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The superconductivity, the low-temperature specific heat, and the paramagnetic susceptibility have been
investigated in a series of dilute hexagonal titanium alloys. In the solid solutions with V or Nb, both the
transition temperature and the density of states are strongly increased and the entire volume exhibits
superconductivity. A similar study of Ti-Fe alloys suggests either an incomplete volume transition or a
different entropy variation in the superconducting state.

INTRODUCTION

HE significance of the enhancement of the super-
conducting critical temperature, which is ob-
served in dilute alloys of titanium with other transi-
tion elements, has been subject to considerable con-
troversy.!~” Matthias ef al. interpreted the behavior of
these alloys as evidence of the existence of a mechanism
of a different type from that provided by the electron-
phonon interaction,!:® while recent work by Cape® on
Ti-Mn alloys suggested that the high transition tem-
peratures might simply be due to filamentary cubic
precipitations in the hexagonal matrix. The experiments
to be described indicate (a) that in dilute solid solutions
of Ti with V or Nb, in which cases the hexagonal phase
extends to the highest solute concentrations, the en-
hancement of superconductivity is a real bulk effect;
and (b) that the substantial increase of the transition
temperature is accompanied by a marked increase of
both the electronic specific heat and the magnetic sus-
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ceptibility. On the other hand, dilute alloys of Ti with
Fe show a different calorimetric behavior at the tem-
perature of the diamagnetic transition, and the normal
electronic specific heat remains essentially unchanged.

HEXAGONAL ALLOYS OF Ti WITH V AND Nb

The structure of Ti-rich alloys is goverened by the
a— @ phase transition and the Martensite-type diffusion-
less transformation. The hexagonal alloys containing V
or Nb were obtained by quenching after repeated melt-
ing in the argon arc. According to x-ray examination, the
quenched specimens were single phase up to more than
10 at.% in both cases. The initial slope of the super-
conducting transition temperature 7°. versus solute
concentration is practically identical in the V and Nb
series, the increase near pure Ti being approximately
1°K per at.9,. The observation that very rapid quench-
ing yields somewhat higher transition temperatures has
to be interpreted in terms of the state of internal strains
or a high concentration of defects, since we have found
that Ti-Zr alloys show a similar effect.

Bearing in mind that even a complete diamagnetic
transition may not unambiguously indicate a volume
effect, we have to rely on the calorimetric transition
which is insensitive to possible partial screening. The
specific heat of representative samples weighing 3-10 g
(small specimens are essential for efficient quenching?)

9 Our specimens are quenched from slightly below the solidus
temperature in an intense stream of cold argon. In another case
where the quenching rate is critical [E. Bucher, F. Laves, J.
Muller, and H. von Philipsborn, Phys. Letters 8, 27 (1964)],
this method has proved to yield better results than water
quenching.
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Fic. 1. Specific heat (C/T versus 7%) and magnetic permeability
u of hexagonal Tio.g6 Vo.04- Lower broken line indicates C/T versus
T? of pure Ti. For T, versus concentration, see Ref. 2.

have been determined with an absolute accuracy of
+297,10 Figures 1 and 2 show the results for two alloys
(single-phase hcp) containing 4 at.9, V or Nb, respect-
ively. Considering the discontinuity at the superconduct-
ing transition [(Cs—Cn)/¥T Jr=1,, We conclude that
the bulk of the material is superconducting below the
temperature of complete diamagnetic shielding. There-
fore, the marked increase of the magnetically observed
transition temperature,? compared to T, of pure Ti,
is characteristic of the solid solution and is not due to
precipitations. Furthermore, as it is seen from Table I,
the V and Nb solutes significantly affect the normal
electronic specific heat. We also note that the change of
v is much more pronounced than the change of x.
It is reasonable to assume the presence of a large para-
magnetic contribution in addition to the spin suscepti-
bility, although in regard to different interaction cor-
rections, v and X,yin alone need not vary similarly upon
alloying. A plot of In(7",/6) versus 1/ reveals that the
data for dilute Ti-V and Ti-Nb essentially agree with
those obtained with the isoelectronic Ti-Zr system.!!
Such a relationship is expected qualitatively on the basis
of the BCS theory. For the time being, a more detailed
interpretation is of little use since the relative im-

10 Jean Muller, Helv. Phys. Acta 33, 514 (1960).
it E, Bucher, F. Heiniger, J. Muheim, and J. Muller, Rev. Mod.
Phys. 36, 146 (1964). -
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TasrLe I. Variation of electronic specific heat v, Debye tem-
perature 6, and magnetic susceptibility x, of hexagonal alloys of
Ti with V and Nb.

Ti Tio.96 Vo.04 Tio.06 Nbo.os
v (1073 J mole™! °K~?) 3.3 4.6 4.3
8 (°K) 415 365 340
Xat/Xat (T1) 1) 1.09 1.05
Xat (10°K) /xat (300°K) 0.92 0.92 0.92

portance of the effective Coulomb interaction is not
known and no information on the isotope effect in
group IV transition elements is available.

In fact, a knowledge of the isotope effect from experi-
ment would permit separation of the interaction into a
Coulomb and a phonon part.’? Unfortunately, attempts
of determining the isotopic shift of the transition tem-
perature in'® Ti and“ Zr have been unsuccessful due to
the difficulties of the sample preparation.

DILUTE Ti-Fe ALLOYS

For comparison, several dilute Ti-Fe alloys with iron
content up to 1.5 at.9, have been prepared in the same
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Fic. 2. Specific heat and permeability of hexagonal Tio.es Nbo,os.
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BULK SUPERCONDUCTIVITY

way as the Ti-V and Ti-Nb specimens. X-ray diffraction
showed only hexagonal lines in the quenched state.
Optical micrographs closely resembled the one obtained
by Cape® for as-cast Tiog9Mno.o1. No evidence of a pro-
nounced precipitation of the 8 phase could be detected.
From 0.6 to 1.5 at.9, Fe, the midpoint temperature of
the change in permeability, observed ballistically in a
field of 1 Oe, was found to increase linearly with con-
centration, in agreement with the earlier data.! However,
in contrast to the complete diamagnetic transition, the
specific heat shows only a slight anomaly (Fig. 3).
Similar discrepancies between the amount of flux exclu-
sion and the calorimetric transition have been observed
in a number of cases as, e.g., in the ¢ phase of the Nb-Ir
system.2 A smaller than expected calorimetric anomaly
has also been noted by Morin'® at the apparent T'; of
TiogeFeo.01. According to the arguments given below,
the hypothesis that the observed effect is caused by
minor body-centered cubic inclusions seems very im-
probable, although we cannot rule out completely
that traces of the latter may be present. Rather, we are
left with two possible interpretations assuming that the
transitions do occur in the hexagonal phases (a and o).
Unlike the behavior of Mn in o-Ti,5~7 the present specific
heat data and susceptibility measurements® indicate no
localized moments on the iron solute.

If we assume a normalized distribution function
f(T,) of the actual volume fraction undergoing a
transition at T, the observed electronic specific heat
will be given by

T ¢ max T
()= / CT,To)f(To)dT o+ / Y(T)T f(Te)dT,,

where

TG max
/ F(T)dT.=1.
0

For simplicity, we define

Ty
x=/ f(Tp)dT,,
T

with T, representing the upper onset of the transition,
and Ty=T,/2. Further, we insert the value for C,(T,T)
provided by the two-fluid model

Ca (T;Tc) = [37 (TC)/T02]T3 )

18 F, J. Morin (unpublished), quoted in Ref. 6.
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I'1e. 3. Specific heat of dilute Ti-Fe alloys. Note
complete magnetic transition (u).

since in the region between 7', and 7',/2 this is, for many
superconductors, a better approximation than the cor-
responding BCS function. By the use of a numerical
trial and error analysis, we obtain reliably 0.95<x<1
for the V and Nb alloys, but 0.3<x<0.35 for Ti+41.5
at.%, Fe. If, in fact, only 309, of the volume were super-
conducting in the latter, a core structure with appreci-
able microscopic concentration gradients would be re-
quired to explain the magnetic transition. On the other
hand, this figure almost excludes the possibility of a
transition just due to cubic precipitations which are not
detected in the x-ray patterns, unless induced super-
conductivity in the environment of such precipitations
were important.

An alternative interpretation of the reduced calori-
metric anomaly would have to be based on the assump-
tion that the'entropy of the superconducting state is
lowered much less than usual, with a corresponding
different temperature variation of the energy gap. But
if so, it would be difficult to understand why isostruc-
tural and isoelectronic dilute Ti-V and Ti-Fe solid
solutions, both without localized magnetic states, should
exhibit a different kind of superconducting transition.
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