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INVITED PAPER 

HEAVY-FERMION URANIUM SYSTEMS 

Z. FISK, H.R. OTT * and J.L. SMITH 

Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

We review the experimental results on heavy-fermion uranium based superconductors and magnets. 

The discovery of superconductivity at 0.9 K in UBe,3 
[l] spurred a search for new heavy-fermion materials 
(superconducting or not) among uranium compounds. 
There was good reason to believe that analogues to 
cerium compounds with unusual behavior might be 
found among uranium compounds due to incipient lo- 
calization of its f-electrons. The two burning questions 
of physics were and remain (i) what is the nature of the 
heavy-fermion ground state and (ii) what is the nature 
of the mechanism leading to superconductivity and of 
the superconducting state itself in some such heavy- 
fermion systems? Shortly after the UBe,, discovery, 
UPt, was found to be a heavy-fermion superconductor 
(at 0.5 K) with somewhat different properties [2]. We 
begin by reviewing the superconductivity of these two 
compounds. 

UBe,, crystallizes in the cubic NaZn,, structure. The 
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Fig. 1. Temperature dependence of selected properties of UBe,,. 

* Permanent address: Laboratorium fiir FestkGrperphysik, 
ETH-Hiinggerberg, CH-8093 Zurich. Switzerland. 

uranium atoms occupy a simple cubic lattice with a 
U-U separation of 5.13 A, there being no U-U near 
neighbors. Some of the unusual properties of this inter- 
esting compound are shown in fig. 1. 

The room-temperature resistivity of 140 POcm in- 
creases on cooling to a well defined, quite narrow peak 

of 240 p&m at 2.5 K, followed by a drop-off of about 
40 p&m which is intercepted by T, at 0.9 K. We also 
see that the high temperature magnetic susceptibility is 
Curie-Weiss-like with an effective moment of pcL,rr = 3.1 
pa, which at low temperature goes into a finite limit as 
T approaches T,. Note that 5f2 and 5f3 would give 
approximately 3.6~~ in L-S coupling. Below 10 K, 

where the susceptibility is going towards a limiting 
value, a plot of C/T vs. T2 (fig. 2) shows that y is 
rising rapidly from a value above 10 K of roughly 200 
mJ/mol U K2 towards 1.1 mJ/mol U K*. The detail of 
the specific heat anomaly (fig. 3) at T, indicates both 
that the superconductivity is a bulk effect, and that it 
develops in the high density of states band. We note 
that entropy is closely balanced by a linear extrapola- 
tion of y from above T, to T = 0 K, and additionally. 
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Fig. 2. Low temperature specific heat of UBe, i 
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that this low temperature y happens to accurately 
account via the expression for Pauli paramagnetism for 
the entire low temperature limiting magnetic susceptibil- 
ity. The build up of y coincides with the loss of local 
moment behavior. 

That electrons in such a highly correlated state could 
become superconducting is remarkable in view of a 
(seemingly) higher likelihood of magnetic ordering, and 
is, of course, very similar to the first observed case of 

such superconductivity found in CeCu,Si, [3]. The 
sample problems plaguing work with CeCu,Si, are not 
present in UBe,,. 

One point to be made here is that the superconduc- 
tivity in UBe,, differs in a fundamental way from what 
one observes in the Chevrel phases and ternary rare 
earth rhodium borides. There one has different sets of 
electrons, one set trying to superconduct, the other 
trying to become magnetic. In UBe,,, this situation 
does not seem to occur and it is interesting that none of 
the rare earth beryllium thirteens becomes supercon- 
ducting. There is at present no general agreement as to 
how the heavy-fermion state should be described micro- 

scopically and, indeed, it is not clear that the physics 
underlying CeCu,Si, and UBe,3 will prove to be identi- 
cal. We note that both the photoemission [4] and the 
inelastic neutron scattering data [5] differ qualitatively 
for the two compounds. Again, there is a large sample 
dependence in the properties of CeCu,Si, which is 
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Fig. 3. Comparison of superconducting specific heat anomaly 

in UBe,, with strong coupling ABM p-wave calculation [lo]. 

absent m UBe,,, a very glaring difference between the 
two systems. 

In regards to the question of the nature of the 
superconductivity we can say the following. It is, first of 
all, much easier for theorists to accept a new mechanism 
than a new state, namely odd parity superconductivity. 
Several suggestions have been put forward for a new 
mechanism [6]. The problem with a new pairing arises 
because we have m UBe,, a situation where the elec- 
tronic mean free path appears to be much shorter than 
the superconducting coherence length, and this is be- 

lieved to be extremely harmful to an anisotropic state. 
This coherence length estimate comes from an analysis 
of the upper critical field data [7], where the initial slope 
at T, has the record value of -420 kOe/K. 

One might be inclined to take seriously this theoreti- 
cal scruple concerning the short electronic mean path 
were it not for the surprise contained in experiments on 
U, _XTh,Be,, alloys (fig. 4). Not only is T, not steadily 

depressed as x increases [8], but in the flat region of T, 
vs. x, two bulk specific heat anomalies are observed, the 
upper one being definitely a superconducting transition. 
There appears to be a slight excess entropy associated 
with this transition. NMR experiments [9] through these 

two transitions show nothing obvious at the low transi- 
tion, making a magnetic or structural phase change a 
slim possibility for the second transition. The evidence 
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Fig. 4. Low temperature specific heat of a U,,,,,Th,,,,Be,, 
polycrystal, inset schematically shows depression of T, with Th 

addition to UBe,,. 



as it stands now is consistent with both transitions 
being superconducting transitions, and this is only easily 
understood within the context of If 0 pairing supercon- 
ductivity. We further note that the specific heat in the 
superconducting state of pure UBe,, obeys a power law 
rather than an exponential law, which, coupled with the 

strong coupling nature of the specific heat jump at T,, is 
again evidence for zeroes of the gap on the Fermi 
surface consistent with If 0 superconductivity [lo]. (As 
Anderson has emphasized [6], time reversal and parity 
are the only reliable symmetries where we have strong 
spin-orbit coupling so that odd-parity is the ap- 
propriate term here for superconductivity.) This conclu- 

sion contrasts with that of Steglich in regards to 
CeCu,Si,, where he argues that one has conventional 
superconductivity [ll]. 

The properties of UPt, (fig. 5) appear at first sight 
to be rather different than those of UBe,,, but it should 
be borne in mind that the underlying physics is not so 
clearly of a different sort. UPt, crystallizes in the hexag- 

onal stacking of Cu,Au known as DO,,. the same 
structure in which we find the heavy fermion (but not 
superconducting) compound CeAl,. For UPt, the U-U 
separation is 4.1 A with again no near U-U neighbors. 
A Curie-Weiss law with pcrr = 2.6~~ is found at high 

Fig. 5. Temperature dependence of selected properties of UPt,. 

temperature in the magnetic susceptibility [12]. and 
once again this susceptibility approaches a finite value 
as T+ Tc = 0.5 K. There is. in fact, a large anisotropy 
in x, the basal plane susceptibility being nearly a factor 
of 2 larger than the c-axis susceptibility at low tempera- 
ture. There is also a peak in the basal plane susceptibil- 
ity near 14 K, which has been interrupted as a Pd-type 
maximum, there being no evidence in specific heat for a 
phase transition at this temperature [12]. A small hyster- 
esis has been seen in ultrasound experiments by Batlogg 
and Bishop in this temperature region [13] so for the 
present we should be cautious concerning the interpre- 
tation of this peak. It is also interesting to note that 
Franse et al. [12] have seen metamagnetic behavior in 

the basal plane above 15 T at low temperatures. 
It happens, curiously, that the vast bulk of the ex- 

perimental work on this compound has been done on 
high quality single crystals, either Czochralski or flux 
grown. Resistance ratios above 200 have been obtained 
with resistivity at T, below 1 uQcm. and the resistivity 
temperature dependence resembles much more that of 
Al5 compounds than it does that of UBe,, or CeCu,Si,. 

The first point to notice about the low temperature 
specific heat is the turn up (below 7 K) in C/T vs. T’, 

approaching y = 450 mJ/mol U K2 at 7; = 0.5 K. 
somewhat more than a factor of 2 below that of UBe,,. 
In contrast to UBe,,. the data here can be fitted with a 
T’ln T term [2] generally associated with ferromagnetic 
spin fluctuations. That such fluctuations can co-exist 
with superconductivity sparked much of the interested 
in UPt,. It is worth pointing out. however, that it is 
surprising that the fit is valid over such an extended 
temperature range. and in this connection we also note 
that the limiting magnetic susceptibility in the c-direc- 
tion agrees with the Pauh value expected from the low 
temperature y, while in the basal plane it is a factor of 2 
larger than this. No region of T’ variation of resistivity 
is found to 20 mK. 

The specific heat anomaly at 7; is only about 30% of 
BCS. This is, however, reproduced in samples from 
different sources, and the high quality of the samples 
(single crystals with high resistance ratios) suggests that 
this small anomaly may well be an intrinsic property of 
the pure substance. Recent Meissner effect measure- 
ments [14] show, in particular, that the superconductiv- 
ity is a bulk effect. 

The most interesting properties measured in the su- 
perconducting state are the anisotropy of the upper 
critical field 1151 and the ultrasound absorption in the 
normal and superconducting states [16]. In this last 
measurement, a very good T2 (rather than an exponen- 
tial) behavior is found suggesting zeroes of the gap on 
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the Fermi surface. Varma has analyzed the experiments 
as evidence for polar p-wave superconductivity. 

There are various ways to get such a power, rather 
than exponential, law below T, with s-wave supercon- 
ductivity [17], and it seems likely that no single experi- 
ment will prove that one or both of the above supercon- 
ductors is not s-wave. 

The occurrence of superconductivity in such materi- 
als naturally raises the question of what other ground 
states might be possible for heavy-fermion systems. 
Both spin density and charge density waves would seem 
likely candidates. We discuss below two systems which 
appear to order magnetically. 

Data on U,Zn,, are shown in fig. 6 [18]. In this 
rhombohedral material (U-U separation 4.39 A) the 
electrical resistivity is large and increases on cooling 
below room temperature, reaching a broad maximum 
near 16 K, below which it falls by a factor of 80, this 
drop being accentuated below 9.8 K, the antiferromag- 
netic magnetic ordering temperature identified by 
specific heat and magnetic susceptibility measurements. 

Subtraction of the lattice specific heat of Th,Zn,, 
from the U,Zn,, data gives a nearly temperature inde- 
pendent y above 9.8 K of 504 mJ/mol U K*. The 
magnetic transition is almost BCS-like in appearance 
with no apparent short range order above TN. and y 
falls to a limiting value of 198 mJ/mol U K2, indicating 

involvement of a large part of the Fermi surface in the 
transition. The net entropy through the transition is 
1.37 J/mol U K, to be compared with R In 2 = 5.76 
J/mol U K. It is possible that a strong coupling version 
of the Fedders-Martin theory [19] with strongly renor- 
malized interaction might describe this transition. We 
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Fig. 6. Temperature dependence of selected properties of 

U,Zn,,. 

note there are some similarities with results in NpSn, 

[20]. It is also interesting that the specific heat st the 
lowest temperatures in the ordered state is proportional 
to T3. 

Some similar features are shared by the cubic com- 
pound UCd,, (fig. 7) [21], where the U-U separation is 
6.56 A. Again one has a large slowly varying resistivity 

at high temperature. In this case there is a shallow 
minimum near 150 K. Below a broad maximum near 80 
K, there is an increasingly steep fall off in resistivity 
with a distinct break near 5 K. The specific heat gives 
clear evidence for a phase transition here, and the 
magnetic sucptibility behavior in this region is con- 
sistent with some kind of antiferromagnetism. Above 
100 K, a Curie+Weiss type behavior is found with 

Pelf = 3.45Pa. 
From the region above TN, we extract a specific heat 

y = 840 mJ/mol U K2. There seems to be considerable 
short range order in this case. Below the phase transi- 
tion, y is reduced to above 250 mJ/mol U K2, so again 
we have a large part of the Fermi surface involved. The 
shape of the C/T vs. T* plot below TN is peculiar, and 
we have no immediate explanation for this. And as in 
the case of U,Zn,,, we find an excess entropy for the 
transition, in this case equal to 0.28 R In 2. 

So it is clear that magnetically ordered ground states 
are also possible in these heavy electron systems. It is 
possible that the interactions involved in the supercon- 
ductivity are of the same kind that lead to magnetism, 
and only the ratio of the strength of these interactions 
decides the ground state. The resolution of this awaits 
further work. It is curious, in this regard, that all 
U-based heavy-fermion systems so far discovered with y 

,,, riiGY-- “Cd,, 

/ 

Temperature (K) 

Fig. 7. Temperature dependence of selected properties of 
UCd,,. 
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above that of UAI, (= 150 mJ/mol U K2) (221 show 
some kind of order at low temperature. This is not so 
for Ce-based compounds, where order seems to be the 
exception. Admittedly, the sample set is not large. 

The clear problem at present is to find a theoretical 
description of the heavy-fermion state. To date, very 
few experiments have probed the microscopic aspects, 
and we know next to nothing about the dynamics. 

This work was performed under the auspices of the 
U.S.D.O.E. 
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