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Abstract:  

ABC-stacked trilayer graphene/hBN moiré superlattice (TLG/hBN) has emerged as a 

playground for correlated electron physics. We report spectroscopy measurements of dual-

gated TLG/hBN using Fourier transformed infrared photocurrent spectroscopy. We 

observed a strong optical transition between moiré mini-bands that narrows continuously as 

a bandgap is opened by gating, indicating a reduction of the single particle bandwidth. At 

half-filling of the valence flat band, a broad absorption peak emerges at ~18 meV, indicating 

direct optical excitation across an emerging Mott gap. Similar photocurrent spectra are 

observed in two other correlated insulating states at quarter- and half-filling of the first 

conduction band. Our findings provide key parameters of the Hubbard model for the 

understanding of electron correlation in TLG/hBN.  

 

 

 

Main Text: 

Moiré superlattices of two-dimensional (2D) materials (1-4) offer a versatile platform to engineer 

and study correlated electron physics. With additional experimental knobs such as the composition, 

the twisting angle and gate electric fields, the electronic band structure and charge density can be 

(in-situ) independently controlled in these synthetic quantum materials. As a result, 

superconductivity (5-10), correlated insulating states (11-18), orbital magnetism (19) and 
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correlated Chern insulators (12, 20) have been observed in 2D moiré superlattices. Many intriguing 

questions arise from these observations, such as the nature of correlated insulating states and the 

mechanism of superconductivity²calling for systematic spectroscopy studies. Although several 

spectroscopy studies have been carried out (21-26) on the particular system of magic-angle twisted 

bilayer graphene (MATBLG), experiments on 2D moiré superlattices have been dominated by 

electron transport measurements. Applying additional top layers for encapsulation (to mimic the 

environment dielectric screening as in transport experiments) or dual-gating (13-17, 27) (relevant 

to the majority of 2D moiré superlattices), makes it impossible to employ many spectroscopic 

techniques commonly used in surface science, such as scanning tunneling spectroscopy and 

photoemission spectroscopy. To gain fundamental understanding of the correlated physics in 2D 

moiré superlattices, developing spectroscopy techniques that can access buried heterostructures is 

of critical importance at this exciting frontier of research.  

Optical transmission/reflection spectroscopy has been widely used to study electronic 

excitations in conventional strongly correlated materials (28). However, in moiré superlattices the 

relevant energy scales of  the electronic band and Coulomb gap are significantly smaller (<50 meV) 

than their counterparts in conventional strongly correlated materials. Consequently, far-infrared 

spectroscopy with photon wavelength > 25 Pm is required to probe correlated electron excitations 

in moiré superlattices. The corresponding beam spot size (~ 1 mm when using Globar, the only 

broadband infrared source) is much larger than typical 2D material devices (29), making infrared 

reflection/transmission spectroscopy of moiré heterostructures extremely challenging. At the same 

time, infrared absorption in the gate layers easily dominates that from the layer of interest²making 

it harder to extract a clean signal. So far, no infrared spectroscopy has been applied to top-gated 

2D moiré superlattices.  



Here we overcome these challenges by adopting FTIR (Fourier Transformed InfraRed)-

photocurrent spectroscopy for the optical absorption measurement of an ABC-stacked trilayer 

graphene/hBN moiré superlattice (TLG/hBN). The overall methodology is similar to that 

described in Ref. (29). However, notable improvement of signal-to-noise ratio has been achieved 

in the current study, which enables spectroscopy of correlated states in moiré superlattices (30); 

we applied this technique to dual-gated TLG/hBN (as illustrated in Fig. 1A). 

Figure 1B shows the calculated band structure of TLG/hBN in the mini-Brillouin zone 

using a tight-binding model, where a moiré potential exists at the top layer of TLG (30). Dashed 

curves represent the four lowest moiré mini-bands at zero displacement field D, where the bandgap 

at charge neutrality is zero. As we apply a positive (negative) D by controlling bottom and top gate 

voltages, a positive (negative) potential energy difference between the bottom and top graphene 

layers is induced (' = Et-Eb); the resulting mini-bands are shown as solid curves.  Here we define 

the positive direction of D to be pointing from the bottom gate to the top gate. This potential energy 

asymmetry corresponds to a bandgap that is slightly smaller than |'|. The highest valence band is 

well-separated from the other bands, forming an obvious flat band that hosts correlated insulating 

states when doped (27, 31, 32). The lowest conduction band also features a small bandwidth, but 

it partially overlaps with the second lowest conduction band. Interband optical transitions can 

happen between these moiré mini-bands as indicated by arrows I1-I4. I1 and I4 have the largest 

oscillator strengths as they are allowed even in the absence of the moiré potential. In contrast, I2 

and I3 are allowed only by the moiré potential effect and they contribute less to optical conductivity. 

Figure 1C shows the experimental photocurrent spectrum at D = -0.71 V/nm, featuring a sharp and 

strong peak at ~72 meV. The photocurrent signal is zero below this peak. There is a second broader 



peak residing at ~20 meV above the main peak. The sharp peak at ~102 meV is caused by interlayer 

electron-phonon coupling between hBN and graphene and requires further study.   

Using the calculated optical conductivity spectrum in Fig. 1C as a reference, the 

experimental photocurrent spectrum can be interpreted. The main peak at ~72 meV is dominated 

by the interband transition I1 in Fig. 1B, and the second peak at ~95 meV may be resulting from I3 

and I4 transitions.  The separation between these two peaks corresponds to the bandgap between 

the two valence bands²supporting the important presumption that the highest valence band is 

isolated when considering correlation effects. The peak width of the main peak is determined by 

the joint Density-of-States (jDOS), which is closely related to the peak width of the van Hove 

singularities (vHS) in the density of states (DOS) (30) of the highest valence band and the lowest 

conduction band. When both bands are relatively flat as in bandgap-opened TLG, the observed 

peak width serves as a good indicator of the single-particle bandwidth W.  

Different from MATBLG where W is determined mostly by the twisting angle, theory 

predicts that the moiré bandwidth in TLG/hBN can be tuned in situ by D (32). Our measurement 

allows a direct visualization of this electrical tuning of the moiré flatband bandwidth. Figure 2A 

shows photocurrent spectra of TLG/hBN at several values of D, where the charge density is fixed 

at zero. At D = -0.38 V/nm, the spectrum features a broad peak at ~35 meV with a full width at 

half-maximum (FWHM) of ~20 meV. This wide peak width is caused by the relative dispersive 

bands at small displacement fields. As D changes from -0.38 V/nm to -0.55 V/nm to -0.71 V/nm, 

this peak blueshifts and quickly sharpens monotonically. At positive D and ', a similar broad peak 

is observed at D = 0.33 V/nm. This peak sharpens at D = 0.49 V/nm and eventually broadens again 

at D = 0.66 V/nm, showing a non-monotonic change of peak width. At the same time, a second 

peak corresponding to I3 and I4 emerges gradually as |D| increases in both directions. Such trends 



are better seen in the color plot of photocurrent spectra in Fig. 2B when D is continuously tuned. 

Dashed lines correspond to the spectra in Fig. 2A with the same color. We calculated optical 

conductivity spectra as a function of D, as shown in Fig. 2C. By aligning the lowest energy peak 

position in both experimental photocurrent spectrum and calculated optical conductivity spectrum, 

we established a conversion from D to '(���. This allowed us to outline two regions by white 

boxes in Fig. 2C that correspond to the experimental data in Fig. 2B. Major features and trends in 

Fig. 2B are well-reproduced by calculation in Fig. 2C. The blueshift of the I1-dominated optical 

transition peak indicates the opening of the bandgap. At the same time, the bandwidth of the 

relevant moiré bands continuously evolves.  

Figure 2D summarizes the FWHM of I1-dominated peak as a function of '. Both 

experimental and calculated FWHMs decrease monotonically to ~ 5 meV as ' moves in the 

negative direction. With ' !�, a minimum FWHM of ~7 meV is observed experimentally at ' ~ 

60 meV. The calculated peak width of DOS of the highest valence band (30) is shown as blue 

diamonds. It shows a trend similar to that of the optical transition peak FWHM, reaching a 

minimum of 5 meV. The evolution of optical transition peak width largely reflects that of W of the 

highest valence band, which is plotted as green triangles. As the bandgap is opened, the bandwidth 

W is suppressed and eventually approaches ~ 12 meV. This value is smaller than the estimated on-

site Coulomb repulsion energy U = ௘మ

ସగఌబఌ௟ಾ
 ൎ 25 𝑚𝑒𝑉 (𝑙ெ ൌ 15 ݊𝑚 is the moiré wavelength and 

 is the dielectric constant of hBN)²making correlation effects possible when partial doping 4 = ߝ

is induced by gates. Our data also indicated a slightly broader peak width at ' !� than at ' �� for 

the whole range (30). This observed asymmetry of peak width implies a bigger W for the ' !� side, 

which agrees with the fact that correlation effects are stronger at negative D than at positive D in 



transport experiment (8), as well as the theoretical calculation of bandwidth W as shown in Fig. 

2D.  

Next, we examine optical transitions in the correlated insulating state when the flat valence 

band is doped. Figure 3A shows the device resistance as a function of top and bottom gate voltages. 

At half-filling of the flat valence band (Q = -½), a correlated insulating state is formed as indicated 

by a resistance peak. Figure 3B shows the photocurrent spectrum at zero filling of this hole band 

at D = -0.44 V/nm, where a photocurrent peak centered at 45 meV corresponds to I1 as illustrated 

by the inset. This peak has a FWHM of ~13 meV; the calculations in Fig. 2D predict a DOS peak 

width of 10 meV at this D. At Q = -½ with a similar displacement field D = -0.42 V/nm, the 

photocurrent spectrum is dramatically changed as shown in Fig. 3C. We observed a new strong 

peak centered at ~18 meV. This energy is clearly below the bandgap energy in Fig. 3B, yet it is 

bigger than the DOS peak width of the flat valence band. The FWHM of this new peak is ~18 meV, 

which is significantly broader than the peak width in Fig. 3B. The I1-dominated peak is merged 

into the broad background. 

These observations at Q = -½ all point to a picture much more complicated than in a doped 

band insulator, where electron correlation effects can be neglected. For a half-doped single-band 

Hubbard model, theoretical calculations (33-35) predicted a broad peak in optical conductivity 

spectrum centering at around on-site Coulomb repulsion energy U. Such features have been 

observed by optical spectroscopy experiments in conventional strongly correlated materials (33, 

37, 38). We believe the strong peak at 18 meV in Fig. 3C indicates the formation of upper and 

lower Hubbard bands, with an optical excitation across the Mott gap as illustrated by the inset of 

Fig. 3C. In the final state of this optical excitation, a hole is left at one site while an extra electron 

is added to another site on the triangular moiré superlattice of TLG/hBN. For the moiré superlattice 



in our device, ௘మ

ସగఌబఌ௟ಾ
 ൎ 25 𝑚𝑒𝑉 is expected to be a good estimate of the onsite Coulomb repulsion 

energy U (36). This energy is close to the peak position of 18 meV in Fig. 3C. The second piece 

of evidence of correlation effects is the large broadening of the low energy peak. The FWMH of 

18 meV is several times bigger than expected from the simple uncorrelated band picture: without 

correlations, one expects a peak width of ~ 6.5 meV as inferred from the experimental spectrum 

in Fig. 3B, and ~ 5 meV from calculations. Thirdly, the interband transition from the lower 

Hubbard band to the lowest conduction mini-band (illustrated by the dashed arrow in the inset of 

Fig. 3C) is difficult to distinguish from the broad continuous background. It is likely that the DOS 

distribution of the lowest conduction band, which is remote to the flat valence band, also gets 

dramatically broadened and prevents an easy identification of the transition from the experimental 

spectrum. The broadening of both the flat band and remote band are similar to what happens in 

MATBLG (21, 22, 24), indicating that strong correlation effects play a key role in our system. 

We now discuss briefly the implication of this low energy optical transition on the detailed 

nature of the Mott insulator state at Q = -½ of the valence flat band. We can rule out spin and valley 

polarized ferromagnetic ground states, as optical transitions are forbidden in such states because 

of the conservation of spin and valley pseudospin. This is also supported by transport measurement 

where magnetism is absent from the topologically trivial side of TLG/hBN (12). Other candidate 

ground states such as antiferromagnetic and inter-valley-coherent Mott insulators on a triangular 

lattice (36, 37) allow optical transitions across the charge gap. They both agree with our 

experimental results, but a more precise identification requires further experimental and theoretical 

studies. In particular, continuous tuning of ' and intersite coupling parameters in TLG/hBN 

facilitates experimental exploration of multiple ground states. 



Besides the correlated insulating state at Q = -½ of the flat valence band, we also explored 

magnetic field-induced insulating states when the Fermi level is shifted into the lowest conduction 

band at D > 0. Figure 4A shows the transport signature of such states when D is positive. At zero 

magnetic field, the device resistance features a single peak corresponding to filling factor Q = 0, 

whereas the electron-doped side is featureless. However, at B = 7.5 T, resistance peaks appear at 

Q = ¼ and ½ of the lowest conduction band. These features mimic the transport signatures of 

correlated insulating states at -¼ and -½ filling of the flat valence band when D is negative. Figure 

4B shows the photocurrent spectra corresponding to these two new insulating states. At Q = 0, a 

peak located at ~50 meV indicates interband transition across the displacement field induced 

bandgap. In contrast, at ¼ and ½ filling, a peak located at ~22 meV emerges and dominates both 

spectra; no obvious peak can be identified near 50 meV at ¼ and ½ filling. 

Because Q = ¼ and ½ correspond to one electron and two electrons per site on the moiré 

superlattice, we believe these two states are also driven by electron correlation as in the Mott 

insulator state of the flat valence band at Q = -½. The exact role of magnetic field is to be clarified 

by further measurements. Phenomenologically, the peak positions and widths in photocurrent 

spectra at these two magnetic field-induced insulating states are similar to those of the peak in Fig. 

3C. We believe that a correlation-driven band splitting similar to that in Fig. 3C is present in this 

scenario, as illustrated by the inset of Fig. 4B. In both cases, the optical excitation energy is largely 

determined by the onsite Coulomb repulsion energy U, which is set by the same moiré wavelength 

and independent of the displacement field and the doping type. 

Our measurements provide spectroscopic evidence of electron correlation effects in 

TLG/hBN moiré superlattice. We have experimentally determined energy scales for relevant 

parameters of the Hubbard model, which form a basis for accurate theoretical modeling and 



understanding of both observed (8, 12, 27) and predicted correlated ground states (36-38) in this 

moiré superlattice. These observations open up opportunities to explore the doping and 

temperature dependence of the optical spectrum, sum rules for optical conductivity (28, 33), and 

bound excitons of holon and doublon (28, 39)²all calling for further systematic study and 

theoretical calculations. The FTIR photocurrent spectroscopy technique employed here can be 

readily generalized to other encapsulated and (dual-)gated 2D moiré superlattice devices for better 

understanding of correlated electron physics in this designer material platform. 
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Fig. 1 Device structure and interband optical transitions in ABC TLG/hBN moiré 

superlattice. (A) Illustration of a dual-gated TLG device with a moiré wavelength of ~15 nm. (B) 

Calculated band structure of TLG in the mini-Brillouin zone under a moiré potential (30). Dashed 

curves represent mini-bands at zero displacement field, whereas solid curves indicate mini-bands 

at a displacement field induced by gates so that '   ��� meV. ' represents the gate-induced 

potential difference between the top and bottom layer of TLG. Arrows labeled as I1 to I4 represent 

interband optical transitions when the Fermi level is inside the gap. (C) The photocurrent spectrum 

of TLG/hBN at a displacement field D = -0.71 V/nm and calculated optical conductivity spectrum 

at ' = -87 meV. Calculated contributions from transitions I1-I4 are plotted as solid curves, and the 

sum is plotted as a dashed curve. The prominent experimental peak at ~72 meV corresponds to 

transition I1. The peak in photocurrent spectrum indicated by a green arrow corresponds to the 

peak in optical conductivity that is dominated by I3 and I4. All photocurrent spectroscopy 

measurements were performed at a sample temperature of 2 K. 

 

 

 

 



 

Fig. 2 Displacement field-dependent interband optical transitions at zero doping. (A) 

Photocurrent spectra at several representative displacement fields and zero doping at 2 K. The 

spectra are shifted vertically for clarity. At D = -0.38 V/nm, the low energy peak is very broad in 

energy, indicating a large dispersion of both conduction and valence bands. As D becomes more 

negative and the bandgap increases, this peak blue-shifts and narrows²indicating the lowest 

conduction and valence bands are being squeezed by the bandgap. At positive D, the peak position 

also blue-shifts monotonically whereas the peak width first narrows, then broadens. (B) The 2D 

color plot of photocurrent spectra as a function of D. Dashed lines correspond to spectra in (A) 

with the same colors. (C) The 2D color plot of calculated optical conductivity spectra as a function 

of '. The two white boxes outline the corresponding range of data in (B). A good agreement with 

(B) is observed for both I1- and I4- dominated spectrum ranges. (D) FWHM of the I1-dominated 



peak as a function of ' extracted from (B) & (C) are shown as black squares and red dots, 

respectively. Blue diamonds represent the calculated DOS vHS peak width of the highest valence 

band. Green triangles represent the full bandwidth of the highest valence band. As the bandgap is 

opened, both single particle DOS peak and optical transition peak width become significantly 

narrower, driving the system into correlated-electron regime when doped. 

 

Fig. 3 Optical transitions in the correlated insulating state. (A) Device resistance as a function 

of top and bottom gate voltages. The dashed line indicates the constant D direction. Resistance 

peaks corresponding to full filling, half filling and zero filling of the highest valence band are 

labeled as Q= -1, -½ and 0, respectively. (B) The photocurrent spectrum taken at the purple dot 

position in (A). The spectrum is dominated by a sharp peak at ~45 meV, which corresponds to the 

I1 transition as illustrated by the inset. (C) Photocurrent spectrum taken at the green dot position 

in (A). In contrast to the spectrum in (B), a broad peak at ~18 meV emerges²corresponding to an 

optical transition across the Mott gap as illustrated by the solid arrow in the left inset. The final 

state of such optical excitation contains a hole at one site and an extra electron at another site in 

the triangular moiré superlattice as illustrated in the right inset.  The I1 peak (indicated by the 

dashed arrow in the left inset) is merged into the background. Spectra in (B) and (C) are taken at 

2 K. 



 

Fig. 4 Optical transitions in magnetic field-induced correlated insulating states. (A) Top gate-

dependent device resistance at a fixed back gate voltage Vb = +38 V. At zero magnetic field, a 

single resistance peak appears at filling factor Q=0. At B= 7.5 T, additional peaks appear at Q =¼ 

& ½, corresponding to quarter and half fillings of the lowest conduction band. (B) Photocurrent 

spectra corresponding to the three resistance peaks at 7.5 T in (A). The Q =¼ & ½ spectra are 

shifted by 3 & 6 a.u. respectively for clarity. At n=0, a peak centered at 50 meV indicates the 

optical transition across the main gap. At both Q =¼ & ½, a peak centered at around ~22 meV 

appears whereas the interband transition is merged into background. This low energy peak mimics 

the peak in Fig. 3C (shown as dashed curve for comparison) in both peak position and peak width, 

implying similar band splitting physics as in a Mott insulator. All the transport data in (A) and 

optical spectra in (B) are measured at 2 K. 
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MHWKRdV 

The deYice XVed in WhiV e[SeUimenW iV Whe Vame aV WhaW in Ref. (8), ZheUe Whe fabUicaWion SUocedXUeV 

ZeUe diVcXVVed. The meaVXUemenW Vcheme iV VimilaU Wo WhaW ZaV XVed in Ref. (29), ZiWh VeYeUal 

diffeUenceV in deWailV. The gUaShene deYice iV Slaced in heliXm e[change gaV enYiUonmenW in a 

magneWo-oSWical cU\oVWaW. All meaVXUemenW iV done aW a VamSle WemSeUaWXUe of 2 KelYin. A TheUmo 

ScienWific IG50 FTIR VSecWUomeWeU iV XVed ZiWh an infUaUed GlobaU aV Whe lighW VoXUce. The 

UadiaWion iV focXVed b\ a lighW-cone onWo Whe VamSle. A SWanfoUd ReVeaUch SR570 cXUUenW amSlifieU 

iV XVed Wo collecW Whe ShoWocXUUenW and iWV oXWSXW iV fed inWo FTIR aV Whe inSXW. We e[WUacWed Whe 

VSecWUa b\ FoXUieU WUanVfoUming Whe UaZ FTIR inWeUfeUogUam. SSecWUa of coUUelaWed inVXlaWing VWaWeV 

aUe When VmooWhed befoUe being noUmali]ed. MeaVXUemenWV of ShoWocXUUenW VSecWUa aW meWallic 

VWaWeV aUe challenging dXe Wo Whe laUge elecWUic noiVe in VXch VWaWeV. 

 

SXSSOHPHQWaU\ WH[W 

1. IPSURYHPHQW RI WKH VLJQaO-WR-QRLVH UaWLR RI FTIR SKRWRcXUUHQW VSHcWURVcRS\ 

ComSaUed ZiWh SUeYioXV meaVXUemenWV, Ze haYe VignificanWl\ imSUoYed Whe Vignal-Wo-noiVe UaWio 

of Whe FTIR ShoWocXUUenW VSecWUoVcoS\. ThiV can be Veen in FigXUe S1, ZheUe VSecWUa of Whe Vame 

AB-VWacked bila\eU gUaShene VamSle obWained SUeYioXVl\ and noZ aUe SUeVenWed. Since blackbod\ 

UadiaWion decUeaVeV faVW WoZaUdV Whe loZ eneUg\ limiW, and biggeU JohnVon noiVe and VhoW noiVe 

occXU foU VamSle ZiWh VmalleU UeViVWance/bandgaS, Whe imSUoYemenW Ze haYe made iV VignificanW. 

ThiV Wechnical adYance iV Whe ke\ Wo Whe e[SeUimenW deVcUibed in WhiV manXVcUiSW, eVSeciall\ foU 

meaVXUemenW aW coUUelaWed inVXlaWing VWaWeV. 

 

2. NRUPaOL]aWLRQ RI SKRWRcXUUHQW VSHcWUa  

The UaZ ShoWocXUUenW VSecWUXm encodeV boWh e[WUinVic and inWUinVic effecWV. The incidenW beam 

VSecWUXm iV e[WUinVic Wo Whe maWeUial SUoSeUWieV and WhXV needed Wo be coUUecWed foU. ThiV iV done 

b\ diYiding a UaZ VSecWUXm b\ Whe VSecWUXm of AB-VWacked bila\eU gUaShene aW Vmall bandgaS(29), 

ZheUe Whe abVoUSWion aboYe Whe band gaS iV e[SecWed Wo be VmooWh and flaW. Fig. S2A VhoZV an 

e[amSle of VXch noUmali]aWion SUocedXUe, ZheUe VSecWUal feaWXUeV of Whe incidenW beam aUe 



eliminaWed Wo UeYeal onl\ inWUinVic ShoWocXUUenW VSecWUXm. Fig. S2B VhoZV an e[amSle of VXch 

noUmali]aWion SUocedXUe foU TLG/hBN VSecWUXm Waken aW filling facWoU v=ò. The noiVe beloZ 8 

meV iV higheU dXe Wo loZ fUeTXenc\ noiVeV Vo Ze limiW oXU diVcXVVionV Wo eneUg\ aboYe WhaW. Fig. 

S2C VhoZV VeYeUal noUmali]ed ShoWocXUUenW VSecWUa of AB-VWacked bila\eU gUaShene aW diffeUenW 

gaWe YolWageV/bandgaS Vi]eV. We XVe Whe Vame UaZ VSecWUXm in black aV in Fig. S2A & B. foU 

noUmali]aWion in C. The band edge and e[ciWon feaWXUeV can be cleaUl\ UeVolYed ZiWh e[SecWed 

eYolXWion XndeU WXning of Whe gaWe YolWageV/bandgaS doZn Wo a 10 meV. ThiV facW jXVWifieV oXU 

noUmali]aWion SUocedXUe in Fig. S2A & B. 

 

3. RRbXVWQHVV RI WKH ORZ HQHUJ\ UHVRQaQcH LQ cRUUHOaWHd LQVXOaWLQJ VWaWHV  

We aUgXe WhaW Whe e[iVWence of Whe loZ eneUg\ UeVonanceV in coUUelaWed inVXlaWing (CI) VWaWeV iV a 

UobXVW e[SeUimenWal obVeUYaWion, inVWead of an aUWifacW dXe Wo Whe noUmali]aWion SUocedXUe. The 

globaU VoXUce in oXU FTIR VSecWUomeWeU iV a SiC Uod WhaW iV heaWed XS Wo a1500 K. IWV emiVVion 

VSecWUXm folloZV Whe blackbod\ UadiaWion VSecWUXm. AV VhoZn in FigXUe S3, Zhen Whe bandgaS of 

bila\eU gUaShene iV VmalleU Whan 10 meV, iWV ShoWocXUUenW VSecWUXm nicel\ folloZV Whe blackbod\ 

UadiaWion VSecWUXm aW 1500 K in Whe VSecWUXm Uange of 10-85 meV.  

In conWUaVW, Zhen comSaUing Whe UaZ VSecWUa of ABC TLG/hBN aW half- and TXaUWeU-filling ZiWh 

Whe Vame blackbod\ UadiaWion VSecWUXm, VignificanW deYiaWionV aUe obVeUYed in Whe Uange of 10-30 

meV. The UaZ ShoWocXUUenW VSecWUa VhoZ a bUoad Seak cenWeUed aW a20 meV in all WhUee VSecWUa, 

Zhile Whe\ UoXghl\ folloZ Whe BB VSecWUXm aW > 40 meV. ThiV Seak iV noW onl\ higheU Whan Whe 

blackbod\ UadiaWion aW Whe Vame eneUg\, bXW eYen higheU Whan Whe ShoWocXUUenW Vignal aW a40 meV. 

ConVideUing WhaW Whe BB VSecWUXm VcaleV aV aE2 and doZnSla\V Whe VSecWUal feaWXUeV aW Whe loZ 

eneUg\ limiW, a UeVonance Seak WhaW can be idenWified in Whe UaZ VSecWUXm iV a UobXVW e[SeUimenWal 

eYidence baVed on Zhich oXU anal\ViV and conclXVion can be Vafel\ eVWabliVhed. 

We fXUWheU SloW noUmali]ed VSecWUa obWained b\ noUmali]ing againVW Whe BLG VSecWUXm and Whe BB 

VSecWUXm. AV can be Veen fUom FigXUe S4, Whe loZ eneUg\ UeVonance SeakV in all WhUee CI VWaWeV 

Uemain VignificanWl\ higheU Whan Whe almoVW flaW backgUoXnd aW eneUg\ > 40 meV, no maWWeU Zhich 

UefeUence VSecWUXm iV XVed foU noUmali]aWion. TheUefoUe, Ze belieYe WhaW Whe Vcale and emeUgence 



of WhiV loZ eneUg\ UeVonance iV a YeU\ UobXVW VignaWXUe of CI VWaWeV in ABC TLG/hBN, inVWead of 

being an e[SeUimenWal aUWifacW UendeUed b\ Whe noUmali]aWion SUocedXUe. 

 

4. SPRRWKLQJ RI QRLV\ VSHcWUa LQ cRUUHOaWHd LQVXOaWLQJ VWaWHV 

SSecWUa in boWh FigXUe 3 & 4 of Whe main We[W ZeUe VmooWhed b\ aYeUaging neighboUing daWa SoinWV 

in an eneUg\ Uange of 3 meV. The VmooWhing ZaV done Wo UaZ VSecWUa befoUe noUmali]aWion. ThiV 

iV eTXiYalenW Wo XVing a ZoUVe eneUg\ UeVolXWion in FTIR meaVXUemenW. In oXU ShoWocXUUenW 

VSecWUoVcoS\ meaVXUemenWV, Whe Vignal-Wo-noiVe UaWio foU VWaWeV in FigXUe 2 iV mXch beWWeU Whan WhaW 

foU VWaWeV in FigXUe 3 & 4. In geneUal, Whe Vignal iV mXch ZeakeU aW loZ eneUgieV Whan WhaW aW high 

eneUgieV, dXe Wo Whe VWUong eneUg\-deSendenW SoZeU denViW\ of Whe VSecWUXm of Whe incidenW infUaUed 

beam. In WeUmV of Whe noiVe, oXU meaVXUemenW iV limiWed b\ elecWUical noiVe UaWheU Whan oSWical noiVe. 

TheUefoUe, VWaWeV WhaW haYe loZ UeViVWanceV Zill haYe biggeU noiVe Whan WhoVe haYe high UeViVWanceV. 

Combining WheVe WZo facWV, ShoWocXUUenW VSecWUa Waken aW CI VWaWeV (FigXUe 3C & FigXUe 4B) haYe 

ZoUVe Vignal-Wo-noiVe UaWio Whan WheiU coXnWeUSaUWV Waken aW WUiYial band inVXlaWoU (TI) VWaWeV (FigXUe 

2). TheUefoUe, Wo obWain VSecWUa in a UeaVonable amoXnW of Wime, Ze decided Wo XVe a fineU eneUg\ 

UeVolXWion foU TI VWaWeV and a coaUVeU eneUg\ UeVolXWion foU CI VWaWeV. The eneUg\ UeVolXWion in 

FigXUe 3B ZaV SXUSoVel\ choVen Wo maWch WhaW of FigXUe 3C foU a faiU comSaUiVon. SWill, Ze noWe 

WhaW Whe VSecWUXm in Fig. 3B of Whe main We[W ZaV aYeUaged foU 30 minV, Zhile VSecWUa in Fig. 3C 

and Fig. 4C in main We[W ZeUe aYeUaged foU a6 hoXUV.  

AV VhoZn in FigXUe S5, VmooWhing Whe UaZ VSecWUa in neiWheU Whe CI noU Whe TI VWaWeV changeV Whe 

noUmali]ed VSecWUa TXaliWaWiYel\: eYen in Whe UaZ VSecWUa noUmali]ed b\ Whe BLG VSecWUXm, a bUoad 

and VWUong loZ eneUg\ UeVonance e[iVWV aW a20 meV. None of Whe loZ eneUg\ UeVonanceV in CI 

VWaWeV ZeUe dXe Wo Whe amSlificaWion of noiVe dXUing Whe noUmali]aWion SUocedXUe. The VmooWhing 

SUocedXUe alloZV XV Wo focXV on Whe bUoad and VWUong loZ eneUg\ UeVonanceV in Whe CI VWaWeV b\ 

eliminaWing Whe faVW-oVcillaWing noiVe in Whe loZ eneUg\ Uange. 

 

4. DaWa IURP aQRWKHU ABC TLG/KBN dHYLcH ZLWK PRLUp 

We fabUicaWed anoWheU ABC TLG/hBN deYice (DeYice 2), in Zhich Whe WZiVW angle beWZeen TLG 

and hBN iV 0.6 degUee, coUUeVSonding Wo a VmalleU moiUp ZaYelengWh Whan Whe DeYice 1 in Whe main 



We[W. We SeUfoUmed boWh DC WUanVSoUW and ShoWocXUUenW VSecWUoVcoS\ meaVXUemenWV WhaW aUe 

VXmmaUi]ed in FigXUe S6. The inWeUband WUanViWion Seak can be idenWified Zhen Whe diVSlacemenW 

field iV big, Zhile WhiV Seak bUoadenV aV Whe diVSlacemenW field iV UedXced. ThiV iV VimilaU Wo ZhaW 

Ze obVeUYed in DeYice 1. 

FoU DeYice 2, Ze managed Wo collecW ShoWocXUUenW VSecWUa in Whe TI VWaWeV aW bandgaSV doZn Wo a14 

meV. FigXUe S7 SUeVenWV Whe comSaUiVon beWZeen ShoWocXUUenW VSecWUa Waken aW Whe TI VWaWe and CI 

VWaWe, boWh aUe noUmali]ed b\ Whe Vame BLG VSecWUXm. The TI VSecWUXm feaWXUeV a UelaWiYel\ flaW 

VSecWUXm ZiWh a bUoad Seak aW loZ eneUg\. ThiV obVeUYaWion agUeeV ZiWh Whe e[SecWaWion of Whe 

oSWical condXcWiYiW\ of ABC TLG aW Vmall bandgaS. In conWUaVW, Whe CI VWaWe VSecWUXm iV dominaWed 

b\ a Seak aW a20 meV WhaW iV a6 WimeV higheU Whan Whe backgUoXnd aW > 40 meV. ThiV comSaUiVon 

beWZeen WZo VSecWUa Waken fUom Whe Vame deYice and ZiWh a laUge oYeUlaS in eneUg\ coUUoboUaWeV 

Whe e[iVWence and Vcale of Whe loZ eneUg\ UeVonance in Whe ShoWocXUUenW VSecWUXm of Whe CI VWaWe. 

The UaZ VSecWUa aW WhUee diffeUenW filling facWoUV and VimilaU diVSlacemenW fieldV aUe SUeVenWed in 

Fig. S8A. AW filling facWoU Q=0, Whe deYice iV in Whe TI VWaWe and Whe VSecWUXm iV dominaWed b\ a 

Seak cenWeUed aW a55 meV, coUUeVSonding Wo Whe inWeUband WUanViWionV beWZeen moiUp mini-bandV. 

AW filling facWoU Q=-1/4 & -1/2, Whe VSecWUal ZeighW gUadXall\ WUanVfeUV Wo Whe loZ eneUg\ Uange and 

Whe 55 meV iV meUged inWo Whe backgUoXnd. AfWeU noUmali]aWion b\ Whe BLG VSecWUXm, VSecWUa in 

Fig. S8A deYeloS cleaUl\ idenWifiable SeakV aV SUeVenWed in Fig. S8B. The noUmali]ed VSecWUa aW 

Q=-1/4 & -1/2 boWh feaWXUe a bUoad Seak aW a20-25 meV. In comSaUiVon ZiWh Whe noUmali]ed 

VSecWUXm of Whe CI VWaWe in DeYice 1, Whe loZ eneUg\ UeVonance SeakV in DeYice 2 aUe VlighWl\ 

bUoadeU and blXe-VhifWed in eneUg\. ThiV can be SoVVibl\ e[Slained b\ WhaW Whe onViWe CoXlomb 

UeSXlVion eneUg\ U = ௘మ

ସగఌబఌ௟ಾ
 VcaleV inYeUVel\ ZiWh Whe moiUp ZaYelengWh (DeYice 1 haV a WZiVW 

angle of 0 degUee and 𝑙ெ ൌ 15 𝑛𝑚, Zhile DeYice 2 haV a WZiVW angle of 0.6 degUee and 𝑙ெ ൌ

12 𝑛𝑚.) 

 

5. BaQd VWUXcWXUH aQd RSWLcaO cRQdXcWLYLW\ caOcXOaWLRQV 

We folloZ Whe WheoUeWical calcXlaWion in Ref. (36) (Whe non-HaUWUee-Fock SaUW). BUiefl\ VSeaking, 

Whe HamilWonian can be ZUiWWen aV 𝐻 ൌ 𝐻஺஻஼ ൅ 𝑉ெ, ZheUe 𝐻஺஻஼ deVcUibeV Whe ABC-TLG WXned b\ 



a Zeak YeUWical elecWUonic field and 𝑉ெ iV Whe effecWiYe SoWenWial indXced b\ Whe moiUp VXSeUlaWWice. 

The Vi[-band HamilWonian of Whe ABC-TLG can be ZUiWWen aV: 

𝐻୅୆େ
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ZheUe ݒ௜ iV defined aV ቀ√ଷ
ଶ

ቁ 𝑎ݐ௜/ℏ, and 𝑎 ൌ 2.46 Å iV Whe laWWice conVWanW foU gUaShene. The oUiginal 

WighW binding SaUameWeUV ݐ଴~ݐସ in ABC-TLG calcXlaWed b\ local denViW\ aSSUo[imaWion (LDA) 

meWhodV in Whe Uef. (41) aUe 2.62, 0.358, -0.0083, 0.293, and 0.144 eV. HeUe Ze XVe Whe YalXe of 

3.25 eV foU ݐ଴, and Whe coUUeVSonding FeUmi YelociW\ Zill be 1.1 ൈ 10଺ m/s, Zhich iV cloVeU Wo Whe 

e[SeUimenWal YalXe(42). FoU ݐଵ, Ze alVo XVe Whe YalXe of 0.4 eV fUom a SUeYioXV Velf-conViVWenW 

WighW-binding calcXlaWion(43) inVWead of Whe ab iniWio YalXe. We XVe Vame YalXeV foU ݐଶ, ݐଷ, and ݐସ aV 

VhoZn befoUe.  

We aVVXme Whe ABC-TLG and Whe WoS hBN flake foUm a moiUp VXSeUlaWWice Zhich haV a SeUiod 

𝐿ெ ൎ 15 nm. The moiUp SoWenWial iV model b\ inclXding hoSSing WeUmV aV in Ref. (41).  

OSWical condXcWiYiW\ foU XnSolaUi]ed lighW iV calcXlaWed baVed on Whe VolXWion of Whe aboYe 

HamilWonian. 

 

6. DHILQLWLRQ RI cRQdXcWLYLW\ aQd DOS PHaN ZLdWK 

To accoXnW foU Whe inhomogeneiW\ and lifeWime bUoadening effecW, Ze conYolXWed calcXlaWed oSWical 

condXcWiYiW\ and Vingle SaUWicle DOS VSecWUa ZiWh a V =1.1 meV GaXVVian lineVhaSe aV VhoZn in 

Fig. S9. We fXUWheU define Whe DOS Seak ZidWh b\ meaVXUing Whe ZidWh of eneUg\ Uange in Zhich 

76% of inWegUaWed DOS UeVideV in. ThiV inWegUaWion-baVed Seak ZidWh iV conViVWenW ZiWh Whe FWHM 

of a GaXVVian Seak. See Fig. S9. 

 

7. CRQYHUVLRQ bHWZHHQ D aQd '�



 We bXild Whe UelaWion beWZeen D and ' b\ aligning Whe Seak SoViWion in e[SeUimenWal ShoWocXUUenW 

VSecWUXm and calcXlaWed oSWical condXcWiYiW\ VSecWUXm. See Fig. S10. 

8. CRPSaULVRQ bHWZHHQ VSHcWUa aW SRVLWLYH aQd QHJaWLYH '�

AV VhoZn in Fig. S11, ZiWh VimilaU _'_, ShoWocXUUenW VSecWUa aW negaWiYe ' alZa\V feaWXUeV a 

naUUoZeU Seak ZidWh²imSl\ing a naUUoZeU bandZidWh of Whe higheVW Yalence band. 

  



FLJ. S1 IPSURYHPHQW RI VLJQDO-WR-QRLVH UDWLR. The 

same AB-stacked bilayer graphene was measured in 

Ref. (29) and in the current manuscript. In the former 

case, we can barely measure the spectrum at a large 

displacement field D=0.34 V/nm. With improvement 

of measurement, we can access lower energy range 

with a better signal-to-noise ratio. 

 

 

 

  

 

FLJ. S2 NRUPDOL]DWLRQ RI SKRWRFXUUHQW VSHFWUD. (A) The raw spectrum taken at D = -0.49 V/nm 

and filling factor v=0 for TLG/hBN is shown in red. The raw spectrum at back-gate voltage Vb 

=1.0 V for AB-stacked bilayer graphene is shown in black. Dividing the red spectrum by the black 

spectrum, the normali]ed spectrum is shown in blue. Spectra are shifted for clarity and the dashed 

lines indicate the baselines. (B) Photocurrent spectra at D = -0.42 V/nm and filling factor v=ò 

for TLG/hBN before (red) and after (blue) the normali]ation process. (C) Normali]ed 

Photocurrent spectra of AB-stacked bilayer graphene at different gate voltages. We use the raw 

spectrum at D =0.13 V/nm for AB-stacked bilayer graphene to normali]e raw spectra at other gate 

voltages/bandgap si]es. 

  



 

 
 
 

 
 

 
 
 
 

FLJ. S3. RDZ SKRWRFXUUHQW VSHFWUD RI ELOD\HU 

JUDSKHQH (BLG) DQG ABC TLG/KBN LQ 

FRPSDULVRQ ZLWK WKH EODFNERG\ (BB) UDGLDWLRQ 

VSHFWUXP DW 1500 KHOYLQ (SXUSOH GDVKHG FXUYH).

The BLG spectrum follows nicely the BB 

spectrum, where small deviations are due to 

optical components in the FTIR spectrometer. In 

contrast, all three correlated insulator states in 

ABC TLG/hBN deviate significantly from the BB 

at the low energy side. A peak centered at a20 

meV appeared in all raw spectra, indicating 

very strong resonances at this energy. 

FLJ. S4. CRPSDULVRQ EHWZHHQ WZR QRUPDOL]DWLRQ VFKHPHV. For all three correlated insulator 

states in ABC TLG/hBN, the low energy resonances appear qualitatively the same when using 

BLG and BB spectra for normali]ation²making the observation of such resonances a robust 

signature of correlated insulating states in ABC TLG/hBN.  



 

FLJ. S5. CRPSDULVRQ EHWZHHQ UDZ VSHFWUD DQG VPRRWKHG VSHFWUD. (A) Raw spectra and smoothed 

spectra of Device 1 taken at CI states. (B) Raw and smoothed spectra in (A) normali]ed by the 

BLG spectrum. (C) Upper panel: raw spectrum and smoothed spectrum of Device 1 taken at a TI 

state. Lower panel: raw and smoothed spectra in the upper panel normali]ed by the BLG spectrum.  

 

 

FLJ. S6. TUDQVSRUW DQG SKRWRFXUUHQW VSHFWUD GDWD IURP D QHZO\ PDGH ABC TLG/KBN DHYLFH 2. 

(A) DC resistance mapping as a function of top and bottom gate voltages. We use colored dots to 

label the gate voltages at which photocurrent spectra were taken. (B) Photocurrent spectra 

collected at filling factor Q=0, which corresponds to the trivial band insulator states. The color of 

curves corresponds to the dots in (A). The spectra are shifted vertically for clarity and dashed 

lines of the same color indicate the ]eros of shifted spectra. 



 

 

 

 

 
 
 

FLJXUH S7. Comparison between photocurrent 

spectra taken at a TI state and a CI state of Device 

2. The bandgap of the TI state is a14 meV. Both 

spectra show non-]ero values in a largely 

overlapped energy range. The CI spectrum 

features a peak at a20 meV that is a6 times higher 

than the background at > 40meV, similar to the 

peak observed in CI states of Device 1. In contrast, 

the TI spectrum is relatively smooth and only with 

a broad peak at low energy.  

FLJ. S8. PKRWRFXUUHQW VSHFWUD DW GLIIHUHQW ILOOLQJ IDFWRUV LQ DHYLFH 2. (A) Raw spectra of Device 

2 taken at Q=0, -1/4 & -1/2 at similar displacement fields. Colors of curves correspond to those of 

the dots in Figure 3a, which label the gate voltage conditions at which the spectra were taken. (B)

Spectra in (A) normali]ed by the BLG photocurrent spectrum. (C) Comparison between CI states 

in Device 1 and Device 2. In all three cases, the photocurrent spectrum is dominated by a low 

energy resonance peak at a20 meV. The slightly broader and blue-shifted peak position in Device 

2 is possibly due to a smaller moirp wavelength in this device than that in Device 1. 



 

FLJ. S9 DHILQLWLRQ RI FRQGXFWLYLW\ DQG DOS PHDN ZLGWK. (A) Gaussian-broadened optical 

conductivity spectra with different line width V. V = 1.1 meV reproduces a similar FWHM as in 

experimentally observed spectrum. (B) & (C) Single-particle DOS spectra of the highest valence 

band, where a Gaussian-broadening of V =1.1 meV is convoluted with calculated spectra. The 

DOS peak width is defined as the energy range where 76% of integrated DOS resides in.  

 

 

 

FLJ. S10 CRQYHUVLRQ EHWZHHQ GLVSODFHPHQW ILHOG DQG SRWHQWLDO HQHUJ\ GLIIHUHQFH. (A) 

Comparison between experimentally measured spectrum at displacement field D =-0.71 V/nm and 

calculated spectra at several potential energy differences. By aligning the peak position, we 

establish the correspondence between D and '. (B) Relation between D used in experiment and 

parameter ' used in modeling. 



 

FLJ. S11 CRPSDULVRQ EHWZHHQ SHDN ZLGWKV FRUUHVSRQGLQJ WR SRVLWLYH DQG QHJDWLYH '. (A)-(C) 

PKRWRFXUUHQW VSHFWUD DW VHYHUDO SDLUV RI ', where similar _'_ are chosen for comparison. For 

clarity, the spectra are rescaled to 1 at the maximum and shifted along x-axis to align the main 

peaks. 

  



 


