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SUPPLEMENTARY INFORMATION for 

“Robust charge-density wave strengthened by electron correlations 

in monolayer 1T-TaSe2 and 1T-NbSe2” by Yuki Nakata et al. 

 

Supplementary note 1: STM characterization of monolayer 1T-TaSe2 

We have performed scanning tunneling microscopy (STM) measurements on the 

monolayer 1T-TaSe2 film grown on bilayer graphene substrate. As seen from the obtained 

STM image in a 100×100 nm2 spatial region for the TaSe2 film at T = 4. 8 K in Fig. S1a, 

a few triangular TaSe2 islands (yellow region) are recognized on top of bilayer graphene 

substrate (dark region). We have also confirmed from the height profile along a cut across 

a step of TaSe2 island in Fig. S1b (obtained along red arrow in Fig. S1a) that the step 

height is ~0.94 nm, which is in between monolayer (0.63 Å) and bilayer (1.26 Å) heights 

in bulk TaSe2 [1], supporting the monolayer nature of our film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1: STM characterization of monolayer 1T-TaSe2. a, STM image in a 
surface area of 100×100 nm2 for monolayer 1T-TaSe2 on bilayer graphene measured at T = 4. 8 
K. b, Height profile along a cut across a step of TaSe2 island shown by red arrow in (a).  
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Supplementary note 2: Origin of insulating gap in monolayer 1T-TaSe2 

We discuss the origin of an insulating gap (Figs. 1-2) observed in the ARPES 

experiment of monolayer 1T-TaSe2. Assuming that the observed gap is not a Mott-

Hubbard gap, it could arise from any of the following four possibilities; (i) the Anderson 

gap, (ii) the band gap, (iii) the substrate-induced gap, and (iv) the conventional Fermi-

surface-nesting-driven charge-density-wave (CDW) gap. The possibility (i) is ruled out 

because 1T-TaSe2 is not a strongly disordered system and the experimental density of 

states (see e.g. Fig. 2d) does not show a power-law-like behavior expected from the 

disorder-induced Coulomb gap. The possibility (ii) is unlikely because the DFT (density 

functional theory) calculation of monolayer 1T-TaSe2 neglecting U [2] was unable to 

reproduce a finite energy gap at the G point even when the energy position of the Fermi 

level (EF) is intentionally moved up or down in the calculation to account for the possible 

self-doping of carriers to the film and/or the charge transfer from the substrate. The 

possibility (iii) is also unlikely because of the following reasons. If the gap opens due to 

the interaction with the substrate, the LHB of TaSe2/NbSe2 is expected to be hybridized 

with the graphene bands through a direct band overlap. However, this hybridization 

would not occur because the graphene band is 4 eV away from EF around the G point. 

Lattice strain by the graphene substrate and resultant change in the band structure are 

unlikely to be responsible, because the lattice strain is expected to be weak due to the 

existence of van der Waals gap between TaSe2/NbSe2 and graphene, as suggested from 

the in-plane lattice constant estimated from the RHEED pattern in monolayer 1T-TaSe2 

(a = 3.5 Å [2]) which is similar to that of bulk (a = 3.47 Å [1]). One may think that the 

gap opening is due to the moiré potential associated with the lattice mismatch between 

TaSe2/NbSe2 and graphene. But this is also ruled out because the folded subband 

associated with the moiré potential is not observed. The possibility (iv) is also unlikely 

because the experiment does not support the emergence of any states within 0.3 eV of EF 
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that are associated with the CDW-induced backfolded bands predicted in the calculation 

incorporating the superstructure potential with a √13×√13 periodicity (e.g. [3]). Also, a 

pseudogap, as observed in the nearly commensurate CCW (NCCDW) phase of bulk 1T-

TaS2 [4], is not seen. Based on these arguments, together with the fact that the GGA+U 

calculation [5] reasonably reproduces the overall experimental band dispersion, in 

particular, the gap opening at EF, the observed gap is reasonably attributed to the electron-

correlation-driven Mott-Hubbard gap (coexisting with CDW). This conclusion is also 

supported by the comparison of spectral feature between monolayer and bulk. As shown 

in Fig. S2a-S2c, overall ARPES intensity along the GM cut at low temperature appears to 

be similar between monolayer 1T-TaSe2 and bulk samples of 1T-TaSe2 and 1T-TaS2 in 

which the Mott-Hubbard nature of the gap is well established. In particular, a nearly flat 

LHB around the G point, as well as the hybridization-gap discontinuity at k ~ 2/3 GM due 

to the formation of CDW, are commonly resolved in the ARPES intensity (Fig. S2a-S2c) 

and the corresponding plots of band dispersion (Fig. S2d-S2f) extracted from the peak 

position in EDCs. 

 

 
Supplementary Figure 2: Comparison of band dispersion among monolayer 1T-TaSe2,  
bulk 1T-TaSe2, and bulk 1T-TaS2. a-c, ARPES intensity plots along the GM cut for 
monolayer 1T-TaSe2, bulk 1T-TaSe2, and bulk 1T-TaS2, respectively, measured at T = 30-40 
K. d-f, Corresponding experimental band dispersion extracted by tracking the peak position 
in EDCs. 
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Supplementary note 3: Comparison of ARPES and tunneling spectroscopy 

   Scanning tunneling microscopy/spectroscopy (STM/STS) experiments on monolayer 

1T-TaSe2 [6] reported (i) the local density of states (LDOS) that is asymmetric with 

respect to EF, and (ii) an anticorrelated behavior in the dI/dV-conductance map between 

the lower and upper Hubbard bands (LHB and UHB). Thus, from the viewpoint of the 

LDOS and dI/dV maps, the electron-hole symmetry appears to be broken. The authors in 

ref. 6 have discussed that the anticorrelated behavior distinct from the expectation for an 

electron-hole symmetric Mott gap is still consistent with the Mott-gap picture and is due 

to additional effects associated with the tunneling process of electrons. Thus, the 

anticorrelation behavior in STM may not be against the Mott-insulator nature of the 

observed gap suggested by ARPES. In addition, the hybridization between the Hubbard 

bands and other bands may further enhance the particle-hole asymmetric behavior. It is 

known from previous STM studies that the anticorrelation becomes weak for multilayer 

(2-3 layer) 1T-TaSe2 and bulk 1T-TaS2 [7, 8]. This does not necessarily indicate that only 

monolayer sample exceptionally avoids the Mott-insulator behavior. It could rather be 

explained as: the CDW-Mott insulator behavior realized in monolayer becomes 

complicated in multilayer and bulk. Such complication may originate from the interlayer 

hopping, as inferred from the STM data on bulk 1T-TaS2 displaying an intriguing 

modulation of LDOS around EF depending strongly on the stacking sequence of David 

stars along the c-axis [8]. In this aspect, comparison of ARPES data between single- and 

multi-layers would be very interesting. Since the domain size of multilayer islands was 

found to be rather small, further optimization of epitaxial-growth condition and utilization 

of a small (submicron) beam spot are required to clarify the band structure of multilayer 

TaSe2 films. 
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The previous STM study on monolayer 1T-TaSe2 [6] has suggested the gap size of 

0.11 eV by defining the width of energy region where the LDOS keeps the zero value, 

and this value is consistent with our dI/dV curve shown in Fig. S3. We have also estimated 

the Mott gap value called DMott from the energy position of LHB relative to EF at the G 

point in the ARPES spectrum. We found that the energy position of LHB at G in the 

ARPES data nearly corresponds to the maximum of the valence-band peak in the 

tunneling spectrum in Fig. S3. We have estimated the energy interval between the maxima 

of valence and conduction bands in the tunneling spectrum to be ~0.5 eV. This value is 

consistent with the previous STM study [6] and about twice of the DMott value estimated 

from the ARPES data (0.56 eV), supporting the non-doped nature of our monolayer 1T-

TaSe2 film. Similarly, the non-doped condition is thought to be maintained for our 

monolayer 1T-NbSe2 sample, as inferred from the previous STS measurement [9] 

showing that EF is located at the center of full energy gap (zero density-of-states region). 

Since the zero-DOS region is clearly 

seen around EF in the STM data for 

monolayer 1T-TaSe2, it is expected that 

the electronic transport would also show 

insulating behavior. However, at the 

moment, it is difficult to obtain reliable 

transport data with our monolayer film, 

because the film is unstable in the 

atmosphere and therefore not suitable for 

performing ex-situ transport 

measurements. Even when we cover the sample with a protection layer, the electric 

current will selectively flow through the metallic bilayer graphene substrate (and the 

protection layer if it is conductive), and consequently, the insulating behavior of 

Supplementary Figure 3: Density of states of 
monolayer 1T-TaSe2. Typical dI/dV spectrum on 
the monolayer TaSe2 island measured at T = 4.8 K.    
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monolayer film cannot be detected. In-situ transport measurements would be also difficult 

because of the same reason. Although the transport measurement is difficult, the zero-

DOS behavior in the tunneling spectrum around the zero bias voltage strongly suggests 

the insulating nature of our monolayer 1T-TaSe2 film. 

 

Supplementary note 4: Temperature evolution of LHB 

It is known from previous studies of bulk 1T-TaS2 that the Mott and CDW states are 

coupled to each other. Such a coupling manifests as the NCCDW (nearly commensurate 

CDW) transition below TNCCDW ~ 340 K associated with the formation of local David-

star clusters, followed by a Mott transition (metal-insulator transition) at TMott ~ 200 K 

accompanying the CCDW (commensurate CCDW) with a √13× √13 periodicity 

characterized by the fully stacked David-star clusters. Since the Mott transition is likely 

triggered by the band narrowing that follows the √13× √13 superstructure potential, one 

can say that the necessary condition (but not the sufficient condition) of the Mott 

transition is the formation of CDW accompanying the David stars. It is known from the 

previous literatures [e.g. [4]] that one can distinguish (i) the normal state where both 

CDW and Mott states are absent, (ii) the Mott-insulator state, and (iii) the NCCDW state, 

by carefully inspecting the band structure. Specifically, (i) is characterized by the 

existence of a metallic band forming a large electron pocket centered at the M point as 

predicted from the first-principles band-structure calculations, (ii) is identified by the 

appearance of LHB with narrow bandwidth and opening of a full gap on entire Brillouin 

zone (BZ), and (iii) is confirmed by the absence of LHB and the recovery of nearly 

normal-state-like band structure with a pseudogap at the Fermi wave vectors (kF’s) on the 

electron pocket. Spectral distinction of these phases is known to be not so difficult. In 

particular, the Mott (CCDW) and NCCDW phases can be well distinguished because the 

transition between the two phases is accompanied by an abrupt change in the overall band 
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structure within the binding-energy range of ~1.2 eV [4].   

 Based on the above situation in bulk 1T-TaS2, one can think about three possibilities 

in monolayer 1T-TaSe2, i.e. (i) the CDW appears but the Mott state is not realized, and 

both CDW and Mott transitions take place (ii) at different temperatures (TNCCDW > TMott) 

or (iii) at the same temperature (TCDW = TMott). The case (i) is unlikely because we clearly 

observe a nearly flat band (the LHB) and a full gap on the entire BZ. The case (ii) is 

characterized by the disappearance of Mott gap and LHB as well as the appearance of 

CDW-originated pseudogap at TMott < T < TNCCDW. What can be suggested from the 

present ARPES result is that a nearly flat band seen at 40 K still survives even at 450 K 

(Fig. 2c), suggestive of the persistence of LHB even at 450 K. This cannot be explained 

in terms of the absence of Mott gap and the persistence of simple CDW gap at 450 K 

because the spectral feature continuously evolves in the temperature range of 40 - 450 K, 

distinct from the abrupt change across TMott in bulk. Namely, whichever the case (ii) or 

case (iii) is realized, we can conclude that TMott for monolayer 1T-TaSe2 is markedly 

enhanced compared to that for bulk 1T-TaS2. Moreover, since TNCCDW for bulk (~340 K) 

is much lower than 450 K, it is reasonable to conclude that the CDW transition 

temperature is also enhanced in monolayer. 

We have examined whether or not the observed temperature dependence of the LHB 

can be explained with the simple thermal broadening effect. As shown in Fig. S4, we have 

tried to reproduce the EDC at T = 450 K (red curve) by intentionally broadening the EDC 

at T = 40 K with a gaussian, exp(-E2/2s2), by varying its energy width s (blue curve). 

When s was chosen to match the slope of the leading edge (top curves), the spectral 

weight around the peak top is significantly overestimated in the simulation. On the other 

hand, when s was chosen to match the overall EDC shape relatively well (bottom curves), 
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the simulated curve apparently has a broader 

leading edge. Also, it is noted that s values used for 

the simulation [0.11 (0.18) eV which correspond to 

T = 1260 (2070) K for the top (bottom) EDC] are 

too large to be reconciled with a simple thermal 

effect. These results suggest that the observed 

temperature dependence of the LHB can hardly be 

explained with the simple thermal broadening 

picture, but reflects an intrinsic change in the gap 

magnitude. 

 

Supplementary note 5: Difference between the 

leading-edge gap and spectroscopic gap 

There exist two types of definitions in 

estimating the gap size from the EDC, i.e. (i) the energy position of the peak relative to 

EF and (ii) the energy position of the leading-edge midpoint (LEM) relative to EF. Both 

definitions are often used to discuss the gap size in other systems such as cuprates and 

Fe-based superconductors [10, 11]. In the present study, they are named DMott and DLEM, 

respectively. We call DMott a spectroscopic gap, because 2DMott spans the energy positions 

at which the LHB and UHB take the highest (and thereby spectroscopically prominent) 

density of states (DOS). The DOS for both the LHB and UHB is not so sharp and has a 

broad tail as can be seen from the ARPES data in Fig. 2d and tunneling spectrum in Fig. 

S3. Because the thermal excitation starts as soon as the excitation energy exceeds the zero 

DOS region around EF, the transport measurement is sensitive to this tail. Since the 

definition of DLEM inherently includes the tail region of the LHB, DLEM is regarded to be 

sensitive to the transport gap (i.e. an activation gap in the transport measurements). 

 
Supplementary Figure 4: 
Simulation of thermal broadening 
effect on LHB. EDC at the G point at 
T = 450 K (red curve) for 1ML 1T-
TaSe2 and simulated EDCs (blue 
curves) that were generated by 
broadening the experimental EDC at T 
= 40 K with a gaussian exp(-E2/2s2) 
assuming s = 0. 11 eV (top) and 0.18 
eV (bottom). 
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Supplementary note 6: Comparison of band structure between bulk and monolayer 

1T-TaSe2 

We show in Fig. S5 the ARPES intensity plots along the GM cut for bulk 1T-TaSe2 

measured at T = (a) 30 K and (b) 300 K, compared with (c) that for monolayer 1T-TaSe2 

measured at T = 40 K (same as Fig. 4d in the main text). One may see from the comparison 

of Fig. S5a and S5c that the overall spectral intensity is roughly similar between bulk and 

monolayer at low temperature, e.g. in the existence of a hybridization-gap discontinuity 

at k ~ 2/3 GM due to the CDW formation. One can also see from the intensity plot at T = 

300 K (b) that there exists no apparent band crossing of EF and the spectral weight at EF 

is still suppressed. In this regard, our result does not seem to be fully consistent with the 

previous study [12] which suggested the surface Mott transition occurring at TMott ~ 260 

K. But this does not necessarily indicate that TMott at the surface of bulk 1T-TaSe2 is far 

above room temperature (as high as that of monolayer), because even from the data for 

bulk at T = 30 K (Fig. S5a) one can clearly recognize a considerable intensity at EF around 

the G point, in stark contrast to the almost zero intensity at EF in monolayer (Fig. S5c). 

Such a crucial difference is highlighted by the comparison of low-temperature EDC at 

the G point in Fig. S5d; the result signifies a clear Fermi-edge cut-off in bulk (blue curve), 

as opposed to negligible spectral weight at EF and steep intensity drop for the leading 

edge of LHB in monolayer (red curve).  



10 

 

 

 

 

 

 

 

 

 

 

Supplementary note 7: Spectral behavior in the photo-excited state 

Figure S6a and S6b show the ARPES intensity around the G point measured with 

a 6.2-eV probe laser before (delay time, t < 0) and immediately after (t = 0) photo-

excitation by a 1.55-eV pump laser, respectively. Taking into account the probe laser 

energy of hn = 6.2 eV and assuming that the work function of monolayer 1T-TaSe2 is the 

same as that of bulk 1T-TaS2 (5.2 eV) [13], one can roughly estimate the upper limit of 

photoelectron binding energy (EB) to be 1 eV (= 6.2 – 5.2 eV). This EB well covers the 

LHB located at ~0.3 eV. Also, a pump laser of hn = 1.55 eV enables the excitation of 

electrons to the UHB across the Mott gap of ~0.6 eV. Thus, our time-resolved ARPES 

measurement fully covers the important energy region involved for the Mott gap. It is 

noted that photoelectrons are detected at the low kinetic energy region outside the EB 

range of 1 eV. Such a spurious photoelectron signal is known to appear because the low 

kinetic energy cut-off of photoelectron signal is usually broad unless a bias voltage is 

applied between the sample and analyzer. Also, it is known that photoelectrons with 

kinetic energy typically lower than a half of pass energy of the analyzer cannot be 

correctly measured by a standard ARPES apparatus.  

 
Supplementary Figure 5: Comparison of band dispersion 
between bulk and monolayer 1T-TaSe2. a-c, ARPES intensity 
plots along the GM cut for bulk 1T-TaSe2 measured at T = (a) 30 K 
and (b) 300 K, compared with (c) that for monolayer 1T-TaSe2 
measured at T = 40 K. d, EDC at the G point for bulk and monolayer 
1T-TaSe2, measured at T = 30 and 40 K, respectively.  
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As shown in Fig. S6a, at t < 0, one can clearly see peaks at EB ~ 0.3, 0.55, and 0.8 

eV, which are attributed to the LHB, and two Se-4p bands, respectively, by referring to 

the experimental result in Fig. 2a measured with the He-Ia line (hn = 21.218 eV). While 

the intensity of LHB is significantly suppressed because of the marked reduction of the 

Ta-5d/Se-4p photoionization cross-section ratio [14], one can still recognize in Fig. S6a 

a broad peak corresponding to the LHB, as better visualized in the EDC at the G point in 

Fig. S6d (blue curve). After photo-excitation (Fig. S6b), the overall spectral feature 

becomes broad, but one can still see a weak but finite LHB intensity. This is supported 

by appearance of a broad hump at EB ~ 0.3 eV in the EDC in Fig. S6d (red curve), 

followed by the Se 4p main peak at EB ~ 0.5 eV. 

Considering the high pump fluence to trigger the electronic phase transition in bulk 

Ta-based TMDs [15-20], we have tried to increase the pump fluence as much as possible, 

and found that 0.26 mJ/cm2 is an upper limit for reliable measurements, above which an 

Supplementary Figure 6: Time-resolved ARPES measurements for monolayer 1T-TaSe2. 
a and b, ARPES intensity around the G point at T = 80 K measured with a 6.2-eV probe laser 
before (delay time, t < 0) and immediately after (t = 0) photo-excitation by a pump laser of 
1.55 eV, respectively. c, Delay-time dependence of photoelectron intensity at EB = 0.314 eV 
(the EB position of LHB). We set the pump laser power to be as high as possible (0.26 mJ/cm2), 
above which the monolayer sample showed a rapid and irreversible degradation. d, EDCs at 
the G point before (t < 0; blue curve) and immediately after (t = 0; red curve) photo-excitation. 
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irreversible spectral broadening was observed due to the photo-induced damage of the 

monolayer sample. Therefore, we carried out the time-resolved ARPES measurement 

with 0.26 mJ/cm2 pump fluence. On the other hand, there exist some reports that bulk 

samples are still robust at this pump fluence because the pump fluence higher than 1 

mJ/cm2 could be applied without damaging the sample [15-20]. This suggests that the 

monolayer sample is structurally and/or chemically more fragile against the pump laser 

irradiation than the bulk counterpart. This may be related to the absence of interlayer 

coupling in monolayer which may help strengthen the overall stability of sample. Thus, 

direct comparison of the robustness of CDW-Mott phase against photo-excitations 

between monolayer and bulk under identical experimental condition is difficult at the 

moment. 

 

Supplementary note 8: Geometry of ARPES measurements 

ARPES data shown in Fig. 

3 were obtained by using 

linearly polarized photons from 

synchrotron radiation while 

those in Figs. 1 (except for the 

data in Fig. 1f which was 

measured with circularly 

polarized 260-eV photons), 2, 

and 4 were recorded with the 

linearly polarized He-Ia photons in laboratory (linear polarization is due to grating). Both 

data were obtained using the “angular mode” of electron analyzer which simultaneously 

collects photoelectrons with a finite acceptance angle along the y direction, as shown in 

Fig. S7. In the case of laboratory-based measurement (Fig. S7a), the light is in x-z plane, 

 

Supplementary Figure 7: Schematics of experimental 
geometry for ARPES measurements. Experimental 
geometry of incident light, emitted photoelectrons, and 
sample surface for the a, laboratory-based and b, 
synchrotron-based ARPES measurements. 
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and the geometry is equivalent for photoelectrons emitted to the positive vs negative y 

directions. On the other hand, as shown in Fig. S7b, the light is in y-z plane in the 

synchrotron-based measurement, and it is inequivalent. This causes asymmetry in the 

photoelectron matrix-element effect between positive and negative ky’s, as seen in Fig. 2a 

of main text. It is noted that the intensity asymmetry does not affect the main conclusion 

of the present study, because the matrix-element effect does not influence the energy 

position of bands. 
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