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the alloy is observed as is evident by the appear-
ance of a sharp peak in the ST/SC vs--C curve. The
critical concentration so determined is (0. 27 a 0. 05)
at. % of Os in Re.

(c) Small additions of nonmagnetic impurities to
Re is found to enhance the T,. This is explained in

terms of the effects of band-structure smearing by
impurity scattering near a singularity below ez and
the Fermi-surface-topology change at a singularity
above e~. The anomalous impurity influence on T,
of slightly doped Tl is understood by using only the
Fermi-surface-topology change mechanism.
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The thermal conductivity of single-crystal superconducting niobium has been measured in the

temper'ture range 0.04—4 K. No evidence is found either for thermal transport or for phonon

scattering by electrons associated with a second energy gap.

The possibility that superconducting transition
metals may exhibit two distinct energy gaps was
suggested by Suhl et a/. ' This two-band model has
since been used in the analysis of data on specific

heat, ' critical field, upper critical field, ' pene-
tration depth, and tunneling. ' Generally, the

data for Nb are consistent with &,/4, = 10 ' and

NJ'N~= 10 -10 ', where r is the energy gap and N
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FIG. 1. Thermal conductivity & of two single crystals
of Nb vs temperature. The straight line represents the
calculated T3 phonon conductance if the phonon mean free
path were limited by diffuse scattering at the abraded
surfaces of the sample.

the density of states associated with the respective
"s"or "d" band. Recent measurements of the
thermal conductivity of superconducting Nb suggested
an anomalous or additional thermal transport near
0. 5K which was believed to be due to electrons as-
sociated with the small gap ~„even though the cal-
culated ratios 6,/&~ and N, /N„differed considerably
from the above values. Subsequently, it was shown
that these data were compatible with &,/&„= 10 ' if
interband coupling was taken into consideration. '
In the present paper, however, we show that there
is no evidence for thermal transport by electrons
associated with a second gap in superconducting Nb.

The Nb samples were single crystals, the sur-
faces of which had been roughened by 26- p-diam
air-borne abrasive. Sample A. had diam 0. 304 cm,
length 14 cm, resistivity ratio = 2000, and a Ta im-
purity of ~ 10 ppm atomic. Sample D had diam
0. 315 cm, length 14 cm, resistivity ratio = 26, and
a Ta impurity of 10 ppm atomic. Carbon resistance

thermometers were mounted - 3. 5 cm from the ends
of the samples. The lower thermometer was cali-
brated against a single-crystal sphere of cerous
magnesium nitrate, which in turn was calibrated
against the vapor pressure of liquid He. The un-

certainty in the calibration was greatest (- 2P~) at
the lowest temperatures because of the influence of
a measured heat leak of 14 erg/h. The upper uncal-
ibrated resistance thermometer served, via elec-
tronic regulation of the dilution refrigerator, to
keep that point on the sample at a constant tempera-
ture in the presence or absence of an applied heat
flux. By nulling the magnetic field of the earth, it
was shown that the thermal conductivity was inde-
pendent of fields of order 1 G or less.

The data are presented in Fig. 1. Two other
samples of intermediate resistivity ratio were also
measured, and their conductivities fall between the
curves for samples A and D of Fig. 1. At the high-
est temperature (~ 4 K), the thermal transport is
dominated by normal-state electrons. With de-
creasing temperature and the condensation of elec-
trons into the superconducting ground state, the
electronic scattering of phonons decreases and the
lattice conductivity increases and eventually domi-
nates the thermal transport. At still lower tempera-
tures (& 1. 5 K), the lattice conductivity is limited

by phonon scattering from sample boundaries and

crystalline imperfections. ' The solid line in Fig.
1 is the calculated T phonon conductance assuming
a diam of 0. 32 cm, a Debye 0= 277 K, '"and dif-
fuse reflection at the sample boundaries. It will
be noted that only below - 0. 1 K does the thermal
conductivity due to phonons approach a value limited
by the size of the specimen. '

Hence, we do not find in Fig. 1 any evidence for
an enhanced or anomalously large thermal conduc-
tance near 0. 5 K, but rather a depression below
what would be expected for a perfect crystal. A
phonon mean free path much shorter than the sam-
ple dimensions is observed in almost all supercon-
ductors in which the lattice conduction has been
measured. ' lt has been demonstrated in Ref. 17,
as well as in our own unpublished data on strained
samples, that the excess phonon scattering in Nb

is primarily associated with physical strain, al-
though a quantitative description of the scattering
mechanism is not available. In other words, if the
sample is either strained or annealed, the magni-
tude of the defect or internal scattering changes but
not the temperature dependence.

The limitations placed on the two-band theory by
the present measurements may be stated in the fol-
lowing manner. If it is assumed that the normal-
state electrons associated with each of the two gaps
contribute the same thermal conductance per elec-
tron, we deduce from any excess or nonlattice con-
ductivity near 0. 8 K in curve A of Fig. 1 an uPPex
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limit of 10 for N, /N~. On the other hand, if it is
assumed that the normal electrons associated with
either gap exhibit the same cross section, per elec-
tron, to the scattering of phonons, we deduce an

upper limit of roughly 10 for N,/X„ from excess
phonon scattering near 0. 8 K which may not be as-
sociated with defects in the crystal lattice. In ob-
taining these ratios, it has been assumed that ~,
is independent of temperature near 1 K. ' A BCS
or temperature-dependent behavior of ~ would re-
duce the ratios slightly. Also if the comparison is
made at lower temperatures, that is if one assumes
6,/&~ & 10 ', one obtains an even smaller upper limit
on N,/X, .

The two bands should not, of course, have identi-
cal properties. In particular one might expect an
"s-band" normal-state electron to make a relatively
larger contribution to thermal transport for T/T, «1,
where T, =9.3 K, since it has a much smaller ef-

fective mass and since scattering into "d" states
has been diminished. Hence, the upper limit of

N, /N, = 10 ' found above may be reduced even more
relative to the value of - 10 ' deduced from previous
data on a crystal of similar purity. ' There is an
obvious need for a detailed theory of thermal con-
ductivity consistent with the two-band model, pro-
vided that a second gap does, in fact, exist.

In summary, we find no evidence in the thermal
conductivity of single-crystal superconducting Nb

for thermal transport by electrons associated with
a second energy gap, nor do we see evidence for
the scattering of phonons by such electrons.
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