PHYSICAL REVIEW B

VOLUME 10,

NUMBER 7 1 OCTOBER 1974

Anomalous heat capacities of niobium and tantalum below 1 Kt
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The specific heat of superconducting Nb has been measured in the temperature range 0.06-2 K in an
outgassed condition (initial H and D concentrations S 1 ppm atomic) and with H or D added as
interstitial solutes. The specific heat of superconducting and normal Ta has also been measured in the
outgassed condition and with H intentionally added. The addition of H or D to these bcc transition
metals produces an isotope-dependent specific-heat anomaly which appears to be related to a displacive
motion of the interstitial H or D. No evidence is found in either metal which would be suggestive of a

second superconducting energy gap.

L. INTRODUCTION

We report here the results of a project which be-
gan as an investigation of the superconducting prop-
erties of the bcc transition metals V, Nb, and Ta,
and ended as a study of the thermal behavior of
dissolved hydrogen in these metals. !

The electronic properties of the transition met-
als are often described in terms of two electronic
conduction bands. It has been suggested that if the
scattering of electrons between these two bands is
sufficiently weak, each of the two bands may un-
dergo a separate transition into the superconduct-
ing state. % That is, two energy gaps may appear
in the conduction bands. Anomalies have been ob-
served in the measured properties of the super-
conducting metals V, Nb, and Ta. These were
quite naturally interpreted from the viewpoint of
the two-gap theory. Included were the specific
heat, 3~1° electron tunneling, '™ acoustic attenua-
tion, *3''® magnetic effects, }""%° surface imped-
ance, 2! thermal conductivity, 2272 the associated
effects of impurities, %" and the associated ef-
fects of alloying.!®?® In brief, the anomalies were
interpreted to arise not from variations due to
anisotropy in the Fermi surface, but rather from
the appearance of an additional energy gap. For
the case of Nb it was deduced from some measure-
ments that the ratio of the energy gap in the con-
duction band associated with the dominant d elec-
trons to that associated with the s electrons was
~10.

A thermal-conductivity measurement on Nb
carried out in our laboratory was interpreted as
not giving evidence for a second, small gap,  a1-
though this interpretation was later questioned. 30
We therefore proceeded to measure the heat ca-
pacity of this transition-metal superconductor,
and showed that an anomaly previously associated
with the second gap was more likely associated
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with residual H impurities. 3 In addition, no evi-
dence for a second superconducting energy gap

has been observed in the more recent measure-
ments of acoustic attenuation®? or electron tunnel-
ing.3® We therefore adopt the view in the present
paper that the appropriateness of the two-gap mod-
el to the transition-metal superconductors has yet
to be demonstrated, and will proceed to a discus-
sion primarily of the low-temperature behavior

of interstitial H and D.

The results of the heat-capacity measurements
are presented in Secs. II and III. The calorimetric
technique has been discussed in detail elsewhere. 3
The over-all accuracy is better than 2% as verified
by measurements on high-purity annealed Cu. All
data are relative to the *He vapor-pressure scale
extrapolated to lower temperatures using magnetic
thermometry. 3* Because of the large number of
different measurements, a brief discussion will
accompany each presentation of data.

II. Nb: RESULTS AND DISCUSSION

Some of the data on Nb (Ref. 36) are presented
in Figs. 1-3; other data will be discussed in the
text. Identical symbols are used to identify the
same sample on each figure, and a letter is also
assigned to each sample to provide ready identifi-
cation in the text. In Fig. 1 the data are presented
in the conventional manner for metals. The dashed
line represents the lattice or phonon contribution
to the specific heat based on acoustic and other
noncalorimetric determinations of the low-temper-
ature limit of the Debye temperature. 3 Also in-
cluded is a very slight contribution due to conduc-
tion electrons above 1 K. In Fig. 2 the lattice
and electronic contributions have been subtracted
to give the “anomalous” specific heat C, . Figure
3 provides a plot of C4 divided by temperature T
so that the entropy associated with the anomaly
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FIG. 1. Specific heat of Nb divided by temperature T,
vs T?. The dashed line is the calculated contribution
from phonons and electrons. The symbols and letters
are the same for Figs. 1-3. A, as received sample; B,
two vacuum-annealed samples (most squares lie exactly
under the circles); C, hydrogen interstitial solutes added;
D, deuterium interstitial solutes added.

may be estimated.

The specific heat of Nb in the as-received con-
dition, curve A, exhibited an anomaly similar in
magnitude and shape to that observed in other
laboratories. *"!% Annealing at 2250 °C in a vacu-
um of *3Xx10°® Torr for =2 h produced curve B,
the data from two different samples being identical
in magnitude. The magnitude of the anomaly has
been greatly reduced.® Severe cold working of an
as-received sample produced a result similar to
curve B. These results suggested that the anomaly
might be associated with the presence of H. The
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FIG. 2. Specific heat of Nb after the lattice and elec-
tronic contributions have been subtracted. Curve E,
deuterium interstitial solutes added, see text for details;
F, vacuum annealed and deformed. Note that curves B
and F are more than a factor of 10 smaller in magnitude
than the other curves.
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H would be effectively removed from solution in
the metal either by outgassing during the high-vac-
uum anneal, which would produce an initial hydro-
gen concentration of £1 ppm atomic, or by precipi-
tation and trapping at dislocations produced by

cold working. 3%40

To test this possibility, hydrogen and deuterium
were diffused separately into two samples using
H, or D, gas which was purified by diffusion through
a Pd membrane. (The concentration of H, in the
D, gas was <1%.) To accomplish this doping, each
sample was heated in the H, or D, gas to a maxi-
mum temperature of 700 °C, and the gas pressure
was regulated to obtain the desired H or D con-
centration. (At 700 °C, the content of other in-
terstitial gases would not be significantly changed.)
The sample was cooled while varying the pressure
to maintain that concentration of H or D.*' The
surfaces of the samples were then oxidized at about
100 °C to retain a constant hydrogen or deuterium
concentration. Introduction of about 3000-ppm
(atomic) H or D resulted in curves C and D (Figs.
1-3), respectively. As a check the hydrogen was
removed from one sample (corresponding to curve
C) and replaced with deuterium. Curve E of Fig.

2 resulted, showing that the isotope effect is real
and reproducible.

As may be seen in Figs. 1 and 2, even the an-
nealed and outgassed samples indicate a small
anomaly. We do not believe this is related to nor-
mal electrons associated with a second energy gap
since the temperature dependence is very close to
that of the anomaly clearly associated with H im-
purity. Rather we believe it is caused by a small
residual H impurity, since a H content of <1 ppm
atomic would account for the anomaly and it is very
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FIG. 3. Specific heat of hydrogen~ (C) or deuterium-
(D) doped samples of Nb with the lattice and electronic
contributions subtracted, divided by temperature. The
area under the curves gives the entropy associated with
the H or D impurities.



difficult to remove all traces of H from Nb. *?
Bending one of the annealed and outgassed samples
produced curve F of Fig. 2. The strain caused a
reduction in magnitude of the anomaly just as cold
working was observed to reduce the anomaly clear-
ly associated with the H impurity. The reduction
in magnitude of the heat capacity with strain also
indicates that the anomaly is not to be associated
with eigenstates of dislocations.*?

We observed that the condensation of gases or
water vapor onto the samples during cryostat cool-
down did not change the measured heat capacity by
more than the experimental precision of 0.2%, nor
did abrasion of the surfaces of the annealed and out-
gassed samples with 27-um airborne abrasive.
However, when sample E was raised to a tempera-
ture of #50 K for a period of 30 h, there was a
small systematic reduction in C, by 2.3 (+0.4)%
below 0.6 K. This last effect may be associated
with additional precipitation of the deuteride since
the alloys are supersaturated at 50 K* and the
deuterium is still highly mobile at 50 K. %

On the basis of the above results, we concluded
that there is no evidence in the heat-capacity data
to support the suggestion of a second superconduct-
ing energy gap in Nb. An important test of the two-
gap interpretation of the heat-capacity anomaly is
whether the anomaly is absent in the normal state
produced by application of a field greater than H,.
Although our cryostat is not equipped with an ap-
propriate magnet, the paper by Shen et al. 8 did
present data for the normal state. They measured
two samples which showed different specific-heat
anomalies in the superconducting state. However,
a difference in specific heat of about the same
magnitude is also apparent in their normal-state
data.* This result and the large isotope effect ob-
served in the present paper (Figs. 1-3) suggest
that the anomaly is not electronic in origin, but is
associated with the lattice. Hence the anomaly is
probably caused by motion of the H or D in the Nb
lattice.

During cooling most of the H (or D) precipitates
as the g-phase hydride.* It is suspected, however,
that the anomaly is associated with H in the «
phase rather than the 8 phase. As evidence for this
we note that the magnitude of the anomaly changes
by only a factor of =2 for a factor of 100 variation
in H content.*” This is in accord with the phase
diagram and the high H diffusivity in Nb.* The
quantity of H remaining in solution in the o phase
at low temperature depends primarily on the rate
at which the sample is cooled. *? This is also con-
sistent with the observed reduction in C, for sam-
ple E when this sample was held at 50 K for many
hours as mentioned above. The cryostat and sam-
ple could not, however, be cooled very rapidly,
which would have provided a definitive test of this
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suggestion.

Earlier in this paper we argued that the specific-
heat anomaly is associated with the lattice. The
observation of a large isotope effect suggests the
possibility that the H or D is undergoing a tunnel-
ing motion in the Nb lattice. If such tunneling oc-
curs, it should provide a probe of the local lattice
potential. Another probe of the lattice potential is
provided by measurements of diffusion. The H
diffusivity in Nb deviates from a classical (Ar-
rhenius) temperature dependence at low tempera-
ture, *° and exhibits a nonclassical isotope effect. **
Recent theoretical treatments attribute these effects
to quantum tunneling of the interstitial. %

If one assumes that the observed specific-heat
anomaly does arise from a tunneling motion, * the
atomic fraction of impurity associated with C, may
be deduced from the entropy obtained from Fig. 3.
Assuming the curves C and D extrapolate linearly
to C,/T =0, one concludes that the H or D re-
sponsible for C, is roughly 50 ppm atomic. This
is a small fraction of the 3000 ppm introduced into
these samples and is consistent with most of the
hydrogen being located in the precipitated hydride
or deuteride.

In summary, the data obtained thus far on Nb are
consistent with the heat-capacity anomaly being
caused by a localized mode of the lattice associated
with a Hor D interstitial in the @ phase. The
large isotope effect suggests that the localized

8.0 , | | |
—_ aN
N, 7.0ra |
@ )
—g L A X_A_g__A.—A "
~N 60’“ -
_j | —]
£ 0.2 o
S O\O */X:
~ Xx-x—x——-x____\-——-Q( % _©
© ol ‘
O ........ gt vene 1 ..... l \
© 0.2 0.4

T2 (K2)

FIG. 4. Specific heat of Ta, divided by temperature
T, vs T2, The upper data are for the normal state, the
lower data are for the superconducting state. Note the
X 10 change in vertical scale between the two sets of data.
The dotted line is the calculated contribution from lattice
phonons and electrons. @, vacuum annealed normal state;
A, vacuum annealed and H doped, normal state; O,
vacuum annealed superconducting state; ¥, fast relaxation
portion of the specific heat in the vacuum-annealed and
H-doped samples (qualitative only, see text).
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mode may result from tunneling. Our data show
no evidence for a second superconducting energy

gap.
III. Ta: RESULTS AND DISCUSSION

The specific-heat data for a Ta sample®® an-
nealed at 2100 °C in a vacuum of 7x10® Torr for
~3 h are shown in Fig. 4 for both the superconduct-
ing and normal states, the latter having been ob-
tained in a magnetic field of 3800 G. For the nor-
mal state we obtain y = (6. 2+ 0. 2) mJ/mole K? for
the electronic specific-heat coefficient, which may
be compared with Gschneidner’ % composite value
of (5.84 +0.3) mJ/mole K% The superconducting
state for the out-gassed specimen exhibits a heat
capacity in excess of that expected from the lat-
tice. ® This additional specific heat C, is shown
on Fig. 5. It is unlikely that this C, is associated
with normal electrons related to a second super-
conducting energy gap. The temperature depen-
dence is neither suggestive of normal-state elec-
trons nor of a superconducting transition in a well-
annealed sample. In addition, the thermal-trans-
port measurements of the following paper55 give no
indication of the presence of such normal-state
electrons. We suggest that this additional heat
capacity arises from impurities within the sample
and would correspond to ~10 ppm (atomic) of some,
possibly magnetic, impurity.® This additional
heat capacity seems not to have been present in the
measurements of Ref. 10.

A second sample of the same starting material
was also vacuum annealed. Then H was diffused
in to a concentration of = 1% (atornic)41 using the
same methods as for the Nb samples. Two distinct
features were evident in the heat-capacity mea-
surements on this H-doped sample. First, there
was a large additional contribution to the specific
heat at low temperatures in both the superconduct-
ing and normal states and, second, whatever
caused the additional heat capacity was thermally
linked to the lattice very weakly in both the normal
and superconducting states. In other words appli-
cation of a heat pulse to the sample caused the lat-
tice (and thermometer) to warm immediately. Then
slowly, with a time constant of =1 sec at 0. 3 K,
the thermal energy leaked into the additional heat
capacity causing the lattice and thermometer to
cool. This experimental problem involving weakly
coupled energy levels has been encountered pre-
viously in measurements of the nuclear-quadrupole
heat capacity of superconducting metals. *

The relatively long internal relaxation time in
the H-doped sample was not unexpected. We had
attempted to observe a finite thermal relaxation
effect in Nb, but were unsuccessful since the time
constant was too short. The presence of this effect
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FIG. 5. Left: the portion of the specific heat of the
annealed undoped Ta sample which is not attributed to
lattice phonons and electrons. Right: additional specific
heat resulting from the introduction of H into annealed Ta.
A, qualitative normal-state data; 4, qualitative supercon-
ducting-state data. The dashed line is the specific-heat
anomaly observed in superconducting Ta in Ref. 10,

in Ta prevented us from making quantitative speci-
fic-heat measurements on the H-doped sample. We
could however, obtain qualitative measurements of
the specific heat related to the rapid internal re-
laxation, namely, the lattice contribution and any-
thing thermally coupled tightly to the lattice. This
is shown by the symbol X in Fig. 4 for the super-
conducting state. These qualitative data are very
similar to the quantitative data of the undoped su-
perconducting sample.

A qualitative measure can also be obtained of the
specific heat related to the slow internal relaxa-
tion time, which appeared with the addition of H
to the lattice. This additional specific heat is
shown in Fig. 5 for both the normal state and the
superconducting state. The two sets of data differ
by a factor of ~2, which may reflect our ability to
extract the information from the raw data. The
total specific heat of the doped sample in the nor-
mal state is shown on Fig. 4. Since quantitative
measurements could not be obtained on the addi-
tional heat capacity of doped samples at very low
temperatures, no attempt was made to diffuse D
into Ta.

The straight lines through the specific-heat data
associated with the addition of H, Fig. 5, have
been drawn with a slope of —2. This temperature
dependence would be consistent with a Schottky
anomaly, the peak of which is located near or be-
low 0.1 K. Also shown by the dashed line on Fig.
5 is that fraction of the specific heat of Ref. 10
which is not associated with lattice phonons or d-
state electrons. The results of Fig. 5 suggest that
the specific-heat anomaly in nominally pure Ta dis-
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cussed in Ref. 10 may also be caused by intersti-
tial H, which is difficult to avoid in Ta. %’

Clearly the present work indicates a heat-capac-
ity anomaly associated with the addition of H in Ta,
but the mechanism producing the anomaly is not so
clear. A few possibilities are discussed next. The
anomaly could be related to a nuclear-quadrupole
interaction with a noncubic lattice field caused by
interstitial H. However, this seems unlikely since
the long internal relaxation time persists in the
normal state. In addition, alloying with Nb was
found to decrease the magnitude of the anomaly in
Ref. 10, whereas if quadrupole interactions were
responsible for the anomaly the magnitude would
not be expected to decrease. For similar reasons
the additional heat capacity probably is not associ-
ated with a hyperfine interaction in the g-phase
precipitate.

As discussed in the following paper, 5 locally
high densities of dislocations were produced in the
H- and D-doped samples at the B-phase precipi-
tates formed during cooling. Eigenstates associ-
ated with the dislocations would contribute to the
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specific heat. # However, the resonant frequency
of dislocations in Ta is too high to explain the heat-
capacity anomaly, % and in addition the dislocation
density®® was not sufficiently large. The specific-
heat anomaly could be associated with diffusive
motion or vibration of interstitial H as appears to
be the case in Nb. If this were true, the Schottky
character of the anomaly would suggest a tunneling
mode.

IV. CONCLUSIONS

Specific-heat measurements on the group-VB
transition metals V,! Nb, and Ta demonstrate a
low-temperature contribution to the heat capacity
associated with the introduction of interstitial H
or D. A tunneling motion of the H or D in the «
phase of the bec lattice would be consistent with the
information and data presently at hand, including
the measurements on thermal transport in Nb. %
No evidence was obtained which would be strongly
suggestive of a second superconducting energy gap
in these metals.
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