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I N V I T E D  P A P E R  

SUPERCONDUCTIVITY AND HEAVY FERMIONS 

B B A T L O G G ,  D J B I S H O P ,  E B U C H E R ,  B G O L D I N G ,  J r ,  A P R A M I R E Z  

AT& T Bell Laboratorles, Murray Hill, NJ 07974, USA 

Z F I S K ,  J L S M I T H  

Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos NM 87545 USA 

and  H R O T T  

Laboratonum fur FestkorperphysIk, ETH-Honggerberg 8093, Zurich, Switzerland 

Experimental studies are discussed which shed hght on the nature of the heavy fermlon normal state, the occurrence of 
heavy fermion superconductivity and anomalous properties of the superconducting state l) Magnetization and mag- 
netoreslstance of the Kondo lattice UBel~ demonstrate the breakdown of a description m terms of a single energy scale 
TK Here T K becomes temperature dependent below ~ 10 K, and the canomcal relationship between R(H) and M(H) 
does not hold n) Superconductivity in UPta occurs at the borderline to magnetism spin-density wave-hke instabihtJes are 
induced by a few percent of Th or Au, whereas mass enhancement and susceptlbihty are rapidly reduced by Ir 
subsntution This suggests that spin fluctuations, rather than phonons, are ~mportant in medmtmg superconducting pairing 
of heavy fermions in UPt~ lU) The posstbillhes of noncubic strain induced by amsotropic superconductivity in UBe~ ~ is 
investigated by ultrasound experiments The suggestion of tetragonal strata in (U Th)Be~ is found to be not applicable, 
and observed frequency and amplitude dependent absorption anomalies at T,~ T, might reflect domain wall motion 

1. Introduction 

T h e  sub j ec t  of h e a v y  f e rmlons  and  the i r  super -  
c o n d u c t i v i t y  con t inues  to offer  cha l l eng ing  p r o b -  
lems for  bo th  e x p e r i m e n t  and  t h e o r y  In this p a p e r  
we chose  th ree  topics  f rom our  cu r r en t  work  to 
address  cen t ra l  t hemes  in this field h e a v y  fer-  
mtons  as the  low t e m p e r a t u r e  quas ipa r t l c l e s  m a 
K o n d o  la t t ice ,  r e l a t ionsh ip  b e t w e e n  s u p e r c o n -  
d u c t I w t y  and m a g n e t i s m  to e luc ida t e  the  role  
p l a y e d  by  spin f luc tua t ions  in m e d i a t i n g  supe r -  
c o n d u c t i v i t y  and the an l so t rop ic  s u p e r c o n d u c t i n g  
s ta te  i tself  

2. Kondo-lattice UBe13: similarities and 
differences to the single site physics 

H e a v y  fe rmions  are  the  quas lpa r t i c l e s  m a 
K o n d o - l a t t l c e  W h e r e a s  the s ingle  site K o n d o  
p r o b l e m  is well  u n d e r s t o o d  m its deta i l s  by now,  
a t t emp t s  to so lve  the  la t t ice  p r o b l e m  have  not  
been  pa r t i cu l a r ly  successful  so far  [1] O n e  of the  
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ques t ions  is w h e t h e r  low and high t e m p e r a t u r e  
p rope r t i e s  can be de sc r ibed  by  a smgle  sca lmg 
p a r a m e t e r  (TK), and to wha t  ex ten t  mters t te  
in te rac t ions  mod i fy  the  b e h a v i o r  at the  lowest  
t e m p e r a t u r e s  (Van ish ing  of  res i s tance  ~s an 
o b w o u s  c o n s e q u e n c e )  He re  we r e p o r t  two 
e x p e r i m e n t a l  obse rva t i ons  pe r t i nen t  to this ques-  
t ion 

O n e  of the ha l lmarks  of the  K o n d o  effect  ts the  
loga r i thmic  res i s tance  inc rease  upon  coo l ing ,  
which  is also seen m the K o n d o  la thces ,  w~th the  
no tab le  excep t ion  of UPt~ This  res i s tance  can  be 
suppres sed  by m a g n e t i c  fields of  s t r eng th  glxH 
kT~,  as we have  found  in magne to res~s tance  
m e a s u r e m e n t s  of UBel3  in fields up to 23 T and  
f rom 0 5  to 2 5 K  In the r ange  of o v e r l a p  our  
resul ts  are  m a g r e e m e n t  w~th o the r  s tu&es ,  which  
also found  a p r o n o u n c e d  d e c r e a s e  of R in m a g -  
net ic  fields [ 2 - 5 ]  M u c h  quant~ta twe insight  ts 
g a m e d  by reahz ing  tha t  the  func t iona l  form of 
R ( H )  is well  d e s c r i b e d  by  R ( H )  c a l c u l a t e d  for  the 
J -- l / 2  C o q b h n - S c h n e f f e r  m o d e l  [6] In fig 1 the 
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Fig 1 Comparison between physical properttes of UBet~ and 
calculations for the J = I/2 Coqbhn-Schneffer model [6] 
While the field dependence of the magnetoreslstance is well 
described by the single site results, the magnetization is not 

theoret ical  curve ,  sca led  to the field H * ,  is c o m -  
pared to the exper imenta l  curve  at T = 1 5 K At  
least m this respect  the K o n d o  latt ice U B e I ~  
resembles  the single K o n d o  site N e w  behavior  is 
found,  h o w e v e r ,  when  the charactenst tc  field H* 
is eva luated  for each  temperature  by adjusting H* 
such as to get  o p t i m u m  a g r e e m e n t  b e t w e e n  
expertment  and calculat ion Recal l ,  H *  for the 
single impurity is s imply  g w e n  by H* ~ (T + TK), 
reflect ing the fact that the physics  of the K o n d o  
impurity is d o m m a t e d  by only one  energy  scale ,  
TK In U B e ~  this Is m d e e d  o b s e r v e d  for T>~ 
1 0 K ,  a s s h o w n  m fig 2, where  H* Is p lot ted as 
functton of T At  these  high temperatures  H*  = 
HK + (k/gtx) T with Ho ~ 80 T and g = 2 , / x  = / x .  
(More reformation on the prec ise  va lues  for g and 
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F~g 2 T e m p e r a t u r e  dependence  of the characterist ic  field H *  

from magnetores l s tance  For a K o n d o  ~mpunty H *  ~s essen-  
tially the K o n d o  energy  scale (TK) and as such a constant  In 
U B e j  ~, h o w e v e r  H *  is temperature  dependent  be low ~ 10 K 

p~ appropriate for the e f f e c t w e  double t  could,  m 
principle,  be extracted ) Ho = 80 T corresponds  to 
a low T K o n d o  temperature  T . - 5 0  K, defined 
by x ( T = O ) = S ( S + I ) / 3 T o  [6] B e l o w  1 0 K .  
h o w e v e r ,  H*  changes  rapidly and extrapolates  
hnearly to 0 as T---~0 N o t e  that at all t em-  
peratures  T ~ H* and HK ttself becomes tem- 
perature dependent, or, to put it differently,  the 
" K o n d o  scale" ceases  to be a constant  The  
cros sover  temperature  for HK co inc ides  with the 
gradual onse t  of mass  e n h a n c e m e n t  as measured  
m specific heat  

A second  p o m t  of di f ference to the s imple  site 
behavior  is found m the field dependent  m a g -  
net~zatton For a s ingle site there Js a strict 
re lahonshlp  b e t w e e n  R(H) and M(H), g w e n  by 
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the field-reduced variation of the 2 J  + 1 sublevel 
populatmn When J ~< 1 this leads to a subhnear  
magnet lzatmn curve Take,  for example,  the case 
of J =  1/2 at H = 0  4 H *  the resistance has 
dropped by ~-33%, and the magnetization devi- 
ates from hneanty  by ~ 1 7 %  [6] We have 
measured the magnetization of UBe13 with high 
accuracy in a S Q U I D  magne tomete r  at T = I 5 K 
in fields up to 5 T and found no devmtion from 
hneanty  within :L0 2% This is to be contrasted to 
the expectation from the remstance drop which 
would give a reduction from hneanty  by ~-6% (see 
fig 1) Thus, in the Kondo lattice U B e ~  the 
relationship between R(H) and M(H) is not the 
same, universal one, as for a single Kondo site 

These results demonstrate  m two ~mportant 
ways, the quahtatwely new physics m a lattice of 
Kondo centers 

3. UPI3: proximity of superconductivity and 
magnetism 

Among  the heavy fermlon compounds  UPt3 is 
special because its remstwlty decreases mono-  
tonically below room temperature  and because 
the specific heat at low temperatures  indicates 
strong spin fluctuatmns [7,8] In loose terms, UPt3 
has a high "cohe rence"  temperature ,  meaning 
that its physical propert ies are dominated by 
quampartlcle band-structure effects up to much 
higher temperatures  than m the other heavy 
fermlon compounds  We have investigated this 
aspect of UPt3 by systematically subsmutlng both 
on the U and on the Pt sublamce Substitution 
changes the Fermi surface either by variation of 
the c/a ratio of this hexagonal compound and/or 
by shifting the Fermi level We found that super- 
conductivity m UPt~ is replaced by a spin-density 
wave-hke mstabdlty when Au or Th substitution 
decreases c/a, and that spln fluctuations are 
effectively suppressed when Ir substitution m- 
creases c/a 

An example of the magnet ic  mstablhty ~s d~s- 
cussed here (For more detad on (U,Th)Pt3 see ref 
[9] ) When Au or Th  is substituted m UPt3, the 
magnetic susceptlblhty at T - + 0  increases and 
develops for more than -~3% Au or Th  an 
anomaly at 6 5 K with a drop in x (T) ,  typical for 
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Fig 3 A comparison of the anomalies at To = 6 5 K in 
Uo 9sTho o~Pt~, which indicate a Fermi surface Instabdlty of the 
same type as in chrommm (spin-density wave) 

an ant lferromagneUc-hke ordering (fig 3) 
Specific heat measurements  reveal the cor- 
responding anomaly In C(T) Analysis of the 
excess specific heat AC(T) and of the resistance 
change at T = 6  5 K rules out local moment  
magnet ism and suggests a spm-denmty-wave-  
like Fermi surface instability the specific heat 
AC(T) is of an ac twated nature, obeying well an 
Arrhenms law with an activation energy of 
26kB, resulting in a strong coupling value of 4 
for A/To The  second evidence for the 
development  of an energy gap on part  of the 
Fermi surface is seen in the upturn of R(T) 
below Tll, just as In chromium The fraction of 
the Fermi surface affected by this instability is 
small ( ~  10%), as estimated e~ther from the 
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Fig 4 Suseeptlbd~ty of Au  and Ir substi tuted UPt~ Ir sup- 
presses x (T )  and also the electronic specific heat,  whereas Au  
enhances  x(T) and reduces the same Fermi surface mstabdlty 
as Th  

change m x(T), the reststance anomaly or the 
entropy under the AC(T)  curve ( ~ 8 %  R In 2) 
Neutron scattering expertments [10] have 
confirmed the magnetic nature of th~s Fermi 
surface mstabd~ty, and the ordered moment was 
found to be -~0 6/XB/U When lr ts subsUtutmg for 
Pt m UPt3, spin fluctuations are rapidly sup- 
pressed The susceptlbdlty and the T ~ In T part of 
the specific heat decrease, as well as the hnear 
coeffioent 7 (fig 4) 

These results can be summarized by plotting, 
e g ,  the low temperature susceptlbd~ty X, as 
function of substltuent concentration (fig 5) The 
data fall on one line when the atomic percent 
concentration is used as a scale to measure the 
small changes m the c/a ratio It is apparently the 
variation of c/a, and not so much the elec- 
tron/atom raUo, that determines the physical 
properttes The unconventional nature of super- 
conductivity m UPt3 is suggested by fig 5 as 
c/a decreases only slightly (e g ,  0 8517 for UPt~, 
0 8511 for 10% Th m UPt~), detads of the 
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Fig 5 An example of the systematic variat ion of physical 
properties when Th, Au or lr are added to UPt~ This 
demonstrates  that superconduct ivi ty  m UPt~ occurs as a 
"precursor"  to a spin-density wave and thus Is most hkely 
medmted by spin fluctuations 

quaslparttcle band structure are modified The 
resulting changes m the electronic behavior are 
quite drastic moderately heavy on the Ir side 
(7 ~ 260 m J/tool K 2 for 5% Ir), spin-fluctuations 
and superconductivity for pure UPt~, and finally a 
spin-density wave for more than ~ 3 %  Th or Au 
A similar systematic variation ts observed for the 
temperature at whtch the susceptlbihty maximum 
occurs (23 K for 5% It, 17 K for UPt3 and 10 K 
for ~ 3 %  Th) We also note that substitution of Pd 
for Pt results m the same transmon as we found for 
Au and Th substitution [ 11,12], and more recent 
resistivity measurements seem to confirm our 
original interpretation m terms of Ferm~ surface 
mstabdltles [ 13] 

This sequence of electrontc ground states is 
quite unusual and hlghhghts the pecuhanty of 
heavy fermlon superconductwlty m UPt3 As the 
band parameters (Fermi surface nesting con- 
dmons, enhancement factors, ) vary in such a 
way as to allow the development of a Fermi 
surface instability in the form of a spm-densny 
wave, superconductlvtty occurs just when spin 
fluctuaUons are strong, but not yet strong enough 
to drive a magnetic mstabthty 
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This remarkable proximity of superconduc- 
tivity and magnetism supports the view that 
superconducttvity m UPt3 is not mediated by 
phonons, but rather by spin-fluctuations The 
present results, in additton to the ones obtained 
from neutron scattering studies [14] imply that the 
spin fluctuations are dominantly anttferromag- 
netlc, not ferromagnetic as commonly inferred 
from the T 3 In T term m the specific heat The 
q-dependence of the spm fluctuations is Important 
m determining the effective potential for super- 
conducting pairing and the symmetry of the pair 
wavefunctlon Recent  calculations indicate that 
antlferromagnetic fluctuations enhance anlso- 
tropic even-parity parring and suppress odd-parity 
pairing [15] 

4. The superconducting state 

By now httle doubt exists that superconduc- 
twlty mvolvmg heavy fermions is not of con- 
vent~onal type Specifically, all experimental 
probes sensitive to the quaslpartlcle density of 
states agree in that their temperature dependence 
is nonexponentiai [1] The discussions are only 
whether the gap vamshes along lines or on points 
on the Fermi surface, and It has been suggested 
that all experimental results (on all compounds) 
are consistent with lines of zero gap [16] Instead 
of entering this discussion, we focus here on a 
different aspect 

When a few percent  of Th are substituted for U 
m UBe~3 the superconducting transition tem- 
perature Tct  ]s reduced nonmonotomcally [17] 
and a second phase transition at Tea occurs below 
Tc~ Thts lower transition was first seen in specific 
heat measurements [18] and ItS nature IS not clear 
yet Ultrasound studies found a large absorptton 
peak associated with Tc2 [19] From the character  
of the attenuation and the variation m sound 
velocity, which are very reminiscent of an antlfer- 
romagnetlc transition, the possiblhty of a weak 
magnetic transition was suggested Estimates for 
the ordered moment  gave ~ 10-2/ZB/U 

An alternative explanation for the ultrasound 
absorption peak was proposed [20] assuming a 
transition between two different superconductmg 
states Here the idea is that an anlsotroplc super- 

conducting state m a cubic crystal drtves a tetra- 
gonal or rhombohedral  lattice distortion Domain 
wall motion would dissipate ultrasound energy 
and, depending on the superconducting state, the 
symmetry of the distortion and the propagation 
and polarization direction of the sound wave, 
prediction can be made about the presence or 
absence of attenuatton peaks In the original 
ultrasound experiments longitudinal sound was 
propagated along a (100) direction The model m 
ref [20] predicted for the specific case of tetra- 
gonal strata ultrasound absorption for (100) but 
not for (111) propagation To test this, we per- 
formed studies with longitudinal sound propagat- 
Ing along (111) or (100) in two crystals of 
Ul-xThxBe13 with x = 0 0 3  A typical tem- 
perature dependence at 120 MHz is shown m fig 
6 The  attenuatton peak is present not only for 
(100) but also for the (111) direction, and the peak 
values are of comparable size Thus, we conclude 

I-- 
t~ I- I- 

Ut-xThxBe13 
120 MHZ l 

A 005 

J X:O03 ~ ~~1 

i I i I t I i 
0 200 400 600 

TEMPERATURE (inK) 
Fig 6 Ultrasound absorption associated with the lower tran- 
sition in superconducting (U, Th)Bet~ Longitudinally 
polarized sound propagates either m 100 or 111 directions 
The two peaks are of comparable magnitude If they were 
caused by motion of tetragonally strained domains due to 
amsotropic superconductivity coupling to the lattice, the peak 
for 1 l 1 propagation would be absent 
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that couphng of ultrasound to a tetragonally 
d~storted superconducting phase cannot  explain 
the observed attenuation peak 

Whde this pamcular  prediction based on 
amsotroplc superconductwlty  has not been 
verified in ultrasound experiments,  we have, 
however,  observed dtfferent anomahes  which m- 
deed m~ght reflect amsotroplc superconductwlty  
For low frequencies (~<50MHz)  a weak ab- 
sorption and change m sound velocity occurs  well 
below the two transmon temperatures (100-  
150 inK) The anomahes  are frequency and am- 
phtude dependent and become  more pronounced 
at low frequenctes and small amphtudes So far, 
three samples w~th various concentrattons of Th 
(0 9, 1 7 and 3%) are found to exhlb~t this 
couphng to ultrasound and experiments on un- 
doped UBel~  are currently m progress At thts 
point only speculations on the ortgln of these 
anomahes  can be offered Domain  wall motton 
wtth pruning on lmpurmes,  s~mllar m spirit to the 
above discussed model ,  is one posslbthty Alter- 
natwely,  it needs to be explored ff texture of an 
antsotrop~c state would cause ultrasound anomal-  
|es of the observed character 

5. Summary 

The three fields of current research which we 
dtscussed here reveal insight mto the normal state 
of heavy electrons, the close proximity of super- 
conductivity and magnet ism and the amsotroplc 
nature of the superconductmg state 

We would hke to acknowledge  helpful dts- 
cuss~ons with E Abrahams, G Aepph,  K Mlyake, 
T M Rtce, S Schmltt -Rmk and C M Varma 
We thank also P Schlottmann for detaded 
numerical results of his calculations Work at 
Los Alamos  was performed under the auspices 
of the U S Department of Energy 

References  

[1] For recent revlews see G R Stewart, Rev Mod Phys 56 
(1984) 755 C M Varma, Commun Solid State Phys I 1 
(1985) 221 Z F1sk, H R  On, T M  R~ceandJL Smith 
Nature 320 (1986) 124 P A  Lee, T M  Rice J W  
Serene, L J Sham and J W Wdkms, Comments Cond 
Mat Phys 12 (1986) 99 

[2] MB Maple, J W  Chen, SE  Lambert Z Plsk J L  
Smith, H R Ott, J S Brooks and M J Naughton, Phys 
Rev Lett 54 (1985) 477 

[3] G R Stewart, J Appl Phys 57 (1985) 3049 
[4] G Remenyl D Jaccard J Flouquet, A Bnggs, Z Fisk 

J L  Smlthand H R  Ott J de Phys (to be pubhshed) 
[5] U Rauchschwalbe, F Steghch and H Rletschel Euro- 

phys Lett 1 (1986)71 
[6] P Schlottmann, Z Phys B51 (1983) 22:~ 
[7] A de Vlsser J J M Franse A Menovsky and F M 

Palstra, Physlca 127B (1984) 442, J Phys FI4 (1984) 
L191 

[8] G R  Stewart Z Fisk J O Wdhs andJ L Smith Phys 
Rev Lett 52 (1984) 679 

[9] A P Ramlrez, B Batlogg, E Bucher and A S Cooper 
Phys Rev Lett (1986)57 

[10] A I Goldman, G Shlrane G Aepph B Batlogg and 
E Bucher Phys Rev B 34 (1986)6564 

[11] A de Vssser, J C P  Klaasse, M van Sprang, J J M  
Franse, A Menovsky, F T M Palstra and A J Dlrkmaat 
Phys Lett A 113 (1986) 489 

[12] G R Stewart, A L Gtorgl, J O Wdhs and J O'Rourke 
preprmt 

[13] M van Sprang, A de Vlsser J J M Franse, A Menovsky 
and A J Dlrkmaat, J Magn Magn Mat 63&64 
(1987) 393 

[14] (, Aepph A I Goldman G Shlrane, F Bucher and 
M-Ch Lux-Stemer Phvs Rev B (1986)m press 

[15] K Mlyake, S Schmltt-Rmk and C M Varma, to be 
pubhshed J E Hlrsch, Phys Rev Lett 54(1985)1317 
See also M T Beal-Monod, C Bourbonnms and V J 
Emery, to be pubhshed, for a partial treatment for thl, 
problem 

[16] S Schmltt-Rmk, K Mlyake and C M Varma, preprmt 
[17] J L Smith, Z Ftsk, J O Wdhs, B Batlogg and H R Ott, 

J Appl Phys 55 (1984)1996 
[18] H R Ott, H Rudlger, Z Flsk andJ L Smith Phys Rev 

B31 (1985) 165l 
[19] B Batlogg, D J Bishop, B Goldmg, C M Varma, Z 

F~sk, J L Smith and H R Ott, Phys Rev Lett 55 (1985) 
1319 

[20] R Joynt, T M Rice and K Ueda, Phys Rev Lett 56 
(1986) 1412 




