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We systematically investigated the structural and superconducting properties of polycrystalline 2H-LixTaSe2 (0.1 ≤
x≤ 1.0) synthesized via a high-temperature solid-state reaction. Lithium (Li) intercalation induces an expansion along the
c-axis and intralayer distortions within the Ta–Se coordination network. The superconducting transition temperature (Tc)
is increased to 2.95 K at x = 0.1 driven by the synergistic enhancement of the electronic density of states at the Fermi
level, N(EF), and strengthened electron–phonon coupling. With further Li doping, although N(EF) continues to increase,
lattice stiffening and pronounced distortions in the Ta–Se coordination polyhedra weaken the electron–phonon interaction,
ultimately suppressing superconductivity. These findings highlight the critical role of intralayer structural modulation in
governing structure-tunable superconductivity in layered materials.
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1. Introduction
Layered transition metal dichalcogenides (TMDCs) are

an important class of quantum materials that exhibit rich elec-
tronic phenomena, including charge-density waves (CDWs)
and superconductivity (SC), due to their low-dimensional
structure and strong electron–phonon interactions. These ma-
terials adopt a layered crystal structure with the general for-
mula MX2, where M represents a transition metal (e.g., Ti,
Zr, Hf, V, Nb, Ta, Mo, W, or Re), and X denotes a chalco-
gen element (S, Se, or Te).[1–3] Each MX2 layer comprises a
hexagonally arranged transition metal sheet sandwiched be-
tween two chalcogen layers, with adjacent layers held together
by weak van der Waals forces. This structural feature not only
gives rise to anisotropic electronic behavior but also enables
intercalation of external atoms or molecules, offering an ef-
fective strategy for tuning the electronic structure and physical
properties.[4–6] Due to these structural characteristics, TMDCs
provide a versatile platform for exploring tunable correlated
states, including CDWs and SC.

TaSe2 is a representative member of the TMDC family,
exhibiting multiple polymorphic structures, including 1T, 2H,
3R, 4H and 6R phases.[7] Specifically, 2H-TaSe2 exhibits low-
temperature superconductivity at approximately 0.14 K,[8]

along with two characteristic CDW transitions: an incommen-
surate CDW at 120 K and a commensurate CDW at 90 K.[9–11]

Previous studies have shown strong competition and mutual
exclusivity between CDW order and the SC state. Experi-
mental results indicate that applying external pressure effec-
tively suppresses the CDW state, thereby enhancing the Tc to
as high as 8.5 K.[12] Chemically, partial substitution of sele-
nium with sulfur (e.g., in the TaSe2−xSx system) can enhance
Tc to around 2.5 K.[13] Furthermore, the intercalation of non-
magnetic elements (e.g., Cu, Ni, Pd, Pt, Sn, In, Pb)[14–20] ex-
pands the interlayer spacing and increases carrier concentra-
tion, thereby further enhancing its superconducting properties.
Meanwhile, alkali metal intercalation, as an important tuning
strategy, has shown significant potential in enhancing SC in
various TMDCs. For example, SnSe2 transforms from a semi-
conductor to a metal upon Li intercalation and exhibits super-
conductivity at low temperature.[21] In AxTaS2 (A = Li, Na, K,
Rb, Cs) systems, intercalated alkali ions can enhance Tc up to
6 K.[22]

The influence of alkali metal intercalation on the 2H-
TaSe2 system has also been preliminarily investigated.[23–27]

For instance, early studies employed n-butyllithium solution to
intercalate Li into 2H-TaSe2 single crystals, but the resulting
2H-Li0.99TaSe2 did not exhibit superconductivity.[24] In con-
trast, Wu et al. achieved controlled Li intercalation in two-
dimensional 2H-TaSe2 thin layers using a liquid electrolyte
gating technique and successfully induced a superconducting
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transition at around 2 K.[25] These findings suggest that the in-
tercalation method and the resulting structural evolution have
a significant impact on the superconducting properties, partic-
ularly in two-dimensional systems. In this study, we systemat-
ically investigate the effect of Li intercalation on the structure
and superconducting properties of 2H-TaSe2 over a broad dop-
ing range. Unlike previous studies that mainly focused on sin-
gle crystal or low-dimensional systems, our approach in high-
temperature solid-state synthesis enables precise control of Li
content and comprehensive characterization of bulk physical
properties. The observed non-monotonic dependence of Tc

with Li doping is analyzed in terms of lattice distortion, elec-
tronic density of states, and electron–phonon coupling. Our
findings provide new insights into structure-tunable supercon-
ductivity in TMDCs and may inspire further exploration of
intercalation-driven quantum phase modulation in layered ma-
terials.

2. Experimental details
Polycrystalline 2H-LixTaSe2 samples were synthesized

via a high-temperature solid-state reaction. The starting ma-
terials (99.9% Li2Se, 99.99% Ta, 99.9% Se powders) were
weighed according to the stoichiometric ratio, mixed, ground,
pelletized, and sealed in an evacuated quartz tube. Due to the
volatility of Li and Se, 0.05 MPa of high-purity argon gas was
introduced into the quartz tube prior to sealing, in order to
suppress their evaporation. The sealed tube was subsequently
placed in a muffle furnace and annealed at 800 ◦C for 12 hours.
After annealing, the samples were cooled to room temperature
in the furnace.

X-ray powder diffraction (XRPD) data were collected
using a Rigaku SmartLab 9 kW diffractometer (Japan) with
Cu Kα radiation to examine the phase formation of the sam-
ples. X-ray photoelectron spectroscopy (XPS) measurements
were performed using an EscalabXi + A9951381 spectrom-
eter with Al Kα x-ray radiation as the excitation source.
The microstructure was examined using scanning electron mi-
croscopy (SEM) and energy-dispersive spectroscopy (EDS)
for elemental mapping, performed using a Zeiss Gemini SEM
500. Electrical resistivity and thermal properties were mea-
sured using a physical property measurement system (PPMS,
Quantum Design), with the resistivity determined using the
standard four-probe method. Magnetization measurements
were conducted using a magnetic property measurement sys-
tem (MPMS, Quantum Design).

2.1. Results and discussion

Figure 1 illustrates the effect of Li intercalation on the
crystal structure of 2H-TaSe2. The phase composition and
purity of the samples were characterized using XRPD data.

As shown in Fig. 1, except for a small amount of Li2Se im-
purity phase observed at high doping levels (x = 0.8–1), the
XRPD patterns of other samples match well with the standard
2H-type structure, indicating the formation of a continuous
solid solution over the Li concentration range of 0.1–0.7. The
enlarged view on the right (2θ = 12◦–15◦) further reveals a
gradual shift of the (002) diffraction peak toward lower angles
with increasing Li content, indicating successful intercalation
of Li into the 2H-TaSe2 structure. Figure 2(d) presents the
Rietveld-refined XRPD pattern of the x = 0.1 sample, which
shows good fitting quality (Rwp/Rp = 5.64%/4.28%), further
confirming its high phase purity and structural order. Fig-
ures 2(a)–2(c) display the systematic evolution of lattice pa-
rameters with increasing Li content, extracted from Rietveld
refinements of the XRPD data. As x increases, the unit cell
volume expands significantly, with the c-axis lattice constant
increasing from 12.9403(3) Å to 13.5787(4) Å and the a-axis
increasing slightly from 3.4459(4) Å to 3.4703(3) Å. This
trend is consistent with observations in other typical interca-
lated systems such as 2H-CuxTaSe2

[14] and 2H-PdxTaSe2,[20]

further confirming the effective interlayer intercalation of Li
atoms.
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Fig. 1. XRPD patterns of 2H-LixTaSe2 (x = 0.1–1). Peaks marked with ∗
indicate the presence of the Li2Se impurity phase. The right panel shows an
enlarged view of the (002) peak, which shifts to lower angles with increasing
Li content x.

Figure 2(e) further illustrates the subtle effects of Li in-
tercalation on the intralayer coordination geometry of TaSe2,
as revealed by bond lengths and bond angles obtained from
Rietveld refinements of the XRPD data. As the Li content in-
creases, the two characteristic Se–Ta–Se bond angles exhibit
distinct trends. Angle 1 gradually increases and stabilizes,
whereas angle 2 gradually decreases before reaching a plateau.
This behavior suggests a c-axis elongation of the local coor-
dination environment while preserving the overall intralayer
symmetry. Moreover, the Ta–Se bond lengths increase contin-
uously with rising Li intercalation levels, suggesting that in-
tercalation modulates the local bonding strength. The spacing
between the top and bottom Se atomic layers is also stretched,
further confirming the elastic response of the crystal structure
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along the interlayer (c-axis) direction. Previous studies em-
ploying 181Ta Mössbauer spectroscopy have shown that Li in-
tercalation partially reduces Ta4+ ions to nearly Ta3+, indicat-
ing electron donation from Li to the TaSe2 host lattice, man-

ifesting as typical n-type carrier doping.[27] This electron in-
jection process is accompanied by weak coordination or ionic
interactions between Li and Se atoms, which drives the sys-
tematic evolution of lattice parameters.[25,27]
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The effects of Li intercalation on CDW and SC were
investigated using systematic resistivity measurements. Fig-
ure 3(a) presents the temperature-dependent normalized re-
sistivity for 2H-LixTaSe2 (0.1 ≤ x ≤ 1) samples. As the Li
content increases from 0.1 to 1, the low-temperature normal-
ized resistivity gradually decreases, while the residual resistiv-
ity ratio (RRR) increases significantly. These results suggest
that Li intercalation effectively enhances the metallic behavior
of the system and reduces carrier scattering at low tempera-
tures. No signatures of CDW phase transitions were observed
across the entire temperature range, suggesting that Li interca-
lation likely weakens or fully suppresses CDW formation.[25]

Figure 3(b) provides a magnified view highlighting the super-
conducting transition in 2H-LixTaSe2. With increasing Li con-
tent, Tc increases sharply from the reported value of ∼ 0.14 K
in pristine 2H-TaSe2,[8] reaching 2.95 K at x = 0.1 and 2.65 K
at x= 0.2, before gradually declining and eventually vanishing
at higher doping levels. Figure 3(c) presents the magnetic sus-
ceptibility curves of 2H-LixTaSe2 (x = 0.1 and 0.2) measured
under ZFC and FC conditions with an external magnetic field
of 10 Oe. Low-field magnetization measurements confirm the
presence of bulk superconductivity in the 2H-LixTaSe2 sys-
tem. The trend of Tc with Li content is consistent with the re-
sistivity measurements. Additionally, similar enhancements in
superconductivity have been reported in 2H-TaSe2 through in-

tercalation with other elements in different systems.[14–17,19,20]

To determine the upper critical field (Hc2), the
temperature-dependent resistivity of the 2H-Li0.1TaSe2 sam-
ple was measured under various applied magnetic fields, as
shown in Fig. 4(a). The Tc at each field was determined us-
ing the 90% normalized resistivity criterion. The relation-
ship between Hc2 and Tc is illustrated in Fig. 4(b). By fit-
ting the experimental data using the Ginzburg–Landau (G-
L) model Hc2 = Hc2(0)[1− (T/Tc)

2]/[1+(T/Tc)
2], the zero-

temperature upper critical field Hc2(0) for 2H-Li0.1TaSe2 was
estimated to be 9.89 T.

The isothermal magnetization (M–H) curves of 2H-
Li0.1TaSe2 at various temperatures are presented in Fig. 4(c).
The lower critical field (Hc1) was determined by identifying
the deviation point from the initial linear Meissner response in
the isothermal magnetization curves. Figure 4(d) presents the
temperature dependence of Hc1. By fitting the data using the
G-L model Hc1 = Hc1(0)[1− (T/Tc)

2], the zero-temperature
lower critical field Hc1(0) was estimated to be 42.49 mT.

A range of superconducting parameters (Table 1) can be
derived from the Hc2(0) and Hc1(0) values. According to
the relevant equation Hc2(0) = Φ0/(2πξ 2), the G-L coher-
ence length (ξ ) of 2H-Li0.1TaSe2 is estimated as 5.77 nm,
with Φ0 denoting the flux quantum. The magnetic pene-
tration depth (λ ) is calculated using the equation Hc1(0) =
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Φ0/(4πλ 2)(Ink), where k = λ/ξ denotes the G-L parameter.
The obtained λ and k are 44 nm and 7.62, respectively. Since
k is much larger than 1/

√
2, this indicates that 2H-Li0.1TaSe2

is a type-II superconductor.
The low-temperature specific heat for the 2H-LixTaSe2

(x= 0.1, 0.2) samples is presented in Fig. 5. Notably, the Cp/T
versus T exhibits pronounced peaks at Tc ≈ 2.95 K (x = 0.1)
and 2.65 K (x= 0.2), consistent with the resistivity and magne-
tization measurements, further confirming the presence of bulk

superconductivity. After subtracting the phonon contribution,

the electronic specific heat component of the x = 0.1 sample

was extracted (see the inset of Fig. 5). Based on the Bardeen–

Cooper–Schrieffer (BCS) model, the jump in electronic spe-

cific heat was determined to be ∆Ce/γTc = 1.44, which is close

to the weak-coupling limit predicted by the BCS theory. This

result indicates that 2H-LixTaSe2 is a typical weak-coupling

superconductor.
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Table 1. Superconducting parameters of 2H-Li0.1TaSe2.

Parameter Unit 2H-Li0.1TaSe2

Tc K 2.95
Hc1 mT 42.49
Hc2 T 9.89
ξ nm 5.77
λ nm 44
κ 7.62
γ mJ·mol−1·K−2 9.73
β mJ·mol−1·K−4 0.91

ΘD K 184.80
λep 0.67

∆Ce/γTc 1.44
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dashed line represents a fit to the superconducting state using a single-
gap BCS model.

The normal-state specific heat between Tc and 5 K can
be fitted using the expression Cp/T = γ + βT 2, where the
γ and β represent the electronic and phonon specific heat
coefficients, respectively. The results show that as the Li
content increases from x = 0.1 to 0.2, the γ value increases
from 9.72 mJ·mol−1·K−2 to 10.43 mJ·mol−1·K−2, indicating
a higher electronic density of states at the Fermi level N(EF).
The Debye temperature (ΘD) is related to β through the ex-
pression ΘD = (12π4RN/5β )1/3, where N is the number of
atoms per formula unit and R is the gas constant. As the Li
content increases, the β decreases from 0.91 mJ·mol−1·K−4

to 0.88 mJ·mol−1·K−4, while the ΘD increases from 184.80 K
to 187.07 K, indicating a slight increase in lattice stiffness and
suggesting lattice hardening.

The extended Eliashberg theory[28] and its correspond-
ing semi-empirical McMillan formula[29] suggest that the Tc is
closely related to the electron–phonon coupling constant (λep),
ΘD and N(EF). The λep can be calculated using the McMillan
formula

λep =

1.04+µ∗In
(

ΘD

1.45Tc

)
(1−0.62µ∗)In

(
ΘD

1.45Tc

)
−1.04

.

Assuming a Coulomb pseudopotential µ∗ of 0.15, the esti-
mated λep are approximately 0.67 (x = 0.1) and 0.65 (x = 0.2).
Based on the parameters λep and γ , N(EF) was calculated
using the standard expression N(EF) = 3γ/(π2k2

B(1+ λep)),
yielding values of 2.48 and 2.71 states·eV−1 for x = 0.1 and
x = 0.2. The obtained values of λep and N(EF) are signifi-
cantly higher than those of pristine 2H-TaSe2 (λep ≈ 0.4),[20]

and are comparable to those reported for metal-intercalated
systems such as 2H-CuxTaSe2,[14] 2H-NixTaSe2,[15] and 2H-
PbxTaSe2.[20] These findings suggest that in the low-doping
regime, the enhancement of Tc in the 2H-LixTaSe2 system is
mainly attributed to the increased λep and N(EF).

However, with further increases in Li content, although
the N(EF) continues to rise, the λep does not increase accord-
ingly and instead shows a slight decline, leading to a down-
ward trend in Tc. In 2D systems, Li intercalation via ionic liq-
uid gating has been shown to enhance Tc from 0.14 K to∼ 2 K,
despite a reduced carrier concentration and a transition from a
multiband to a single-band Fermi surface. This behavior is
primarily attributed to the suppression of the CDW order and
the associated disappearance of soft phonon modes, which sig-
nificantly enhances electron–phonon interactions. In contrast,
the bulk 2H-LixTaSe2 samples exhibit a more pronounced lat-
tice response to Li intercalation, particularly in the form of
c-axis expansion and intralayer coordination unit distortions.
To better understand this behavior, the potential mechanisms
underlying the decrease in λep were further analyzed based on
the Eliashberg theory λep = N(EF)〈I2〉/(M〈ω2〉).[28] On the
one hand, Li intercalation leads to lattice stiffening, which in-
creases the average phonon frequency 〈ω2〉 and thereby weak-
ens the electron–phonon coupling strength. On the other hand,
local structural distortions may disrupt existing coupling chan-
nels or reduce the matrix element 〈I2〉, further weakening the
effective λep. As a result of the combined effects of these
two mechanisms, Tc exhibits a decreasing trend despite the
enhanced N(EF), due to the disruption of the electron–phonon
coupling mechanism.

To systematically reveal the differences in superconduct-
ing behavior induced by different intercalation pathways, the
key superconducting parameters (Tc, γ , ΘD, λep and N(EF)) of
several metal-intercalated 2H-TaSe2 and 2H-TaS2 compounds
were collected and compared, with the data summarized in
Table 2. In typical metal-intercalated systems (e.g., Pd, Ni,
Cu),[5,14,15,30–32] the introduction of d-orbital electrons and ac-
tivation of low-frequency vibrational modes during intercala-
tion usually lead to simultaneous increases in λep and N(EF),
thereby effectively enhancing Tc. A similar enhancement in
superconductivity is also observed in the Li-intercalated 2H-
TaS2 system,[33] where Tc reaches approximately 3.5 K around
x = 0.096 before slightly decreasing. This enhancement is
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attributed to the synergistic effect of CDW suppression and
increased N(EF). Structural characterizations reveal that the
crystal structure retains the 2H phase without significant dis-

tortion, thereby preserving electron–phonon coupling chan-
nels and enabling sustained enhancement of superconductiv-
ity.

Table 2. Superconducting parameters of various intercalated TMDCs.

Compound Tc (K) γ (mJ·mol−1·K−2) ΘD (k) λep N(EF) (states·eV−1) References

2H-TaS2 0.8 8 165 0.52* 2.23* [30]

2H-Pd0.04TaS2 4.2 16.84 208.5 0.73 4.14 [31]

2H-Ni0.04TaS2 4.15 13.02 244.7* 0.69* 3.27* [32]

2H-Cu0.04TaS2 4.5 12 165 0.8* 2.85* [30]

2H-Li0.096TaS2 3.5 11.2 245 0.65 3.04* [33]

2H-TaSe2 0.14 5 202 0.4 1.51 [20]

2H-Pd0.09TaSe2 3.3 8.5 196 0.67 2.16 [20]

2H-Ni0.02TaSe2 2.7 8.13 196 0.65 2.09 [15]

2H-Cu0.07TaSe2 2.7 8.56 178.8 0.657 2.2 [14]

2H-Li0.1TaSe2 2.95 9.72 184.80 0.67 2.47 this work

2H-Li0.2TaSe2 2.65 10.43 187.07 0.65 2.71 this work

The calculated parameters derived from the data presented in Refs. [30–33] are denoted by *.

The Li-intercalated 2H-TaSe2 material exhibits a Tc en-
hancement trend similar to that of the aforementioned systems
in the low-doping regime. However, at higher doping lev-
els, its superconducting behavior then deviates significantly.
Specifically, after an initial increase, Tc decreases sharply and
eventually vanishes at x = 0.3. This phenomenon is closely re-
lated to c-axis expansion and intralayer coordination distortion
induced by intercalation, suggesting that local structural per-
turbations and increased lattice stiffness play a dominant role
in modulating the electron–phonon coupling mechanism and
ultimately destabilize the superconducting state. This transi-
tion from cooperative enhancement to superconductivity sup-
pression highlights the profound impact of structural pertur-
bations on electron–phonon coupling and superconducting be-
havior in TMDCs, offering new insights into the design of tun-
able layered superconductors.

3. Conclusion
In conclusion, our results reveal a non-monotonic evo-

lution of superconductivity in 2H-LixTaSe2 induced by Li
intercalation, governed by the interplay between enhanced
electron–phonon coupling and intercalation-induced structural
distortions. The superconducting transition temperature Tc

reaches a maximum of 2.95 K at x = 0.1, driven by both the
strengthened coupling strength and increased N(EF). How-
ever, further Li doping induces lattice stiffening and intralayer
coordination distortions, and ultimately suppresses supercon-
ductivity despite continued carrier injection. These findings
underscore the dominant role of structural modulation in de-
termining the superconducting behavior, and provide valu-
able insights into intercalation-driven phase tuning in low-
dimensional quantum systems.
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