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ABSTRACT: Two-dimensional (2D) van der Waals heterostructures
(VDWHs) containing a charge-density wave (CDW) and super-
conductivity (SC) have revealed rich tunability in their properties,
which provide a new route for optimizing their novel exotic states.
The interaction between SC and CDW is critical to its properties;
however, understanding this interaction within VDWHs is very
limited. A comprehensive in situ study and theoretical calculation on
bulk 4Hb-TaSe2 VDWHs consisting of alternately stacking 1T-TaSe2
and 1H-TaSe2 monolayers are investigated under high pressure.
Surprisingly, the superconductivity competes with the intralayer and
adjacent-layer CDW order in 4Hb-TaSe2, which results in
substantially and continually boosted superconductivity under
compression. Upon total suppression of the CDW, the super-
conductivity in the individual layers responds differently to the charge transfer. Our results provide an excellent method to efficiently
tune the interplay between SC and CDW in VDWHs and a new avenue for designing materials with tailored properties.
KEYWORDS: 2D materials, charge-density wave, superconductivity, bulk van der Waals heterostructure, charge transfer, high pressure,
TaSe2

Two-dimensional (2D) van der Waals heterostructures
(VDWHs)1−3 have attracted great interest in the past

decade, especially for improving their emerging properties as
multifunctional devices and determining their fundamental
mechanisms. Metallic 2D transition-metal dichalcogenide
(TMD) VDWHs that possess charge-density wave (CDW)
states and superconductivity (SC) have recently attracted
tremendous attention for their highly modulated CDW orders
and superconductivity,4−8 showing huge potential for multi-
functional devices with practical applications. More interest-
ingly, many theoretical and experimental studies have
demonstrated that the CDW orders involved in the displace-
ments are not only from the in-plane metallic atoms but also
from the out-of-plane chalcogen atoms,9,10 which may largely
modulate the properties of adjacent components when
fabricating them into VDWHs. Furthermore, it is well-known
that the modulation of the CDW states through chemical or
physical tuning tools commonly glues the superconducting
properties,11−19 in that both of them originate from the
instability of the Fermi surface and electron−phonon coupling
(EPC).

However, the studies of electronic properties induced by the
CDW order, such as Mott insulating states20 and “better (or
poor)” conductor behavior,21 and the relationship (e.g.,
coexisting, competing, or cooperating)11−19 between CDW
and superconductivity within VDWHs are still limited.
Furthermore, although a few successful cases have tuned the
electrical-transport properties on 2D-limit layered materials,
such as trilayer graphene in a diamond anvil cell,22 the wide-
range applications of this technique to 2D VDWHs are still
technically challenging. Addressing these problems requires
suitable material systems in combination with advanced
regulation and diagnostic tools that could enable the fine
tuning of the layered interaction and in situ characterization of
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the electrical-transport properties. Recently, the emerging
natural bulk TMD VDWHs that share configurations similar
to those of 2D VDWHs are ideal systems suitable for such
studies. They are alternately stacked with octahedral (T) layers
with CDW order and trigonal-prismatic (H) layers with
superconductivity and different CDW orders.23−27 Pressure is
a clean, continuous, and reversible way to regulate the
interlayer coupling by changing the interlayer distance without
introducing any chemical impurities into VDWHs.28,29

Pressure has also been broadly applied in bulk TMD systems
to tune the electronic properties associated with the CDW
states and superconductivity.11−19

Here, we synthesized a 4Hb-TaSe2 single crystal, which is
alternately stacked by the T-layer and H-layer TaSe2 (see
synthesis details in the Method section and characterizations in
Figure S1 in the Supporting Information). At ambient
pressure, we observed H-layer superconductivity (Tc ≈ 2.2
K) and two electrical transport signatures induced by CDW
transitions from the H-layer (at ∼73 K) and T-layer (at ∼410
K). By applying pressure, the superconductivity of the H-layer
can be boosted by the suppression of the H-layer CDW, as well
as the T-layer CDW due to the three-dimensional nature of the
T-layer CDW. More interestingly, when the CDW states are
suppressed by pressure, the dual-layer superconductivity (from
H-layer and T-layer) starts to appear at 9.6 GPa. Compared to
the bulk counterparts, the superconductivity of the H-layer is
more sensitive to charge transfer than the T-layer due to
different electronic band structures.

Structurally, alternately stacking 1T-TaSe2 and 1H-TaSe2
monolayers yield the natural heterogeneous 4Hb-TaSe2 phase

with a space group P63/mmc hexagonal symmetry (Figure
1a).30 Compared with the bulk 1T- or 2H-TaSe2 structure
(Figure S2), the doubled distance along the stacking direction
(c axis) between the adjacent H−H or T−T layers significantly
weakens the interlayer coupling. As a consequence, the
electronic band structures of monolayer 1T- and 1H-TaSe2
are relatively well-preserved within 4Hb-TaSe2 (Figure S3). At
ambient pressure, the observed Tc of bulk 4Hb-TaSe2 at 2.2 K
(Figure 1b) is in line with the theoretical prediction from
monolayer 1H-TaSe2 (∼2.2 K),31 but it shows a significant
enhancement compared to the bulk 2H-TaSe2 (∼0.2 K).32 To
the best of our knowledge, this is the first observation of a
superconducting transition in 4Hb-TaSe2. A similar enhance-
ment of superconductivity has also been reported in similar
structures of 4Hb-TaS2 and 6R-TaS2 very recently.23−25,27

Furthermore, the magnetic anisotropy of 4Hb-TaSe2 is
characterized by the upper critical field in-plane (Hc2

∥ ) to
out-of-plane (Hc2

⊥ ) (Hc2
∥ /Hc2

⊥ = 7.5) ratio, which is significantly
enhanced by about 3 times compared to the bulk 2H-TaSe2.33

The details can be found in Figure S4. As shown in Figure 1b,
the rapid drop in the R(T) curve at ∼73 K indicates that the
H-layer enters into the incommensurate CDW (ICCDW)
state,34 while the sudden increase in resistance is contributed
by the commensurate CDW (CCDW) in the T-layer (∼410 K
at ambient pressure; see Figure S4a) as shown in Figure 1c.
Here, the transition temperature of the CCDW (TCCDW

T ) for
the T-layer and ICCDW (TICCDW

H ) for the H-layer are
determined by the minimum value of dR/dT and the
deflection point (shown in the insets of Figure S4a,b),
respectively.

Figure 1. Crystal structure and high-pressure electrical transport measurements of bulk 4Hb-TaSe2. (a) Crystal structure of 4Hb-TaSe2 under
ambient conditions. (b−d) Selected R(T) profiles at different pressures: 0 GPa ≤ P ≤ 1.1 GPa (run 1), 1.6 GPa ≤ P ≤ 3.8 GPa (run 1), and 3.8
GPa ≤ P ≤ 30.0 GPa (run 2), respectively. The criteria for determining Tc are indicated in (b) and (d) as the intersection point of the two
extrapolated R(T) straight lines. Insets in (b) and (c) present an enlarged view of the pressure-boosted Tc in the H-layer. (e) R(T) profiles at
different magnetic fields for 7.1 GPa (top) and 19.5 GPa (bottom). (f) Temperature-dependent upper critical field μ0Hc2 at 7.1 and 19.5 GPa. The
solid lines represent the Ginzburg−Landau (GL) fittings.35 Here, Tc is defined by the resistance criterion Rc = 90% Rn, where Rn is the normal state
resistance just above its drop.
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To investigate the interplay between the SC and CDW
states with pressure in 4Hb-TaSe2, we conducted in situ high-
pressure electrical transport measurements on single-crystal
flakes between 2 and 300 K. Two independent runs were
performed with different pressure-transmitting media (PTM):
run 1 with NaCl powder for 0 GPa ≤ P ≤ 9.3 GPa and run 2
with silicone oil for 1.5 GPa ≤ P ≤ 43.0 GPa. The complete
R(T) profiles, including both cooling and warming processes,
can be found in Figure S5. The criteria for determining TCDW
at various pressures are shown in Figure S6. As shown in
Figure 1b,c, the signature of the ICCDW (CCDW) state in the
H-layer (T-layer) cannot be identified from the R(T) curves
above 1.1 GPa (3.2 GPa). Interestingly, Tc initially increases
accompanied by the suppression of ICCDW in the H-layer
below 1.1 GPa. However, it continuously increases concom-
itantly with the suppression of the CCDW in the T-layer and
reaches a maximum value of 3.7 K at 2.8 GPa (the inset of
Figure 1c) where the CCDW is largely suppressed, and then it
decreases until 5.3 GPa (Figure 1d). Remarkably, at 9.6 GPa
and above, the resistance slightly drops first, followed by a fast
drop and its onset temperature varies with pressure, which
indicates that a new superconducting transition occurred in the
4Hb-TaSe2 sample. A high-pressure structural analysis and
first-principles calculations support that the emergent super-
conductivity with a higher Tc originates from the T-layer.
Figure 1e displays the R(T) curves at different magnetic fields
for 7.1 and 19.5 GPa, and the corresponding μ0Hc2 as a
function of the critical temperature Tc is given in Figure 1f. In
contrast to a single temperature (T)−magnetic field (H)
profile at 7.1 GPa, the T−H profile at 19.5 GPa can be divided
into two parts, indicating that two superconducting states
coexist. By fitting the μ0Hc2(T) with the GL equation, the zero-
temperature μ0Hc2(0) of the H-layer and T-layer can be
estimated to be ∼0.53 and ∼0.32 T, respectively. Herein, we
call the two superconducting transitions emerging from two
distinguished layers “dual-layer superconductivity”.

Figure 2a summarizes the CDW and SC transition
temperatures vs the pressure of 4Hb-TaSe2. We found that
both CDW states from the H- and T-layers follow a mean-field
power law,36 TCDW(P) = T0(1 − P/Pc)β, where T0 is the
transition temperature of the CDW state at ambient pressure
and β is an exponential parameter. For the H-layer (T0 = 73
K), TICCDW

H falls rapidly as (1 − P/Pc)0.5 with pressure, yielding
Pc = 1.4 GPa. Elastic neutron scattering on 4Hb-TaSe2 did not
find any hint of CCDW down to 10 K.34 Freitas et al. reported
that the transition temperature of ICCDW of bulk 2H-TaSe2
(TICCDW

2H ) was first suppressed at ∼4.4 GPa, followed by the
reentry of CCDW, and survived until 20 GPa,15 while Chu et
al. reported the CCDW transition temperature of bulk 2H-
TaSe2 (TCCDW

2H ) as ∼1.7 GPa.37 For the T-layer (T0 = 410 K),
the critical Pc = 3.32(1) GPa is almost half of that in bulk 1T-
TaSe2, and the exponential parameter β = 0.62(2) is slightly
higher than that of bulk 1T-TaSe2.16 We further analyzed the
R(T) curves of the normal state with the empirical formula
R(T) = R0 + A·Tn at Tc < T ≤ 30 K. Here, R0 is the residual
resistance contributed from impurity scattering, A is a
prefactor, and n is the exponential parameter. n(P) (Figure
2b, left) forms a dip accompanied by a peak in A(P) (Figure
2b, right) at ∼2.5 GPa, while the first dome-like H-layer’s
Tc(P) is also centered near this pressure. All these suggest the
scenario of quantum fluctuation induced by the suppression of
the CDW state in the TMD system.14,16,18 However, the
situation in 4Hb-TaSe2 is more complicated. The first

enhancement of superconductivity is caused by the suppres-
sion of ICCDW in the H-layer below 1.1 GPa, while the
further enhanced superconductivity and the SC dome are
related to the suppression and the possible quantum
fluctuation of the CCDW order in the T-layer. This is
understandable because the CCDW of the T-layer is three-
dimensional (3D) while the ICCDW in the H-layer is
2D.9,10,34 The out-of-plane displacements of “star of David”
clusters in the CCDW phase cause a periodic swelling of the T-
layer.9,10 Thus, the suppression of the CCDW in the T-layer
would also influence the superconductivity of the adjacent H-
layer.

A pressure-induced structural phase transition (SPT) from a
layered quasi-2D to a 3D crystal structure has been reported
recently for 1T-TaS2 and 2H-TaS2 bulk samples,17,19 and their
structural evolutions were closely related to superconductivity.
To check whether the new superconductivity in our 4Hb-
TaSe2 system was induced by SPT, we performed in situ high-
pressure XRD measurements. Figure 3a shows the selected
XRD patterns between 1.5 and 40.8 GPa. All representative
diffraction peaks shifted to high angles during compression,
and no new peaks were observed, indicating that 4Hb-TaSe2
retains its ambient crystallographic symmetry, which rules out
a SPT as the origin of the emergent higher-Tc super-
conductivity. However, the Bragg peaks are broadened after
∼20 GPa (Figure 3a and Figure S7a,b). We have carefully
analyzed the full width at half-maximum (FWHM) and the
Bragg peak center positions by fitting the intensity profiles of
representative Bragg peaks (004) and (104) with the Gaussian
model. As shown in Figures S7c,d, both the 2θ(P) and
FWHM(P) profiles show obvious changes at ∼10.0 and ∼20.0
GPa. Considering that no SPT occurs in compressed 4Hb-
TaSe2, these anomalous behaviors of Bragg peaks may imply an
isostructural phase transition (iSPT). Then, we extracted the
structural parameters (including lattice parameters, bond
length, and unit cell volume) by a structural refinement

Figure 2. TCDW and Tc vs P diagrams of 4Hb-TaSe2 and analysis of
the normal states of the R(T) profiles. (a) Left y axis: CDW transition
temperature TCDW. The solid curves are the fitting results by the
mean-field power law, TCDW(P) = T0(1 − P/Pc)β. Right y axis:
superconducting transition temperature Tc. (b) The pressure-
dependent fitted parameters exponent n (left y axis), and A (right y
axis), respectively.
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analysis of the XRD patterns from ambient pressure to the
highest pressure of 40.8 GPa. Representative refinement
profiles are plotted in Figure S8. As shown in Figure 3b,
compared to the near-continuous compression of normalized
lattice a/a0, c/c0 presents a clear three-stage compression
behavior: a fast shrinkage for 0 GPa ≤ P ≤ 10.0 GPa followed
by two different linear compression rates for 10.0 GPa ≤ P ≤
26.0 GPa and 26.0 GPa ≤ P ≤ 40.8 GPa. The c/a ratio (Figure
3b, right) also shares a similar three-stage behavior. The
discontinuities of the pressure-dependent lattice parameters
have also been reported for other TMDs (such as 1T-TiTe2).39

And the nearly pressure-independent c/a ratios in Figure 3b
have also been observed in 1T-TiTe2, which signifies a
transformation from an anisotropic quasi-2D to an isotropic
quasi-3D structure.39

To explore whether the layered nature is maintained or not
at high pressure, we further extracted the interlayer Se−Se
distance and intralayer Ta−Se bond length as a function of
pressure; the results are presented in Figure 3c. The interlayer
Se−Se distance between the T- and H-layers tends to form a
peak for 10.0 GPa ≤ P ≤ 26.0 GPa, which is in marked
contrast to “valleys” of the intralayer Ta−Se bond length in the
H-layer and T-layer (also see Figure S9 for the layer-dependent
compression behavior and the distortion of the geometric
ligands). Such a strong competing correlation between the
interlayer Se−Se distance and intralayer Ta−Se bond length
implies the occurrence of iSPT upon compression, which
consequently leads to the compression anomalies of the c/a
ratio at 10.0 GPa. Above 26.0 GPa, the compressed interlayer
Se−Se distance is comparable to the intralayer Ta−Se bond
length in either the T-layer or H-layer, which further confirms
the formation of a quasi-3D structure. It should be noted that
4Hb-TaSe2 still maintains its layered nature because the

Figure 3. Synchrotron XRD and structure evolution of 4Hb-TaSe2 at
high pressure. (a) Representative powder XRD patterns between 1.5
and 40.8 GPa (run 1). (b) Pressure-dependent normalized
compression ratios a/a0 and c/c0 (left) and c/a (right) extracted
from powder diffraction Rietveld refinements. The solid lines are
guides for the eyes. (c) Interlayer Se−Se distance and Ta−Se bond
length in the H- and T-layers as a function of pressure. The solid lines
and light purple shades are guides for the eyes. (d) Pressure-
dependent unit-cell volume. Solid lines are the fitting curves with the
Birch−Murnaghan equation of state.38

Figure 4. Calculated band structures, phonon dispersions, and EPC of 4Hb-TaSe2. (a) The left panel shows the projected band structures of the H-
layer (orange) and T-layer (green) at 20 GPa. The right panel presents the projected electronic density of states (DOS) in states/eV unit cell. (b)
Projected phonon dispersions and PDOS of the H-layer and T-layer at 20 GPa, revealing well-separated low-frequency (below 150 cm−1) and high-
frequency (above 150 cm−1) phonon branches. (c) The individual Eliashberg spectral function α2F(ω) and accumulated frequency-dependent EPC
constants are projected to the H- and T-layers at 20 GPa. (d) The pressure-dependent EPC constant λ and its projections to the T-layer and H-
layer between 15 and 35 GPa. (e) The pressure-dependent charge transfer from the T-layer to the H-layer. The dashed lines are guides for the eyes.
(f) Density of states at the Fermi level N(EF) as a function of pressure.
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interlayer Se−Se distance of 2.6 Å at the highest pressure of
40.8 GPa in this work has not reached the Se atoms’ covalent
bond length (2.3 Å),40 as shown in Figure 3c. As shown in
Figure 3d, the fitting with the second-order (B0′ = 4.0) Birch−
Murnaghan equation of state38 yields bulk moduli of B0 =
50.7(2.3) GPa and V0 = 258.4(8) Å3 in the quasi-2D region (0
GPa < P < 10.0 GPa) and B0= 71.2(8.6) GPa and V0 =
249.6(5.2) Å3 in the quasi-3D region (26.0 GPa < P < 40.8
GPa). A second run of high-pressure XRD (Figure S10) and
Raman-scattering measurements (Figure S11) undoubtedly
confirms the iSPT of 4Hb-TaSe2 at ∼10 GPa and the transition
from quasi-2D to quasi-3D at above 26 GPa. This iSPT is
reversible after fully releasing the applied pressure (see Figures
S10 and S11 in the Supporting Information).

Electronic band structure calculations (Figures S12 and S13)
show that there is no pressure-induced topological change at
the Fermi surface. The structural relaxation calculations
suggest that the CCDW in the T-layer disappears at 10 GPa
(Figure S14). The experimental electrical transport measure-
ments confirm the missing signature of the CCDW in the T-
layer at 3.2 GPa and above (Figure 1c); thus, one could expect
that the long-range CCDW order transforms to a short-range
order and the latter may survive until ∼10 GPa. With this
consideration, we calculated the projected phonon spectra and
EPC strengths from 15 to 35 GPa without CDW influence. As
a representative, the individual projections of the band
structure and phonon dispersion to the H-layer and T-layer
at 20 GPa are presented in Figures 4a,b, respectively. The
Eliashberg spectral function α2F(ω) and the accumulated
frequency-dependent EPC constants λ(ω) are plotted in
Figure 4c. It can be seen that the low-frequency and high-
frequency phonon branches make almost equal contributions
to the total λ. At 20 GPa, the total λ is ∼0.88. On projection
into the individual layer, the λ of the T-layer (∼0.48) is higher
than that of the H-layer (∼0.4). Figure 4d depicts the
evolution of the total λ and its layer-dependent projection
between 15 and 35 GPa. The result demonstrates that the EPC
strength from the T-layer is always stronger than that of the H-
layer, resulting in a higher Tc from the T-layer (Figure S15).
The projected EPC constant in phonon dispersions at 20.0
GPa is displayed in Figure S16.

We also calculated the Bader charge to estimate the charge
transfer between the T-layer and the H-layer in 4Hb-TaSe2
(see Figure 4e). It shows 0.055 electron per TaSe2 formula unit
(e/f.u.) transfers from the T-layer to the H-layer at ambient
pressure, to equalize the two Fermi levels of the H-layer and T-
layer in forming 4Hb-TaSe2.34,41,42 When applying pressure,
the charge transfer slightly increases by 0.005 e/f.u. until 10
GPa, together with the quasi-2D nature of the compression
character discussed previously with the XRD probe, indicating
that the interlayer coupling is very weak. However, the charge
transfer shows an abnormal increase at 10 GPa and reaches a
maximum of 0.07 e/f.u. at 14 GPa, followed by a rapid
decrease with pressure and remains at the lowest value of
∼0.05 e/f.u. beyond 26 GPa, where 4Hb-TaSe2 transforms to a
quasi-3D structure, consistent with the XRD result.

Furthermore, for the dual-layer superconductivity (>9.6
GPa), the Tc value of the H-layer within 4Hb-TaSe2 is lower
than that of the bulk 2H-TaSe2,15 while the superconductivity
of the T-layer is almost invariable compared to bulk 1T-TaSe2
(although the superconductivity enters at different pressures
for 4Hb-TaSe2 (9.6 GPa) and bulk 1T-TaSe2 (4.5 GPa)).16

According to previous works, the charge transfer may result in

the modulation of DOS at the Fermi level (N(EF)).43,44

Consequently, the superconductivity would be influenced by
the change of N(EF) according to the Bardeen−Cooper−
Schrieffer (BCS) theory (Tc ∝ N(EF)).45 Thus, we further
calculated the N(EF) values of the T-layer, H-layer (within
4Hb-TaSe2), and their bulk counterparts in the pressure range
of 10−35 GPa. As shown in Figure 4f, N(EF) of the H-layer is
significantly decreased compared to that of the bulk 2H-TaSe2,
while N(EF) of the T-layer is almost in line with that of the
bulk 1T-TaSe2. This can be explained by the different shapes of
the DOS of the T(H)-layer near the Fermi level: a rather flat
DOS shape of the T-layer and a sharp peak of the H-layer near
the Fermi level (Figure 4a). Consequently, the shift of the
band induced by the charge transfer cannot pronouncedly
change N(EF) of the T-layer, in stark contrast to the H-layer.
Thus, the superconductivity of the H-layer is more sensitive to
interlayer coupling than the T-layer.

In summary, we comprehensively investigated the interplay
between the CDW and SC in a natural 4Hb-TaSe2
heterostructure, which consists of alternately stacking 1H-
and 1T-layers. Under high pressure, we observed both CDWs
and SC from individual layers and a competing relationship
among the CDWs and SC. The suppression of the CDW
boosts SC not only in its layer but also within the adjacent
layer. Furthermore, dual-layer superconductivity emerges when
both CDW orders collapse. The different phase diagrams from
the H- and T-layers in 4Hb-TaSe2 and the noticeable
differences between them and their bulk counterparts reveal
that the electronic properties are largely dependent on the
structural configurations. The special competing relationship
and dual-layer superconductivity reported here for the first
time in TMD VDWHs provides crucial guidance for the
application of devices based on VDWHs and offers a new
direction to deepen our understanding of this interesting class
of materials.
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■ ABBREVIATIONS
2D, two-dimensional; VDWHs, van der Waals heterostruc-
tures; TMD, transition-metal dichalcogenide; CDW, charge-
density wave; SC, superconductivity; EPC, electron−phonon
coupling; HTHP, high temperature and high pressure; DOS,
density of states; ICCDW, incommensurate charge-density
wave; CCDW, commensurate charge-density wave; SPT,
structural phase transition; and iSPT, isostructural phase
transition
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