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Heat capacity evidence for conventional superconductivity in the type-II Dirac semimetal PdTe,
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We use electrical transport, magnetoresistance, and heat capacity measurements on high quality single
crystals of the recently discovered superconducting type-II Dirac semimetal PdTe,, to probe the nature of
its superconducting phase. The magnitude of the electronic heat-capacity anomaly at T, the low temperature
exponential 7' dependence of the heat capacity, the linear H dependence of the 7 = 0 electronic Sommerfeld
coefficient, and a conventional H — T phase diagram establish that the superconductivity in PdTe, is conventional
in nature despite the presence of a topologically nontrivial Fermi surface band, which contributes to the electrical

conduction.
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I. INTRODUCTION

Topological superconductors (TSCs) have been the focus
of intense recent research [1]. This is in part due to the
possibility that these materials may host Majorana fermion
excitations [2,3] which, in addition to being of fundamental
interest, can also be used in fault-tolerant Quantum com-
putation. Additionally, several predictions for TSC suggest
unconventional superconducting properties like point or line
nodes in the gap structure, unconventional pairing, mixed order
parameters, and the possibility of an Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [1,4-7]. To stabilize topological
superconductivity (TSC), various routes have been pursued.
For example, doping [8—15] or pressurizing [16] a parent
topological material, studying chiral spin-triplet superconduc-
tors [17], making heterostructures of a semiconductor with a
conventional superconductor [18,19], or a topological material
with a conventional superconductor [20,21]. Another exciting
new avenue has opened up in which superconductivity has
been shown to emerge in nanoscale point contacts between
topological materials and normal metals [22-24].

In all these routes, superconductivity is induced by some
tuning like doping, pressure, proximity, or confinement. It
would be ideal to look for a system in which topological band
structure and superconductivity emerge naturally and to then
demonstrate the topological character of the superconductivity.

Recently, a new family of transition-metal dichalcogenide
materials AX, (A = Pt, Pd, X = Te, Se) have been shown to
be type-II Dirac materials where the electronic band structure
consists of a tilted Dirac cone [25-28]. This follows the
discovery of type-II Weyl materials [29-35]. Both the type-II
Weyl and Dirac fermions observed in the above materials break
Lorentz invariance and are therefore fundamentally different
quasiparticles compared to the normal type-I Dirac and Weyl
fermions discovered earlier. The study of the properties of
these type-II topological materials are therefore of immense
fundamental interest and could lead to important technologi-
cal applications. How conventional or fairly well-understood
states of matter like magnetism or superconductivity emerge in
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materials with topological band structures has been an emerg-
ing frontier area of research. In this context, PdTe; is especially
important since it is known to also host a superconducting state
below the critical temperature 7, ~ 1.7 K [36,37]. While there
are now several theoretical studies on TSC in type-I topological
materials [1,4-6], to our knowledge there is only one theoreti-
cal study of superconductivity in type-II topological materials
[7]. That study showed that unconventional superconductivity
with a nodal gap structure will emerge if the superconductivity
in PdTe, involves electrons in the tilted topological band [7].
TSC in PdTe; is thus an exciting possibility, which needs to be
carefully examined.

In this paper, we report electrical transport, magnetotrans-
port, and heat capacity C measurements on high quality single
crystals of the superconducting type-II Dirac semimetal PdTe,
to explore the possible unconventional (topological) nature of
the superconducting state. We confirm superconductivity with
a critical temperature 7, & 1.7 K using electrical transport
measurements. From recent de Haas-Van Alphen (dHvA)
oscillations in magnetization measurements, we have shown
that four bands contribute to the transport, including a band
with a nontrivial Berry phase [38]. This raises the enticing
possibility of TSC in PdTe,. Our heat capacity measurements
demonstrate bulk superconductivity below 7. ~ 1.7 K. The
size of the superconducting anomaly in the heat capacity AC
at T, is estimated to be AC/yTc ~ 1.52, which is close to
the value 1.43 expected for a conventional weak-coupling
single-gap BCS superconductor. The C(T') at low temperature
shows an exponential 7' dependence suggesting a fully gapped
superconducting state. Additionally, the C(T") data in various
applied magnetic fields H is used to construct an H-T phase
diagram, which also shows conventional behavior. Finally,
the 7 = 0 electronic Sommerfeld coefficient shows a linear
H dependence ruling out nodes in the superconducting gap.
Thus, our measurements strongly indicate that the supercon-
ductivity in PdTe, is conventional in nature despite the pres-
ence of topologically nontrivial electrons contributing to the
transport.
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FIG. 1. Electrical resistivity p versus T for PdTe, measured in
zero applied magnetic field with a current / = 0.5 mA applied in the
crystallographic ab plane. The top inset shows an optical image of a
PdTe; crystal placed on a millimeter grid. The bottom inset shows the
p(T) data below 3 K to highlight the superconducting transition with
T.~ 1.75K.

II. EXPERIMENTAL

Single crystals of PdTe, were synthesized using a modified
Bridgeman method. The starting elements, Pd powder (99.99%
purity) and Te shots (99.9999%), were weighed in the atomic
ratio 1 : 2.2 and sealed in an evacuated quartz tube. The 10%
extra Te was taken to compensate for Te loss due to its high
vapor pressure. For crystal growth, the tube with the starting
materials was heated to 790 °C in 15 h, kept there for 48 h, and
then slowly cooled to 500 °C over seven days. The tube was
then annealed at 500 °C for five days before cooling naturally
to room temperature. The shiny crystals of millimeter size thus
obtained could be cleaved easily from the as-grown boule. A
typical crystal is shown on a millimeter grid in the inset of
Fig. 1. The chemical composition of crystals was verified by
energy dispersive spectroscopy (EDS) on a JEOL SEM. The
ratio given by EDS between Pd and Te was 1:1.99, showing
the stoichiometric ratio of the compound. A few crystals were
crushed into powder for x-ray diffraction measurements. The
powder x-ray diffraction pattern confirms the phase purity of
PdTe,, well crystallized in the Cdl,-type structure with the
P3mi(164) space group.

The electrical transport and heat capacity down to 0.4 K
were measured using the He3 option of a quantum-design
physical property measurement system (QD-PPMS).

III. ELECTRICAL TRANSPORT

Figure 1 shows the electrical resistivity p versus tempera-
ture 7 measured in zero magnetic field with a current / = 0.5
mA applied within the crystallographic ab plane. The p(T)
shows metallic behavior with p(300 K) ~ 70 u2 cm and
p(2 K) ~0.94uQ cm, giving a residual resistivity ratio
RRR =~ 75. This RRR is larger than reported earlier, indi-
cating that the PdTe, crystals are of high quality. The lower
inset in Fig. 1 shows the p(T") data below 7 = 3 K and the

abrupt drop to zero resistance below 7. = 1.75 K confirms the
superconductivity in PdTe,.

We have recently reported [38] observation of quantum
oscillations in the magnetization measurements on PdTe,
crystals below T = 20 K, again suggesting the high quality of
the samples. For magnetic field applied perpendicular to the ¢
axis, we observed a single frequency at 439 T in the fast Fourier
transform of the dHvA data. The Berry phase for this band was
estimated to be nontrivial, suggesting its topological nature.
Additionally, three other frequencies were observed for H ||c-
axis. Thus there are multiple electronic bands including a topo-
logical band contributing to the transport, and it is unclear from
just transport measurements whether the observed supercon-
ductivity itself has any unconventional topological character.

IV. HEAT CAPACITY

We have therefore used heat capacity measurements to
address the nature of superconductivity in PdTe,. Figure 2(a)
shows the heat capacity C versus temperature 7 data for
PdTe, between T = 0.4 and 3 K measured in H =0 and
H = 500 Oe magnetic field. A sharp anomaly at 7, = 1.72
K in the H = 0 data indicates that the superconductivity in
PdTe; is bulk in nature. No anomaly is observed down to the
lowest temperatures measured in H = 500 Oe, suggesting that
the superconductivity has been completely suppressed. This is
confirmed by our heat capacity data in various magnetic fields,
which will be presented later. The H = 500 Oe data was treated
as the normal state data and was fit to the expression C =
yT + BT3. The fit (not shown) gave the values y = 6.01(3)
mJ/mol K? and 8 = 0.66(1) mJ/mol K*. The lattice part 87>
was then subtracted from the C(T') data at H = 0 to obtain the
electronic part of the heat capacity C.;. The electronic heat
capacity divided by temperature Ce/T versus T is shown
in Fig. 2(b). An extremely sharp transition at the onset of
superconductivity is observed at T, = 1.72 K. The normal state
Sommerfeld coefficient y = 6.01 mJ/mol K? is indicated by
an extrapolation [dashed line in Fig. 2(b)] to T = 0 of the
normal state data. An equal entropy construction (not shown)
gave almost the same 7, = 1.69 K, indicating no broadening or
smearing out of the superconducting transition due to sample
inhomogeneities or imperfections.

The data at the lowest temperatures were fit by the expres-
sion Cei/ T = Yres + Aexp(—A /T), where Y is the residual
Sommerfeld coefficient from the nonsuperconducting fraction
of the sample and the second term is a phenomenological expo-
nential decay expected for a gapped (s-wave superconductor)
system. The fit shown in Fig. 2(b) as the solid curve through the
data below T = 0.5 K gave the value yes = 0.4 mJ/mol K2.
With the total y = 6.01 mJ/mol K?, this suggests that ~7%
of the sample volume is nonsuperconducting. An excellent
fit of the low temperature C,; data to an exponential depen-
dence suggests a conventional s-wave superconducting order
parameter.

The magnitude of the anomaly in heat capacity at the super-
conducting transition is another measure of the nature (weak
or strong coupling, single, or multigap) of superconductivity.
From the data in Fig. 2(b), we estimate AC/yT, ~ 1.52,
which is close to the value 1.43 expected for a conventional,
weak-coupling, single-gap BCS superconductor. This further
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FIG. 2. (a) Heat capacity C versus T for PdTe, measured in H =
0 and H = 500 Oe. (b) Electronic contribution to the heat capacity
divided by temperature C,;/T. The horizontal dash-dot line is the
value y = 6.01 mJ/mol K? and the solid curve through the lowest T
data is a fit by a gapped model (see text for details).

supports the conventional nature of superconductivity in
PdTeg.

Heat capacity C versus T measurements at various magnetic
fields are shown in Fig. 3(a). As expected, the superconducting
transition temperature is monotonically suppressed to lower
temperatures and its magnitude becomes smaller at higher
fields as seen in Fig. 3(a). From an equal entropy construction
for the C(T') data at each H, we extract the T, at that H and
use it to draw a critical-field H, versus temperature (H, — T')
phase diagram, which we will discuss later. From the C(T)
data at various H, the lattice part was subtracted to get
the electronic part C¢ (7). This data is shown in Fig. 3(b),
plotted as C.;/T vs T. The data for each H were fit by the
expression Cej/ T = res + Aexp(—A/T) to get yres(H). For
an s-wave superconductor one expects yres(H) ox H. Whereas
for a nodal superconductor, y;es(H) x H 172 g expected, which
is called the Volovik effect Ref. [39]. Fig. 3(c) shows that
Yres(H ) follows a linear in H dependence, further supporting
conventional superconductivity in PdTe,.
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FIG. 3. (a) Heat capacity C versus 7 for PdTe, between T = 0.4
and 3 K, measured in various magnetic fields H. (b) The electronic
contribution to the heat capacity C, divided by T at various H. (c)
The T = 0 value of the Sommerfeld coefficient yy = C/T vs H.
The solid line through the data is a linear fit.

Finally, the H, — T phase diagram obtained from the
C(T,H) data above is shown in Fig. 4 and also follows a
conventional behavior expected for a BCS superconductor.
In particular, we were able to fit the data with the phe-
nomenological expression H.(T) = H.(0)[1 — (T/ T.)?], with
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FIG. 4. The critical magnetic field H, versus temperature 7 phase
diagram extracted from the C versus 7' data measured at various
H shown in Fig. 3. The solid curve through the data is a fit by a
phenomenological dependence (see text for details).

the T = O critical field H,(0), and the critical temperature 7, as
fit parameters. The fit shown as the solid curve through the data
in Fig. 4 gave the values H.(0) = 195(2) Oe and 7, = 1.78 K,
respectively.

V. SUMMARY AND DISCUSSION

PdTe, is an interesting material where a superconducting
state below T, =~ 1.7 K coexists with a topological band
structure. Specifically, PdTe, has previously been shown to
be a type-II Dirac semimetal, raising the possibility of hosting
a topological superconducting state. A recent theoretical study
of superconductivity in type-II Weyl metals, relevant for
PdTe,, predicts a superconducting state with nodes in the gap
function [7]. Such a state leads to a C¢; ~ T3 behavior in the
superconducting state in the low temperature limit. This in turn
would lead to a reduced jump in the heat capacity at 7,.. Nodes
in the gap function also lead to the observation of the Volovik
effect in a magnetic field, Ce;/ T ~ VH [39].

In this paper, we have used thermodynamic measurements
on high quality single crystals of PdTe, to probe the nature

of the superconductivity. Our heat capacity measurements
confirm bulk superconductivity at 7, = 1.7 K and show that
the anomaly at 7. is characterized by the ratio AC/y T, ~ 1.5,
which is close to the value 1.43 expected for a weak-coupling,
single-band BCS superconductor. The electronic contribution
to the heat capacity Cg at the lowest temperatures shows an
exponential 7' dependence, which points to a gapped s-wave
superconductivity. From H dependent C(7') measurements,
we find C./T ~ H, in contrast with behavior expected for
nodal superconductivity. Additionally, the critical field ver-
sus temperature phase diagram shows a behavior expected
for a conventional superconductor. Therefore, all our results
strongly indicate that, in spite of the presence of a topological
band in the electronic band-structure of PdTe,, which con-
tributes to the transport properties, the superconductivity in
PdTe, is most likely conventional in character.

While there are very few direct predictions of signatures of
TSC in heat capacity measurements, most theoretical work on
TSC predict unconventional order parameters with point or line
nodes in the SC gap structure. Nodes in the gap structure would
lead to a nonexponential 7" dependence of the electronic heat
capacity in the SC state as 7 — 0. There are also predictions
of mixed order parameters with an s-wave component plus
other unconventional components to the SC gap. In such cases,
depending on the fraction of the unconventional component,
the heat capacity could be exponential (mostly s-wave compo-
nent) or might deviate from it. However, because of this extra
non-s-wave component, the entropy balance will necessarily
lead to the jump in the heat capacity at 7, to become smaller
than the BCS value. In our case, the jump is close to and, in
fact, slightly larger than the BCS value. Thus, our heat capacity
results rule out such scenarios. So, in the least, our results put
strong constraints on what kind of TSC, if any at all, could
exist in PdTe,.

A recent ac and dc magnetic study on PdTe, has found
a similar H — T phase diagram consistent with conventional
bulk superconductivity [37].
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