






































































































































This week J Y Lee PhD Harvard 2020

Advisor AshwinVishwanath Collaborator SubirSachdev

Last week ShubhayaChatterjee PhD Harvard 2018

Advisor SubirSachdev collaborator AshwinVishwanath

IÉÉ g at Ye
iet EE tt

e ietf
T e

i ETH K

o

g
I

Tt 1

I 0

If T H H T and H N E 14 then

HIT 147 THIN EKIN
TIM is a new state degenerate with 117 Kramers Doublet

Kramers IntervalleycoherentstateckId

G A B K K

T K k

CT 1
CastroNeto 2009

K IVC charge neutrality

ya

Chatterjee 2020










































































































































spegtaig.iti isngt i gt igtio Yonsiongxieszoia

t t

t
chargeneutrality gating

I
spectroscopy Flat bands

Flat bands

Example correlated insulator Mott

NDC

0Mt
to

Antiferromagnetism n Eft Mottgap






































































































































Montecarlo Hamiltonian H Observable A

classical thermal average A Acc Plc Pic Le tha
toomany terms don'tknow 2

i Sample c with weight Plc A Acc
Markov chain c c with Pci pc e BAE

QuantumMontecarlo LA CHAIN PCH

variational seeking ground state

ex YI.IE smiQYEIII
R
Sample via MC

Minimize

cypathintegral world line MC Feynman 1953

Example harmonic oscillator It Elm mat X IX A it

K V LK.tlO2Tre BHp ptait
Subdivide time into slices 13 L at

At
e
AtKe tt

t at

2 trle ttke tttlh E.gx.IE
KettVIxycxde LxlettKe atty

Lx étTKéttVIx L lettkly e
Atta

e time Yate seven
T

Elp Lpl



2 d E'e see
see E EmHIEI Vexes

if
Samplewiggling curves via classical Mc

eights Pat A Ace

EE.gs
matitermionej

I

Possiblesolutionaca

i sina.si
fffpoftencsgn o

Triche Tr Ie
this det It Ie

Atha

If F T se IH T o T I then eigenvaluescomein pairs det O

T T's CT



LETTERRESEARCH

remote to the flat bands. We have repeated similar local modelling of 
the dI/dV spectra measured at AA sites using information extracted 
from topographies at other locations of our devices (see Extended Data 
Fig. 1). The description of the local spectra is satisfactory when disorder 
is weak, and when the double peaks associated with the flat bands are 
either below or above the chemical potential.

The breakdown of this single-particle description of the spectro-
scopic properties of MATBG when interactions are important becomes 
evident when we study the evolution of the quasiparticle spectra in our 
device as a function of electron density controlled by Vg. Figure 2 shows 
dI/dV measurements on the AA region as a function of Vg, which spans 
three different regions of occupation for the two flat bands: when the 
flat bands are both occupied (Vg > −5.5 V), when they are being 
depleted (−53.5 V < Vg < −5.5 V), and after they have been depleted 
(Vg < −53.5 V). The rate of the shift of the flat-band peaks with Vg 
reflects the DOS at the Fermi level. Therefore, a change in slope of the 
lines in Fig. 2a signals a transition in band filling. The nearly vertical 
features signal the slow change of occupation of the flat bands with large 
DOS. In the range −58 V < Vg < −53.5 V, the change in slope might be 
related to the presence of an energy gap between the flat bands and the 
remote bands (estimated to be around 15 meV, which is roughly con-
sistent with the calculated band structure in Fig. 1e). When the nearly 
flat bands are filled or fully depleted, the spectra—which are individu-
ally plotted in Fig. 2b, e—show relatively sharp double peaks at all gate 
voltages, and the widths of these peaks change weakly with their energy 
separation to the Fermi level (see Extended Data Fig. 2 and Methods). 
As described above, these spectra are consistent with those calculated 
from a non-interacting model that includes the effects of strain and 
relaxation. However, the most notable change in the quasiparticle spec-
tra occurs when one of the flat bands begins to overlap with the Fermi 
level, as demonstrated by contrasting the data in Fig. 2c, d with those 
in Fig. 2b, e. In this region, as one of the flat bands is being depleted, 
not only does the peak associated with that band near the Fermi level 
develop substantial features and broaden, but the peak associated with 
the other valence (conduction) band below (above) the Fermi level is 
also substantially modified. Notably, the strong distortion of the shape 

of the quasiparticle spectra—which is caused by interactions during the 
partial filling of the flat bands—spans an energy range (30–50 meV) 
that is wider than both the separation of the flat bands to the remote 
bands and the apparent bandwidths of the flat bands, as measured when 
fully occupied or unoccupied. This observation demonstrates that the 
largest energy scale for determining the properties of MATBG at partial 
filling of the flat bands is set by electron–electron interactions. This sig-
nature of strong correlations occurs not just at commensurate fillings, 
but over all doping ranges for which transport studies1,2,11,12 have found 
superconductivity in this system below 1 K.

To further relate our spectroscopic measurements to the transport 
properties of MATBG, in Fig. 3 we plot the tunnelling conductance at 
zero energy dI/dV(0)—which is a measure of the DOS at the Fermi 
level—as a function of Vg. From the changes in dI/dV(0) and the meas-
ured energies of the van Hove singularity peaks in Fig. 2, we identify 
the Vg values that correspond to the point at which there is full local 
depletion of the conduction or valence flat bands (n = ±n0, where n 
and n0 denote the carrier density of the system and that of a moiré 
band, respectively); at this point, the transport measurements reveal 
evidence for a band insulator. Further assignment of the occupation 
level within the flat bands with Vg is made complicated in our experi-
ments by the presence of the STM tip (see Methods and Extended Data 
Fig. 3). Focusing on the gate region of Vg at which we are depleting 
the conduction flat band, a region where the tip-induced effects are 
minimal, we find some features in the tunnelling spectra that correlate 
with the transport studies. Most notably we find that, at half-filling of 
the conduction band (n = n0/2)—where transport measurements reveal 
the strongest insulating behaviour—dI/dV(0) vanishes and a gap-like 
feature appears in the spectrum. Recent STM studies of MATBG have 
reported a similar gap feature, but the suppression of the DOS at the 
Fermi level was less than 50%9,10. However, we caution that this gap at 
half-filling is much larger (about 20 times) than that observed in trans-
port measurements, and may be related to a soft gap observed at other 
doping levels (Fig. 2c). Interactions, together with the localization of 
electrons either by disorder or large magnetic fields, are well known to 
induce soft Coulomb gaps in tunnelling spectroscopy26–28. Close to the 
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Fig. 1 | Non-interacting spectroscopic properties of MATBG.  
a, Schematic of the STM setup on MATBG devices. b, Optical image of the 
device. c, STM topography showing the moiré superlattice with a twist 
angle θ  of 1.01°. d, Scanning tunnelling spectrum measured on an AA site 
for slight electron doping (Vg = −4 V, bias voltage Vset = 200 mV, current 
Iset = 120 pA, modulation voltage Vmod = 1 mV). The blue and green 
arrows mark the step-like features at higher and lower energies, 
respectively. e, Band structure calculated using the continuum model 

including the effects of strain and relaxation. ΓMΛM is a non-high-
symmetry direction along which the Dirac points (locally protected by 
C2zT symmetry) are located. The black dotted line indicates the Fermi 
level. The blue (green) dashed line corresponds to the van Hove 
singularities of the first conduction (valence) remote band.  
f, Corresponding LDOS (offset by −17 meV) calculated on an AA site. 
The blue and green arrows mark the van Hove singularities of the first 
conduction and valence remote bands, respectively.
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