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ABSTRACT 

~ u m e r o u s  t e r n a r y  superconductors  con ta in ing  r a r e - e a r t h  a tons  have 
r e c e n t l y  been s t u d i e d  i n  o r d e r  t o  i n v e s t i g a t e  t h e  n2gne t i c  i n t e r a c t i o n s  
between t h e  conduct ion e l e c t r o n s  and l o c a l  n a g n e t i c  aonents .  These 
i n v e s t i g a t i o n s  range from t h e  e v a l u a t i o n  of ,  t h e  s t r e n g t h  of spin-f l i p  
s c a t t e r i n g  of t h e  conduct ion e l e c t r o n s  o f f  t h e  r a r e - e a r t h  moments t o  , 

t h e  problem of t h e  coex i s t ence  of supe rconduc t iv i ty  and nagne t i c  
o r d e r .  We p r e s e n t  r e s u l t s  of our  s t u d i e s  on ( E U , S ~ ) ! . ~ O ~ S ~ ,  ErRh4B4, 
Erl-,Ho,Rh B and Er GdxRh4B4 us ing  p r i m a r i l y  t h e  Yijssbauer 
e f f e c t  i n  f5'Eu and '6'Er, and n u c l e a r  magnetic resonance of 9 5 ~ o .  The 
paramagnet ic  h y p e r f i n e  s p e c t r a  of t h e  r a r e -ea r th '  i o n s  i n d i c a t e  a  weak 
coupl ing  of t h e  4f magnet ic  moment t o  t h e  conduct ion ele .ctrons.    he 
enhanced Hc2 v a l u e  i n  (Eu,Sn)Mo6S8 i s  found t o  be  r e l a t e d  t o  a  
n e g a t i v e  s - b a n d ' p o l a r i z a t i o n ' a t '  t h e  Ho s i t e .  The n a g n e t i c  moment on '  . . 

t h e  Er a t o n  i n  ErRh4B4 (and i n  r e l a t e d  m a t e r i a l s )  iil t h e  ,magnet ical ly  
o rde red  s t a t e  is found t o  be about  8 .3  yB. This  i s  30% l a r g e r  
t h a n  t h a t  measured from neut ron  d i f f r a c t i o n  s t u d i e s ,  i n d i c a t i n g  t h a t  . . 

only  a  component of t h e  moment shows long-range n a g n e t i c  order .  

PACS numbers: 74.70.Lp, 74.70.Ps, 75 i30 .H~.  



INTRODUCTION 

The d i scove ry  of t e r n a r y  m a t e r i a l s  which a r e  
superconduct ing  whi'le a t  t h e  same time con ta in ing  
l a r g e  c o n c e n t r a t i o n s  of r a r e - e a r t h  (RE) atoms [1,2]  
(e.g., RDlogSg, REMo6Seg and RERh4B4) has  presented  
new o p p o r t u n i t i e s  f o r  exp lo r ing  q u e s t i o n s  r e l a t e d  t o  
t h e  i n t e r a c t i o n  between magnetism and supercon- 
d u c t i v i t y  [ 3 , 4 ] . .  A s  a r e s u l t  of v a r i o u s  I n v e s t i g a t i o n s  . . 

of t h e s e  m a t e r i a l s ,  a  number of important. ques t ions  
have a r i s e n .  Some of t h e s e  a r e  l i s t e d  below. 

(1)  I n  t h e s e  m a t e r i a l s  t h e r e  i s  a  l a r g e  
c o n c e n t r a t i o n  ('1, 15%) of magnetic atoms. Why i s  
supe rconduc t iv i ty  n o t  des t royed  by t h e  b reak ing  of 
Cooper p a i r s  ( s p i n  d e p a i r i n g )  due t o  t h e  exchange . . 

i n t e r a c t i o n  between conduct ion e l e c t r o n  and r a re -ea r th  
magnet ic  moments? 

( 2 )  The c r i t i c a l  f i e l d  (Bc2) v a l u e s  of Sd!06S8 
(and r e l a t e d  conpounds) a r e  q u i t e  l a r g e  ( Q 3 0 0  kG). 
P a r t i a l l y  r e p l a c i n g  Sn atoms by paramagnetic E U ~ +  
atoms i n c r e a s e s  HC2 wi thout  dep res s ing  t h e  supercon- 
d u c t i n g  t r a n s i t i o n  tempera ture  [1 ,5] .  What i s  t h e  
nechanism by which magnetic i m p u r i t i e s  enhance 
superconduct ing  p r o p e r t i e s ?  . . 

(3) ErRh4B4 becones superconduct ing a t  8.5 K. . - 
. . 

On lowering t h e  tempera ture  t o  0.9 K ,  t h e  supercon- 
. . duc t  i v i t y  i s  des t royed  [ 61 and long-range nagne t i c  

. .- 
'7 o r d e r i n g  i s  observed 171. What i s  t h e  n a t u r e  of t h e  

magne t i ca l ly  ordered  s t a t e ?  . . . . 
I n  t h e  fo l lowing  w e  w i l l  review r e c e n t  work 

which h a s  addressed  t h e s e  q u e s t i o n s .  i.Ieasurenents of 
magnet ic  i n t e r a c t i o n s ,  degree  of magnet ic  o r d e r ,  
e t c .  a s  ob ta ined  from microscopic  t o o l s  such a s  t he  
Pfossbauer e f f e c t ,  hF4R and neu t ron  s c a t t e r i n g  w i l l  be  . . 

' ' d i scussed .  

SPIN DEPAIRIMG IMTERACTIONS 

It is ' k e l l  known t h a t  paramagnet ic  i m p u r i t i e s  
i n  superconduct ing  m a t e r i a l s  w i l l  d ep res s  t h e  

I . . 
superconduct ing  p r o p e r t i e s .  Th i s  a r i s e s  from a n  
exchange i n t e r a c t i o n  between t h e  magnet ic  impur i ty  . . .  

and t h e  conduct ion  e l e c t r o n  s p i n  which b reaks  up t h e  . .  

superconduct  ing  e l e c t r o n  p a l  rs . The theory developed 
by Abrikosov and Gor'kov [8] shows t h a t  t h e  dep res s ion  
i n  Tc is  r e l a t e d  t o  t h e  product  of t h e  d e n s i t y  of 
s t a t e s  a t  t h e  Fermi s u r f a c e  N(EF) and t h e  exchange 
coupl ing  c o n s t a n t  J. The v a l i d i t y  of t h i s  theory  has  . 

been t e s t e d  i n  nany supe r  conduct i n g  n a t e r i a l s  [4] . 
Yowever, t h e  suppres s ion  of Tc is much l e s s  pro- 
nounced . in  t h e  t e r n a r y  superconductors  than  i n  o t h e r  
conpounds. As  a n  example, Fig.  1 shows [5] Tc va lues  ' 
i n  t h e  system Snl.2(1-x)E~x?I~6,25S8- AS x i n c r e a s e s  



up t o  about 0.5, Tc is  h a r d l y  changed, t h e  dep res s ion  
f i n a l l y  occu r r ing  only a t  ve ry  h igh  concen t r a t ions .  
It i s  thus  of i n t e r e s t  t o  de te rmine  t h e  s t r e n g t h  of 
t h e  depa i r ing  i n t e r a c t i o n  i n  t h e  t e r n a r y  conpounds. 
I n  o r d e r  t o  measure t h e  exchange coupl ing  Se tveen  
t h e  Eu s p i n  and t h e  ccpduct ion  e l e c t r o n  s p i n s ,  we 
have  measured 1 5 1 ~ u  Mossbauer e f f e c t  s p e c t r a  i n  
E U ~ . ~ ~ S ~ O , ~ ~ M O ~ S ~ ,  and s e v e r a l  a s p e c t s  of t h e s e  
measurements w i l l  now b e  d i scussed .  

The v a l u e  of t h e  MGssbauer isomer s h i f t  r e f l e c t s  
t h e  t o t a l  e l e c t r o n  d e n s i t y  a t  t h e  nucleus.  Tne 
measured v a l u e  of -14.0 + 0.1 m/s i n  t h i s  coc??ound 
(w.r.t. a 1 5 1 ~ m ~ 0 ~  source )  c l e a r l y  shows t h a t  t h e  
Eu atom i s  d i v a l e n t  and hence has  a  l a r g e  magnet ic  
moment of 7  VB. From t h e  sys t ema t i c s  of l j l ~ u  isor ter  
s h i f t s ,  t h i s  v a l u e  is found t o  b e  t y p i c a l  f o r  E U ~ +  i n  
an i o n i c  compound. I n  E U ~ +  i n t e r n e t a f  l i c s ,  i s o a e r  
s h i f t s  of about  ha l f  t h i s  v a l u e  a r e  n o r e  coaon-  [91. 
For example, i n  superconduct ing Eule2Lag8.g 
t h e  s h i f t  is  about  -8 mm/s [ l o ] .  Thus i n  an  a t o n i c  
p i c t u r e ,  t h e  6 s  d e n s i t y  a t  t h e  magnetic Eu sit2 i n  
t h e  Eu-La a l l o y s  is  cons ide rab ly  h ighe r  t han  i n  
(Eu,Sn) >fogs8. One may t h e r e f o r e  conclude t h a t  
t h e  magnetic Eu atoms a r e  f a i r l y  i s o l a t e d  from t h e  
conduct ion e l e c t r o n s  i n  (Eu,Sn)FIo6S8. The d i r e c t  
measure of t h e  d e p a i r i n g  i n t e r a c t i o n  i s  t h e  s p i n  
r e l a x a t i o n  r a t e  of t h e  Eu s p i n  a s  a  f u n c t i o n  
of t e n p e r a t u r e .  This  r e l a x a t i o n  r a t e ,  i f  do3ina ted  
by exchange s c a t t e r i n g  from t h e  conduct ion e l e c t r o n s  
(Korr inga p r o c e s s ) ,  c an  b e  w r i t t e n  

I n  t h e  c a s e  where t h e  r e l a x a t i o n  r a t e  is  l a r g e  
compared wi th  n u c l e a r  Larmor f r equenc ie s ,  t h i s  w i l l  
produce an  excess  l i n e w i d t h  Ar p r o p o r t i o n a l  t o  t h e  
r e l a x a t i o n  t ime [ l l ] . .  From Ref.  11, one can show 

f o r  t h i s  case .  The observed tempera ture  dependedce 
of t h e  r e l a x a t i o n  r a t e  i s  shown i n  Fig. 2. In t h e  . .  . 

normal s t a t e ,  t h e  Korr inga r e l a x a t i o n  i s  o5eyed 
and we o b t a i n  I J N ( E ~ )  I = 0.0077 s t a t e s l a t o o  s p i n .  
Below t h e  t r a n s i t i o n  tempera ture  of Tc = 12 K, 
t h e  r e l a x a t i o n  r a t e  is found t o  b e  l a r g e r  t h a n  
would be given by an e x t r a p o l a t i o n  of t h e  Korr ingz  . . 

law. However, t h i s  may simply r e p r e s e n t  t h e  . . 

i n c r e a s i n g  importance of r e l a x a t i o n  due t o  d i ~ o l a r  
i n t e r a c t i o n s  anong Eu s p i n s  a t  t h e s e  low t e n p e r a t u r e s .  



.- 
. . 

The important  r e s u l t  is t h a t  JN(EF)  , i s  
s u b s t a n t i a l l y  s m a l l e r  t han  t h a t  f o r  Eu i n  any o t h e r  
conduct ing system. For example, i n  LaAli:Eu, i t  
is  0.05 s t a t e s / a t o m  s p i n  [12] .  One thus  o b t a i n s  a  
d i r e c t  obse rva t ion  of a  small d e n s i t y  of s t a t e s  a t  
t h e  Eu s i t e  and/or  a  s m a l l  exchange coupling.  
Th i s  i n  t u r n  is  i n  agreement wi th  t h e  weak dependence 
of Tc on Eu c o n c e n t r a t i o n  f o r  x 5 0.5. I n  o r d e r .  
t o  o b t a i n  a v a l u e  of J ,  a  c a l c u l a t i o n  of t h e  d e n s i t y  
of s t a t e s  and i t s  1-deconposi t ion p r o j e c t e d  on t h e  
magnet ic  s i t e s  (such a s  was r e c e n t l y  ob ta ined  f o r  . . 
ErRh4B4 1131) w i l l  b e  necessary .  A t  h ighe r  

. . c o n c e n t r a t i o n s ,  shor t - range  magnet ic  o rde r ing  . '  
appears  t o  be  p r e s e n t  and a t  v e r y  low tempera tures  
(% 0.5 K) sone th ing  comparab.le t o  a  sp in -g l a s s  s t a t e  
occurs  [141. Thi s  may b e  r e l a t e d  t o  t h e  e v e n t u a l  
d e c r e a s e  i n  Tc, s i n c e  one knows t h a t  Tc can b e  

. . 
depressed  when t h e  magnetic c o r r e l a t i o n  l e n g t h  ~ 
becomes comparable w i t h  t h e  superconduct ing coherence . 

l e n g t h  [151. 

ENMJCEbENT OF THE UPPER CRITICAL FIELD . 

-.. 
I n  Fig.  1, we show t h e  v a r i a t i o n  of t h e  upper 

c r i t i c a l  ' f i e l d  w i t h  c o n c e n t r a t i o n  i n  t h e  system 

Snl.2(1-x)Euxllo6,35S8. One s e e s  t h a t  t h e  presence  
of t h e  paramagnet ic  impur i ty  can  a c t u a l l y  enh'ance t h e .  
superconduct ing  p r o p e r t i e s .  Such an enhanceqent was 
sugges ted  by J a c c a r i n o  and P e t e r  I161 a s  a  p o s s i b i l i t y  
i f  t h e  paramagnet ic  i o n  induced a  conduct ion e l e c t r o n  . . '  

. . p o l a r i z a t i o n  w i t h  a  s i g n  t h a t  would p a r t i i c a l l y  
compensate t h e  a p p l i e d  f i e l d .  The c r i t i c a l  f i e l d  
can  b e  d e s c r i b e d  through t h e  fo l lowing  expres s ion  [51 

* 
Here Hc2 i s  t h e  o r b i t a l  c r i t i c a l  f i e l d  and t h e  second 
term d e s c r i b e s  t h e  r educ t ion  i n  t h e  c r i t i c a l  f i e l d  
due t o  t h e  'paramagnetic d e p a i r i n g .  a is t h e  l l ak i  
parameter  and is, is t h e  s p i n - o r b i t  coupl ing.  The 
second term a l s o  i n c l a d e s  t h e  exchange f i e l d  HJ a c t i n g  
on t h e  conduct ion  e l e c t r o n  s p i n s ,  which i s  p r o p o r t i o n a l  
t o  x- I f  HJ > 0,  Hc2 w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  x. 
However, i f  Hj < 0 and H : ~  (T,x) has  a weak 
( o r  no) dependence on x conpared t o  Hj(x), t hen  
H52 w i l l  i n c r e a s e  wi th  x. A near  independence of 
Hc2 on x i s ,  i n  f a c t ,  a n t i c i p a t e d  i n  t h i s  
system because  of t h e  weak exchange i n t e r a c t i o n  
between r a r e - e a r t h  atoms and t h e  conduct ion e l e c t r o n s ,  
a s  i n d i c a t e d  by t h e  weak dep res s ion  of Tc- 



We have i n v e s t i g a t e d  t h i s  ques t ion  by looking  
f o r  conduct ion e l e c t r o n  s p i n  p o l a r i z a t i o n  c o n t r i -  
b u t i o n s  t o  t h e  hyper£ i n e  f i e l d  i n  Sno.gEu0. jPlogS8, 
u s ing  t h e  l g l ~ u  ~ l o s s b a u e r  resonance and t h e  9%!o 
Knight s h i f t  [I71 . The . r e s u l t s  of t h i s  i n v e s t i g a t i o n  . . 

show t h a t  t h e  s p i n - p o l a r i z a t i o n  i s  p o s i t i v e  a t  t h e  
Eu s i t e ,  b u t  h a s  a  s p a t i a l  v a r i a t i o n . s u c h  t h a t  i t  is , ' 

n e g a t i v e  a t  t h e  Mo s i te .  S ince  i t  i s  presumed t h a t  ; 

t h e  supe rconduc t iv i ty  a r i s e s  from t h e  Mo d -e l ec t rons ,  , . ' .  

t h e  n e g a t i v e  s p i n - p o l a r i z a t  i o n  w i l l  p rovide  t h e  
compensation d i scussed  above. Th i s ,  t he re f  o r e ,  
p rov ides  a  d i r e c t  obse rva t ion  of t h e  o r i g i n  of t h e  
c r i t i c a l  f i e l d  enhancement. 

The d e t a i l s  of t h e s e  measurements l e a d  t o  a two . '  

band scheme f o r  EuolgSn0.5 MogS8. ' I n  Fig.  3 we i n d i c a t e  
a n  "s-band" and a "d-band". It is presumed t h a t .  t h e  
superconduct ing  p r o p e r t i e s  a r e  due t o  t h e  d  band,  
de r ived  l a r g e l y  from t h e  Mo ions .  Below Tc, i t  is . ,  

presumed t h a t  a  gap opens i n  t h e  d  band, b u t  n o t  i n  t h e  
s band. This  i s  suppor ted  by t h e  95~10 measurenents .  
The Knight s h i f t  i s  made up of '  a  s - e l e c t r o n  ( c o n t a c t  
i n t e r a c t i o n )  p a r t ,  K,, and a  d -e l ec t ron  ( c o r e  
p o l a r i z a t i o n )  p a r t  Kd. ' T h e  second p a r t  should  
show no g r o s s  tempera ture  dependence e x c e p t . t h a t  i t  
w i l l  d i s appea r  below Tc due t o  p a i r i n g  of t h e  d  

. . . . e l e c t r o n s ;  t h i s  i s  s e e n  bo th  f o r  SnEIogSg and 

Sng.gEuo.gMogSg. I n  a d d i t i o n ,  the.  Eu s u b s t i t u t e d  
compound shows a l a r g e  t empera tu re  dependent s h i f t  : 
which is no t  s e e n  i n  pure  SnE.io6S8. This  dependence 
is  found t o  be  p r o p o r t i o n a l  t o  t h e  bulk  magne t i za t ion  . . 
and s o  a r i s e s  from s p i n  p o l a r i z a t i o n  due t o  exchange 
between t h e  r a r e - e a r t h  and conduct ion e l e c t r o n s .  
Th i s  s h i f t  does no t  d i sappea r  below Tc due t o  t h e  
f a i l u r e  of t h e  s band t o  p a r t i c i p a t e  i n  t h e  super -  
c o n d u c t i v i t y .  Hence t h e  p r i n c i p a l  e f f e c t  of t h e  Eu 

. . i m p u r i t i e s  i n i t i a l l y  is t o  po la r i . ze  t h e  s-band and 
p rov ide  t h e  Hc2 compensation e f f e c t ,  wh i l e  t h e  
weak s-d coupl ing  p r e v e n t s  a  s e v e r e  a t t e n u a t i o n  of Tc. 

SUPERCOPTDUCTIVITY _ .  - AND ORDERED MAGNETISM 

There now e x i s t  a  l a r g e  number of experiments  
t h a t  d e a l  w i t h  t h e  q u e s t i o n  of co-exis tence between 
supe rconduc t iv i ty  and ordered  magnetism. These can 
b e  d iv ided  i n t o  t h r e e  c l a s s e s :  (1.) The bu lk  of t h e  
work h a s  d e a l t  w i t h  pseudobinary compounds, l a r g e l y  of 
C15 c u b i c  .Laves phases.  It is  p r e s e n t l y  b e l i e v e d  
t h a t  most of t h e s e  systems do no t  show long-range '  
magnet ic  o r d e r ,  b u t  do e x h i b i t  e i t h e r  shor t - range  
o r d e r ' o r  something l i k e  sp in -g l a s s  behavior  [ l s l .  I n  
many of t h e s e  c a s e s ,  t h e r e  e x i s t s  r eg ions  i n  t h e  
phase  diagram. where t h i s  o rde r ing  i s  c o - e x i s t e n t . w i t h  
superconduct iv i ty . .  ( 2) I n  some . t e r n a r y .  conpounds , 



( e - g o ,  D Y ~ , ~ M O ~ S ~ ) ,  t r u e  coex i s t ence  has  been found 
between supe rconduc t iv i ty  and long-range a n t i - f e r r o -  
n a g n e t i c  o r d e r  [191. (3 )  Other t e r n a r y  compounds 
e x h i b i t  r e - en t r an t  behavior  where long-range magnet ic  
o r d e r  deve lops  and, a s  a r e s u l t ,  t h e  supe rconduc t iv i ty .  
i s  des t royed .  Examples of t h i s  behavior  a r e  s e e n  i n  
Ho1.2M06S8 [201 and ErRh4B4 [1,61 . I n  bo th  of t h e s e  
c a s e s  t h e  o r d e r i n g  i s  fer romagnet ic .  I n  t h i s  s e c t i o n  ; 
we w i l l  p r e s e n t  r e s u l t s  of ~ o s s b a u e r  s t u d i e s  on 
ErRh4B4 i n  t h e  superconduct ing and n a g n e t i c  s t a t e s .  
These r e s u l t s  show t h a t  t h e  Er magnet ic  moment i s  no t  . . 

f u l l y  o rde red  even i n  t h e  magnet ic  s t a t e  [21]. 
I n  Fig. 4  we show t h e  ~ b ' s s b a u e r  s p e c t r a  of 

ErRh4B4 measured wi th  t h e  80.6 keV resonance of 
166~r  i n  ErRh4B4 a t  1.5 K and 0.1 K. The f i r s t  is 
below t h e  superconduct ing  t r a n s . i t i o n  (Tc = 8.5 K) b u t  

. . above t h e  magnet ic  t r a n s i t i o n  (Tli = 0.93 K) and t h e  
second i s  below T3!. I n  t h e  super.conducting s t a t e ,  a 
f u l l y  s p l i t  h y p e r f i n e  p a t t e r n  i s  s e e n  due t o  t h e  f a c t  
t h a t  t h e  e l e c t r o n i c  s p i n  r e l a x a t i o n  r a t e  of t h e  Er 
atom i s  s n a l l  compared t o  n u c l e a r  L a m o r  f r equenc ie s .  
I n  t h e  magne t i ca l ly  ordered  s t a t e ,  t h e  spectrum i s .  
e s s e n t i a l l y  i d e n t i c a l  except  f o r  some d e c r e a s e s  i n  
t h e  l i n e w i d t h s  of t h e  d i f f e r e n t  h y p e r f i n e  components. 

From t h e  measured h y p e r f i n e  f i e l d  we can o b t a i n  
' 

a  v a l u e  f o r  t h e  magnet ic  mohent on t h e  ~ r ~ +  atom. 
The h y p e r f i n e  f i e l d  is  g iven  by 

The second term on  t h e  r i g h t  i s  t h e  contac t -  i n t e r -  
a c t i o n ,  made up of a  c o r e  p o l a r i z a t i o n  c o n t r i b u t i o n  
[221 and t h e  conduct ion e l e c t r o n  c o n t r i b u t i o n  bo th  of 
which a r e  n e g l i g i b l e  i n  t h i s  case .  The f i r s t  term 
r e p r e s e n t s  t h e  o r b i t a l  hyperf  i n e  f i e l d .  Here C J ~  1 N I  I J> 
is  an  a p p r o p r i a t e  reduced ma t r ix  element,  <r-1>4f i s  a  
r a d i a l  average  f o r  4f e l e c t r o n s ,  and <J,>T is  t h e  
thermal  average  of t h e  angu la r  momentum ove r  a l l  
c r y s t a l l i n e . - e l e c r i c  f i e l d  (CEF) l e v e l s .  One s e e s  t h a t  . . 

bo th  R, and t h e  n a g n e t i c  momenty a r e  p r o p o r t i o n a l  . . 

t o  CJ,>T. The r e s u l t a n t  p r o p o r t i o n a l i t  between H,., 
and U is  shown f o l  a l a r g e  number of Erg+ systems 

. . 
i n  Fig. 5 .  From t h e  measured h y p e r f i n e  f i e l d  a t  0.1 
K i n  ErRh4B4, we o b t a i n  a  moment of (8.3 5 0.2) V B  
on t h e  Er atom. Th i s  should  be  compared wi th  t h e  
neut ron  d i f f r a c t i o n  r e s u l t  of 5.6 VB i n  t h e  orc?ered . . 

s t a t e  (71. I n  o r d e r  t o  r e c o n c i l e  t h e  Mossbauer and 
. . neu t ron  r e s u l t s ,  i t  appears  t h a t  we must have a 

s i t u a t i o n  where only  a  component of t h e  magnet ic  
moment (5.6 VB i n  nagni tude)  i s  o rde red ,  wi th  t h e .  
o t h e r  components be ing  d i so rde red  i n  e i t h e r  a s t a t i c  



o r  dynamic f a s h i o n .  Since t h e  neut ron  d i f f r a c t i o n  
technique  measures a  long-range s p i n  c o r r e l a t i o n ,  i t  , 

w i l l  no t  observe  t h e  d i so rde red  component. However, ' . 

t h e  Hgssbauer technique  measures a s ingle- ion  p r o p e r t y  
. ( a u t o - c o r r e l a t i o n )  and i n  t h e  l i m i t  of slow e l e c t r o n i c  
s p i n  r e l a x a t i o i ~  w i l l  measure t h e  f u l l  moment. It 
w i l l  .be of cons ide rab le  i n t e r e s t  t o  f i n d  i f  such  a  
d i s o r d e r  can  b e  reduced b y . t h e  a p p l i c a t i o n  of a n  
e x t e r n a l  f i e l d  . 

Much a t t e n t i o n  i n  t h e  p a s t  has  been pa id  t o  t h e  
d i s r u p t i v e  i n f l u e n c e  of magnet ic  s p i n s  on t h e  super- 
conduct ing s t a t e .  We would l i k e  t o  p o i n t  ou t  t h a t  
t h e  r o l e  of superconduct ing i n t e r a c t i o n s  in '  t h e  , . 

ordered  magnetic s t a t e  may b e  e q u a l l y  impor tan t .  In 
a  system wi th  two coupled o r d e r  parameters  ( super -  
conduct ing and magnet ic)  which have opposing e f f e c t s  
on t h e  conduct ion e l e c t r o n s ,  the .  system may o b t a i n  a 
minimum free-energy by main ta in ing  some d i s o r d e r  i n  . 

. . . t h e  magnet ic  moment. Thus, a l though we expect  
long-range o rde r ing  of t h e  e n t i r e  moment on t h e  Er ' . . 
atoms a t  0.1 K (Q TbI/lO), on ly  a p o r t i o n  of t h e  
moment i s  ordered .  The sugges t ion  t h a t  superconduct ing 
c o r r e l a t i o n s  a r e  s t i l l  i n f l u e n t i a l -  below Tbi i s  
suppor ted  by t h e  r e s i t i v i t y  of ErRh4B4 i n  t h e  
magnet ic  s t a t e  r e l a t i v e . t o  t h a t  i n  the .norma1 s t a t e  
( induced e i t h e r  .by e x t e r n a l  f i e l d  o r  tempera ture)  [61 . 

The ~ G s s b a u e r  measurements on 1 6 6 ~ r  i n  numerous 
pseudo-ternary a l l o y s  of t h e  t y p e  ( E r l - x ~ d x ) ~ h 4 ~ 4  
and (Erl-xHo,)Rh4~4 i n  the . i r  magne t i ca l ly  o rde red ,  
superconduct ing and normal s t a t e s  y i e l d  approximately 
t h e  sane  s i z e d  magnet ic  moment on t h e  Er a t o n  [231. 
Thi s  e s t a b l i s h e s  t h e  g e n e r a l i t y  of some of t h e  r e s u l t s  
d i scussed  above. 

CONCLUSIONS . . ' 

W e  have reviewed h e r e  r e c e n t  MGssbauer e f f e c t  and 
NFX work on magnet ic  i n t e r a c t i o n s  i n  r e l a t i o n  t o  o t h e r  
p r o p e r t i e s  of t e r n a r y  superconductors .  I n  t h e  Chevrel  
phase  compounds (Eu,Sn)Mo6s8 we have  suggested a two 
band p ic tuFe  i n  which Eu s p i n s  a r e  only weakly coupled 
t o  t h e  "s-band" e l e c t r o n ,  and does not  d i s t u r b  t h e  
"d-band" supe rconduc t iv i ty .  The "s-band" p o l a r i z a t i o n  
a t  t h e  No s i t e s ,  i n  t h e  presence  of Eu atoms, s h i e l d s  
t h e  e x t e r n a l l y  a p p l i e d  f i e l d ,  t h u s  enhancing t h e  
Hc2 va lues .  

The r e -en t r an t  superconductor  E r R h 4 ~ 4  h a s  a n  
unusual  magnet ic  o r d e r  i n  which only  a  component of 
t h e  t o t a l  Er moment shows long-range f e r r o n a g n c t i c  
c o r r e l a t i o n ,  wi th  t h e  remaining components b e i n g  
d i s o r d e r e d  down t o  0.1 KO 

A t  p r e s e n t ,  r e l a t i v e l y  fcb- expe r inen t s  have 
been  performed u t i l i z i n g  microscopic t o u l s  t o  s tudy  
magnetic i n t e r a c t i o n s  i n  superconductors .  There is 



now a n  e s t a b l i s h e d  p l a c e  f o r  work of t h i s  n a t u r e ,  and . 

many r e s u l t s  n a y  b e  e x p e c t e d  i n  t h e  n e a r  f u t u r e .  
Cornmensurately, t h e r e  is a need f o r  t h e o r e t i c a l  
s t u d i e s  of t h e  i n t e r a c t i o n  between magne t ic  and 
s u p e r c o n d u c t i n g  o r d e r  p a r a m e t e r s ,  i n c l u d i n g  t h e  . . 

p o s s i b l i t y  of a combined superconduct ing-magnet ic  
ground s ta te . .  

W e  w i s h  t o  t h a n k  A. T. A l d r e d ,  A. J. Freeman, 
G. H. Lander  and S. K. S inha  f o r  numerous d i s c u s s i o n s .  
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F i g u r e  Captions 

F ig .  1. Concent ra t ion  dependence of t h e  c r i t i c a l  f i e l d  
Hc2 ( s o l i d  c i r c l e s )  and t r a n s i t i o n  tempera ture  Tc 
(open c i r c l e s )  i n  Sn1.2(1-x)Eu.xxo6.35S8 (Ref. 5).  . 

. . 

Fig .  2. Temperature dependence of t he  e l e c t r o n i c  
r e l a x a t i o n  r a t e  f o r  Eu i n  Eu0,25Sn0.75~06S8. 

F ig .  3 .  Two band p i c t u r e  f o r  SnMo6S8 showing ( a )  
conduct ion  bands i n  t h e  normal s t a t e  and (b)  t h e  energy 
gap Eg of t h e  "d-band1' i n  t h e  superconduct ing s t a t e .  
The gap Eg i s  exaggera ted  i n  s i z e .  Thermally e x c i t e d  
e l e c t r o n s  a r e  above t h e  gap i n  t h e  d-band and above 
EF i n  t h e  s band f o r  T Tc. 

Fig.  4. Mossbauer s p e c t r a  f o r  '166~r i n  ErRh, t ,~~  f o r -  
' ' 

( a )  t h e  superconduct ing  s t a t e  and ( h )  the  magne t i ca l ly  
ordered  s t a t e .  

Fig.  5. L inea r  dependence of t h e  Er magnet ic  hype r f ine  
f i e l d  on ' t h e  e l e c t r o n i c  magnetic nonent  i n  v a r i o u s  
compounds. 


