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Heavy fermions 
Zachary Fisk*, John L Sarrao* and Joe D Thompson t 

Although the heavy fermion problem is nearly twenty years 
old, progress is still being made, especially as experimental 
techniques and theoretical ideas developed for the cuprates 
are applied to the heavy fermion problem. Recent advances 
in heavy fermion physics have been made in in four specific 
areas: superconductivity, Fermi surface measurements, 
marginal Fermi liquid behavior, and Kondo insulators. 
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I n t r o d u c t i o n  
The  area of research dealing with highly correlated 
electron behavior, generally referred to as heavy fermions, 
is concerned with the interaction between conduction 
electrons and magnetic moments in f-electron compounds 
and alloys (for older but more comprehensive reviews, 
see for example [1,2]). The  genesis of the field was 
work in the early 1960s on the Kondo effect, in which 
conduction electrons magnetically screen impurity local 
moments, in dilute-Ce alloys and related Ce intermetallics. 
However, the realization that the exceptionally large 
low-temperature electronic specific heats of various Ce 
metallic compounds had a similar origin only became clear 
with the 1975 paper of Andres et al. on CeAI3 [3]. The  
subsequent proof of superconductivity in CeCu2Si z by 
Steglich etal.  in 1979 [4], followed by the demonstration of 
bulk superconductivity in the 5f-materials UBel3 [5] and 
UPt 3 [6] provoked extensive research into the properties 
of this class of compounds. The  reasons for this activity 
were the unusual superconductivity of these compounds 
as well as an interest in possible new and interesting 
ground states of the correlated electrons. The  discoveries 
in the field of high critical temperature (Tc) cuprates 
have occupied in the past eight years, many who had 
been working on heavy fermions. Nevertheless, a steady 
flow of new results continues from research on heavy 
fermion materials, fertilized by ideas and experiments 
from the cuprate work, just as the work on cuprate 
superconductivity benefited greatly from the earlier heavy 
fermion results. Recent results which appear to us to be 
of interest are reviewed below. Many of the important 
questions in this field still have no definitive answer and 
the new results are raising new questions. 

S u p e r c o n d u c t i v i t y  
UBel3 was the first uranium-based heavy fermion super- 
conductor to be discovered, with Tc=0 . 9K  [5]. Alloying 
Th with U in this compound resulted in the appearance of 
two superconducting phases for Th  concentrations greater 
than 1.7 atomic percent [7]. This was strong evidence for 
a non-trivial superconducting order parameter. Evidence 
came from muon spin rotation experiments, which probe 
the local magnetic structure of a solid, for the presence of 
a small magnetic moment in the lower temperature phase 
[8], but there is as yet no clear evidence for the symmetry 
of the superconducting order parameter in this phase. The  
consensus is, however, that the order parameter, which 
reflects the relative angular momentum of the electron 
pairs forming the superconducting ground state, is of 
an unconventional nature. Experiments involving edge 
junctions similar to those carried out in the cuprates are 
in the planning stages in several groups and offer some 
promise to resolving this fundamental question about the 
nature of heavy fermion superconductivity. In pure UBe13, 
the unusual shape of the upper critical field curve has long 
been a source of speculation. A recent study by Steglich 
e t a l .  involving new data on single crystals as well as 
theoretical analysis argues for the Fulde-Ferrell  state, with 
partial depairing in an applied field (F Steglich, personal 
communication). We note that similar arguments have 
been given for UPd2AI 3 [9 °°] and the 6.1 K superconductor 
CeRu2, which is not a heavy fermion superconductor but 
is nevertheless a Ce superconductor [10]. For UBel3, 
the electron-Boson coupling strength extracted from this 
theoretical analysis was greater than 10, an unusually high 
value. 

For UPt3, with T c = 0.5 K, there has been continuing work 
on the multiple superconducting phases in the magnetic 
field-temperature phase diagram [11]. The  continuing 
question was raised by the experiments of Midgley et 

a/. [12] upon the observation via T E M  of structurally 
distorted domains with characteristic dimensions of the 
order of 100.~,. The  curious and bothersome feature 
about this observation is that this is the length scale 
characterizing both the superconducting coherence length 
and the magnetic correlation length in the experiments 
of Aeppli and co-workers [13",14] on the weak moment  
magnetic order in UPt3 at temperatures below 5 K. The  
highly anisotropic nature of the superconductivity in UPt3 
is also demonstrated in the recent work of Ramirez et al. 

[15°°], who studied the evolution of the Ginzburg-Landau 
parameter (K) as a function of temperature. 

The  so-called U123 compounds (UNi2Ai3: T c - I . 0 K  , 
TN =4.5K; UPd2AI3: Tc=2.0K,  T N =  14.5 K, where T N is 
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the Noel temperature) have been investigated intensely 
since their discovery [16,17], most recently through 
neutron studies [18]. These materials have modest linear 
coefficients of electronic specific heat (~), of the order 
of 100mJ/mole-UK z, and both show magnetic order 
above the superconducting transitions. In the case of 
Pd (li-0.851iB where liis the ordered magnetic moment 
and li B is a Bohr magneton) the order appears to be of 
local-moment type, for Ni (li-0.10liB), it is itinerant. For 
the latter, then, a picture of competition for the Fermi 
surface between magnetic and superconducting order has 
been invoked. Related to work on the U123 compounds 
are the optical studies of DeGiorgi et al. [19,20] on 
the antiferromagnets UCu5 (TN-  15 K, Ix-1.3liB), U2Znl7 
(TN-9.7K,  li-0.8liB/U), and UPdzAI3: the distinctly 
different ol(to,T), (where Ol is the real part of the 
complex frequency-dependent optical conductivity and 
tois the frequency), found between UCu5 and the other 
two compounds points to itinerant magnetism for the first 
compound and localized magnetism for the latter two. A 
similar argument has been given in the case of URu2Si 2 
(Tc-1.5K, T N - 1 7 K ,  li-0.01liB) [21], although there is 
evidence from neutron scattering that the magnetic order 
is induced in a singlet ground state [22"]. An important 
question is how to correctly describe the simultaneous 
occurrence of magnetic order and superconductivity on 
different parts of the Fermi surface, and it is one 
with no clear answer at present [22~,23"]. Although 
superconductivity and magnetism appear to coexist in 
uranium compounds, recent work by Feyerherm t t  aL [24] 
suggests this is not the case for CeCuzSiz, indicating a 
possible distinction between 5f-based and 4f-based heavy 
fermion superconductors. Interest in the heavy fermion 
materials showing ordered magnetism with very small 
moments continues. 

A further interesting development concerns the pressure- 
induced superconductivity of CeCuzGe2 at P-77 kbar, 
T c -0.5 K [25]. At ambient pressure, this compound orders 
antiferromagnetically with T N - 4.15 K. Applying pressure 
decreases T N rapidly, and the superconductivity found 
above 100kbar occurs without an apparent structural 
change. Other recent studies on isostructural CePd2Si 2 
(ND Mathur, SR Julian, FM Grosche, GG Lonzarich, 
personal communication) and CeRhzSi2 (R Movshovich, 
TM Graf, D Mandrus, JD Thompson, JL Smith, Z Fisk, 
unpublished data) also find evidence for pressure-induced 
superconductivity as magnetic order is squeezed away. 
This situation is reminiscent of the pressure-induced 
superconductivity of Ce, although in that case a crystal- 
lographic phase change is involved. 

Fermi surfaces 
It is unfortunate that more Fermi surface work has not 
been undertaken. This is partly due to the great diffi- 
culties involved when looking for very high mass pieces 
of Fermi surface in de Haas-van Alphen experiments, 
which probe the magnetic field dependence of quantum 

oscillations in magnetic susceptibility, and partly to the 
emphasis placed by the photoemission community on 
cuprates. The most important work to date is on UPt3 
[26], where a fairly complete Fermi surface has been 
found, that is, sufficient to account for the observed 
low-temperature specific heat of UPt3. Lonzarich [26] 
found that band structure does predict the overall topology 
of the Fermi surface satisfactorily: the effect of the 
many-body correlations is confined to within kBT K of 
the surface, (where k B is the Boltzmann constant and 
T K is the Kondo temperature, which gives the energy 
scale for the compensation of magnetic moments), as 
might be expected. Masses as high as 120 m e have been 
observed [26], and the mass enhancements are roughly 
uniform across the Fermi surface. This last observation is 
apparently not found in general: in CeRu2Si 2 both light 
and heavy quasiparticles have been found to coexist [261. 

The Fermi surface of UPt3 has also been tracked through 
the metamagnetic transition at 20 T [27]. The remarkable 
finding here is that there is no large-scale rearrangement of 
the Fermi surface, and the volume enclosed by the surface 
does not change. This last fact is surprising, if the way 
to regard the metamagnetic transition is as establishing 
local moments on the U sites, which might be expected 
to remove an electron from the Fermi sea. 

There is a continuing controversy concerning photoemis- 
sion results in materials related to heavy fcrmions [28,29]. 
This controversy involves differing viewpoints coming 
from the Anderson-lattice Hamiltonian and from straight- 
forward band theory. Complicating matters, there seem to 
be significant differences between results obtained using 
single crystal and polyctystalline samples. Support for the 
existence of f-electron band states rather than localized 
states comes from the observation of marked dispersion 
of resonant f-features in angle-resolved experiments in 
certain materials. 

Marginal Fermi liquid behavior 
The unusual normal-state properties of cuprate materials 
generated the phenomenoiogical notion of a marginal 
Fermi liquid. Independently, Cox had been developing 
ideas stemming from Nozieres on the so-called two-chan- 
nel Kondo model (for a review see [30 ~] and references 
therein). Cox and collaborators examined the possibil- 
ity that tetravalent U could show the two-channel or 
quadrupolar Kondo effect in certain compounds, notably 
UBel3. Subsequent experiments have searched for evi- 
dence of the quadrupolar Kondo state in Yi.xUxPd3 [31], 
UCus.xPd x [32] and CeCu6.xAux I33"!, among others. 
The predictions involve the functional form of the low- 
temperature behaviors of electrical resistivity, magnetic 
susceptibility, and specific heat that differ qualitatively 
from those of a Fermi liquid. 

In an extensive study, von L6hneysen et al. [33"] showed 
that the marginal Fermi-liquid properties of CeCu6.xAux 
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were best interpreted as the occurrence of a T = 0 K  
phase transition. This has been in fact the central query 
in this field: why are the properties only found in the 
alloys, and how do you rule out incipient effects from 
nearby magnetic ordering? The  variation of magnetic 
properties with alloying, coupled with the developing 
marginal Fermi-liquid properties, argued strongly in this 
case that what was involved was a T = 0 K magnetic phase 
transition. In the other cases [31,32] an interpretation 
of low-temperature properties has been complicated by 
the possibility of material inhomogeneity, as expected in 
alloys. 

The  neutron scattering experiments using Yl.xUxPd 3 
[31] have now come to a similar conclusion: there is 
clear evidence for quasi-elastic magnetic scattering, which 
indicates that the U-ion ground state is magnetic, rather 
than the non-magnetic ground state that is required for the 
quadrupolar Kondo effect scenario [34°°]. 

Third-order magnetic susceptibility experiments by Ramirez 
et al. [35] using UBeI3 also have attempted to determine 
whether the ground state of the U ion is at a magnetic or 
a non-magnetic level. The  experiments on the anisotropy 
of this higher order tensor are consistent with a magnetic 
lowest crystal-field level, not a non-magnetic one. These  
results confirm those obtained by Dai et al in [34°°]. 

K o n d o  insu la to rs  
The  Kondo insulators are a class of materials which act 
like small gap semiconductors at low temperatures, with 
local moment  behavior apparently disappearing below 
a temperature of the order of this gap temperature 
[36°]. Though representatives of this class of materials 
have been known since the early 1960s, there has 
been renewed interest. This has been generated by 
the discovery of new materials of this type, as well 
as by improved experimental capabilities as a result 
of high Tc research and theoretical advances since the 
original studies. The  most recent studies have involved 
the materials CeNiSn, SmB 6, Ce3Bi4Pt3, and CePd3. All 
the known members of this class of materials can be 
regarded roughly as 'valence'  compounds, (compounds 
in which each element has an integral valence and the 
net valence is balanced), with the rare-earth element  
being one which has multiple valence possibilities. T h e  
low-temperature 'valence' semiconductor corresponding to 
the non-magnetic valence. 

CeNiSn seems not to be a true semiconductor [37]. At 
low temperatures there appears to be a small number  
of heavy electrons in parallel with the gap. This gap 
is very small, of the order of 1 meV. Inelastic neutron 
studies find that the gap is well defined only in certain 
directions in momentum space [38]. In addition, there 
is significant temperature dependence in the imaginary 
part of the complex susceptibility (~") such as to make 
the real part of the susceptibility (~') independent of 

momentum (q) in the zero-frequency limit. In other words, 
there is no magnetic correlation between sites. This has 
been speculated to be a feature of the limiting nature 
of the Kondo insulator problem: there is exactly one 
conduction electron per local moment.  Magnetic order has 
been observed in Cu-doped CeNiSn [39] and a first-order 
valence transition has been seen in Co-doped CeNiSn 
[40]. It is clearly of interest to determine if there is 
a generic phase diagram in the number of conduction 
electrons per local moment space, appropriate to this entire 
class of materials. 

There  are interesting results relating to SmB 6 that are 
several years old. The  first is the unusual disappearance 
of the epr resonance in Gd-doped SmB 6 [41]. Below 6K, 
Wiese et al. [41] found that the Gd resonance changed 
into something entirely different, which, they speculated, 
involved a 4f-5d weakly bound state in this lattice. If such 
a picture is correct, then one wonders whether a similar 
situation might not describe the temperature evolution 
of the low-temperature Kondo-insulating state in SmB6. 
The  second result is from neutrons [42]: the observation 
of some kind of low-energy feature which develops in 
the low-temperature gap. This feature has now been seen 
using Raman scattering, as well [43]. Its symmetry is 
consistent both with a bound 5d entity, as well as with 
it being a crystal-field level which appears in the low 
temperature semiconducting state. The  Raman data show 
also that the gap opens on cooling and that SmB 6 is not to 
be thought of as a simple semiconductor. 

Quasi-elastic neutron scattering [44] and optical conduc- 
tivity [45 °] experiments show that the gap in Ce3Bi4Pt 3 
also develops only at low temperatures. In fact, the 
frequency-dependent optical results show the gap opening 
in a quasi mean field way. Additionally, the optical sum 
rule, which ensures that charge conservation is obeyed, 
requires integration to energies an order of magnitude 
beyond the gap that occurs at low temperatures to recover 
the spectral weight shift due to the gap opening. This 
points to the strong coupling nature of the problem. 

The  optical experiments on CePd 3 [46] confirm the 
conjecture, based on alloying experiments, that this 
compound can be regarded as a failed Kondo insulator. 
That  is, a gap opens in the optical response on cooling 
to low temperatures, but there remain carriers in parallel 
with the gap, in this case 0.3 electrons per formula-unit. 
As before, there is a shift in spectral weight to energies an 
order of magnitude larger than the gap feature. Extensive 
and quite complete optical data have existed on CePd 3 for 
some time [471, but they had not been interpreted in this 
particular context. 

The  correct description of the Kondo insulators remains a 
task for the future. It represents one of the most clearly 
defined experimental problems in heavy fermion physics, 
being at this Nozieres limit of the lattice problem in 
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which one clcctron compensates one local momenL But 
we are not yet sure whether  the insulating state is the true 
ground state as T-->0 K, or whether intrinsically therc are 
always some carriers present. T h e  pulsed field (to greater 
than 60T)  experiments of  Boebinger which measure the 
logitudinal and transverse magnetoresistance (Pxx and Pxy 
respectively) of Ce3Bi4Pt3 and SmB6 [48] seem to favor 
the idea that there are intrinsic carriers at T - 0 K .  If  this 
is so, it remains a task for theory to explain these results. 

Condusions 
The  correlated-electron physics of heavy fermion materials 
occurs on a very small energy scale. On this scale there 
are, in general, many competing effects. It sometimes 
happens that the resulting ground state appears as the 
triumph of one state over another, but the more interesting 
case occurs when a compromise results that involves the 
competing interactions. We know of possible instances of 
this and we can point to one still mysterious example: 
the 1.5 K transition in the already magnetically ordered 
material UCus [49]. An additional area of active interest is 
that of low carrier concentration heavy fermion materials. 
The  possibility exists in these for significant effects of 
a qualitative nature on the underlying electronic band 
structure. The  extent to which transition metals display 
some of the same physics is also a point of  active interest. 
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