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Nodal superconductivity and superconducting dome in the layered superconductor Ta,Pd;Teq
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We measured the low-temperature thermal conductivity of a layered superconductor with quasi-one-
dimensional characteristics, the ternary telluride Ta,Pd;Te;s with a transition temperature 7, ~ 4.3 K. The
significant residual linear term of thermal conductivity in zero magnetic field and its rapid field dependence
provide evidence for nodes in the superconducting gap. By measuring resistivity under pressure, we reveal
a superconducting dome in the temperature-pressure phase diagram. The existence of gap nodes and a
superconducting dome suggest unconventional superconductivity in TasPd;Te;s, which may relate to a
charge-density-wave instability in this low-dimensional compound.
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Finding unconventional superconductors and understand-
ing their superconducting mechanism are some of the main
themes in condensed matter physics [1]. The term “uncon-
ventional” first means the superconducting pairing mecha-
nism is not phonon mediated. This usually manifests as a
superconducting dome neighboring a magnetic order in the
phase diagram, and spin fluctuations are considered as the
major pairing glue [1]. Second, the term ‘“unconventional”
means the wave function of Cooper pairs is not s wave.
Symmetry-imposed nodes (gap zeros) are often observed,
such as in d-wave cuprate superconductors and the heavy-
fermion superconductor CeColns [2,3], and in the p-wave
superconductor Sr,RuQy4 [4]. Note that iron-based supercon-
ductors are exceptions, likely with the form of s. wave [5].
The superconducting gap symmetry and structure provide
important clues to the underlying pairing mechanism.

Unconventional superconductivity usually resides in quasi-
two-dimensional (Q2D) compounds, such as cuprate and
iron-based superconductors, CeColns, Sr,RuQy, and organic
superconductors k-bis(ethylenedithio)tetrathiafulvalene salts
[«-(BEDT-TTF),X] [1]. When further reducing the dimen-
sionality, namely, in quasi-one-dimensional (Q1D) supercon-
ductors represented by the organic compounds tetramethyl-
tetraselenafulvalenium salts [(TMTSF), X] (X = PFg, ClOy)
[6,7], the pairing symmetry and mechanism are also likely un-
conventional [8]. In this sense, low dimensionality is important
for the appearance of unconventional superconductivity [9].

Recently, the ternary telluride TasPds;Te [10] was found
to be a layered superconductor with Q1D characteristics [11].
The T, is about 4.5 K at ambient pressure. It has relatively
flat Ta-Pd-Te layers in the (103) plane, which contains PdTe,,
TaTes, and Ta,Tes chains along the crystallographic b axis,
as illustrated in Fig. 1. It will be very interesting to check
whether unconventional superconductivity exists in this low-
dimensional compound.
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In this Rapid Communication, we present the low-
temperature thermal conductivity measurements of a
TasPd;Tejs single crystal down to 80 mK, which clearly
demonstrates that there are nodes in the superconducting gap.
Furthermore, a superconducting dome in the temperature-
pressure phase diagram is revealed by resistivity measurements
under pressures up to 21.9 kbar. These results suggest
unconventional superconductivity in TasPd;Te s. We discuss
the possible origin of this superconducting state.

Single crystals of TayPd;Te;s were grown by a self-flux
method [11]. The shiny crystals, which are in a flattened needle
shape, have the longest dimension along the b axis (the chain
direction). The largest natural surface with typical dimensions
of 2.5 x 0.25 mm? is in the (103) plane, which is the a’b plane
in Fig. 1(a). The thickness along the c¢* direction is about
0.1 mm. The dc magnetization measurements were performed
in a superconducting quantum interference device (SQUID)
[magnetic properties measurement system (MPMS), Quantum
Design], with an applied field of H = 10 Oe parallel to the
b direction. Four contacts were made directly on the sample
surfaces with silver paint, which were used for both resistivity
and thermal conductivity measurements along the b direction
at ambient pressure. The resistivity was measured in a “He
cryostat from 300 to 2 K, and in a 3He cryostat down to
0.3 K. The thermal conductivity was measured in a dilution
refrigerator, using a standard four-wire steady-state method
with two RuQO; chip thermometers, calibrated in situ against
a reference RuO, thermometer. For resistivity measurements
under pressure, the contacts were made with silver epoxy.
Samples were pressurized in a piston-cylinder clamp cell made
of Be-Cu alloy, with Daphne oil as the pressure media. The
pressure inside the cell was determined from the 7, of a tin
wire.

Figure 2(a) shows the typical low-temperature dc magne-
tization of the TasPd;Te ¢ single crystal. With the zero-field-
cooling process, a sharp diamagnetic superconducting transi-
tionis observed at T, &~ 4.3 K. In Fig. 2(b), the resistivity of the
TayPd;Te;¢ single crystal (sample S1) in zero field is plotted.
The resistivity decreases smoothly from room temperature to
T.. Fitting the data between 7 and 25 K to p(T) = pg + AT"
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(a)

FIG. 1. (Color online) Crystal structure of Ta;Pd;Tejs. (a) A
view parallel to the ac plane. The compound crystallizes in space
group 12/m with a monoclinic unit cell of a = 17.687(4) A, b =
3.735(1) A, ¢ = 19.510(4) A, and B = 110.42°. The crystal structure
has relatively flat Ta-Pd-Te layers in the (103) plane, which is the
largest natural surface of as-grown single crystals. For convenience,
we define the a’ direction as [301], so that the (103) plane is the
a'b plane. c¢* is the direction perpendicular to the a’b plane. The
Pd atoms are octahedrally coordinated, forming edge-sharing PdTe,
chains along the b axis. (b) A three-dimensional perspective view
along the b axis. The PdTe, chains are separated by TaTes chains and
Ta, Te, double chains.
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FIG. 2. (Color online) (a) The dc magnetization at H = 10 Oe
for a TayPd;Te single crystal, with both zero-field-cooling (ZFC)
and field-cooling (FC) processes. (b) The resistivity po(T") along the
b direction of the Ta,Pd;Te ¢ single crystal (sample S1) in zero field.
The data between 7 and 25 K can be well fitted to p(T') = py + AT",
giving aresidual resistivity pg = 3.96 u2cmandn = 2.26, as shown
in the inset.
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FIG. 3. (Color online) (a) Low-temperature resistivity of the
Ta,Pd;Teq single crystal (sample S1) in a magnetic field H || ¢*
up to 3 T. (b) The upper critical field H, of sample S1, defined
by p = 0. The dashed line is a guide to the eye, which points to
H.»(0) ~ 2.9 T. The inset shows the field dependence of py. (c) The
H,, of the Ta,Pd;Te ¢ single crystal (sample S6) for H || b, a’, and
c*. The extrapolated H,, values at zero temperature are 7.9, 4.8, and
3.2 T, respectively.

gives a residual resistivity pg = 3.96 u2 cm and n = 2.26.
The T, = 4.3 K is defined by p = 0, which agrees well with
the magnetization measurement.

To determine the upper critical field H.,(0) of TasPd;Tey,
we measure the resistivity of sample S1 down to 0.3 K in
various magnetic fields along the ¢* direction. Figure 3(a)
shows the low-temperature resistivity in fields up to 3 T.
The temperature dependence of H,,, defined by p = 0 on the
resistivity curves in Fig. 3(a), is plotted in Fig. 3(b). The dashed
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line is a guide to the eye, which points to H.(0) 2.9 T.
The inset shows the field dependence of py, which manifests
positive magnetoresistance, with py(2 T) = 4.54 ©Q cm.

The anisotropy of H,, along the b, a’, and ¢* directions for
sample S6 is shown in Fig. 3(c). The resistivity data of sample
S6 are not shown, and the H,, is also defined by p = 0. Along
three directions, H.»(0) ~ 7.9, 4.8, and 3.2 T are estimated
from Fig. 3(c). The initial H,, slopes are —1.61, —0.85, and
—0.53 T/K, which corresponds to the H,, ratioof 3.0 : 1.6 : 1
near T, for H || b:a’:c*. According to the anisotropic
Ginzburg-Landau (GL) theory H, ciz /H), = JPilN/pei 112],
the resistivity ratio pq+ : pg : pp 2 9.0:3.5:1 is roughly
estimated. This anisotropy is consistent with the calculated
anisotropic electronic band structure of layered TasPd;Tei¢
with Q1D characteristics [13]. Note that this ratio is much
smaller than those of quasi-1D superconductors LiMogO,7
and (TMTSF),PF; [12,14,15].

Low-temperature heat transport is an established bulk
technique to probe the superconducting gap structure [16]. The
thermal conductivity results of the TasPd;Te¢ single crystal
(sample S1) are presented in Fig. 4. Figure 4(a) shows the
temperature dependence of thermal conductivity in a magnetic
field H || ¢* up to 2 T, plotted as «/T vs T. The thermal
conductivity at very low temperature can be usually fitted
to k/T =a+bT* ' [17,18], in which the two terms aT
and bT* represent contributions from electrons and phonons,
respectively. The power « is typically between 2 and 3, due
to specular reflections of phonons at the boundary [17,18].
Since all the curves in Fig. 4(a) are roughly linear, we fix «
to 2. The low values of « have been previously observed in
several superconductors, for example, Cug o TiSe, (o =~ 2.27)
and KFe;As; (o =~ 2) [19,20]. Here, we only focus on the
electronic term.

In zero field, the fitting gives a residual linear term with
the coefficient ko/T = a = 1.96 +0.02 mW K2 cm™'. This
value is more than 30% of the normal-state Wiedemann-Franz
law expectation kyo/T = Lo/po(0 T) = 6.19 mW K2cm™ !,
where Ly = 2.45 x 1078 W QK2 is the Lorenz number
and pp(0 T) = 3.96 12 cm. In nodeless superconductors, all
electrons become Cooper pairs as 7 — 0 and there are no
fermionic quasiparticles to conduct heat. Therefore, there is no
residual linear term of «, i.e., xo/ T = 0. However, for uncon-
ventional superconductors with nodes in the superconducting
gap, the nodal quasiparticles will contribute a finite o/ 7T in
zero field [16]. For example, o/ T = 1.41 mW K2cm™! for
the overdoped d-wave cuprate superconductor Tl,Ba,CuOg. s
(T1-2201), which is about 36% of its kyo/T [21], and ko/ T =
17 mWK~2cm™! for the p-wave superconductor SroRuOy,
which is about 9% of its xyo/ T [22]. The significant xo/ T
(>30% kno/T) of TasPd;Tejs in zero field rules out the
case that it results from a small nonsuperconducting metallic
portion in the sample, thus it is strong evidence for the presence
of nodes in the superconducting gap [16].

From Fig. 4(a), a small field H =0.2 T has signif-
icantly increased the «/T. Above H =1 T, «/T tends
to saturate. For H =15 and 2 T, «y/T =5.07£0.05
and 5.164+0.04 mW K~ 2cm~' were obtained from the
fittings, respectively. The value of «ko/T for H=2 T
roughly meets the normal-state Wiedemann-Franz law expec-
tation Lo/po(2 T) = 5.40 mW K~2 cm™!, which validates our
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FIG. 4. (Color online) (a) Low-temperature thermal conductivity
of TasPd;Te;¢ (sample S1) in magnetic fields up to 2 T, applied
along the ¢* direction. All the curves are roughly linear. The solid
lines are fits to /T = a 4+ bT. The dashed line is the normal-state
Wiedemann-Franz law expectation Ly/po(2 T), where L, is the
Lorenz number 2.45 x 1078 W QK2 and py(2 T) = 4.54 uQ cm.
(b) Normalized (/T of Ta;Pd;Te;s as a function of H/H,,. Similar
data of the clean s-wave superconductor Nb [23], the dirty s-wave
superconducting alloy InBi [24], the multiband s-wave superconduc-
tor NbSe, [25], and an overdoped d-wave superconductor T1-2201
[21] are also shown for comparison. The normalized «o(H)/T of
Ta,Pd;Teyq clearly mimics that of T1-2201.

method of extrapolating to 7 — 0. We take H = 2 T as the
bulk H.»(0) of TasPds;Te;s. To choose a slightly different bulk
H»>(0) does not affect our discussions of the field dependence
of ko/ T below.

In Fig. 4(b), the normalized o/ T of TayPd;Te;¢ is plotted
as a function of H/H., together with the clean s-wave
superconductor Nb [23], the dirty s-wave superconducting
alloy InBi [24], the multiband s-wave superconductor NbSe,
[25], and the overdoped d-wave cuprate superconductor Tl-
2201 [21]. For Ta4Pd;Teq, the field dependence of «o/T
clearly mimics the behavior of TI-2201. This rapid increase
of ko/T in magnetic field further rules out the case that
the significant o/ T results from a small nonsuperconducting
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FIG. 5. (Color online) (a), (b) Low-temperature resistance of the
Ta,Pd;Teyq single crystal (sample S8) under various pressures up to
21.9 kbar. (c) The pressure-dependent 7, defined by p = 0. There
is a clear superconducting dome, with a maximum 7, = 6.7 K at
optimal pressure p. = 3.1 kbar. (d) The pressure dependence of the
exponent n of resistance. There is a clear minimum of n near p,.

metallic portion in the sample, since it should not change so
dramatically in magnetic field. The rapid increase of /T
in magnetic field should come from the Volovik effect of
nodal quasiparticles, thus providing further evidence for nodes
in the superconducting gap [16]. To our knowledge, so far
all nodal superconductors have an unconventional pairing
mechanism [1]. In this regard, the nodal gap we demonstrate
from thermal conductivity results suggests unconventional
superconductivity in Ta4Pd;Teje.

To obtain further clues about the pairing mecha-
nism in TasPd;Te;s, we map out its temperature-pressure
phase diagram by resistivity measurements under pressures.
Figures 5(a) and 5(b) present the low-temperature resistivity
of the TayPd;Te¢ single crystal (sample S8) under various
pressures up to 21.9 kbar. At ambient pressure, the 7T, is
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4.2 K, defined by p = 0. With increasing pressure, the T, first
increases sharply to 6.7 K at 3.1 kbar, enhanced by 60%. Then
it decreases slowly to 1.8 K at 21.9 kbar. The nonmonotonic
pressure dependence of 7, is plotted in Fig. 5(c), which shows
a clear superconducting dome.

A temperature-pressure (7, vs p) or temperature-doping
(T, vs x) superconducting dome has been commonly observed
in many unconventional superconductors, including heavy-
fermion superconductors, cuprate superconductors, iron-based
superconductors, and Q2D organic superconductors [1]. For
example, the heavy-fermion superconductor CeColns mani-
fests a T, vs p superconducting dome, and the unconventional
superconductivity with d,2;,» symmetry may result from
the antiferromagnetic spin fluctuations [26]. Theoretically,
it has been shown that unconventional superconductivity
with d,, symmetry can also appear in close proximity to a
charge-ordered phase, and the superconductivity is mediated
by charge fluctuations [27,28]. This may be the case of
the pressure-induced superconductivity in 17'-TiSe,, with the
superconducting dome appearing around the critical pressure
related to the charge-density wave (CDW) meltdown [29].

For TasPd;Teq, recent electronic structure calculations
showed that its electronic states are mostly derived from
Te p states with small Ta d and Pd d contributions, which
places the compound far from magnetic instabilities [13]. Two
scanning tunneling microscopy (STM) studies on TasPd;Tei¢
found commensurate modulations along the atom chains,
which may arise from CDW [30,31]. Recent Raman scat-
tering experiments also revealed a possible CDW transition
or the emergence of CDW fluctuations below a tempera-
ture in the 140-200 K range [32]. CDW usually appears
in low-dimensional compounds, such as tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ), NbSes, and NbSe;
[33-35], and therefore it is not surprising that CDW exists in
layered TasPd;Te;s with a Q1D structure. The absence of a
resistivity anomaly in the resistivity curve suggests that the
CDW in Ta,Pd;Te ¢ is quite weak, since the robustness of the
CDW can be reflected from the resistivity anomaly, as seen in
TTE-TCNQ, NbSes, and NbSe; [33-35].

To examine whether the superconducting dome relates
to a CDW meltdown in TasPds;Te;s, we carefully fit the
resistance data up to 25 K to po(T) = po+ AT" for each
pressure, and plot the pressure dependence of the exponent
n in Fig. 5(d). There is a clear minimum of n near the optimal
pressure p. = 3.1 kbar. A similar pressure dependence of n has
been observed in 17-TiSe, [29]. For 1T-TiSe,, the n = 3 at
pressure above 40 kbar is attributed to the phonon-assisted s-d
interband scattering, and the suppression of z in the 2040 kbar
pressure region signifies the presence of CDW fluctuations
around a critical pressure of 30 kbar [29]. In this context,
pe = 3.1 kbar is likely the critical pressure where the CDW
in TayPd;Te ¢ is completely suppressed. If this is the case, the
nodal superconductivity in Ta4Pd;Te ¢ may originate from the
CDW fluctuations [27,28].

In summary, we study the superconducting gap structure
of the layered superconductor TasPd;Te;¢ by low-temperature
thermal conductivity measurements. The significant «y/ 7 in
zero magnetic field and its rapid field dependence suggest
nodes in the superconducting gap. Further measurements of
resistivity under pressure reveal a superconducting dome in
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the temperature-pressure phase diagram. These results indicate
unconventional superconductivity in TasPd;Te;s. With the
recent STM and Raman evidence for the existence of CDW and
our observation of the suppression of the exponent n near the
optimal pressure p., TasPd;Te ¢ may provide a rare platform
to study the unconventional superconductivity near a CDW
instability. Clarifying the pairing symmetry and mechanism
of this layered superconductor will give us understandings of
unconventional superconductivity.
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