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Charge density waves and metal-insulator transition in TaSe,
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Using scanning tunneling microscopy/spectroscopy (STM/STS), we investigate the local atomic and electronic
structure of the archetype charge density wave (CDW) system TaSe,. Two structural phases with distinct CDW
orders, namely 3x3-2H and v/13x+/13-1T phases, coexist at low temperatures and an intermediate phase is
discovered around the phase boundaries demonstrating energy-dependent 2H and 17 electronic wave-function
textures. The existence of such an intermediate state and its dual electronic appearance indicate that the 2H-1T
transition is not instantaneous. Along with the gradual recovery of ~/13x+/13-1T lattice distortions towards
the 2H phase, an insulator-metal transition occurs as evidenced by the collapse of the Mott insulating gap. Our
results provide a direct visualization of the strong link between the Mott insulating state and the local lattice

distortions.
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I. INTRODUCTION

The Mott insulating state is characterized by a strong
electron-electron Coulomb interaction that opens an excita-
tion gap in a partially filled electronic band. It can host various
quantum phenomena such as high-temperature superconduc-
tivity [1,2] and colossal magnetoresistance [3,4]. Transition
metal dichalcogenides (TMDs) provide another feasible plat-
form for the study of Mott correlation and related electronic
instabilities. Two examples are the bulk 17-TaS, and the
surface of 17-TaSe, hosting a Mott insulating ground state
[5-8]. Intriguingly, a Mott insulator-metal transition can be
induced by pressure [9], photoexcitation [10,11], electric cur-
rent [12—-14], pulse voltage [15,16], and chemical substitution
[17-19]. The nature of Mott insulation and a metal-insulator
transition (MIT) is closely related to the prominent charge
density wave (CDW) orders in TMDs but the physical mech-
anisms behind them remain controversial.

TMDs are a class of layered van der Waals materials whose
crystal structures can be classified as, depending on the local
coordination of chalcogen atoms around the central transi-
tion metal, 1H (trigonal-prismatic), 17 (octahedral), and 17’
(distorted octahedral with lateral displacement) configurations
[20,21]. 1T and 2H are the most commonly observed bulk
phases (2H refers to the AB stacking of 1H layers [22]), while
the 4H), phase consists of alternating 1H and 17 layers [23,24]
(here the term “layer” is defined as a chalcogen—transition
metal-chalcogen triatomic layer unit). In addition to the rich
structural phases, complex CDW orders have been observed
in TMDs, each being characterized with distinctive lattice dis-
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tortions. As an archetype CDW material, 2H-TaSe, undergoes
an incommensurate CDW (ICCDW) transition at 120 K, fol-
lowed by a transition towards commensurate CDW (CCDW)
at 90 K [25]. 2H-TaSe, remains metallic all along and a
3x3 lattice distortion is developed in the low-temperature
CCDW phase. Similarly in 17-TaSe,, ICCDW and CCDW
are established below 600 and 473 K successively, the latter
demonstrating a +/13x+/13 star-of-David lattice distortion
[24]. In addition, the Mott insulating phase sets in below
260 K in 17-TaSe; [7,8]. It is widely believed that the MIT
is driven by the narrowing of a Ta 5d-electron band as a result
of the atomic displacement in the +/13x+/13 CDW phase
[7]. However, interlayer coupling (CDW stacking order) has
also been proposed both theoretically and experimentally to
govern the MIT [16,26]. Therefore, it is crucial to track the
evolution of the electronic state with the long-range CDW
order.

Here, we report a low-temperature scanning tunneling
microscopy/spectroscopy (STM/STS) study of the atomic
and electronic structure of TaSe,. In addition to the spatial
coexistence of 2H and 17 CCDW phases (2H and 1T for
short; when referring to CDW order, they denote the 3x3
CCDW in 2H-TaSe, and +/13x+/13 CCDW in 17-TaSe,
respectively for convenience), we found an intermediate phase
carrying both 2H and 17 textures in the local density of states
(LDOS). The existence of such an intermediate state and its
dual electronic appearance reflect the noninstantaneous nature
of the 2H-1T CDW transition where slow lattice dynamics
must be involved. Concomitant with the progressive recovery
of ~/13x+/13-1T lattice distortion, an insulator-metal transi-
tion occurs as evidenced by the collapse of the Mott insulating
gap. Our results highlight the primary connection between the
Mott insulating state and the 17 lattice distortion. A lattice
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FIG. 1. In-plane atomic structure for the Ta layer in (a) 2H- and (b) 17-TaSe,. For clarity, the upper and lower layers of Se atoms are
not shown. Dashed rhombuses represent the unit cells of a 3x3 and +/13x+/13 CDW superlattice. Solid hexagons (blue) and stars of David
(red) highlight the local lattice distortion (contraction) of each CDW phase. The letters a, b, and ¢ mark the central, six nearest-neighbor, and
six next-nearest-neighbor Ta atoms, respectively. (c¢) Topographic image of the 2H CDW phase (bias voltage V = 200 mV, tunneling current
I =500 pA, 10x10 nm?). (d) Topographic image for the 17 CDW phase (V = —100 mV, / = 100 pA, 10x10 nm?). The inset shows the
atomic resolution (V = 15 mV, I = 100 pA, 5x5 nm?). (¢) A 10x10 nm? area showing the coexisting 2H, 1T phase, and phase boundary

(V = —=100 mV, I = 100 pA).

degree of freedom plays an important role in the CDW orders
as well as the formation of strong electron correlation.

II. METHODS

Single crystalline TaSe, samples were grown via the
ambient-pressure chemical vapor deposition (CVD) method
[27]. The STM/STS experiments were carried out in ultrahigh
vacuum at 7 = 4.5 K. Samples were cleaved in situ at about
77 K and quickly transferred to the cold microscope head.
The STM tips were prepared from polycrystalline tungsten
wires by electrochemical etching and calibrated on a clean
Cu(111) surface before all STM measurements. The topo-
graphic images were acquired in the constant current mode
with bias voltage applied to the sample. The spectroscopic
data (differential conductance dI/dV’) were recorded with a
standard lock-in technique.

III. RESULTS AND DISCUSSIONS

The atomic layouts of Ta layers in 2H and 17 CDW phases
are schematically drawn in Figs. 1(a) and 1(b). For the 2H
CDW, six nearest-neighbor Ta atoms [labeled b in Fig. 1(a)]
distort around the central Ta atom (labeled a) to form a 3x3
superlattice. Distinctly, the 17 phase is characterized by the
star-of-David pattern, which involves six nearest-neighbor (b)
and six next-nearest-neighbor Ta atoms (c) shrinking towards
the central Ta atom () to form a +/13 x+/13 superstructure. In
any case, the structural distortion and charge modulation in the
Ta layer are expected to be reflected in the Se layer as well,
which is the surface exposed after cleaving. Indeed, charac-

teristic 2H and 17 CDW orders are resolved experimentally
with atomic resolution as shown in Figs. 1(c) and 1(d). The
bright balls in Fig. 1(d), for instance, represent the star-of-
David pattern in the 17 phase, each involving 13 Ta atoms
underneath. The 2H and 17 phases coexist in TaSe; separated
by the phase boundaries [Fig. 1(e)]. It is consistent with the
density functional theory (DFT) calculation [28] which shows
the energy difference between 17 and 2H polymorphs in
TaSe; is fairly small.

In addition, a third type of topography appears near the
2H and 1T coexisting area. In contrast to that of an intrinsic
2H or 1T phase, it demonstratesan apparent bias dependence
as shown in Figs. 2(a)-2(h) (there exists a small drift dur-
ing the scan). To be specific, it shows 17 stars under the
positive bias voltage but becomes more 2H-like under the
negative bias. The change is reversible and cannot be caused
by the pulse voltage (in our experiment, the bias voltage
is varied carefully in small steps), electric field (Fig. S1
in Supplemental Material [29], topographic features remain
unchanged as the electric field is varied), or joule heating
[e.g., tunneling current is kept constant in Figs. 2(c)-2(h)].
Nor is it due to any artificial effects such as a double tip
[29]. Similar bias-dependent behaviors have been reported
in 17-TaS; [16,28] and 4H,-TaS, [30]. It is explained as a
1H-monolayer stacking on 17 layer(s) that the underlying
1T phase can be resolved at appropriate energies due to the
difference in density of states (DOS). However, unlike TaS,,
the DOS of 17 monolayer TaSe, near the Fermi level is much
lower than that of 1H [22,31], which means the 17 -TaSe,
cannot be resolved through the top 1H-TaSe, in this energy
range. Experimentally, instead, clear 17 features are observed
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FIG. 2. (a)—(h) Topographic images at different bias voltages (20x20 nm?). The lower left quarter corresponds to the intermediate phase.
Profiles along the red and pink lines in (d) and (h) are shown in (i) and (j) with corresponding color. Scan parameters: (a) V = —500 mV,
I =100 pA; (b) V =—-300mV, I =100 pA; (c) V = —200 mV, I = 500 pA; (d) V = —100 mV, I = 500 pA; (e) V = 500 mV, I = 500 pA;
() V =300mV, I =500 pA; (g) V =200 mV, I = 500 pA; (h) V = 100 mV, I = 500 pA.

at £5 mV as shown in Fig. S2. A further comparison with the
4H, phase is discussed in the Supplemental Material [29].

Moreover, the topographic height difference with an adja-
cent 2H or 1T surface is much smaller than the thickness of
the TaSe, monolayer (750 pm) [32]. In general, STM topogra-
phies contain contributions from both surface geometry and
LDOS. In order to minimize the influence of different LDOS,
two line profiles are measured at respective bias voltages
referring to the corresponding 17" and 2H regions [Figs. 2(d)
and 2(h)]. When the 2H (1T) topography dominates, it is
compared to the intrinsic 2H (17') phase nearby. Both cases
show negligible height differences (less than 50 pm) that
are one order of magnitude smaller than the thickness of
the Se-Ta-Se monolayer. Therefore, the bias dependence of
topographies in Fig. 2 does not come from the competition
of integrated LDOS from different layers. They reflect the
energy-dependent textures of the electronic wave function in
the surface of one particular area. As these areas are always
found close to the 2H and 17 phase boundaries, we believe
such a “mixed” phase represents an intermediate (precursor)
state in the 2H-1T transition.

In order to further explore the evolution of electronic states
as a function of energy, d//dV mapping containing the 17
(upper left corner), intermediate (main), and 2H phase (lower
right corner) is performed in Figs. 3 and S4. Stars of David in
the 17 phase reveal orbital textures similar to those reported
in TaS, [19,31,33]. In the intermediate state, while the 2H
characters are mainly distributed over the occupied states
(negative bias voltage), the 17 star pattern can be resolved
throughout the entire energy range. The 2H spectral weight
decreases from high negative bias towards the Fermi level,
thus the 17 features become dominant above —40 meV. This
trend is captured exactly in the topographies that correspond
to the integrated LDOS. The existence of such an interme-
diate state and its dual electronic appearance indicate that
the 2H-17 CDW transition is not instantaneous. In addition
to the charge redistribution, slow lattice dynamics must be
involved which could be driven by external stimulations (such
as the pulse voltage) and remain metastable. Nevertheless, it
does not mean the local atomic structure is switching in the
intermediate state as we sweep the bias voltage. The atoms
should stay at transitional positions between the 17 and 2H
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FIG. 3. (a), (b) Topographic images for a junction area of multiple phases [15x15 nm?, I = 200 pA, (a) V = 400 mV and (b) —400 mV].
(c)—(t) dI/dV maps acquired within the box in (b). The red dashed lines mark the initial position of frontline and the red arrow in (h) indicates
its moving direction (6x6 nm?, V = 400 mV, I = 100 pA, lock-in modulation amplitude AV = 20 mV at frequency f = 973 Hz).

sites. The bias-dependent behavior reveals the energy distribu-
tion of 17 and 2H characters in the electronic wave function
during the transition.

As expected, an MIT occurs with the 2H-1T CDW transi-
tion. Figure 4 shows the typical dI/dV spectra for intrinsic
2H, 1T, and the intermediate state. A Mott gap is clearly
visible in the intrinsic 17 phase with two peaks located
around —210 and +220 meV corresponding to the lower and
upper Hubbard bands, respectively [8]. The gap edges shift
towards the Fermi level and the in-gap density of states (DOS)
is partially recovered in the intermediate state. Eventually,
metallicity with finite DOS is restored in the intrinsic 2H
phase. For comparison, a spectrum in the 17 phase close to
the phase boundary (PB) (hence neighboring 2H) is plotted in

Fig. 4 as well. It shows similar spectral features as that in the
intermediate state.

The progressive transition can be tracked more explic-
itly in our spectroscopic mapping data. In Figs. 3(c)-3(t),
a frontline is observed in the intermediate phase propagat-
ing towards the lower right 2H corner as the 2H features
fade away with the decrease of energy (the initial location is
marked by a red dashed line). The frontline corresponds to
the lower-Hubbard-band maximum in the dI/dV spectrum.
Its movement visualizes the shift of the Hubbard band when
the 2H phase is approached, highlighting the Mott insulator-
to-metal transition.

Meanwhile, the 17 local lattice distortion (contraction)
relaxes as evidenced by the average diameter of the stars of
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FIG. 4. Typical dI/dV spectra for intrinsic 2H, 17, and inter-
mediate state as well as 17 close to the 17-2H phase boundaries
(PBs) (V = —400 mV, I = 500 pA, AV =8 mV, f =973 Hz). The
spectra are shifted vertically for clarity (the horizontal bars mark
dr/dv =0).

David expanding from 1.27 to 1.39 nm (Fig. S5). These results
suggest that the Mott insulating state is intimately related to
the star-of-David distortion, which has a direct impact on the
overlapping and hybridization of Ta d orbitals [7]. Thus the
MIT can be effectively described by the one-band Hubbard
model. The bandwidth W increases when the lattice distor-
tion is relaxed. As a result, the U/W (U: on-site Coulomb

repulsion) decreases. Once reaching a critical value, the Mott
insulating state becomes metallic [15].

It was proposed that the vertical stacking order of 17 CDW
would dictate the ground state in bulk TaS, [26]. A similar
argument that interlayer coupling weakens the Mott insulation
was reported for few-layer TaSe, films [31]. Here, we can
hardly address this issue as no atomic steps were found in
this study. Nevertheless, a 17 structural configuration is pre-
required. We believe the MIT accompanying the 2H-1T CDW
transition is primarily driven by the band tuning in response
to the in-plane atomic displacement in the 177 CDW state. It is
reasonable to conceive that moderate structural modifications
as revealed in this study alter the hybridization of d orbitals
that eventually change the electronic structure [19]. In line
with this scenario, a recent theoretical work demonstrates
the Mottness collapse in monolayer 17-TaSe, under pressure
without losing the long-range CDW order [34].

IV. CONCLUSIONS

In summary, using scanning tunneling microscopy, we
studied the CDW orders and metal-insulator transition in
TaSe, single crystals. In addition to the coexisting 2H
and 17 CDW orders, an intermediate (precursor) phase is
identified carrying both 2H and 17 features in LDOS at
representative energies. Such an “adiabatically” accessed in-
termediate state reveals the noninstantaneous nature of the
2H-1T CDW transition where relatively slow lattice dynam-
ics should be involved. Concomitant with the progressive
recovery of +/13x+/13 lattice distortion from 17 towards
2H, an insulator-metal transition occurs as evidenced by the
collapse of the Mott insulating gap. Our results emphasize the
close connection between the Mott insulating state and the 17
local lattice distortion.
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