Charge Density Waves in the 2.5-Dimensional Quantum Heterostructure
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Charge density wave (CDW) and their interplay with correlated and topological quantum states
are forefront of condensed matter research. The 4Hp-TaSs is a CDW ordered quantum heterostruc-
ture that is formed by alternative stacking of Mott insulating 1T-TaSs and Ising superconducting
1H-TaS;. While the v/13 x v/13 and 3x3 CDWs have been respectively observed in the bulk 1T-
TaSz and 2H-TaS3, the CDWs and their pivotal role for unconventional superconductivity in the
4H,-TaS; remain unsolved. In this letter, we reveal the 2-dimensional (2D) V13 x v/13 chiral CDW
in the 1T-layers and intra-unit cell coupled 2D 2x2 CDW in the 1H and 1H’ layers of 4H,-TaS5.
Our results establish 4Hp-TaS2 a novel 2.5D quantum heterostructure, where 2D quantum states

emerge from 3D crystalline structure.

Electrons confined in 2-dimensional (2D) space can
give rise to unprecedented quantum phases, including
integer and fractional quantum Hall liquids [1, 2] and
topological superconductivity [3, 4]. While 2D electronic
states can be created by making 2D lattice structures
such as thin films [5], interfaces [6, 7], and exfoliated
thin flakes [8], its realization in 3D crystalline materials
remains an unresolved challenge. Recently, the 3D stack-
ing of heterostructured transition metal dichalcogenides
is emerging as a promising platform hosting unusual 2D
electronic orders [9-17]. A prototypical example is the
4Hy-TaS,, which is formed by periodic stacking of 1H
and 1T-TaS, layers and features cascade of symmetry-
breaking orders [9-12, 18]. Figure la shows the crys-
tal structure and 3x3 charge density wave (CDW) of the
monolayer 1H-TaSs. Due to the absence of inversion sym-
metry, P, the Ising-type spin-orbital coupling (SOC) lifts
the spin degeneracy near the K and K’ point in the mo-
mentum space (Fig. 1b) [19, 20] and gives rise to Ising
superconductivity below Tsc ~3 K [21-25]. Figure lc
shows the structure of P-preserving 1T-TaSs that hosts
V13 x /13 CDW and star-of-David (SoD) lattice distor-
tions. The CDW induced flatband is pushed away from
the Fermi level by developing a Mott gap, which may sup-
port a quantum spin liquid ground state (Fig. 1d) [26, 27].
By adding the stacking degree of freedom to combine the
CDW ordered 1H and 1T-TaSs layers, the 4H,-TaSs of-
fers a unique opportunity to realize 2D topological quan-
tum phases in 3D crystal structures [9, 10, 18, 28-30].
Here, using hard x-ray diffraction (XRD), we show the
emergence of 2D CDW in the 1T-layers that is sand-
wiched between intra-unit cell coupled 2D 2x2 CDWs
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Figure 1. (a) Side view of monolayer 1H-TaSy that breaks
P. Top view of Ta triangular lattice that displays 3x3 CDW
[32, 33]. (b) The electronic structure of 1H-TaS,. The Ising-
type SOC induces effective local magnetic field, Beyy, in the
momentum space that lifts the spin degeneracy. (c) Side view
of monolayer 1T-TaS, that preserves P. (d) The SoD CDW
induced band folding results in single-occupied flat band that
eventually forms the upper Hubbard band (UHB) and lower
Hubbard band (LHB). (e) Crystal structure of 4Hp-TaS,. (f)
ARPES determined electronic structure confirms the coexis-
tence of 1H and 1T electronic states.

in the 1H and 1H’ layers. The unconventional 2D CDW
structures yield Josephson coupled bilayer superconduc-
tivity at low temperature that can host orbital driven
finite momentum pairing under external magnetic field
[31].

Figure 1f shows the ARPES determined electronic
structure of 4Hy-TaS, along the I'—M direction, confirm-
ing the coexistence of 1H and 1T electronic states [10, 34].
Due to the charge transfer between 1H and 1T layers, the
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Figure 2. (a) and (b) depicts Brillouin zones of undistorted 1T-TaS; (dashed hexagon), right-handed CDW phase (pink

hexagon), and left-handed CDW phase (blue hexagon). Q""" = ¢"/* 4 G represent the right and left-handed CDW superlattice
peak positions near the G=(0, 1, 12) fundamental Bragg peak. (c) and (d) shows the H-scan of CDW superlattice peaks at
300 K. Dashed lines are fittings of the CDW peak intensity using a Gaussian function. (e) and (f) summarize the right and
left-handed CDW peak intensity distributions in the HK scattering plane. Both the peak positions and intensity distributions
of the right and left-handedness are related by M, mirror symmetry. The white triangles connect CDW superlattice peaks,
whose intensity distribution reflects the handedness of the CDW domains. (g) and (h) show L and H scans at Qg, establishing
2D CDW in the 1T layers. Error bars represent 1 standard deviation assuming Poisson counting statistics.

Mott gap in the 1T layer is collapsed leaving a flat band
on the Fermi level. Figure 2 shows the V13 x v/13 CDW
superlattice peaks in the 1T layers measured at 300 K
below the transition temperature at 315 K [32, 33]. As
shown in Fig. le, the SoD lattice distortions break in-
plane mirror symmetries giving rise to right-handed and
left-handed domains as depicted in Fig. 2a and b. For the
right-handed CDW domains, the CDW peaks are located
at q{:-q5:(3/13’ 1/13)a Q§:'q£:(_1/13a 4/13)v and qg:'
q5=(-4/13, 3/13) in the reciprocal lattice unit (r.L.u.).
For the left-handed CDW domains, the CDW peaks are
located at ¢! =-¢gb=(4/13, -1/13), ¢t=-¢},=(3/13, -4/13),
and gk=-¢5=(-1/13, -3/13) r.l.u. Here ¢"/! are reduced
momentum transfers that are related to Q"/! (Fig. 2a
and b) by the reciprocal lattice unit, G =(0, 1, 12). Fig-
ures 2c¢ and d show the CDW superlattice peaks of the
right and left-handed domains. Dashed curves are fit-
tings using a Gaussian function that yield half-width-
at-half-maximum (HWHM)~0.004 r.l.u. and in-plane
CDW correlation length, ¢, =1/HWHM~130 A. Fig-
ures 2e and f depict the extracted right and left-handed
CDW peak intensities. These plots are constructed based
on experimentally determined peak widths and intensi-
ties [35]. Both superlattice peak positions and intensi-
ties of the left and right-handed domains are related by
the mirror, M,, symmetry, as expected for the scatter-
ing near the (0, 1, 12) Bragg peak. Interestingly, we find
that the handedness of the CDW domain is encoded in
the diffraction intensities. As highlighted by the white
dashed triangles in Fig 2e and f, the peak intensity of ¢7,
¢y, and ¢f decreases clockwise (Fig. 2¢), whereas the the

peak intensity of qll, qfl, and qé decreases counterclockwise
(Fig. 2d). These handed peak intensities arise from the
CDW-induced SoD lattice distortions and can be repro-
duced by calculating relative x-ray scattering amplitude
[35]. Most surprisingly, we find that despite the interme-
diate CDW correlation length in the HK plane, the CDW
is decoupled along the crystalline c-axis as revealed by
the L-scan shown in Fig. 2g and H-scans at L=13 and
12.5 shown in Fig. 2h. These observations are in stark
contrast with bulk 1T-TaS; that forms 3D CDW [32, 36],
and hence establish a rare 2D CDW in 3D structure.

We now focus on CDWs in the 1H layers. Figure 3a
shows the XRD intensity along the (H, 0, 12) direction
at 10 K. Previous scanning tunneling microscopy studies
of 4Hy-TaS, show 3 x 3 CDW on the surface 1H-TaS,
[28, 37], in agreement with monolayer 1H-TaSs and bulk
2H-TaS,[32, 33]. Unexpectedly, our bulk sensitive XRD
shows CDW superlattice peaks at H=Integer+0.5, cor-
responding to 2 x 2 CDW in the 1H layers of 4H,-TaS,.
The insets of Fig. 3a show x-ray diffraction intensity near
(0.5, -0.5, 12) and along the (1.5, 0, L) direction. The
extracted in-plane and out-plane correlation lengths are
&) ~170 A and €, ~13 A, respectively. While the 2 x 2
CDW in the 1H layers displays a peak at L=12, the short
&) reveals an in-phase and intra-unit cell coupled 2 x 2
CDW between the 1H and 1H’ layers. Figures 3b and ¢
show the temperature dependence of CDW peak intensity
and peak width, respectively. In agreement with resistiv-
ity measurement (Fig. 4d) [38], we find that the CDW
peak intensity displays a sudden jump at T75=20 K.
Warming (yellow) and cooling (cyan) of the sample reveal
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Figure 3. (a) XRD along the (H, 0, 12) direction at 7' =10 K shows 2 x 2 CDW. Inset shows the K-scan near the (0.5, -0.5,
12) superlattice peak position and L-scan near the (1.5, 0, 12) superlattice peak position. Dashed lines are Gaussian function
fittings of the experimental data. The extracted in-plane and out-plane correlation lengths are 170 and 13 A, respectively. (b)
and (c) show the temperature-dependent peak intensity and HWHM, respectively. Yellow and cyan data were collected by
warming and cooling respectively. Since the 2 x 2 CDW is broadly peaked at L = even integers, the intra-unit cell coupled

CDW in the 1H and 1H’ layers are in-phase.

The 1 K temperature hysteresis supports a weak first-order transition.

(d)

compares DFT calculated (left) and IXS determined S(Q,w) at 30 K. (e) and (f) show IXS spectra at ¢ = 0.25 and ¢ = 0.33,
respectively. (g) and (h) show extracted phonon dispersion and peak width, respectively. Yellow and cyan in (e)-(h) represent
T =300 and 30 K, respectively. The error bars are standard deviation of the fitting parameters.

small hysteresis, AT ~1K, confirming a weak first-order
phase transition [39-42]. Interestingly, despite the signif-
icantly suppressed peak intensity above T;5=20 K, the
CDW peak remains observable until 7% =25 K. As we
discuss later, we attribute the persistent CDW to com-
peting CDW instabilities in the 1H layers.

To understand the origin of 2x2 CDW in the 1H layers,
we determine the low energy phonon dynamical struc-
ture factor, SPFT(Q,w). Figure 3d shows the compar-
ison of the density functional theory (DFT) calculated
SPET(Q, w) of 1H-TaS, and experimental S(Q,w) mea-
sured by meV resolution inelastic x-ray scattering (IXS)
at T=30 K. The inelastic phonon band corresponds to
the transverse acoustic phonon. The overall good agree-
ment between experiment and DFT calculation confirms
that the experimental spectra is dominated by the lattice
excitations from the 1H layers. Figure 3e-f compares IXS
spectra measured at Q=(1.25, 0, 12) and (1.33, 0, 12).
Yellow and cyan curves represent data collected at room
temperature and T=30 K, respectively. Black dashed
lines are fittings of the experimental data. The extracted
phonon dispersion and phonon peak width are respec-
tively shown in Figs. 3g and h. Interestingly, we find
that while the phonon dispersion remains temperature-
independent in our experimental geometry, we observe
enhanced phonon anharmonicity near the 3 x 3 CDW
wavevector. This observation suggests competing 3 x 3
and 2 x 2 CDW instabilities in the 1H layer of 4 H,-TaSs.

To confirm this scenario, we show DFT calculated

phonon dispersion of 1H-TaSs, 0.25 electron/Ta doped
1H-TaSs, and 0.5 electron/Ta doped 1H-TaS, in Figs. 4a-
¢. In the monolayer 1H-TaSs, phonon dispersion displays
lattice instabilities at both 3 x 3 and 2 x 2 wavevectors,
where the negative phonon mode reaches global mini-
mum at the 3 x 3 wavevector, consistent with the lead-
ing 3 x 3 CDW in monolayer 1H-TaSs. However, we
find that in the 0.25 electron/Ta doped 1H-TaS;, 3 x 3
CDW is completely suppressed, leaving 2 x 2 CDW as
the leading instability. The evolution of the phonon en-
ergy minimum suggests that the electron doping of the
1H-TaSsy will first enhance the competition between the
3 x 3 and 2 x 2 CDWs, then favor the 2 x 2 CDW, and
eventually kills all CDW instabilities. In 4H,-TaS,, the
electron charge transfer from the 1T to 1H layers is less
than 1/13 electron/Ta, supporting the nearly degenerate
3 x 3 and 2 x 2 CDWs in 4H,-TaSs.

Figure 4e depicts the side view of competing 3 x 3 and
2 x 2 CDWs in the 1H layers. The competing lattice
distortions induced by 3 x 3 and 2 x 2 CDWs are high-
lighted in the dashed rectangles. This competition frus-
trates the lattice structure and yields enhanced lattice
fluctuations in a way similar to frustrated spin systems.
Consequently, the CDW order in the 1H layer is expected
to be fragile. To confirm this expectation, we show the
resistivity curve and XRD of Se doped 4H-TaS1.995€q.01
in Fig. 4d. Remarkably, the 1% Se doping completely
melts CDW in the 1H layers, resulting in a homogeneous
Fermi liquid normal state. This observation is in strong
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Figure 4. (a)-(c) Calculated phonon dispersions of pristine
1H-TaS, (yellow), 0.25 electron/Ta doped 1H-TaS; (blue),
and 0.5 electron/Ta doped 1H-TaS; (purple).(d) Resistiv-
ity and x-ray diffraction of 4H,-TaS (yellow) and 4H,-
TaS1.995€e0.01 (cyan). The CDW is completely suppressed by
1% Se substitution of S. (f) Schematics of competing 3 x 3
and 2 x 2 CDWs in the Ta atoms in 1H layers.

contrast with the /13 x +/13 CDW in the 1T layers,
which is robust against change transfer and Se doping.
This lattice frustration picture also explains the weak
CDW peak between 20 and 25 K, where the CDW tran-
sition temperature is sensitive to the local environment,
such as strain force and defects. Similarly, the competing
CDW scenario reconciles the different CDW patterns on
the surface [28, 30].

Our observations of 2D handed CDWs in the 1T lay-
ers and intra-unit cell coupled 2D 2 x 2 CDW in the 1H
and 1H’ layers make 4 H,-TaSs as a novel 2.5-dimensional
(2.5D) quantum heterostructure [43]. As shown in
Fig. 1f, the 1T layer is a doped Mott-insulator with
dilute electron carriers. The 1T layers thus provide
weak screening of the inter-layer Coulomb interactions
and allow intra-unit cell coupled CDWs between 1H and
1H’ layers. The 1H/1H’ layers, on the other hand, are
good metals with large Fermi surface. Therefore, the
Coulomb interactions between 1T layers are significantly
suppressed, resulting in 2D CDW localized on each 1T
layer. It is important to note that even for the well-known
van der Waals materials, including the cuprate high T-
superconductors [44], transition metal dichalcogenides
[45-47], and AV3Sbs kagome superconductors [39], the
CDWs are 3D or quasi-2D. Our observations thus estab-
lish a rare realization of pure 2D electronic states in a 3D

crystal structure.

The emergence of the 2D electronic states in the
3D bulk structure has significant implications for low-
temperature quantum states. The isolated V13 x /13
CDW in the 1T-layers yields 2D flat band that is pinned
at the Ep [34, 48]. The 2D nature of the 1T lay-
ers provides the possibility to realize the Mott physics
and quantum spin liquid in a 3D bulk crystal 4 H;-TaSs.
The experimental observation of flat band on the Fermi
level and handed CDW provide electronic and symme-
try constraints to realize unconventional superconduc-
tivity, including the 7-breaking superconducting pairing
[9, 10, 28, 29]. On the other hand, the intra-unit cell cou-
pled CDW forms an effective 2D bilayer structure, which
has been predicted to host orbital Fulde-Ferrell-Larkin-
Ovchinnikov state [31, 49-51]. Furthermore, the forma-
tion of intra-unit cell 1H-1H’ bilayer breaks the global
mirror, M,, symmetry of 4H,-TaSs allowing the Lif-
shitz invariant term in the Ginzburg-Landau free energy
[52]. This Lifshitz invariant can stabilize finite momen-
tum pairing state in 3D systems under external magnetic
field [18].

In summary, we revealed 2D handed CDW in the 1T-
layers and intra-unit cell coupled 2D CDW in the 1H
layers. Our results highlight 4H,-TaS, as a 2.5D quan-
tum heterostructure that can host emergent macroscopic
quantum phases.
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