v e s  of Ngd a s  a f u n c t i o n  of 

volume f o r  b o t h  La and LU. 8, From t h e  r e -  

s u l t s  a t  e q u i l i b r i u m ,  La h a s  approx imate ly  

0 . 6  d  e l e c t r o n s  more t h a n  Lu. ~ h t h e r o 6 t  

e t .  a. - i n d i c a t e  t h a t  t h e  e l e c t r i c a l  

r e s i s t i v i t y  o f  RE m e t a l s  i s  due t o  t h e  

r e sonance  s c a t t e r i n g  by t h e  5d and n o t  t h e  

4f s t a t e s .  According t o  t h e  a n a l y s i s  of 

phase  s h i f t ,  t h e  number o f  d  e l e c t r o n s  p e r  

RE s o l u t e  atom changes  from 2 . 5  f o r  La t o  

1 . 5  f o r  Lu. These r e s u l t s  a r e  concerned 
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w i t h  t h e  l a n t h a n i d e  c o n t r a c t i o n  o f  RE i o n s .  

T h e r e f o r e ,  we d i s c u s s  t h e  e f f e c t i v e  number 

of  N on t h e  b a s i s  of t h e  r e s u l t s  o f  r e -  
5d 

s i d u a l  r e s i s t i v i t y .  

We assume t h a t  t h e  phase  s h i f t  qO and 

q ,  a r e  l i t t l e  change i n  such a  d i l u t e  a l l o y  

a s  concern ing  w i t h  t h a t  of  h o s t  meta l  and 

t h a t  o n l y  q 2  shou ld  be a n  a d d i t i o n a l  t e rm 

t o  t h e  r e s i s t i v i t y .  The r e s i d u a l  r e s i s t i v i t y  

of  5d resonance i s  g i v e n  by 

where nA i s  t h e  number o f  conduc t ion  e l e c -  

t r o n s  p e r  s o l v e n t  atom. Usinp F r i e d e l  sum 

r u l e ,  t h e  phase  s h i f t  n 2  i s  g iven  by 

where N5d i s  t h e  n'umber o f  l o c a l i z e d  5d 

e l e c t r o n s .  According t o  t h e  exper imenta l  

r e s u l t s ,  t h e  e f f e c t i v e  number of  Ngd  i s  

c a l c u l a t e d  from e q s . ( 4 )  and ( 5 )  a s  g iven  

i n  Table  2. These v a l u e s  i n c r e a s e  gradu- 

a l l y  from La t o  Nd, peak a t  Nd and decrease  

g r a d u a l l y  from Nd t o  Yb. 

I n  t h e  c a s e  of  RE s o l u t e s ,  t h e  l a r g e  v a l -  

u e s  of  Y5d misht  be r e l a t e d  t o  t h e  s - f  

mixing betweeri 4 f  and conduc t ion  e l e c t r o n s .  

T h e r e f o r e ,  t h e  a d d i t i o n a l  s u s c e p t i b i l i t y  de- 

v i a t e s  from t h e  Cur ie  law. The 4 f  e l e c t r o n s  

of l i g h t  RE s o l u t e s  i n t e r a c t  c o n s i d e r a b l y  

w i t h  f r e e  e l e c t r o n s ,  s o  t h a t  t h e  r e s i d u a l  

r e s i s t i v i t y  ~ i v e s  r i s e  to.  a  l a r g e  v a l u e s .  

On t h e  o t h e r  hand, t h e  4f e l e c t r o n s  of  

2 6 heavy RE s o l u t e s  a r e l o c a t e d  i n s i d e  5s  5p 

s h e l l .  There fore ,  t h i s  e f f e c t  g i v e s  r i s e  

t o  a  s m a l l  v a l u e  of  r e s i d u a l  r e s i s t i v i t y  

and t h e  a d d i t i o n a l  s u s c e p t i b i l i t y  a g r e e s  

w i t h  t h e  Cur ie  law. 
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