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We ·have measured the heat capacity of a-uranium at a 

pressure of 10 kbar between 0.3 and 6°K both in zero mag-
<·;. 

netic field and in 2000 Oe. A heat capacity anomaly typical 

of a bulk superconducting transition was observed at 2°K; 

the anomaly coincided with a superconducting transition 

observed magnetically on the same sample. Since zero-
,, 

pressure heat cap~bity measurements to temperatures as low 

as O.l°K have consistently failed to detect a bulk super­

conductipg transi~1on1 -3, these measurements constitute the 

first observation of ~ superconductivity in a-uranium and 
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show that lO.kbar increases Tc by a factor of at least 20--an even 

more striking effect than that suggested by magnetic measure­

ments.4 It seems possible that a-uranium may even be the first 

example of a metal that becomes superconducting only under 

pressure without undergoing a crystallographic transition. 'I'he 

application of 10 kbar pressure also increased the normal-state 
4-.:l) 

density of states by ,/·18% C:nd eliminated a low._ temperature 

(<0.7°K) heat capacity anomaly that was observed at zero 

pressure. 

Superconducting ~ransitions in a-uranium at zero pressure 

have been observed5-S either magnetically or resistively, 

with v~lues of Tc ranging from 0.2°K to above l°K, but there 

is no indiaation of an~anomaly of the type associated with 

a superconducting transition in heat capacity measurements 

on one sample1 to O.l5°K or in measurements on two other 

samples2 to o.65°K. More recent heat capacity measurements 

on two samples to O.l°K and on two other samples to 0.3°K 

also tailed to show evidence of bulk superconductivity, al­

though three of the samples had been studied magnetically 

and in each case these measurements showed superconducting 

transitions within the range of the calorimetric measurements.3 

Thus, .the heat capacity measurements show that at zero pressure 

a-uranium i~ nbt a bulk superconductor above O.l°K, and that 

all previously observed transitions were the consequence of 

multiply connected superconducting filaments. Since the 

superconductivity of a~uranium is of particular interest in 

connection with the r'ole of the 5f states, these measurements were 

undertaken to determine whether or not the transition .observed 



-3-

4 magnetically at high pressure is a bulk transition, and to 

look for any associated change in the normal-state density of 

states. 

,The.sample was contained in a small Be-Cu piston and 

cylinder arrangement in which a pressure applied in a press 

at room temperature could,,,,be retained when the assembly was 

cooled to low temperatures. The pressure at the low tempera­

ture was determined from the magnetically measured T
0 

by use 
. 4 

of the known pressure dependence. Although the heat capacity 

of the cell was 20 to 40 times the normal-state heat capacity 

of the sample, reasonable accuracy was obtained by measuring 

the heat capacities of the filled and empty cell to a pre~ 

cision of a few tenths of 1%, using a germanium thermometer 

that retained its calibration between the two measurements. 

Figure 1 shows the results of the high-pressure measure­

ments for temperature_s below 3°K, and, for comparison, a dashed 

curve which represents the zero-pressure heat capacity of a 

larger sample from which the high-pressure sample was cut. 

The open symbols represent the total sample heat capacity; 

the solid symbols and the dashed curve have been corrected 

for the hyperfine heat capacity of the u235 by subtraction 

of a T- 2 term that was derived from lower-temperature measure­

ments at zero pressure. 3 The zero-pressure heat capacity 

is independent of magnetic field to at least 5000 Oe, and the 

anomaly below l°K was also observed in three other samples.3 

Above l°K the dashed curve is represented by C = 10.3 T + 

0.323 T3 mJ/mole deg, and, therefore, the coefficient of the 
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2 electronic heat capacity is ~ = 10.3 mJ/mole deg . At 10 kbar, 

the zero-field measurements show an anomaly typical of a super­

conducting transition at Tc ~ 2°K, in good agreement with the 

magn~tically determined Tc. The 2000-0e 10-kbar measurements 

show no anomaly at ·any temperature in the range of measurement 

and give ~ = 12.2 mJ/mole."deg. 2 The accuracy with which the T3 

term can be determined is insufficient to permit any conclusion 

about its pressure dependence, but the 18% change in 'Y, which is 

proportional to the normal-state density of states N(O), is well 

outside the experimental error. Thus, the application of a 

pressure of 10 kbar to a-uranium raises Tc from below O.l°K 

to 2°K, increases N(O) by 18%, and eliminates the low-tempera-

ture zero-pressure anomaly in the heat capacity. 

The BCS expression9 for Tc is 

Tc ~ 0.85 eD exp [-1/N(O)V], 

whe~e V measures the strength of the phonon-mediated electron­

electron in-teraction and eD is the Debye temperature. To explain 

an increase ofT from O.l.to 2°K this relation would require a - c 
65% ihcrease in N(O)V. _(SD is expected to change by no more 

than 2% and, therefore, makes a negligible contribution to the 

change of Tc.) Thus,_ the enhancement ofT cannot be ascribed 
- c 

to the change in N(O) ·alone, and a marked increase in v is 

implied. 
8· 

Geballe et al. have recently suggested that the pressure 

enhancement of the superconducting interaction and the anoma­

lous physical properties of a-uranium at 43--;~K might both be 
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related to a populating of localized 5f states below 43°K. 

They suggest that the electrons in these 5f states inhlb1L 

' 10 superconductivity, just as 4f electrons in lanthanum do, 

but that application of press0re raises the 5f states above 

the Fermi surfac~. Such a pressure dependence of the 5f 
,'J..J. 

states would be similar to 'that of the hf stateE> in cerit.wt. 11 

We may emploj this mod~l and analoglcs with the lanthanid~ 

metals to (:xplain ··the effect of pressure o:1 'Y and on the zero-

pressure low-temperature heat capaci t:y anom:1 ly. The heat 

capacity anomalies in cerium12 ' 13 as::;oc:i.atcd with t:hc:: orckrinr~ 
lLJ-

bf 4f electrons ilso disappear on 8pplication of 10 kbar. 
l (-

Furthermore, trte c:tVailable 'Y values-'-? for ·the lo.nthanide metal::; 

s.ugges t'. that N( 0) increases with increasing nurnber o:f elcc trons 
' . ... ' 

in the 6s5d ~ondudtion band, but that the local:Lzed 4f st;tt:es 

do not contribute to N(O). Tr1us, if the zero-pressure anomaly 

in ~-uranium is associated with the c,rdering of 5f electrons, 

its disappearance at 10 kbar and the accompanying increase in ~ 

could both be understood if the 5f and 7 s6d s tn tes behave :l in 

the same way as the 4f and 6s5d states in the lnnthanides. 

(Since the 5f states in the actinides are generally be~ie ed 
'·\ 

to be less highly localized than the LJ.f states in the lan hanj_-_;e:s, 

these analogies, although suggestive, should be applied w~th a 

certain amount of cautton.) Although there is no evidenc.~ of 

a temperature-dependent magnetic suscept iblli ty for a-ura, tiurn 

below 43°K, ~6 the number of electrons involved may be veP:.· 

small (that part of the entropy of the zero-pressure ;mom: J v 
)l 

actually observed above o .1 °K amuunu~ t:o on1y 3 x 10- ti\) 



-6-

or, alternatively, the ordering may be antiferromagnetic: with 

an anomaly in X which is small compared with the relatively 

large .Pauli. paramagnetism. 17 

'We are greatly indebted to B. T. Matthias, T. H. Geballe, 

and W .. E. Gardner for many stimulating discussions and suggestions. 
~. . 
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Fig. 1. The heat capacity of a-uranium at zero pre.ssure 
and at 10 kbar. Points represented by solid 
symbols and the dashed curve have been corrected 
for the hyp~rfine heat capacity by subtraction of 
a T- 2 term. The open symbols represent the total 
sample heat capacity. For T·)l °K the dashed curve 
corresponds to C = 10.3 T + 0.323 T3. 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




