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Heat capacity measurements between approximately 0.4 and 12 K have
been carried out on (La;_,Th,)NiC; (x = 0.1-0.9) as an extension to an
earlier study on the superconducting transitions in this Ni-containing
system. The transition temperature T'. values corroborate with the previous
results from electrical and magnetic measurements. The thermodynami-
cally-based calorimetric data further assure the bulk nature of the observed
transitions, even though the highly-reactive-thorium-induced minor phases
in the samples cause difficulties in deriving the electronic heat capacity
coefficient v. A T, peak of 7.9 K near x = 0.5 is suggested phenomen-
ologically to be at least partly due to the minimum in inter-planar lattice
parameter ¢ of the orthorhombic structure. © 1997 Elsevier Science Ltd
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1. INTRODUCTION

Following an earlier work on LaNiC, [1] Lee and Zeng
[2] have reported recently superconducting transitions in
a series of pseudoternary (La;_,Th,)NiC,. The fact that
superconductivity prevails in these compounds as well as
in several R-Ni-borocarbides (R =Y or rare earth)
opens an interesting area for research, since Ni usually
has an adverse effect on the occurrence of supercon-
ductivity. Experimentally, the arc-melted samples used
by Lee and Zeng [2] were characterized by electrical
resistance and magnetization measurements. Realizing
the strong reactivity of thorium with the environment, its
inclusion in the samples raises concern over the
interpretation of experimental data from such measure-
ments. In general, electrical measurements are vulnerable
to small amounts of superconducting minor phase, which
could form a continuous network at grain boundaries
leading to a zero resistance, while magnetic measure-
ments are susceptible to the shielding effect. In contrast,
thermodynamics-based calorimetry 1is recognized
generally as the only conclusive technique in determin-
ing the bulk nature of an observed superconducting
transition. Consequently, this report describes the heat
capacities of the (La;_,Th,)NiC, series (x = 0.1-0.9).

2. EXPERIMENTAL

A. thermal-relaxation micro-calorimeter was
employed on mg-size specimens cut from the samples
used in the previous work of Lee and Zeng [2]. For
measurements between approximately 0.4 and 12 K, each
specimen was thermally anchored to a tiny sapphire chip
on which thin films of germanium and nickel-chromium
alloy were deposited to serve as temperature sensor and
Joule heating element, respectively. Temperature scale
was based on a precalibrated germanium thermometer.
The chip was thermally linked by four Au—Cu alloy
wires to a temperature-regulated copper block. Follow-
ing each heat pulse, the specimen temperature relaxation
rate was monitored to yield the time constant 7. The
heat capacity value was then calculated from C = kr,
where k is the thermal conductance of the Au—Cu
wires.. The heat capacity of the sapphire disk with
attached thermometer and heater was separately measured
for addenda correction.

3. RESULTS AND DISCUSSION

The experimental data in terms of C vs T are shown in
Fig. 1. Superconducting transitions are recognizable in
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Fig. 1. Temperature dependence of heat capacity, showing superconducting transitions.

all cases. The broad transition widths are typical for such
multi-element compounds, especially containing the
highly reactive thorium. The C/T — T2 plot of Fig. 2 is
commonly used to delineate the total heat capacity into
an electronic (yT) and a lattice (8T %} contribution
through a linear fit: C/T = v + BT2. For superconductors
this approach is meaningful in the normal-state region
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above T.. Accordingly, using x = 0.5 as an example, a
value of 5.0 mJ mol™' K* can be estimated to be the
electronic term coefficient y. As one of the most
important parameters for metallic solids, the magnitude
of v is also often quoted to gauge the T, values among
different classes of superconductors [3]. However, the
above equation is valid only if the T*-approximation still
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Fig. 2. Plot of C/T vs T” as a conventional format for data analysis. A y value of 5.0 mJ mol ! K2 for x = 0.5 would
be assumed based on the linear extrapolation of normal-state data.
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Fig. 3. Plot of C/T vs T for x = 0.5 as an example to
determine the anticipated normal-state heat capacity
extrapolation based on entropy consideration, yielding
a v value of near 7.5 mJ mol~ K2 It also reveals an
anomaly at lower temperatures.

holds above T, for the lattice term. Without such a
consideration, one could produce a significant error in
the derived . A good check on this issue can be made in
Fig. 3 for x = 0.5, where C/T is replotted as a function of
T rather than 7% The new format is helpful due to the fact
that the integrated area under the experimental data
yields the entropy AS = [(C/T)dT. Indeed, both heat
capacity and entropy are thermodynamic quantities and
the second-order superconducting transitions require the
entropy at T, to be the same as if the material remains
normal down to the absolute zero. Having this constraint,
the actual vy value for x = 0.5 should be more like
7.5mImol ™ K2 instead of 5.0mJmol VK72 as
implied by the linear extrapolation in Fig. 2. This
quantity is comparable to those of most borocarbide
compounds.

At temperatures much lower than T, the heat
capacity should approach quickly to zero. This is clearly
not the case for x = 0.5 in Fig. 3 showing an extra hump
near 2 K. Another example is for x = 0.1 in Fig. 4, where
heat capacity begins to level off at about 1 K. The
complications, which could have some effect at higher
temperatures, are presumably the consequence of
impurity phases in the specimen. Thorium is highly
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Fig. 4. For x = 0.1 the values of C/T level off near 1K,
revealing the presence of minor phases.

reactive with the environment. Even with great
precaution in the preparation process, the lack of a
perfect phase purity in Th-containing samples are some-
what expected. Small amount of certain Ni-based minor
phases could induce relatively large magnetic heat
capacities. The effect is likely to become more
pronounced as x increases and makes it impossible for
a detailed analysis of the temperature dependence of
superconducting-state electronic heat capacity as done
on LaNiC, [1]. Similarly, this leads to a large uncertainty
in the intrinsic v value of a given compound, as well as
the AC/4T ratio at T.. The latter is usually a gauge of the
fraction in the specimen undergoing the observed super-
conducting transition. Nevertheless, rough estimations of
the v values are made and the corresponding AC/yT
ratios at T, range from 1.3 forx = 0.1-0.9 forx = 0.9 in
comparison with the BCS value of 1.43. It is, therefore,
believed that the major phase corresponds fairly close to
the nominal composition in each compound and the
transition is indeed a bulk effect. Meanwhile, the T,
values as defined by the middle point of each heat
capacity jump are in excellent agreement with the earlier
data based on zero-resistance and d.c.-magnetization
measurements.

There have been extensive reports on various
borocarbide compounds exhibiting superconducting
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Fig. 5. Thorium-content dependence of superconducting
transition temperatures for (La,_,Th,)NiC,, in com-
parison with those for several (La;_,Th,)T,B,C systems.
The generally broad transition widths are not shown here.
The chemical compositions reflect only the nominal
values.

properties. They can be categorized as RT,B,C, where
R =Sc, Y, Th, U, or a rare earth element and T = Ni,
Pd, or Pt [4]. Most relevant to this work include
(Lal_xThx)Niszc [5], (Lﬁl_xﬂlx)szBzc [6] and
(La;_,Th,)Pt,B,C [4]. Their T, values as a function of
thorium content in Fig. 5 are compared with those for
(La;_,Th,)NiC,. There is clearly not a simple trend.
Furthermore, while all other systems exhibit monotonic
dependence of T, on x, a peak in 7', at x = 0.5 prevails in
(La;_,Th,)NiC,. These carbide-compounds have a
CeNiC,-type orthorhombic structure with space group
Amm?2. X-ray diffraction yields two lattice parameters a
and b decreasing linearly with x [2]. The third lattice
parameter ¢ in Fig. 6 has a smaller variation, but has a
minimum near x = 0.5 coinciding with the T, peak. The
phenomenological effect on T, of this inter-planar
distance needs to be further examined.

In summary, superconducting transitions in
(La;_;Th,)NiC, have been characterized with low
temperature calorimetry. Heat capacity data analysis
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Fig. 6. Thorium-content dependence of the inter-planar
lattice parameter ¢, with standard deviations for the
orthorhombic (La_,Th)NiC; [2].

are partially substantiated by entropy considerations.
The conclusion corroborates with the earlier reports
based on electrical and magnetic measurements and
further establishes the bulk nature of the observed
transitions.
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