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Transition-metal dichalcogenides host a variety of charge-density-wave phases that couple lattice, charge, and
correlation effects. In 1T -TaS2, the commensurate and nearly commensurate states are well characterized, yet the
transition near 350 K into the incommensurate phase has lacked direct momentum-resolved insight. Here, we
use temperature-dependent angle-resolved photoemission spectroscopy to track the electronic structure across
this transition. We observe a suppression of quasiparticle spectral weight at the Brillouin-zone center, coincident
with the transport anomaly, but without clear evidence of a full band-gap opening. The transition appears to
involve momentum-dependent redistribution of spectral weight, consistent with a loss of coherence that reshapes
the Fermi surface while leaving conduction dispersions largely intact. These results suggest that the nearly
commensurate–incommensurate transition may not align with a conventional metal-insulator transition picture,
but rather as an electronic reconstruction driven by loss of coherence. Our work provides new microscopic insight
into the resistivity anomaly near room temperature and may guide design principles for collective electronic
switching in transition-metal dichalcogenides.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) have emerged
as exemplary systems for exploring correlated electronic phe-
nomena such as charge-density-wave (CDW), Mott-insulating
behavior and superconductivity [1–5]. Their quasi-two-
dimensional structure enables strong coupling between lattice
and electronic degrees of freedom, producing rich phase di-
agrams with multiple temperature-dependent electronic and
structural transitions. Among them, 1T -TaS2 stands out due
to its complex sequence of CDW phases and the interplay
with electron-correlation effects. Upon cooling, it undergoes
transitions from a high-temperature incommensurate (IC)-
CDW phase to a nearly commensurate (NC)-CDW phase near
350 K, and finally to a commensurate (C)-CDW phase below
180 K that is often associated with a Mott-insulating state
[6–9].

While the commensurate low-temperature phase has been
extensively investigated, the microscopic nature of the NC-IC
transition remains scarcely studied. Transport studies reveal
a resistivity jump near 350 K, indicating a reorganization of
the electronic states [6]. However, despite extensive ARPES
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investigations of 1T -TaS2, previous work has almost exclu-
sively focused on the low-temperature commensurate phase
[10–15], while NC-IC boundary has been comparatively less
explored in momentum space. As a result, the evolution of the
�-centered band near the Fermi level (EF ) and its role in the
transport anomaly have remained unresolved. Addressing this
open question is scientifically significant and technologically
relevant, since the sharp and reversible resistivity change near
room temperature offers promising opportunities for device
architectures based on collective electronic switching, includ-
ing ultrafast electronic switches and functional materials for
information processing [16–20].

In this work, we carry out a comprehensive temperature-
dependent ARPES study of 1T-TaS2 across the NC-IC
transition during warm up, addressing a regime previously
unexplored in momentum space. We observe a notable weak-
ening of quasiparticle spectral weight near EF around 350 K,
coinciding with the resistivity jump seen in transport. Impor-
tantly, this suppression does not correspond to the opening
of a full band gap, indicating that the transition is not
a conventional metal-insulator transition. Instead, our re-
sults reveal a momentum-selective loss of coherence in the
low-energy electronic states and a transformation of the
Fermi-surface topology. This electronic reconstruction, driven
by the structural reconfiguration of the CDW, underscores
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FIG. 1. (a) Schematic of the undistorted trigonal (normal) phase. (b) Star-of-David distortion representative of the C-CDW phase.
(c) Schematic phase diagram showing the evolution of CDW phases—C-CDW, NC-CDW, and IC-CDW—as a function of temperature.
(d) Temperature-dependent resistivity measured during cooling and warming, displaying hysteresis between 180 K and 240 K, characteristic
of the first-order NC-C transition. Inset: LEED pattern obtained at 300 K with 50 eV electrons, showing sharp diffraction spots from the bulk
crystal lattice together with additional satellite peaks arising from the commensurate CDW modulation. The red hexagon outlines the primary
hexagonal diffraction from the bulk lattice, while the blue hexagon highlights the CDW-induced

√
13 × √

13 superlattice associated with the
Star-of-David reconstruction, demonstrating the well-ordered CDW state and high crystal quality. (e) Magnified view of the resistivity near
350 K, where the slope change supports the presence of a CDW-related structural or electronic transition.

the profound coupling between lattice and electronic degrees
of freedom and provides new microscopic insight into CDW
transitions.

II. CDW PHASE SEQUENCE AND TRANSPORT RESPONSE

Figure 1 presents the crystal structure and transport be-
havior of 1T -TaS2. Figures 1(a) and 1(b) depict schematic
representations of the undistorted trigonal (normal) phase
and the Star-of-David distortion characteristic of the C-CDW
phase, respectively. In the latter, 13 Ta atoms within each clus-
ter undergo periodic displacements, forming a

√
13 × √

13
superlattice that strongly modulates the electronic potential
[3,6]. The overall temperature evolution of the CDW order
is summarized in Fig. 1(c), which traces the sequence of C-,
NC-, and IC-CDW phases upon heating [2,7,11]. A repre-
sentative low-energy electron-diffraction pattern (LEED) at
300 K in the NC-CDW phase [inset of Fig. 1(d)] shows clear
CDW-related diffraction spots [21], confirming the expected
periodic modulation and the high crystalline quality of the
samples.

The corresponding temperature-dependent resistivity
[Fig. 1(d)] exhibits pronounced hysteresis between
approximately 180 K and 240 K, reflecting the first-order
C-NC transition [6]. At higher temperatures, a second
anomaly appears near 350 K, marking the transition into the
IC-CDW phase. The relatively sharp change in resistivity at
this temperature points to a modified electronic structure near

EF . Figure 1(e) magnifies the resistivity curve near 350 K,
where a distinct slope change further supports the presence
of a CDW-related transition. Beyond their fundamental
importance, such macroscopic signatures have been shown to
enable collective switching phenomena, including ultrafast
nonthermal switching [19] and memristive behavior in thin
flakes [18].

III. ELECTRONIC RECONSTRUCTION
ACROSS THE IC-NC TRANSITION

To investigate how the structural phase transition in-
fluences the low-energy electronic states, we performed
temperature-dependent ARPES measurements along the high-
symmetry M–�–M direction of the Brillouin zone (Fig. 2).
At 300 K, well below the NC-IC transition temperature,
the electronic-band structure displays two highly dispersive
branches together with a relatively flat feature centered at
� (hereafter referred to as the zone-centered band, ZCB).
Along the dispersive branches, distinct local energy gaps are
observed, consistent with the Brillouin-zone folding and band
hybridization induced by the periodic lattice distortion in the
CDW phase.

Upon warming toward 350 K, the band structure under-
goes a progressive evolution. The hybridization gaps weaken
and become less defined, reflecting a gradual reduction of
the CDW-induced periodic potential. At the same time, the
ZCB loses coherence, with its spectral weight redistributed
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FIG. 2. ARPES measurements along the high-symmetry M–�–M direction reveal the evolution of low-energy electronic structure from
300 K to 370 K. The data were acquired using 92 eV photon energies. At 300 K, the spectrum shows two dispersive bands and a ZCB
(highlighted by the yellow dashed square), with local energy gaps indicative of periodic lattice distortions (green dashed square). As the
temperature crosses 350 K, these energy gaps nearly diminish, and ZCB loses spectral weight. The color bar represents the ARPES intensity
with endpoints marking high (H) and low (L) spectral weight.

and its peak intensity strongly reduced above the transition.
The resulting electronic structure retains only a weak remnant
of the � pocket at the Brillouin-zone center. These changes
indicate a suppression of lattice modulation and a reconstruc-
tion of the band structure toward a more weakly modulated
state resembling the high-temperature phase. As we discuss in
the following section, this transformation appears momentum
selective, with the most pronounced effects occurring at �,
while other regions of the Brillouin zone remain compara-
tively less affected.

IV. SPECTRAL-WEIGHT LOSS
ACROSS THE TRANSITION

To probe the evolution of states near EF , we analyze the
energy- and momentum-distribution curves (EDCs, MDCs) in
Fig. 3. EDCs at � show a marked depletion of ZCB spectral
weight across 350 K, signaling coherence loss during the tran-
sition [Fig. 3(a)]. This is further highlighted in the difference
spectra, which clearly reveal the vanishing of the quasiparticle
peak in the high-temperature phase [Fig. 3(b)].

The MDCs taken at the the EF offer a complementary
perspective [Fig. 3(c)]. At 300 K, they show a broad peak
at �, dominated by ZCB weight with contributions from
nearby conduction bands. With increasing temperature, this
peak narrows and reshapes, indicating redistribution of spec-
tral weight. Above ∼350 K, the MDC develops into three
peaks—one at � and two at finite momenta—showing that
most coherent ZCB weight has been lost, leaving only a weak
central contribution.

To further clarify how this reorganization evolves with
energy, we examine MDCs at a deeper binding energy of
135 meV [Fig. 3(d)]. The MDCs here also display three
peaks, but above the transition temperature the central �-point
peak disappears. This suggest that ZCB now contributes only

marginally at �, with the spectral weight near EF predomi-
nantly carried by the side bands. With ZCB contributing only
weakly at EF , conventional scattering-rate analyses becomes
impractical; instead, EDCs reveal a progressive loss of co-
herence, consistent with incoherent carrier redistribution and
momentum-selective decoherence.

Beyond the zone-center states, it is also instructive to ex-
amine the dispersive conduction band near kL and kR to assess
the Fermi-edge behavior across the transition [Figs. 3(e)–
3(g)]. The corresponding EDCs show no evidence of gap
opening: the Fermi edge remains nearly unchanged between
300 K and 370 K. At low temperature, however, distinct shoul-
der features are observed, arising from CDW-induced band
folding and hybridization [Fig. 3(g)]. Their disappearance at
370 K signals a strong suppression of CDW order and the
associated hybridization gap. While this may be regarded as
a weak pseudogap, the finite spectral weight at EF ensures the
system remains metallic at 300 K and above. In this regime,
thermal activation overcomes any pseudoinsulating tendency,
emphasizing that the resistivity anomaly at ≈350 K is gov-
erned primarily by coherence-incoherence crossover rather
than gap formation.

V. MICROSCOPIC MECHANISM OF THE NC-IC CDW
TRANSITION

Our ARPES results show that the NC-IC transition is gov-
erned by a reorganization of low-energy states at � without
the opening of a full gap. In the NC-CDW phase, the ZCB
contributes measurable intensity at EF , whereas in the IC-
CDW phase this weight is strongly reduced. Rather than a
complete disappearance, this reflects a progressive loss of co-
herence and redistribution of spectral weight, with metallicity
preserved even as the CDW evolves from the NC to the IC
state.
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FIG. 3. (a) Temperature-dependent EDCs at the � point. The quasiparticle peak associated with ZCB is suppressed above 350 K.
(b) Differential EDCs obtained by subtracting the 370 K spectrum, highlighting the disappearance of ZCB at higher temperatures. Spectra
are vertically offset for clarity. (c) Temperature-dependent MDCs at EF showing the development of three distinct peaks (marked by green
lines) above 350 K, indicative of an electronic-structure reorganization. (d) Temperature-dependent MDCs at a binding energy of 135 meV,
demonstrating the disappearance of the central peak across the transition. Red lines denote the three bands. (e), (f) ARPES intensity maps at
300 K and 370 K, respectively, along the M–�–M direction. The color bar represents the ARPES intensity with endpoints marking high (H)
and low (L) spectral weight. (g) EDCs extracted along the yellow and cyan dashed lines shown in (e) and (f), respectively. Vertical black lines
in (g) mark the shoulder peaks arising from CDW-induced band hybridization. MDCs and EDCs in (c), (d), and (g) have been normalized to
the same height to emphasize temperature-induced changes. EDCs and MDCs are integrated within 0.1 Å−1 and 20 meV, respectively. All data
were acquired using 92 eV photon energies.

Comparison with the normal-phase band structure provides
further context. A ZCB-like feature is also found just above
EF in the high-temperature phase [Fig. 4(a)], offering a nat-
ural reference point for interpreting the experimental spectra.
While CDW reconstruction is expected to modify the details
of this state, its continuity across phases and its consistent
momentum-space location suggest a common origin. In the
NC-CDW phase, hybridization and charge redistribution en-
hance its contribution at EF , whereas in the IC-CDW phase,
reduced ordering and weaker screening suppress it, leaving
most of the spectral weight above EF [Figs. 4(b) and 4(c)].
Correspondingly, ARPES intensity maps [Fig. 4(d)] show pro-
nounced zone-center spectral weight at 270 K evolving into
only a weak remnant by 370 K.

This electronic-structure evolution may be linked to
nanoscale electronic inhomogeneity. In the NC-CDW state,
commensurate clusters coexist with metallic domain walls or
discommensurations [11,22–26]. Preferential charge accumu-
lation in these regions generates local potentials that stabilize
the ZCB. Upon entering the IC phase, reduced inhomogeneity
and weaker intercluster charge transfer weaken this stabi-
lization, yielding an electronic structure that approaches the
high-temperature phase while retaining residual CDW charac-
ter. These spectroscopic insights suggest that nanoscale phase
separations may play an important role in the NC-IC transition
in 1T-TaS2, and they provide a microscopic basis for un-
derstanding its unconventional transport and nonequilibrium
behavior.
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FIG. 4. (a) Density-functional theory band structure of the normal phase. Temperature is accounted for by applying a Fermi-Dirac smearing
of ≈0.00285 Ry, corresponding to 450 K. (b), (c) Schematic representation of the conduction band near � in the NC-CDW and IC-CDW
phases, respectively. (d) ARPES constant-energy maps at EF (top row) and at 0.13 eV binding energy (bottom row), measured at 270 K
and 370 K. The data were acquired using 92 eV photon energies. At 270 K, the �-centered band (ZCB like feature, marked by arrows)
contributes strong spectral weight at EF , whereas at 370 K this weight is strongly reduced and the feature appears only as a weak remnant. This
temperature-driven reconstruction reflects the loss of quasiparticle coherence at the NC-IC transition while maintaining continuity with the
normal-phase �-conduction state. The color bar represents the ARPES intensity with endpoints marking high (H) and low (L) spectral weight.

VI. CORRELATION BETWEEN REAL-SPACE AND
MOMENTUM-SPACE SIGNATURES

To provide a microscopic structural reference for the
CDW modulation, Fig. 5(a) illustrates the Star-of-David
reconstruction in a single TaS2 layer, where in-plane ra-
dial displacements of Ta atoms of order ∼0.2 Å form
the

√
13 × √

13 commensurate superlattice [3]. This distor-
tion underlies the periodic lattice modulation observed in
scanning-tunneling microscopy (STM) and the band-folding
effects seen in ARPES. To relate the momentum-space be-
havior to the underlying microscopic texture, we complement
our temperature-dependent ARPES measurements with real-
space imaging by scanning-tunneling microscopy (STM).
Although the STM data represent a single-temperature snap-
shot acquired at 300 K (within the NC-CDW phase), they
provide a critical real-space context for interpreting the tem-
perature evolution observed by ARPES.

Figures 5(b) and 5(c) show STM topographs taken at two
different locations on the same cleaved surface. Both regions
exhibit a periodic atomic-scale corrugation, but the image
contrast varies from place to place, indicating nanoscale
variations in the local electronic structure or surface envi-
ronment. The spatial variations in CDW contrast observed
in our STM data are consistent with earlier STM studies
of 1T-TaS2 performed at room temperature [27], as well
as more recent variable-temperature STM observations of
emergent spatial textures across the C-CDW/T-CDW/NC-
CDW phases [26,27]. In addition, low-temperature STM/STS
measurements have revealed that nanoscale electronic in-
homogeneities arising from native defects are widespread
even in the C-CDW phase, further supporting the intrinsic,
spatially nonuniform electronic landscape of 1T-TaS2 [28].
Furthermore, Fig. 5(d) displays the height profile extracted
along the red line in Fig. 5(c). The oscillations of a few
hundred picometers confirm the periodic lattice modulation

and further highlight the local contrast variations visible in
the topographs. These spatial differences demonstrate that the
surface is not perfectly uniform on the nanoscale, forming a
natural real-space counterpart to the momentum-space signa-
tures probed by ARPES.

While STM was not performed across the 350 K transition
due to experimental constraints (surface stability and thermal
drift), the 300 K data reveal intrinsic short-range electronic
and structural inhomogeneity already present in the NC phase.
As the system approaches the NC-IC transition, the long-
range CDW order progressively weakens, and it is expected
that fluctuating IC correlations become more dominant. Con-
sequently, the reduction of structural coherence should have
its most pronounced impact across this temperature range.

This real-space picture provides a natural framework
for interpreting the momentum-space decoherence observed
by ARPES near the NC-IC boundary. Across the temper-
ature range where ARPES detects a strong reduction in
quasiparticle spectral weight, particularly near the � point,
the increasing role of structural or electronic inhomogene-
ity likely contributes to the loss of coherence. While the
STM measurements are static, they demonstrate that the sur-
face possesses a spatially varying electronic environment.
This inherent inhomogeneity suggests that thermal evolu-
tion enhances these fluctuations, leading to the observed
temperature-driven decoherence in ARPES without necessi-
tating the opening of a conventional insulating gap.

VII. DISCUSSION AND CONCLUSION

The ∼350 K transition is consistent with contributions
from changes in electronic coherence, suggesting that elec-
tronic effects may play a role alongside lattice-driven
processes. The resistivity anomaly coincides with a clear
depletion of quasiparticle spectral weight at � without gap
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FIG. 5. (a) Schematic of a single TaS2 layer illustrating the Star-
of-David distortion. Only Ta atoms are shown; S atoms are omitted.
Arrows indicate in-plane radial displacements from the undistorted
lattice (not to scale). The magenta rhombus denotes the commen-
surate CDW unit cell. The

√
13 × √

13 superlattice contains three
inequivalent Ta sites, labeled “a,” “b,” and “c,” within the Star-of-
David cluster. (b) Large-area STM topography (15 nm × 15 nm) at
spot 1 showing a well-ordered lattice modulation. (c) High-resolution
STM image (9 nm × 9 nm) at spot 2 revealing enhanced contrast
variations. The magenta rhombus marks a representative atomic
arrangement, outlining the

√
13 × √

13 CDW supercell with side
length ≈12 Å. The red line indicates the line profile in (d). STM
images emphasize that the observed maxima correspond to the CDW
superstructure. (d) Height profile along the red line in (c), showing
atomic-scale corrugations of a few hundred picometers. STM data in
(b) and (c) were acquired at different surface locations, highlight-
ing spatial variations. Sample bias and tunneling current were 75
mV and 200 pA, respectively. Although the images in (b) and (c)
were obtained at different surface locations, they were selected to
illustrate the typical range of local CDW ordering observed in our
measurements. The contrast difference, therefore, reflects represen-
tative spatial variations rather than imaging conditions.

formation, indicating that the increased resistivity arises from
a loss of electronic coherence—likely through enhanced scat-
tering or momentum-selective decoherence.

These findings connect to STM studies [19,22,23], which
reported a nanoscale mosaic of commensurate CDW clusters
embedded in metalliclike domain walls. Such spatial inho-
mogeneity implies that coherence in the NC-CDW phase is
intrinsically short-ranged, consistent with the partial decoher-
ence observed in our ARPES spectra. The momentum-space
manifestations of decoherence are therefore the spectroscopic
counterpart of the real-space fragmentation captured by STM.

Because these spectral changes are electronically driven,
they should be highly susceptible to ultrafast control. Indeed,
femtosecond optical or electrical pulses have already been
shown to induce hidden states and nonthermal switching in
1T -TaS2 [19,29]. The absence of an insulating gap means
that carrier delocalization can be triggered with minimal en-
ergy cost, an advantage for low-power, high-speed switching.

This may have implications for phase-change and resistivity-
switching concepts operating near ambient conditions.

In summary, our study provides a microscopic view of
phase evolution in 1T -TaS2, combining momentum-resolved
spectroscopy with insights into nanoscale electronic texture.
By linking real-space inhomogeneity to momentum-space
decoherence, our results contribute to the understanding of
CDW physics and highlight opportunities for controlling elec-
tronic phases in layered quantum materials, with particular
promise for ultrafast switching and resistivity-memory de-
vices.

VIII. METHODS

Materials. The 1T-TaS2 samples used in this study were
commercially obtained bulk single crystals from 2D Semicon-
ductors, with typical lateral dimensions between 0.5 cm and
1 cm. For ARPES and STM experiments, the crystals were
mounted on Al sample plates using Ag epoxy, and a ceramic
post was affixed to the top surface with Ag epoxy. Cleaving
was performed in situ under ultrahigh-vacuum conditions by
knocking off the ceramic post with a wobble stick inside the
ARPES or STM chamber. To ensure reliable surface prepa-
ration, we typically used smaller pieces of ∼1 mm × 1 mm
crystals for cleaving. This procedure consistently produced
fresh, atomically clean surfaces without the need for addi-
tional chemical treatment [30].

Micro-angle-resolved photoemission spectroscopy. Micro-
ARPES measurements were carried out at the 21-ID-1
(ESM) beamline of the National Synchrotron Light Source II,
Brookhaven National Laboratory [31]. The setup employs a
Scienta DA30 analyzer equipped with deflector mode, which
allows full Fermi-surface mapping without mechanically ro-
tating the sample. High-quality 1T -TaS2 single crystals were
fixed to copper holders using silver epoxy and cleaved in
situ under ultrahigh-vacuum conditions with a base pressure
below 5 × 10−11 Torr. The incident photon beam was directed
onto the sample at an angle of 55◦ with respect to the surface.

Transport measurements. Temperature-dependent resis-
tance measurements were performed using the dc resistivity
option in Evercool Physical Property Measurement System
(Quantum Design Inc.). The data was recorded in sweep mode
while both heating and cooling the sample at the rate of
1 K/min.

Low-energy electron-diffraction experiment. LEED/μ-
LEED measurements were performed at the PEEM/LEEM
end station (beamline BL3.2Ub) of the Synchrotron Light Re-
search Institute (SLRI), Nakhon Ratchasima, using an Elmitec
SPELEEM-III microscope. Samples were cleaved under ul-
trahigh vacuum (UHV, p ≈ 10−10–10−9 mbar). Diffraction
patterns were recorded under near-normal incidence with the
instrument’s MCP/CCD detector; for μ-LEED, patterns were
acquired from ∼1–2 µm regions.

Scanning-tunneling microscopy. STM measurements were
performed using an Omicron VT-STM XA 650 system oper-
ated under ultrahigh-vacuum (UHV) conditions with a base
pressure of 2 × 10−10 Torr at room temperature. The samples
cleaved in the UHV system. All STM images were acquired
in constant-current mode using Pt/Ir tips, and all bias voltages
mentioned in the text correspond to the bias applied to the
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sample. The STM data were processed and analyzed using the
Gwyddion software package.

Density-functional theory. Electronic-structure calcula-
tions were carried out within the plane-wave density-
functional theory framework as implemented in the QUANTUM

ESPRESSO package [32]. The exchange-correlation func-
tional was described using the generalized gradient approxi-
mation of Perdew, Burke, and Ernzerhof (PBE) [33]. For the
ionic potentials, fully relativistic norm-conserving pseudopo-
tentials from the PseudoDojo library were employed [34,35].
Plane-wave basis sets were truncated at kinetic-energy cutoffs
of 80 Ry for the wave functions and 500 Ry for the charge
density. Sampling of the Brillouin zone for bulk 1T -TaS2 in
the normal phase utilized an 11 × 11 × 11 Monkhorst-Pack
k-point grid.
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