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Correlated states in magic angle twisted bilayer graphene
under the optical conductivity scrutiny
María J. Calderón 1✉ and Elena Bascones 1✉

Moiré systems displaying flat bands have emerged as novel platforms to study correlated electron phenomena. Insulating and
superconducting states appear upon doping magic angle twisted bilayer graphene (TBG), and there is evidence of correlation
induced effects at the charge neutrality point (CNP) which could originate from spontaneous symmetry breaking. Our theoretical
calculations show how optical conductivity measurements can distinguish different symmetry breaking states, and reveal the
nature of the correlated states. In the specific case of nematic order, which breaks the discrete rotational symmetry of the lattice, we
find that the Dirac cones are displaced, not only in momentum space but also in energy, inducing finite Drude weight at the CNP.
We also show that the sign of the Drude weight anisotropy induced by a nematic order depends on the degree of lattice relaxation,
the doping and the nature of the symmetry breaking.
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INTRODUCTION
Instabilities in correlated materials arise when the interaction
energy overcomes the kinetic energy gain. Hence, materials
whose bands have a very small bandwidth (flat bands) are prone
to show correlation effects. The band structure of some moiré
systems can be tuned to display very narrow bands. A moiré
pattern appears when there is a small mismatch between two
overlapping grids, as it happens in twisted bilayer graphene (TBG)
with one layer rotated by a relative angle θ with respect to the
other. Very weakly dispersing bands are found in the so-called
magic angle TBG with θ ~ 1.1° around charge neutrality1. A
plethora of insulating and superconducting states appear as the
system is doped2–7 and band widening has been observed in STM
experiments when the chemical potential μ lies within the flat
bands, in particular, in undoped systems (namely, at the charge
neutrality point (CNP))8–11. Some observations are sample
dependent and are affected by whether the TBG is aligned to
the underlying Boron Nitride (h-BN) as in-plane twofold rotation
symmetry may then be broken12. Correlations have to be included
to explain both the insulating states which appear at integer
fillings and the doping dependence of the band widening13–16.
The nature of these states is highly debated. An important issue,
yet also unknown, is whether the correlated states affect only the
flat bands or also involve higher energy bands, split by a few tens
of meV gaps from the flat bands.
In the absence of symmetry breaking, the upper and lower flat

bands touch at Dirac points and are fourfold degenerate,
stemming from the spin, and the graphene valley degrees of
freedom. For each valley the bands show M2y, C3, and C2T
symmetry17. Here M2y is a mirror symmetry which flips the y
coordinate producing a layer exchanging twofold rotation in 3D,
C3, and C2 rotations are referred to an axis perpendicular to the
TBG and T stands for time reversal. Signatures of nematicity (C3
symmetry breaking18) have been found in measurements of the
superconducting upper critical field in doped samples and
observed in STM experiments when the chemical potential lies
in the flat bands9,10,19. The latter happens at the same dopings at

which STM measurements detect the band widening, namely an
increased separation of the density of states (DOS) peaks8–11.
These effects disappear if the flat bands are completely filled or
empty and therefore they cannot be a simple consequence of
strain. On the other hand, activated behavior at the CNP appears
in some transport experiments5,6, reflecting a gap opening at the
Dirac points. Whether this latter effect has an electronic origin or is
due to coupling to the substrate has not been clarified. Never-
theless, no alignment with the h-BN has been detected in the
experiments.
Here we study the effect of symmetry breaking states on the

optical response of two tight binding models proposed for TBG
with different degrees of relaxation. We show that the optical
conductivity corresponding to C2T and C3 symmetry breaking
states display specific signatures that help identify these
correlated states. In particular, optical conductivity is sensitive to
the gapping of the Dirac points and to the breaking of discrete
rotational symmetries. Unexpectedly, we find that a nematic order
can induce Fermi pockets, and hence a finite Drude weight at the
CNP. The dependence of the optical conductivity on doping gives
information about whether the rotational symmetry breaking
arises from the lattice or from the electronic degree of freedom
and can clarify if the higher energy bands participate in the
correlated state. Our calculations show a strong sensitivity of the
nematic response to the still not well understood lattice
relaxation, as well as to the nature of the nematic order. This
sensitivity can be traced back to the flat bands structure and
impacts dramatically the sign of the Drude weight and the dc
conductivity anisotropies of doped TBG.

RESULTS
Optical conductivity experiments allow to probe the excitation
spectrum of materials20. Specifically, they probe the q= 0 inter-
band transitions between occupied and empty electronic states,
giving accurate measurements of the direct excitation gap in
insulators. If a material undergoes a phase transition, its band
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structure is modified and the inter-band transitions are sensitive to
these changes, including a possible gap opening at low energies.
In particular, the changes in the band structure responsible for the
modification of the DOS observed in STM when the flat bands are
partially filled, with respect to the one in fully empty or filled flat
bands, can be addressed by optical conductivity measurements in
the far-infrared regime. In the following, we present results for the
optical conductivity calculated in linear response as given by Kubo
formula, following the derivation for multiorbital systems in ref. 21,
see “Methods” and Supplementary Eq. 20.

Optical conductivity in non-correlated states
Figure 1a, b shows the optical conductivity of two model systems
for TBG, in the absence of correlations, for different values of the
electronic filling. We focus on σ0

λλðωÞ, the real part of the
longitudinal electrical conductivity σλλ(ω) which relates the electric
current Jλ generated in linear response in direction λ and the
homogeneous electric field Eλ applied in the same direction Jα =
σλλ(ω)E

λ. In metals, σ0
λλðωÞ shows a peak at zero frequency, the

Drude peak, related to the d.c. conductivity. At higher energies
there is contribution from the inter-band transitions with energy
ℏω and zero momentum q= 0, weighted by matrix elements that
depend on the electronic momentum k and on the orbital
composition of the bands. Following Pauli exclusion principle, the
allowed transitions depend on doping. The arrows in Fig. 1c
indicate the optical transitions at CNP (black), with empty flat
bands (red), and with full flat bands (blue). The optical transitions
are labelled γm with m ranging from 1 to 6.
The noninteracting band structures of the two model systems, a

fully relaxed (FR) TBG with θFR ~ 0. 9° and a partially relaxed (PR)
TBG with θPR ~ 1.05°, are displayed, for a single valley, in Fig. 1d, e
and in the Supplementary Information22,23. In both models the
chemical potential of the undoped system μCNP touches the Dirac
points, located at the K and K′ points of the Brillouin zone. Besides
the different bandwidths, a clear contrast between both models is
the reduced particle-hole symmetry of the FR model.
The optical spectrum of the undoped compounds (black curves

in Fig. 1d, e) is characterized by the absence of a Drude peak at

zero frequency, but with inter-band transitions contributing from
zero energy as expected from the presence of Dirac points at
μCNP

24–26. At small frequencies the optical conductivity is
controlled by the transitions γ1 between the two flat bands and
is finite up to a frequency of the order of the flat bands
bandwidth. The inter-band transitions are weighted by matrix
elements and the maxima in σ0

λλðωÞ are not simply related to those
in the DOS. For example, in the PR model the conductivity peaks
around ω ~ 2meV while the DOS sharp peaks at ω ~ 0.3 meV,
associated with the presence of van Hove singularities at M and M′
(see for instance the black line in Fig. 2b), only produce a small
feature in σ0

λλðωÞ at ω ~ 0.6 meV.
Beyond the frequencies dominated by the γ1 transitions, there is

a gap up to the frequencies of the γ2 and γ4 transitions, in Fig. 1c.
For the small twist angles considered here the threshold for these
transitions is determined by a region in momentum space close to
Γ. Interestingly, at this threshold there is a sharp peak for the PR
model while a small shoulder is found in the FR model. This
distinction arises, again, from differences in the matrix elements. A
smaller peak at higher frequencies signals the onset of γ3
transitions.
In doped TBG new transitions between the flat and higher

energy bands (γ5 and γ6 in Fig. 1c) are allowed. As μ is moved
away from the Dirac points, a gap opens in the optical spectrum
corresponding to transitions γ1. Nevertheless, if the chemical
potential still lies in the flat bands, the system is metallic and there
is a Drude peak at zero frequency (see Supplementary Informa-
tion). For fully empty or occupied bands, the optical conductivity is
zero up to a frequency given by the γ5 or γ6 transitions,
respectively.

Results in symmetry breaking states
Figure 2 shows how the optical conductivity at CNP responds to
different symmetry breaking states.
In a correlated order which breaks the C2T symmetry, named α

here, the flat bands at Γ are barely affected but the Dirac points at
K and K′ are gapped9,13,27, see Fig. 3a, b, producing activated
behavior in transport measurements, as the one observed in some

Fig. 1 Optical conductivity and band structure of TBG in the non-correlated state. a, b Optical conductivity for the noninteracting bands at
the CNP (black), for empty flat bands (red), and for full flat bands (blue), respectively, for the partially relaxed (PR) and to the fully relaxed (FR)
model. The peaks in the spectra are labelled with γi as the transition in c from which they originate. c Inter-band transitions that occur at CNP,
empty flat bands and filled flat bands. The dashed lines signal the chemical potential μ. d Flat bands corresponding to the PR model and e FR
model. μCNP is the chemical potential at the charge neutrality point. f Top view of the stacking order in TBG highlighting the AA, AB, and
saddle point (SP) regions and sketch of the C3 related Xi directions and of Y1 and Brillouin zone of TBG with the corresponding symmetry
points.
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experiments. This gap shows up in the optical spectrum of the
undoped system, see Fig. 2a, inducing a reorganization of the
spectral weight which resembles the one in the DOS shown in
Fig. 2b.
In contrast, a nematic state does not open a gap in the optical

conductivity of undoped TBG9,13,27. Optical conductivity is a
directional probe which reflects the discrete rotational symmetry
of a solid. Hence nematicity can be detected by studying the
spectrum along different directions. In the absence of correlations
or external symmetry breaking the optical conductivity spectra
along the directions related by the symmetry rotations of the
crystalline lattice are equal. In TBG, the lattice has C6 symmetry
when both valleys are included (C3 in each valley) and the optical
conductivities along any two axes rotated by ±π/3 are equal.
Moreover, for any system with C3 symmetry, the equality σ0XiXi

¼
σ0YiYi

is also fulfilled. A nematic state lowers the rotational
symmetry and the optical conductivity spectra along the affected
directions become different.
In STM experiments, when the flat bands are partially filled the

X1 direction becomes different to directions X2 and X3 and the
DOS is modified9–11. Figure 2c shows the optical conductivity for
the nematic order η proposed to explain the observed changes in
the DOS9. As illustrated in Fig. 2c the nematicity is revealed in the
spectrum via the inequalities σ0

X1X1
≠ σ0

X2X2
¼ σ0

X3X3
and σ0

XiXi
≠ σ0

YiYi
.

The differences show up at frequencies corresponding to the γ1,
γ2, γ4, and even γ3 transitions, revealing that not only the flat
bands but also the higher energy bands are affected by this
nematic order. In this state the reorganization of the optical
spectrum in Fig. 2d is not easily related to the enhanced peak
separation in the DOS shown in Fig. 2d. The low frequency
spectrum depends non-monotonically on the amplitude of the
order parameter ηC3

and, as the nematic order enters as an
effective hopping term, the spectral weight at low frequencies is
not conserved.
Unexpectedly, while the noninteracting state at charge

neutrality is a semimetal, a Drude peak may arise for finite values

of ηC3 evidencing that a semimetal to metal Lifshitz transition
takes place. This Lifshitz transition is illustrated in Fig. 3c–f, which
show the evolution with ηC3 of the band structure close to μCNP. In
the non-correlated state with ηC3

¼ 0 the Dirac points are placed
at K and K′ as required by C3 symmetry (Fig. 3c). For small ηC3 the
Dirac points move in k-space from K and K′13 but still lie at μCNP
(Fig. 3d). Further modifications of the flat bands with increasing
ηC3 shift the Dirac points away from μCNP and generate small hole
and electron Fermi pockets (Fig. 3e). The value of the order
parameter at which the pockets emerge produces changes in the
DOS, red curve in Fig. 2f, compatible with the band widening
observed in STM experiments9. Additional Fermi pockets appear
for larger values of ηC3 , also leading to new band crossings
between the lower and upper flat bands (Fig. 3f). These crossings
produce pairs of Dirac points with opposite vorticity which drift
away in energy and momentum as the nematicity increases.
The Lifshitz transition is not specific to the nematic state η or to

the PR model. As shown in Fig. 2f, a finite Drude weight DX1 also
appears in the optical spectrum of the FR model in a different
nematic state β and originates in the Fermi pockets in Fig. 3h. The
presence of several maxima in the lower flat band of the FR model
(see Figs. 1b and 3h) makes it more prone to display Fermi pockets
at the CNP even for small order parameters. See Supplementary
Information for more details.
The anisotropy of the Drude weight, more specifically the sign

of the AiBj-anisotropy ratio ðDAi=DBj Þ � 1 between the Drude
weights DAi , DBj of two otherwise equivalent directions Ai and Bj,
has been used to characterise the nematic state of other
compounds, such as iron superconductors28–33. In Fig. 4 we plot
the X1X2 and X1Y1 anisotropy ratios for the PR and FR models in
different nematic states as a function of the electronic filling and
the nematic order parameter. Black lines denote the values with
zero anisotropy and delimitate the regions with different signs.
The anisotropy vanishes if the order parameter ηC3 or βC3 is
zero. The vertical line at the CNP marks a region with no Drude
weight. The end of this line indicates the value of the order
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Fig. 2 Optical conductivity and density of states of undoped TBG with different symmetry breaking orders. Comparison of the optical
conductivity (a) and the low energy density of states (b) of the partially relaxed (PR) model at the CNP in a C2T symmetry breaking state α and
in the non-correlated state. c, d Same as a, b but for the nematic state η. The optical conductivity in c is plotted along four different directions,
see Fig. 1f. In the non-correlated and the C2T symmetry breaking states, the spectra along these four directions are equal. e, f Emergence of a
Drude peak at charge neutrality. The optical conductivity in the X1 direction at CNP at low frequencies for different values of the nematic order
parameter is shown in e for the PR model in the state η and in f for the fully relaxed (FR) model in the state β. In all the panels αC2T, ηC3

, and βC3

control the magnitude of the corresponding order parameter.
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parameter at which the Lifshitz transition takes place. The sign of
the anisotropy, originating in our approach in the morphology
and topology of the Fermi pockets, is similar for X1X2 and X1Y1 for
a given TBG model and nematic order but it is notably distinct for
different TBG models with the same order or for the same TBG
model with different nematic orders: for example, the sign of the
X1X2 anisotropy of the FR model in state η is given by the sign of
the order parameter ηC3

while the PR model anisotropy in the
same state or the FR model anisotropy in state β display several
sign changes.

DISCUSSION
Our results show that the optical conductivity can distinguish
different symmetry states and reveal their correlated nature. In
particular, both the reduction of the rotational symmetry, detected
in STM experiments, and the presence of a gap at the CNP,
observed in transport measurements, can be directly seen in the
optical conductivity spectrum. We have shown that the lack of
symmetry may be observable not only at low frequencies but also
at higher ones. We have restricted our discussion of the transitions
to higher energy bands around Γ near the threshold for γ2 or γ4
transitions as they are expected to be more easily identifiable. At
these frequencies the nematic order could be detected. Never-
theless, at higher frequencies the transitions around K or M
involving flat and higher energy bands would also be modified by
both C3 and C2T symmetry breakings. If these transitions are
identified34, they could be used to study the correlated state.
Some of the signatures produced by strain or alignment with the
substrate would be similar to the ones discussed here, even
though the lattice symmetry breaking effects should enter in the
model differently. However, the lattice effects on the spectrum
should not vary significantly with doping or temperature, allowing
the distinction between a lattice or electronic origin.
In the absence of correlations, the chemical potential shifts

rigidly and the peaks in the spectrum associated to these
transitions do not shift in frequency. However if, as observed in
STM experiments, the signatures of the correlated state, namely
the breaking of the C3 symmetry or other modifications of the
band structure, disappear when the flat bands are empty or full, a
frequency shift is expected in the peaks of the spectrum which
originate in transitions between the bands affected by the
correlations. Doping away from the charge neutrality point, the

transitions γ1 between the flat bands become progressively
forbidden but the information can still be obtained from the
evolution with doping of transitions γ2–γ4. These transitions may
be easier to detect experimentally than the γ1, even in undoped
systems, as they appear at significantly higher frequencies.
Detection of a shift with doping of the frequency of the transitions
γ3, which do not involve the flat bands, would reveal the
involvement of the higher energy bands in the correlated state,
at present under debate. In general, the study of the different
transitions could allow a momentum selective analysis. For
example, the transitions γ2–γ4 around Γ dominate the spectrum
close to the threshold while those around K or M appear at higher
frequencies. On the other hand, the frequency of the γ1
transitions, whose contribution is very sensitive to the electronic
filling, is largest at Γ.
The nematic order can be also detected by looking at the Drude

weight anisotropy in optical or transport experiments. However,
unlike for other materials, like iron superconductors28–33, the
anisotropies’ sign displays a complicated dependence on both the
doping and the order parameter. Such a sensitivity to details
suggests that a strong sample variability could be found in the
sign of the anisotropy of TBG.
Our finding of Lifshitz transitions induced by nematicity impacts

not only the optical conductivity but many other experimental
measurements, including transport, quantum oscillations, or STM.
The details of the Lifshitz transition would vary in different
samples as the degree of relaxation of the lattice significantly
affects the shape of the flat bands and hence how they are
affected by the nematic order, making the relaxed lattices more
sensitive to it. In general, Fermi pockets emerge already for
magnitudes of the order parameter whose effect in the flat band
structure is small or compatible with the reorganization of the
DOS observed experimentally.
The gap observed at charge neutrality in transport experiments

could be due to the breaking of C2T symmetry35, discussed here,
but also to other electronic orders such as intervalley coherent
states or valley/spin polarized orders36–39. However, note that
different theoretical predictions do not agree on whether the
polarized states at CNP are insulating or metallic37–39. Within the
quasiparticle description adopted here, the contribution of
different spins and valleys to the spectrum add. As the spin and
valley are not coupled by the hopping, if the gap at CNP is due to
valley or spin polarized order, the γ1 transitions should be

Fig. 3 Three-dimensional band structure in correlated and non-correlated states. Flat bands of the partially relaxed (PR) model in the a
non-correlated state, and b the C2T symmetry breaking state. The non-correlated state has Dirac points protected by C2T symmetry at the K
and K′ points as required by the C3 symmetry. When the C2T symmetry is broken, a gap is open at the Dirac points while, in the particular state
under study, the region around Γ is weakly affected. c–f Zoom of the flat band structure for the PR model and different values of ηC3

. In c,
ηC3

¼ 0 and the Dirac points are placed at K and K′. If ηC3
is small, as in d, the Dirac points move in momentum but stay at μCNP. When its

magnitude increases, as in e, f, the bands at small energies are modified displacing the Dirac points away from the chemical potential of the
undoped system and creating small Fermi pockets at CNP. Hence, nematicity produces a Lifshitz transition turning a semimetal into a metal. g,
h Same as c, e for the FR model in the nematic state β. In all the panels a plane is plotted at μCNP for reference.
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suppressed for the spin/valley flavor whose bands become empty
(filled). Concomitantly, the γ5 (γ6) peaks will emerge. Therefore, the
temperature dependent spectral weight reorganization could help
distinguish whether the gap originates in spin/valley polarization
versus the breaking of C2T symmetry or intervalley coherence.
Finally, very recent experiments have shown that for certain

fillings the population of the flat bands occurs through a sequence
of phase transitions at which a single spin/valley flavor takes all
the carriers and becomes completely empty/filled40,41. Such phase
transitions should also be detectable via optical conductivity as
they would lead to a redistribution of the total spectral weight as a
function of doping and temperature.

METHODS
Tight binding models
We use a 10-band tight binding model for each valley and spin previously
proposed to satisfy all the symmetries and the fragile topology of the
continuum model of TBG22, and later confirmed by a projection from an
ab-initio k ⋅ p perturbation model which includes the lattice relaxation23.
Different choices for the parameters reproduce the band structure
corresponding to different angles and degrees of lattice relaxation. The
model is based on effective moiré orbitals, not on carbon atomic orbitals.
The ten effective moiré orbitals are located at the three different lattices
formed by the symmetry points of the TBG (see Fig. 1c): 3p orbitals (pzT,
p+T, and p−T) at the triangular lattice determined by the AA regions, 4p
orbitals (pAþH , p

A
�H , p

B
þH , and pB�H) at the hexagonal lattice of the AB and BA

regions with a p+ and a p− at each of the two A and B lattice sites, and
three s orbitals, sK1, sK2, and sK3, at the kagome lattice formed by the SP
points, with a single orbital at each of the three sites of the kagome lattice.
The flat bands, namely the two bands close to zero energy in Fig. 1, are
mostly composed by the p+T and p−T orbitals having, nevertheless, pzT or
kagome sκ1, sκ2, and sκ3 character at the Γ point.
The FR model with θFR ~ 0. 9° is derived from an ab-initio k ⋅ p

approximation which includes the effect of in-plane and out of plane
relaxation23. The tight binding for the θPR ~ 1.05° PR TBG is obtained from
the continuum model and only vertical corrugation is introduced through
a 15% suppression of the interlayer hopping between carbon atoms in the
same sublattice22,42.

Symmetry breaking states
The three orders α, η, and β are introduced phenomenologically at the
mean field level, but the orders η and α were obtained self-consistently
from a microscopic model in ref. 9. To modify the energy of the flat
bands the three orders involve the p+T and p−T orbitals. The C2T
symmetry breaking α order breaks the degeneracy between p+T and p−T

with an onsite diagonal term. This makes the two atomic sublattices in
each layer inequivalent. The nematic states η and β arise from bond
orders: η breaks the C3 symmetry of the interorbital hopping between
p+T and p−T while in β the hopping amplitude between the p+T and p−T

orbitals and sκ1 differs from the corresponding hopping to sκ2 and sκ3. In

other words, in the non-nematic states the hopping amplitudes in the
directions joining the nearest neighbor hexagon centers (Y1, Y2, and Y3
directions, see Fig. 1f) are equal. In these nematic states, the hopping
amplitude in the Y1 direction is different from the other two, making this
bond inequivalent to the other two9. See Supplementary Information for
further details.

Optical conductivity
In the optical conductivity calculation, we assume a band picture and
neglect possible excitonic effects. In a strongly correlated metallic state
with both quasiparticle and Hubbard bands, this kind of description will
approximate the behavior of the quasiparticle spectrum while Hubbard
bands would give further contributions20. In the derivation of the explicit
expression, Supplementary Eq. 20, for multiorbital systems21 the coupling
to the electromagnetic field is introduced via a Peierls substitution. Within
the used approximation the matrix elements for the optical conductivity
are written as derivatives of the orbital-dependent tight binding terms. The
10-band model used here has several atoms per unit cell and applicability
of the expressions in ref. 21 requires writing the Hamiltonian such that the
specific distances between the atoms are accounted for, as the phase
acquired in the Peierls substitution is sensitive to these distances and not
to unit cell labels43, see Supplementary Information. Provided the valley
and spin degeneracies are not broken, in the used approximation, the
optical conductivities of both valleys and spins are equal. We therefore
focus on the optical conductivity of a single valley and spin. A small
broadening 0.04meV is used in the calculation of σλλ(ω) except in Fig. 2e, f
where it is 0.06meV. The Drude weight is calculated directly from the
hamiltonian and the current matrix elements without any broadening, see
Supplementary Information.

DATA AVAILABILITY
All relevant data are available from the authors upon reasonable request.

Received: 20 January 2020; Accepted: 28 June 2020;

REFERENCES
1. Bistritzer, R. & MacDonald, A. H. Moiré bands in twisted double-layer graphene.

Proc. Natl Acad. Sci. USA 108, 12233–12237 (2011).
2. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene

superlattices. Nature 556, 43–50 (2018).
3. Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-angle gra-

phene superlattices. Nature 556, 80–84 (2018).
4. Yankowitz, M. et al. Tuning superconductivity in twisted bilayer graphene. Science

363, 1059–1064 (2019).
5. Lu, X. et al. Superconductors, orbital magnets and correlated states in magic-

angle bilayer graphene. Nature 574, 653–657 (2019).
6. Stepanov, P. et al. The interplay of insulating and superconducting orders in

magic-angle graphene bilayers. Nature 583, 375–378 (2020).

Fig. 4 Anisotropy of the Drude weight. Colour plots for the a X1X2 and b X1Y1 Drude anisotropy for the PR model in the nematic state η as a
function of doping and order parameter ηC3

. The AiBj anisotropy is defined as the ratio ðDAi=DBj Þ � 1 between the Drude weights DAi and DBj
along two directions Ai and Bj. Doping is defined per spin and valley with respect to the CNP: doping is zero at the CNP and it is 1 and −1,
respectively, for completely filled and empty bands. c, d Same as a but for the FR model respectively in η and β nematic states.

M.J. Calderón and E. Bascones

5

Published in partnership with Nanjing University npj Quantum Materials (2020)    57 



7. Saito, Y., Ge, J., Watanabe, K., Taniguchi, T. & Young, A. F. Independent super-
conductors and correlated insulators in twisted bilayer graphene. Nat. Phys.
https://doi.org/10.1038/s41567-020-0928-3 (2020).

8. Kerelsky, A. et al. Maximized electron interactions at the magic angle in twisted
bilayer graphene. Nature 572, 95–100 (2019).

9. Choi, Y. et al. Electronic correlations in twisted bilayer graphene near the magic
angle. Nat. Phys. 15, 1174–1180 (2019).

10. Jiang, Y. et al. Charge order and broken rotational symmetry in magic-angle
twisted bilayer graphene. Nature 573, 91–95 (2019).

11. Xie, Y. et al. Spectroscopic signatures of many-body correlations in magic-angle
twisted bilayer graphene. Nature 572, 101–105 (2019).

12. Sharpe, A. L. et al. Emergent ferromagnetism near three-quarters filling in twisted
bilayer graphene. Science 365, 605–608 (2019).

13. Po, H. C., Zou, L., Vishwanath, A. & Senthil, T. Origin of mott insulating behavior
and superconductivity in twisted bilayer graphene. Phys. Rev. X 8, 031089 (2018).

14. Pizarro, J. M., Calderón, M. J. & Bascones, E. The nature of correlations in the
insulating states of twisted bilayer graphene. J. Phys. Commun. 3, 035024 (2019).

15. Yuan, N. F. Q. & Fu, L. Model for the metal-insulator transition in graphene
superlattices and beyond. Phys. Rev. B 98, 045103 (2018).

16. Kennes, D. M., Lischner, J. & Karrasch, C. Strong correlations and d + id super-
conductivity in twisted bilayer graphene. Phys. Rev. B 98, 241407 (2018).

17. Zou, L., Po, H. C., Vishwanath, A. & Senthil, T. Band structure of twisted bilayer
graphene: emergent symmetries, commensurate approximants, and wannier
obstructions. Phys. Rev. B 98, 085435 (2018).

18. Fernandes, R. M., Orth, P. P. & Schmalian, J. Intertwined vestigial order in quan-
tum materials: nematicity and beyond. Annu. Rev. Condens. Matter Phys. 10,
133–154 (2019).

19. Cao, Y. et al. Nematicity and competing orders in superconducting magic-angle
graphene. Preprint at https://arxiv.org/abs/2004.04148 (2020).

20. Basov, D. N., Averitt, R. D., van der Marel, D., Dressel, M. & Haule, K. Electro-
dynamics of correlated electron materials. Rev. Mod. Phys. 83, 471–541 (2011).

21. Valenzuela, B., Calderón, M. J., León, G. & Bascones, E. Optical conductivity and
raman scattering of iron superconductors. Phys. Rev. B 87, 075136 (2013).

22. Po, H. C., Zou, L., Senthil, T. & Vishwanath, A. Faithful tight-binding models and
fragile topology of magic-angle bilayer graphene. Phys. Rev. B 99, 195455 (2019).

23. Carr, S., Fang, S., Zhu, Z. & Kaxiras, E. Exact continuum model for low-energy
electronic states of twisted bilayer graphene. Phys. Rev. Res. 1, 013001 (2019).

24. Moon, P. & Koshino, M. Optical absorption in twisted bilayer graphene. Phys. Rev.
B 87, 205404 (2013).

25. Tabert, C. J. & Nicol, E. J. Optical conductivity of twisted bilayer graphene. Phys.
Rev. B 87, 121402 (2013).

26. Stauber, T., San-Jose, P. & Brey, L. Optical conductivity, drude weight and plas-
mons in twisted graphene bilayers. N. J. Phys. 15, 113050 (2013).

27. Mañes, J. L., Guinea, F. & Vozmediano, M. A. H. Existence and topological stability
of fermi points in multilayered graphene. Phys. Rev. B 75, 155424 (2007).

28. Chu, J.-H. et al. In-plane resistivity anisotropy in an underdoped iron arsenide
superconductor. Science 329, 824–826 (2010).

29. Valenzuela, B., Bascones, E. & Calderón, M. J. Conductivity anisotropy in the
antiferromagnetic state of iron pnictides. Phys. Rev. Lett. 105, 207202 (2010).

30. Fernandes, R. M., Abrahams, E. & Schmalian, J. Anisotropic in-plane resistivity in
the nematic phase of the iron pnictides. Phys. Rev. Lett. 107, 217002 (2011).

31. Blomberg, E. C. et al. Sign-reversal of the in-plane resistivity anisotropy in hole-
doped iron pnictides. Nat. Commun. 4, 1914 (2013).

32. Ishida, S. et al. Anisotropy of the in-plane resistivity of underdoped Ba(Fe1−x

Cox)2As2 superconductors induced by impurity scattering in the anti-
ferromagnetic orthorhombic phase. Phys. Rev. Lett. 110, 207001 (2013).

33. Bascones, E., Valenzuela, B. & Calderón, M. Magnetic interactions in iron super-
conductors: A review. C. R. Phys. 17, 36–59 (2016).

34. Hesp, N. C. H. et al. Collective excitations in twisted bilayer graphene close to the
magic angle, Preprint at https://arxiv.org/abs/1910.07893 (2019).

35. Xie, M. & MacDonald, A. H. Nature of the correlated insulator states in twisted
bilayer graphene. Phys. Rev. Lett. 124, 097601 (2020).

36. Bultinik, N. et al. Ground state and hidden symmetry of magic angle graphene at
even integer filling, Preprint at https://arxiv.org/abs/1911.02045 (2019).

37. Liu, J. & Dai, X. Correlated insulating states and the quantum anomalous hall
phenomena at all integer fillings in twisted bilayer graphene. Preprint at https://
arxiv.org/abs/1911.03760 (2019).

38. Zhang, Y., Jiang, K., Wang, Z. & Zhang, F. Correlated insulating phases of twisted
bilayer graphene at commensurate filling fractions: a Hartree-Fock study. Phys.
Rev. B 102, 035136 (2020).

39. Cea, T. & Guinea, F. Band structure and insulating states driven by the coulomb
interaction in twisted bilayer graphene. Phys. Rev. B 102, 045107 (2020).

40. Zondiner, U. et al. Cascade of phase transitions and Dirac revivals in magic angle
graphene. Nature 582, 203–208 (2020).

41. Wong, D. et al. Cascade of electronic transitions in magic-angle twisted bilayer
graphene. Nature 582, 198–202 (2020).

42. Koshino, M. et al. Maximally localized wannier orbitals and the extended hubbard
model for twisted bilayer graphene. Phys. Rev. X 8, 031087 (2018).

43. Nguyen, H.-V. & Nguyen, V. H. Comment on “orientation dependence of the
optical spectra in graphene at high frequencies”. Phys. Rev. B 94, 117401 (2016).

ACKNOWLEDGEMENTS
We thank conversations with E. Andrei, D. Basov, P. Jarillo-Herrero, A. H. MacDonald,
H. Ch. Po, P. San José, O. Vafek, and A. Vishwanath. Funding from Ministerio de
Ciencia, Innovación y Universidades via Grants FIS2015-64654-P and PGC2018-
097018-B-I00.

AUTHOR CONTRIBUTIONS
E.B. conceived the project. Both M.J.C. and E.B. designed and performed the
calculations, analysed and discussed the results, and wrote the paper.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41535-020-00258-6.

Correspondence and requests for materials should be addressed to M.J.C. or E.B.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

M.J. Calderón and E. Bascones

6

npj Quantum Materials (2020)    57 Published in partnership with Nanjing University

https://doi.org/10.1038/s41567-020-0928-3
https://arxiv.org/abs/2004.04148
https://arxiv.org/abs/1910.07893
https://arxiv.org/abs/1911.02045
https://arxiv.org/abs/1911.03760
https://arxiv.org/abs/1911.03760
https://doi.org/10.1038/s41535-020-00258-6
https://doi.org/10.1038/s41535-020-00258-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Correlated states in magic angle twisted bilayer graphene under the optical conductivity scrutiny
	Introduction
	Results
	Optical conductivity in non-correlated states
	Results in symmetry breaking states

	Discussion
	Methods
	Tight binding models
	Symmetry breaking states
	Optical conductivity

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




