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Here, pristine and Pd-intercalated 2H-TaS, single crystals with (00/) orientation were grown by the chemical
vapor transport technique. The superconductivity (SC) and charge density wave (CDW) were characterized by
magnetic and electrical transport measurements. We find that SC and CDW in the pristine 2H-TaS, condense
respectively at transition temperatures 7. ~ 0.8 K and Tcpw ~ 78 K. The CDW order is completely suppressed,
and T; is greatly enhanced to 4.5 K in 2H-Pd, ¢4 TaS,, which concludes a competing relation between the two
collective electronic states. The positive Hall coefficient Ry for both samples above 78 K indicates that hole-type
carriers dominate the transport properties, and almost the same Ry reveals tiny charge transfer between the
intercalant Pd and the host TaS,. The difference of Ry below 78 K between TaS, and Pd, o4 TaS, is attributed
to the reconstruction of the Fermi surface by Pd-intercalation-induced collapse of the CDW order. Therefore,
the prominently improved 7; in 2H-Pd 04 TaS, is mainly caused by the change of electronic structure due to the
suppression of the CDW state rather than charge injection by Pd intercalation.
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I. INTRODUCTION

As a member of the quasi-two-dimensional transition
metal dichalcogenides (TMDs), TaS, has drawn continuous
research attention recently due to its diverse structural
phases and abundant electronic properties [1,2]. 17-TaS,
hosts a sequence of successive charge-density-wave (CDW)
transitions, the Mott phase [3,4] and possible quantum spin-
liquid state [5,6]. Ising superconductivity (SC) was observed
in monolayer TaS, (1H-TaS;) [7], and chiral SC has been
reported recently in CDW material 4H,-TaS, which exhibits
strong spin fluctuations [8,9]. The subject of this paper
2H-TaS, undergoes a CDW transition at ~78 K and a super-
conducting transition at ~0.8 K, and chiral charge order was
revealed by scanning tunneling spectroscopy [10]. Therefore,
TaS, is thought to be an important material for probing the
relationship of various electronic orders in correlated electron
systems. SC and CDW are two competing many-body
collective electronic states frequently occurring in quasi-
two-dimensional TMDs. The origin of both quantum states
is driven by Fermi surface instability and electron-phonon
coupling (EPC). The two electronic phenomena can be
modulated extensively via various ways, such as high pressure
[3,11-15], ionic-liquid gating [16—20], and chemical doping
[21-29]. Another aspect is that the van der Waals structure
of TaS, makes it an excellent platform to explore electronic
phenomena [9,30,31] and build quantum devices [32,33].
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Several mechanisms behind the formation of CDW in
2H-TaS, were proposed, including Fermi surface nest-
ing [34], saddle points near the Fermi surface [35], and
momentum-dependent EPC [36-39]. The SC and CDW or-
ders, and the interplay between them, have been widely
investigated by intercalation of alkali metals, transition met-
als, and organic molecules into the van der Waals gap of
2H-TaS; in the past decades [40—45]. The doping dependence
of electronic phase diagrams were obtained for the inter-
calated 2H-TaS, system [42—-45]. Upon intercalation, Tcpw
decreases, but T; increases, yielding strong evidence for the
competition between these two orders. Recently, we have suc-
cessfully synthesized a series of 2H-Pd,TaS, (0.01 < x <
0.08) polycrystalline samples. The CDW state was inhibited
progressively upon Pd intercalating, and the maximum 7; of
4.2 K was observed at x = 0.04 [46]. Tunable SC and CDW
in this system make it a superior platform for experimentally
studying the evolution of electronic properties at the normal
and superconducting states with doping. However, there is
still a lack of 2H-Pd,TaS, single crystals, which prevents
in-depth investigation into the effect of nonmagnetic dopant
Pd intercalation on SC and CDW in 2H-TaS,. Although a
wide variety of two-dimensional atomically thin TMD materi-
als could be prepared by molten-salt-assisted chemical vapor
deposition [47], it is very difficult to acquire pure and inter-
calated 2H-TaS, bulk single crystals with high quality due to
the stacking faults that often emerge along the ¢ axis in TMDs
and due to the intergrowth with 3R and 4H polytypes because
of small formation-energy differences [28,30,41,42,48,49].

In this paper, we present a study on the high-quality pristine
and Pd-intercalated 2H-TaS,; single crystals by transport and
magnetic measurements to further shed light on the variation
of electronic properties and the relationship between SC and

©2023 American Physical Society


https://orcid.org/0000-0002-1503-7055
https://orcid.org/0000-0003-4642-7782
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.075103&domain=pdf&date_stamp=2023-08-02
https://doi.org/10.1103/PhysRevB.108.075103

NI, ZHOU, LIN, RUAN, LI, ZOU, XU, AND REN

PHYSICAL REVIEW B 108, 075103 (2023)

CDW. The CDW transition at 78 K for 2H-TaS, completely
vanishes in 2H-Pdy 04 TaS,, while T; is boosted from 0.8 K in
2H-Ta$,; to 4.5 K in Pdg 04 TaS,, which is the highest T in the
fifth- and sixth-row-metal-intercalated 2H-TaS, hitherto. The
Hall effect measurements indicate that the transport properties
are governed by hole-type carriers, and the charge transfer
between Pd and TaS, layers is diminutive. The difference in
Hall coefficient Ry below 78 K between the two samples im-
plies the reconstruction of the Fermi surface after destroying
the CDW condensation. In this paper, we suggest that the
markedly improved 7 is mainly caused by the development
of electronic structure due to the suppression of the CDW
state rather than carrier injection by Pd intercalation, which
confirms that SC and CDW orders are competitive in this
system.

II. EXPERIMENT

The pristine and Pd-intercalated 2H-TaS, single crystals
studied here were grown using the chemical vapor transport
(CVT) technique with iodine as a transport agent. High-purity
Pd (Alfa Aesar, 99.998%), Ta (Alfa Aesar, 99.999%), and S
(Alfa Aesar, 99.999%) with molar ratio x:1:2 (x = 0, 0.04)
were thoroughly mixed with iodine (5 mg/cm?) and sealed
in an evacuated quartz tube. The sealed quartz tube was
placed in a horizontal two-zone tubular furnace. The source
and growth zones were heated to 870 and 750 °C in 24 h,
respectively, and kept at this temperature gradient for 15 d
and followed by natural cooling to room temperature. Fi-
nally, shiny 2H-Pd,TaS, (x =0, 0.04) single crystals with
hexagonal morphology were yielded. The x-ray diffraction
(XRD) patterns at room temperature for phase identification
were recorded on a PANalytical diffractometer with Cu-Ko
radiation. The magnetic susceptibility for down to 0.4 and
2 K was measured on a Quantum Design MPMS-3 sys-
tem equipped with and without an iHe3 insert, respectively.
The electrical transport measurements were conducted on a
Quantum Design PPMS-16T system. In-plane resistivity oqp
and Hall resistivity p,, were measured using the six-probe
method. The Hall resistivity p, was precisely determined by
the difference of the transverse resistivity in positive and neg-
ative fields, i.e., pxy(MOH) = [pxy(/vLOH) - pxy(_/vl«OH)]/z’ to
eliminate the longitudinal resistivity contributions resulting
from the voltage probe misalignment.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the room temperature XRD patterns of
the pristine and Pd-intercalated 2H-TaS, single crystals. Only
single-preferred (00/) orientation for both single crystals
has been observed. Compared with 2H-TaS,, the diffraction
peaks of 2H-Pdy4TaS; shift consistently to lower angles,
which can be seen more obviously in the inset of Fig. 1(b),
evincing the enlargement of the c axis after Pd intercalation.
The c-axis lattice parameters of 2H-TaS, and 2H-Pd ¢4 TaS,
calculated from the (00/) peaks are 12.081 and 12.109 A,
respectively, which are consistent with the previously reported
values [46,50]. Remarkable c-axis expansion by only 4% Pd
doping demonstrates that Pd atoms intercalate into the van der
Waals gaps between the neighboring TaS,-trigonal prismatic
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FIG. 1. (a) Crystal structures of pristine and Pd-intercalated
2H-TaS;. The two-tone balls represent the disordered distribution of
Pd. (b) Pristine and Pd-intercalated 2H-Ta$S, single-crystal samples
exhibit a single preferred (00/) orientation, as characterized by x-ray

diffraction (XRD) 6-26 scan. The inset reveals the shift of (002)
reflection after Pd intercalation.

layers rather than substitute the intralayer Ta sites. Moreover,
such low Pd doping level is generally believed not to induce
a change in crystallographic symmetry, i.e., both crystals
crystallize in the space group P63/mmc, which implies that
the guest species is disorderedly distributed in the interlayer
octahedral interstices of the host as supposed in many
metal-intercalated TMDs [51-54], which is schematically
illustrated in Fig. 1(a).

The superconducting critical temperature 7, ~ 0.8 K for
2H-TaS, was confirmed by the onset of the diamagnetic tran-
sition, as shown in Fig. 2(a), in good agreement with the
previously reported 7. [55], which reveals that our sample
has no stacking faults, Ta self-intercalation, and other imper-
fections that could cause higher 7; values ranging from 2 to
3.5 K with bulk SC absent [42,50,56]. Upon Pd intercala-
tion, 7, has been enhanced by ~5.6 times, up to 4.5 K in
2H-Pd ¢4 TaS,, characterized by magnetic susceptibility and
electrical resistivity measurements, as shown in Fig. 2. The T,
value is slightly higher than that reported for polycrystalline
Pdg04TaS; (1. = 4.2K) due to the presence of inhomogene-
ity in the polycrystalline sample [46]. Intriguingly, the T
of 4.5 K is the highest in the fifth- and sixth-row-metal-
intercalated 2H-TaS; reported. The reason for this remains an
open question and is pending clarification in the future. Sharp
superconducting transition and 100% diamagnetic shielding
signal of 2H-Pd 4 TaS, single crystal demonstrate the high
quality and bulk SC of the sample.

In pristine 2H-TaS;, the clearly visible kink on the
resistivity p,,(7T) curve and singular point on the d p,,(T)/dT
curve in the upper panel of Fig. 3(a) are associated with the
emergence of a long-range incommensurate CDW (ICDW)
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FIG. 2. (a) Temperature dependences of magnetic susceptibility
near the superconducting transitions for 2H-TaS, (the square sym-
bols) and 2H -Pd, o4 TaS,; (the circle symbols) single-crystal samples.
The data were measured in zero-field-cooling mode and corrected for
demagnetization factor. (b) Temperature-dependent in-plane resistiv-
ity at low temperature for Pd-intercalated 2H-TaS, single crystal.

order with Tepw ~ 78 K, which is also identified by a
significant anomaly on the magnetic susceptibility curve [the
lower panel of Fig. 3(a)]. However, such an anomaly is not
observed on the resistivity and magnetic susceptibility curves
in Fig. 3(b) for 2H-Pd ¢4 TaS,, which suggests the absence of
CDW transition. Here, T-dependent resistivity above Tcpw for
2H-TaS, and above T. for Pdy¢4TaS, can be well described
by the Bloch-Griineisen-Mott (BGM) formula [57]:
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where p is the T-independent residual resistivity, the second
term describes a contribution from the s-d interband scatter-
ing, and « is the Mott coefficient. The third term represents
a T-dependent resistivity caused by electron-phonon interac-
tion. Here, A is a coupling constant, and ©F is the Debye tem-
perature. The residual resistivity ratio (RRR = R3pox /R73x)
is reduced from ~3 in TaS; to ~2 in Pdy ¢4 TaS,, which again
reflects that Pd as scattering centers is successfully introduced
into the TaS, matrix. Here, A is related to the strength of
EPC. The A values are obtained from the fitting as 0.57 and
0.19 mQcm for 2H-TaS, and 2H-Pdy4TaS,, respectively,
which phenomenologically points out that electron-phonon
interaction may play an important role in the formation of
CDW in this system [36,38,39,58].

Below Tcepw, the resistivity p,,(T) of the pristine 2H-TaS,
drops more rapidly, suggesting an enhanced metallic behavior
in the CDW state, but the drop in the susceptibility around
Tepw is ascribed to the decrease of the density of states (DOS)
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FIG. 3. (a) and (b) The in-plane electrical resistivity (upper
panel) and static magnetic susceptibility (lower panel) up to 300 K
of 2H-TaS, and 2H-Pd, ¢4 TaS, single crystals, the blue solid lines
show the fitting of the normal state data by the Bloch-Griineisen-
Mott (BGM) formula. Magnetization is measured under magnetic
field uoH = 1T along the ¢ axis. The insets in (a) and (b) show
temperature derivative of in-plane resistivity.

at the Fermi level, which is consistent with the opening of the
CDW gap. This phenomenological conflict between enhanced
metallicity and reduced DOS in the CDW state implies differ-
ent underlying band structures that govern the two phenom-
ena. This scenario is supported by previous angle-resolved
photoemission spectroscopy and optical spectroscopy exper-
iments [58,59], in which the CDW order was found to gap
out the Fermi surface around the K point, but leaves the hole
pocket Fermi surface around the I' point unaffected. Thus,
it is rational to associate the resistivity behavior with the
I" band and susceptibility with the K band. The absence of
any anomaly on the normal-state susceptibility and electrical
resistivity of Pdy4TaS, evidences the collapse of the long-
range ICDW order. The concurrence of the CDW breakdown
and the significant SC improvement indicates competition
between SC and CDW in the Pd-intercalated 2H -TaS,. We no-
tice this competition also observed in other TMDs [3,41,60].
To gain more insight into the evolution of the electronic
properties due to Pd intercalation, we performed Hall resistiv-
ity measurements on the pristine and Pd-intercalated 2H-TaS,
single crystals by sweeping the fields up to 9 T at various
fixed temperatures. The Hall resistivity o.,(poH ) of 2H-TaS,
is linearly proportional to the magnetic field poH above Tcpw,
while it slightly departs from linearity at the low-field regime
below Tepw [Fig. 4(a)], where the transport properties could
be understood by a multiband scenario. However, po,,(1oH ) of
2H-Pd ¢4 TaS, shows linear behavior with positive slope at all
measuring temperatures [Fig. 4(b)]. The Hall coefficient Ry is
defined as the magnetic field derivative of py,(uoH), Ry =
dpyy(oH)/d(uoH) at the zero-field limit, and the tempera-
ture dependences of Hall coefficient Ry(7") are summarized
in Fig. 4(c). The Hall coefficient Ry of pristine 2H-TaS;
is positive and weakly T dependent above Tcpw, decreases
rapidly below Tcpw, and then changes its sign. The de-
crease in the Ry below Tcpw evidences the weakening of the
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FIG. 4. (a) and (b) Magnetic field dependences of Hall resistivity
Pxy(oH ) at different temperatures for 2H-TaS, and 2H-Pd, ¢4 TaS,
single crystals. Not all data are shown for clarity. (c) Temperature
dependences of Hall coefficient Ry for 2H-TaS, (the solid square
symbols) and 2H-Pd ¢4 TaS, (the hollow circle symbols) single crys-
tals, showing the sign change around Tcpw ~ 78 K.

contribution from the hole components, which is because the
Fermi surface is partially gapped in the CDW state [59]. The
positive Ry over the whole temperature range for Pdg o4 TaS,
without CDW transition indicates that the hole-type carriers
dominate the charge transport in this compound. The tem-
perature dependence is weak, though a gradual increase is
observed below 100 K, which implies the possible multiband
feature. Such behavior is also observed in 2H-Cug 3 TaS; [61]
and CDW-free material 2H —NbS, [62]. Almost the same
Ry in pristine and intercalated TaS, above 78 K suggests
comparable carrier concentration in the two cases and negli-
gibly small charge transfer between the intercalant Pd and the
parent TaS,. The rigid band model for layered TMDs, which
supposes that minor doping just leads to tiny shift of the Fermi
level but could not remarkably modify the band structures
[63-66], is inadequate to interpret the striking changes of T
and transport properties induced by slight Pd intercalating
into 2H-TaS,. The difference of Ry below 78 K between
TaS, and Pdgo4TaS, is attributed to the reconstruction of
the Fermi surface by Pd-intercalation-driven collapse of the
CDW order. As revealed in Fig. 1(b), Pd intercalation enlarges

the van der Waals gap between the TaS, layers and could
effectively decouple individual layers. This will reduce the
interlayer coupling, which could cause the CDW breakdown
and SC enhancement, like the effect of thickness reduction
[67,68]. In addition, impurity scattering from the disorderly
distributed Pd also could disrupt the ordering of the CDW
state. Therefore, we believe that the great enhancement of 7
in 2H-Pdg ¢4 TaS, is mainly caused by the change of the Fermi
surface due to the suppression of CDW instability rather than
carrier injection by Pd intercalation.

Further, the increase of carrier concentration with Pd
doping was demonstrated by the larger magnetic suscepti-
bility x(7) in 2H-Pdyp4TaS, than 2H-TaS,. Here, x(7T) of
2H-Pd 04 TaS, shows a Curie-Weiss-like behavior at low
temperatures possibly owing to a small local moment that
stems from the nonmagnetic dopant Pd intercalation, while
the difference of carrier concentration at 100 K was esti-
mated only as ~4% according to the formula n = 1/(eRy).
These results indicate tiny charge transfer between Pd and
the TaS, host layer. The carrier densities at 15 K for
2H-Pdy 04 TaS, and 2H-TaS, are 7.5 x 10*'holes/cm? and
2.2 x 10*'electrons/cm?, respectively. Therefore, the Pd in-
tercalation does not primarily act as a mechanism for carrier
injection but most probably leads to the collapse of the CDW
order. The latter causes the development of electronic struc-
ture, thereby improved SC.

The CDW transition mechanism and the interplay of SC
and CDW phases in 2H -TaS, remain controversial. Fermi sur-
face nesting [34,59] and Fermi patch [69] mechanisms have
been applied for understanding the origin of the CDW. Recent
studies tend to the notion that the CDW transition in 2H-TaS,
is not of Peierls-type origin, and Fermi surface nesting is not
the only driven force. Rather, this transition is believed to
be induced by momentum-dependent EPC [58,70], which is
implicitly reflected by the A value in the BGM formula in this
paper. Albeit no consensus has been reached, it is undoubted
that the formation of CDW is correlated with both EPC and
Fermi surface topology, which are also the links connecting
SC with CDW. CDW and SC states are competitive on the
Fermi surface. The enhanced T in the Pd-intercalated Ta$S, is
principally due to the reconstruction of the Fermi surface like
that predicted for pressurized 2H-TaS, [70], possibly includ-
ing the modification of its shape or size and the emergence of
additional Fermi pockets. Additionally, EPC may play a role
in the evolution of CDW and SC in this system, which needs
further study.

IV. CONCLUSIONS

In conclusion, the effect of Pd intercalation on SC and
CDW and the interplay between the two ordered states in
the 2H-TaS, system have been discussed by transport and
magnetic measurements on the high-quality 2H-TaS, and
2H-Pd ¢4 TaS, single crystals. The CDW order breaks down
entirely, and 7. increases considerably in 2H-Pdgo4TaS;,
which supports a competitive relation between SC and CDW.
The enhancement of SC is mostly ascribed to the change of
electronic structure after the suppression of the CDW state.
Our results present experimental support for illuminating the
physical origin of SC and CDW in 2H-TaS,.
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