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Interlayer coupling is strongly implicated in the complex electronic properties of 1T -TaS2. Uniaxial strain
engineering offers a route to modify this coupling in order to elucidate its interplay with the electronic structure
and electronic correlations. Here, we employ angle-resolved photoemission spectroscopy (ARPES) to reveal the
effect of uniaxial strain on the electronic structure in 1T -TaS2. The gap of the normally insulating ground state
is significantly reduced, with a correlated flat band appearing close to the Fermi level. Temperature-dependent
ARPES measurements reveal that the flat band only develops below the commensurate charge density wave
(CCDW) transition, where interlayer dimerization produces a band insulator in unstrained samples. Electronic
structure calculations suggest that the correlated flat band is stabilized by a modified interlayer coupling of the Ta
dz2 electrons. Further hints of a strain-induced structural modification of the interlayer order are obtained from
x-ray diffraction. Our combined approach provides critical input for understanding the complex phase diagram
of this platform material for correlated physics.

DOI: 10.1103/PhysRevB.109.035167

I. INTRODUCTION

The overlap between electronic wavefunctions on neigh-
boring atomic sites determines the kinetic energy, or band-
width, of electronic states in solids. Reducing this overlap to
produce narrowly dispersing electronic bands promotes corre-
lated behavior in the presence of electronic interactions [1,2].
This can have particularly striking effects in low-dimensional
materials, as exemplified by the milestone discoveries of the
fractional quantum Hall effect [3] and high-Tc superconduc-
tivity in the cuprates [4]. In layered (quasi-2D) materials,
the out-of-plane coupling is typically weaker than that in the
plane. Nevertheless, coupling along the out-of-plane direction
can play a crucial role in the overall energetics of a mate-
rial. This manifests, for example, in twisted bilayer graphene,
where modified interlayer coupling leads to emergent strongly
correlated phases [5,6] and flat electronic bands [7]. Indeed,
the higher sensitivity of interlayer coupling to external per-
turbations provides a control parameter to modify correlated
electron behavior. Pressure-induced and -enhanced supercon-
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ductivity is well known in numerous 2D layered compounds,
and has recently been in focus due to the bulk Kagome se-
ries AV3Sb5 [8], which hosts diverse phenomena tuneable
with pressure [9] and interlayer ordering [10]. Access to the
momentum-resolved electronic structure with techniques such
as ARPES is required to fully characterize and understand
these phenomena, but is hampered by a lack of compatibility
between high-pressure cells and surface sensitive techniques.

Uniaxial strain engineering can overcome these limita-
tions, by modifying crystal structures and hence the electronic
kinetic energy in the Hamiltonian without constraining access
to the sample surface. This approach has proved highly suc-
cessful in correlated oxides [11–15]. Strain has furthermore
been shown to produce effects equivalent to moiré engineer-
ing [16,17] and therefore offers a route to control interlayer
coupling and emergent properties in a broad range of materi-
als. However, relatively little work on strain engineering in
quasi-2D correlated materials has been performed, and the
combination with ARPES remains challenging and limited
[18–21].

Layered 1T -TaS2 hosts a particularly rich and controver-
sial phase diagram, and has therefore become an important
platform material for studying electronic correlations in low
dimensions. In addition to a series of charge density wave
(CDW) phases upon cooling—with incommensurate (550 K),
nearly commensurate (350 K) and commensurate (180 K)
structures [22]—TaS2 also displays superconductivity under
pressure [23], a metastable hidden phase following pulsed
excitation [24,25], is a candidate quantum spin liquid [26],
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FIG. 1. (a) Top-down view of the TaS2 surface highlighting the atoms involved in the star-of-David structural rearrangement in the CCDW
phase. The central atom A carries the Mott electron in a dz2 orbital. The Ta atom in the outer shell is designated L in line with the previous
convention [32]. (b) The equilibrium stacking arrangement in the CCDW phase: bilayers form with the A atoms vertically aligned. Between
bilayers the A and one of the symmetry equivalent L atoms are randomly aligned. (c) Photoemission spectra obtained along the �-M direction
of the surface Brillouin zone shown in (d) at 30 K and with 21.2 eV photon energy. The red box highlights the region probed in (e) and
(f). [(e),(f)] Photoemission spectra obtained with 6.2 eV photons for an unstrained and uniaxially strained sample under otherwise the
same conditions. The strain-induced flat band is highlighted by the red arrow. (g) Line cuts through the data in (e) and (f) integrated over
± 0.036 Å−1 around the � point.

and hosts a controversial Mott phase in the commensurate
CDW (CCDW) phase that has been debated for almost 50
years [27–29]. Recently this debate has intensified [30–34],
motivated in part by the fact that doped Mott insulators rep-
resent the prototypical framework for understanding high-Tc

superconductivity in the cuprates [35].
The out-of-plane stacking structure of TaS2 along the c axis

is irregular in the proposed Mott phase [36,37], with bilayer
sheets separated by a randomly assigned off-centre stacking
vector [37–40] [see Fig. 1(b)]. An important theoretical step
was made when Ritschel [31] and Lee [32] showed that
a gapped electronic structure could be obtained via bilayer
coupling, as originally suggested by Naito [40]. In a bilayer
structure a single electron from each layer can hybridize with
the corresponding electron in a neighboring layer and open
a bonding-antibonding gap, thus removing the need to in-
voke Mott correlations. This arises because the star-of-David
structures generated by the ionic displacements in the CDW
phases contain 13 in-plane Ta atoms, with a total of 12 paired
electrons and a single unpaired electron on the central Ta atom
in a dz2 orbital [41,42] [see Figs. 1(a) and 1(b)]. However, this
implies that a split bilayer created by, e.g., surface termination
would result in fundamentally different electronic proper-
ties [31]. Recent STM results confirmed that terminations

corresponding to complete and split bilayers are indeed ob-
served [33,34,43]. Moreover both surfaces were found to be
gapped; an unexpected result within the single-particle pic-
ture. This suggests that at least one termination contains Mott
physics, as highlighted by recent calculations [44]. However,
in the bulk material any possible Mott correlations are hard to
observe due to the presence of the hybridization gap

This begs the question: What happens to the electronic
properties if the interlayer stacking is modified away from the
ground state and the bilayer structure is disturbed? This is crit-
ical information considering that superconductivity appears
when the system is pushed away from standard equilibrium
conditions by pressure. Similarly the metallic hidden phase
driven by nonequilibrium protocols, for which TaS2 is the pro-
totypical material, may involve stacking rearrangements [25].
The mechanisms through which these phases occur remain
unclear, and direct momentum-resolved electronic structure
information is difficult to obtain due to the nature of the
techniques involved in producing them. A definitive statement
of the role played by electronic correlations and interlayer
stacking in 1T -TaS2 and their relation to the various emergent
phases in this material remains elusive.

Here, we follow the modifications of the momentum-
resolved electronic structure of 1T -TaS2 under uniaxial strain.
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FIG. 2. (a) ARPES data of the strained crystal rotated away from the � point towards M. Markers represent the results of a four Gaussian
peak fitting multiplied by the Fermi function, a representative example of which is shown in (b). From the extracted dispersion we estimate
a bandwidth of 110 meV for the band close to EF. Due to the rapid loss of spectral weight away from �, the fit quality reduces as evidenced
by the jump in position at –0.17 Å−1. [(c),(d)] Line cuts through the photoemission spectra integrated around the � point across the measured
temperature range for (c) an unstrained and (d) a strained sample. Note that the data are acquired on a different sample compared to that
measured in Fig. 1. (e) Spectral weight as a function of temperature. The curves are obtained for intensity integrated over [–0.02 : 0.1] eV. The
dashed line is the NCCDW to CCDW transition temperature. (f) Schematic phase diagram for strain and temperature.

We demonstrate the appearance of a correlated flat band
20 meV below the Fermi level implying a significant gap
collapse compared to an initial gap size of 170 meV in
unstrained samples. Structural measurements and electronic
structure calculations point to a modification of the interlayer
coupling due to strain as the origin of these changes. Our
results highlight the interplay between interlayer coupling and
electronic correlations in determining the ground state prop-
erties of 1T -TaS2, as well as the possibility of using strain to
manipulate electronic properties in layered compounds.

II. RESULTS

The electronic structure of an unstrained TaS2 crystal in
the CCDW phase is presented in Fig. 1(c) along the �−M
direction of the surface Brillouin zone [Fig. 1(d)]. The Ta 5d
manifold extends from EF to –1.5 eV, with S 2p states at lower
energies [41,42]. These data obtained with 21.2 eV excita-
tion energy are in excellent agreement with previous reports
[41,45,46], as are the corresponding transport and structural
properties, which are presented in Fig. 6 in the Appendix.

Utilising a low-energy laser source (see Appendix) to focus
on the energy region in the vicinity of the Fermi level near the
� point, we observe a clear splitting of the Ta 5d states due
to the CCDW phase [Fig. 1(e)], again in line with previous
observations [48,49]. However, by introducing uniaxial strain
to the same crystal (see Appendix), unexpected additional
spectral weight appears close to EF in a narrowly dispersing
band [Fig. 1(f)]. This is further emphasized by the direct
comparison of integrated line cuts presented in Fig. 1(g) for
unstrained and strained samples. A clear quasiparticle peak
is evident 20 meV below EF only in the strained case. As
highlighted in Fig. 2(a) the bandwidth of this state is at most
110 meV, comparable to the flat bands observed recently in
twisted bilayer graphene [7,50]. This value is well below

the 200 meV observed in the unstrained CCDW phase as
estimated by the width of the peak closest to EF in Fig. 1(g)
(throughout the text we define the gap as the energy be-
tween the peak position and the Fermi level, since we do
not have access to the conduction band). We note that the
differences in spectral weight distribution between Figs. 1(c)
and 1(e) result from the photoemission matrix elements of
the 13 subbands present in the CCDW phase resulting from
the different photon energies and polarizations used to obtain
the data.

We have tracked the evolution of this quasiparticle peak
as a function of temperature in order to ascertain its relation
to the CDW behavior in TaS2. For the unstrained sample
[Fig. 2(c)], the behavior is consistent with previous reports;
namely, the metallic NCCDW phase at room temperature
abruptly develops a gap at the CCDW transition, thereby re-
moving spectral weight from EF below 180 K. After straining
the same crystal, the evolution below the transition tempera-
ture is markedly different. The spectral weight in the vicinity
of EF increases with reducing temperature, with the quasi-
particle peak becoming evident below 50 K. The contrast
between strained and unstrained samples is highlighted in
Fig. 2(e), where the spectral weight integrated at energies
above –0.02 eV at each measured temperature is presented.
In the strained sample, a small increase of spectral weight
is already observed at 150 K, but becomes considerably en-
hanced as the sample is cooled to 15 K. The trend suggests
that spectral weight may further fill the gap at lower tem-
peratures. Although the transition temperature itself appears
to be unchanged upon application of strain, changes in the
spectral weight distribution are already evident directly below
the transition at 170 K. This clearly implies that the quasipar-
ticle behavior sets in only in the CCDW phase, where Mott
physics has previously been postulated. The emergence of a
narrow quasiparticle peak is evidence for strongly correlated
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FIG. 3. Electronic behavior for different possible stacking arrangements. (a) The ground-state stacking previously discussed. (b) (Upper)
Electronic density of states in the top TaS2 layer integrated over the in-plane Brillouin zone without (grey) and with (red) electronic correlations
included, highlighting the band insulating behavior for this arrangement; (lower) integrated density of states from the first three TaS2 layers
multiplied by the Fermi distribution at 30 K. (c) Calculated spectral function A(k, ω) over the full Brillouin zone obtained via the Fourier
transform of the relevant real-space dispersions. [(d)–(f)] The same calculations as in [(a)–(c)] for the LA-stacked surface. In this case, the
noninteracting structure is metallic [(e), upper] and a Mott gap is opened by electronic interactions [(e), lower]. The Mott gap is smaller
than the hybridization gap for the band insulating AL stacking. [(g)–(i)] The same calculations as in [(a)–(c)] for the fully L-stacked system,
previously shown to be close in energy to the ground state AL stacking. The metallic quasiparticle appears at 30 K [(h), lower], and is washed
out at 155 K, in line with the measured data. The spectral function (i) reveals the flat band throughout the Brillouin zone. Notably the flat band
appears at EF at one-third of the out-of-plane �-A distance, compatible with the kz position expected for 6.2 eV photon energy [47].

physics as it resembles the narrow quasiparticle that appears at
EF in Mott systems in the range where the kinetic energy term
(t) and electronic interactions (U ) become roughly equal, and
which gradually loses coherence with increasing temperature.
No additional peak is expected in the gap of a band insulator
upon external perturbation of t or U . We note that for both
our ARPES and XRD measurements, the same type of sample
holder was used as a function of temperature with and without
strain applied.

To probe the possible mechanisms involved in the strained
samples, we performed GW plus extended dynamical mean-
field theory (GW + EDMFT) calculations on a semi-infinite
stack of TaS2 layers (see Appendix) as summarized in Fig. 3.
The electronic structure in the lowest energy configuration
[Fig. 3(a)], termed AL stacking [32] is characterized by
two inequivalent interlayer hopping values between the dz2

orbitals: tA = 0.2 eV within the bilayer, where the stacking
vector is Ts = c, and tL = 0.045 eV between neighboring
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bilayers with Ts = −2a + 2c. The structure is known to be
insulating with a hybridization gap caused by hopping within
the bilayer [31,32], and this property is reproduced by our
density of states and momentum-resolved spectral function
reported in Figs. 3(b) and 3(c) respectively. A second pos-
sibility in this AL configuration is to terminate the surface
within a bilayer [33,34] [Fig. 3(d)]. As has been recently
shown this LA stacked termination is also insulating, but in
this case it is strong electronic correlations that open a Mott
gap in an otherwise metallic surface state [44] [Fig. 3(e)].
The gap size in the local spectrum of the near-surface re-
gion is reduced (100 meV) in this case compared to the AL
bulk (200 meV) but the structure remains insulating along
all momentum directions [Fig. 3(f)]. Clearly neither of these
equilibrium structures (AL or LA stacking) can explain the flat
band 20 meV below the Fermi level in strained samples, sug-
gesting the need for a structure where the interlayer hopping
is modified.

Since strain adds mechanical energy to the system, we
consider as an ansatz the second lowest energy structure [32],
with an interlayer stacking as shown in Fig. 3(g). To study
this structure we modify the interlayer hopping such that there
is equivalent coupling between all layers, with a value of
tL = 0.035 eV (see Appendix). This L-stacking structure is
very close in energy to the AL-stacking structure, and has
been suggested to become the ground state under pressure
[32]. Remarkably, the GW+EDMFT calculations [Fig. 3(h)]
reveal the appearance of a narrow quasiparticle peak at EF

plus an incoherent background, which qualitatively resem-
bles the structure observed in our ARPES measurements in
Figs. 1 and 2. In contrast, the density of states predicted
by a noninteracting calculation [Fig. 3(h)] is not consistent
with the experimental findings. This is an important result
as the role of correlations within the phase diagram of TaS2

has long been debated. Further evidence for the role of cor-
relations is obtained by increasing the temperature in the
GW+EDMFT calculation to 155 K. The fact that this grad-
ually removes the quasiparticle peak, as also observed in
the ARPES data of Fig. 2, further highlights the origin of
this state in strongly correlated physics, as a noninteracting
band cannot be straightforwardly removed by heating. As is
evident from Fig. 3(i), the band disperses very narrowly with
a bandwidth of only 50 meV at 30 K, comparable to that
observed in experiment. The quasiparticle extends into the
bulk, as seen in the layer-resolved calculation shown in Fig. 7
in the Appendix. We note that this bulk correlated state in the
L-stacking structure contrasts with the correlated Mott gap
in the LA structure, which would only appear at surfaces or
stacking defects.

The calculated quasiparticle is more clearly separated from
the incoherent background than in the experimental data,
which suggests that the strain-induced transition is spatially
inhomogeneous at the surface and depends on the local strain
distribution. Such a scenario would result in a superposition
of signals from both AL- and L-stacked structures within the
region probed by our laser spot. This is further supported
by the data in Figs. 1 and 2, which, although qualitatively
similar, show differing relative heights of the quasiparticle
peak compared to the background. These independent data
sets were obtained on separate crystals and strain devices,

for which the local strain distribution is likely to be dif-
ferent. We therefore postulate the L-stacking structure as a
possible mechanism through which the correlated flat band
can be produced in strained samples. However, we caution
that our model only provides a hypothesis to explain the ob-
served behavior. More involved scenarios combining stacking
changes and in-plane variation cannot be ruled out at this
stage.

Additional evidence that strain induces a structural change
to the bulk crystal is obtained from x-ray diffraction (XRD)
measurements shown in Fig. 4. For unstrained samples in
the CCDW phase [Fig. 4(a)], broad Bragg peaks centered at
–0.18 r.l.u. along the one direction are observed due to the
lack of well-defined out-of-plane order, while superstructure
peaks at half-order reveal the bilayer stacking associated with
this phase [51]. In contrast, strained samples show a clear
change compared with the unstrained samples [Fig. 4(b)]. A
significant shoulder develops on the superstructure peak in the
direction of the out of plane Bragg peak. This suggests an in-
homogeneous strain is applied within the 1x1 mm2 x-ray spot
size, which probes through the entire bulk of the material. An
analysis of the distance between the Bragg and superstructure
peaks for strained and unstrained samples [Fig. 4(c)], reveals a
reduced splitting in the strained case. The splitting originating
from applied strain is calculated by an average of the main
peak and shoulder, weighted by their relative intensities. The
observed reduction of splitting in momentum space implies
an increased spacing in real space, i.e., a larger distance be-
tween diffraction planes is induced by strain. However, from
the peak fitting analysis, we extract no significant change in
temperature of the splitting between the main peak and the
bilayer satellite. This is an important fact, as it means that
once the sample is in the CCDW phase, the structure does
not significantly evolve further. In other words, most of the
change in the stacking of stars-of-David has already taken
place once the transition from the NCCDW to CCDW phase
occurs above 180 K. The consequence is that the changes ob-
served as a function of temperature in the electronic structure
with ARPES [Figs. 2(d) and 2(e)] are then mostly due to the
increased effect of electronic correlations (t/U ) in the absence
of the bilayer stacking. That being said, a marked increase in
the intensity of the shoulder is observed to occur between 150
and 30 K [Fig. 4(d)]. This behavior implies an increased vol-
ume fraction of the structural feature contributing to the new
shoulder, i.e., the increased tendency towards an L stacking
configuration at lower temperatures.

The observed changes in the strained sample offer an
indication that the interlayer structure of the CCDW phase
is indeed modified by strain, which may in turn lead to a
change of the interlayer coupling as proposed in our calcu-
lations above. Possible scenarios that explain the observed
changes include a real-space increase of the bilayer distance
or a movement towards an L-stacking-like structure that in-
cludes both in- and out-of-plane components. It is worth
mentioning that while metallic features have been observed
on cracked samples under strain [52], and within domain
walls [53], it seems unlikely that cracks or incoherent domain
walls on the nanoscale would lead to a macroscopic band
dispersion across tens or hundreds of microns of the sample
surface.
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peak and shoulder, weighted by their relative intensities. The indi-
vidual components are also shown in grey. (d) Intensities of the three
peaks as a function of temperature extracted from the fit.

III. DISCUSSION

Given the appearance of the flat band below the CCDW
transition temperature, it is possible that a partial structural
rearrangement occurs during the cooling transition from the
NCCDW phase at 180 K in strained samples. According to
previous theoretical reports [32], the energy difference be-
tween AL and L stacking is only 1.1 meV per star-of-David
and the two structures can even become degenerate under

0.3% reduced interlayer spacing, e.g., under pressure. The
energy difference between the two phases is likely underes-
timated, as it implies a significant proportion of L stacking
already at temperatures above 10 K, which has not been re-
ported. Regardless of the exact energy values, the fact that
the AL and L structures are much closer in energy than all
other possible stacking orders supports this as a plausible
explanation for the formation of the flat band. This motivates
future theoretical investigations of strained TaS2 samples to
better understand the detailed energy landscape induced by
strain, as well as more detailed XRD measurements probing
the complete structure that occurs in strained samples. We
point out that similar considerations are very likely relevant
for the Kagome series AV3Sb5, where the stacking of star-of-
David structural distortions may also play a key role in the
energetics of charge ordering [54,55]. Our results imply that
strain modifies the interlayer coupling during the NCCDW
to CCDW phase transition. It is therefore possible that, at
the strain levels applied here, different behavior would be
observed for crystals cooled below TCCDW and then strained.
It is worth noting that the energy gain through formation of the
CCDW phase is on the order of 200 meV per Ta atom [42,46],
considerably larger than the estimated changes caused by
strain at the current level, meaning we do not expect changes
to the in-plane CCDW structure. Changes due to strain may be
visible in out-of-plane resistivity measurements, as previously
performed on micromachined crystals [56].

A flat metallic dz2 band in TaS2 has been predicted previ-
ously by DFT calculations as a result of spin-orbit coupling,
and was postulated as the origin of the Mott phase [42].
However, as discussed above, in the AL-stacked ground state
the system is already gapped due to the large interlayer hop-
ping [tA = 0.2 eV, evident from the bandwidth along A in
Fig. 3(c)], which causes hybridization and band insulating
behavior. While correlations are still present in this structure,
they are not responsible for the gap formation and therefore
the U is ineffective despite a value of 0.4 eV. In a modified
structure, such as the L-stacking structure described above,
the interlayer hopping is significantly reduced to only tL =
0.035 eV, thereby removing the hybridization gap [Fig. 3(h)].
This allows the latent Mott correlations to become dominant
within the TaS2 layers. The in-plane bandwidth in the L-
stacked structure is around 0.2 eV [Fig. 3(h)], comparable
to U = 0.4 eV, thereby placing the system in the correlated
quasiparticle regime. We remark that the kinetic energy values
in our calculations for AL and LA stacking were obtained
with reference to previous STM data [33,34]. We note that
a similar argument regarding the increased relevance of Mott
correlations in an altered stacking arrangement was suggested
as an explanation for an insulator-to-insulator transition ob-
served during heating from the CCDW phase [57].

An interesting related material displaying similar physics
is 1T -TaSe2, which also hosts a CDW at low temperatures
with strong influence from stacking orders [58]. However,
in contrast to 1T -TaS2 the CDW phase in 1T -TaSe2 does
not show a transition to an insulating phase [22]. The fact
that the bandwidth of the valence band in 1T -TaSe2 is larger
(400 meV) compared with that of 1T -TaS2 (200 meV) in the
CDW phase suggests that Mott correlations are weaker in this
system. Nonetheless, a recent study has shown that monolayer
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FIG. 5. (a) ARPES spectra at selected temperatures obtained in the �-M plane at 6.2 eV in an unstrained crystal at 270 K (NCCDW phase),
150 K (CCDW phase), and 30 K. (b) The corresponding ARPES spectra obtained in the same crystal under strain. The data are obtained on
the same crystal as Fig. 1. (c) Line cuts through the unstrained data and (d) through the strained data, highlighting the emergence of the narrow
quasiparticle band at EF.

1T -TaSe2 is gapped due to Mott correlations [59,60], with
this Mott gap reducing and disappearing in bi- and trilayer
samples. This suggests 1T -TaSe2 as a potentially interesting
material to probe with application of uniaxial strain. We note
that in monolayer 1T -TaS2 a spectral gap is observed in
tunneling spectroscopy [61], whereas DFT of the monolayer
predicts no gap [62].

Intriguingly the behavior observed under strain in the
present study does not appear identical to that under hydro-
static pressure [23,63]. Measurements in the CCDW phase
under increasing pressure show that the structure initially
transitions to the NCCDW phase followed by the onset of
superconductivity at higher pressures. Our present results in
low-temperature strained samples do not resemble the band
structure in the NCCDW phase (see Fig. 5). Nevertheless, the
increased relevance of correlations in the strained structure
along with the high density of states associated with the flat
band may still be relevant to understanding the appearance
of superconductivity in TaS2. Additionally, a strain-induced
scenario as outlined above may provide useful in unravel-
ling the mechanism of the metastable hidden phase. STM
studies have shown that changes of the interlayer registry
can produce local metallic behavior [25,33,52], while XRD
has revealed that the dimerized layers of the CCDW phase
can be removed by the application of a single picosecond
optical pulse [51], although these results do not show ev-
idence for an L-stacked structure in the metastable phase.
In general, pulsed optical excitation can produce transient
electronic temperatures of the order of 103 K, which can
in turn induce significant atomic movement due to the al-
tered population of bonding and antibonding states [64].
In the case of TaS2, a possible scenario would be that
optical or electronic pulses produce a nonequilibrium elec-
tronic landscape resulting in shifted atomic positions, i.e., an
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FIG. 6. (a) Resistance curve as a function of temperature dur-
ing a cooling/warming cycle. The NCCDW to CCDW transition is
clearly evident, as is the typically observed hysteresis upon warming.
(b) (Upper curves) X-ray diffraction peaks obtained on a single crys-
tal in both reflection and transmission geometries. (Lower curves)
Reference spectra no. 85323, corresponding to the 1T -phase of TaS2,
from the Inorganic Crystal Structure Database (ICSD).
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FIG. 7. Calculated spectral function An(ω) as a function of the
layer index n for the L-type stacking described in the main text, with
n = 1 being the surface layer. Grey solid curves are the noninteract-
ing spectra obtained with DFT using the LDA. Black and red curves
are the interacting spectra calculated with GW+EDMFT and are
obtained at 30 K and 155 K respectively. The metallic quasiparticle
peak is observed to extend into the bulk.

effectively strained lattice. Thereafter, dynamic cooling in this
strained energy landscape could lead to the modified stacking
configuration observed in experiments. This motivates future
work on the dynamic nature of the interlayer behavior [65],
both experimentally and theoretically. Independent of this
discussion, our results expose the possibility of using uniax-
ial strain to create alternative protocols for inducing hidden
phases.

IV. CONCLUSIONS

In summary, we have experimentally demonstrated that
uniaxial strain induces a flat band with a collapsed gap in 1T -
TaS2, which appears below the CCDW transition temperature.
The appearance of such a quasiparticle state within the CCDW
gap is an indication of strong electronic correlations and Mott
physics in strained TaS2, which may have relevance for the

microscopic mechanisms governing the superconducting and
metastable phases in this archetypal material. Our supporting
GW+EDMFT calculations confirmed that a modification of
interlayer coupling results in a strongly correlated state with
a renormalized quasiparticle band and incoherent Hubbard
band features. We postulate that the emergence of the narrow
band occurs due to the reduced interlayer coupling compared
with the equilibrium AL stacking in a manner similar to an
L-stacked structure. Our observations validate strain as a pa-
rameter to control correlated behavior via interlayer coupling
and highlight the potential of this approach for manipulating
phase diagrams in layered systems.
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APPENDIX: MATERIALS, METHODS,
AND FURTHER DATA

Crystal growth. High quality single crystals of 1T -TaS2

were grown by the chemical vapor transport (CVT) method
using TaCl5 as a transport agent. First, polycrystalline sam-
ples of 1T -TaS2 were synthesized by mixing stoichiometric
amounts of tantalum (powder, Alfa Aesar, 99.99%) and sulfur
(pieces, Alfa Aesar, 99.999%) of a total mass of 1 g. The
reactants were sealed in a quartz ampoule (l = 9 cm, diameter
= 9 mm) under 1/3 atm. The quartz ampoule was heated to

035167-8



GAP COLLAPSE AND FLAT BAND INDUCED BY … PHYSICAL REVIEW B 109, 035167 (2024)

1000 ◦C at a rate of 180 ◦C/h, kept at this temperature for
four days and subsequently quenched in water. 200 mg of
the synthesized powder and 10 mg TaCl5 (anhydrous, powder,
VWR, 99.999%) were sealed in a quartz ampoule (l = 20 cm,
diameter = 7 mm) under vacuum and heated for six days in a
two zone furnace in which the source zone and the growth
zone temperatures and were fixed at 980 ◦C and 850 ◦C,
respectively. Eventually, the tube was quenched in cold water
to ensure the retaining of the 1T phase. The product was con-
firmed to be phase pure by powder x-ray diffraction (PXRD).
Patterns were collected on an STOE STADI P diffractometer
in transmission mode equipped with a Ge-monochromator us-
ing Cu Kα1 radiation and on a Rigaku SmartLab in reflection
mode using Cu Kα radiation. Transport measurements from
300 to 10 K were carried out with an excitation current of I =
1 mA on a Quantum Design Physical Property Measurement
System (PPMS) Evercool with a 9-T magnet. Gold wires
(25 µm) were connected to the sample with silver epoxy in
the standard four probe method.

Sample strain. Uniaxial strain was applied using a modified
version of a previously described home-built strain cell [20],
from which it was possible to reach 0.2% strain as measured
by an electronic strain gauge in a Wheatstone bridge config-
uration. Samples to be prepared for straining were chosen to
have large flat areas with minimal cracks or flakes at the sur-
face as viewed under an optical microscope, in order to allow
for more homogeneous strain application. Orientation of crys-
tals was carried out using a commercial Laue diffractometer.
Crystals were strained parallel to the a* axis of the room-
temperature phase. Bulk samples were initially cleaved with
a scalpel to remove thicker layers, and then mounted onto the
unstrained device and further thinned by Scotch tape cleaving.
Unstrained and strained comparisons presented in this paper
were obtained on the same crystal before and after straining.
The data presented in Figs. 1 and 2 were obtained on different
crystals. The strained and unstrained data are obtained on
different cleaves and it is possible that the cleave plays a
role in producing minor differences in the measured spectra.
However, we emphasize that the band gap collapse has not
previously been observed on unstrained samples, either in the
literature or in our measurements. Spatial inhomogeneity in
the surface cleave can lead to different spectral features near
the Fermi level as shown in our recent paper (Ref. [44]). We
note that these surfaces did not show the narrow band behav-
ior collapsed band gap or the unusual temperature behavior

observed with strain. Hence cleave quality is unlikely to be
the only factor involved.

ARPES. Photoemission measurements were carried out in
a base pressure of 10−11 mbar. VUV photons with 21.2 eV
were produced using a monochromatized He plasma source
(SPECS GmbH). Low-energy UV photons were generated
using a commercial optical setup (Harmonix, APE GmbH)
generating tuneable output in the range 5.7–6.3 eV in non-
linear crystals. Harmonic generation was driven by the output
of a tuneable OPO pumped by a 532 nm Paladin laser (Co-
herent Inc) at 80 MHz. The beam polarization used was linear
horizontal (s-pol) and the beam size was 80 × 80 µm2. The
sample surface was scanned by the encoded motion of a
six-axis cryogenic manipulator (SPECS GmbH). Spectra were
acquired using a Scienta-Omicron DA30 analyser. The energy
resolution obtained from the Fermi edge of a polycrystalline
Mo sample was 2.8 meV.

X-ray diffraction. Diffraction measurements were per-
formed at the P21.1 beamline of the PETRA III synchrotron
in a transmission geometry. Photons at 100 keV energy and
linear horizontal polarization were selected. The beam profile
was 1 × 1 mm2. The same design of strain cell was used as
for the ARPES measurements, with a slit of material removed
from the copper bridge to reduce the background copper
signal.

Electronic structure calculations. The GW+EDMFT simu-
lations were performed with the set-up described in Ref. [44],
which considers eight 1T -TaS2 layers and an embedding
potential for the bulk. The local correlation and screen-
ing effects are treated with extended dynamical mean field
theory (EDMFT) and the nonlocal ones at the GW level.
We use a realistic band structure for the in-plane hopping
[62] and interlayer hoppings tA = 0.2 eV and tL = 0.045 eV,
which were optimized by comparing the local spectrum of
the surface layer in the AL and LA stacked systems to the
corresponding STM spectra [33]. In the L structure we use
tL = 0.035. Upon convergence, the GW+EDMFT calculation
provides a momentum-and frequency-dependent self-energy
�ab(k||, iωn) and lattice Green’s function Gab(k||, iωn) with a,
b layer indices and k‖ the in-plane momentum. The local spec-
tral function Aa = − 1

π
Im 1

Nk||

∑
k Gaa(k||, ω) is obtained with

maximum entropy analytical continuation. The momentum-
resolved spectra are obtained by Fourier-transforming the
layer-resolved spectra with respect to the layer index [44].
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