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

H E A V Y - E L E C T R O N S :  N E W  M A T E R I A L S  

Z. FISK, J.D. T H O M P S O N  

Los Alamos National Laboratory, Los Alamo& N M  87545, USA 

and H.R. O T T  

ETH-Honggerberg 8093 Ziirich, Switzerland 

The large ~, of heavy-electron materials is predominantly a single-ion effect: 7 0c I / T  K. The most interesting physical effects 
occur in the low-temperature coherent state of a chemically ordered lattice of these ions. The large--/ state can be strongly 
quenched by magnetic order, and we argue that this effect is more pronounced for Ce than U materials. We discuss recent 
work in this light, and address the interesting possibility of heavy-electron materials in which charge fluctuation effects may be 
important. 

1. General considerations 

The clear-cut  examples  of heavy-elect ron be- 
havior  are found in c o m p o u n d s  conta in ing  f-ele- 
ments.  A m o n g  these, Ce, Yb and  U are very much 
the most  c o m m o n  elements  forming such mater i -  
als. I t  is these same elements  which are known to 
be capab le  of  exhib i t ing  the K o n d o  effect in di lute  
alloys,  and,  indeed,  the high t empera tu re  p roper -  
ties of  heavy-e lec t ron systems appea r  to be those 
of  a col lect ion of i ndependen t  K o n d o  impuri t ies .  

A convenient  qual i ta t ive  f ramework  within 
which to discuss the proper t ies  of  heavy-elect ron 
systems is p rov ided  by  K o n d o  ideas. The high 
t empera tu re  loca l -moment  behavior  in heavy-elec-  
t ron systems develops  smooth ly  on cool ing into  
the heavy-e lec t ron behavior .  Looked  at  from the 
o ther  direct ion,  the sp in-degeneracy  en t ropy  of  the 
h igh- tempera tu re  local momen t s  grows cont inu-  
ously  from the very large ),T conduc t ion  e lect ron 
specific heat.  This happens  over  a t empera tu re  
range of  o rde r  TK, the K o n d o  temperature .  A 
rough es t imate  gives y ~ (k  In D ) / T  K per  f-atom, 
where  D is the f -momen t  degeneracy.  The lower 
T K is, the higher  the y .  

Roughly  speaking,  large 7 is a single-ion p rop-  
erty, being genera ted  by  the f -moment  f luctua-  
tions. W h a t  competes  with the deve lopmen t  of  
large ~, is magnet ic  order ,  med ia t ed  by the R K K Y  
interact ion.  When  T K is very low, we might  expect  
magnet ic  o rder ing  to occur  above  T K. A n d  when 
this happens ,  the in terna l  magnet ic  field felt and  
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the f-sites due to the es tab l i shment  of the long- 
range magnet ic  o rder  will pa r t i a l ly  quench the 
K o n d o  effect there, reducing the large y of the 
mater ia l .  

This s impl i f ied  reasoning  suggests a d i f ference 
between Ce and U materials .  We  expect  the com- 
par i son  of R K K Y  and K o n d o  energy scales to 
vary  a s  T R K K y / T K  ~ (p j ) 2 ~  e x p ( - - l / # [ J  ]), 

(p j)2 
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Fig. 1. Plot of TRKKy/T F versus p I JI. 
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where 0 is the electronic densi ty  of states and  J 
and f - e l ec t ron -conduc t ion  electron mixing matr ix  
element.  We plot  this ra t io  as a function of P] J I 
in fig. 1. Typical  values of T K are 1 and 10 K for 
Ce and U systems, respectively.  Using  T K = 
T v e x p ( - 1 / O l J ] )  with a Fermi  t empera tu re  of 10 4 
K, the cor responding  0 1 J  I are 0.11 and 0.14. This 
leads to the crude es t imate  that  T R K K v / T  K is = 5 
t imes larger for Ce than s imilar  U material .  Wha t  
this means is that  the es tabl i shment  of magnet ic  
o rder  in the heavy-elect ron Ce mater ia ls  will be 
much more  effective in reducing y then in U 
materials .  This seems to be true: ~,---, y / 3  when 
typical  heavy-elect ron U-an t i fe r romagne t s  order,  
while the ~,'s ex t rapo la ted  from above T N for Ce 
an t i fe r romagnets  are very much reduced below 
T N. However,  it is diff icult  to de te rmine  -f above  
T N because we have no clean cr i ter ion for dis- 
t inguishing an up turn  character is t ic  of large ~, 
from an up turn  in C / T  associa ted with the phase  
t ransi t ion.  

2. Chemical and crystal structure effects 

It is clear that  the chemical  env i ronment  can 
have a s t rong influence on ~,. One  tends to think 
of this as a local effect: a toms in the first coordi -  
nat ion po lyhedron  of  the f-ion domina t e  its behav- 
ior. In fig. 2 we show where b inary  U heavy-elec- 
t ron compounds  are found in the per iodic  table. 
We see that  e lements  near  and  to right of the 
border  between d- and sp-elements  form such 
c o m p o u n d s  with U. One way to think about  this is 
as a progressive local izat ion of the f's on moving 
out  of the d- and into the sp-elements ,  due to 

I ,,, VII t~ 
r " - r i 
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decreas ing f -hybr id iza t ion  with the conduc t ion  
electrons in the compounds .  

Compi la t ions  of heavy-elect ron mater ia l s  sug- 
gest that cer tain crystal  s t ructures  are be t te r  sui ted 
to the forming of a heavy-e lec t ron g round  state 
than others. It is possible,  of course,  that  this 
stat ist ic results from the n o n - r a n d o m  way in which 
exper imenta l i s t s  go abou t  looking  for new mater i -  
als. But there is also a kind of ra t ionale  for this 
which can be advanced.  Namely ,  TaKKy involves 
in addi t ion  to the ( 0 J )  2 factor  discussed above,  
another  mul t ip l icat ive  factor  which is the sum of 
all the R K K Y  pair  in terac t ions  with a given f-site. 
This sum depends  on both  the geomet ry  of the 
crystal  lat t ice and the Fermi  momen tum.  It may 
happen  that  this sum may tend to be par t icu la r ly  
small for a par t icu la r  crystal  s tructure,  and  this 
could help T K to domina t e  TRKKV. A related 
remark  is that  some latt ices are inherent ly  magnet -  
ically frustrated:  the fcc-lat t ice and the p lane  tri- 
angular  lattice, for example .  Again ,  such a si tua- 
t ion could favor the deve lopmen t  of large 7. 

Arguments  of  this k ind have been given by 
Coles et al. [1] for the DO~9 structure.  The  heavy- 
electron mater ia ls  CeAI 3 and UPt  3 adop t  this 
structure,  which is the hexagonal  s tacking of 
Cu3Au.  It is argued that  the f rus t ra ted na ture  of 
poss ible  magnet ic  order  in this s t ructure  is indi-  
cated by the small  ra t io  of T N / O  p ~ 1 /5  for iso- 
s t ructural  G d A I  3. This may  also be re la ted to the 
recently discovered anomalous  magnet ic  behavior  
of CeAI 3 below 2 K [2]. The  C u 3 A u  s t ructure  
itself does not  appea r  especial ly favorable  for the 
format ion  of a heavy-elect ron g round  state, and  it 
is interest ing that  the mixed hexagona l -cubic  
var iant  DO24 adop ted  by UPd_~ leads,  in this case. 
to a well localized f -moment ,  not  a heavy electron 
material .  

3. Materials 

3.1. C15 a n d  re la ted  s t ruc tures  

, !  [ ' 

Fig. 2. Occurrence of heavy-electron binary compounds m the 
periodic table. 

The C15 cubic Laves phase  s t ructure  is found 
for many intermetal l ics  at the AB 2 s to ichiometry :  
CeAI 2 and UA12 are examples .  The  A-a toms  oc- 
cupy a d i a m o n d  lattice: two fcc-latt ices shif ted 
from each other  by 1 / 4  of the cube body-d iag -  
onal. This puts  each A-a tom at the center  of a 
t e t rahedron  of o ther  A-a toms.  Whi le  bo th  CeA1 
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and UA12 are at the lower edge of heavy-elect ron 
7 ' s ,  it is of ten not iced  that  the heavy-elect ron 
g round  state is less l ikely when the f -a tom has 
l ike-a tom neighbors .  We  expect,  incidental ly ,  this 
to be a more  s tr ingent  condi t ion  for U- than 
Ce-compounds .  

A var iant  of the structure,  the C15 b or AuBe 5- 
s tructure,  has one of the two fcc-latt ices occupied  
ent i rely by  non-A atoms,  ei ther the B-a tom or a 
th i rd-a tom.  This gives the s to ich iomet ry  A 0.s Bo.s B2 
(ABs) or A0.5C0.5B2 (ACB4). In these cases, the 
A - a t o m  no longer  has A near  neighbors:  it is 
poss ib le  to tune the behavior  of  A to some extent  
with app rop r i a t e  choice of a tom for the o ther  
fcc-site, provided ,  of course,  that  the c o m p o u n d  
will form. 

The clearest  successes in looking for heavy-elec- 
t ron behavior  in this C15 b s t ructure  have come 
from star t ing with compounds  forming at AB 5 
s to ich iomet ry  and subst i tu t ing for  one B-atom, an 
a tom whose radius  is in te rmedia te  between the 
radi i  of A and B. A n  example  is given by U A u P t  4 
whose 7 = 720 m J / m o l  U K 2. The pa ren t  com-  
p o u n d  is UPt  s for which the 7 = 90 m J / m o l  U 
K 2 (fig. 3) [3]. There  is no hard  p roo f  as yet that  
Au  occupies  the special  fcc-lat t ice pos i t ion  in this 
compound ,  bu t  the electr ical  resis tance ra t io  sug- 
gests that  the c o m p o u n d  is a tomica l ly  ordered.  It 
is wor th  po in t ing  out  that  a tomica l ly  ordered  
heavy-e lec t ron systems are in many  ways of  more  
interest  than the d i sordered  ones, in that  the 
o rde red  ones can be expected to evidence more  of  
the unusual  low t empera tu re  proper t ies  which de- 
pend  on the es tab l i shment  of  coherence.  

A second example  comes f rom the Y b - C u  sys- 
tem. All  of the c o m p o u n d s  in this system possess 
" m a g n e t i c "  Yb  [4], with the except ion of  YbCu  5- 
This  c o m p o u n d  forms in the CaCu  5 hexagonal  
s tructure,  and  here Yb acts as a d ivalent  a lkal ine  
earth.  It is interest ing,  as an aside, that  one of the 
largest  known 7 ' s  for a Yb  mater ia l  occurs  in the 
c o m p o u n d  YbCu4. 5 [5] whose s t ructure  is uncer-  
tain at present .  We  show our  low- tempera tu re  
specif ic-heat  da t a  for this mater ia l  in fig. 4. 

Subs t i tu t ing  Ag, Pd and Au  for one of  the Cu 's  
in Y b C u  5 leads to fo rmat ion  of  the C15 b struc- 
ture. The  A u  and Pd c o m p o u n d s  order  magnet i -  
cal ly below 1 K. The  c o m p o u n d  Y b A g C u  4 does 
not  o rder  magnet ica l ly  and has y = 245 m J / m o l  
Yb  K 2 [6], at the edge of  heavy-elect ron behavior .  
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Fig. 3. Comparison of the low temperature specific heats of 

UPt 5 and UAu~Pt s .,. 

The proper t ies  of this mater ia l  are very s imi lar  to 
those of YbCuAI ,  and  it is, in a number  of ways, a 
c leaner  mater ia l  for study.  Rela t ive ly  few Yb- 
mater ia l s  with large y are known as yet. 

3.2. CaCu~-structure 

The CaCus- s t ruc tu re  is s imple  hexagonal  with 
one formula  unit  per  unit  cell. The first coord ina -  
t ion po lyhedron  of  Ca  conta ins  20 a toms,  two of 
which are Ca, separa ted  by the hexagonal  c-axis 
spacing. The Cu-a toms  occupy  two inequivalent  
posi t ions,  a two-fold  and a three-fold posi t ion.  
CeRh3B 2, a fe r romagnet  with t c = 112 K has this 
s t ructure  [7]. 

Both CeCu 5 and CeZn 5 have this s t ructure  
also. CeZn3Cu 2 is also found  in it, and  it is 
known that  bo th  CeCu 5 and CeZn~Cu 2 order  
magnet ica l ly  near  5 K with low residual  -f 's [8]. 
Wha t  is in teres t ing is that  AI subs t i tu t ion  to form 
CeA1Cu a and CeA1Zn2Cu 2 leads to very large y ' s  
with suppress ion of  magne t ic  o rde r  (fig. 5). A very 
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s imilar  set of results has been ob ta ined  with G a  
subst i tu t ion  ins tead of A1 in CeCu s, showing a 
very large peak near  0.5 K in ), of  3.4 m J / m o l  Ce 
K 2 [9]. Below this temperature ,  y decreases by 
about  a factor  two. This decrease of ~, below 1 K 
wi thout  appa ren t  accompany ing  phase  t ransi t ion 
is a common  feature of many  heavy-electron sys- 
tems. 

N o  defini t ive exp lana t ion  exists for the spectac-  
ular  increase of y in these CeCus-der ived  mater i -  
als. It appears  that  T K must  be very low in this 
system and that  the magnet ic  in teract ions  are 
surpr is ingly sensit ive to impuri t ies ,  given the gen- 
eral ly robust  nature  of magnet ic  in teract ions  in 
the presence of impuri t ies .  There  are other  such 
sensit ive systems both  U2Znl7 [10] and UCu 5 
[11] have been found with easily des t royed mag-  
netic order.  At  least  for UCu 5, this sensit ivity 
might  be t raced to the kind of under ly ing frus- 
t ra t ion discussed above.  
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Fig. 5. Comparison of the low temperature specific heats of 

CeAICu 4 and CeAlZn2Cu 2. 

in some of the Remeika  phases  Ce~T4Sn~s, T being 
a t ransi t ion metal  [15] and in rocksal t  s t ructure  
Yb-monopn ic t i de s  [16]. 

3.4. Unusual materials 

3.3. Other structures 

Heavy-e lec t ron  behavior  has been invest igated 
recent ly in a number  of  o ther  materials .  The te- 
t ragonal  c o m p o u n d  CePtSi  has been found to 
show both some kind of magnet ic  order  near  3 K 
and a y below 1 K of 840 m J / m o l  Ce K 2 [12]. 
Shelton et al. [13] have also worked on this 
material•  Sereni et al. [14] have found the ex- 
t remely large y = 3.9 m J / t o o l  Ce K 2 in the cubic 
CePd3B. In this C u s A u - t y p e  material ,  B has ap-  
paren t ly  gone into the body  center  posi t ion.  

We also ment ion  here that  high ~,'s and very 
incomple te ly  unders tood  behavior  have been found 
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Fig. 4. Low temperature specific heat of YbCu4. 5. 
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There are a few examples  of  mater ia l s  that  
appea r  to fall outs ide  the usual ca tegor ies  for 
descr ib ing Ce and U materials .  One example  is the 
RFe4P12 rare earth c o m p o u n d s  s tudied  by Meisner  
and co-workers  in a series of papers  [17]. Whi le  
the La mater ia l  is superconduc t ing  at 4.08 K, the 
Ce c o m p o u n d  appears  to be a small  gap semicon-  
ductor .  The lat t ice cons tan t  of the Ce c o m p o u n d  
is subs tant ia l ly  lower than that  of the La and Pr 
neighbors.  This suggests that  the Ce is in a state 
closer to Ce 4+, and magnet ic  suscept ib i l i ty  mea-  
surements  find a much smal ler  C u r i e - W e i s s  con- 
stant  than expected,  co r respond ing  to 2.7% of 
Ce ) +. What  is surpr is ing here is that  this valence 
change makes  the c o m p o u n d  semiconduct ing.  The  
Th analogue  does not  appea r  to be a superconduc-  
tor or a semiconductor .  Specif ic-heat  measure-  
ments  on the Ce c o m p o u n d  find a very low value 
for the electronic term indica t ing  a very small  
densi ty  of electronic states. 

Perhaps  related to this is the work  of Pals tra  on 
the cubic c o m p o u n d  UNiSn  and re la ted mater ia l s  
[18]. The s t ructure  here is the same as that  found 
for the so-called hal f -meta l l ic  fer romagnets ,  typi-  
fied by MnNiSb .  The  La ana logue  is metall ic,  the 
Th analogue  to UNiSn  has similar,  semiconduc t -  
ing- type resist ivity characterist ic• Some kind of 
magnet ic  o rder  occurs  in UNiSn  be low 47 K. 
Low- tempera tu re  specific heat  measurements  find 
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y = 28 mJ /mol  K 2, a very large value in view of 
the electrical resistivity behavior. The suggestion is 
that electronic correlations must be very large 
here. 

A third set of compounds following this pattern 
have the general formula R3Bi4Pt 3. These are 
cubic, filled up Th3P4-type structures, first studied 
by Dwight [19]. In this case the La and Pr exam- 
ples are metallic, the Ce compound semiconduct- 
ing. Additionally, the Ce lattice parameter lies 
between those of the La and Pr compounds, and 
the high temperature magnetic susceptibility has a 
Curie-Weiss behavior corresponding to 2.37/~, 
nearly the full moment for C e  3+. There are also a 
large number of U analogues which can be formed 
in this structure. The question here is how, again, 
does this semiconductor-type behavior arise? So 
far, no low-temperature specific heat measure- 
ments have been performed, and the departures 
from Curie-Weiss behavior below 40 K have also 
not been examined carefully. 

It is possible that electronic correlations are 
important in the properties of all these above 
materials, and that they represent an unusual 
border region to the more usual heavy-electron 
physics and in which charge fluctuations are im- 
portant. Much more experiment is needed to ad- 
dress these materials. 

4. Conclusion 

Our aim has been to point out that more Ce 
heavy-electron materials exist than is generally 
realized. Certain crystal structures appear to favor 
the formation of the heavy-electron ground state 
and for these we suggest that the effective mag- 
netic interactions are small. Chemical substitu- 
tions are in a number of cases very effective in 
suppressing magnetic order, and one strategy for 
seeking new, atomically ordered heavy-electron 
materials is via substitutions filling completely one 
site occupied by non-f elements in compounds 
possessing inequivalent non-f sites. 

An interesting development in heavy-electron 
physics is the discovery of small moment ordering 
(=  0.01/~B) in a number of materials: URu2Si 2 
[20] and UPt 3 [21] are just two examples. Under 
what circumstances this occurs is not known, and 
it is not clear what relationship, if any, this kind 

of ordering bears to larger moment orderings. 
Aspects of sample quality seem to be important 
for this ordering and a number of other low 
temperature properties of heavy-electron materi- 
als, and one clear direction for materials work in 
this field is in producing cleaner compounds. 
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