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Lattice model for the Coulomb interacting chiral limit of magic-angle twisted bilayer graphene:
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We revisit the localized Wannier state description of the twisted bilayer graphene, focusing on the chiral
limit. We provide a simple method for constructing such two-dimensional exponentially localized—yet valley
polarized—Wannier states, centered on the sites of the honeycomb lattice, paying particular attention to main-
taining all the unobstructed symmetries. This includes the unitary particle-hole symmetry, and the combination
of G, T and the chiral particle-hole symmetry. The C,7 symmetry alone remains topologically obstructed and is
not represented in a simple site-to-site fashion. We also analyze the gap and the dispersion of single particle and
single hole excitations above a strong coupling ground state at integer fillings, which we find to be dominated by
the on-site and the nearest-neighbor terms of a triangular lattice hopping model, with a minimum at the center
of the moiré Brillouin zone. Finally, we use the insight gained from this real-space description to understand the
dependence of the gap and the effective mass on the range of the screened Coulomb interaction.
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I. INTRODUCTION

There is a not-uncommon sentiment that lattice models
are a priori unsuitable for the study of the narrow bands of
twisted bilayer graphene (TBG) due to the topological nature
of the narrow bands, and that an extended state basis, such
as Bloch or hybrid Wannier states, is preferable. On the other
hand, because the narrow bands [1-6] as a whole within each
valley carry a zero Chern number, the results of Brouder et al.
[7] guarantee that the exponentially localized Wannier states
can be constructed, unlike if the Chern number were nonzero.
The problem is very similar to the one studied by Soluyanov
and Vanderbilt [8], where they explicitly constructed exponen-
tially localized Wannier states for the Z, nontrivial topological
insulator whose Chern number of course vanishes. They also
discovered that the nontrivial topological nature of the bands
does provide an obstruction to the exponential localization
of the Wannier states, if they also insist on simple on-site
representation of the time reversal symmetry. For the example
of the Kane and Mele model with two sites per unit cell and
two pairs of bands separated by a nontrivial gap, the expo-
nentially localized Wannier states for the two lower bands,
say, can be constructed. But if we insist that the action of the
time reversal on the Wannier states simply results in another
Wannier state within the orthonormal set spanning the isolated
Hilbert space, then the Wannier states cannot be exponentially
localized. If, instead, the two Wannier states are centered on
different sites of the unit cell and so do not transform into
each other under the time reversal, then there is no obstruction
to exponential localization. It is often stated that the price to
pay for the exponential localization is the breaking of the
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symmetry, which in the case of the two-dimensional (2D)
Z, topological insulator is the time reversal symmetry. But
because the transformation between the Bloch states and the
Wannier states is perfectly unitary, no information can be lost.
This information includes symmetry. Thus, strictly speaking,
time reversal symmetry cannot be broken by such a unitary
transformation, but rather it is not explicit (or on-site) in such
Wannier representation. In practice, this means that acting
with a time reversal symmetry operator on an exponentially
localized Wannier state will lead to a linear combination of
Wannier states from its vicinity, with coefficients that decay
exponentially with distance [9].

The situation is similar in the continuum models of magic-
angle twisted bilayer graphene, whose narrow bands are taken
to be completely valley decoupled, in which case they are
topologically nontrivial [10-12]. In this case, exponentially
localized states can be constructed [13,14], but if we insist
on the explicit (on-site) implementation of both the valley
U(1) and C,7 symmetry for the narrow bands, then we find
an obstruction. This obstruction was originally thought to be
fragile and removable by the addition of trivial remote bands
[15]. But, as was recently shown in Ref. [16], inclusion of
the particle-hole symmetry P of the continuum Hamiltonian
makes the topology stable, in that it is impossible to add
trivial remote bands and maintain explicit representation of all
approximate emergent symmetries while keeping exponential
localization. In the chiral limit [17], there is an additional chi-
ral particle-hole symmetry C which will also play a role in our
Wannier construction and the representation of a spin-valley
U(4) symmetry.

Although we agree that there is a clear utility of the Bloch
[18-24] (or hybrid Wannier [25-27]) description, one of the
goals of this paper is to demonstrate the practical benefits
of the Wannier states as a complementary description of the
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strong coupling physics of the narrow bands [28,29]. In partic-
ular, we use them to explain the (exact) dispersion of a single
particle or a single hole added to a correlated insulator at an
integer filling in the strong coupling limit [30,31] of the chiral
limit model [17]. As was recently shown [30], the chiral limit
is approached within the renormalization group treatment of
the Coulomb interacting Bistritzer-MacDonald model (BM)
[1] of the magic-angle twisted bilayer graphene.

Even though the C,7 symmetry is not explicit in our
Wannier basis, we construct the Wannier basis such that the
combination of the chiral particle-hole symmetry C and C, T is
explicit, as is P. The possibility to explicitly represent PCC, T
was insightfully pointed out by Bernevig et al. in Ref. [32].
As we demonstrate below, the strong coupling spin-valley
U (4) symmetry, explicit in our Wannier basis, is indeed tied
to PCC,7T as stated in Ref. [32]. To this end, we use the
projection method [33] to construct the exponentially local-
ized Wannier states by identifying suitable trial states, whose
symmetry is then imprinted in the Wannier states. Usually, one
follows the projection method with a maximal localization
procedure that minimizes (8r?), but for our trial states, it is not
obvious that this second step provides a sufficient advantage
and therefore we omit it.

The strong coupling dispersion curves can certainly be
obtained numerically without much difficulty using the Bloch
basis, but it is not easy to understand their shape. Our goal
is to demonstrate that the real-space Wannier description
provides a complementary way to understand it as a result
of a tight-binding model on a moiré triangular lattice, with
rapidly decaying hopping amplitudes as the hopping range is
increased [34]. Note that the centers of the Wannier states
are still on the honeycomb lattice sites AB and BA as in
Refs. [13,14]. The triangular lattice tight-binding description
of the one-particle strong coupling dispersion is a result of de-
coupling of the two (triangular) sublattices of the honeycomb
lattice in the chiral limit.

The negative sign of the nearest-neighbor hopping am-
plitude, which can also be understood from the real-space
description, then explains why the minimum of the dispersion
is at the T point [center of the moiré Brillouin zone (mBZ)]. In
addition, this method allows us to understand the dependence
of the shape of these bands on the range of the interaction,
controlled by the distance & to the grounded metallic screen-
ing layers, one placed above and another symmetrically below
the twisted bilayer graphene. We find that once & = L,,, where
L, is the moiré period, the effective mass of the excitations
is nearly & independent even though the excitation gap still
grows with increasing & (see Fig. 2). This can be understood
by analyzing the effective electrostatics of the exchange and
the direct contribution to the single particle dispersion. The
direct term corresponds to an electrostatic energy of a lo-
calized “fidget spinner,” whose shape is shown in Fig. 4(a),
interacting with a moiré periodic charge distribution, thus
probing the interaction potential V; only at (nonzero) discrete
reciprocal lattice wave vectors. Because the smallest such
wave vector has a length |g; | = 47 /(v/3L,) ~ 7.26/L,,,
the factor of tanh % in the two gate screened interaction

Vg = 2€’|qu‘2 tanh(%) is not very sensitive to & for & 2 L,,. This

explains the & insensitivity shown in Fig. 2(b) for &€ > L,,. In

contrast, the exchange term corresponds to the electrostatic
energy of two localized charge distributions, and thus probes
the interaction at a continuum of wave vectors, not just at the
discrete reciprocal lattice. By normalization, only the Wan-
nier states centered on the same site—with the fidget spinner
shape—contain a monopole charge contribution which does
not vanish at small wave vectors [see Fig. 6(a)]. The contribu-
tion of two fidget spinners to the exchange energy is therefore
sensitive to small wave vector behavior of the interaction,
which is the reason for the & dependence of the on-site term in
the tight-binding expansion of the strong coupling dispersion
seen in Fig. 7(a). On the other hand, the contribution to the
hopping must contain at least one product of two Wannier
states centered at different sites, whose multipole expansion
generically starts with a dipole [see Figs. 4(b)-6(f)], vanishing
at small wave vectors [see Figs. 6(b) and 6(c)]. The elec-
trostatic energy is therefore much less sensitive to the small
wave vector part of the interaction, and is therefore nearly
independent of & once & 2> L,,.

Another goal of this paper is to elucidate the connection
between the strong coupling U(4) x U(4) symmetry [21] in
the chiral limit, the spin-valley U(4) symmetry away from
the chiral limit [21] but assuming P (dubbed nonchiral flat in
Ref. [32]), and the local spin-valley U(4) symmetry explicit in
the Wannier basis [35]. We demonstrate that the last two U(4)
symmetries are indeed different subgroups of U(4) x U(4), as
also pointed out in Ref. [32].

This paper is organized as follows: in Sec. II, we define the
starting model and spell out the action of its symmetries on the
energy and Chern Bloch basis of the narrow bands. In Sec. 111,
we analyze the Coulomb interactions in the Bloch basis, dis-
play the (nonchiral flat) spin-valley U(4) and (first chiral) U(4)
x U(4) symmetries, and relate them. We also solve for the
strong coupling spectrum of either a single particle or a single
hole added to the strong coupling eigenstates at integer fillings
using the Bloch basis. In Sec. IV, we build the exponentially
localized Wannier states using the projection method and
analyze the action of symmetries on the Wannier states; we
also identify the spin-valley U(4) symmetry of the projected
density operator explicit in the Wannier basis and relate it to
the (first chiral) U(4) x U(4) symmetry. In Sec. V, we analyze
the strong coupling dispersion of either a single particle or a
single hole added to the strong coupling eigenstates at integer
fillings in the Wannier basis, and find the rapidly converging
tight-binding hopping amplitudes for this dispersion at each
integer filling v. As shown in Figs. 2(a) and 2(b), the results
from the Bloch and Wannier analysis match. In Sec. VI, we
analyze the dependence of the tight-binding parameters on
&, the range of the interaction, and provide the electrostatics
analogy to understand the direct and exchange contributions.
Finally, Sec. VII is devoted to a summary and conclusions.

II. BISTRITZER-MACDONALD HAMILTONIAN
AND ITS SYMMETRIES

At the valley K, the effective continuum Hamiltonian is

[1,17]
T(r)
, (H
l)]:O'_f; p

ﬁ UFO’% p
P T
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where the twisted Pauli  matrices are 0o =

e’ﬁe"Z(ax,oy)eZ(’“Z; they act in the sublattice space. The

interlayer hopping functions are 7(r)= Z;Zl Tje T,
0

where qi = ky(0, —1), o3 = ko (£33, §), ks = £ sin § =
47 /(3Ly), ap = 0.246 nm, L, is the period of the moiré
lattice, and

2 . (27 .
Tip1 = woly + wy |:c0s <?]>O'x + sin <?]>ayi|, 2)

where 1, is an n x n unit matrix. The Hamiltonian in the
valley K’ is related to K by spinless time reversal symmetry
implemented by the complex conjugation.

We can absorb the phase in o ¢ into the eigenstates using
a unitary transformation [17] on the Hamiltonian,

A eﬁ@az 0 R e—ﬁ@(r: 0
HBM=< 0 o~ 400 Hpu 0 o0 )" @)

In the chiral limit, wy/w; = 0, this has no effect on 7'(r). The
eigenstates of the Hy,, can be written as

— 1 An,g(k) ik-r igr
W,k (r) = Zm(%(k)eiq,.r KTET ()
g

where g = mg; + myg, for integer m; 5, g = q» — q3, and
g = q3 — q (see Fig. 1); N, is the number of unit moiré
cells in the system (or, equivalently, the number of k points
in the regular mesh of the first Brillouin zone), and the
area of the unit cell is A, = 872/(3+/3k2). Note that with
this definition, k is measured relative to the upper layer
Dirac point. Therefore, inversion takes it to —k — q;. The
Fourier coefficients are normalized as Zg A,T,’g(k)Angg(k) +

Bl,g(k)Bnr,g(k) = &u- The triangular moiré lattice is spanned

by the primitive lattice vectors L; = Lm(‘/Tg, %) and L, =
L,(0,1).

Symmetries

As emphasized by Po et al. [10], the Hpgyy as well as I{VéM
are invariant under the C, 7 symmetry, i.e.,

GT : Loy (=)0, = Hyy, (r), 3)

where the two-by-two identity matrix 1, in 1,0, acts in the
layer space. This transformation does not change k (or n), and
we choose the phase of W, k(r) such that it is an eigenstate of
C,T with an eigenvalue +1, i.e.,

GT @ 150,V (—1) = W, k(). ©6)

This fixes the W, x(r) up to an overall sign. For the purposes
of this paper, we will not need to fix the sign globally as we
did in Ref. [25].

At a general twist angle away from the magic angle, the
spectrum is nondegenerate everywhere in the mBZ except
at the K,, and K, points even in the chiral limit [17] de-
fined as wy/w; = 0. At a magic angle—at the first of which
wy/vrky = 0.585663 558389 55 (see Ref. [36])—and in the
chiral limit, the narrow bands of Hpy are exactly flat [17].
When we include the Coulomb interaction coupling to the
remote bands within the renormalization group scheme, the

06 T~~~ =

0.4} wo =0

02l M _ 0586
Vikg

K, r M K,

~0.2}

—04f

—06f T~~~

(c)

FIG. 1. (a) A unit cell of the triangular moiré lattice with the
schematic of the AA stacking regions. The constructed Wannier
states are centered on the AB and BA stacking regions, forming the
dual honeycomb lattice. (b) The high symmetry path of the moiré
Brillouin zone. (c) The narrow bands and a few remote bands in the
chiral limit when wy = 0 and w,/(vrky) = 0.586. The noninteract-
ing energy in (c) is calculated from the BM model and expressed in
units of vpky.

perfect sublattice polarization of the narrow band Hilbert
space remains, but the bands are no longer exactly flat [30].

For wo/w; = 0, the Hpy, and A, sy €njoy the unitary chiral
particle-hole symmetry [17],

C: {lyo,, Hp,} =0. @)

Therefore, if W, x(r) is an eigenstate of I-?éM with an
eigenvalue €,y x, then 1,0V, x(r) is an eigenstate with an
eigenvalue —e€,; x = €,_x; the two eigenvalues are distinct
unless we are exactly at a magic angle or k = K,,, K/,. This
means that the linear combinations

1
N
are perfectly sublattice polarized with 1,0, eigenvalues +1,
and thus carry the Chern indices of %1, respectively [17].
Note that Eq. (8) is well defined for both signs because C, 7

anticommutes with C, and we have already assumed (6). We
also have

Q. k(r) = —=(l20; £ 14)Wpy k(1) ®)

C: 120’1\1’,1+’k(r) = eiaf \Ilnf,k(r)v (9)

where a]f = £7, which can be obtained by acting on both
sides with C, 7 and using Eq. (6).

Because in the strong coupling limit, and near the magic
angle, the Coulomb interaction exceeds the narrow band-
width (containing two bands for each valley and spin), it
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will generally mix the two bands. Therefore, it is a matter
of convenience whether we choose the Chern basis @4 k(r),
which diagonalizes 1,0, for the narrow bands, or W, k(r),
which diagonalizes Hy,,.

As emphasized by Song et al. [11] and Hejazi et al. [37],
ﬂl’;M also enjoys another unitary particle-hole symmetry (see
also Refs. [21,38]),

0 =1\ 0 1 A
P <12 02>HBM(_r)<_12 02) = —Hp,(r). (10)

Therefore, if W, k(r) is an eigenstate of I-7,§M with an eigen-
value €, k, then —ip,1oW,  (—r) is an eigenstate at —k — q
with the eigenvalue —e¢,, i ; the Pauli matrix j, acts in the layer
space. This symmetry is approximately present even away
from the chiral limit when the twist angle is small [12], and
becomes exact if we ignore the rotation of the Pauli matrices
in Eq. (1). Because the particle-hole symmetry P commutes
with C, T and because we already fixed the C, T eigenvalue to
+1 in Eq. (6), we have

P —ipy bW o (—1) = €W, g (), (11)

where al’: = 0, 7. We will find it convenient to fix the gauge
such that

af =0, Vk € mBZ. (12)

Then, at the M and T points, there are two independent ways
to arrive at W,,_ i starting from W, x, either using Eq. (11) or
using Eq. (9). At the M point (k = —%), numerically we find
that these are consistent if 0‘1?4 = —%; we find the same result
at the equivalent M points k = qé—‘ However, at the I" point
(k = q;), we find of = Z.
We therefore use the remaining freedom to fix
c b4

of =—3. k#T, (13)
I T
of =5 k=T. (14)

This locks the sign of W, _x_g,(r) to W, k(r) according to
Wyp kg (1) = =0, Wi (—1), K£T, (15

lIJn-h—k—ql (r) = HyUz\Ijn+.k(_r)’ k=T. (16)
Therefore,

C: loy®yk(r) = £P4 k(r), (17)
CT ¢ 1,0,®%  (—1) = — D (1), (18)

P —ipy 1, ®u(—1) = e e “eady g (r)

= de Cndy (). (19)
|

' _ t t i i
Xo (1) X0 (1) = Z(da,K,+,k’ Ao~k doxr 4 100 doxr— 1)
Kk’

Ak (1)
Cii (1)

In addition, Hj,, is also invariant under the C;7 and C;
symmetries [10,13,14],

CyT & ieHpy (=%, )i, = Hyy (x, y), (20)

iThe iy %0 iTho
Cs: e 5% S Apye 5 e 3% = fpy o (21)

where 7, = —i(x% - y%). Because the spectrum is nonde-
generate everywhere except at the K,, and K/, points, the
action of these symmetries maps the Bloch states at the related
k points up to an overall phase.

The two valleys are related by (spinless) time reversal, i.e.,
by complex conjugation. The remaining symmetries can then
be generated by the combination of the ones stated above.

III. COULOMB INTERACTIONS

The electron-electron Coulomb interactions, projected
onto the narrow bands [30,32], are

1
Hin = §/d2rd2r/V(r —1')8p(r)sp(r)
1 : !
= v 2 Va ) e R0 @s0w (@), (22)
uctluc q RR’
where
8p(r) = X (Oxo(X) =2 > Wi ()W, k(r),
k n=nt
V(r) = Vge'™, 23
(r) NucAuc % qe ( )

s0r(q) = / d’re " "Sp(R +1). (24)
Wig.—Seitz

In the above, we are keeping only V4 with |q| < |K], and
thus neglecting the large wave vector transfer terms in the
Coulomb interaction which are smaller by a factor ~L,,|K|
[39].

For a pure Coulomb interaction, we would have V,; =
2me?/(eq) except at q = 0 where Vy=0 = 05 in the later sec-
tions, we also study the two gate screened interactions, in
which case Vg9 = 2’5 2 tanh %. The projected field operators
in Eq. (23) are expanded in the narrow band basis fermion
annihilation operators dy K /K’ n,k aS

Yo (r) Wk (0)do K nk
,(r) = = L o . (25
%o ) <¢>g ) =2 2 (w0 i) @
The subscript o refers to the electron spin projection 1 or |.
If we now explicitly write out the projected density oper-

ator, using C,7 [Eq. (6)], P [Eq. (11)], and otf: =0, we find
that the terms from valley K and K’ are related according to

By () 0 0 do X 4%

Dkk’ (r) 0 0 d(r,K,—.k' ’ (26)
0 0 Dy (r)  —Cae(r) || do k', +.x
0 0 =B (r) Aue(r) do K/, — K
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Where Ay (r) = k(r)\lfn+ Kk (1), By (r) =
W, k’(r) Ckk/(r) WOV (r) = By (),
and Dy (r) = WOV, w(r). The above matrix

commutes with 14, rzlz, 7,6y, and 7.6, where the Pauli
matrices T act in the valley space and & in the n+ band space
[30]. Together with the spin SU(2) generators, they form the
16 generators of the global spin-valley U(4) symmetry first
pointed out by Bultinck ez al. Ref. [21]. At this point, we have
not used the C symmetry, only C;7 and P; therefore, this
U(4) symmetry is present even away from the chiral limit,
if we neglect the small angle rotation of the Pauli matrices

J

X () =D (eh g i€l kol o €h i)
Kk’
where A (r) = CDi.k(r)CDJr,kr(r) and Dy (r) =

of K(M®_ o (r). Clearly, in this basis, we can perform
a global spin-valley U(4) rotation in the Chern basis
(es K, +.k> €5, K,+x) and an independent spin-valley U(4) rota-
tion in the opposite Chern basis (es K — k., €s.K’.— k), leading
to the spin valley U(4)x U(4) symmetry in the chiral limit first
pointed out by Bultinck et al. [21] (see, also, Refs. [30,32]).
Adopting the nomenclature of Ref. [32], we will refer to this
as the (first) chiral-flat U(4) x U(4) symmetry.

In Appendix B, we relate the generators of the nonchi-
ral flat U(4) to the generators of the (first) chiral flat U(4)
x U(4) (as was also done in Refs. [21,32]). Performing an
arbitrary nonchiral flat U(4) global rotation is equivalent to
rotating the Chern basis (e, K.+ .k, €. K. +k) by expli(woty +
,T; + w1 T, + w,7,)] while simultaneously rotating the oppo-
site Chern basis (e, k.- k, €s.K'.— k) by expli(woTo + @, T, —
Ty — w1 Ty)]. This can be thought of as a mirror reflecting
an axial vector @& about the xy plane.

Note that if §p(r) acts on the v = 0 fully valley polarized
state, such as [€2,—0) = [ [} d;K,n!kdiK!mkw), then 8 p(r)
annihilates it. Because Hj, is positive semidefinite, this is
therefore a ground state of Hi,. Due to the U(4) x U4)
symmetry, any state obtained by such global rotation is also
annihilated and is therefore degenerate with the valley polar-
ized state. Using P [Eq. (19)], G T [Eq. (18)], and Eq. (8), we
have

DY W W) =2) @1 ()DL k() (29)
k

k n=%

=2) @ (P_k(r). (30)
k

Therefore, for any integer filled Chern state |€2,), we have

83p(r)1Q,) = 8pu (1)), 31
8py(r) = v Z<1>+k<r><1>+k(r>—v2<1>T (DD k(1)
== ZZ Wl (W, (r). (32)
k n=%

in Hgy [Eq. (1)] [11]. We will adopt the nomenclature of
Ref. [32] and refer to this as the nonchiral flat spin-valley
U(4) symmetry.

The consequences of the C symmetry are more transparent
in the ® basis [Eq. (8)]. Expanding the fields as

_ Yo (T) _ D, k(r)es K.k
e = (10) _22( 4 )

C
ek @7 (r)es K -1 —k—q,

(27)
and using Egs. (17)—(19), we find
Ae(r) 0 0 0 €5 K, +.K
0 Dy (r) 0 0 €5 K, K
0 0 Dye(r) 0 2 28)
0 0 0 Ak (r)/) \eo x/ + K

(

The last equality will be useful when we switch to the 2D
exponentially localized Wannier basis because it corresponds
to the sum over all states of the two narrow bands whose
total Chern number vanishes, for which the localized basis can
always be found [7].

A. Excitations in the strong coupling
In the strong coupling, the energy of an operator X acting
on the Chern state |€2,) at integer filling v can be obtained as
EX|Q,) = Hine X |2)). (33)
Substituting (22) and using (31), we readily find
(E -EP)X|Q,)

- % f d’rd’r'V (r — r)[8p(r), [8p(r)), X]1I2)

n / Prd*'V(r — r)[8p), X180, (34)

where E) =1 [d’rd*r'V(r —r')8p,(r)sp,(r') is a real
number, and 6p,(r) was defined in Eq. (32). The key ob-
servation is that the commutators on the right-hand side of
Eq. (34) do not change the number of creation and annihilation
operators in X because §p(r), defined in Eq. (23), is a charge
neutral bilinear. Therefore, we can just match the operator
coefficients on each side of the equation to find their spectra
(assuming again that X does not annihilate |2, ), in which case
it is trivial).

B. Single particle excitation using Bloch basis

To facilitate the calculation, we note that if we rearrange
the components as

do K+ .k
ds K,— k
% = aRTE (35)
ds K-k
—Uo K',+k

then we can write the projected density in Eq. (26) as

X ()= 00 W Oy e (D ko (36)
kk’
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where repeated subscripts are summed. The above expression
is explicitly U(4) symmetric.

To compute the energy spectrum of a single hole added
to the strong coupling ground state, we let X =0,k o«-
For a single electron, we let X :D;k‘a,K. Such spectra
were presented in Refs. [30,31]. In addition, spectra for

the charge neutral (excitonic) excitation were computed
in Refs. [30,31,40] and for the charge +2 excitations in
Ref. [31]. We note in passing that in order to determine the
degeneracy, we also need to consider the nature of the ground
state to make sure X does not annihilate it.

Substituting into Eq. (34), and using the discrete transla-
tional invariance of the moiré lattice, we find

J
1 / T
(E = E”)oukonl) = 5 / drd®r'V (e —1) > S W )Wy VW, )W (0D k| 20)

m m'p

% / / T / / T
-5 f drd Ve =)y N W)Wy (W] O (ko[ ), (3T)

m'p’ m

T

1 / T / / T
(E—E)! ) = 5 / drd vV —r)) Y Wi W @)Y ()W (00 Q)

m m'p

v / / T / / T T
+3 / d’rd*r'V(r —r )Z Z W o (VW (KW ()W, (000 [€2,) (38)

m'p’ m

We see that the right-hand side is a linear combination of operators 9,k -, on the left-hand side, which means that the above
equation can be satisfied if we perform an appropriate unitary transformation on the operators on both sides. Because the
momentum k of the operators on both sides is the same, as are the spin ¢ and valley «, to find the energy spectrum of the
single particle excitations, we just need to diagonalize a 2 x 2 matrix in the band indices n, m. The matrix is Hermitian due to
the interaction potential V (r — r’) being even under particle exchange, which, together with C,7 [Eq. (6)], allows us to show
that this matrix differs for the hole and the particle only by the direct (Hartree) term,

1
Hyl (k) = 5 / drd’r'V (e =) Y W ()W (O, ()W k()
m/p/
¥ ; f drd V(e =) Y Wi (O)W y (O] ()W, (). (39)
m'p’

The matrix 7—[,%” (k) is diagonal in nm for each k. This is
because, according to Eq. (6), each W, (r) isa C, T eigenstate
with an eigenvalue +1, and because we can use C to flip
between the signs of n utilizing Eq. (9). Moreover, G, T =
1,0k, while C = 1,0,. Therefore, CC,T = il,0,K squares
to —1. It is clearly antiunitary and does not change k. There-
fore, at any k, CC,7 guarantees that

0 1 xh/p 0 -1 _ h/

Because it is a Hermitian 2 x 2 matrix, the above guarantees
that HP (k) is proportional to the identity matrix 1, in the
chiral limit, i.e., the two eigenvalues are degenerate at each
k. The contribution from the first (exchange) and the second
(direct, divided by Fv) lines in Eq. (39) are shown in Fig. 2.
To obtain the actual degeneracies of the bands, we need to
consider whether acting with a particular linear combination
of d’s or d’s annihilates the ground state [which, up to the
U(4) x U(4) transformation, is a product state of the Chern
states]. For example, for v = 1, there are three ways to add a
(light) particle and five ways to add a (heavy) hole [34]. For a
general non-negative integer filling v > 0, the particle branch
is (4 — v)-fold degenerate (because there are 4 — v ways to
add a particle without annihilating the many-body product
state) and the hole branch is (4 4 v)-fold degenerate (because

(

there are 4 4 v ways to add a hole). The degeneracies for
negative integer filling v < 0 are related by the particle-hole
transformation: the hole branch is (4 — |v|)-fold degenerate
and the particle branch is (4 + |v|)-fold degenerate.

Away from the chiral limit, C is no longer exact. However,
to a good approximation [16], even away from the chiral limit
we still have P. Because PC,7 is also antiunitary and squares
to —1, and because it changes k to —k — q;, H%{’(k) must be
diagonal at all momenta left invariant under P, namely, I and
M. Away from these k points, the spectrum is split, as shown
in Refs. [30,31,34]. For a range of angles near the magic,
evaluating the spectrum in the Bloch basis requires numerical
determination of the wave functions W, x(r), although exactly
at the magic angle and the chiral limit, one should only need
the numerical determination of the wave functions at K, [17].
Nevertheless, the reason for the shape of the spectrum thus
obtained is somewhat obscured in the Bloch basis. To better
reveal its character, we now switch to the Wannier basis.

IV. WANNIER STATES IN THE CHIRAL LIMIT

We now turn to the main part of the paper, where we use the
projection method [33] to construct the exponentially local-
ized Wannier states in the chiral limit. There are two Wannier
states per unit cell in the valley K, namely, wg ;(r) with
j=1=AB and j =2 = BA. For a fixed triangular moiré
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- (') é: = Lm

K, r M K

Bloch
(Wannier)

I o

K, g M K,

FIG. 2. (a) The exchange and (b) the direct contributions to the
single particle dispersion in the strong coupling limit along the high
symmetry path shown in Fig. 1(b) for different values of &, the dis-
tance between the TBG and the metallic gates. L,, is the period of the
triangular moiré lattice and the energy is expressed in Coulomb units,
€% /(€L,,). The solid colored curves are given by Eq. (39) using Bloch
states. The dots and other symbols denote the dispersion obtained
from the Wannier based tight-binding model on a triangular lattice
with hopping distances no longer than 2L,, [Egs. (63), (68), and (69)].
Note that unlike the exchange contribution, the direct contribution in
(b) is almost independent of & for & 2 L,,.

lattice vector R = m;L; + m,L, with integer m; ;, they are
distinguished by the position of their center on the dual hon-
eycomb lattice which is either AB or BA [see Fig. 1(a)]. The
exponentially localized Wannier states can be obtained from

the Fourier transform of an appropriate linear combination of
the Bloch states @  distinguished by their sublattice polar-
ization (8) as

1 N
wr, (1) = o ije*""“@,,k(r), (41)
Dja(r) = Y By (0o (k), (42)
m==+
Upj(k) = UP[ f dzrd)jn,k(r)hj(r)]. (43)

In the above, UP stands for “unitary part” and h;(r) are the
trial functions (at each valley there are two trial functions; the
trial functions at valley K’ are related to the trial functions at
K by spinless time reversal symmetry, i.e., complex conjuga-
tion). The most practical method for constructing the UP of
the k-dependent 2 x 2 matrix,

Apj(K) = / d*r®; | (0)h;(r), (44)

is via singular value decomposition (SVD), and replacing the
diagonal part of the SVD with an identity matrix [33]. This
procedure is justified provided none of the singular values
of A,,;j(k) vanish at some k; otherwise, there would be an
obstruction to the exponential localization of Wannier states
[33].

A particularly appealing choice for the trial functions in the
chiral limit wy/w; = 0 is

i
mo = | o |5c—rm). (45)
0
) = e GThi ) = | L |s@ s, @6)
0

where rap = 3(Ly + Lo), rpy = 2Ly — Ly), £ = &2™/3 =
et — =i Ts and §(r) is the 2D Dirac § function. With
this choice, the singular values of A, ;(k) are degenerate,
never vanish, and are relatively weakly k dependent (see
Fig. 3). This immediately implies that the Wannier states are
2D exponentially localized.

Moreover, not only do we guarantee the on-site represen-
tation of C;,7—which is incorporated by construction—but,
remarkably, we simultaneously obtain simple representation
of P, CC,T, and C;3. We demonstrate this in Appendix A.
The C,T alone remains obstructed and cannot be represented
on-site.

Action of the symmetries on the Wannier states

As detailed in Appendix A, the action of the particle-hole
symmetry (10) on the Wannier states (41) is
P —ipylhwg(—1) = =" Rw_g_,,(r), (47)

—ipyLhwg 2(—1) = * M Rw_g 1, 1(r). (48)
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I 11
1.0
0.9
0.8
0.7

FIG. 3. The (degenerate) singular values of the matrix A,,;(k)
defined in Eq. (44) with the trial functions in Egs. (45) and (46).

Similarly, we derive the action of C,7 followed by C in
Appendix A to be

CC T ilyoywg (—T) = —iw_gr-1,2(r),  (49)

[W_R-L,,1(r). (50)

Time reversal followed by the in-plane twofold rotation along
the y axis gives

ilyo,wg ,(—1) =

T wlawg ((=x,y) =ew g g2, y), (S

Mxlowg o (=X, y) = ew_g g, 1(x, ), (52)

which follows using the similar arguments detailed in the
Appendix and the definition of A, via the action of C57 on
h; in Eq. (46). Finally, the action of threefold rotations about
the axis perpendicular to the plane on the Wannier states gives

iz =7
C3 e 1312016 '3 eij 1(1‘)

=e

w\a

( % Ry, % i ) Ll,l(r)’ (53)
PN
e—l lzo’e lTﬂZ sz(r)
_ it
= W r R )12 O

Combining P and CC, 7, we have an unobstructed symme-
try [16] and
w,;(r) = ipyoye*e Rwg (r). (55)
Therefore, if we let
T = e Fe 0 Rug ;(r), (56)
then
R (1) = 1,0, (1), (57)
and we therefore reach an important conclusion, namely,

iy ;(X)ibr j () € Reals. (58)

This is because expanding the fields in the @ basis,
W, (1) foK,jR
+(r) = - s 59
o) XR: i;z (w;;,j(r)me/,ij >9)

then gives the projected density operator,
53 0 6
R.R j,j’

X (f;,K,j,Rfa,K,j/,R/ + f;,ng,Rfa,K/,j',R’), (60)

X0 xo(r) =

which is explicitly invariant under a spin-valley U(4) ro-
tation. Here, the fermion operator f, . ;r annihilates the
Wannier state at site R, sublattice j, spin o, and valley
k = K, K’. In Appendix B, we relate this U(4) subgroup,
dubbed chiral nonflat U(4) in Ref. [32], to the (first) chiral-flat
limit U(4) x U(4) symmetry. Performing an arbitrary chiral
nonflat U(4) global rotation is equivalent to simultaneously
rotating the aforementioned Chern bases (¢, K, + .k, €5.K'.+.k)
and (e, K — k€ K.—k) by the same transformation, say,
expli(woty + w,T; + w1 T, + w27y)]. This is unlike in the
nonchiral flat U(4), where the axial vector @ was reflected
about the xy plane.

Because these overlaps in Eq. (58) will be used in deter-
mining the form of the projected interactions, it will be helpful
to visualize them. This is done in Fig. 4.

Finally, note that the exactly flat band dispersion of the
kinetic energy at the magic angle of the chiral limit is trivially
satisfied because the action of the kinetic energy operator on
the Wannier states annihilates them.

V. SINGLE PARTICLE EXCITATIONS IN THE STRONG
COUPLING IN THE WANNIER STATE BASIS

In order to rewrite #"/?(k) in the Wannier basis, we first
note that

Fr.x)y = W, 0w () (61)
mp

=Y ®;,(d] () =) wr (rwk (X )62)
mp

R

where in the first line we used the fact that the transformation
from W,, (r) to P j,p(r) is unitary (as, of course, is the final
transformation to w’s).

Using the same sequence of unitary transformations, we
can then rewrite Eq. (39) in the Wannier basis as

N k) + £ (K),  (63)

v.jj’

1 b ’
F)rey — - —ik-(R-R) | 72072
& (k) = N RER/ e fd rdr

xV(r — r’)wlT{’j(r)]:(l‘, rwg ;(r'), (64)

(H) v —ik-(R-R") 2.2
£ (k) = Fon D e /d rd’r

RR’

HIP (k) — AP (k) =

x V(r— r/)w;j(r/)wkf, J(OTeF(r,r).  (65)

075143-8



LATTICE MODEL FOR THE COULOMB INTERACTING ...

PHYSICAL REVIEW B 104, 075143 (2021)

(d)

(e)

0.04 0.04
0.050
0.025 0.02 0.02
0 0 0
-0.025 -0.02 -0.02
-0.050 -0.04 -0.04
0.03 0.02
0.02 0.0075
0.01 0.0050
0.01
0.0025
0 0 0
_ | -0.0025
. 0.0 0.0050
002 0.0075
-0.03 002
1T ~ 25T ~
W_p, "o W_p,2Wo.

FIG. 4. The real-space plot of the combination of the Wannier orbitals entering into Eqgs. (72) and (73), e* %‘ll‘RﬁJ;, j(r)ﬁ)R/, j(r), where
g, j(r) is related to wg ;(r) in Eq. (56). As shown in Sec. IV A, PCC,T symmetry guarantees that these overlap functions are purely real.
The Wannier centers, determined by R and j, are illustrated by the white dots; (a) the familiar three peak “fidget spinner” structure for on-site
overlap (i.e., R = R’ and j = j’). As shown in (d), the overlap for the nearest neighbors on the triangular lattice is predominantly negative near
the AA sites. As illustrated in Fig. 7(a), the on-site tight-binding parameter téF ) is dominated by the electrostatic self-interaction of a “monopole”
(a) and self-interaction of each of the “dipoles” (b),(c); it is clearly positive. The nearest-neighbor hopping parameter t,(j ) is dominated by two
terms: the electrostatic interaction between the (a) monopole and the (d) dipole, as well as the electrostatic interaction between the (b) dipole

(F)

and the (¢) dipole. It is obvious that both of these terms will lead to the negative ;.

where F(r, r') was defined in (61). The indices j and j' now
label the two sublattices of the moiré honeycomb lattice at
which the Wannier states are centered.

We will now show that 7-2’7;,’7 (k) is also proportional to &
in the chiral limit. CC,7 guarantees that

120ywik1,j(—1') = (—i)»y)jj/w—R—Lz,jf(l‘), (66)

where Ay = ((i) Bi). In addition, F(r,r') =
lyo,F*(—r, —1r')120,. Using these relations and V(r) =
V (—r), we find that

HP ) = () e P (K) Oy - (67)
This means that the 2 x 2 matrix 7—2%5’ (k) must be propor-
tional to 8 ;- for each k. Therefore, despite the Wannier centers
coinciding with the AB and BA sites forming the moiré hon-
eycomb lattice, the spectrum of ”H%f’ (k) and therefore of

H"P(k) can be understood as originating from the hopping
on the triangular moiré lattice. In other words, the hopping
occurs on the AB triangular sublattice of the honeycomb moiré
lattice independently of the hopping on the BA triangular
sublattice. Because the Wannier states are exponentially lo-

calized, the expansion in the range of the hopping is expected
to converge fast.

Using (41), we find that Sﬁ)(k) gives a triangular lat-
tice hopping model with the hopping constants which indeed
decay rapidly with distance. We can thus write EJ(.;)(k) =

8; 7€) (k), where

ED®) = eikaR, (68)
R

The result for the hopping amplitudes tl({F ) for the Coulomb
interaction is shown in Fig. 5(a), using the central site as the
reference. Because the nearest-neighbor hopping constant is
negative (and because the hopping amplitudes decay rapidly
with distance), the minimum of the dispersion is at the I point.

For the second (direct) term in (63), we similarly have

EN = F8;,EM k), where

glgH)(k) = Z tl({H)ei(k_ql)'R, (69)
R

and the hopping amplitudes also decay rapidly with distance,
as displayed in Fig. 5(b).
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FIG. 5. The hopping constants, defined in Eq. (68) for the (a) exchange term, and Eq. (69) for the (b) direct term, on the triangular sublattice
of the honeycomb moiré lattice with the screening gate separation & = 5L,,. In both panels, tl(f M) are shown at the position of R relative to
the center of the cluster. Note that the hopping constants are negligibly small for |R| > 2L,, and that the values of the (non-negligible) off-site

hopping amplitudes are very similar.

Combining the above results, we find that the dispersion
from Eq. (39) is

and particles for v = —1) is much larger than the effective
mass for the complementary excitations that move the filling
away from the charge neutrality point.

EMNK) = EP (k) — 5‘(,H)(k), (70) For v =2 and v = 3, the hole bands are completely in-
verted due to this effect and the electron bands get steeper
EP(k) = EF(k) + £ (k). (71 [31,34]. The effective mass is still very large on the hole side.

Note that the numerical values of the nearest-neighbor
hopping constants from the exchange tg ) and the direct tl(jl )
are nearly identical. Therefore, for v = 1, the hole excitations
will have a nearly flat dispersion, while the dispersion for the
particle steepens by a factor of ~2. Similarly, at v = —1, the
flattening happens when a particle is added, and the approxi-
mate bandwidth doubling happens when a hole is added. We
see that the effective mass of the excitations that bring the

filling closer to the charge neutrality point (holes for v = 1

J

To this end, we have

VI. DEPENDENCE OF THE DISPERSION ON THE RANGE
OF THE COULOMB INTERACTION

In order to gain a better understanding of our results, it
is useful to rewrite them in terms of @ defined in Eq. (56).
This is partly because then we can take advantage of the
Wannier product 11); j@wR, (1) being purely real, as shown
in Eq. (58), and partly because our Wannier states are 2D
exponentially localized.

i ! 1 i3 -+ + 3 ’
£ (k) =) e @IS T / d*rd’r'V (r — )[e 20 Rf (0)io, (1) ][y ()R ()2 VK] (72)
RR’ i
; / 1 : ,
gig;/(k) =Fv Z e*l(k*ql)'(RfR ) Z 5 / d2rd2r/v(r _ r/)wg!i(r)ﬁ)ﬂ,i(r)wa’j(r,)ﬂ)R/,j’(r/)eil%q] (R-R )’ (73)
RR’ i

where Wy ;(r) corresponds to the Wannier state centered inside the origin unit cell (R = 0) either at the AB or BA sites depending
on i. Note that at the T point, k = q; and the phase factor before the integrals becomes 1. The phase factors ¢~29R which we
intentionally absorbed inside the integrals, are actually purely real and equal to (—1)™ for R = m;L; + m,L,, where m, , are
integers. By comparing with Eqgs. (68) and (69), we obtain the formula for the hopping constants,

1 . / . ,
1) = Z 3 / d*rd*r' V(r — ') Z [efl%q"R ﬁ);;/’l(l')wo,i(r)][wgyi(r,)ﬁ)R%R,l(r/)el%ql-(R . (74)
R’ i
i3 1 / ~ 7 ~ ~ ~ /
g =Ry / d’rd’' V(e — ') ) [ibg ,(0)ive /(0)][g , ()RR, 1 ()] (75)
R’ i
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FIG. 6. The plot of |Ogr jr,j(q)], where Og jr i (q) = f d*r ﬁ)k /.(r)ﬂ)R/, #(r)e™ " is the Fourier transform of the product of two
Wannier orbitals centered at R, j and R, j’. The relation between g ;(r) and wg ;(r) is given in Eq. (56). (a) The Fourier transform of
a “monopole”R =R’ =0 and j = j/ = 1) is peaked around I'. When centered on different sites, the orthogonality of the Wannier states
guarantees that Og jr/,j(q) vanishes as @ — 0. “Dipoles” (b)) R=R' =0, j=1and j=2)and (¢) R=-L;,R'=0and j=j =1)
contain two main peaks separated by approximately the primitive reciprocal lattice vector with length ~|g, »|; note that the dipoles vanish

atT.

The key insight is to think about each term contributing
to the hopping amplitude on a particular bond separately as
an electrostatics problem with different charge density dis-
tributions. In this way, let us first consider the contribution
to é‘j(.f,)(k) from R = R’ (we already established that j = j’
is the only nonzero contribution, so we will assume this
implicitly). This is the exchange contribution to the on-site
term in our effective tight-binding description of the strong
coupling single particle dispersion. Thus, within the sum
over all terms for which R = R’, we have one term when
R =R’ =0and j = i which is equivalent to the electrostatic
energy of two coinciding, and 2D localized, “fidget spin-
ners” [see Fig. 4(a)]. The multipole expansion of the (purely
real) charge distribution ﬂ)gyi(r)wo,i(r) therefore contains a
monopole term. In momentum space, this contribution then
has the form f dquqpm(q)pm(—q). Because p,,(q) is peaked
at small q [see Fig. 6(a)], this integral will be sensitive to
the small q behavior of Vq. This is indeed what we see in
Fig. 7(a), where we show the dependence of this contribu-
tion on the distance to the screening gates &, symmetrically
positioned above and below the twisted bilayer graphene in
which case Vy = % tanh % for q # 0, otherwise at q = 0 it
vanishes. Note that even when the gates are ~5L,, away from
the twisted bilayer, the on-site term is still visibly & depen-
dent. The remaining contribution to the on-site R = R’ term
comes from either R =R’ # 0 or i # j. Our electrostatics
problem now deals with charge distributions for which the
two Wannier states are not centered on the same site, which
means they are orthogonal when 11)1; j(r)wo,i(r) is integrated

over all r; note that e‘i%Q1'Rw£ j(r)woqi(r) is also purely real
for any r. This means that the monopole contribution must be
absent.

As shown in Fig. 4, the distributions e~z R Wy ()i i(r)
indeed look dipolar. In Fourier space, ps(q) must therefore
vanish as q — O linearly in q - d, where d is the direction
of the dipole moment. As a result, the contribution from
j dququ(q)pd(—q) is much less sensitive to the small q
behavior of V4. This is indeed seen in Fig. 7, where the
dependence on & from these contributions saturates at a sig-

nificantly smaller £ than for the monopole contributions. Note
that because our Wannier states are exponentially localized,
the contribution to the on-site term in our tight-binding ex-
pansion from Wannier states separated by more than ~/3L,, is
negligibly small, and therefore only bonds in the vicinity of
the central site need to be considered.

The contribution to the R # R’ hopping terms in our
tight-binding description must therefore contain at least one
nonmonopole distribution. All such contributions are signif-
icantly less sensitive to the small q behavior of V, than the
monopole-monopole term. This translates to the quicker satu-
ration of the hopping constants with increasing &, as shown
in Fig. 7(c). In addition, by visually inspecting the charge
distribution contributing to the nearest-neighbor hopping dis-
played in Fig. 4, we see that the contributions coming from the
monopole-dipole terms and the nearest-neighbor bond dipole-
dipole terms are clearly negative. Since these contributions
dominate, this explains why the minimum of the triangular
lattice dispersion is at the I" point. Further hopping constants
are also clearly falling off fast with the range of the hopping.

The contribution of the direct term 5512, (k) can also be
understood using this electrostatics analogy. The sum over
R and R/, while holding R — R’ fixed, of ﬁ); j(r’)ﬁ)Rg (@
leads to a charge distribution which is periodic in space.
Therefore, only reciprocal lattice momenta g contribute to
the electrostatic energy. The q = 0 term vanishes because
Vg=o vanishes, and the contributions start from |q| = |g; 2| =

\/4§72 . This probes length scales which are shorter than L,,,

which explains the relative insensitivity of the contribution to
the tight-binding amplitudes from the direct term shown in
Fig. 2(b).

We therefore reach an interesting conclusion: the strong
coupling single particle dispersion in the chiral limit is
well approximated by the triangular lattice hopping model,
with hopping amplitudes which decay rapidly with distance
past 2L,,. The excitation gap, being sensitive to the on-
site monopole-monopole term in the exchange contribution,
grows with the range of the Coulomb interactions even when
& 2 5L,; this is consistent with the recent experiment in
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FIG. 7. The exchange contributions to the on-site (above) and the nearest-neighbor hopping (below) terms of the tight-binding model on the
triangular lattice. Both the on-site (R = 0) and the nearest-neighbor (R = L) hopping parameters are obtained by summing the contributions
from different R’ in Eq. (74). The black curve in (a) shows 51(120 resulting from the sum over all R’ for different values of &. The other
colored curves plot the sum over a restricted set of R’s illustrated in (b) using the same color. The two open squares in (b) illustrate the term
ﬁ)oyi(r)ﬂ)‘;i(r/ ) appearing in Eq. (74) for i = 1 (right open square) and i = 2 (left open square). Each term contributing to the sum over R’
and the sum over i for R = 0 is then represented by connecting one of the open squares to one of the colored solid dots in (b), with the
corresponding charge distributions illustrated in Fig. 4. Similarly, the colored curves of tI(QLl in (c) correspond to those contributions to the
sum over R’ and i in Eq. (74) that are obtained by connecting one of the open squares to the two ends of each colored bond (R’, R’ + L)

in (d).

which the excitation gap becomes larger as the small momen-
tum part of the interaction Vg increases [41]. On the other
hand, the remaining hopping constants are largely insensitive
to the range for & 2 L,,, implying that the effective mass
depends on the range of the interaction much more weakly
for realistic placement of the screening gates.

VII. SUMMARY

In this paper, we provided a detailed analysis of the strong
coupling dispersion in the chiral limit wo/w; = 0. We did
so first in the Bloch basis and then using 2D exponen-
tially localized Wannier states which transform simply under
valley U(1) symmetry, time reversal symmetry, the unitary
particle-hole symmetry P, the combination of the chiral
particle-hole symmetry, twofold rotation about the axis per-
pendicular to the plane of the twisted bilayer, and time
reversal CC, T, as well as C; T [in-plane twofold axis shown in
Fig. 1(a) followed by the time reversal] and threefold rotation
about the perpendicular C; symmetries. The C,7 symmetry
remains obstructed; this should not be taken to mean that it
is absent, given that the transformation from Bloch to 2D

exponentially localized Wannier states is perfectly unitary.
Rather, the C,7 symmetry is not explicit. It can, in principle,
be recovered exponentially fast along the lines outlined in
Ref. [9].

The 2D exponentially localized Wannier description al-
lows us to understand why the strong coupling single particle
dispersion in the chiral limit is well described by the nearest-
neighbor hopping problem on the triangular lattice, with a
gate distance sensitive on-site term. The negative nearest-
neighbor hopping term, which is expected from the real space
shape of the overlaps shown in Fig. 4, explains why the mini-
mum of this spectrum is at the I" point. These features are not
easy to understand directly in the Bloch basis.

This work, therefore, highlights not only the ability to, in
principle, construct the 2D localized Wannier basis for the chi-
ral limit of the magic-angle twisted bilayer graphene narrow
bands, but also their practical utility in understanding nontriv-
ial features of the strong coupling excitation spectra. Thus,
complementing the Bloch basis calculations with the Wannier
basis analysis provides a more powerful way to understand
the complexity of the correlated electrons in topologically
nontrivial narrow bands.
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APPENDIX A: DETAILED DERIVATION OF THE SYMMETRIES OF THE WANNIER STATES

The exponentially localized Wannier states are

J;v_ze—ik‘R¢m,k(r)UP[ / d*r'®! | (X)h(r )] (A1)
uc mﬁk

wgR,;(r) =

where the triangular moiré lattice is spanned by R = m;L; + m;L,, with integer m, », and UP stands for the “unitary part” of
the 2 x 2 matrix A, ;(K) [Eq. (44)]. As defined in the main text,

i 0
0 , -1

)y =1 o [0 —Tap), ha(r)= e*CyThi(r) = _jex |8 —TBa), (A2)
—g* 0

where rap = $(L1 + Lo), rpa = 1(2Ly — L), & = €2™/% = ¢7™6 = ¢~ and §(r) is the 2D Dirac § function.

1. Action of the symmetry operation P

This symmetry operation was discussed in detail in Sec. II. Its action on the Wannier state is

—ipywg j(—1) = ﬁZe KR (=g )y i (— r)UP[ f d’r'®) | () (r )} (A3)
GZe"kR(—zu))Cbmk( r)UP|: / dzr’cbjn’k(—r’)iuy(—iuy)h_,-(—r’)] (A4)

= \/%M%eikk@m._k_ql(r)UP[ / ’r'e) a (r’)(—i,uy)hj(—r/)] (A5)
nZe’(k’qu)Rd) k(r)UP[ / dzr/cb;;hk(r/)(—my)hj(—r/)}. (A6)

Going from (A4) to (A5), we used Eq. (19) and the fact that any k-dependent phase factors acquired by & are canceled by those
coming from ®' because they can be taken outside the UP (as is readily seen when considering SVD). Substituting our trial
function (45) and (46), we have

0 —* 0 0 0
. , * 0 —* 0 0
Ciph(—r) = |5 s+ =| o 5 . o @+l (A7)
0 0 0 0 —¢
ie* &* 0 0
. , 0 0 & 0 0
(=ipy)hy(—1') = 0 S(r+rpy) = 0 0 ¢ 0 hi(r 4+ Ly). (A8)
-1 0 0 0 ¢
So,
&* 0 0
. it ot 0 0 0 ,
—ipywr,1(—1) = — GZ A k(r>UP d2r<1> ) (0 e o|m@+L) | (A9)
0 0 ¢
&* 0 0
—i (—r) = : Z ikta)Rp (r)UP| [ d*r'®! , (1) 0 e 00 hi(r' + L) (A10)
LUyWR 2 - m - e m,k m.k 0 0 s 0 1 ) |-
" 0 0 0 ¢
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Shifting the overlap integral and using the definition (4), we have

e 0 0 0 e 0 0 0
2t 0 & 0 0}, _ 2t 0 ¢ 0 0},
/d () k(r) 0 0 & 0 hid' +Ly)= | d r<I>mvk(r L) 0 0 & 0 h;i(x') (A11)
0O 0 0 ¢ 0 0 0 ¢
1 0 0 0 e* 0 O
0 1 0 0 0 ¢ 0 0 §
ik-L 2.7 T / ik-L 2 0T ’ ’
=e 2/d re) () 0 0 il 0 0 0 & 0 hi(r') =¢e*e 2/(1 rd, | ()h;(x). (Al2)
0 O 0 elula 0O 0 0 ¢
Substituting into (A9) and (A10), we finally have
—ipywr 1 (—r) = —&*e" Rw_g_y, 5(r), (A13)
—ipywr 2 (—1) = e Ruw_g_y, 1(r), (Al4)

which match the result stated in the main text: Eqs. (47) and (48).

2. Action of the symmetry operation CC,T

o.owh (—1) = FZe’kRGZGX (= r)UP[/d2 " L (X)hy(r )} (A15)
= \/N_Zeik'RiayCID;;k(—r)UP[/dz ') (=1 )(—ioy ioyh(— r):| (A16)
ik-R 2. 08T /N * /
e*Re, ( (r)UP| [ d*r'®] | (t)ioyhi(—1) |, (A17)
- wX [ e
0 - 0 0 0
S i 0 —i 0 0
ioyhy(—=r) = | |8 +rap)=| o o _i« o [|m@+La), (A1)
0 0 0 0 —is*
-1 i 0 0 0
. 0 0 i 0 0
iohs(—r) = | o |8C+m=] o .+ o |mE+L), (A19)
—ie 0O 0 0 ig*
1 0 0 0
. i " 01 0 0]},
azawayl(z)(—r)z\/q;V_ZekRCDm,k(r)UP f d*r'd! (1) 0 0 e o |Baod L) (A20)
K mle 00 0 &
1 0 0 0 1 0 0 0
01 0 0 01 0 0
lk R+L. 2. xT ’
\/_Z R+L2) gy (r)UP /d rel ) g et g 0 0 e o |Bo®
00 0 é€a9=)\0o 0 0 ¢
(A21)
= FiW_R-L, 201 (). (A22)

This matches the result in Egs. (49) and (50).

APPENDIX B: RELATION BETWEEN DIFFERENT U(4) ROTATIONS

In order to make explicit the relation between different U(4) symmetries mentioned in the main text, we start by recalling the
definition of the fermion operators in different bases,

_ (Vo(r) Y, k(Mdoxnk ) _ D) k(r)es K.k
Xo (l') - ( (r)) Z Z (W:’k(l’)dgy](/,n'kq]> - Zk:; <eiaf q)i,k(r)eo,K’,k,km)
_ ﬁ)R,j(l‘)fa,K,j,R> .
; j=zl,2 (ﬁ)i‘i’j(r)fo,K’.j.R ’ ( )
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The relation between the basis functions is

1 1 ..
D4 k(r) = E(lﬂz + L)W, k(1) = E[e’af W, k(1) £ Wy i (1)], (B2)
x i 1 x e 4
’l])R’j(l') = e’ﬁe—gql-RwR,j(r) = ~ elﬁ Z Z e_l(k+7)'R(Dm’k(l')umj(k). (B3)
ue k m=+

Let us start with the first equality and read off the coefficients using the orthogonality of W’s,

1
do Ktk = E(%,K,Jﬁk — €5 K,— k) (B4)
eiaf
do -k = —=(€s K+ k + €5 K — k) (B5)
[ XY il ﬁ S AN, AN, T,
eialf
do X' nt—k—q = E(%.Ku—,—k—ql — €5 K +,—k—q1 )> (B6)
1
do X' n——k—q; = E(EJ,K’,—,—k—qI + €5 K +,—k—q, )> B7)
where we used
* * ia % ia
\Ianr,k(r)da,K’,n—F,—k—q] + \Ilnf,k(r)da,K’,n—,—k—m =ek q)Jr,k(r)ea,K’,—,—k—q] + ek q)qu(r)ea,K’,—&-,—k—q] ) (BS)
dU.K,I‘H—,k ‘lc _1c 0 0 €5 .K,+.k
dogn-x | _ 1 | &% % 0 0 € K.~k (BY)
doxntx | 2| 0 0  ca —o®q |leok x|
ds K’ n—x 0 0 1 1 €5.K',+.k
. iC ia€ . iC i€, .
Now, if K =T, then ¢ = ¢"*u = IfK # T, then &% =" *u = —j,
By explicit calculation, we find that
1 -1 0 0
1 | el 0 0
nc—flat = ) ) —
Gyay - 7l o 0 elagk_ql —elafk_ql 0, (B10)
0 0 1 1

where G’Z]C(;{ lat is any of the nonchiral flat generators 14, 715, 7,6y, or 7,5,. Writing out these matrices explicitly, we can
see that if we rotate the Chern +1 basis using « - (15, 7;, — 74, 7,), then we must simultaneously rotate Chern —1 using « -
(12, 7z, Tx, —1y). The spin SU(2) follows trivially from the tensor product.

The second equality implies

Sk =% / Privfy (00 k(Do k k. (B11)
k =%
fok iR = Z Z e /d2rﬂ’1Tz,j(l‘)@;k(r)@o,K’,—A,—k—qu~ (B12)
k i=%
Therefore,
1 —iZ i(k+W).R; x
fo*,K,j,R = N ?ée 12e( 2 ) ij(k)ea,K,/\,k, (B13)
1 .C oan . qj
fa,K" iR = e'% elﬁe_l(k+7).RuA '(k)ea,K’,f)»ﬁk* (B14)
L )3 ! '
1 i C T a
_ elafqu] e’ﬁe’(HT)‘RU,,\ (_k _ ql)ea K k- (BIS)
Now,
eiafk—qlufx,j(—k —q1) = ] UP|:f dzrq)i,\,—qul (r)hj(r)j|' (B16)
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But,
S &t T
ek d>7/\!7k7q1 (r) = —=&; \ (r)p,oy. (B17)
So,
iﬂlfk_q u _ 2 + * *
Fall s (—k — qp) = —UP| | d*r®] ()0, | | (B18)
and, for our choice of the trial states,
[yoy 3 (r) = €' h(r). (B19)
Therefore,
*
ey, (—k—q) = —eiiUP[ f dzrcb;k(r)hj(r)] = —e U (k). (B20)
Therefore, we get
1 x
fok R = YN e C R (K)o k ke (B21)
Nuc k A=+
1 X r
foxjr = ———= Y 3 BT IRTUE (K)ey x1kc (B22)
Nuc k A=+
Or, expressed in a matrix form,
foxjrY) _ 1 —ix (k) Ry g L0\ (ekik
(fo,K’,j,R - /N,. Xk: Z e lze 2 U)\j(k) 0 —1)\eoxrn) (B23)

A=%

So, if we perform a valley U(2) rotation ¢/*(1:%=%%) on f’s, then we are performing e/®(!:% =% ~%) rotation on e’s independent
of A. Clearly, the two Chern numbers are rotated by the same angle. This is unlike in the previous example of the nonchiral flat
limit where the Chern +1 and Chern —1 were rotated by angle vectors which are related by mirror reflection about the z axis.
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