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The Heat Capacity of a-Uranium at a.

Pressure of 10 kbar, between 0.3 and 6°K¥

James CQ;Ho and Norman E. Phillips
s Inorganic Materials Research Division
of~LawréncemRadiation Laboratory

and Deparfment of Chemistry,

- Unilversity of Célifornia, Berkeley, California
and

T. F. Smith
N ‘Department of Physiés
and The Institute for the Study of Matter,
Universify of California,

La Jolla, California

WE=have-méasﬁ;ed*the heat capacity of a-uranium at a
préssurerof 10 Rbé} between 0.3 and 6°K both in zero mag-
neﬁic field and igﬁQOOO Oe. A heaf capacity anomaly‘typical
of a bulk supercohducting transition was  observed at 2°K;
the anomaly colncilded with-a superconducting transition
observed’magneticaiiy on the same sample. . Since zero-
pressure heat capé@ity measurements to temperatures as low
as 0.1°K havevconSistently falled to detect a bulk super-
conducting trahsitionl's, these measurements constitute the

first observation of bulk superconductivity in a-uranium and
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show tﬁat 10 kbar incfeaseé T, by a factor of at least 20--an even
more striking effect than that suggested by magnetic measure-
ments.u Itfseemé possible that a-uranium may even be the first
example of a mefél that becomes superéonducting only under
pressure without'undergoiﬁg a crystallographic transition. The-
applicatioﬁ'of 10 kbér pressure also increased the normal-state
density of Statés byfi8% ;hd eliminated a low-temperature
(<0.7°K) heat capacity anomaly that was observed at zero
pressure.

Superconducting;transitions in a-uranium at zero pressure
lhave been observed5°8.either magneticaily or resistively,
with vgiuesvof Tc ranging from 0.2°K to above 1°K, but there
is no indiéétion of én?anomaly of the type associated with
'é;superconducting transition in heat capacity measurements
oh one samp_le1 to 0.15°K 6r in measurements on two other
_ sa_mples2 to O.65°K. More recent heat capacilty measufements
on tWO'samples to O.l°K and on two other samples to 0.3°K
also failed tQ show e&idenée of bulk superconductivity, al=-
though three of the samples had been studied magneticélly
and in each case‘thesé measurements showed superconducting
transitionS'within theirange of the calorimetric measurements.3
Thus, .the heat capacif& measurements show that at zero pressure
a-uranium is not a bulk superconductor above O.1°K, ahd}that
all previously observéd ﬁransitions were the consequence of
multiply cohnected superconducting filaments. Since the
superébnductivity of d;uranium is of particular'intérést in
connection with.the ﬁdle of the Sf States, these measurements were

undertaken to determihe whether or not the transition observed
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magnetically at high»pressure4 is a bulk transition, and to
look for any assoclated change in the nermal-state density of
states.

,The sample was COntained in a small Be-Cu plston and
cylinder arrangement in which a'pressure applied in a press
at room.temperature could be retained when the assembly was
coeled to low temperétures. The}pressure at the low tempera-
ture wa s defermined from the magnetically measured 'I‘c by use
of the;known pressure dependence.4 Although the heat capacity
‘of the cellvwas 20 to 40 times the normal-state heat capecity
’of the sample, reasoﬁable accuracy was obtained by measuring
the heet capacities ef the filled and empty cell to a pre-
cision of a few tenthe of 1%, using a germahium thermometer
that retained its calibration between the two measurements.

Figure 1 shows the results of the high-pressure measure-
mentspfor tempereturee below 3°K, and,for comparison, a dashed
curve:which represenfs the zero-pressure heat capacity of a
largeresample from which the high-pressure sample was cut.
The open symbols represent the total sample heat capacity;
the solid s&mbols and the dashed curve have been corrected
for the hyperfine heat capaeity of the U235 by subtraction

2

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

3 The zero~-pressure heat capacity

ments at zero pressure.
is independent of magnetic field to at least 5000 Oe, and the
anomaly below 1°K Waslelso observed in three other saﬁples.3
Above 1°K the dashed curve is represented by C = 10.3‘T +

0.323 T3 mJ/mole deg,fand, therefore, the coefficient of the
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electroﬁic heat capaclty is v = 10.3 mJ/mole degg. At 10 kbar,

- the zero-field measurements show‘an anomaly typical of a super-
conducting transltion at Té X 2°K, 1in good agreement wilth the
magngticall& determined Tc; The 2000-0e 1l0O-kbar measurements
show no anomaly at ‘any temperature in_ﬁhe range of measurement
and glve v = 12.2 mJ/moléddeg.2 The accuracy with which the T3
term can be determined is insufficientvto permit any conclusion
about i1ts pressure dependence, but the 18% change in v, which'is
proportional to the normal-state density of states N(0), 1s well
"butside the éxperimehtal error. Thus, the application of a

' prgssure of 10 kbar to.a#uranium'raises TC frém below 0.1°K |

to 2°K, increases N(0) by 18%, and eliminates the low-tempera-
ture zero-pressure anomaly in. the heat capacity.

The BCS expression9 for Tc is

T, ¥ 0.85 61, exp [-1/N(0)V],

where V meaéures-the étrehgth of the phonon—mediated electron-
~electron iqteraCEionlahd GD is the Debye temperature. To explain
an inérease of Té frém O.l.to 2°K this relation would require_a -
65% increase in N(O)V; .(9D is expected to change by no more
than 2% and, therefohe, makes a negligible contribution to the
change of Tc.) Thus,:the enhancement of Tc cannot be ascribed
to the change in N(0) alone, and a marked increase in V is
implied. _

Geballe et al.8 ﬁave pecently suggested that the pressure
© 7 enhancement of the supercondudting interaction and the anoma-

lous physical properties of a-uranium at 437K might both be
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related to a populating of 1oca1iéed 5f states below 43°K.
They suggest that the eiectrons in these 5r states inhibit
superconductivity; jusf as 4f electrons in lanthanum do,lo
but that application of pressure ralses the 5f states abo/e
the Fefmi surfacel Such & pressure dependence of the 5f
states would: be similar to that of the 4f states in cerium.ll
We may employ this model and analogics with the lanthanid.
‘metals to oxplalnvthezeffect of pressure on vy and on the zero-
pressure 1ow4temperatufe heat capacity anomuly. The heat

013

capacity cnomalles in eerium assoclated with the orduring

. . ;
of 4f electrons also disappearl4 on application of 10 kbar.

' ’ . R
Furthermore, the‘available Y values™ -

for ‘the lanthanide metals

suggest’. that N(O) increases with increasing number of elecfrons

" in the 6854 conduction band but that the localized 4f stites

do not- contribute to N(O) NThus, ;f the zero-pressure anomaly

in Q—uranium'is associated with.the ordering of 5f electrons,

'its_disappeaﬁahce'at 10 kbar and the accompanying ilncrease in 7

could both be understood if the 5f and 7s6d states behavei in

. the same way as the 4f and'6s5d states in the lanthanides .
(Since the 5f states in the actinideg are generally belie red

;  to be 1ess highly - 1ocallzed than the 4f states in the lan ‘hanives,

these analogies, although suggestive, should be applied with &

certaiﬁ amount of(caution.)» Although there is no evidenc: of

i tempereture-dependenf magnetic sSusceptibility fof Q-ura.cium

16

below 43°K, the number of electrons involved may be ver:

~small (that part of the entropy of the zero-pressure anom iy

. v -/
-, actually observed above 0.1°K amounts to only 3 x 107 'I)
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or, alternativély, the ordering may be antiferromagnetic with
an anomaly in X which is smail compared with the relatively
1argé‘Pau1i_par-amaghetism.l7

‘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 pressure’

" and at 10 kbar. Points represented by solid
symbols and the dashed curve have been corrected
for the hyperfine heat capacity by subtraction of
a T © term. The open symbols represent the total
sample heat capacity. For T31°K the dashed curve
corresponds to C = 10.3 T +.0.323 T3. )
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