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Tuning superconductivity and charge density wave order in TaSe2 through Pt intercalation
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Tantalum diselenide (TaSe2) has emerged as a promising platform to investigate the interplay between two
intriguing quantum electronic states in materials: the charge density wave order (CDW) and superconductivity.
In this work, we report the ability to tune these quantum electronic states by intercalating Pt into 2H−TaSe2.
By introducing 20% of Pt into 2H−TaSe2, we demonstrate that the structural phase changes from the 2H to the
4Hb phase of TaSe2 with Pt atoms intercalated within the van der Waals spacing. According to the Fermi surface
of the 4Hb phase, a Lifshitz transition occurred, destroying the Fermi-surface nesting found in the 2H phase.
This can be attributed to the structural phase transformation and the influence of donated electrons from Pt, thus
tuning the Van Hove singularities into the Fermi-level vicinity, suppressing the CDW state, and enhancing the
superconducting temperature (Tc ) to ∼2.7 K. The resulting superconducting properties of the 4Hb−Pt0.2TaSe2

are consistent with those of a BCS type-II superconductor, with a superconducting gap of 3.0 meV. Our results
provide insights into the role of electron doping and structural phase changes in fine-tuning quantum electronic-
state phenomena in materials. These findings could have significant implications in designing superconducting
materials with tailored properties for practical applications.
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I. INTRODUCTION

Materials cohosting charge density wave (CDW) and
superconducting states have been the subject of intensive re-
search in condensed matter physics and materials sciences,
providing a unique platform to understand the interplay
between these two fundamental electronic quantum states
[1–10]. A route that can carefully assist in fine-tuning these
states is essential in understanding the interplay. Recently,
inducing structural phase transition and Van Hove singulari-
ties (VHs) tuning has been demonstrated to enhance quantum
electronic states in materials [11–16]. Structural changes can
influence the position of the VHs; when fine-tuned to the
vicinity of the Fermi surface (FS) of materials, it is ob-
served to be accompanied by the emergence of electronic
instabilities [17–19]. These electronic instabilities at the FS
vicinity introduce delocalized electrons into the “Fermi sea,”
creating low-energy excitations, thus significantly impacting
the overall electronic properties of materials [20–22]. This
has led to the enhancement or formation of exotic quan-
tum states such as superconductivity, ferromagnetism, and
spin-density wave states in kagome metals, graphene, sul-
fur hydrides, and transition-metal dichalcogenides (TMDs)
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[1,2,13,23–29]. Due to the emergence of these exotic phenom-
ena, several routes, such as doping and pressure, have been
exploited to fine-tune the VHs in materials into the FS vicinity
[12,14,26,30,31]. The VHs appears as an electronic phe-
nomenon forming a saddlelike feature in the electronic band
structure [32,33]. At the VHs, the density of states (DOS)
diverges logarithmically to form highly localized electronic
states [30,34]. On tuning the VHs to the Fermi vicinity, the
FS of materials undergoes a Lifshitz transition, modifying the
electronic structure while preserving/breaking the structural
symmetry [11,35,36].

Interestingly, some TMDs and kagome metals, amongst
others, have exhibited the coexistence of CDW and super-
conductivity states with the VHs in their electronic band
structures [1,2,5,21,37–39]. These quantum materials with
VHs existing above/below the Fermi level can be tuned by
electron/hole doping to fall within the as-desired position
[23,31,40]. Here, we study bulk 2H−TaSe2, cohosting su-
perconductivity at Tc ∼ 0.1 K and CDW order transition at
∼110 K [41]. Furthermore, the VHs in the band structure lies
around ∼0.5 eV above the Fermi level along the K−G high-
symmetry line [42]. Moreso, FS nesting in 2H−TaSe2 has
been attributed to forming CDW order [41]. Through doping
or intercalation, TaSe2 structural (from 2H to 1T , 4Hb, 3R, or
6R) and electronic phase transformation can be achieved [43].
Hence, taking advantage of these properties in 2H−TaSe2, we
will attempt to tune its quantum electronic properties.
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FIG. 1. (a) Side view of the crystal structure of 2H−TaSe2 and Pt-intercalated 4Hb−TaSe2. (b) XRD patterns of pristine 2H−TaSe2 and
Pt-doped TaSe2. (c) XRD pattern and Rietveld refinement of 4Hb−Pt0.2TaSe2 at room temperature. Vertical (blue bars) stand for the positions
of Bragg peaks. (d) Index XRD pattern of 4Hb−Pt0.2TaSe2. (e) Band structure of 2H−TaSe2 (f) Brillouin zone indicating the high-symmetry
points.

In this study, we modified the quantum electronic proper-
ties of 2H−TaSe2 by carefully introducing electrons. These
were achieved by intercalating Pt atoms into TaSe2, as verified
by x-ray photoelectron spectroscopy (XPS). However, at a
concentration of 20% Pt, a structural phase transition occurs
from a 2H− to 4Hb phase, as confirmed through the Rietveld
refinement of x-ray diffraction (XRD) data. Moreso, the VHs
and Fermi surface tuning from the electronic structure can be
observed to have occurred. This can be attributed to the occur-
rence of a Lifshitz transition. The resultant 4Hb−Pt0.2TaSe2 is
found to be a type-II superconductor with a superconducting
transition temperature of ∼2.7 K and a completely suppressed
CDW order.

II. EXPERIMENT AND DENSITY-FUNCTIONAL
THEORY DETAILS

Single crystals of PtxTaSe2 (x = 0, 0.05, 0.1, and 0.2) were
synthesized using the chemical vapor transport method. The
stoichiometric molar ratio of high-purity Pt, Ta, and Se pow-
ders (purchased from Alfa Aesar and Sigma-Aldrich) were
mixed based on PtxTaSe2 (x = 0, 0.05, 0.1, and 0.2) with one
mole of iodine to serve as a transport agent, and the mixture

was then sealed in an air-evacuated ampoule tube. The sealed
tubes were then placed at room temperature in a two-zone
furnace and heated for 5 days while maintaining the furnace
at 900 °C in the evaporation zone and 800 °C in the growth
zone. The furnace was cooled to room temperature after
5 days. High-quality single crystals were obtained at the end
of the ampoule. The crystal’s diffraction was measured using a
Panalytical x-ray diffractometer with Kα radiation. Transport
properties measurements at low temperatures were carried out
using a Quantum Design physical property measurement sys-
tem at the Hefei center for instruments, University of Science
and Technology, China.

All first-principle calculations were carried out using the
QUANTUM ESPRESSO [44] density-functional theory package
to gain insight into the electronic properties of the compounds,
with generalized gradient approximation of Perdew-Burke-
Ernzerhof for the exchange correlation [45]. The cutoff energy
of 90 Ry and a Gamma-centered k mesh of 11 × 11 × 5
were used for the Brillouin-zone sampling. We also used
the WANNIER90 code [46] to obtain the materials’ maximally
localized functions; surface Green’s function [47] was used as
implemented in WANNIERTOOLS [46] package to calculate the
surface states’ dispersion of the materials.
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FIG. 2. XPS spectra of (a) Ta 4 f region of 2H−TaSe2. (b) Se 3d region of 2H−TaSe2 (c) Ta 4 f region of 4Hb−Pt0.2TaSe2. (d) Se 3d
region of 4Hb−Pt0.2TaSe2. (e) Pt 4 f region of 4Hb−Pt0.2TaSe2.

III. RESULTS AND DISCUSSION

Our extensive analysis, based on both experimental and
theoretical results, reveals that the introduction of Pt atoms
into TaSe2 crystal introduces electron-like charge carriers.

The presence of such charge carriers in semimetal/metallic
materials while hosting quantum electronic-states behavior
such as CDW and superconductivity is known to modulate
such states [37,38]. In our case, carrier doping in TaSe2 sup-
pressed the charge density wave states while enhancing the
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FIG. 3. Band structure of (a) 2H−Pt0.1TaSe2 and (b) 4Hb−Pt0.2TaSe2. Fermi surface of (c) 2H−Pt0.1TaSe2 and (d) 4Hb−Pt0.2TaSe2.

superconducting transition temperature, as demonstrated by
transport properties measurement carried out at low tempera-
tures.

Single crystals of the PtxTaSe2 (x = 0, 0.05, 0.1, and
0.2) compounds were synthesized using the chemical va-
por transport method. The crystal structure of 2H−TaSe2

and the intercalated TaSe2 with Pt atoms are visually repre-
sented in Fig. 1(a). X-ray diffraction was utilized to analyze
the as-synthesized single crystals, as depicted in Fig. 1(b).
The XRD results showed that 2H−TaSe2, 2H−Pt0.05TaSe2,
and 2H−Pt0.1TaSe2 exhibit a hexagonal structure with a
P63/mmc space group, and the peaks were well indexed using
the PDF No. 04-008-0163 card. A slight shift in the 002 peaks
of 2H−Pt0.05TaSe2 and 2H−Pt0.1TaSe2 indicates possible
lattice expansion. Also, possible new peaks were observed
around 2θ = 30◦ and 53◦ in the XRD results of Pt0.2TaSe2.
Rietveld refinements were performed on the XRD data of the
sample using the GSAS-II software [48], with the results of the
observed, calculated, and difference plots shown in Fig. 1(c)
for Pt0.2TaSe2. The best fit was obtained when Pt atoms were
placed in the octahedral positions of the van der Waals gaps
between the TaSe2 layers, forming a stacking sequence of
1H−TaSe2 and 1T −TaSe2 similar to the 4Hb−TaSe2 struc-
ture. The final agreement factors converged to Rwp = 17.6%
with refined crystallographic data of a = b = 3.476 Å, c =
26.917 Å, V = 281.755 Å3, and a P63/mmc space group.
All the indexed peaks of 4Hb−Pt0.2TaSe2 are displayed in
Fig. 1(d). Hence, it can be deduced that at doping 20% Pt into
TaSe2, a crystal-structure phase modification from 2H to 4Hb

occurs.
Building on our initial analysis, we utilized x-ray photo-

electron spectroscopy to delve deeper into the behavior of
Pt atoms in the as-synthesized compounds and to determine
their chemical state. The XPS spectra of both the pristine and

the Pt-doped TaSe2 are displayed in Fig. 2. On comparing
the XPS spectra in Figs. 2(a)–2(d) of the Ta 4f and Se 3d
region of both 2H−TaSe2 and 4Hb−Pt0.2TaSe2, a subtle shift
towards lower binding energy is observed in the latter. This
suggests electrons transfer from Pt to the TaSe2 host, leading
to the formation of boFig. 2(e),nds with the Se atoms and
a modification in the electronic structure of the materials.
The presence of Ta2O5 peaks in Figs. 2(a) and 2(c) is at-
tributed to oxides formation on the sample’s surface during
post-treatment [49,50]. Furthermore, from the XPS spectra of
4Hb−Pt0.2TaSe2 around the Pt 4 f region, the Pt 4 f7/2 peaks
with a binding energy of 72.9 eV are in accord with Pt ions in
the Pt2+ oxidations state [51,52], thus indicating a successful
intercalation of Pt atoms into 2H−TaSe2.

Previous research has shown that electron/hole doping
into the TaSe2 can modify its intrinsic electronic prop-
erties [53–55]. The calculated bulk band structure of the
2H−Pt0.1TaSe2 and 4Hb−Pt0.2TaSe2, as shown in Fig. 3,
was calculated using the WANNIER tool to easily distinguish
between the compounds bulk and topological surface states,
as well as the VHs features modulations. Neither of the com-
pounds was observed to host nontrivial topological surface
states from the bulk band structures in Figs. 3(a) and 3(b).
However, there is significant modulation of the band struc-
tures of the compounds with the increase of Pt concentration
from 10 to 20%. In comparison, as observed, the conduction
bands show a downward shift.

One of the most critical observations in the Fermi sur-
face map of CDW materials like 2H−TaSe2 is the presence
of Fermi-surface nesting [54]. At the normal phase of
2H−TaSe2, its Fermi surface is known to host holelike pock-
ets centered around G and K points, with “dog-bone”-shaped
electron pockets around the M point [56,57] as shown in
Fig. 3(c). However, at a commensurate CDW state with a
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FIG. 4. (a) Plot of resistivity against the temperature of 2H−Pt0.05TaSe2 and 2H−Pt0.1TaSe2, indicating the charge density wave (CDW)
transition. (b) Plot of resistivity against the temperature of 4Hb−Pt0.2TaSe2 (inset showing the superconducting transition temperature).
(c) Measured zero-field-cooling (ZFC) and field-cooling (FC) magnetic susceptibility of 4Hb−Pt0.2TaSe2 under magnetic field Hdc = 10
Oe. (d) Resistivity against temperature plot under a varying magnetic field of 4Hb−Pt0.2TaSe2. (e) Plot of lower critical-field values against
temperature. Orange line through the data is the best fit of the data to the Ginzburg-Landau equation with the Hc1 = 1.425 T. (f) Plot of upper
critical-field values against temperature. Orange line through the data is the best fit of the data to the WHH with the Hc2 = 2.367 T.

3 × 3 state, the Fermi surface undergoes a reconstruction,
and the dog bone around M moves to the G point, while
the holelike pockets around the K degenerate twice to form
concentric pockets [39,53,56–59]. Figure 3(c) shows that from
the Fermi-surface plots of 2H−Pt0.1TaSe2, there is almost
an identical observation with the commensurate CDW Fermi
surface of 2H−TaSe2, indicating a possible presence of a
CDW state. However, at its K point, electron-like pockets
appear due to Pt doping.

Moreover, in an angle resolution photoelectron spec-
troscopy analysis of the CDW state suppression in PdxTaSe2

[54], a topological Lifshitz transition is observed from
electron-like pockets in the Fermi surfaces as observed in the
2H−TaSe2 to two holelike pockets [60]. Accompanied by dis-

mantling the dog bone, Fermi surfaces are caused by the slight
separation between the two holelike pockets. Interestingly,
these two holelike pockets manifested a van Hove singularity
of the saddle-point type, as observed in the Fermi-surface
map.

As Fig. 3(d) shows, two degenerate holelike pockets appear
at points K and G as the concentration of Pt increases from
10 to 20%. Moreover, these two holelike pockets corroborate
with a saddle-point van Hove singularity feature, as seen in
Fig. 3(b) around the K high-symmetry point. Also, the dog
bones, like the Fermi surface observed in 2H−Pt0.1TaSe2

around the M point, are eliminated in 4Hb−Pt0.2TaSe2. Based
on these findings, a change phase from a CDW material to a
metal in 4Hb−Pt0.2TaSe2 can be said to have occurred.
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The appearance of saddle-point VHs close to the
Fermi level in materials amplifies the electron correla-
tion, resulting in a CDW or superconductivity at low
temperatures [18,23,61,62]. The transport measurements
of the as-synthesized PtxTaSe2 (x = 0.05, 0.1, and
0.2) crystals at low temperatures were carried out to
explore their exotic electronic properties. Figure 4(a)
shows the temperature-dependent resistivity plot of the
doped TaSe2 crystals, where each of the 2H−PtxTaSe2

(x = 0.05 and 0.1) compounds display a typical
metallic, with a distinct humplike transition around
∼100 K, indicating the presence of a charge density wave
behavior. The 2H−PtxTaSe2 (x = 0.05 and 0.1) compounds
barely superconduct. Interestingly, as demonstrated in
Fig. 4(b) 4Hb−Pt0.2TaSe2, the CDW is completely suppressed
and hosts superconductivity at a transition temperature of
∼2.7 K. To further confirm the presence of superconductivity
in 4Hb−Pt0.2TaSe2 as shown in Fig. 4(c), we measured its
dc magnetic susceptibility (4πχ ) for the field-cooled (FC)
and zero-field-cooled (ZFC) modes at Hdc = 10 Oe from
T = 1–10 K. The FC mode exhibits minor susceptibility,
attributed to complicated magnetic flux pinning effects.
From the susceptibility plot in Fig. 4(c), an inflection occurs
at 2.7 K, indicating a diamagnetic transition, a typical
superconducting behavior. This can also be used to estimate
the superconducting critical temperature of 4Hb−Pt0.2TaSe2,
consistent with the resistivity measurements in Fig. 4(b).

Furthermore, to gain more insight into the superconducting
nature of 4Hb−Pt0.2TaSe2, we measured resistivity around the
Tc at various external magnetic fields, as shown in Fig. 4(d).
It is noted that the increase in the applied external mag-
netic field gradually suppresses the Tc of 4Hb−Pt0.2TaSe2,
extracting the transition temperature (T) where the resistiv-
ity falls 90% for each applied magnetic field. Fitting the
plotted data in Fig. 4(e) with the Ginzburg-Landau equa-
tion [63]: Hc1(T ) = Hc1(0)[1 − ( T

Tc
)
2
], we can estimate the

lower critical field. We get an excellent fit on fitting with
the Hc1 = 1.425 T. Also, fitting the data in Fig. 4(f) to
the Werthamer-Helfand-Hohenberg (WHH) [64], Hc2(T ) =
Hc2(0)[

(1−( T
Tc

)
2
)

(1+( T
Tc

)
2
)
] Based on the single-band model. As shown

in Fig. 4(f), our data are well fitted to the model with an
estimated upper critical field value of Hc2 = 2.367 T. From
the Hc2 of 4Hb−Pt0.2TaSe2, the coherence length [ξGL(0)]
can be calculated using ξGL(0) = [φo/(2 π Hc2(0))]1/2, where
φo = h/(2 e) [65]. Hence, ξGL(0) = 233 nm. Moreover, we

evaluated the superconducting gap (�) of 4Hb−Pt0.2TaSe2

using the BCS theory. The equation can be approximated
as � = 1.76 kB Tc = 3.0 meV, consistent with a conventional
BCS superconductor. As observed from the extracted su-
perconducting properties, the Hc2 > Hc1 and ξGL(0) > than
the lattice of 4Hb−Pt0.2TaSe2. Thus, this indicates that
4Hb−Pt0.2TaSe2 is within the strong-coupling limit and a
type-II superconductor [66,67].

IV. CONCLUSION

In conclusion, we have successfully synthesized and
characterized single crystals of PtxTaSe2 with doping concen-
trations of x = 0, 0.05, 0.1, and 0.2 in terms of their physical,
electronic, and chemical properties. XRD showed that doping
20% Pt atoms into 2H−TaSe2 resulted in a structural phase
modification from 2H to 4Hb, with the intercalation of Pt
atoms into the van der Waals spacings. Further XPS analysis
investigations revealed that the chemical doping of Pt atoms
into TaSe2 resulted in an injection of electrons into the system.
The superconductivity of 4Hb−Pt0.2TaSe2 was particularly
enhanced, to a transition temperature of ∼2.7 K and complete
suppression of the CDW ordering state. Our findings indicate
that electron doping in TaSe2 can result in structural and elec-
tronic states modulation, which can facilitate the mediation of
exotic quantum states.
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