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Calculation of the electron-phonon interaction strength A., using the conventional theory for
metals, which should be applicable in the normal regime, leads to the very small value of 0.035 for
the heavy-fermion superconductor UBe;s. It is argued that the interactions responsible for the
large observed mass enhancement in the heavy-fermion regime will tend to further decrease Ap,
strengthening the conventional wisdom that either unconventional electron-phonon coupling or

electronic interactions are responsible for pairing.

The intense interest in the heavy-fermion compounds
(HFC) is due in large part to the unexpected discovery of
superconductivity in the range 0.4-0.9 K in UBe;3 (Ref.
1), UPt; (Ref. 2), and CeCu,Si, (Ref. 3). With the possi-
ble exclusion of the class of HFC’s to be discussed here, all
known superconductivity is understood in terms of Cooper
pairing of quasiparticles mediated by phonons. Moreover,
in a wide variety of superconducting systems it is reason-
able to model the scattering of electrons by the phonons in
terms of an effective potential which moves rigidly with
the vibrating atoms as well as determines the band struc-
ture of the static lattice. We refer to this description as
the conventional mechanism of superconductivity. (Un-
conventional mechanisms could include unusual electron-
phonon coupling involving highly correlated electrons as
well as purely electronic interactions.) For conventional
superconductivity the critical temperature 7, is deter-
mined primarily by A, the electron-phonon interaction
strength. Because of the apparent strong Coulomb in-
teractions in HFC’s which are highly detrimental to con-
ventional superconductivity, several unconventional mech-
anisms have been proposed to account for the observed su-
perconductivity. Such models are largely untested to date,
however, and it has not been demonstrated convincingly
that conventional superconductivity is ruled out in HFC’s.
Indeed Oguchi and Freeman* have argued that supercon-
ductivity in UPt; is conventional. Here we report calcula-
tions of the electron-phonon interaction strength for UBe,3
which indicate that superconductivity in UBe,3 cannot be
due to the conventional mechanism, as defined above.

The unusual low-temperature properties of HFC’s, in-
cluding extremely large heat capacities and susceptibili-
ties, anomalous temperature-dependent resistivities, and
large negative magnetoresistances, have been reviewed by
Stewart.> The very large densities of states apparent in the
thermodynamic properties are usually discussed in terms
of highly enhanced effective masses m*/m ~10? arising
from strong Coulomb interactions between electrons.
Within this picture A., (which is of the order of unity in
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conventional superconductors) is considered to be negligi-
ble. Alternative phonon mechanisms to the conventional
phonon-mediated interactions include the Kondo volume
collapse mechanism®-® and the exchange-enhanced elec-
tron-phonon interaction.’ The Kondo-like peaks in the
normal-state heat capacity and susceptibility and the large
negative magnetoresistance have led to suggestions®!%-14
that supercondictivity in HFC’s may arise from exchange
of spin fluctuations.

The existence of a periodic lattice in HFC’s leads to a
coherent ground state with Bloch-like quasiparticle excita-
tions. At present the only way of taking full account of
crystal-structure effects is through band-structure calcula-
tions which, as is well known, replace the two-body
Coulomb interaction between electrons with a judiciously
determined mean field. The resulting theory describes
several ground-state properties exactly (in principle), and
in “ordinary” (non-f-electron) metals the theory provides
an excellent zeroth order description of single-particle ex-
citations. Even in f band metals, the theory has had not-
able success describing trends in ground-state properties'®
and Fermi surfaces.!® The single particles described by
band theory also provide the standard for estimating
many-body enhancements of susceptibility and specific
heat.

We have carried out linearized augmented-plane-wave
(LAPW) band-structure calculations!” on UBe,3 in its
measured crystal structure, with Of space group. The cal-
culations utilize a general potential (i.e., no shape con-
straints) and the spin-orbit interaction is included!®
throughout. Referred to the uranium sphere radius Ry
the augmented-plane-wave basis set is truncated at
RyKmax =8.5, corresponding to —~460 LAPW’s. As has
been found in previously reported calculations®'® on the
other U-based HFC UPt3, the Fermi level Er falls in a re-
gion of hybridized U fs/; states [Fig. 1(b)] and the band
structure near E is very anisotropic.

The Fermi level is found to lie in a narrow region of rel-
atively low density of states within the U f5/» bands, as
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FIG. 1. (a) Total DOS of UBe;3 near Er. Note that Ef =0
falls in a pronounced minimum. (b) Uranium f (upper) and
non-f (=total —f, lower) DOS in the range —10 to 4 eV. (c)
Theoretical occupied and unoccupied spectral densities,
broadened by instrumental resolution (lines), compared with
XPS and BIS data (points) from Wuilloud et al. (Ref. 32).

shown in Fig. 1(a). As a result the density of states
N(Ef) =171 states/Ry U atom is not as sensitive to zone
sampling®® or the precise position of Ef as in related
HFC’s. Using the extrapolated value of the linear
specific-heat coefficient y=1.1 J/moleU K2 the mass
enhancement m*/miyanqa =90 for UBeys. This enhance-
ment over the calculated band mass is the largest yet
reported.

The Fermi-surface averaged electron-ion matrix ele-
ments were evaluated using the rigid muffin-tin expression
of Gaspari and Gyérffy.2! Quantities entering the calcula-
tion of the McMillan-Hopfield constant 7 are presented in
Table I. (For compounds the quantity which characterizes
the contribution to A from a given type of atoms is 7 =L,
where L is the number of atoms of that type in the unit
cell.) In UBe;3, y=0.052 eV/A? is extremely small even
for an f-electron atom,?? and 7p.=0.118 eV/AZ Al-
though only total p, d, and f partial state densities are list-
ed in Table I, the calculation of 7y includes spin-orbit
corrections.?? The small values of fjy and #jp. result be-
cause the U f states dominate N (Er) (making g, small),
but they couple very poorly to the plane-wave-like conduc-
tion states, resulting in very small electron-ion coupling
(I*yy=fiu/N (EF).

We use the approximation

fly fiBe() + 1B
Mu<w2)u MBe(a)2>Be

) - =)u+ABe, 1)

RAPID COMMUNICATIONS

6547

TABLE 1. Quantities entering the calculation of A.,: sphere
radius Rmr (a.u.), Fermi energy (Ry), total [N (EF)], and par-
tial (n;) state densities (states/Ry spin), and the electronic stiff-
ness 1,4 +1, 1, and lattice stiffness M(w?) (eV/A2).

UBCB
U Be; Ben
Rwmr 3.5719 1.9025 1.9025
Er 0.762 0.762 0.762
N(EF) 71.0 71.0 71.0
n 0.029 0.035 0.029
np 0.163 0.384 0.205
ng 1.020 0.012 0.027
ny 27.04 0.001 0.002
Nsp 0.0004 0.0014 0.0007
Npd 0.013 0.0034 0.0038
nas 0.013 0.0000 0.0000
] 0.053 0.010 0.108
M{w? 4.76 5.01 5.01
Aatom 0.011 0.002 0.022
Aep <. 0.035

which has been highly successful in other compounds?®
whose atoms have very different masses. The data of
Renker et al.?* can be used to provide experimental values
of the mean vibrational frequencies {w?)yge of U and Be
atoms. For U, we have estimated (w®y=Q{8/2, where
Qyu=13 MeV =150 K corresponds to the experimental
(Einstein-like) peak due to the U local modes. The factor
of + is more appropriate for a Debye-like spectrum and in
the present case will tend to give an overestimate of Ay,
which we find to be 0.011. For Be we use (@?¥2=50
meV =560 K which is well below the midpoint of the Be
vibrations?® and again tends to overestimate Ag., which by
our calculation is 0.024. The total electron-phonon in-
teraction strength is A, =0.035, which is much smaller
than any reasonable effective Coulomb pseudopotential y*
(u* =0.13 in conventional superconductors but is probably
much larger in UBe;3). The transition temperature, nor-
mally given by?

T, = (wi0g/1.2)expl —1/L — p*)], )

where wyog is logarithmic mean frequency, vanishes for
A =M, < p* because the effective interaction is repulsive.
The clear conclusion is that the conventional electron-
phonon interaction (EPI) cannot be responsible for super-
conductivity in UBe,;3, and this conclusion is very insensi-
tive to any of the approximations in the calculations.
Small values of A., have also been calculated for CeCu,Si,
(Ref. 26) and UPt3 (Ref. 27). The present results are con-
sistent with the very small ultrasonic attenuation®® report-
ed for UB€13.

In light of these calculations which rule out conventional
superconductivity in UBe,3, it is appropriate to discuss the
applicability of Eliashberg theory, which provides the
theortical foundation for conventional superconductivity,
to heavy-fermion compounds. The most obvious obstacle
is the existence of an electronic energy scale, the coherence
temperature To~2—35 K, which is (much) less than the
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maximum phonon energy wo==900 K. The result is the
formal invalidity of Migdal’s theorem? and therefore the
Eliashberg theory. It may be noted that the same objec-
tion holds for the lattice dynamics; the adiabatic approxi-
mation is not formally valid in HFC’s. Yet the phonon
spectrum in UBe,; is indistinguishable?* from that of the
normal compound ThBe;3, and also is unaffected?* by the
onset of the heavy-fermion behavior below 5 K. Therefore
it appears that the phonon spectrum may nonetheless be
described by the standard adiabatic theory in spite of the
lack of validity of the usual derivation. This apparently re-
sults because the onset of coherence results in only a very
small rearrangement of electron spectral density.

This observation suggests the possibility that the Eliash-
berg theory may provide a reasonable guideline for the ef-
fect of the conventional electron-phonon interactions, if re-
normalization effects are taken into account. Rigorous
Eliashberg theory? is couched in terms of Coulomb quasi-
particles interacting with phonons. Therefore, the conven-
tional coupling constant A =zA,,, which determines T via
Eq. (2), is A,p renormalized by the quasiparticle amplitude
z. In conventional superconductors the spectral weight
1 —z outside the quasiparticle peak is presumed to be
small®® (on the order of 0.1) and z is usually replaced by
unity. In HFC’s it is frequently suggested that m*/mpang
is dominated by nonphonon contributions, making
Z == Mypana/m* < 1. Since the quasiparticle picture is valid
only for excitations with w < T it is inappropriate to re-
normalize the electron-phonon interaction which extends
over an energy range wo by a renormalization which is ef-
fective only for @ < To==10"2wo. For energies greater
than Ty the renormalization vanishes and the remaining
fraction of the spectral weight 1 —mpane/m* = 0.9 —0.99
may be described reasonably by the band density of states.
An effective renormalization averaged over Er + wg then
is likely to be of order 1+ (To/wo) (Mm*/mipang) ~2 rather
than of order (m*/myana). Considering the very small
value of A, in UBe,3, the renormalization factor (giving
further reduction) is unimportant in any case. We con-
clude that the conventional EPI is far too small to account
for superconductivity in UBe;;. Because of the lack of
understanding of the important electron-electron interac-
tions in HFC’s, the rigorous calculation of 7, remains an
unsolved problem.

The large mass enhancement z ~! =90 reflects strong
interactions involving f electrons which are not described
by the local-density approximation. The value of the band
calculation is its accurate account of the dynamics of the
non-f electrons and its correct description of crystal struc-
ture effects and spin-orbit coupling. It also includes
conduction-f hybridization and the full fourteen-fold de-
generacy of the f states. Martin and Allen?! have em-
phasized that periodic f-electron systems must satisfy the
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Luttinger sum rule—the Fermi surface must enclose a
number of states identically equal to the number of elec-
trons in the system. This feature is satisfied by the band
picture by construction. A feature less widely recognized
is that, where the Landau quasiparticle (qp) picture holds
(o,T < Ty) the spectral density S satisfies

=Sband(k,z "w) .

(3)

As long as Spang is structureless within &z ~!Tg of Ef, the
renormalization gives little net rearrangement of spectral
density. Unfortunately, instrumental resolution makes
spectral-density measurements on such a fine scale diffi-
cult to realize. However, the renormalization is strong
only at @ < T'g and decreases rapidly at higher energies, so
the band spectral density may also closely approximate the
experimental spectral density away from E.

In Fig. 1(c) we compare the experimental x-ray photo-
emission (XPS) and bremsstrahlung-isochromat-spectrum
(BIS) data of Wuilloud er al.3? to the U f density of states
(DOS) (zone-averaged spectral density) broadened by the
experimental resolution. The data have been scaled to the
DOS curve so only the positions of structure and the
overall bandwidth are meaningful to compare. The
shoulder and peak in the BIS data at 0.4 and 1.2 eV are
reproduced by the unoccupied DOS curve, although the
peak in the latter occurs around 0.9 eV. Both the XPS
data and the occupied DOS curve peak at — 0.3 eV, re-
flecting the broadening of the Fermi edge. Both XPS and
BIS spectra are, however, roughly twice as broad as the
calculated f bands. Including intrinsic broadening would
increase the theoretical widths, but some of the difference
may be due to high-frequency correlations involving
charge fluctuations, reminiscent of corresponding features
in Ce compounds,*? but much weaker.

To summarize, detailed calculations find the conven-
tional electron-phonon interaction strength to be very
small, at least an order of magnitude too small to account
for superconductivity at 0.85 K. This result gives substan-
tial support to the notion that some as yet undetermined
unconventional mechanism is responsible for superconduc-
tivity in UBe;3.

1 z
Sek,0)=—LIm|—32
wlk0)=—-— m[w-—zEk+i8

This work was supported in part by the National Sci-
ence Foundation under Grants No. DMR-86-01708, No.
DMR-84-16046, and No. DMR-82-13768, and by the Of-
fice of Naval Research under Contract No. N0014-83-
WR-30007. The computations were carried out on CRAY
X-MP machines at the Naval Research Laboratory and,
under the auspices of the National Science Foundation, at
Boeing Computer Services Company.

IH. R. Ott, H. Rudiger, Z. Fisk, and J. L. Smith, Phys. Rev.
Lett. 50, 1595 (1983).

2G. R. Stewart, Z. Fisk, J. O. Willis, and J. L. Smith, Phys. Rev.
Lett. 52, 679 (1984).

3F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede,

W. Franz, and J. Schyfer, Phys. Rev. Lett. 43, 1892 (1979).
4T. Oguchi and A. J. Freeman, Physica B 135, 46 (1985).
5G. R. Stewart, Rev. Mod. Phys. 56, 755 (1984).
6J. W. Allen and R. M. Martin, Phys. Rev. Lett. 49, 1106
(1982).



34 ELECTRON-PHONON COUPLING IN UBe;s: ABSENCE OF . ..

"H. Razafimandimby, P. Fulde, and J. Keller, Z. Phys. B 54, 111
(1984).

8N. Grewe, Z. Phys. B 56, 111 (1984).

9D. J. Kim, J. Phys. Soc. Jpn. 40, 1244 (1976).

10p, W. Anderson, Phys. Rev. B 30, 1549 (1984).

11C. M. Varma, J. Appl. Phys. 57, 3064 (1985).

12T, M. Rice and K. Ueda, in Proceedings of the Seventeenth In-
ternational Conference on Low-Temperature Physics, edited
by U. Eckern, A. Schmid, W. Weber, and H. Wiihl (Elsevier,
Amsterdam, 1984), p. 251.

I3M. Tachiki, S. Maekawa, and S. Takahashi, Phys. Rev. B 31,
228 (1985).

14K . Miyake, T. Matsuura, H. Jichu, and Y. Nagaoka, Prog.
Theor. Phys. 72, 1063 (1984).

I5H. L. Skriver, Phys. Rev. B 31, 1909 (1985); M. S. S. Brooks,
J. Phys. F 14, 1157 (1984).

16D, D. Koelling, Solid State Commun. 43, 247 (1982).

17The description of methods used in our codes is given by
E. Wimmer, H. Krakauer, M. Weinert, and A. J. Freeman,
Phys. Rev. B 24, 864 (1981); M. Weinert, E. Wimmer, and
A. J. Freeman, ibid. 26, 4571 (1982); S.-H. Wei, H. Kra-
kauer, and M. Weinert, ibid. 32, 7792 (1985).

184, H. MacDonald, W. E. Pickett, and D. D. Koelling, J. Phys.
C 13, 2675 (1980).

I9R, C. Albers, Phys. Rev. B 32, 7646 (1985); P. Strange and
B. L. Gyérffy, Physica B 130, 41 (1985); C. S. Wang,
H. Krakauer and W. E. Pickett, ibid. 135, 34 (1985); A. M.
Boring, R. C. Albers, F. M. Mueller, and D. D. Koelling, ibid.
130, 171 (1985).

20Self-consistency obtained on uniformly spaced 10-point and
28-point meshes in the irreducible Brillouin zone resulted in
densities and band structures with no important differences.

RAPID COMMUNICATIONS

6549

The densities of states were calculated using the tetrahedron
method based on 89 first-principles points and disciplined
Fourier-series interpolation methods.

21G. D. Gaspari and B. L. Gyérffy, Phys. Rev. Lett. 28, 801
(1972).

22Calculations for f-electron metals have been published previ-
ously by W. E. Pickett, Physica B 111, 1 (1981).

23B. M. Klein, D. A. Papaconstantopoulos, and L. L. Boyer, in
Superconductivity in d- and f- Band Metals, edited by
D. H. Douglass (Plenum, New York, 1976), p. 339.

24B, Renker, F. Gompf, W. Reichardt, H. Rietschel, J. B. Suck,
and J. Beuers, Phys. Rev. B 32, 1859 (1985).

25p. B. Allen and R. C. Dynes, Phys. Rev. B 12, 905 (1975).

26T, Jarlborg, H. F. Braun, and M. Peter, Z. Phys. B 52, 295
(1983).

27C, S. Wang, H. Krakauer, and W. E. Pickett, J. Phys. F (to be
published).

28B. Batlogg, D. J. Bishop, B. Golding, E. Bucher, J. Hufnag],
Z. Fisk, J. L. Smith, and H. R. Ott, Phys. Rev. B 33, 5906
(1986).

29See, for example, D. J. Scalapino, in Superconductivity, edited
by R. D. Parks (Dekker, New York, 1969), Vol. I, Chap. 10,
Sec. II1.

30C, Petrillo and F. Sacchetti, J. Phys. F 15, 2297 (1985), and
references cited therein, give the most reliable estimates of
Coulomb renormalizations in elemental metals.

3IR. M. Martin and J. W. Allen, J. Appl. Phys. 50, 7561 (1979).

32E, Wuilloud, Y. Baer, H. R. Ott, Z. Fisk, and J. L. Smith,
Phys. Rev. B 29, 5228 (1984).

330. Gunnarsson and K. Schénhammer, Phys. Rev. B 28, 4315
(1983).



