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Correlated phases and topological phase transition in twisted bilayer graphene
at one quantum of magnetic flux
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When the perpendicular magnetic flux per unit cell in a crystal is equal to the quantum of the magnetic flux,
®, = h/e, we enter the “Hofstadter regime.” The large unit cell of moiré materials such as magic-angle twisted
bilayer graphene (MATBG) allows the experimental study of this regime at feasible values of the field around
20 to 30 T. In this work, we report the numerical analysis of a tight-binding model for MATBG at one quantum
of external magnetic flux, including the long-range Coulomb and on-site Hubbard interaction. We study the
correlated states for dopings of —2, 0, and 2 electrons per unit cell at the mean-field level. We find competing
insulators with Chern numbers 2 and 0 at positive doping, the stability of which is determined by the dielectric
screening, which opens up the possibility of observing a topological phase transition in this system.
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I. INTRODUCTION

Magic-angle twisted bilayer graphene (MATBG) is a two-
dimensional quantum material that exhibits a plethora of
exotic phases ranging from superconductors to fractional
Chern insulators [1-9]. It constitutes a remarkable platform
for the understanding of the many-body problem in condensed
matter and the interplay of strong interactions and topology,
and has led to the field of moiré materials [10-13].

Moreover, crystalline systems under magnetic fields are
controlled by the scale given by the magnetic flux quantum
@y =h/e [14]. When the field is such that the magnetic
flux per unit cell is comparable to @ (or, equivalently, the
magnetic length is comparable to the lattice constant [15]), the
different Landau levels merge into Hofstadter bands [16-19].
In typical materials, such magnetic fields are of the order of
10*T, but in MATBG, the large moir€ unit cell allows one to
probe the “Hofstadter regime” by accessible fields of the order
of 25 T.

In MATBG, the Landau level spectrum of the competing
correlated states has been studied for low magnetic fields
[2,3,7,8,20-22]. Also, at one magnetic flux quantum, reentrant
correlated insulators have been predicted [23] and observed
[24].

When the filling is equal to an integer number of electrons
per unit cell, correlation-induced gaps can arise, facilitated
by the large interactions compared to the bandwidth of
the flat bands. The Hartree-Fock (HF) method has proven
effective in capturing the correlated states in MATBG at
zero external field [25-30], mostly in the setting of the
Bistritzer-MacDonald continuum model [31]. We perform
self-consistent HF simulations now at one quantum of flux in
a microscopic model.
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Consistently for different values of the dielectric constant,
we observe a Chern insulator with Chern number —2 when
the doping is of —2 electrons per unit cell (denoted by
v = —2). At charge neutrality, a spin-polarized state and a
spin-unpolarized insulator are competitive and their stability
depends on €, and the Hubbard energy U. For v = 42, we
observe a topological phase transition from an insulator with
Chern number 2 to an intervalley coherent trivial insulator
as we increase the dielectric screening. Experimentally, the
data of Ref. [24] shows a correlated insulator and a nearby
(competitive) Chern 2 trace for v = 2.

II. THE MODEL

Consider two graphene layers stacked on top of each other
such that the top and bottom atoms are vertically aligned. The
bottom layer is rotated by an angle —6/2 and the top layer
by 6/2, with the center of rotation being the center of one
of the graphene hexagons. The magic angle sits between 1
and 1.1° [32]. We choose a twist of 8 = 1.05012° that makes
the twisted superstructure exactly commensurate, with lattice
constant Ly; = 13.4 nm and 11908 atoms in the unit cell.

We employ the Slater-Koster parametrization of the hop-
ping integral #(r) of Ref. [33] with a p, orbital per carbon
atom and spin, giving the tight-binding Hamiltonian,

Hy = Z t(r; — rj)e) cis, (D

r,-,rj,s

with ¢ being the creation operator of an electron with spin
s at position r;. Details of the geometry of MATBG and the
hopping parameters can be found in Appendix A. The Zeeman
energy reads

gmsB T
H; = — > ZC}TQT — ¢\ Cils 2)

Ti
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with g = 2 the gyromagnetic ratio of the electron and pp the
Bohr magneton.

The electrons interact through the double-gated Coulomb
potential,

_ . i .
V= 3 Z V(i —rj): Ci g CisiCj g, Cisy s
riFrsis;
V-1 = < — 3)
r,—r;) = ,
YT drepe, [lr; —rj + n&z|

which applies for the experimental setups where two metallic
plates are placed at z = +£ /2. We set £ = 10 nm throughout
the paper. The dielectric constant €, accounts for the screening
due to the substrate and internal screening due to the elec-
trons. The interaction is normal ordered [34] with respect to
the ground state of two decoupled graphene layers at charge
neutrality. This choice of normal ordering is also called the
graphene subtraction scheme [26,28]. In the calculation of the
decoupled ground state, we have not included the Zeeman
splitting. The on-site Hubbard term is also considered,

Hy, =U Z : c:Tcmcilcw . 4

ri

It can be thought of as a regularization of the Coulomb poten-
tial atr = 0.

The total Hamiltonian is then H = Hy + Hz +V + Hy.

At zero flux, the point group of MATBG is Dg, generated
by sixfold rotations around the z axis, Cg,, and twofold rota-
tions around the y axis, C,,, leaving the origin fixed (below,
we will be addressing the rotations C;, = ng and G, = Cg’z).
The spin-orbit coupling being small, spinless time reversal 7
is also a symmetry. Under magnetic flux, the time reversal T
and rotations C,, reverse the sign of the external field, and
only the combined C,,7 is preserved. On the other hand, the
rotations around the z axis are preserved [35].

A. Minimal coupling to the external magnetic field

At nonzero magnetic field, the Peierls’ substitution [36]
adds a phase to the hopping elements,

try —rj) —> t(r; — rj)eigi-f,

_271

L= g
CI>0 ri—>r;j

A®) - dr, 5)

where @y = h/e is the quantum of the magnetic flux, and the
line integral goes from 7; to r; in a straight line if the basis
orbitals are well localized [17].

In the presence of magnetic flux, the translation operators
pick up a phase. They act on the single-particle states as [37]

7 _2 : —2mi&rp—ib;; i
T = e 2 Ly Ciip,Cis

ri

7 27 iE1ip—i6; i1

Fy = Y gl g, ©
ri

where &;; , are defined from the lattice vectors L;, by r; =
EnL + &pLy and ¢ = ® /Dy = BAy /Dy is the flux per moiré
unit cell in units of ®y.

It can be shown that [H,Ti]=[H,T>]1=0 and 155 =
e 2" T, T, [35], so the translational symmetries are broken
in general. However, if ¢ is a rational number p/q, one can
choose the set of commuting operators (T, Tzq) or (qu, ),
and diagonalize them simultaneously with the Hamiltonian.
Translational symmetry is then recovered at rational fluxes
with a unit cell that is g times larger than at zero flux, and the
Bloch waves are generalized to magnetic waves having good
Ti and 7; quantum numbers.

In the periodic Landau gauge [38], the vector potential
reads

0]
A(r) = E[EIGZ —2nV(&|& +€])]
= ® 3 ) G
=5 —Szn;oo &1 —n+eG

+(E - &+ 6J)Gz} N

with G, the reciprocal vectors and |...| the floor function.
In this gauge, the phases of the translation operators Tzq, 7
cancel and the Bloch waves have the same form as in zero flux.
The infinitesimal € prevents ambiguities in the Peierls’ phases
if some atoms lie at integer values of &,. The momentum k
takes the possible values in the magnetic Brillouin zone of the
dual lattice with lattice vectors G| and G, /q.

In our case of interest, for MATBG, the unit flux magnetic
field depends on the twist angle as B &~ 24.048 (°)*T, giving
B =26.51T and a Zeeman splitting of uzpB = 1.535meV for
0 = 1.05°.

B. Noninteracting band structure

In Fig. 1(b), we plot the band structure of MATBG at
26.51 T along the I'y; Ky My Iy line. The crystal momentum
is not gauge invariant, and at nonzero flux the position of the
high-symmetry points is shifted with respect to their locations
at zero flux. We discuss this further in Appendix B.

The almost exact degeneracies along 'y, Ky My, are due
to the negligible scattering between the two valleys of the
monolayers of graphene, so that the valley is a good quantum
number; see Appendix F. The valley charge commutes with
Cs; and G5, T and anticommutes with Cy;.

Also, the Dirac cones are gapped due to the breaking of
C,. T [39]. The gap at the K points is about 5 meV. This is in
contrast to MATBG at zero flux, where the bands are very flat
with a bandwidth of about 1 meV, except only at the I'y; point
[40]. The Zeeman splitting of 3.07 meV is comparable to the
bandwidth.

Regarding the topology, we have computed the action
of the rotations on the Bloch states at the high-symmetry
momenta. The Cj; eigenvalues are [(w, w), (w, w)] at Ty,
[(0*, @*), (1, 1)] at Ky, and [(w*, 0*), (1, 1)] at K},, where
w = ¢*™'/3 and the first parentheses refer to the valence bands
and the second to the conduction bands. It follows that the
valence bands have a Chern number of —1 mod 3 and the con-
duction bands of +1 mod 3 [41]. Cy;, acts as the Pauli x matrix
on the doublets at I'y; and M,,. This is due to the fact that there
is one state from each graphene valley in the doublets.
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FIG. 1. (a) The Brillouin zone of the rotated top and bottom layers. Kj;) = R(_)9/2(—4m /3a, 0) are the K points of each layer. The interlayer
tunneling couples states with momenta related by the G vectors, producing the Brillouin zone of MATBG. The K and K’ regions are very far
apart and do not couple to each other. (b) Flat bands of MATBG at one flux quantum, in turquoise. The spin-up and -down bands are split by
~3meV due to the Zeeman term. The band structure at B = 0 T is shown in gray for comparison. (c) Integrated Berry curvature on a 18 x 18
grid of the K valence band (left) and K conduction band (right). The Chern number is |C| = 1. The curvature of the K’ bands is obtained from
C,.. The Berry curvatures are almost identical, with opposite sign, hinting at an emergent symmetry.

Following the theory of topological quantum chemistry
[42], we infer that the flat bands are topologically trivial and
can be Wannierized, keeping the valley symmetry manifest.
For each valley sector, the flat bands can be constructed from
two Wannier orbitals with Cs, eigenvalue w centered at the
Moiré zone corners (the AB and BA sites) and related by
G, T. As shown in Fig. 2, the density profile of the flat bands
is centered around the AA-stacked region. This forces the
Wannier orbitals to exhibit a three-peak structure similarly to
MATBG at zero flux [43,44].

C. The irrep basis

The “irrep” basis of the flat bands is defined by the action
of the “particle-hole” operator, C,,P [23,25,45,46]. C,,P is
local in momentum space, unitary, and Hermitian, and squares
to 1. Like the valley charge, it is an emergent operator at
low energies. The implementation of both operators on the
lattice is detailed in Appendix C. Let us remark that in our
tight-binding model, this operator has a generic form in the Hy
eigenbasis. Contrarily to Refs. [23,25,45,46], it is not strictly
off-diagonal in the band basis (hence the name particle hole
coined there).

In a certain limit, C,,P is the generator of a symmetry of
the model that adds to the usual valley charge conservation of

0.20
0.15
0.10

0.05

0.00

FIG. 2. Density distribution of the flat bands, for 0 and 26.5 T, in
arbitrary units. We plot the density in the bottom layer and sublattice
A, while the density in the remaining sublattices and layers can be
obtained by symmetry. It is centered in the AA region of the unit cell
in both cases, with different spreads.

MATBG:; see Appendix D for a discussion of the symmetries
and their breaking.
In the irrep gauge, we have

[Co-PU) sy = (knA|Co. Pk’ )Y = [Tl [holin,  (8)

with |kn\) denoting a Bloch state with momentum k, valley 7,
and irrep number A (7, A = %1). Valley K will be associated
with n = +1, and valley K’, or —K, with n = —1. 7y, and
A0,xyz are the identity and Pauli matrices in valley and irrep
number space, respectively. Here we omit the spin index,
keeping in mind that we construct one copy of the irrep basis
for each spin.

Actually, the singular values of the projected matrix
C>.P(k) (plotted in Appendix C) are close to, but not equal
to 1. Hence we must modify Eq. (8) to

Co.P(l)[Co. P(k)Co . P(k)T17!/% = T, ©)

where the inverse square root makes the matrix unitary.
We further fix the C,, phase to

([_k]p|c2z|k:0/) = _[Ty)"y]pp’s (10

with p the multi-index for valley and irrep, and [k] the mo-
mentum k translated to inside the Brillouin zone.

Finally, notice that the irrep basis is only defined up to
arbitrary transformations V (k) in both valleys,

lkna) — [V (k)] lknh'),
VI([—kDAV (k) = Ay (11)

III. HARTREE-FOCK RESULTS

We have carried out self-consistent HF simulations of
MATBG projected onto the subspace of the flat bands. We de-
scribe the HF formalism and the flat-band projection method
in Appendix E. We remind the reader at this point that there
are eight flat bands in total (two per valley per spin), and the
doping is parametrized by v € (—4, 4), where v = 0 denotes
the charge neutrality point.
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The self-consistent state |GS) is characterized by the Q
matrix, defined by

[QU = 2[P()] 5y — 8y
[P(K)],p = (GSId} ,dky|GS), (12)

where dlj , creates an electron in state |kp). It has the proper-
ties Q(k) = Q(k)", Q(k)*> = 1, and tr[Q(k)] = 2v.

In the self-consistent loop, we restrain Q to be diagonal in
spin, so we have Q(k) = Q4(k)Py + O, (k)P, (P; is the pro-
jector onto spin s). Furthermore, if one of the spin projections
is half filled, Oy can be expressed as a linear combination of
products of Pauli matrices,

Quk) =Y Ay () hy T, (13)
o.p

with real coefficients Aj ﬂ(k) and Zt)(ﬁ[Afxﬁ(k)]2 =1 [and
additional constraints to satisfy 0*(k) = 1).

As stated above, the dielectric constant €, in Eq. (3) de-
pends on the external substrate and the internal screening.
Moreover, it will, in general, depend on r or, equivalently,
on the momentum transfer ¢. In constrained random-phase
approximation (RPA) calculations, the static dielectric func-
tion at zero magnetic field varies between about 10 and 20
[47,48]. Here we take €, as a model parameter and perform the
self-consistent simulations as a function of ¢,. The Hubbard
energy U can also vary between 2 and 5 eV (the value of U is
thought to be ~4eV [49]).

The self-consistent states do not break the translational
(which is imposed) or point symmetries, but they show in-
teresting features in the spin, valley, and particle-hole spaces.
We report our findings below.

A.v==%2

We find gapped states at electron and hole doping for a
wide range of interaction strengths. These insulators are max-
imally spin polarized in the spin-up direction, i.e., at v = —2
there are two spin-up filled bands and at v = +2 there are four
spin-up and two spin-down bands. The spin polarization stems
from the dynamics of the Coulomb interaction, similarly to the
zero-field case [25,27,50], and the Zeeman term only selects
the up direction of the total spin.

The dominant order parameters are Z[ZX’M Afz(k)2 and
D iy A$(k)?, with s the half-filled spin projection. Notice
that because of the gauge ambiguity of Eq. (11), only the
above sums of squares result in gauge-invariant order param-
eters. In Fig. 3, we plot the many-body gaps as well as the
integrated quantities,

b= X Y A

k i=xyz
1 i
Bo= 5= D Ak, (14)
k i=xyz

for different values of ¢, and U = 4eV. N, is the number
of unit cells or, equivalently, the number of k points in the
Brillouin zone.
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FIG. 3. Gaps and order parameters for v = 2. The direct gap
is obtained for transitions between states with the same spin, and
the indirect gap is the gap in the total density of states. The order
parameters are defined in Eq. (14). U was set to 4 eV.

The solutions exhibit very weak dependence on U for
fixed €,. This is well exemplified in Fig. 4(a), where the
order parameters show negligible dependence on U. Although
there the results correspond to v = 0, the same phenomenon
appears at v = £2. Finally, the Chern numbers are C = —2
forv=—-2and C =2 forv = +2.

B.v=0

There are two fixed points of the HF numerics for v =0,
one of them being spin polarized (sp) and the other spin
unpolarized with the same wave function for the two spin
projections. The spin-unpolarized state exhibits intervalley
coherent (ivc) order Ay (k), where the two valleys are in super-
position in the many-body wave function. The corresponding
integrated order parameter is defined as

1
Ape = — Y A (k). 15
v NM;W() (15)

Under a transformation of the U(1) valley symmetry of an-
gle ¢ acting as |kni) — € |knA), the coefficients transform
as Af)y(k) — cos(2¢)Af)y(k) + sin(2¢)Aj, (k) and Ap, (k) —
cos(2¢)Ay, (k) — sin(2¢)Af)y (k), and hence the valley symme-
try is spontaneously broken in this phase.

In Fig. 4, we depict the €, — U phase diagram and the order
parameters of the ivc phase. For most of the phase diagram,
the ground state is gapped with Chern number 0, except only
when the sp state is metallic (see Appendix F).

C. Topological phase transition for v = 42

We find an intervalley coherent solution for dielectric
constants greater than 20. In Fig. 4(b), we plot the energy
difference between the ivc insulator and the quantum Hall
state that is stable for lower screening and the main order
parameter around the transition, with U set to 2 eV. This is
a topological transition with a change in Chern number of 2.
The data can be extrapolated with a good accuracy to other
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FIG. 4. (a) Competing states at charge neutrality. Left: The difference in the energy of the intervalley coherent (E;,.) and spin-polarized
(E,,) states per unit cell as a function of €, and U. A tentative phase boundary is drawn in gray. Right: The order parameters A;,. and A_ (see
the text for their definitions) of the intervalley coherent (ivc) solution as a function of €, for U = 2, 3, 4, and 5 eV. The curves for different U
are almost identical and fall on top of each other. (b) The phase transition for v = 42. Top: We plot the difference in energy per unit cell of the
self-consistent state with dominant order A, and the ivc state to the left, and the order parameters of the ground state to the right. A, is of the
order of 0.3-0.4 in both sides of the transition. U was set to 2 eV. Bottom: The €, — U phase diagram with the dominant order parameters and

Chern numbers, showing the phase transition.
values of U, showing a critical screening € of

1 = 1 0.003[U (eV) — 2].

16
e 244 (16)

IV. DISCUSSION

In this work, we have studied the mean-field phases of
MATBG in the Hofstadter regime, at 26.5 T of external per-
pendicular magnetic field. We have used an atomistic model
for MATBG, which provides precise band structures and
wave functions. The flat bands are topologically trivial and
can be Wannierized keeping the valley symmetry manifest.
The Wannier orbitals extend to neighboring unit cells, which
forces any interacting model of the flat bands to have extended
interactions.

We focus on even fillings of —2, 0, 2 electrons per unit cell.
The order parameters of the correlated states depend on the
values of the dielectric constant €, and Hubbard energy U.
In our case, these are model parameters, but the true values
may be computed with some method that accurately treats
the screening, e.g., the GW approximation [51,52]. Another
parameter of the model is the reference state chosen as a
subtraction point to avoid double counting of the interac-
tions [28]. Several subtraction schemes have been used in
the literature for B = 0T [29,53]. Such choice may influ-
ence the results, in particular the breaking (or not) of the
C, P-generated symmetry. Our findings reveal the existence
of multiple competing states in systems with large symmetry
groups like MATBG, and highlight the importance of carrying
an exhaustive search for symmetry-breaking patterns in the
numerics [25,54], especially in the atomistic models where
the symmetries are only emergent [55].

In Ref. [24], the authors perform transport measurements
on MATBG at one quantum of external magnetic flux. They
find a correlated insulator state for v = +2 and a highly re-
sistive phase that extends from v = —2 to charge neutrality.

The nature of the phase for v = —2, 0 is elusive and cannot
be captured by our Hartree-Fock method.

We now compare our results with the experimental data
for v = +2. Besides the correlated insulator, there is a nearby
Chern 2 trace that converges to the point (v =42, P =
®() and is suppressed only very close to that point. We
speculate that the intervalley coherent state of our simulations
corresponds to the insulator observed in Ref. [24], while our
quantum Hall state is the suppressed C = 2 insulator in the
experimental phase diagram. We comment that the intervalley
coherence can be detected as a Kekule pattern on the graphene
scale in the scanning tunneling microscopy (STM) signal [56].

In light of our results, we propose that the manipulation
of the screening, either via dielectric engineering [4,47] or
by changing the metallic gate distance [57], can induce the
topological phase transition from the intervalley coherent in-
sulator to the Chern insulator. We notice that our results are
intrinsically in weak coupling, as the metallic plate distance is
set to £ = 10 nm, whereas in Ref. [24], & = 20-30 nm was
used. Alternatively, manipulating the bandwidth and hence
modifying the interaction strength relative to kinetic energy,
either by hydrostatic pressure [2] or twist-angle engineering,
is another possibility for observing this phase transition.
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APPENDIX A: GEOMETRY OF MATBG
AND TIGHT-BINDING PARAMETERS

In graphene, the primitive vectors are a; = a(1/2, v/3/2)
anda, = a(—1/2, v/3/2), witha = v/3a¢ and ag = 0.142 nm
the carbon-carbon distance. Atoms at lattice points belong to
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(b)

FIG. 5. (a) Top view of MATBG for a twist angle of 9.43°. The lattice vectors L; and L,, and the Wigner-Seitz cell are marked. The center
of the unit cell is locally AA stacked (vertical alignment of the layers), while at the corners the stacking is locally AB or BA (A atoms of one
layer on top of B atoms of the other). (b) The Brillouin zone of MATBG with the high-symmetry points I'y;, Ky, K},, and My, labeled. The
lines I'y, Ky, and My, ", that are considered in the band structure plots are also depicted.

sublattice A, and their nearest neighbors displaced by (a; +
a)/3 to sublattice B.

Consider two graphene layers stacked on top of each other,
atz = —dp/2 and z = dy/2, respectively, with dy = 0.335 nm
the interlayer distance, such that the top and bottom atoms
are vertically aligned. The bottom layer is rotated by an angle
—0/2, and the top layer by 6/2, with the center of rotation
being the center of one of the graphene hexagons. We choose
a value of 6 that makes the twisted structure commensurate
[58]. In our case, we parametrize the angle by an integer n
such that cos(8) = 1 — 1/2(3n> + 3n + 1). The unit vectors
of the superlattice are

Ly =R gplna; + (n+ Daz] = Ly (0, 1),

Ly =Ry;;3Ly =R_gp[(—n — Da; + 2n+ Daz],  (Al)
with R, a rotation by angle « and Ly, the lattice constant. The
reciprocal vectors are given by

aoG1 = GyR_92[(3n + Da; + az],
aoGy = R_373(Gy)

= G()R,g/g[—(3n + 2)a1 + (31’1 + 1)02], (A2)
where Gy = ;‘7”(9n2 +9n + 3)~!. The magic angle is approx-
imately given gf)y n =31 (1.05°), corresponding to a Moiré
lattice constant of Ly; = 13.4 nm and 11908 atoms in the unit
cell.

Lattice relaxation is included via in-plane distortions fol-
lowing the model of Ref. [59]. The effect of relaxation is to
enlarge the AB and BA regions and reduce the AA regions
of the Moiré pattern (see Fig. 5), preserving all the crystal-
lographic symmetries.

We employ the Slater-Koster parametrization of the hop-
ping integral of Ref. [33], with a p, orbital per carbon atom
and spin. The hopping integral is decomposed into o and
m-bond hoppings,

AN 2 )
t(r) = —V,,,,,,(r)|:1 - <¥> :| +Vppa(”)(¥) ,

0 —(r—
Vopr (r) = V) &™)/,

Vipo () = V}?pﬂe—(r—do)/ro’ (A3)
with the parameters V) = 2.7eV, V) = 0.48eV and ry =

0.0453 nm.

APPENDIX B: THE SYMMETRY OPERATIONS
UNDER MAGNETIC FIELDS

We look for unitary operators realizing the C;, and Cj,
symmetries, acting on the creation operators as
gelg™! = explixglgrilicl,. (B1)

Here we use indistinctly g for the unitary operators and for the
linear transformations acting on points of the lattice. These
can always be distinguished by the context. The action on the
Hamiltonian is

gHog ' = > t(ri — rj) exp(ith ;) exp(ix,((ri))
iJj
— ixg(8r)Ck s Cet- (B2)

We are dealing with symmetries at zero flux, so #[g(r;) —
g(rj)] =t(r; —rj). Then, to realize the symmetry, i.e., for
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gHog™! = Hy, x,(r) must obey
Oty () + Xg i) — x5(J) = 6ijs
27-[ gil("j

@ g )

rj
= f VXg(r,)'dr,a

) 2 rj
A®@)-dr — —n/]A(r’)wlr'
q>0 ri

2 -1
go(g{A[g MO} —A@I)) = V x,(r). (B3)

In the periodic Landau gauge, A(r)= %[Ele -

2nV (& & +€])], where & and &
r = &L, + &L,. We have, for Cs,,

CefA[G ]}

are defined by

P
= E{—Ez(Gz —G1)+2nV[(& +E)& +ell}l (B4)

and hence

2

) 2
Xc, (r) = ?[(51 + &) bote| + & 1E+e] — 65 — 5 :|

(B5)

Similarly, for C,,, we get

()
G A[C ]} = E[&Gz + 27 V(& [-§ +€])], (B6)
and hence
2 p
Xc, (r) = T(%‘z &1 + €] + 8615 +e€l). (B7)

Above, we have used the facts that for orthogonal transfor-
mations g and scalar functions f(r) and h(r) = flg~'(r)], we
have Vh|, = g(V fl,-1(), and that for a function of &; and &,

we have 2V f = %Gl + %Gz. The functions xc, and xc,.
have the following periodicity properties:

Xc;. (r + qLla) = xc,.(r) + 7w pg mod 27,
2w p
Xc.(r+Li) = xc,.(r) + e & + €,

XC. r + qla) = xc,.(r) mod 27,
Xc.(r + Ly) = xc,, (r). (B3)
We are interested in p = g = 1, so we can write

X0 (1) — pmiG27/2 iy (1)
1o = ¢Xer ), (B9)

where barred phases are periodic in the moiré unit cell. As we
will see now, the phases ¢ ™ and ¢ modify the trans-
formations of the Bloch waves, redefining the high-symmetry
points in flux.
The Bloch waves are written
i

1 . .
k-(Ri+8;) .
i = = E é v (B10)
Ny ;

with k belonging to the moiré Brillouin zone, and here c;i
creates an electron at position R; + §;, where R; is a lattice
vector and §; belongs to the Wigner-Seitz cell. Under Cs;, c,t ;

transforms as
-1
Ca.cp /(C;)

{[C3: (k)= G2 /2)-C3: (R +81) ;X 5, [C3: (80)]
' G (Li)

(B11)

1
= T ¢

Here, cé}z(l’i) creates an electron at position Cs,(R; + §;). We
see that C3, sends momentum k to Cs, (k) — G, /2. Via the em-
bedding relation c,t Gi = 0% CZ_ ; for G, a reciprocal lattice
vector, the threefold rotation in flux acts in the momenta as

follows:
kS5 CLk) — Ga)2
~ C3 [k — (G + G2)/2] + (G + Gy)/2.

Also, given that xc, (r) is periodic mod 27 on the unit cell,
the momentum transforms like in zero flux,

(B12)

k 55 o) ~ Coulk — (Gy + G2)/2] + (G + Go)/2.
(B13)

The center of rotations has shifted from I'y; =0 to (G; +
G,)/2 at one magnetic flux quantum.

Now we look for the operator realizing C,,. The procedure
is the same, but, in this case, ngHo(Czy)‘1 should be equal to
Hy, but with the sign of the magnetic field reversed. Hence,
Xc,, (r) must obey

% (C{A[C)' ]} +A@) = Vixc, (). (B14)
We obtain, for xc,, (1),
XGy, (r) = ? ( —&lE tel +EHE+EH+e] - %22>
(B15)
which obeys the properties
Xc, r + qla) = xc,, (r) — 7 pg mod 2,
Xc, r + Li) = xc,, (r). (B16)

Proceeding similarly to above, we get that under C,,, the
momentum transforms as

k5 Cyk) — Goy2
~ Cylk — (G1 4+ G2)/2] + (G + G)/2. (B17)

For the time-reversal operator 7, the magnetic field should
also be reversed, and it is trivial to see that the action is the
same as for the zero flux case. 7 is an antiunitary operator
satisfying chT’l = ciT , and transforming the momentum as

kL —k~—[k— (G +Gy)/21+ (G, + Gp)/2. (BIS)

It is important to notice here that when considering the
combined operators C22y =T72=1, Cy T, TCyy, the second
operator acts on the system with the reversed magnetic flux
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FIG. 6. (a) Triangular loops that compute the valley charge. (b) Singular values of the C,,P operator projected onto the flat bands. The
properties Co,P(k)" = C,.P(k) and {t,, C,.P(k)} = 0 force them to be degenerate in pairs, so we show the two distinct ones. Unitary matrices

have singular values equal to 1.

because the first application changes the sign of the field. As
a consequence, when C,, is the last operator, one must reverse
the Gy phase, xc,, = —xc,,-

In conclusion, the action of symmetry operators under
one magnetic flux quantum effectively shifts the Brillouin
zone by (G + G3)/2, redefining the high-symmetry points
tol' =(G1 + G2)/2, My = G1/2Ky = (1/6)G + (5/6)G2,
and K, = (5/6)G| + (1/6)G,.

APPENDIX C: VALLEY CHARGE AND C,,P
OPERATOR ON THE LATTICE

We wish to find an operator 7, implementing the valley
charge on the lattice, such that (r,) = 41 on states near the
K point of graphene and —1 near the K’ point. We adopt a
slight generalization of the valley operator of Ref. [60],

i i ;
T, = m Z Ze QV(”'V(Z)CV(l)CV(Z)
! \Y

+ e—igv(zxwa)c*v(z)Cvm + e_ievm’v“)cho)cV(l)

—1i6, —i02
B Z el A(l),A(Z)CZ(])CA(z) +e ! A(_)'A(S)CZ(Z)CAG)
A

_'_e—iGA(z),A(l)CTAO)CA(l) + H.c. (€D

The sums are over upside-down triangles of sublattice A
atoms, and triangles of sublattice B, and / denotes the sum
over the two layers. We draw an example of each kind of
triangle in Fig. 6. The phases are the Peierls’ phases defined
in the main text. It can be shown that valley K states have
(t;) = +1 4+ O(a/Ly) and valley K’ states have (7,) = —1 +
O(a/Ly). Diagonalization of the t, matrix in the flat bands,
(kp|t.lkp’), outputs a valley-polarized basis.

On the other hand, a general wave function can be written
in first quantized notation (here we omit the spin),

W) =D vl =Y > e i),

nol rieol

(C2)

where the f envelopes depend on layer [ = top (t), bottom (b),
and sublattice 0 = A, B, and the valley phases are rapidly os-
cillating. K, = R,Q/z(—47'[/3cl, 0)and K = Rg/z(—47'[/3a, 0)
are depicted in Fig. 1(a). In the continuum model, the f
functions are promoted to smooth functions of r.

The particle-hole operator C,, P is defined in the continuum

wave functions, interchanging the valley, sublattice, and layer,

Fat @y = nsif? @), (C3)
with s; = 1(—1) for | = t(b), and & and [ denote the opposite
sublattice and layer to o and /. Notice that it is a local operator,
so it will not change the momentum of a Bloch state.

On the lattice, C, P has to be effectively defined as follows.
In a valley-polarized basis, we obtain the envelope functions
by removing the corresponding valley phases. Afterwards, we
perform a smooth interpolation of the data f,,;(r;), with r;
the positions of the atoms at sublattice o and layer /. Finally,
the smooth functions are sampled at the points of the opposite
sublattice and layer, and the new valley phase is incorporated.
In Fig. 7 we show an example of the envelope functions before
and after this procedure. As a note, the envelope functions
have a discontinuity at & = integer in the periodic Lan-
dau gauge, and some care is needed when performing the
interpolations.

The projected operator in the flat bands, [Co.P(k)],, =
(kp|Cy,Plkp’), is then constructed in the basis of choice. We
have checked that the particular basis is irrelevant, and the ma-
trix elements of C;,P(k) in a new basis computed via unitary
conjugation of the first and via interpolation in the new basis
are essentially identical. We also checked that the properties
Cy.P(k)" = C,.P(k) and {t., C,.P(k)} = 0 are preserved by
our procedure, with matrix elements of the r,-commuting or
anti-Hermitian parts always less than 107>,
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W, envelope Cy,P(W)g: envelope
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’ 4 » 4
; » 5 § P > 4 =
» ¥y > ¥
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FIG. 7. The envelope function of valley K, sublattice A, bottom layer of a Bloch state to the left, and the envelope function of valley K’,
sublattice B, top layer of the C,, P transformed state to the right. Notice the discontinuity at the cell edge due to the periodic Landau gauge.

APPENDIX D: SYMMETRY OF THE MODEL

Consider a general matrix element of the Coulomb interaction between states |i) (i = a, b, ¢, d) with valleys »;,

1 [ —n K. -r;i+(m.—np)K; . -r;
Varea = 5 D D MRS (g — 1) £ 0 1, 01 0, D i, - (D1)

ol ri€ojl;

ojilj rjcojl;

If we have something other than 7, = 54 and 1, = 7., then the rapidly oscillating phases will interfere in the sum over r; ; and
the matrix element vanishes. Putting in the spins s;, we have

Vahcd (68 (Sna,nd 57],,.1]( (Ssa,xd 6s;,,s(. . (DZ)

This general form of the interaction enjoys a U(1) x SU(2) x SU(2) symmetry. The U(1) is the valley charge conservation
symmetry, acting as |knA) — e™®?|kn)), and the two SU(2) correspond to independent spin rotations in each valley.
Furthermore, the states |i') = C,.P|i) produce the matrix element

Vave fd/z—Z Yo V@ =) Y s Y f s D ), (D3)

oplp ricojl;

aj.lj r]eo,lj

where & and I denote the opposite sublattice and layer to o and . Replacing each r;, r; by F;, F; with approximately the same
x and y coordinates (or, less strictly, approximately the same x and y coordinates differences) but on opposite sublattices and
layers, we get

1
Vawea =53 D V@ =D or G o ) Fy o1 G 01 F) = Vaica: (D4)
o, I r,sa,l,

ajlj Fjesjl;

We have established that V,p.q = V. To conclude that the particle-hole operator generates a continuous symmetry, we
need [Cy, P, V] = 0, which is equivalent to

> Vawbea = Vabear + Vavea = Vanea = 0. (D3)
abed

To show that Y, Vupea — Varewr = 0, divide the basis vectors into two sets S, S’ such that §" = C,,P(S) and the union of S and
S’ is the complete basis. Then,

Zva bed — Vabed = Z (Z Varbea + Z Vatbed — Z Vabear — Z Vabcd’)

abcd ad bceS bceS’ bceS bceS’
= E < E Va’bcd - E Vabcd’ + E Va’bcd - E Vabcd’)
ad bceS bceS’ bceS' bceS

_Z (ZV/M — Zva’bcd + Z Varbed — Z V/,m,> =0, (D6)

ad bceS bceS bceS' bceS’
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FIG. 8. Kinetic, Hubbard, and Coulomb energies of exp(i¢S,0)|GS) with respect to the energies of the ground state |GS) for several
selected parameters. Notice that the Coulomb energies have been multiplied by €,. U = 4eV in all cases. Clearly, the approximate symmetry

of the flat bands is broken by the Fermi sea electrons.

where we have used Vieq = Vupea, |d”)=]a) and
Y aves Oaty = Dy pes Oap-  The identity Y, 4 Vayea —
Vasea = 0 follows the same way, and we conclude that C,, P
generates another U(1) symmetry of the Coulomb interaction.
With the total charge conservation, the symmetry group
is U(4). It has 16 generators S;; (i, j = 0, x,y, z), with the
following form in the irrep basis:

S,‘j = Z[)\.()T,‘Sj]ppf CILpCILp” (D7)

k

where the index p includes valley, irrep, and spin, and sq x,y,-
denote the identity and Pauli matrices in spin space.

In the total system, however, this large U(4) symmetry is
broken by several terms. First of all, the matrix elements with
Na = —Na = —Np = 7, are small but nonzero, breaking the
SU(2) x SU(2) down to the global SU(2) of spin. One can
show, similarly to before, that Hy respects the U(1) valley
and C,,P-generated symmetries, but breaks SU(2) x SU(2).
This kind of valley-exchanging interactions has been termed
intervalley Hund’s couplings [25,61,62].

Also, the kinetic energy breaks C,,P and the Zeeman
energy preserves only the spin rotations around the z axis.
Finally, notice that there is an intrinsic breaking of C,.P due

J

to the lattice [see the approximations we made to arrive at
Eq. (D4)] as well as the flat-band projection [as discussed
around Eq. (9)]. The U(1) valley symmetry is preserved in
the total system to a great accuracy.

All of these contributions are comparatively small with re-
spect to the symmetry-preserving part of the Coulomb energy,
leading to the picture of the U(4) ferromagnets in MATBG
[20,21,23,25,50,63,64]. However, the interactions with the
Fermi sea strongly break the U(1) subgroup generated by
C,,P. The electrons in the flat bands interact among them-
selves and with the mean field produced by the correlation
matrix, (FS|cf.cjs|FS) - (0lcf.cjs|0), where |[ES) is the state
at v = —4 of occupied remote bands and |0) the reference
state of the normal-order subtraction (see Appendix E for the
details of the normal-ordering and flat-band projection). In
Fig. 8, we plot the energies of the states, exp(i¢Syo)|GS), cor-
responding to C,. P rotations of several selected ground states.
We plot the total kinetic, Hubbard, and Coulomb energies and
the Coulomb energy restricted to the interactions of flat-band
electrons. Clearly, the kinetic, Hubbard, and Coulomb flat-
band physics are approximately symmetric, but the Fermi sea
potential strongly breaks the symmetry.

APPENDIX E: THE HARTREE-FOCK METHOD AND FLAT-BAND PROJECTION

Consider the normal-ordered interaction of Egs. (3) and (4),

1 ; . .
V+Hy = 3 Z Vi —rj): Ci,s,-ciwfic}-,sjcjvff +U Z : ciITcmci‘lcii .

i Tjsis;

(ED)

13

The choice of the normal ordering with respect to the ground state of graphene at charge neutrality is necessary to avoid
double counting the interaction [25,28]. This is, we assume that the hopping integrals #(r) are already renormalized by the
interactions with the deep Fermi sea of graphene. After expanding the normal-ordered product [34] and performing the Hartree-

Fock decoupling, the Hamiltonian reads

Vir + Howe = ) V(i —rj)efcis (e, cjs,)) = (€], ¢js)o) = D Vir —rpelejs(cfiess) = (clciso)”

Fi,rj,si,8;

+U Y chanclen) = (e ci)o) + U Y clyci((cfycin) = (cjyeino) + const,

ri

r,-,rj,s

(E2)

ri
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FIG. 9. Competing states for v = 0. (a) Band structure of the spin-polarized (sp) phase for €, = 17.5, U = 3 eV (left) and the intervalley
coherent phase for €, = 10, U = 4 eV (right). (b) Density of states at the Fermi level and spin-down population of the sp phase as a function
of €, and U. The red line is the tentative phase transition line, the sp phase being stable to the right. (c) Intervalley coherent order parameter in
the ivc phase for e, = 10, U = 4eV.

with (-)o denoting the expectation value in the ground state of graphene at charge neutrality, and (-) the expectation value in the
particular state of our Hartree-Fock decoupling. In our implementation, we restrict the wave function to be a direct product of
spin-up and -down electrons, such that <C1TT cj,) = Oforallr;, rj.

In the projected limit, we assume that the remote bands are filled and the relevant physics takes place in the flat bands. In this
spirit, we compute the mean-field interaction restricted to the subspace of the flat bands,

[Varp(k, k') + Hynrp(k, k)] pp = (FS| ® (kp)(Var + Hynr)(IFS) ® 1K' p')), (E3)

with |FS) ® |kp) denoting the direct product of the state with the filled remote bands and the state with momentum k& and
multi-index p. We further assume translational symmetry that makes the mean-field Hamiltonian block diagonal in momentum
space, Vugp(k, k') + Hynep(k, k') = [Viapp (k) + Hynrp (k)16 i -

The self-consistent method starts by proposing an ansatz for the ground state at any given filling, computing the mean-field
Hamiltonian, and performing the flat-band projection. Next, we solve the projected mean-field Hamiltonian,

Hypp(k, k") = [Hop(k) + Vipp (k) + Hyprp (k)18 (E4)

with Hy (k)8 x the projected kinetic energy operator. The ground state of this Hamiltonian is then a new ansatz for the self-
consistent ground state and the process is repeated until convergence is reached.

(b) (©)
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FIG. 10. Band structures and main order parameter distributions in the ground state for several selected interaction strengths. (a) €, = 10,
U=4eV,v=+42.(b)e, =20,U =2eV,v=+42.(c)e, =30,U =2eV,v=+2.(d)e, = 10,U =4eV,v=-2.(e)e, =20,U =4 ¢V,
v=-2.
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FIG. 11. Berry curvatures. For several selected states, we obtain the non-Abelian Berry curvature from the projector onto the occupied flat
bands. We plot the trace of the Berry curvature integrated on the parallelograms defined by the 12 x 12 grid in the Brillouin zone. For v = 0,
we show the Berry curvature of one spin species (they are equal for both spins). The Chern numbers reported in the main text are reproduced

after summing over the Brillouin zone.

The energy of the self-consistent state is

(H) =(V) + (Hy) + (Ho)

1 1 +
=5 D Voi—rpUcfa) = (e ciso)(c), e = (), ¢js)o) = 5 D0 Vi —rpllleies) = (ciiejsdoll”
Ti\lj,8i,Sj rirj,s
+U Y (i) = (chano)ef ci) — (e ci)o) + D 1 — e (cficys). (ES)
ri rirjs

The Coulomb interaction is split into the Hartree or direct and Fock or exchange terms, with the plus and minus signs in front,

respectively.

APPENDIX F: ADDITIONAL PLOTS OF THE
HARTREE-FOCK SIMULATIONS

In Fig. 9 we show additional results for both the intervalley
coherent and spin polarized phases at v = 0. In Fig. 10 we
show band structures and order parameter distributions of
several selected states, for v = 2. Finally, in Fig. 11 we plot
the Berry curvature distributions of several ground states.

A salient feature of the band structures is the degeneracy
along the I'y; Kj; M), line, which is then lifted along the My, "y,
line. This can be explained by the crystallographic and U(1)
valley symmetries.

First, let us remind the reader that the symmetries Cj,
and Gy, T act as Co(ky, ky) = (—ky, —ky) and C, T (k, ky) =

(ky, —ky). As such, C,; interchanges the valleys and C, 7
preserves the valleys; see Fig. 1(a). The symmetry Cs, also
preserves the valleys.

Now, the line I'y Ky is invariant under Cs,C,Co, T [see
Fig. 5(b)], but this transformation changes the valley, so there
will be two degenerate states with different valleys along this
line. Also, the line Ky M), is invariant under C,,C,,7 and
the same argument applies. For the line My Ty, it is not
possible to make such construction and the degeneracy is not
enforced.

Notice that the valley symmetry appears when we assign a
valley charge to the eigenstates. If U (1), is broken, like it is
spontaneously in the ivc phase, the degeneracy is lifted; see
Fig. 9(a).

[1] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, Unconventional superconduc-
tivity in magic-angle graphene superlattices, Nature (London)
556, 43 (2018).

[2] M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watanabe,
T. Taniguchi, D. Graf, A. F. Young, and C. R. Dean, Tuning
superconductivity in twisted bilayer graphene, Science 363,
1059 (2019).

195167-12


https://doi.org/10.1038/nature26160
https://doi.org/10.1126/science.aav1910

CORRELATED PHASES AND TOPOLOGICAL PHASE ...

PHYSICAL REVIEW B 109, 195167 (2024)

[3] X. Lu, P. Stepanov, W. Yang, M. Xie, M. A. Aamir, 1. Das,
C. Urgell, K. Watanabe, T. Taniguchi, G. Zhang, A. Bachtold,
A. H. MacDonald, and D. K. Efetov, Superconductors, orbital
magnets and correlated states in magic-angle bilayer graphene,
Nature (London) 574, 653 (2019).

[4] X. Liu, Z. Wang, K. Watanabe, T. Taniguchi, O. Vafek, and
J. 1. A. Li, Tuning electron correlation in magic-angle twisted
bilayer graphene using Coulomb screening, Science 371, 1261
(2021).

[5] A. Jaoui, 1. Das, G. Di Battista, J. Diez-Mérida, X. Lu, K.
Watanabe, T. Taniguchi, H. Ishizuka, L. Levitov, and D. K.
Efetov, Quantum critical behaviour in magic-angle twisted bi-
layer graphene, Nat. Phys. 18, 633 (2022).

[6] Y. Cao, D. Chowdhury, D. Rodan-Legrain, O. Rubies-Bigorda,
K. Watanabe, T. Taniguchi, T. Senthil, and P. Jarillo-Herrero,
Strange metal in magic-angle graphene with near Planckian
dissipation, Phys. Rev. Lett. 124, 076801 (2020).

[7]1 S. Wu, Z. Zhang, K. Watanabe, T. Taniguchi, and E. Y. Andrei,
Chern insulators, van Hove singularities, and topological flat
bands in magic-angle twisted bilayer graphene, Nat. Mater. 20,
488 (2021).

[8] P. Stepanov, M. Xie, T. Taniguchi, K. Watanabe, X. Lu, A. H.
MacDonald, B. A. Bernevig, and D. K. Efetov, Competing
zero-field Chern insulators in superconducting twisted bilayer
graphene, Phys. Rev. Lett. 127, 197701 (2021).

[9] Y. Xie, A. T. Pierce, J. M. Park, D. E. Parker, E. Khalaf,
P. Ledwith, Y. Cao, S. H. Lee, S. Chen, P. R. Forrester, K.
Watanabe, T. Taniguchi, A. Vishwanath, P. Jarillo-Herrero, and
A. Yacoby, Fractional Chern insulators in magic-angle twisted
bilayer graphene, Nature (London) 600, 439 (2021).

[10] L. Wang, E.-M. Shih, A. Ghiotto, L. Xian, D. A. Rhodes, C.
Tan, M. Claassen, D. M. Kennes, Y. Bai, B. Kim, K. Watanabe,
T. Taniguchi, X. Zhu, J. Hone, A. Rubio, A. N. Pasupathy,
and C. R. Dean, Correlated electronic phases in twisted bilayer
transition metal dichalcogenides, Nat. Mater. 19, 861 (2020).

[11] J. M. Park, Y. Cao, K. Watanabe, T. Taniguchi, and P.
Jarillo-Herrero, Tunable strongly coupled superconductivity in
magic-angle twisted trilayer graphene, Nature (London) 590,
249 (2021).

[12] M. G. Scheer and B. Lian, Twistronics of Kekulé graphene:
Honeycomb and kagome flat bands, Phys. Rev. Lett. 131,
266501 (2023).

[13] V. Crépel, A. Dunbrack, D. Guerci, J. Bonini, and J. Cano,
Chiral model of twisted bilayer graphene realized in a mono-
layer, Phys. Rev. B 108, 075126 (2023).

[14] D. R. Hofstadter, Energy levels and wave functions of Bloch
electrons in rational and irrational magnetic fields, Phys. Rev. B
14, 2239 (1976).

[15] M. O. Goerbig, Electronic properties of graphene in a strong
magnetic field, Rev. Mod. Phys. 83, 1193 (2011).

[16] J. Wang and L. H. Santos, Classification of topological phase
transitions and van Hove singularity steering mechanism in
graphene superlattices, Phys. Rev. Lett. 125, 236805 (2020).

[17] B. Lian, F. Xie, and B. A. Bernevig, Landau level of fragile
topology, Phys. Rev. B 102, 041402(R) (2020).

[18] Y. Guan, O. V. Yazyev, and A. Kruchkov, Reentrant magic-
angle phenomena in twisted bilayer graphene in integer
magnetic fluxes, Phys. Rev. B 106, L121115 (2022).

[19] A. Wania Rodrigues, M. Bieniek, P. Potasz, D. Miravet, R.
Thomale, M. Korkusinski, and P. Hawrylak, Atomistic theory of

the moiré Hofstadter butterfly in magic-angle graphene, Phys.
Rev. B 109, 075166 (2024).

[20] K. Singh, A. Chew, J. Herzog-Arbeitman, B. A. Bernevig,
and O. Vafek, Topological heavy fermions in magnetic field,
arXiv:2305.08171.

[21] X. Wang and O. Vafek, Narrow bands in magnetic field and
strong-coupling Hofstadter spectra, Phys. Rev. B 106, L121111
(2022).

[22] 1. Das, X. Lu, J. Herzog-Arbeitman, Z.-D. Song, K. Watanabe,
T. Taniguchi, B. A. Bernevig, and D. K. Efetov, Symmetry-
broken Chern insulators and Rashba-like Landau-level cross-
ings in magic-angle bilayer graphene, Nat. Phys. 17, 710
(2021).

[23] J. Herzog-Arbeitman, A. Chew, D. K. Efetov, and B. A.
Bernevig, Reentrant correlated insulators in twisted bilayer
graphene at 25 T (27 flux), Phys. Rev. Lett. 129, 076401
(2022).

[24] 1. Das, C. Shen, A. Jaoui, J. Herzog-Arbeitman, A. Chew, C.-W.
Cho, K. Watanabe, T. Taniguchi, B. A. Piot, B. A. Bernevig, and
D. K. Efetov, Observation of reentrant correlated insulators and
interaction-driven Fermi-surface reconstructions at one mag-
netic flux quantum per moiré unit cell in magic-angle twisted
bilayer graphene, Phys. Rev. Lett. 128, 217701 (2022).

[25] N. Bultinck, E. Khalaf, S. Liu, S. Chatterjee, A. Vishwanath,
and M. P. Zaletel, Ground state and hidden symmetry of
magic-angle graphene at even integer filling, Phys. Rev. X 10,
031034 (2020).

[26] F. M. Faulstich, K. D. Stubbs, Q. Zhu, T. Soejima, R. Dilip, H.
Zhai, R. Kim, M. P. Zaletel, Garnet Kin-Lic Chan, and L. Lin,
Interacting models for twisted bilayer graphene: A quantum
chemistry approach, Phys. Rev. B 107, 235123 (2023).

[27] K. Adhikari, K. Seo, K. S. D. Beach, and B. Uchoa, Strongly
interacting phases in twisted bilayer graphene at the magic
angle, arXiv:2308.03843.

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

[29] Y. H. Kwan, G. Wagner, N. Bultinck, S. H. Simon, E. Berg, and
S. A. Parameswaran, Electron-phonon coupling and competing
Kekulé orders in twisted bilayer graphene, arXiv:2303.13602.

[30] Z.-D. Song and B. A. Bernevig, Magic-angle twisted bilayer
graphene as a topological heavy fermion problem, Phys. Rev.
Lett. 129, 047601 (2022).

[31] R. Bistritzer and A. H. MacDonald, Moiré bands in twisted
double-layer graphene, Proc. Natl. Acad. Sci. USA 108, 12233
(2011).

[32] L. Balents, C. R. Dean, D. K. Efetov, and A. F. Young, Super-
conductivity and strong correlations in moiré flat bands, Nat.
Phys. 16, 725 (2020).

[33] P. Moon and M. Koshino, Energy spectrum and quantum Hall
effect in twisted bilayer graphene, Phys. Rev. B 85, 195458
(2012).

[34] G. Giuliani and G. Vignale, Quantum Theory of the Electron
Liquid (Cambridge University Press, Cambridge, 2005).

[35] J. Herzog-Arbeitman, Z.-D. Song, L. Elcoro, and B. A.
Bernevig, Hofstadter topology with real space invariants and
reentrant projective symmetries, Phys. Rev. Lett. 130, 236601
(2023).

[36] J. M. Luttinger, The effect of a magnetic field on electrons in a
periodic potential, Phys. Rev. 84, 814 (1951).

195167-13


https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1126/science.abb8754
https://doi.org/10.1038/s41567-022-01556-5
https://doi.org/10.1103/PhysRevLett.124.076801
https://doi.org/10.1038/s41563-020-00911-2
https://doi.org/10.1103/PhysRevLett.127.197701
https://doi.org/10.1038/s41586-021-04002-3
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1038/s41586-021-03192-0
https://doi.org/10.1103/PhysRevLett.131.266501
https://doi.org/10.1103/PhysRevB.108.075126
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1103/RevModPhys.83.1193
https://doi.org/10.1103/PhysRevLett.125.236805
https://doi.org/10.1103/PhysRevB.102.041402
https://doi.org/10.1103/PhysRevB.106.L121115
https://doi.org/10.1103/PhysRevB.109.075166
https://arxiv.org/abs/2305.08171
https://doi.org/10.1103/PhysRevB.106.L121111
https://doi.org/10.1038/s41567-021-01186-3
https://doi.org/10.1103/PhysRevLett.129.076401
https://doi.org/10.1103/PhysRevLett.128.217701
https://doi.org/10.1103/PhysRevX.10.031034
https://doi.org/10.1103/PhysRevB.107.235123
https://arxiv.org/abs/2308.03843
https://doi.org/10.1103/PhysRevLett.124.097601
https://arxiv.org/abs/2303.13602
https://doi.org/10.1103/PhysRevLett.129.047601
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1038/s41567-020-0906-9
https://doi.org/10.1103/PhysRevB.85.195458
https://doi.org/10.1103/PhysRevLett.130.236601
https://doi.org/10.1103/PhysRev.84.814

SANCHEZ SANCHEZ AND STAUBER

PHYSICAL REVIEW B 109, 195167 (2024)

[37] J. Herzog-Arbeitman, Z.-D. Song, N. Regnault, and B. A.
Bernevig, Hofstadter topology: Noncrystalline topological ma-
terials at high flux, Phys. Rev. Lett. 125, 236804 (2020).

[38] N. Nemec and G. Cuniberti, Hofstadter butterflies of bilayer
graphene, Phys. Rev. B 75, 201404(R) (2007).

[39] J. Ahn, S. Park, and B.-J. Yang, Failure of Nielsen-Ninomiya
theorem and fragile topology in two-dimensional systems with
space-time inversion symmetry: Application to twisted bilayer
graphene at magic angle, Phys. Rev. X 9, 021013 (2019).

[40] J. Kang and O. Vafek, Pseudomagnetic fields, particle-hole
asymmetry, and microscopic effective continuum Hamiltoni-
ans of twisted bilayer graphene, Phys. Rev. B 107, 075408
(2023).

[41] C. Fang, M. J. Gilbert, and B. A. Bernevig, Bulk topological
invariants in noninteracting point group symmetric insulators,
Phys. Rev. B 86, 115112 (2012).

[42] B. Bradlyn, L. Elcoro, J. Cano, M. G. Vergniory, Z. Wang, C.
Felser, M. 1. Aroyo, and B. A. Bernevig, Topological quantum
chemistry, Nature (London) 547, 298 (2017).

[43] J. Kang and O. Vafek, Symmetry, maximally localized Wannier
states, and a low-energy model for twisted bilayer graphene
narrow bands, Phys. Rev. X 8, 031088 (2018).

[44] J. Zang, J. Wang, A. Georges, J. Cano, and A. J. Millis, Real
space representation of topological system: Twisted bilayer
graphene as an example, arXiv:2210.11573.

[45] J. Herzog-Arbeitman, A. Chew, and B. A. Bernevig, Mag-
netic Bloch theorem and reentrant flat bands in twisted bilayer
graphene at 27 flux, Phys. Rev. B 106, 085140 (2022).

[46] B. A. Bernevig, Z.-D. Song, N. Regnault, and B. Lian, Twisted
bilayer graphene. III. Interacting Hamiltonian and exact sym-
metries, Phys. Rev. B 103, 205413 (2021).

[47] J. M. Pizarro, M. Rosner, R. Thomale, R. Valenti, and
T. O. Wehling, Internal screening and dielectric engineering
in magic-angle twisted bilayer graphene, Phys. Rev. B 100,
161102(R) (2019).

[48] T. I. Vanhala and L. Pollet, Constrained random phase ap-
proximation of the effective Coulomb interaction in lattice
models of twisted bilayer graphene, Phys. Rev. B 102, 035154
(2020).

[49] A. Jimeno-Pozo, Z. A. H. Goodwin, P. A. Pantale6n, V. Vitale,
L. Klebl, D. M. Kennes, A. Mostofi, J. Lischner, and F. Guinea,
Short vs. long range exchange interactions in twisted bilayer
graphene, Adv. Phys. Res. 2, 2300048 (2023).

[50] B.Lian, Z.-D. Song, N. Regnault, D. K. Efetov, A. Yazdani, and
B. A. Bernevig, Twisted bilayer graphene. IV. Exact insulator
ground states and phase diagram, Phys. Rev. B 103, 205414
(2021).

[51] L. Hedin, On correlation effects in electron spectroscopies and
the GW approximation, J. Phys.: Condens. Matter 11, R489
(1999).

[52] A. Marie, A. Ammar, and P.-F. Loos, The GW approximation:
A quantum chemistry perspective, arXiv:2311.05351.

[53] Y. H. Kwan, G. Wagner, T. Soejima, M. P. Zaletel, S. H. Simon,
S. A. Parameswaran, and N. Bultinck, Kekulé spiral order at all
nonzero integer fillings in twisted bilayer graphene, Phys. Rev.
X 11, 041063 (2021).

[54] M. Christos, S. Sachdev, and M. S. Scheurer, Correlated in-
sulators, semimetals, and superconductivity in twisted trilayer
graphene, Phys. Rev. X 12, 021018 (2022).

[55] M. S. Sanchez and T. Stauber, The correlated insulators of
magic angle twisted bilayer graphene at zero and one quantum
of magnetic flux: A tight-binding study, arXiv:2308.01997.

[56] K. P. Nuckolls, R. L. Lee, M. Oh, D. Wong, T. Soejima, J. P.
Hong, D. Célugaru, J. Herzog-Arbeitman, B. A. Bernevig, K.
Watanabe, T. Taniguchi, N. Regnault, M. P. Zaletel, and A.
Yazdani, Quantum textures of the many-body wave functions
in magic-angle graphene, Nature (London) 620, 525 (2023).

[57] P. Stepanov, 1. Das, X. Lu, A. Fahimniya, K. Watanabe, T.
Taniguchi, F. H. L. Koppens, J. Lischner, L. Levitov, and D. K.
Efetov, Untying the insulating and superconducting orders in
magic-angle graphene, Nature (London) 583, 375 (2020).

[58] J. M. B. Lopes dos Santos, N. M. R. Peres, and A. H. Castro
Neto, Continuum model of the twisted graphene bilayer, Phys.
Rev. B 86, 155449 (2012).

[59] N. N. T. Nam and M. Koshino, Lattice relaxation and energy
band modulation in twisted bilayer graphene, Phys. Rev. B 96,
075311 (2017).

[60] A. Ramires and J. L. Lado, Impurity-induced triple point
fermions in twisted bilayer graphene, Phys. Rev. B 99, 245118
(2019).

[61] J. Y. Lee, E. Khalaf, S. Liu, X. Liu, Z. Hao, P. Kim, and
A. Vishwanath, Theory of correlated insulating behaviour
and spin-triplet superconductivity in twisted double bilayer
graphene, Nat. Commun. 10, 5333 (2019).

[62] S. Chatterjee, T. Wang, E. Berg, and M. P. Zaletel, Intervalley
coherent order and isospin fluctuation mediated superconduc-
tivity in rhombohedral trilayer graphene, Nat. Commun. 13,
6013 (2022).

[63] K. Seo, V. N. Kotov, and B. Uchoa, Ferromagnetic Mott state in
twisted graphene bilayers at the magic angle, Phys. Rev. Lett.
122, 246402 (2019).

[64] J. Kang and O. Vafek, Strong coupling phases of partially filled
twisted bilayer graphene narrow bands, Phys. Rev. Lett. 122,
246401 (2019).

195167-14


https://doi.org/10.1103/PhysRevLett.125.236804
https://doi.org/10.1103/PhysRevB.75.201404
https://doi.org/10.1103/PhysRevX.9.021013
https://doi.org/10.1103/PhysRevB.107.075408
https://doi.org/10.1103/PhysRevB.86.115112
https://doi.org/10.1038/nature23268
https://doi.org/10.1103/PhysRevX.8.031088
https://arxiv.org/abs/2210.11573
https://doi.org/10.1103/PhysRevB.106.085140
https://doi.org/10.1103/PhysRevB.103.205413
https://doi.org/10.1103/PhysRevB.100.161102
https://doi.org/10.1103/PhysRevB.102.035154
https://doi.org/10.1002/apxr.202300048
https://doi.org/10.1103/PhysRevB.103.205414
https://doi.org/10.1088/0953-8984/11/42/201
https://arxiv.org/abs/2311.05351
https://doi.org/10.1103/PhysRevX.11.041063
https://doi.org/10.1103/PhysRevX.12.021018
https://arxiv.org/abs/2308.01997
https://doi.org/10.1038/s41586-023-06226-x
https://doi.org/10.1038/s41586-020-2459-6
https://doi.org/10.1103/PhysRevB.86.155449
https://doi.org/10.1103/PhysRevB.96.075311
https://doi.org/10.1103/PhysRevB.99.245118
https://doi.org/10.1038/s41467-019-12981-1
https://doi.org/10.1038/s41467-022-33561-w
https://doi.org/10.1103/PhysRevLett.122.246402
https://doi.org/10.1103/PhysRevLett.122.246401

