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A conduction-electron imass enhancement A for the 2-K superconducting a phase of uranium was
obtained from a comparison of the linear coefficient of the electronic heat capacity at high temperature,
Yy, With that at low temperature, y,. A A of 0.9 = 0.2 was found. The 7,. value used was obtained in
a high-pressure experiment reported in the literature. The 7y, value was extracted from published
heat-capacity measurements below 500 K by adjustment of the data to the volume of the
low-temperature experiment, subtraction of an appropriate Debye function, correcting for anharmonicity,
and graphically fitting the resultant electronic contribution. The uncertainty in A is dominated by the
uncertainty in the characterization of the constant-volume lattice anharmonicity, which was estimated
using Wallace’s recent empirical correlation based on Griineisen constants. Using the observed
magnitude of A and T ., McMillan’s equation for the superconducting transition temperature indicates
that large Cooper-pair-weakening interactions are probably present in a-uranium. It is known that the
Yo value of the 2-K superconducting o phase of uranium is ~30% higher than the 7, value of the
lower-T', single-crystal uranium at zero pressure. A combined analysis of the electronic heat capacity
and magnetic susceptibility below room temperature indicates that the different values of vy, reflect not
only changes in the unenhanced electronic density of states at the Fermi energy, but also substantial
changes in A. Furthermore, the low-pressure depression of T, relative to the a-phase T, value of 2 K

is in large part due to a depression in A.

I. INTRODUCTION

The superconductivity of uranium metal has been
a subject of controversy since first detected! in
1942. Many ambiguities associated with the ex-
perimental situation concerning uranium metal
have been clarified in recent years.? Broad bulk
superconducting transitions, which are sensitive
to grain size, occur well below 1 K in polycrystals
at zero pressure.® No bulk transitions have been
conclusively detected in single crystals® above
~0.1 K. A maximum of ~2 K occurs in the super-
conducting transition temperature T, near 12 kbar,*?®
Furthermore, a clear relationship exists between
the initial enhancement of 7', and the suppression
of a low-temperature volume minimum under pres-
sure.’” The volume minimum occurs® at 43 X at
zero pressure and is accompanied, most dramat-
ically, by sharp minima in the elastic moduli. 810
The anomalies in the elastic moduli are linearly
depressed in temperature by application of pres-
sures® less than 4 kbar. Hence uranium metal is

~a strongly pressure-enhanced superconductor until

the volume minimum is suppressed. In addition,
at 11 kbar uranium metal has a large positive su-
perconducting isotope effect.'’ The purpose of the
investigation reported in the present paper was to
obtain the electron-phonon mass enhancement for
a-uranium to help clarify the dominant interactions
that influence the low-temperature physical prop-
erties of uranium metal.

Four distinct categories of proposals have been
advanced to explain the nature of the superconduc-
tivity of uranium metal and, in particular, the role

11

that f electrons play in the low-temperature physi-
cal properties.

(i) New mechanisms were proposed whereby felec-
trons facilitate the electron pairing necessary for
the formation of the superconducting state. Such
pairing would occur either by exchange of virtual
f excitations above the Fermi energy, 2 or by ex-
change of virtual polarons if the f-like electrons
are below the Fermi energy.!' It was subsequently
found that both models predict the isotope effect
would be small, and, in the case of virtual-polaron
coupling, the isotope effect would be positive. 2
The proximity of f-like states to the Fermi energy
in a-uranium would be responsible for the higher
T, value compared with that of thorium metal.

(ii) Cooper-paiv-breaking interactions (arising
from magnetic scattering processes)were proposed
whereby either local moments” or spin-density ex-
citations® suppress the formation of the usual BCS
superconducting state. The low-temperature vol-
ume minimum would be associated with the appear-
ance of, or ordering of f electrons.

(iii) Unusually lavge Cooper-paiv-weakening in-
tevactions were proposed whereby strong Coulomb
repulsions associated witha narrow f-like band sup-
presses the superconducting state. 14 guch interac-
tions could give rise to a positive isotope effect due
to the mass dependence of the phonon cutoff fre-
quency.

(iv) Phonon instabilities were proposed whereby the
electron-phonon interaction is modified by phonon
softening and stiffening.® The phonon frequency
shifts would be caused by the narrow-band f-elec-
tronic screening effects. The low-temperature
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volume minimum and, hence, the resultant negative
Griineisen parameter would be a reflection of low-
energy acoustic-phonon softening, 18

Before invoking new mechanisms for supercon-
ductivity, it should be clear that the existing theo-
retical framework cannot describe the physical
properties of the system. Lanthanum, similar to
uranium, is a highly pressure-sensitive super-
conductor!” that exhibits a volume minimum at low
temperatures, 18 Superconducting tunneling experi-
ments on the double-hexagonal-close-packed phase
of lanthanum provided information on the phonon
spectrum which clearly indicates that the electron-
phonon interaction strength increases with pres-
sure, '* Hence, specifically in the case of uranium,
it is not required to invoke new superconductive
mechanisms to describe these related low-tempera-
ture physical properties. Attempts also have been
made to explain the positive isotope effect within
the usual electron-phonon framework. *#!? These
attempts will be considered in Sec. III.

Proposals (ii)-(iv) invoke conventional pairing in-
teractions. The second, Cooper-pair-breaking
effects, would be evident in calorimetric studies
as a rapid reduction in the magnitude of the heat
capacity anomaly at T, relative to that at the 2-K
maximum in T,. In the absence of Cooper-pair-
breaking effects, the heat-capacity anomaly at T,
might be expected to follow the BCS law of corre-
sponding states. Recent zero-pressure heat-ca-
pacity measurements at the superconducting tran-
sition for one polycrystalline sample were clearly
inconsistent with pair-breaking effects.

A determination of the magnitude of the electvon-
Dphonon mass enhancement, \, can provide the nec-
essary information to detevmine whethev proposal
(iii) or (iv)dominates the low-temperature anomalies
in uvanium metal, If, for instance, unusually large
Cooper-pair-weakening interactions are involved,
then for a given T, X also would be unusually large
when compared with that calculated from the usual
BCS-type expressions,

The most useful expression for calculating T,
within the BCS framework is McMillan’s semiem-
pirical strong-coupled expression®

® 1,041+ )
Te=1. 45 exP(‘ A—u*(1+0, 62x)> ’ 1)

where © is a characteristic phonon temperature

and can be taken as the Debye temperature, u* is

a strength of the Cooper-pair-weakening interac-
tion, and A, the electron-phonon mass enhance-
ment, is the attractive pairing interaction. The
value of X can, in principle, be obtained from heat-
capacity data. The linear coefficient y, of the elec-
tronic heat capacity Cp obtained experimentally at
low temperatures can be expressed as
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where vy, is proportional to N,(0), the noninteract-
ing, one-electron density of states at the Fermi
energy for both spin directions, and

%=3 15 N,(0) . ®)

Ny(0) is the density of states obtained from band-
structure calculations. According to theoretical
calculations, above a temperature ® the electron-
phonon many-body alteration of the electronic heat
capacity tends to zero monotonically. 2! At high
temperatures, the many-body alterations of the
one-electron density of states become unimportant,
If the measured electronic heat capacity can be
characterized above ® and extrapolated to 7=0 K,
¥, can be obtained, Recently, Knapp et al,? ob-
tained, from analyses of heat-capacity data, X val-
ues for Sc, Y, V, Pt, Pd, Nb, and Ta. Their re-
sults are generally consistent with the known T,
values, band-structure calculations, or other ex-
perimental determinations of y, for these materi-
als.

II. DATA ANALYSIS AND RESULTS

The analysis to obtain the X value pertains to the
o phase, The a phase is assumed to exist between
43 and 934 K at zero pressure, and at all tempera-
tures below 934 K for pressures greater than ~10
kbar. [The a phase could also sometimes be re-
tained at zero pressure by quenching from above
43 K (Ref. 23)] Ho et al.* measured Vo at ~10 kbar
and obtained a value of 12, 2 mJ/°K? mole. The
smoothed data by Flotow and Lohr?* between 5 and
350 K and by Ginnings and Corruccini®® between
273 and 1173 were used for the high-temperature
heat-capacity analysis. (The analysis was per-
formed below 500 K to avoid the effects associated
with the 934-K a- 8 crystallographic phase tran-
sition.) Accuracies of + 0, 2% were reported for
the Flotow and Lohr heat-pulse data, and approxi-
mately = 0, 3% for the Ginnings and Corruccini data,
which were obtained by the “drop” method using
an ice calorimeter. The two sets of data interface
smoothly, and pertain to high-purity (>99.96-at.% U)
polycrystalline samples.

The published smoothed tabulations of C,, the
constant-pressure heat capacity, were corrected
to constant volume (C,) using the thermodynamic
equality

C,-C,=02VT B,

where a, is the volume thermal-expansion coeffi-
cient, V is the molar volume, and B is the volume
compressibility. The necessary information to
correct C, to C, appears in the literature for all
a-phase temperatures. 227 At room temperature
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C, and C, differ by 3%. The correction of C, to
the volume of the low-temperature experiment at
10 kbar was made using the thermodynamic rela-
tion

()~ 2(*57), -

C, can be represented as the sum C, + Cy, where
the lattice heat capacity, C,, consists of harmonic
(CLs) and anharmonic (C,,) contributions, and Cp
consists of noninteracting one-electron contribu-
tions Cg;, plus the many-body enhancement contri-
butions Cg,,

Cv:CL+CE:(CLh+CLa)+(CEb+CEe) . (4)

Throughout the temperature region of the analysis,
the dominant term in Eq. (4) is C,,, which can be
represented by a Debye function. The term C,,

is defined relative to the choice of the Debye tem-
perature. To obtain a Debye temperature that is
characteristic of all phonon modes (rather than the
lowest energy modes obtained from elastic constant
and low-temperature heat-capacity measurements),
it is necessary to analyze the heat-capacity data at
temperatures at which C,, is greater than one-half
the classical limit of 3R. The harmonic lattice
heat capacity approaches the classical limit accord-
ing to the expression

1 h2<w2>_.“> ,

C.p=3R <1'T§"TTkBT

where (w?) is the second moment of the phonon
spectrum. ?® In the Debye model, (w?)=[(3%2)/
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FIG. 1. Heat capacity of a-uranium plotted as (C,
—3R)/T vs T® using the smoothed data of Ref. 24. The
slope of the straight line indicates that ®,is 175 K.
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FIG. 2. Electronic heat capacity of o—uranium divided
by temperature (circles and dashed curve) plotted vs T2
using the smoothed data of Refs. 24 and 25. The error
bars represent the reported accuracies of +0.2% below
350 K and +0. 3% above 350 K. Also plotted are the same
results corrected for the electron-phonon renormaliza-
tion contribution Cg,, based on Grimvall’s calculation
(Ref. 21) adjusted to a Debye phonon spectrum (squares).
Note that Cg, is negative in this temperature range.

The straight-line extrapolation to T=0 K yields a v, val-
ue of 6.5 mJ/°K?mole.

(57%)] ®2, where ®, is the high-temperature Debye
temperature. ©, is obtained graphically in Fig, 1
from the slope of a (C,— 3R)/T-vs-T" plot in the
region 0. 7< T/®,<1.3. (This procedure is valid
assuming C;, and C are predominantly linear, )
A value of ®,=175 K is obtained. Using this value
of @, and the room-temperature Griineisen con-
stant® of 2, 35, the high-temperature linear coeffi-
cient of C;, is obtained from Wallace’s recent em-
pirical correlation.?® (Although the correlation
was derived for cubic solids, Wallace found that it
also described C, for some hexagonal-close-
packed metals, even with nonideal ¢ /a ratios.) A
high-temperature value of C;,/T of — 0.8 mJ/°K?
mole was obtained. The error limits for Cp,/T
will be considered at the end of this section.

The electronic heat capacity divided by tempera-
ture versus T2 for T > ®,, is plotted in Fig. 2.
(The lowest-order correction to Cg/T is, in gen-
eral, proportional to 72,) The dashed curve and
circles include the electron-phonon renormaliza-
tion contribution Cg,, which is negative in this
temperature region. At the highest temperatures,
the plot is essentially linear and gives a T=0 K
intercept of y,= 6.5 mJ/°K? mole; hence A=yy/v,
-1=0.9, [A value of (C—C.)/T can be obtained
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from the T= intercept of Fig. 1, however, Fig.

2 provides a firmer characterization of Cp,/T

since the value of ®, and electron-phonon renormal -
ization effects become unimportant in a higher-
temperature analysis.] Using these values of X and
¥s, Cge can be obtained from Grimvall’s model
calculation, a adjusted to a Debye phonon spectrum.
(Grimvall assumed that the noninteracting one-elec-
tron density of states is constant but, for the pres-
ent purpose, Cg, is not sensitive to that assump-
tion. ) Subtracting Cg, from Cg, all data points in
Fig. 2 become consistent with the linear extrapola-
tion of Cg,/T (the solid line). The equation

Crp=6.5 T+1,2x10° T3 mJ/°Kmole (5)

is obtained. At room temperature Cg is 8% of the
measured heat capacity.

To check for any obvious thermodynamic discrep-
ancy, the individual contributions to the measured
C, are represented in terms of reasonable extra-
polation functions, and the entropy is calculated
and compared with the measured entropy at high
temperatures. The harmonic lattice is represented
by a Debye function with ®,=175 K; the anharmonic
terms Cy, and C,- C, are represented by ACZT
functions, where the A values are constants deter-
mined at room temperature from the C, and C,

- C, values; and Cy is represented by Eq. (5) and
Grimvall’s enhancement contribution® adjusted to
a Debye phonon spectrum. At all temperatures
above ®,, the calculated entropy agrees with the
measured entropy to well within the 0, 2% uncer-
tainty in the measured entropy. The agreement

is excellent but, of course, the extrapolation func-
tions do not represent the heat-capacity contribu-
tions at low temperatures, primarily because the
metal does not remain in the a phase.

Three sources of error are present in the analy-
sis: (a) the experimental data errors in yq; (b)
the uncertainty of the extrapolation used to obtain
¥»; and (c) the uncertainty of the high-temperature
anharmonic contribution C;,. This last uncer-
tainty is the major source of error in A, (For T
>@, and for T removed from any phase transfor-
mation, C;, is generally linear to a good approxi-
mation—according to both experimental observa-
tion and theoretical expectation. #'2® An absolute
error in Cp,/T produces the same absolute error
in y,.) Based on the observed deviations from
Wallace’s empirical expression for constant-vol-
ume anharmonicity® (for the 18 solids he used in
establishing a correlation), Cj, is reliable to with-
in a factor of 2 for a-uranium. Hence, the errors
for v, are essentially +C,,/T and =0, 9+ 0, 2,

III. DISCUSSION

As emphasized earlier, a determination of the
magnitude of X provides a criterion for choosing
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between proposals iii and iv for the dominant mech-
anism underlying the superconductivity of uranium
metal. A p* of 0,27:3:% is calculated from Eq.

(1) using T,=2 K,®=175K, and A=0,9+0,2, This
is greater than the value of p* of 0. 2 obtained from
Bennemann and Garland’s empirical correlation
with N,(0). % (It is also greater than the generally
accepted u* value of 0, 10 for simple metals and

of 0. 13 for transition metals, 2°) This indicates
that large Cooper-pair-weakening interactions are
probably present in a-uranium. The upper limit
of u* would suggest that short-lived spin fluctua-
tions play a role in modifying the superconductivity
of uranium,

The BCS theory, as originally formulated, * pre-
dicted that T, is proportional to M¢, where £=- 3.
This mass dependence of 7', arises from the mass
dependence of the phonon frequencies (i. e.,®
«M™/%), Morel and Anderson® first demonstrated
that, for low-T, superconductors, deviations from
the BCS isotope effect generally arise from the
mass dependence of u*, This is due to the cutoff
in the phonon spectrum since

p*=p 1+ pln Eg/w,)? |

where the screening of the Coulomb interaction u
depends on the ratio of E5, the electronic band-
width, to w,, the phonon cutoff frequency. McMil-
lan obtained the isotope-effect coefficient®

1 0 214+0,62)
N Y
2[1 (“ 1n1.45Tc> Tix ] (8)

A value of £ equal to O. 0*.8:2 is calculated from

Eq. (6) using T,=2K,®=175K, A=0,9x0.2, and
p*=0,270% . This value of £ is substantially dif-
ferent than the experimentally'! deduced value of

2 obtained at 11 kbar; however, both the measured
and calculated values of ¢ differ markedly from a
value of - %.

The volume change associated with isotopic sub-
stitution can be estimated from the zero-point mo-
tion and the compressibility. Since 2**U has a
larger volume than 2%®y and the more recent ex-
periments® indicate that 87,/6P >0 at 11 kbar,
small positive deviations from the calculated iso-
tope effect are expected. Also, it has been argued
that if a sharp pressure-sensitive peak in the elec-
tronic density of states occurs within 7Zw, of the
Fermi energy, even the magnitude of the measured
isotope effect could be explained. !*!° However,
such a feature in the electronic density of states
would produce pronounced variations in Cg,/T be-
low 500 K, which are not present. Realistic band-
structure calculations for a-uranium would be
quite useful for further clarification.

To understand the dominant mechanism respon-
sible for the low-pressure depression of T, rela-
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tive to the 2-K superconducting a-phase T,, we
consider the influence of the volume minimum on
the single-electron density of states., It is known
that the zero-pressure y, value for uranium metal
is significantly less than the a-phase value? of

12, 2 mJ/°K? mole. At zero pressure, the y, val-
ue depends on grain size.® Single crystals have
lower y, values than polycrystals, and a single-
crystal v, value of 9.14 mJ/°K? mole has been ob-
tained in two independent studies. *** Based on
Eqgs. (2) and (3), this reduction of y, relative to the
a-phase yq value is due to a reduction of A, Ng(0),
or both, Ross and Lam?® reported that at zero
pressure x is large, paramagnetic, and decreases
5% on cooling from 300 to 4.2 K. They interpreted
the measured x as being dominated by Pauli and
orbital (x,) contributions from d or f electrons,
The ratio of the electronic density of states ob-
tained from y and y, (V,/N, ) is ~4. The deviation
from a ratio of unity indica%es that the xo contribu-
tion to x is large, that y, is exchange enhanced, or
both. Since the T=0 K intercept of the measured®
X is ~ 3% less than that extrapolated on a x-vs-T2
plot from T >@,, it can be concluded that N,(0) is
reduced ~ 3 to ~ 12% because of the low-temperature
phase transition, (The 3% reduction assumes that
the factor of four obtained as the ratio of Nx/ Ny, is
due to exchange enhancement of x,, and the 12%
reduction assumes that ¥, is § of x. ) To estimate
X =7y /vs' = 1, where the primes are the single-
crystal zero-pressure values, it is sufficient (a) to
obtain the value of y, from a high-temperature
heat-capacity analysis, using the T'= 0-K volume
of quenched-in o phase at zero pressure, and (b)
to reduce this value of ¥, by (3—12)%, which will
yield v}, to take into account the change in N,(0)
associated with the low-temperature phase transi-
tion. Proceeding in the manner outlined above,

a M of ~0.4 is obtained. A combination of this A’
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value with reasonable values of ® and u* is con-
sistent with the single-crystal zero-pressure T,
£ 0.1 K inferred from bulk measurements,

From the analysis presented above, it is clear
that large Cooper-pair-weakening interactions are
probably present in uranium and that X\ is pressure
sensitive. The changes in the electron-phonon
mass enhancement are primarily responsible for
the initial pressure-dependent T, of uranium metal.
These shifts in X reflect phonon-mode shifting that
occurs under pressure. Additional manifestations
of phonon-mode shifting are the pronounced anom-
alies in the elastic moduli®*” at the low-tempera-
ture volume minimum, the negative Griineisen
parameters'® at low temperatures, and the 22- and
37-K phase transitions found only for single-crys-
tal uranium, 103436 Experimental information (i.e.,
inelastic neutron scattering or superconductive
tunneling), which is unavailable at present, would
be useful in determining which phonon modes are
most important in influencing the superconductivity
of uranium,

IV. CONCLUSIONS

Using both the high- and low-temperature elec-
tronic heat-capacity coefficients, a A of 0.9+0. 2
was found for the 2-K superconducting @ phase of
uranium. Using McMillan’s equation, 2° a p* of
0. 27%0:0% and an isotope effect T, M*, where &
=0,0%)3 were calculated for a-uranium. The re-
duction in the y, value and T', of single-crystal
uranium at zero pressure, relative to that of the
pressure-stabilized « phase, is largely due to a
substantial reduction in A, In general, shifts in
M are a consequence of phonon-mode shifting. Spe-
cifically, such shifts in uranium are also evident in
the pronounced anomalies in the elastic moduli,®!°
at the low-temperature volume minimum, andin the
negative Griineisen parameters at low temperatures 6
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