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SUPERCONDUCTIVITY OF HEAVY-ELECTRON URANIUM COMPOUNDS 

Z. F i s k  ~', H. Borges  , M. M c E l f r e s h  , J . L .  Smith  , J .D .  Thompson" ,  H.R. O t t  +, G. Ae pp l i  
E. Bucher** ,  S .E .  Lamber t  ++ , M.B. Maple ++ , C. Broholm***,  and J .K .  Kjems*** 

*Los Alamos National Laboratory, Los Alamos, NM 87545, USA, +Eidgen6ssische Technische Hochschule, 
HSnggerberg, 8093 Z~rich, Switzerland, ""AT&T Bell Laboratories, Murray Hill, NJ 07974,USA, 
++University of California at San Diego, La Jolla, CA 92093, USA, """Ris~ National Laboratory, 
DK-4000 Roskilde, Denmark 

The current understanding of the superconductivity of heavy-electron uranium compounds is reviewed. 
Both the pairing and the mechanism appear to have been established as unusual in UPt 3 and UBe13. 
Small-moment magnetic ordering is now known to coexist with superconductivity in URu2Si 2 and 
UPtq. The understanding of the properties of UBe13 may be viewed as the central probIem in heavy- 
elegtron physics. 

1. INTRODUCTION 
The r e c e n t  d e v e l o p m e n t s  in  t he  f i e l d  o f  

s u p e r c o n d u c t i v i t y  a r e  f o c u s s i n g  renewed 
a t t e n t i o n  on n o v e l  mechan i sms  and a n i s o t r o p i c  
p a i r i n g s ,  a s i t u a t i o n  s i m i l a r  to t h a t  wh ich  
a t t e n d e d  t h e  d e v e l o p m e n t s  in  h e a v y - e l e c t r o n  
m a t e r i a l s .  T h e r e  a p p e a r  to  be a number of  
s i m i l a r i t i e s  b e t w e e n  the  p h y s i c s  o f  t he  
c u p r a t e s  and t h a t  of  t he  h e a v y - e l e c t r o n  
s u p e r c o n d u c t o r s ,  a s  w e l l  a s  s i g n i f i c a n t  
d i f f e r e n c e s .  Bo th  a r e  h i g h l y  c o r r e l a t e d  
e l e c t r o n i c  s y s t e m s  w i t h  s t r o n g  m a g n e t i c  
i n t e r a c t i o n s .  T h e r e  i s  no e v i d e n c e  a s  y e t  to  
s u g g e s t  t h a t  t he  mechanism f o r  s u p e r c o n -  
d u c t i v i t y  i s  s i m i l a r .  But  h e a v y - e l e c t r o n  
s u p e r c o n d u c t i v i t y  h a s  s e r v e d  a s  a v e r y  f e r t i l e  
g r o u n d  f o r  i n v e s t i g a t i n g  n o n - p h o n o n  mechan i sms  
and h i g h e r  a n g u l a r  momentum p a i r i n g s ,  and t h i s  
e x p e r i e n c e  h a s  much to  t e l l  u s .  We r e v i e w  h e r e  
t he  s t a t u s  o f  t he  u n d e r s t a n d i n g  o f  s u p e r c o n -  
d u c t i v i t y  i n  u r a n i u m  h e a v y - e l e c t r o n  compounds .  

2. THE HEAVY-ELECTRON NORMAL STATE 
A u s e f u l  q u a l i t a t i v e  v i e w p o i n t  f o r  

thinking about heavy-electron systems is 
provided by the Kondo effect. All known 
heavy-electron materials possess f-electrons 
which are behaving magnetically like local 
moments at high (room) temperature. The con- 
duction electrons in these materials compensate 
the local moments as T ~ 0 K, the high tempera- 
ture entropy of the spin system smoothly trans- 
ferring to the conduction electron system. In 
this extreme view, the local f-moments make the 
conduction electron heavy. If the temperature 
scale over which this happens is T K, we esti- 

mate the low temperature electronic specific 
heat 7 ~ (klnD)/T K per f-moment, where D is the 

degeneracy of the f-moment, 

B l o c h ' s  Theorem w i l l  a p p l y  to  the  low 
t e m p e r a t u r e  e l e c t r o n i c  s t a t e  of  t he  a t o m i c a l l y  
o r d e r e d  l a t t i c e  of  f - a t o m s ,  a s t a t e  wh ich  
s h o u l d  be  d e s c r i b a b l e  a s  some k i n d  o f  c o r -  
r e l a t e d  Fermi l i q u i d .  The l a r g e  e l e c t r i c a l  
r e s i s t i v i t y  due to  the  s i n g l e  i o n - t y p e  Kondo 
s c a t t e r i n g  i s  o b s e r v e d  to  be l o s t  be low  a 
t e m p e r a t u r e  g e n e r a l l y  r e f e r r e d  to  a s  t he  

c o h e r e n c e  t e m p e r a t u r e ,  T ~. A r a p i d  c ha nge  i n  
the Hall constant with temperature also 
accompanies the development of coherence. It 
is an unsolved problem of theory to describe 
the development of coherence. 

RKKY-type magnetic interactions between 
f-moments can both modify T K and lead to 

competing magnetically ordered ground states. 
One way to think about the effect of magnetic 
order on a heavy electron state is in terms of 
the internal field produced. The local mag- 
netic field at an f-site due to the long range 
magnetic order will partially quench the Kondo 
compensation there. In this view, the loss of 

below a magnetic transition is due to loss of 
mass. 

3. URANIUM COMPOUNDS 
The p i o n e e r i n g  work o f  S t e g l i c h  e s t a b -  

l i s h i n g  t h e  b u l k  n a t u r e  of  t h e  s u p e r c o n -  
d u c t i v i t y  of  CeCu2Si2 f o c u s s e d  a t t e n t i o n  on 
f - e l e c t r o n  m a t e r i a l s  w i t h  l a r g e  w ' s ,  c o r -  
r e s p o n d i n g  to  e f f e c t i v e  m a s s e s  some two o r d e r s  
of  m a g n i t u d e  l a r g e r  t h a n  the  e l e c t r o n  mass .  A 
s t r o n g  p a r a l l e l  b e t w e e n  the  p r o p e r t i e s  o f  Ce 
and U i n t e r m e t a l l i c s  h a s  been  found  to  e x i s t .  
The re  a r e ,  h o w e v e r ,  enough  d i f f e r e n c e s  o f  
d e t a i l  b e t w e e n  the  p h y s i c s  o f  Ce and U 
m a t e r i a l s  to  make i t  d e s i r a b l e  to  t r e a t  o n l y  
U-compounds  h e r e .  

0921-4534/88/$03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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FIGURE 1. 
Ln v v e r s u s  gn K ( f o r  T ~ 0 K) p l o t t e d  f o r  
Uranium s u p e r c o n d u c t o r s .  The l i n e  i s  t he  f r e e  
e l e c t r o n  Sommerfe ld  r e l a t i o n  b e t w e e n  v and ~. 

There are only a small number of supercon- 
ductors containing U (Table). A convenient way 
to present these materials is in a ~-v plot, 
Fig. i. We see that these superconductors are 
found over the entire range of w-values known 
for U-compounds. We point out that the two 
heavy-electron superconductors UPt a and UBe13 
very nearly obey the Sommerfeld relation 
b e t w e e n  K and  v.  

We d i s c u s s  t he  low-v s e t  of  m a t e r i a l s  
f i r s t .  E l e m e n t a l  U i s  b e l i e v e d  n o t  to  be a 
s u p e r c o n d u c t o r  a t  a m b i e n t  p r e s s u r e  ( 1 ) .  The 
p r e s s u r e  i n d u c e d  s u p e r c o n d u c t i v i t y  of  ~-U p e a k s  
n e a r  2 K a t  10 k b a r .  N e u t r o n  s c a t t e r i n g  
e x p e r i m e n t s  h a v e  found  t h a t  a c h a r g e  d e n s i t y  
wave d e v e l o p s  be low a b o u t  40 K in  a-U,  and i t  
i s  p l a u s i b l e  t h a t  t he  p r e s s u r e  e f f e c t  on T i s  

c 
due to  s u p p r e s s i o n  of  t he  c h a r g e  d e n s i t y  wave 
w i t h  p r e s s u r e .  The s t a b i l i z e d  v a l l o t r o p e  of  U 
h a s  a l s o  b e e n  r e p o r t e d  to  be s u p e r c o n d u c t i n g  
(2). 

The i n t e r e s t i n g  s e t  of  compounds UeX (X = 
Mn, Fe,  Co and  Ni)  have  v ' s  i n  t he  n e i g h b o r h o o d  

of  25 mJ /mole  U-K 2 ( 3 ) .  T i s  h i g h e s t  f o r  
c 

UeFe, 3 . 9  K. The c l o s e  U-U s p a c i n g s  i n  t h e s e  
t e t r a g o n a l  m a t e r i a l s  make i t  l i k e l y  t h a t  
s t r o n g l y  h y b r i d i z e d  f - b a n d s  e x i s t  a t  t he  Fermi  
l e v e l .  T h i s  s e p a r a t e s  t he  p h y s i c s  of  t h e s e  
m a t e r i a l s  f rom d i r e c t  o v e r l a p  w i t h  t h a t  o f  t he  
much i a r g e r - v  m a t e r i a l s ,  a l t h o u g h  i t  i s  c l e a r  
t h a t  i m p o r t a n t  c o r r e l a t i o n  e f f e c t s  a r e  p r e s e n t  
h e r e .  No one a p p e a r s  to  have  been  a b l e  to  
p r e p a r e  s i n g l e  c r y s t a l s  of  t h e s e  e a s i l y  
o x i d i z e d ,  p e r i t e e t i e a l l y  f o r m i n g  m a t e r i a l s .  
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FIGURE 2 
Temperature d e p e n d e n c e  of  the electrical 
resistivity of various superconductors. 
YBa2CuO7 d a t a  f rom ( 2 2 ) ,  NbaSn f rom ( 2 3 ) ,  U6Fe 
f rom ( 2 4 ) ,  and  URu2Si2 ( 2 5 ) .  O t h e r  d a t a  f rom 
r e f e r e n c e s  i n  t e x t .  

The tetragonal U2PtC 2 has a v = 75 mJ/mole 
U-K 2 and T = 1.5 K (4). The anomalous, 

c 

bulging shape of the electrical resistivity 
(Fig. 2), coupled with the substantial v, place 
this material in the transitional region 
between light- and heavy-electron behavior. 
There has been little work on this material, 
and no single crystal data exist. 

Considerably more attention has been given 
to URu2Si2. This material crystallizes in the 
tetragonal structure found for CeCuzSi2, and 
large single crystals have been produced by 
several groups. Both the normal state 
resistivity, most markedly in the basal plane, 
and the Hall constant decrease strongly in the 

vicinity of 50 K, suggesting that T ~ ~ 50 K 
(5). The Cr-like resistance anomaly at T N = 17 

K has been found by neutron diffraction to 
correspond to 0.02 ~B/U simple antiferro- 

magnetic order, the moments aligning parallel 
to the c-axis (6). At T N, v is extrapolated to 
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be 180 mJ /mole  U-K 2. T h i s  i s  a p p r o x i m a t e l y  the  
v a l u e  t h a t  i s  f ound  f o r  a l a r g e  number  of  
U - i n t e r m e t a l l i c s  wh ich  u n d e r g o  no low t e m p e r a -  
t u r e  p h a s e  t r a n s i t i o n s .  The r e m a r k a b l e  f e a t u r e  
o f  U R u 2 S i  2 i s  t he  s u b s e q u e n t  d e v e l o p m e n t  o£ 
s u p e r c o n d u c t i v i t y  be low  1 .2  K. At t h i s  
t e m p e r a t u r e  n = 75 mJ /mole  U-K 2. At t h e  
s u p e r c o n d u c t i n g  t r a n s i t i o n ,  AC/vT = 1 .3 ,  

c 
somewhat  r e d u c e d  f rom the  BCS weak c o u p l i n g  
v a l u e .  

T h e r e  i s  s t i l l  a l o t  to  be u n d e r s t o o d  
a b o u t  U R u 2 S i  2 . Many o£ the  s i n g l e  c r y s t a l  
e x p e r i m e n t s  p e r f o r m e d  on UBet3 and UPt3 have  
n o t  b e e n  c a r r i e d  o u t ,  and t h e s e  c o u l d  go a long  
way t o w a r d s  h e l p i n g  s u c h  an  u n d e r s t a n d i n g .  For  
example ,  f rom the rmodynamic  d a t a  i t  a p p e a r s  
t h a t  t h e  c o m m e n s u r a t e  m a g n e t i c  t r a n s i t i o n  a t  
17 K o p e n s  a gap  a c r o s s  ~70% of  t he  Fermi  
s u r f a c e ,  a s u r p r i s i n g l y  l a r g e  f r a c t i o n  i n  v iew 
o f  t h e  a n o m a l o u s l y  s m a l l  o r d e r e d  moment. T h i s  
makes t h e  t r a n s i t i o n ,  i n c i d e n t a l l y ,  q u i t e  
different from the magnetic transitions seen in 
most heavy-electron U-compounds, where it is 
more likely that the effective mass changes 
below T N, rather than the Fermi surface area. 

The idea, then, is that the superconductivity 
occurs on what remains of the Fermi surface. 
T h i s ,  a g a i n ,  makes U R u 2 S i  2 a p p e a r  v e r y  d i f f e r -  
e n t  f rom the  h e a v i e r  e l e c t r o n  U - s u p e r c o n -  
d u c t o r s .  I t  i s  l i k e l y  t h a t  t he  r e a l  o r d e r  
p a r a m e t e r  h e r e  h a s  n o t  b e e n  found .  

4. UPt 3 

UPt3 c r y s t a l l i z e s  i n  the  same h e x a g o n a l  
s t r u c t u r e  a s  CeAI3,  t h e  f i r s t  i d e n t i f i e d  
h e a v y - e l e c t r o n  compound.  A w e a l t h  o f  d a t a  
e x i s t s  on s i n g l e  c r y s t a l s  of  t h i s  compound, and 
t h e r e  i s  now some c o n c e n s u s  t h a t  t h i s  i s  an  
a n i s o t r o p i c  s u p e r c o n d u c t o r  w i t h  a m a g n e t i c  
p a i r i n g  mechan ism.  

UPt3 h a s  a s t r o n g l y  b u l g e d ,  v e r y  a n i s o -  
t r o p i c  e l e c t r i c a l  r e s i s t i v i t y ,  much l i k e  t h a t  
of  an  A-15 t r a n s i t i o n  m e t a l  s u p e r c o n d u c t o r  
( F i g .  2 ) .  The H a l l  c o n s t a n t  shows a r a p i d  
change  i n  t h e  v i c i n i t y  o f  20 K, i n d i c a t i n g  t h a t  

T ~ ~ 20 K ( 7 ) .  The a l s o  a n i s o t r o p i c  m a g n e t i c  
s u s c e p t i b i l i t y  p e a k s  a t  17 K i n  t he  b a s a l  
p l a n e ,  a f e a t u r e  w h i c h  a p p e a r s  to  be r e l a t e d  
[ f r o m  n e u t r o n  e x p e r i m e n t s  ( 8 ) ]  to  t he  d e v e l o p -  
ment  of  s t r o n g  a n t i f e r r o m a g n e t i c  c o r r e l a t i o n s ,  
and p r e s u m a b l y ,  c o h e r e n c e ,  de H a a s - v a n  Alphen  
work h a s  a l s o  b e e n  r e p o r t e d ,  f i n d i n g  m a s s e s  a s  
h i g h  a s  120 m ( 9 ) .  T h i s  i s  a lower  l i m i t ,  s e t  

e 
by  e x p e r i m e n t a l  c o n s t r a i n t s ,  on t h e  l a r g e s t  
mass  on t h e  Fermi  s u r f a c e .  

The l o w - t e m p e r a t u r e  s p e c i f i c  h e a t  shows 
what  was b e l i e v e d  to  be  e v i d e n c e  f o r  s p i n  
f l u c t u a t i o n s  b u t  i s  now i n t e r p r e t e d  i n  a more 
g e n e r a l  Fermi  l i q u i d  c o n t e x t .  ~ = 450 mJ /mole  

U-K 2, and t h e  anoma l y  a t  T i s  hC/wT ~ 0 . 8 .  
c C 

T h i s  gave r i s e  to  t h e  now dead s u g g e s t i o n  t h a t  
the superconductivity was not bulk. 

An earmark of anisotropic superconductivity is 
the presence of power laws in T below T in various 
properties as T+O K arising from nodesCof the 
superconducting gap on the Fermi surface. In 
UPt3, a T 2 dependence was found in both the 
specific heat (I0) and c-axis ultrasonic 
attenuation below T (11). Additional evidence 

c 
for an anisotropic superconducting state comes 
from anisotropy of sound propagation in the 
basal plane, depending on polarization of the 
sound (12), and tunneling experiments which 
find no gap in the basal plane (13), but a gap 
perpendicular to the plane. All these 
contribute to the idea that UPt 3 is a polar 
superconductor with a line of nodes of the gap 
perpendicular to the hexagonal c-axis. 

R e c e n t  e v i d e n c e  s u p p o r t i n g  a m a g n e t i c  
p a i r i n g  mechan i sm h a s  come f rom n e u t r o n  
m e a s u r e m e n t s .  These  e x p e r i m e n t s  have ,  f i r s t l y ,  
f ound  a s m a l l  moment o r d e r i n g  o£ 0 . 0 2  PB/U a t  

5 K i n  p u r e  UPt3 ( 1 4 ) .  T h i s  i s  t he  same 
t e m p e r a t u r e  a t  wh ich  Th and Pd d o p i n g  i n d u c e  a 
much l a r g e r  m a g n e t i c  moment ( ~ 0 . 7  ~B) o r d e r i n g  

i n  UPt3 (15)  and a t  wh ich  dp /dT  h a s  a maximum. 
The s p i n  a r r a n g e m e n t  i s  t he  same i n  t he  two 
c a s e s .  What i s  e s p e c i a l l y  i n t e r e s t i n g  i s  t h a t  
the  u n u s u a l  mean f i e l d  l i k e  d e v e l o p m e n t  o f  t he  
o r d e r  p a r a m e t e r  (M 2 a TN-T ) be low  T N a b r u p t l y  

c e a s e s  a t  T = 0 . 5  K, c l e a r  e v i d e n c e  f o r  an  
c 

i n t e r f e r e n c e  b e t w e e n  the  m a g n e t i c  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  ( F i g .  3 ) .  In  
a d d i t i o n ,  t h e  e n e r g y  c h a r a c t e r i z i n g  the  
m a g n e t i c  c o r r e l a t i o n s  i n  t h i s  s y s t e m  c o r -  
r e s p o n d s  to  4 kT . 

C 
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FIGURE 3 
I n t e r f e r e n c e  b e t w e e n  s u p e r c o n d u c t i v i t y  and  
m a g n e t i s m  s e e n  i n  t he  i n t e n s i t y  o f  t h e  
( 1 / 2 ,  O, 1) s c a t t e r i n g  i n t e n s i t y  i n  UPt3 ( 1 4 ) .  
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FIGURE 4 
Power l aws  i n  v a r i o u s  p r o p e r t i e s  o f  UBela  b e l o w  
T ( 2 6 ) .  

C 

FIGURE 5 
P r e s s u r e  and  c o m p o s i t i o n  d e p e n d e n c e  o£ T 

C 

UI_×Th×Bela  s a m p l e s  ( 2 7 ) .  

for 

5.  U~ela 
UBe13 i s  in  many ways a more complex 

system than UPt 3. The r e s i s t a n c e ,  s i m i l a r  to 
t h a t  of CeCu2Si 2, i s  Kondo-l ike,  wi th  a sharp 
peak near  2 .5  K. The drop in  r e s i s t a n c e  below 
t h i s  tempera ture ,  coupled wi th  a sharp dec rease  

in  the Hall  c o n s t a n t  below 1 K  i n d i c a t e  t h a t  T ~ 
1 K, very  c l o s e  to the observed T = 0 .9  K. 

c 
The r e s i s t a n c e  a t  T i s  s t i l l  approx imate ly  I00 

C 

~D-cm. 
The s p e c i f i c  h e a t  a n o m a l y  a t  T i s  50% 

c 
l a r g e r  t h a n  weak  c o u p l i n g  BCS. As T ~ 0 K, t h e  
t e m p e r a t u r e  d e p e n d e n c e  o£ t h e  s p e c i f i c  h e a t  i s  
c o n s i s t e n t  w i t h  a n  a x i a l  s u p e r c o n d u c t i n g  s t a t e  
h a v i n g  n o d e s  a t  p o i n t s  on t h e  Fe rmi  s u r f a c e .  
T h i s  a s s i g n m e n t  i s  f u r t h e r  s u p p o r t e d  by  
t e m p e r a t u r e  d e p e n d e n t  London p e n e t r a t i o n  d e p t h  
e x p e r i m e n t s  w h i c h  a r e  c o n s i s t e n t  w i t h  t h e  a x i a l  
s t a t e  and not  wi th  a conven t iona l  BCS supercon-  
d u c t o r  (16).  F igure  4 shows the power law 
dependence in  v a r i o u s  p r o p e r t i e s  below T . 

C 

I n d i r e c t  e v i d e n c e  f o r  an  a n i s o t r o p i c  
s u p e r c o n d u c t i n g  s t a t e  comes f rom t h e  b i z a r r e  
b e h a v i o r  o f  T w i t h  Th a d d i t i o n .  F i g u r e  5 

c 
shows t h e  v a r i a t i o n  o£ T c w i t h  x i n  U l _ x T h x B e l 3  

and  w i t h  p r e s s u r e .  The n e g a t i v e  c u s p  i n  T a t  
c 

x = 1 . 7  a / o  Th c o i n c i d e s  w i t h  t h e  d e v e l o p m e n t ,  
a t  l a r g e r  x ,  o f  a s e c o n d  p h a s e  t r a n s i t i o n  a s  
i n d i c a t e d  by  t h e  s p e c i f i c  h e a t  b e l o w  T c l  ~ 0 . 6  

K, a t  Tc2 ~ 0 . 4  K. The v e r y  l a r g e  f e a t u r e  

o b s e r v e d  i n  u l t r a s o n i c  a t t e n u a t i o n  a t  Tc2 ( 1 7 )  

s u g g e s t e d  t h a t  i t  was a s s o c i a t e d  w i t h  a n  
a n t i f e r r o m a g n e t i c  t r a n s i t i o n .  A n o t h e r  
s u g g e s t i o n  i s  t h a t  i t  i s  a t r a n s i t i o n  t o  
a n o t h e r  s u p e r c o n d u c t i n g  s t a t e .  Muon e x p e r i -  
m e n t s  s u g g e s t  a v e r y  s m a l l  moment (~  0 . 0 0 1  
PB/U) b e l o w  Tc2 ( 1 8 ) ,  b u t  n e u t r o n  and  NMR ( 1 9 )  

e x p e r i m e n t s  h a v e  n o t  c o n f i r m e d  t h i s .  We 
m e n t i o n  h e r e  t h a t  s u p e r c o n d u c t i n g  s t a t e s  w h i c h  
c a r r y  a moment a r e  p o s s i b l e .  C u r r e n t  t h i n k i n g  
i s  t h a t  t h e  s u p e r c o n d u c t i n g  s t a t e  i s  d i f f e r e n t  
on t h e  two s i d e s  o f  t h e  c u s p .  
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FIGURE 6 
P r e s s u r e  d e p e n d e n c e  of  t h e  t e m p e r a t u r e  
d e p e n d e n t  e l e c t r i c a l  r e s i s t i v i t y  o f  UBe13. 
I n s e t  shows d a t a  f o r  U . g s 3 T h . o I T B e 1 3  a t  low 
t e m p e r a t u r e ,  i n  w h i c h  T r e a p p e a r s .  

m 

I t  so h a p p e n s  t h a t  t h e  r e s i s t a n c e  f e a t u r e  
a t  T M = 2 . 5  K c o r r e l a t e s  w i t h  t h e  c u s p ,  i n  t h a t  

a s  x i n c r e a s e s ,  T M d e c r e a s e s  a nd  a p p e a r s  t o  go 

t h r o u g h  T f o r  x s l i g h t l y  l e s s  t h a n  t h e  c u s p  
c 

c o n c e n t r a t i o n .  R e s i s t a n c e  m e a s u r e m e n t s  u n d e r  
p r e s s u r e  show ( F i g .  6 )  t h a t  T M moves  t o  h i g h e r  

T w i t h  p r e s s u r e .  So we h a v e  a c o r r e l a t i o n :  
h i g h e r  T M g o e s  w i t h  l o w e r  T c ,  a nd  T c i n c r e a s e s  

f o r  x > 1 .7  a / o  Th b e c a u s e  T M i s  b e l o w  T c- 

However ,  T M d o e s  n o t  a p p e a r  t o  be  " r e s p o n s i b l e "  

f o r  Tc2.  dTM/dP > O, w h i l e  d T c 2 / d P  < 0 ( 2 0 ) .  

A b e t t e r  way to  t h i n k  a b o u t  t h e  p e a k  i s ,  
p e r h a p s ,  t h a t  when i t  moves  t o  l o w e r  T, t h e s e  
o t h e r  p h a s e  t r a n s i t i o n s  c a n  h a p p e n .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  i s  a r o u n d e d  
maximum in C in the vicinity o£ the resistivity 
peak in pure UBe13. 

Th is the only substitution for which this 
curious behavior is definitely established. 
There is the possibility that something similar 
happens with B additions for Be. We can see in 
Fig. 7 that the specific heat anomaly at T is 

c 
very large with B doping and it is not clear 
that entropy can he balanced. The question 
arises, of course, as to why Th has this kind 
of effect. It does appear that n is an in- 
creasing function of Th content, at least for x 
at the several percent level. We note further 

that Cd added to Ul_xThxBe13 depresses T c at 

differing rates depending on whether x is > or 
< 1.7 a/o Th. 
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FIGURE 7 
C o m p a r i s o n  o f  t h e  low t e m p e r a t u r e  s p e c i f i c  h e a t  
o f  UBei3 w i t h  t h a t  o f  UBe12 .97B,o3  p o l y c r y s t a l .  

The effects of pressure on the normal 
state of UBelo is to decrease ~ much more 
rapidly than K, so that its point on the K-~ 
plot moves well below the Sommerfeld line with 
pressure. T drops at the same time. One 

c 
possibility is that magnetic fluctuations 
increase. The very high pressure resistivity 
actually has a shape very similar to that of 

UPt 3 ( F i g .  6 . ) .  

6.  FINAL REMARKS 
The l a r g e  ~ ' s  p r e s e n t  i n  UPt3 a n d  UBet3 

are of clear magnetic parentage. Neutron 
m e a s u r e m e n t s  a t  low t e m p e r a t u r e  on b o t h  t h e s e  
m a t e r i a l s  show t h e  p r e s e n c e  of  a n t i f e r r o m a g -  
n e t i c  c o r r e l a t i o n s .  The f a c t  t h a t  s u p e r c o n -  
d u c t i v i t y  c a n  o c c u r  i n  s u c h  s y s t e m s  i s  
s u r p r i s i n g  a n d  s u g g e s t s  a n  u n d e r l y i n g  m a g n e t i c  
m e c h a n i s m  f o r  T . The d a t a  p o i n t i n g  to  z e r o s  

c 
o f  t h e  s u p e r c o n d u c t i n g  g a p  on t h e  F e r m i  s u r f a c e  
a r e  s u g g e s t i v e  o f  a d i f f e r e n t  p a i r i n g ,  w h i c h  i s  
c o n s i s t e n t  w i t h ,  b u t  n o t  r e q u i r e d  by ,  a n o n -  
p h o n o n  m e c h a n i s m .  

The o c c u r r e n c e  o f  s u p e r c o n d u c t i v i t y  i n  
h i g h - v  m a t e r i a l s  seems  to  be  q u i t e  r a r e .  L a r g e  
v ' s  r e q u i r e  s m a l l  TK'S ,  e i t h e r  b e c a u s e  T K i s  

n a t u r a l l y  s m a l l  o r  t h e  RKKY i n t e r a c t i o n  moves  
i t  t h e r e  ( 2 1 ) .  I f  T K i s  s m a l l ,  m a g n e t i c  o r d e r  
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w i l l  dominate  i n  most c a s e s ,  making s u p e r c o n -  
d u c t i v i t y  l e s s  l i k e l y .  The problem p r e s e n t e d  
by the  small-moment  o r d e r i n g  in  the  s u p e r c o n -  
d u c t o r s  and o t h e r  heavy e l e c t r o n  compounds 
can be c l a s s e d  as  c o m p l e t e l y  w i thou t  u n d e r -  
s t a n d i n g .  The heavy e l e c t r o n  m a t e r i a l s  remain 
i n t e r e s t i n g  as  the  a r c h e t y p a l  c l e a n  sys tems  
where t h e r e  i s  an obvious  c o m p e t i t i o n  be tween 
s u p e r c o n d u c t i v i t y  and magnetism f o r  the  same 
e l e c t r o n s .  

We acknowledge e x p e r i m e n t a l  a s s i s t a n c e  of 
E. F e l d e r  and u s e f u l  d i s c u s s i o n  wi th  B. R. 
Co l e s .  

TABLE 

Supe rconduc to r  ~(mJ/mole U-K 2 ) To(K ) 

a-U 9 .6  2 .4  
U .s2Mo .Is 2. II  
U6Mn 2 .32  
U6Fe 25 3 .9  
U6Co 2 .3  
U6Ni .86 
U2PtC2 75 i. 47 
URu2Si2 75 1.2 
UPt3 450 .54 
UBe i 3 825 .9 
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