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Using the method developed in the companion paper [O. Vafek and J. Kang, Continuum effective Hamiltonian
for graphene bilayers for an arbitrary smooth lattice deformation from microscopic theories, Phys. Rev. B
107, 075123 (2023)], we construct effective continuum theories for two different microscopic tight-binding
models of twisted bilayer graphene at a twist angle of 1.05°, one Slater-Koster based and the other ab initio
Wannier based. The energy spectra obtained from the continuum theory—either for rigid twist or including
lattice relaxation—are found to be in nearly perfect agreement with the spectra from tight-binding models when
the gradient expansion is carried out to second order, demonstrating the validity of the method. We also analyze
the properties of the Bloch states of the resulting narrow bands, finding non-negligible particle-hole symmetry
breaking near the I" point in our continuum theory constructed for the ab initio-based microscopic model due
to a term in the continuum theory that was previously overlooked. This reveals the difference with all existing
continuum models where the particle-hole symmetry of the narrow band Hilbert space is nearly perfect.
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I. INTRODUCTION

Recent discoveries of electronic correlations in twisted
bilayer graphene (TBG), including correlated insulators [1],
superconductivity [2], (quantum) anomalous Hall state [3,4],
and others [5-27] have generated enthusiasm among both
experimentalists and theorists. It is becoming clear that the
interplay between band topology and strong electronic inter-
actions plays an essential role in understanding the remarkable
phenomena [28-59]. However, many of the key questions,
such as the exact ground states and the mechanism of super-
conductivity, still remain open.

The most common theoretical approach to studying the
correlated states is to start with a continuum effective Hamil-
tonian, often referred to as the Bistritzer-MacDonald (BM)
model [60], which gives isolated narrow bands for a range
of near-magic twist angles, and then to project the Coulomb
interaction onto the wave functions of the narrow bands
(sometimes including a few remote bands as well). The BM
model [60] has achieved success in many respects. It correctly
predicts the first magic angle where the bands around the
charge neutrality point (CNP) become extremely narrow and
captures their band topology. For relaxed structures, how-
ever, the BM model—which was originally derived for a
rigid twist—does not include terms which are nominally of
the same order in gradient expansion as the ones which are
kept, such as the pseudomagnetic fields induced by the C;
symmetric strain from lattice relaxation. Moreover, next-order
gradient terms are needed to accurately capture the narrow
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bands near the magic angle due to the anomalously small
noninteracting bandwidth obtained without such terms [61].
In addition, the narrow band wave functions of the BM model
are nearly particle-hole (p-h) symmetric [58]. The presence of
the p-h symmetry is known to play important role in choosing
the correlated ground states [43,45,58,62]. Experimentally, it
is also seen to be broken at low temperature in that various
correlated states appear more stable on either the hole or
the electron side of the CNP. This motivates development of
a more accurate low energy effective continuum model for
TBG.

The goal of this paper is to apply the general formulas
developed in the previous companion paper [61] for an arbi-
trary smooth atomic displacement u;(r) to the specific case of
TBG with the relative twist angle 6 = 1.05°. The atomic dis-
placement fields’ configurations are computed by first fixing 6
and then minimizing the combination of the intralayer elastic
terms and the interlayer adhesion terms computed using gen-
eralized stacking fault energy (GSFE) functions. We do so for
two sets of GSFE parameters found in the literature [63,64].
In both cases, the regions of AB stacking in the moire pattern
grow at the expense of the AA regions compared to just the
rigid twist configuration, although the quantitative differences
between the two models lead to smoother deformation fields
for the set of parameters in Ref. [64]. For both models, we
perform the Helmholtz decomposition of the displacement
field due to the atomic relaxation [see Eq. (25)] and find that
in both models it is dominated by the curl of an out-of-plane
field 2eV (x). The scalar field eV (x) is in turn spatially pe-
riodic with the triangular moire pattern and it is dominated
by its first Fourier harmonic [see Eqgs. (26) and (27) and
Table I]. The &Y (x) field for the set of relaxation parameters
in Ref. [63] also obtains the contribution from higher Fourier

©2023 American Physical Society
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TABLE I. Parameters of the elastic theory and the lattice relaxation obtained from Refs. [63,64], where a is the lattice constant of the

undistorted monolayer graphene.

Elastic/adhesion parameter K g c c c3

Ref. [63] 12.82eV/A2 9.57eV/A? 3.206 meV /A? 0 0

Ref. [64] 13.265eV /A2 9.035eV/A? 0.7755 meV /A2 —0.071 meV /A2 —0.018 meV/A?
Lattice relaxation 8, /a* & /a® &/a® 84/a® &s/a’

Ref. [63] 0.4243 0.0222 0.0354 0.0039 0.0047
Ref. [64] 0.2270 0.0014 0.0064 —0.0002 0.0002

harmonics, leading to larger momentum transfer in the inter-
layer tunneling.

We next input the thus-determined atomic displacement
fields into the formulas for the continuum Hamiltonian de-
veloped in the previous paper, expanding up to second order
in gradients in the intralayer Hamiltonian and up to first order
in gradients in the interlayer Hamiltonian. For the intralayer
Hamiltonian, Hjny,, we find an efficient way to compute the
desired parameters of the continuum model from the micro-
scopic tight-binding functions of Refs. [65,66] by Poisson
resumming the power-law decaying momentum space sums
into real space, where they fall off exponentially fast. Each
moment of the position vector weighted with the intralayer
hopping function is accompanied by a gradient of either the
fermion field or the atomic displacement field, and contributes
a factor of |g|a, where |g| ~ |K|0 (with 6 in radians), i.e.,
a factor of ~0.08. For the interlayer Hamiltonian Hjy, the
tunneling falls off fast in the momentum space once the
wave vector significantly exceeds the inverse of the interlayer
separation 1/dy, making the direct momentum summation
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efficient. At the same time, each moment of the position
vector weighted with the interlayer hopping function is also
accompanied by a gradient of either the fermion field or the
atomic displacement field, and thus contributes a factor of
~|g|dy. Since dy =~ 1.36a, the higher order gradient terms are
suppressed by similar factors in the Hiyy, and Hipger-

At 6 = 1.05°, the first-order gradient of fermion fields or
of the atomic displacement fields in Hijy, are of the same
order as the contact terms in Hjye, [33]. The second order in
gradients intralayer terms are, in turn, of the same order as
the first order in the gradient interlayer terms. This pattern
continues for the higher order terms. As shown in Figs. 17
and 18, the disagreement between the first-order continuum
Hamiltonian spectrum and the exact tight-binding spectrum is
~10 meV, i.e., of the order of the narrow bandwidth. On the
other hand, including the second-order terms in the continuum
Hamiltonian improves the agreement significantly as seen in
Fig. 1, with a nearly perfect agreement throughout the moire
Brillouin zone; the largest disagreement is near the I" point
where there is at most 0.7meV difference for the model of
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FIG. 1. Comparison of the energy spectra near the CNP obtained using the microscopic tight-binding model (red) and the continuum theory
(blue for valley K and green for valley K') for the Slater-Koster (SK)-based model in Ref. [65] (above) and Wannier-based model of Ref. [66]
(below) in the absence (left) and presence (right) of the lattice relaxation.
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Ref. [65] and at most 0.3 meV difference for the model of
Ref. [66].
Thus, the continuum Hamiltonian at valley K is

Hlf(r = Iiintra + I-Iinterv (1)

€

with Hiy, given in Eq. (32) and Hiyeer in Eq. (40) together with
the parameters in Tables II and III constitute a highly accurate
continuum model for TBG at 6 = 1.05° obtained directly
from the ab initio microscopic tight-binding models, with or
without relaxation, using the systematic gradient expansion.
The effective Hamiltonian for valley K’ is readily obtained
from Herf by the spinless time-reversal symmetry.

In addition to studying the energy spectra, we also analyze
the wave functions for the resulting isolated narrow bands.
First, we do so by computing the sublattice polarization as
well as the Wilson loops [35,37,44]. Second, we quantify the
degree of the p-h asymmetry in our continuum models for
different momenta in the moire BZ by computing the devi-
ation from unitarity of the momentum-resolved projected p-h
operator. A momentum-averaged version of this operator was
analyzed for the BM model in Ref. [58], where p-h symmetry
was found to be nearly perfect. We define the deviation from
unitarity as the difference of the smallest singular value from
unity, confirming the finding of Ref. [58] of nearly perfect
p-h symmetry in the BM model, where the p-h is broken
by at most 1% near the I" point. Further, we do this analy-
sis for the continuum model obtained from the tight-binding
model of Ref. [65], with relaxed lattice configuration, where
we find at most 1.8% deviation from unitarity near the I’
point [see Fig. 11(a)]. On the other hand, for the continuum
model obtained from the tight-binding model of Ref. [66],
interestingly, the p-h symmetry is broken by ~16% near the
I" point [see Fig. 11(b)]. The stronger p-h symmetry breaking
in the model of Ref. [66] is due to the angle dependence of
the microscopic interlayer hopping, resulting in a larger p-h
symmetry-breaking contact interlayer tunneling term in the
continuum theory, which we dubbed wj previously (see the
Supplemental Material of Ref. [62]). The significance of such
sizable p-h symmetry breaking for the correlated states will be
presented in a separate paper.

Finally, we analyze the effect of the atomic relaxation-
induced pseudovector potential terms on the narrow band-
width by studying the first-order model. Such terms appear
already at the first order in gradient expansion, so there is
no justification for dropping them in the BM model with
the relaxation. Because the pseudovector potential terms are
of the same order as the contact interlayer tunneling terms
wo,1, one may naively conclude that their effect is to broaden
the bandwidth by a similar order and to prevent the magic-
angle phenomenon. While they do increase the bandwidth at
the “old” magic angle (i.e., without the periodic relaxation
induced vector potential), we find that their effect can be
compensated by a change of the twist angle, recovering the
narrow band at a new (smaller) magic angle. We were able
to demonstrate this by solving the problem analytically in the
chiral limit including the pseudovector potential terms absent
in Ref. [38]. We highlight the importance of C3 symmetry for
this compensation.

This paper is organized as follows: In Sec. II, we calculate
the lattice relaxation for two sets of GSFE parameters in

Refs. [63,64]. In Sec. III, we present our effective continuum
theory of the TBG for two microscopic tight-binding models
in Refs. [65,66], with the corresponding parameter values
listed in Tables II, III, and V. We also plot the energy spec-
tra of the continuum effective theories including the remote
bands up ~200 meV. Their nearly perfect agreement with
the spectra from the tight-binding models demonstrates the
validity of the constructed continuum theories. In Sec. IV, we
investigate the properties of the Bloch states of the narrow
bands, including the sublattice polarization, Wilson loops, and
the p-h asymmetry. As shown in Fig. 19, the p-h asymmetry is
dominated by w3, a previously overlooked interlayer contact
coupling. Section V studies the exactly flat-band limit when
including the lattice relaxation-induced pseudomagnetic field.
Finally, Sec. VI is devoted to the summary.

II. RELAXED LATTICE DEFORMATION IN THE
VICINITY OF THE FIRST MAGIC ANGLE

In this section, we follow the approach presented in
Ref. [63] to obtain the lattice distortion when the twist angle is
near the first magic angle. We assume that the lattice distortion
is independent of the sublattice labeled by S = A or S = B,
ie., UI]I-,’SL(x) = UI]I-’L(x), where j =t refers to the top layer
and j = b refers to the bottom layer. We further neglect the
lattice corrugation, so Uy = 0 and U;" = dp2. Under these
assumptions, the intralayer elastic energy of the graphene
system can be written as

1 2
ZEEDD f I’x[K(0.U), +a,U])
j=t.b
2 2
+ g((aXUJ!!x - 8VUJ!!y) + (a,VUJU,x + aXUJ!!y) )]’ @)

where C and G are the bulk and shear modulus of the mono-
layer graphene; their values for two different models are given
in Table I. It is more convenient to introduce symmetric and
antisymmetric combinations

Ut =1U+U)). 3)
U-=U/-U,. “
The intralayer elastic energy then can be expressed as
U = / d*x [K@U + 3,U;H)?
+ G(DQUT = U + QU + 0.U;H))]
+ ‘l—t / d’x [K(0.U; + ,U; )
+ 60U, = U )+ @U; + U7 (5)
with Ut and U~ decoupled.

In addition to the intralayer elastic energy, we also include
the interlayer adhesion energy

Up = / d’x VU (x)], (6)

where V[U ™ (x)] is a periodic and even function of the rela-
tive displacement U™, i.e., VIU | =V[-U Jand VU] =
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FIG. 2. Schematic plot for (a) the monolayer lattice vectors a; ,,
(b) the moire lattice vectors L, », and (c) their associated reciprocal
lattice vectors Gy, and g ,.

VIU™ +a;] (i=1, 2), where a; and a, are the primitive
lattice vectors. As shown in Fig. 2, they are defined as

a; = a(l,0), a2=a<1 ﬁ). (7

272

Therefore, the Fourier transform of V[U ] can be expressed
as

VIU™ (x)] = Z Vi cos(G - U™ (x)), ®)
G

where G = mG| + nG, is a reciprocal lattice vector of the
undistorted monolayer graphene, with integer m, n and G| =
=1, —%) and G, = Z(0, %). The Fourier coefficients Vg
fall off with large G, so the sum can be truncated after a few
shells. Furthermore, different Vs are related by symmetries.
As a consequence, the adhesion potential has the form [64]

VIU (x)] = co + ci1(cos(Gy -U™) +cos(G, - U™)
+cos((G1 + G2)-U™))
+ e2[cos((G1 — G2) -U™)
+cos((2G1 +Gy)-U™)

+ cos((G) +2G,) - U7)]
4+ ¢3[cos(2G; - U™ ) 4+ cos(2G, - U ™)
+cos(2(G; + G) - U7)]. 9)

The values of ¢;’s are given in Table 1.

For TBG, the displacement vector field U™ contains two
parts, the relative twist between the two layers and the relative
displacement due to the lattice relaxation or the heterostrain
[61]:

U (x) =07 xx+ 08U (x). (10)
It follows that
U, £ 0,U; = 9:8U; £ 9,8U,,

0Uy” +0,U,; = 08Uy + 0,00, . (11)

Therefore, as physically expected, the rigid twist term does
not contribute to the intralayer elastic energy.

Introducing

8¢ =972 xG, (12)

if the twist angle 6 is small, then g; becomes a reciprocal

vector of the moire superlattice. Note that with this definition,

we have a one-to-one mapping between the set of G’s and the

set of all moire reciprocal lattice vectors, {g}. As seen in Fig. 2,
the basis vectors of the set {g} are

_2n (2 0 _ 2n 1 | 13
a-p (o) wmtlm) @

where L = a/(2 sin %) is the length of L;, and the primitive
moire lattice vectors are

31
L, = L(%_ 5) L, =L(,1). (14)

Indeed, for G = m G| 4+ m,G,, with integer m, n,

gc = (my —my)g, —mig, (15)

because g, = —(g; +&,) and g5, = g;. Using Egs. (12) and
(10), we obtain

cos(G-U™(x)) =cos(gg - x+ G- U (x)). (16)

In addition to the moire lattice constant L set by interatomic
distance a and twist angle 6, the combination of the intralayer
elastic energy Ug and the interlayer adhesion potential Uy in-

troduces another characteristic length scale / = a,/ % [63].

If L > I, the interlayer adhesion dominates over the intralayer
elastic energy and the relaxation maximizes the AB/BA stack-
ing region while minimizing the AA stacking regions. As a
consequence, the system breaks up into triangular domains
of AB/BA stacking separated by domain walls [67]. On the
other hand, if L < [ then the lattice relaxation is weak and
the structure is close to the one with rigid twist only. In this
case, the size of AB/BA and AA stacking regions is about the
same.

In the rest of this section, we focus on the bilayer system
with the commensurate twist angle, i.e., the moire unit cell
vectors L , satisfying

L, = ma; + na,, an

L, = —na; + (m + n)ay, (18)
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where m and n are two integers, with the corresponding twist
angle 6 = cos_l(%).

At the first magic angle 6 = 1.05° (with m =31 and
n = 32) and the parameters listed in Table I, L ~ 0.65] for
Ref. [63] and L & 0.32! for Ref. [64]. Therefore, the lattice re-
laxation is expected to be stronger for Ref. [63], with a larger
increase of AB/BA stacking regions and a larger decrease
of AA stacking regions. As such, the contribution of higher
Fourier harmonics to the relaxation is larger, as confirmed
by the value of &; in Table I, defined via Eqs. (25)—(27)
and obtained from minimizing Ug + Up defined in Egs. (5)
and (6). For Ref. [64], the lattice relaxation is weaker and
smoother; it is dominated by the lowest harmonic terms, i.e.,
€. As we show in the later sections, an important consequence
of this lattice relaxation for the electronic structure is that one
must go beyond the BM model [60] and include the interlayer
tunneling terms with a larger momentum transfer than just the
first shell to obtain an accurate description of the magic-angle
narrow bands.

As mentioned, the lattice relaxation is obtained by min-
imizing Ug + Up with respect to §U (x). This leads to the

differential equation
Ko.0, 8U,
(G +K)3; + Ga; ) \su,

1((G+K)d +Gd;
2 Koo,
. Gy

= Vgsin(gs - x+G - 8U(x)) . (19)

G G,
Because the lattice relaxation field U (x) is a periodic func-
tion of x that satisfies §U (x) = U (x + L) where L = n\L; +
n,L; is any moire superlattice vector, its Fourier transform can
be written as

SU(x) = 80U (g)e™™. (20)
8

Here ), sums over all the reciprocal vectors of the moire
superlattice, i.e., over the same set as in Eq. (15). Introducing
the Fourier sum of sin(gg - x + G - 8U ), we obtain

1((G+K)g + g, Kg.gy 8U.(g)
2 Kg:gy (G +K)g +Gg: ) \8Uy(g)
G,
= Vaﬁ”(G)(G), @D
G )
where

sin(gg - x+G-SU®) =Y fVG)e**.  (22)
8

The term 8U (g = 0) corresponds to a uniform relative trans-
lation between two twisted and deformed layers. To show
that we can set it to zero, we decompose SU into two
parts: 8U (x) = 8U + 8U(x), where 8U = 8U (g = 0), and
(8U(x)) = 0, or, equivalently, §U/|(g = 0) = 0. Applying
Eq. (12),

cos(gg - x+G-8U)
=cos(gg - (x—07'2x 38Uy +G-8U (x)). (23)

The interlayer adhesion energy can now be written as a func-
tion that depends only on 6U :

UplsU] = / d’x Y Vg
G
x cos(g- (x — 0712 x 8Uy) + G - 8U,(x))
= /dzx’ ZVG
G

x cos(g-x' +G-8U (x' +607'2 x 8Uy)))
= Up[8U/], (24)

where U (x) = 8U(x +67'% x 8Uy). Because (SU})y =
(8U 1)y = 0, the interlayer adhesion energy of the configu-
ration 8U is the same as the adhesion energy of 3U’ whose
spatial average vanishes. Additionally, the elastic energies of
these two configurations are also the same since the energy
depends only on the gradient of the lattice relaxation 6U.
Therefore, we can set 8U (g = 0) = 0. In addition, the parity
of 8U is odd, i.e., 8U(—x) = —8U(x), leading to the odd
parity of (the purely imaginary) 6U (g).

Although the sums in Eq. (8), as well as Egs. (19) and
(21), formally include all the reciprocal lattice vectors G, only
the terms with small magnitude of G contribute significantly.
This is because we are not in the limit of L much larger than
[ at the first magic angle, which would cause variations of
the displacements over a length scale much shorter than L
(i.e., large gradients and therefore many g’s across the domain
wall separating AB and BA regions). Correspondingly, to
numerically solve Eq. (21), the Fourier sum in Eq. (22) can
be truncated by including gs from just the first five shells as
detailed below [see Egs. (27)].

The nonlinear Egs. (21) and (22) can be efficiently solved
by the iteration method. It starts with a trial solution with
o8U (x) = 0, feeding into Eq. (22) to obtain fgwg, and then
updating 8U (x) by solving its Fourier components §U (g) from
Eq. (21). The iteration continues until U converges. Clearly,
the solution is independent of the parameter ¢ of the potential
in Eq. (9). Since the out-of-plane corrugation is not included
in this model, §U (x) is a two-dimensional vector field. As
such, by Helmholtz theorem it can be decomposed into a sum
of a curl-free part (irrotational) and a divergence-free part
(solenoidal) as

SUx) = VU @)+ V x 2 (x)). (25)

As shown in Figs. 3 and 4, the numerically obtained lattice
relaxation is dominated by the solenoidal part, V x ze¥ (x)),
for the lattice relaxation models of Refs. [63,64], with their
choice for parameters listed in Table I. The resulting displace-
ment field [68] is in qualitative agreement with the Bragg
interferometry imaging of the strain fields in TBG [69]. In the
following calculations, we will neglect the small irrotational
part and include only the solenoidal part.

Because the vector field §U(x) is spatially periodic and
vanishes on average, the scalar field eV (x) is also periodic.
It can therefore be written as

eV(x) = Z égeig‘x, (26)
g
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(b)

FIG. 3. The contour plot of the scalar field ¢V defining the
solenoidal component of the atomic displacement field U in
Eq. (25) for the two models of Ref. [63] (a) and Ref. [64] (b), where
a is the monolayer graphene lattice constant. The arrows point along
the divergence-free part of U. Near AA, it is in the same direction
of the rigid twist of the uniform AA stacked configuration, leading
to shrinking of AA stacking moire region, while around AB/BA, it
is in the opposite direction of the rigid twist, resulting in the increase
of the AB/BA stacking region.
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FIG. 4. The density plot of the scalar field ¢V defining the irro-
tational component of the displacement field U in Eq. (25) for the
model used in Ref. [63] (a) and in Ref. [64] (b); a is the mononlayer
graphene lattice constant. Note that the irrotational component is
negligibly small compared to the solenoidal component shown in
Fig. 3.

with the g sum truncated to five shells as for §U (x). Numer-
ically, we found that in both models, ¢V (x) is dominated by
the following components:

Bem0 =0,

U _ =U ~
Eig =80, = ‘9i<g1+g2> €1

gi(& &) = 8:‘:(281 +g) — 8i(81+2§z) = &2,

~U _ =U _ =U -
Exag, = Exog, = Exa(g4g) T &3

g/ =Y =&Y
+(3g1+28,) T “£0Ggtg) T “+(28,+3g)

~U _=U _zU — 7
= Ci2g-gy) T Ex(g+3g) T kg2 T &4

U =U <U ~
€i3g1 = 8i3§2 = 8i3(gl+g2) =é&s. (27)
The values of &;(i = 1, - - - , 5) are listed in Table L.

III. ACCURATE EFFECTIVE MODEL NEAR
THE FIRST MAGIC ANGLE

In the previous paper [61], we derived the effective con-
tinuum Hamiltonian using the gradient expansion of the slow
envelope function of the fermions from K and K’ points and
the slowly varying atomic displacement fields U to be

: Wil gl .
ZZZ SiG-(T5—T5) f P T6) Ty () SOV} ) / Ly Gy

o o3 VU@, H(GHE) (tsfyfm[y +UHE) —UF(x), 8. 851 + t“)s(y) Zae“” +1) s 03 Z 50" S,>

X [W W5 () + 3 - (VaW] W5 () = W] 0V 52))

+ Z/dzx (0 + .V - U)W ()W) 5(x).

(28)
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In the above, S and S’ sum over sublattices A and B, and
Jj sums over the top and bottom layers. We also consider
the possibility that the hopping constant depends not only
on the displacement y + U f(x) -U f(x) but also on the
orientation of the nearest-neighbor bonds [66]. Without the
lattice distortion, the hoppings are given by tg’y",;[y +U j*(x) —
U #(x), ds, 8s]. In the presence of the lattice distortion, the
hoppings can be expanded to the first order of the change of
bond angles 891(.? and 59]('1/3) where o and o are the index of
nearest-neighbor bonds, ranging from 1 to 3. Thus, the correc-
tion is t(.l.,)s(y)% P 891(.? + tﬁ,)’s,(y)% D 89](“5) where

JI

i J#i
1) _ Ot 2) L
tijsW) = g and i, o () = 3570

It is worth emphasizing that the electron-phonon coupling
can be readily obtained from the formula of the effective
continuum theory in Eq. (28). For this purpose, the lattice
deformation is decomposed into the static and dynamic parts,
Ujs=U 5(2 +U;l§ UEO; is the static configuration of the
lattice deformation obtained by minimizing the sum of the
intralayer elastic energy Ug in Eq. (5) and the interlayer ad-
hesion energy Up in Eq. (6). As argued in Sec. II, without
external strains, U 505) = :I:%(SU [the signs + and — are for the
top (bottom) layer], with U given by Eqgs. (25)—(27). For the
two models proposed in Refs. [63,64], the numerical values
of U are presented in Table I. U (41; is the oscillation part of
Ujs, ie., the phonon in the bilayer system. Therefore, the
expansion of Eq. (28) to a desired order of U 31; naturally
leads to the coupling between phonons and electrons in such
a system.

In what follows, we will apply this formula to derive the
effective Hamiltonian of the magic angle TBG with and with-
out the lattice relaxation which we obtained in Sec. II, and
compare the energy spectra with the tight-binding models of
Refs. [65,66].

As a first step, we consider the Jacobian factor

et <8(x —an(x)))

X

1/2
Jisx) = (29)

J

Since U ‘}(x) varies smoothly in the real space, its gradient

IVU ‘}| <« 1 and the determinant can be approximated as
(Js@))* ~ 1= 9,U], (x). (30)

Using Uljl.(x) = :t%(@i x x + U (x)), with the sign + (—) for
the top (bottom) layer, respectively, and applying Eq. (25), we
obtain

1
(Jis@)? ~ 1 F 5V2¢”<x),

1
= Jis@)~ 1 F szgo”(x). @31

So to the linear order of U, the deviation of 7 from 1 depends
only on the curl-free part ¢V. As shown in Fig. 4, for both
models of the lattice relaxation, |pV| ~ 10734 and it varies
over the length scale much larger than a, leading to |V2¢Y| <
107> over the whole real space. As a consequence, the factor
J is very close to 1. We have checked this numerically by
directly computing J; s(x) from Eq. (29) and confirmed that
its value does not deviate from 1 by more than ~1073. Thus,
any deviation from 1 in this factor can be safely neglected in
the following calculations.

It is worth emphasizing here that J ~ 1 relies on the par-
ticular form of the lattice relaxation §U that is dominated by
its solenoidal part. In the more general case (not considered
explicitly here), the presence of the position dependent 7 in
the intralayer terms can be interpreted as a spatial variation of
the Fermi velocity of the massless Dirac fermion [70].

A. Intralayer couplings

The effective continuum Hamiltonian Hgf can be decom-
posed into two parts: the intralayer Hiy, and the interlayer
tunneling Hiyer as in Eq. (1). Expanding to the second-order
gradients, we obtain

Hintra =H 0

intra

+ SHintrav (32)

. , ) C
HY) = / dx Y YW@ udss + vrGss - (pU) + y AV ) + Bop®dss + 5 (p - AW) + A) - p)iss
j=t.b S§
2 _ 2 1 A
+B1((ps — Py)Gl + prpyﬁz)ss, + 3 Z(P;LEM,SS/(X) + & ss()p) ¢ Vs(x), (33)
I

where j is summed over the top (f) and bottom (b) layers,
S, §’ are summed over the the A and B sublattices, and u over
x and y components. In the above, we split Hiyy, into two
terms: Hi(n(ga and § Hipa. The first term, Hi(mza, contains all the
contributions up to the second order in gradients whose energy
scale is above 1 meV and dominates the second term 8 Hipr,.
The numerical values of the coefficients appearing in H, . for
the two different microscopic models [65,66] can be found
in Table II. The definition of the lattice distortion-induced

pseudovector fields LA(x) and the fields & (x) are discussed

(

below. The second term, § H;,q, contains other second-order
gradient contributions that are smaller than 1 meV. We have
checked numerically that inclusion of 6 Hi,, does not improve
the agreement between the spectra of the tight-binding Hamil-
tonians and H in any significant way, as demonstrated in
the Fig. 1 where §Hyy, is omitted. Therefore, we will focus
on Hlfnga in the main text. For completeness, we spell out the
details of § Hjpy, in Appendix A.

InEq. (33), & = (0, —0y), p = —ihV = —ili:L is the mo-
mentum operator, and p/) is the operator p rotated by 76 /2.
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TABLE II. Numerical values of the parameters entering in the intralayer Hamiltonian H,y,, in Eq. (32) for two different microscopic models.

Intralayer wu(eV) vr/a (eV) Bo/a* (eV) Bi1/a* (eV) vy (eV) Co/a (eV) Dy/a (eV)
Ref. [65] 0.7878 2.1256 —0.1846 —-0.3714 —3.3644 0.9426 —0.7491
Ref. [66] —0.3460 2.1790 —0.1305 —0.5673 —4.3195 —2.3724 —1.9308
When the angle |0] < 1, posed into the irrotational and the solenoidal parts:
. 0; 0; —v,A 5 oA
P (px + U Ejpx)’ (34) A=Vgh +V x 2eh). (38)

. . As shown in Fig. 5, the solenoidal part of the pseudovector

where we introduced the notation 8, = —8, = 6. The pseu-

dovector field A(x) is induced by the lattice distortion, having
the form of

Ax) = (3,8U; — 8,80,
~ (20,0, (x), (97
and AY)(x) is defined as

(3),+
2) .

0; 0;
~ i(Ax = DAy A+ 5’Ax> . (36)

”w

—(0x8Uy + 9,8U,))
07)e" (x)), (35)

AP (x) = £R

where R(6) = cos(0)l, — isin(0)o, is the 2 x 2 matrix cor-
responding to the counterclockwise rotation along Z by the
angle of 6. When |0| < 1, R(0),, ~ 8,,, — 0¢€,,. The signs +
and — are for j corresponding to the top and bottom layers,
respectively, reflecting the fact that the lattice distortions on
two layers are opposite.

The field &(x) is also induced by the lattice distortion. It is
given by

fuss @) = [ (5 +2D0) @800
- [(5 + po)aysou. + DOBXSUy]Gz]SS,,
g0 = ([(5

( +2D0)(a 5U, )02) . (37)

Dy)3,8U, + Dody8U, Jor

The values of the constants u, vr, ¥, Cy, and Dy are listed in
Table II for two different microscopic tight-binding models.
All of these constants can be expressed via the microscopic
hopping function. Detailed formulas for their efficient evalua-
tion are derived in Appendix A.

In Eq. (32), the term M\I/; s¥s leads to an overall shift
of the energy spectrum and thus is irrelevant in most cal-
culations. Among other terms, the leading one is vgo - p,
that produces the Dirac cone of the monolayer graphene. At
the first magic angle 6 = 1.05°, this term in both models
has the energy scale of vpky ~ 160—170 meV, where ky =
4760 /(3a). Using the values listed in Table II, we can estimate
the coupling between the fermion and the pseudovector field
A(x). We found |vpy AY(x)| < 100 meV, the same order
as vpky, showing the necessity of including this term in the
effective continuum Hamiltonian, even if we were to only
keep the first-order gradients.

Since the A is also a two-dimensional vector field and
(A) = 0 averaged over the whole space, it can also be decom-

field A is larger than its irrotational. Interestingly, the induced
pseudomagnetic field resulting from .4, defined as

B: = gv X (yA), (39)

is about 30 T around the AB/BA stacked regions, and can be
as high as 75 T near the AA stacked region, as shown in Fig. 6.

B. Interlayer tunnelings

Up to the first-order gradients, the interlayer tunneling part
of the effective continuum Hamiltonian in Eq. (1) can be

veye”/a “i viye'la
A
<. ' o . |
-~ il meV « : ‘Ll' meV
-~ F AT » » s
P TS W Tyl
g 25
.. o MW _#.Y0
'0 . .‘ 25| WT T 25
2_50 e > - -5.0
.. .', i_75 b ’. §-75
) w | .
p »
(a) (b)
veye”/ viye”

‘ . Ll meV

- ‘II' 250
—250 . _250
~500

() (d)

FIG. 5. vry* (above) and vpye” (below) defined in Eq. (38)
for the two models developed in Refs. [63] (left) and [64] (right),
where vy is the Fermi velocity of the undistorted monolayer Dirac
cone.
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FIG. 6. The pseudomagnetic field 3 induced by the lattice relax-
ation as defined in Eq. (39) for the two models developed in Ref. [63]
(left) and [64] (right).

written as

Hinter = ZfdzwaS(x)<TSS’(x)

s’
1
+ E{P, Asy (x)}>“yb,S’(x) +Hec. (40)

The first and the second terms in the above parenthesis
describe the contact and gradient interlayer couplings, respec-
tively. As before, p = —iiiV is the momentum operator. The
scalar field Tsg and the vector field Agg' can be expanded as

Tys () = Y Tgr et (1
s j

Ass () = ) AGe, “2)
.l

where the vectors g, ; form shells in the extended moire
BZ as illustrated in Fig. 7. Any vector g, ; can be decom-
posed as q,;, = q, + g, with ¢; = —47$/(3|L,|) and g being
a reciprocal lattice vector of the moire superlattice, defined
in Egs. (13). Different ¢ vectors are distinguished by their
subscript indices (u, [), with u denoting the shell ordered by

FIG. 7. The first and extended BZ of the moire superlattice. The
vectors g, , in the first three shells are also plotted here.

its radius |g| from small to large, and / labeling different q
vectors inside the same shell.

Symmetries further constrain the form of Tgy and Agy.
The lattice distortion U (x) considered in this paper is invari-
ant under C,7, Cy,, and C3 transformations, and so is the
effective continuum Hamiltonian. For example, under C, 7
transformation, the fermion fields W;s(x) — KW, 5(—x),
where S is the sublattice index different from S and K is
the complex conjugation. Therefore, the interlayer tunneling
matrices must satisfy the constraints 7' (x) = o, T*(—x)o, and
A(x) = o, A*(—x)o,. Correspondingly, their Fourier compo-
nents must satisfy

N
Tig" = (@(T"") 0)ss.

A" = (0 (A"D) oy )ss. 43)

This implies that the above Fourier components can be written
as

N 1 1 1 Gl
To? = (wiPoo + wi oy + wi"oy + iwfVo3) .

AL = (A Do + 1oy + 1Yoy +id{ Doy o, (44)

oL
where w*" and the vectors A" are all real. The more
detailed symmetry analysis, including C,, and C3, is presented
in the Appenduces [71]. Here, we only list several constraints
from which all w*"s and A*""’s with < 3 can be obtained
based on Table III. For 1 <1 < 3, due to C3 symmetry, the
parameters wi(”“ D need to satisfy

w? =w D wP = wY fori=0,3, (45)

221
wi“’” _ iwé"’” — e’T(l_U(wg“’l) . iwéﬂ,l)), (46)
3,043 . (3,143 i Z (-1 3.4 . (3,4
wi )—lwé ) = i )(w§ )—lwé )). 47

Similarly, for the vectors X?”’l), if we restrict 1 <[ < 3, the
C; symmetry leads to the following constraints. For i =0
and 3,

(llgu,n)a = R(%ﬂ(l - 1)) (Xﬁu’l))ﬁ’ “8)
op
()‘53,1+3))a — R(Z?n(l — 1)) (A‘§3’4))f3‘ 49)
af

In addition,

(Xgu.n _ ix‘z’“‘*”)

o

= e"zs”“—”R<2—”(l — 1)>
3 up

x (D =gt (50)
(l?’”” _ ix(23,1+3)) _ JEU-DR 2—7T(l N
o 3 us
x (AP — ) 5 (51)

where R(0) = cos(0)I5> — isin(f)oy is the 2 x 2 matrix cor-
responding to the counterclockwise rotation along Z by the
angle of 6. Furthermore, the C,, symmetry imposes the con-
straints on both w'*" and A", For i # 2,

3,1 3.4
wf )=w§ ), (52)

(D) = (13)5 (xgs,m)ﬁ. (53)
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TABLE III. Parameters of the interlayer tunneling terms for two models in the absence/presence of the lattice relaxation. a is the magnitude

of the primitive lattice vector and all numbers are in units of meV.

w(()l,l) wil,l) w;l.l) w;l.l) w(()Z,l) w%Z,l) w§2,1) w;Z.l) w(()3,1) will) w;ll) wgS,l)
Ref. [65], 110.9 110.9 0 0 1.6 1.6 0 0 negligible
unrelaxed
Ref. [65], 544 124.9 0 0 —6.9 9.0 0 0 17.5 —10.8 —18.8 0
relaxed
Ref. [66], 104.0 104.0 0 —-2.9 1.1 0 0 negligible
unrelaxed
Ref. [66], 78.6 113.1 0 -28 03 3.4 0 -0.5 11.0 —5.6 9.7 —0.6
relaxed
Xél’l)/a kil,l)/a )\él.l)/a )\’:("l.l)/a x(()Z,l)/a X(]Z,l)/a X;Z,l)/a X;Z.I)/a XE}&I)/a A‘(13,1)/a Xf'”/a X(33,1)/a
Ref. [65], (—91.9,0) (=91.9,0) (0,0) 0,0) (1.8,0) (1.8,0) (0,0) (0,0 negligible
unrelaxed
Ref. [65], (—102.0,0) (—74.45,0) (0, —=27.6) (0,0) (=5.4,0) (1.3,0) (0, —6.6) (0,0) (8.5,—15.6) (—3.3,7.8) (—=7.8,11.7) (0,0)
relaxed
Ref. [66], (—84.2,0) (—84.2,0) (0, —76.1) (0.6,0) (2.0,0) (2.0,0) (0,0.3) (0,0) negligible
unrelaxed
Ref. [66], (—90.8,0) (-90.0,0) (0,—-83.3) (0.7,0) (-0.2,0) (0,0) (0,—1.7) (0,0) (4.5,=7.7) (3.8,7.3) (=7.3,47) (0,0)
relaxed
For wé"’” and xgﬂvl), we obtain Figures 15 and 16 show the comparison of the spec-
trum obtained from Hgf, truncating to a different number
w§3,1) _ —w§3’4), (54) of.q shells in the inteﬂayer tunn§ling terms. For the rigid
twist (i.e., when the lattice relaxation is absent), the approx-
(xg&l))a = —(%)up (%3,4))5’ (55) imation of including only the innermost g shell gives the

where the superscripts o and B label the components of the
vectors field XE”'“ ‘D We should also emphasize that the con-
straints listed in Egs. (45)—(55) are not complete. For example,
by C,, symmetry, we can also derive wé ‘D'= 0. The more
detailed and complete discussion on symmetry constraints are
presented in Appendix C.

If we keep only the innermost g shell, then the contact term

in the interlayer Hamiltonian of our theory limits to

3
! i .
TS(S’)(x) = E el (wohxy + iwsos
j=1

+ w; (cos <w>01
— sin <M>O’2)> , (56)
3 S5

since ¢, = ¢, 1,4, = 4, 2> and ¢, 3 and

(1,1) (1,1
Wo = W , wp = wy s

w3 = wgl’l). 57
Therefore, our theory recovers the interlayer term in the
BM continuum model [30,58,60] if we set w3 = 0 and keep
only gs in the first shell and neglect the gradient couplings
Agg. Furthermore, in the absence of the lattice relaxation,
as derived in the Appendices [71], our theory gives wy =
wy [60]. As shown in the next section, the w3 term is re-
sponsible for non-negligible p-h asymmetry for the model
of Ref. [66].

spectrum that is almost identical with the one produced by
the tight-binding model in most of the moire BZ, with the
mismatch of only ~2meV around the center of the moire
Brillouin zone point I'; the bandwidth of the narrow bands
for the rigid twist is about 40 meV and 20 meV for the
models in Refs. [65,66], respectively, with at least one of
the band gaps to the remote bands vanishing. All these fea-
tures have been well reproduced by including only one ¢
shell in HX.. To further improve the agreement, we include
the first two ¢ shells and achieve the accuracy presented in
Figs. 1(a) and 1(c). The excellent agreement obtained with
only two shells reflects the fact that the Fourier transform
of the interlayer hopping quickly decays as a function of the
momentum [60,71].

On the other hand, in the presence of the lattice re-
laxation, we need to include more shells to achieve the
comparable accuracy. This is demonstrated in the Figs. 15
and 16. THhe incEease of needed shells results from the factor
OO W)Uy ) in Eq. (28). The Fourier transform of
the interlayer hopping (i.e., for j # j’) is the largest for Gs,
satisfying |G + K| = |K|. Because of the spatial inhomogene-
ity of the lattice relaxation §U [Eq. (20)], the mentioned
exponential factor induces the interlayer scattering with the
momentum transfer of all possible g, ;; the strength of the
scattering is proportional to the Fourier transform of the ex-
ponential factor. For the lattice relaxation in Ref. [64], U
is dominated by the lowest wave vectors +g,, *g,, and
+(g, + g,). As a consequence, Hjy,, should include, at least,
the terms with the momentum transfer of ¢, ; &gy, ¢; ; = &,
and ¢, ; = (g, + &), i.e,, all the g vectors in the first three

shells. While all the values of w*" and A"“" in the first three

075408-10



PSEUDOMAGNETIC FIELDS, PARTICLE-HOLE ...

PHYSICAL REVIEW B 107, 075408 (2023)

e SKtight binding
100F o valley K continuum
50 valley K contlnuu
> e
] 0
g
o -50
53]
-100|
-150 .
KI
150F SK tight binding S
o valley K continuum
100F lley K' continuu
> 50_
[
= 0
N
K -50F
m=31,n=32
-100F 6 =1.05°
lattice relaxation
_150-\ I |X I /AI"/-:
K r M K’
(®)

FIG. 8. Comparison between the microscopic tight-binding
model (red) in Ref. [65] and the corresponding continuum model
(blue for valley K and green for valley K') in the absence (above)
and presence (below) of the lattice relaxation.

shells can be obtained from Table III and the formula listed
in Eqgs. (45)—(55), the values in the next three shells can be
calculated in the same way based on Table V and Egs. (C10)—
(C12) in the Appendices. Figure 16(b) shows that the first four
shells are needed to achieve the accuracy of 0.3 meV at I for
the lattice configuration of Ref. [64].

For Ref. [63], both the first, &€;, and the third, €3, harmonics
of U are sizable (see Table I). The wave vectors of the third
harmonic are +2g,, £2g,, and +2(g, + g,). Following the ar-
gument in the above paragraph, we therefore expect that Hiper
should include the terms with the momentum transfer of all gs
in the first six shells. Indeed, as demonstrated numerically in
Fig. 15(b), we achieve the accuracy of 0.8 meV around I with
six ¢ shells.

Having obtained both the intralayer and interlayer parts
of the continuum model for the moire periodic distortions,
utilizing the Bloch theorem, we diagonalize H.g in the moire
momentum space [72,73]. As shown in Figs. 8 and 9, the spec-
tra of H.g (for both valleys) and the microscopic tight-binding
model agree with each other beyond the narrow band regime.
We have found that both spectra are consistent with each
other until the energy reaches ~=40.7eV, where significant
deviations start to rapidly grow.

IV. ANALYSIS OF THE NARROW BAND HILBERT SPACE:
SUBLATTICE POLARIZATION, P-H SYMMETRY,
AND WILSON LOOPS

Having obtained the energy spectrum of Hgf presented in
the previous section, we now turn to the properties of the
Hilbert space spanned by the narrow bands. While narrow
bands appear in both models near the CNP when the twist

150 _/\Nannier tight bindin

100F o valley K continuum
5\ s0k lley K' continuu
[}
E o
53]

-50F m=31,n=32
6=1.05°

no relaxation

-100F:

-150—\

150F e Wannier tight bindin
o valley K continuum
100F
>
- 50F
é 0 —
K

-50F m=31,n=232
0 =1.05°

lattice relaxation

-100F

-150L

(b)

FIG. 9. Comparison between the microscopic tight-binding
model (red) in Ref. [66] and the corresponding continuum model
(green and blue) in the absence (above) and presence (below) of the
lattice relaxation.

angle is 1.05°, the corresponding states are found to be notably
different. In this section, we consider three properties of the
narrow band Hilbert space at valley K: the sublattice polar-
ization, the deviation from the p-h symmetry, and the Wilson
loop.

The sublattice polarization of the narrow bands is defined
via the eigenvalues of the 2 x 2 projected sublattice matrix
Sijk) = (V;(k)|o,|¥;(k)), where W;(k) is the Bloch state
with the momentum of k in band i and o, is the sublattice
polarization operator. Because of the C,7 symmetry, the two
eigenvalues of the projected o, have the same magnitude with
opposite signs, £1, corresponding to the perfect polarization
obtained in the chiral limit [38]. The sublattice polarization
calculated based on the Herf is shown in Fig. 10 for the two
microscopic models. While the narrow band Hilbert space in
either model is not perfectly polarized, the one proposed in
Ref. [65] has larger sublattice polarization than the one in
Ref. [66], implying the former model is closer to the chiral
limit than the latter.

The p-h symmetry [35] plays an important role in that
it leads to the U(4) symmetry of the projected Coulomb
interaction, and helps in identifying the ground state in the
strong coupling limit. The p-h transformation P acts within
a valley and is defined as iu,—the interchange of the two
layers and changing the sign of the top layer—followed by the
in-plane inversion r — —r. When keeping only the first-order
intralayer gradient terms and only the contact interlayer terms
in the BM model, we have P"Hgm (k)P = —Hgwm(—k). How-
ever, P is only an approximate symmetry as it is generally
broken by the higher order gradient terms. For example, it is
broken by the O(k*) and O(kdU) terms in Hiyya, as well as
w3 and the vector couplings A;x3 in the interlayer tunnelings.
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FIG. 10. The sublattice polarization of the narrow bands for two
microscopic models in (a) Ref. [65] and (b) Ref. [66].

To quantify the degree of the p-h symmetry violation within
the narrow bands, we define the 2 x 2 projected p-h matrix
as P;jk) = (\Ifi(—k)|75|\lfj,k). If the p-h symmetry is exact,
it is expected that the matrix P;;(k) is unitary for arbitrary
k, and thus both the singular values, A (k) and A,(k), are 1.
Otherwise, A1(k) and A, (k) are smaller than 1 and therefore
the deviation of A; (i = 1, 2) from 1 measures the p-h asymme-
try of the Hilbert space. Figure 11 illustrates the two singular
values A; for both models. While the narrow bands in Ref. [65]
are almost perfectly p-h symmetric, those in Ref. [66] shows
significant p-h asymmetry. As we demonstrate in Fig. 19,
the dominant source of the p-h asymmetry in the model of
Ref. [66] comes from the interlayer contact coupling w3 and
the subdominant contribution comes from the gradient cou-
pling A.

Finally, we consider the eigenvalues of the Wilson-loop
operator as another property of the Hilbert space of the narrow
bands. This operator O is defined as Pe~iv & TP, where N,
is the number of unit cells along the direction of L; in the
entire lattice with periodic boundary conditions, and P is the
projection operator onto the Bloch states of the narrow bands.
Since this operator commutes with the momentum operator
along g,, its eigenstate is labeled by the momentum k along g,.
In the BM model, the phase of the eigenvalues of O, labeled
as (x4), has the winding number of 1 as k runs from O to 1,
illustrating the nontrivial topological properties of the narrow
band system [35,37,44].

when k ~ 0.5 if the system is far away from the chiral limit
(wo < wy) [35] (also see Fig. 1 in Ref. [44]). This behavior is
also qualitatively reproduced in our constructed HX, as shown
in Fig. 12. For comparison, Fig. 12 also shows the winding of
the phase (x1) obtained from the BM model, with the values
of the parameters vp, wp, and w; taken from Table II. It is
found that the curve for the BM model is straighter, suggesting
that the terms neglected in the BM model but present in HX;
drive the system further away from the chiral limit. Moreover,
the curve for the model in Ref. [65] is straighter than the one
for the model in Ref. [66], and thus consistent with the former
model being closer to the chiral limit than the latter.

V. EXACTLY FLAT BAND LIMIT WITH RELAXATION
INDUCED PSEUDOMAGNETIC FIELDS

The inclusion of the strain is believed to greatly increase
the bandwidth at the magic angle [50,54,74]. Having seen
that the relaxed atomic configuration of the TBG obtained
in Sec. II expands the AB/BA stacked regions and shrinks
the AA stacked regions relative to just a rigid twist, thus
intrinsically inducing strain, it is interesting to ask whether
the bandwidth undergoes the increase as well. Motivated by
this question, the goal of this section is to generalize the chiral
limit introduced and analyzed in Ref. [38] for the BM model,
including the relaxation-induced pseudomagnetic vector po-
tential 4. While the relaxation-induced .4 indeed increases
the vanishing bandwidth at the magic angle found in Ref. [38]
without A, we demonstrate below that decreasing the twist
angle can compensate the effect of .4 on the bandwidth, result-
ing in exactly flat bands at the CNP at a new (smaller) magic
angle. Throughout our analysis, we pay particular attention to
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FIG. 12. The phase of the eigenvalues of the Wilson loop oper-
ator of the two valley-polarized narrow bands (red) with different
continuum model constructed for two microscopic tight-binding
models proposed by (a) Ref. [65] and (b) Ref. [66]. For compari-
son, the same phase of the eigenvalues has also been calculated for
the BM model (blue) that contains only vr, wy, and w; with their
numerical values taken from Tables II and III.

the importance of C; symmetry (preserved by .A) in making
the compensation possible, noting that extrinsically induced
strain generally breaks Cs.

For the purposes of this section, we start from the Hamil-
tonian

b vrds - (p+yA) T(x) 58
chiral = TT(x) vpa'_% -(p—yA o9

that acts on the four-component spinor W(x) =
(Yr,a(x), Yr.5(X), Yipa(x), Y3, 5(x))", where the subscripts
t /b label the top/bottom layers and A/B labels the sublattice.

In the equation above, 3/, = e 119§l and A(x) is the
real inhomogeneous pseudomagnetic vector potential induced
by the lattice relaxation, as calculated by Eq. (35); just as
before, & = (ox, —0o,). This A field is invariant under all
the symmetry transformations discussed in Sec. II, such as
C;, G, T, etc. Compared with the full Hyy, in Eq. (32), all
the second-order terms have been neglected in Eq. (58). In
addition, the interlayer tunnelings also neglect the gradient
coupling A, as well as the wy and w3 terms in the contact
coupling. Thus, the interlayer tunneling 7' (x) in Hcpiry can be
written as

Tex) =Y (wi" oy + wy"oy)er*. (59)
w,l

Since T'(x) contains only o; and os, e 15T (x)e 1% =
T'(x). Introducing the wunitary diagonal matrix: U =
diag(e™'%, €i%, e'%, e7i%), Hepirat can be simplified by applying

the unitary transformation

Hc/hiral =U +Hchiralu
_(vrG-(p+YA) T (x) 60)
T'(x) vre - (p—yA)

while the transformed spinor is labeled as ®(x) = U W(x) =
(Pr.4(x), P1.5(X), Pp.a(x), Pp5(x))". Again, note that each 2 x
2 block of Hc’hira] contains only o and o3, thus {03 ®
I,H). ..} =0, ie., the chiral Hamiltonian is antisymmetric
under the chiral p-h transformation o3 ® I.

First, we consider the states near the CNP at the corner
of the moire BZ, i.e., K,, or K:n. Turning off the interlayer
tunneling 7' (x), we will show that two zero modes still exist
even in the presence of the A field. To prove it, consider the
equation for the zero modes at K,

_ ¢1A(x)
oty )(¢,,B<x>>

N ((=id; +0) + Y (A1 +iA)p g =0
(=id; — ) + Yy (A1 —iAr)pr.a = 0.

=0, (61)
(62)

Using the Helmholtz decomposition in Eq. (38), A=
(Bl(p““ + 084, 82g0“4 — 3]8"4), we immediately obtain the
two independent solutions to Eq. (62):

{¢1.A = e_iy‘pAeVSA {¢t,A =0

¢p=0 bip=e"e 7",

The pseudovector field A is periodic and its average over
space (A) =0, and so are ¢** and eA. Therefore, the two
solutions in Eq. (63) are also bounded and periodic, giving
the two zero modes at K. S

Under Cs transformation, the spinor ®(x) — TP (x),
where x’ is the position x rotated clockwise by 27 /3 [38].
Therefore, the two zero modes in Eq. (63) carry the extra
phases of ¢27/3 and e=7/3, respectively, and thus transform
differently under Cs. Furthermore, the chiral p-h transforma-
tion o, ® I commutes with C;. As the interlayer tunneling
T (x) is gradually turned on [38], each of these two modes
at K,, must transform to itself under o, ® I, and therefore
each still has zero energy. As a consequence, the two bands
around the CNP touch at the Dirac cone at K,, even when A
is included.

Following the arguments presented in Ref. [38], we can
also express the Fermi velocity of the Dirac cone in terms of
the wave function at K ,,. For this purpose, we choose the basis
' = (¢Pr.a, Pv.a, 1.8, Pb.8), and the zero modes at K, satisfy
the equation

(63)

0 D o
L (x) ( K,,,,A(x)) o, (64)
D'x) 0 bk, p(x)
where @k, 4 = (¢k,r4,  Pk,p4) and Pk p=

(¢k, .8, ®K,pp) are two component spinors. D(x) is a

m

2 x 2 matrix differential operator of the form

_ (vrme(x)  Ux)
Dm_(U(—x) w_<x>>’ (©
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where
UGy =) (w = iwg")eltur, (66)
w,l
7y = p1+ipy £y (A +iA). (67)
Since A(x) = A(—x) due to the C;7 symmetry, D' (x) =

D*(—x). Thus, if the two-component spinor ¥(x) satis-
fies D(x)¥ (x) = 0 so(0, ¥(x)) is a zero mode at K,,, the
spinor ¥*(—x) satisfies Df(x)¥*(—x) = 0, and therefore
(¥*(—x), 0) is another zero mode. As the momentum p
slightly deviates from K, & - p can be treated as perturbation
and thus the Fermi velocity of the Dirac cone at K, is

*

UFI(‘I’ (—X)IW(X))I. 68)
(w|¥)

Because vpirac i a real number, in principle, it can vanish by

tuning the interlayer coupling constants.

For the BM model in the chiral limit, Ref. [38] showed
that the bands around the CNP become exactly flat as
long as vpjac = 0. Their argument is still valid when the
relaxation-induced pseudovector field A is present. To prove
this statement, we consider the equation

D(x)¥ p(x) =0, (69)
where k is the Bloch momentum. Introducing the complex
coordinates z = x; + ixy and Z = x; — ixy, we find
—2i0 + y (A1 +iA;) v U (x)

vy U (=) =20y (A + iAz>>’
(70)

where § = 0; = %(81 + id,). Note that the differential opera-

tors in D(x) contain only 9, i.e., 9, is absent. Since we already
showed that &g, p is the solution of Eq. (69), f(z)®k,, 5 is
also a solution as long as f(z) is a holomorphic function
because then 9 f(z) = 0. To construct the solution with the
Bloch boundary conditions at an arbitrary momentum k, we

introduce [38]

UDirac =

D(x) = vp(

x
ﬂﬂ_l l_k.(LZ—L])(‘Z—I‘e_ZE,EIT)
Ne=n i) = B )
ﬁ———(|L1| o e%)

where ¢ is the theta function, defined as

(o]
ﬂa,b(zs _[) — Z einr(n+a)-eZni(n-&—u)(z-H;). (72)

n=—00

Note that n(z) satisfies the boundary condition n(x + L; ») =
e® 1125 (x). Then, the Bloch wave function

Vi (x) = n(x) Pk, B(x) (73)

is a solution of Eq. (69). However, ¥ p contains singular
points because 7(z) is not an analytical function. The de-
nominator in Eq. (71) vanishes at xy 4+ mL; + nL,, where
Xg = —%(Ll + L,), and m and n are arbitrary integers, and,
in general, ¥ p is not normalizable [38].

The solution in Eq. (73) can still be physical if g, p(xo) =
0, thus canceling the zero in the denominator. Without the
pseudovector potential A, it can be achieved when vpjpc

vanishes [38]. The same argument also applies if A is

present. To prove it, consider the zero mode Pk, p(x) =
(®k,,.1.8(x), Pk, pp(x)). It satisfies

0 =5 p(—x)D(x)P, 5(x)

ms

=dg p(0)D(—x)Pk, p(—x). (74)
Using A(x) = A(—x), we obtain
(g p(—x)Pk, 5(x)) =0. (75)

For notational convenience, we introduce v(x)=

¢>IT(M’B(—x)CDKm,B(x). By the above formula, v(x) is a

constant in space. If vpj,c =0, by Eq. (68), v(x) must
vanish everywhere, including x = x. Note that

v(xo) = Dk, 1.8(—x0) Pk, .., 5(X0)

+ Pk, 5,8(—X0) Pk, 5,8(X0). (76)

symmetry of C; rotation around Xy,

Dk, ».5(Ex0) = 0 [38]. Therefore, if vpirse = 0, then either

Pk, +.5(x0) = 0or P, ; p(—xp) = 0. In the former case, both

components of @k g vanish at xg, and therefore Eq. (73) is

a normalizable solution if vp;,. = 0. If the latter is the case,
redefine

Due to the

iz i 2T

Doty 1 1 ity L|)(| 7€ ’6,6’3)
- 21
j2n
o, e

2 6’ 6
ot -t (|L1|

so the denominator Vamshes at —xg + mL; 4+ nL,, and thus

all the above arguments follow.

In the rest of this section, we consider the pseudovector
field A induced by the lattice relaxation of Ref. [64]. As
illustrated in Fig. 5, p** < e, suggesting that ¢** can be ne-
glected, and thus A &~ V x (2¢”). In addition, Table I shows
that the Fourier series of the lattice relaxation is dominated
by the lowest six gs. Therefore, we can keep only these six
terms and neglect others. Furthermore, because ¢ 4 is real and
odd, its lowest Fourier components are purely imaginary. By
C; symmetry, they satisfy the relation

<A _zA _ ~.A

€g =%, = Cg+e)

A _ _zA A <A
-g = S—gz - 831""82 181 : (78)

In addition, the interlayer contact coupling field is set to be

e—iZ =D\
T(x) = W Z ;2 (1) 0 e’qux’ (79)

where only the inner most ¢ shell is included. Introducing the
dimensionless parameters @ = w; /(vrky) and yéf‘, the Fermi
velocity of the Dirac cone at K, and K, can be approximated
as [71]

n(@) = (77)

=—Z

1= 6(yEf)’ — 302 + 144302y &t
14302 +6(y&)’ '

From Tables I and II, yéf‘ ~ (.06, leading to o =~ 0.79 when
Upirac Vanishes.

We also numerically checked the existence of the exactly
flat bands in the presence of the A field induced by the
lattice relaxation of Ref. [64]. As demonstrated in Fig. 13,
the bandwidth Wi,,q vanishes when the interlayer coupling
constant w; is tuned to be around 0.7857vpky, very close to
the value obtained from the approximate formula in Eq. (80).
For the BM model where the pseudovector field A is absent,

(80)

UDirac ~ UF
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FIG. 13. The existence of the exactly flat band for Hp, in the
presence of the pseudovector field A induced by the relaxation that
is obtained from Ref. [64]. (a) The bandwidth W;,,q of the narrow
bands around the CNP as a function of w;. (b) The dispersion of
both the narrow and remote bands when w; /(vrky) = 0.7857.

the exactly flat bands occur when w;/(vrkg) = 0.586 (see
Ref. [38]); if w; and vg are set to the values listed in Tables II
and III for the model in Ref. [66], the corresponding twist
angle is 1.07°. However, this angle decreases to 0.83° when
the pseudovector field A induced by the lattice relaxation [66]
is included in the chiral limit.

VI. SUMMARY

In this paper, we constructed and analyzed the effec-
tive continuum theories corresponding to the microscopic
tight-binding models proposed in Refs. [65,66] based on the
systematic method proposed in Ref. [61]. The nearly perfect
agreement between the dispersion of the tight-binding models
and the dispersion of the effective continuum theories demon-
strates the correctness of the constructed continuum theories
and the validity of the method. We therefore envision that
the experimentally measured u;(r) can be plugged into our
effective Hamiltonian, and the resulting energy spectra and
eigenfunctions can then be used to directly compare with the
scanning tunneling spectroscopy measurement of the elec-
tronic local density of states. This may pave the way for a
more quantitative comparison between the theoretical predic-
tions and the experimental results. In addition, our theory

J

provides electron-phonon couplings as a byproduct, which are
important to fully understand the role of phonons in supercon-
ductivity of TBG.

Our continuum model goes beyond the BM model in sev-
eral aspects. First, the p-h symmetry of the narrow bands is
only weakly broken within the BM model, while it is much
more strongly broken in our continuum theory constructed for
the tight-binding model of Ref. [66]. While the p-h symmetry
of the energy spectrum is broken in both models [65,66], we
focused on the p-h asymmetry of the narrow band Hilbert
space, because it is more important in determining the corre-
lated ground states near the magic angle. As shown in Fig. 19,
the p-h asymmetry is dominated by the contribution from
the interlayer contact term ws that has been overlooked in
previous works. Another source of the p-h asymmetry is the
interlayer gradient terms A [50,75], whose numerical value
listed in Table III is about two times larger than the value
given in Refs. [50,75]. As a consequence, compared with the
BM model and other continuum theories, our effective theory
for the microscopic model of Ref. [66] leads to a much larger
p-h asymmetry of the wave functions in the narrow bands.

Second, the interlayer tunneling in the BM model contains
terms only with the minimal momentum transfer, i.e., the tun-
neling with three ¢s in the first shell and neglects all other gs.
This approximation works quite well if the lattice relaxation
is absent. In the presence of the lattice relaxation, however,
Figs. 15 and 16 have demonstrated the necessity to include
more ¢s to even qualitatively match the dispersion.

We also investigated the existence of the exactly flat bands
near the CNP when the lattice-induced pseudomagnetic fields
are present. As long as the pseudovector potentials respect
the C; symmetry, our theoretical analysis and numerical cal-
culations found exactly flat bands in the chiral limit, but at
a smaller twist angle (0.83°) then without the relaxation-
induced pseudovector fields (1.07°). In other words, despite
the relaxation-induced strain fields, the bands can be exactly
flat in the chiral limit due to the compensation from lowering
the twist angle. Our analysis demonstrates the importance of
the C3 symmetry in making this compensation possible.
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APPENDIX A: INTRALAYER DISPERSION

In this Appendix, we derive the intralayer part of the effective continuum Hamiltonian H elng from the microscopic tight-binding
model. The microscopic tight-binding model has the general form of

Ho= Y3 Y 1055~ X, s

S8 jj ors.ry

(A1)
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For intralayer hoppings, the hopping displacement X ; s — X ’j ¢ contains only in-plane components. In both models considered
in this paper, the intralayer hopping is isotropic, depends only on | X ; s — X ’J « |, and thus the intralayer hopping ¢ (§X ) = #(]6X]).
In addition, we only consider the lattice relaxation with which U ;s =U 'jl.(x) is independent of the sublattice. We also neglect

the corrugation so U; /b(x) = j:d—(“ As a consequence,

1ntra - A Zzzelc (w5~ Tb/)/dz /d _I(G+K)'yei%'szU‘J"(x)'((H—K)
mlg

S8

xr@)[ ,S<x>\I/,S/(x>+ = (V¥ g0 W5 (x) — W (0) VW) 5 (x))

1 F f
+ gy“y”((%au‘l’},s(x))\l’j,y (x) = 200, W] ((0))(D, W5 (%)) + ¥ (x)(3,0, W5 (x)))}- (A2)
The lattice displacement
vt = (r(Z) -1 % £ S5
i ) 2x2 - v ) ne
where 6, = —6, = 6, and R(6/2) is the 2 x 2 matrix corresponding to the counterclockwise rotation around z axis with the angle

of 6/2, and + (—) sign is for the top (bottom) layer, respectively. Note that V,Z x x - (G + K) = —Z x (G + K). Thus,

o= i(GHK)Y i} V.20 (¥)-(G+K) _ ,—iR(=0;/2)y-(G+K) ,£iy/2-:8U ()-(G+K)
In the main text, we consider only the lattice relaxation proposed in Refs. [63,64], in which the lattice distortion is dominated by
the solenoid part. However, in this section, for completeness, we consider a more general U '}, whose irrotational part may also be

important, and only in the last step, we set V - 8U = 0. As mentioned in the main text, up to the second order of the derivatives,
the intralayer part is

Hinga = + 8H1ntra s (A3)

mtra

HY) = /d2 Z Z v s(x){,uass’ + vpGss - PV + y AY) + agypV8sy + Bop®Sss — —(P Ax) + Ax) - p)dss
VA

1 .
+B1((P2 = PD)or +20:p02) g & 5 (Puusy () + sy ()pu) + 2D (97, G5 - p) } W s(x), (Ad)

8Hipira = / d’x Y W) D ICI(Y - 8U Y + (3,8U,)(3,8U,)) + Co(8,8U,)(3,,8U,)18ss:
j Sy 7y

1
+a<—§(v x 8U). = 5 (V '5U)2>3ss' + Cosr(x) g W50 (). (AS5)

Here, we list all the expressions of the coefficients and fields that appear in the above formula:

w=>y e ®%al). (A6)
a
vp = —i Yy e KT (g 1 §T,5).(la + 5Tap]). (A7)
a
1 —iK-(a+8t45) ,t'(la + 8tapl)
vy =) e W@+ 8Tap) ) —————— (A8)
2~ la + 8T ag]
: 1
1 CKat V3a e
a:ZXa:e X®lal'(jal) and U= 5 g T (A10)
. o 0; 0:
AD@x)==xR| ) A ~£( A+ ZA, A - ZA) . (A11)
" 2/ 2 vo27),
with A(x) = (3:8Uy — 8,80y, —(3,8Uy + 0,8U)) ~ (20,9y” (x), (3] — 9;)e" (x)), (A12)
1 .
Bo=—7 ;eﬂ’“ﬂaﬁtqan, (A13)
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i t'(lal)
=——Z G (Al4)
1
Br=—5 D U+ stan)Pr(la + 5Tasl), (A15)
a
VR Ur
Erss(x) = > +2Dg | (0x8U)(o1)ss — > + Do )0,8U; + Do0x8U, |(02)ss's (A16)
UF Vf
&y s5(x) = > + Dy ) 0x8U, + Dy0,8U; |(01)ss — > + 2Dy ) (8,8Uy)(02)ss' (A17)
i K. t'(la + 8tapl)
Dy =—- ) K@ (g4 §t4p), ) ——— Al8
0 6; (@+dmap))' 5= (A18)
where we have introduced the notation §Tgy = Tg — Ty, SO §Tag = —%(al + a»). a is an arbitrary lattice vector. 6, = —6, = 6.

The signs + and — in Eq. (A11) are for the top and bottom layers, respectively. Note that for the lattice relaxation considered in
the main text, |V - $U| < 1072 is tiny and thus the pseudoscalar field ¢/’ can be safely neglected, as well as the term proportional
to atg,. The detailed discussion on the coefficient «g, can be found in Appendix A 6.

As mentioned in the text although the terms in § Hjy, are also second order, they are numerically small compared with other
second-order terms in H° Here, we express the fields and coefficients in § Hiy, in terms of the lattice distortion §U (x) and the

mtra
microscopic hopping function:

1 . 7 1
G=g Ze"""’(gmv/uan + §|a|2t”(|a|>), (A19)
= lZe"”""<§|a|r’(|a|) + Lal?r ”(|a|)). (A20)

8 - 8 8

The formula of the field &g (x) is listed in Egs. (A58)—(A60).

1. Expansion of the Jacobian factor

In the main text, we have expanded the the Jacobian factor 7 to the first order of U, and argued that it depends only on the
divergence of U!l. Since V - U ~ 1073, its deviation from 1 can be safely neglected. In this subsection, we will go to the second
order of the derivatives, and derive its corresponding terms in the effective continuum HX.

Since we will expand to the second order of dU I we write U!l as
!, 6 198U,

ul =(1-r Y x+18U——€ex+192x +18U—> Xy + - ——
e 2)),, 2 2 g T ox, 2772 ox,

If all the elements of the matrix M has the property |[M,,,| < 1, its determinant can be expanded as
det(I + M) = exp (Tr(InM)) ~ 1 + Tr(M) + S((Tr(M))* — Tr(M?)) + O(M?).

Therefore, we obtain the expansion of the determinant up to the second order of the derivative

1 0 1 1
TP =1= 3V 00 + 2(V X 0U) + o (V - 8U)* = 2(8,8U,)(.8U,).

1 0 1 1
TE=1+ 5V 8U + (VX 8U), + 2 (V SU) — 2 08U @80, (A21)

For the lattice relaxation considered in the main text, |V - U| ~ 107> and can be safely neglected.

2. Expansion by the order of derivatives

Since §U < 0.3a varies over the moire unit cell, its gradient |V,8U| <« 1. We can expand the exponential by the order of
V.U, ie.,

1
SVOUGHR) n 4 21 5 £8,0U,(G+K), — yﬂyv(ﬁ 8U,)(8,8Us )(G + K),(G + K),.

In the rest of this section, we will derive each term in the expansion and express the coefficient in terms of the microscopic
hopping function. Before doing this, we define the Fourier transformation of the hopping functions as

i) =A,, f d’ye 1(y) = id,, [(q) = A}, / d’ye 1y, (y). (A22)
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3. Leading term
First, we consider the leading term that in Hipya,
DTG+ KWWy = ) e i (a + 8Tss W] Wiis (A23)
G a

where a is an arbitrary lattice vector. In the last formula above, we have used the Poisson summation formula to transform the
summation over G to the summation over the lattice vectors. Due to C; symmetry, it is easy to show that the summation above
vanishes when S # §’. When S = §’, the above summation leads to the term

wy . / d’x W ()W s(x)  with =Y e ™ (la)). (A24)
JS a
Combined with Eq. (A21), to the second order of VU ‘}, this terms leads to

1 0 1 1
w Z/dzx (1 ¥ EV .8U + Z(V x 8U), + g(V L8U)? — g(HMSUV)(E)V&UM)>\I{;S(x)\l/j,s(x). (A25)

4. First-order derivative

Next, we consider the next leading term, i.e., the terms containing the first-order derivative of either U or W; s(x).

a. Fermi velocity

For the terms containing 9, ¥; s(x), we have
/ d’x vl o W ((x)p V)5 (x),  with (A26)
viss = Z /STy / o HCHORTID (—iy, i (ly]) = ) €% 3, 1(@)lg—G+&R (ii) : (A27)
G v
Applying the Poisson summation formula, we obtain that
DTS f(@lg—gak = —i ) KO @+ dts9)t (la + s ]).
G a

For § = §’, it can be shown that the above summation vanishes because of C3 symmetry. For S # §’, due to C3 and m, (mirror
reflection over the yz plane), the above summation leads to vg (01X — 029)ss, With

vp = =i Y RO (0 4 Sap) 0 (a + 5Tas)

a

where §t45 = —%(al +a).
Thus, making the approximation that R(6),,, = 8,,, — 0€,,, this gradient term can be written as

0; 0;
vE Yy W S(x)((px + Efpy)m — (py - gpx>oz>sywj,y<x>. (A28)
j ss

For notational convenience, we can first define the layer-dependent momentum operator:

A 0 9.
pV = (px + Py Py 3’1&) :

so this term can be written in a simpler form:

v )Y W s@)ass - pU s (x). (A29)

j sy

Now, combined with the expansion of the Jacobi factor in Eq. (A21) and expanded to the second order of the derivatives, we
obtain

D IIN (x)(l:FlV 8U>JSS pOW g (x). (A30)

j oSS
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b. Pseudovector and pseudoscalar fields

To the first-order derivative of U, Hin, also contains a term that couples to \U; sVis,

+ Z 0 0Tsy /dzy e_i(G+K)'R(_0j/2)yf(|J’|)%yu(auaup)(G +K),
G

i 5T _ ) 0;
=i526’”’” [dzze (G+K)zt(|z|)R<E/) VZu(G‘FK)p(au‘SUp) (A31)
G I3
where by Poisson summation formula,

DI / &z ¢ O 1(2)2,(G + K),
G

1 )
=5 D¢ MY, (@ + bts i (la + btss )]
a

1 —iK-(a+3tg5) t/(la + SrSS’ |)
= _ L RIS STss 8Tss )y 8Tss )y ———— |. A32
ZXaje ot (a4 8Tss1) + (@ + 8755 @ + 8Ts5)p — (A32)
This summation, when § = §’, leads to
L3 e e el + Slale'ab 5., = (% + 23 lalal )3 (A33)
2 & 2 Yo\2 44 e
For notational convenience, we introduce o = % > o lalt’(lal). When S = §’, Eq. (A31) leads to
2 0; o 0
- F+a)éRl =) 0,U,~|=+a]|[£V- -6U—-—-(VxU), ). (A34)
2 2/ 2 2 ‘
Now, combined with the expansion of the Jacobi determinant, we see that the terms that couple to \Ilj Vs are
w 0 " 1
E+a :l:V~8U—§(Vx5U)z + E+a (£V -8U) :F§V~8U
I 0 1 5
= E—i—oe :l:V»SU—E(VXSU)Z—E(VwSU) . (A35)

Note the main text, where we consider only the lattice relaxation proposed in Refs. [63,64]. The divergence of the atomic
displacement field |V - sU| < 1073 is tiny and can be safely neglected.
When S # §’, by C3 and m,, mirror symmetries, the summation in Eq. (A32) produces

t'(la + SrsyD]

1 —iK-(a+38tgg)

2N e ss) 8t (la + 8tss|) + (@ + 8tss )v(@ + Stsy

3 Ea ovl (] ss'l) + ( 55 v ( s5')p @t ots|
1 A

— 5 Z e—zK.(a+SrSSr)(a + 8tgs ) (a + 3TSS')p

a

t'(la+ 8tss])
la + dtss]

= vy ((13),5,(01)ss + (T1) 1 (02)s57)s (A36)

]zt/(|a+87AB|)

1 .
th — _ —iK-(a+8tap) a 8 B
with - vpy =3 E e [(a+ dTap) PR

a

(A37)

To further simplify the notation, we introduce the layer-dependent pseudovector field A" as

; 6; 0; 0;
Afp(x) = :i:R<_J) A, ~ i<Ax —ZA, A+ —’Ax> ,
2/ 2 277,
with A = (38U — 0,8U,, — (38U, + 0,8Uy)) ~ (20:8,6" (x), (37 — 3;)e” (x)), (A38)

where the signs + and — are for the top and bottom layers, respectively.
Now, combining with the expansion of the Jacobi factor and keeping the terms up to the second order of derivatives:

. 1
VFY / d’x \IJ;S(x)(&SSr CAY — (Gy -A)EV -w) W o (x). (A39)
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5. Second-order derivative terms

In this section, we considered the next order terms, i.e., the second order of combined derivative of U and gradient of fermion

fields.

a. Second-order gradient of fermion field

First, consider the term
Z SiG5ty / Yo @O 1y L S (S ()Y PPy Wy ().

Applying the Poisson summation formula,

ZetG e [y @Oy,

— _1 Z 'O 8Ty a—zf(q)
2 C 9q,0q,

For S = 5, §t = 0. We obtain

q=G+K a

I [
fo=—3 Xa:e a,au(lal) = — 5 Xa:e Kal’1(|a)).

For S # §’, by C; and m, symmetry, we obtain

1 )
=5 Qe M@+ bTss) (@ + STssut (Ja + 8Tss ) = Bil(T3)wor + () moalss,
a
. I
with  fy = —> > e K@ (g 4 §Ta), Pt (Ja + 5Tas)).-
a

Thus, combining together, we obtain

/ d’x Y Y W @) [BopSss + Bi((Pr — P3)on + 2pepy02) o ] Wis ().

i ss

b. Cross terms between atomic displacement gradients and gradients of the fermion field

Next, consider the cross term between the first-order derivative of §U and the gradient of the fermion field:
Al

Applying the Poisson summation formula, we can obtain

Ze’G P / eI (Iy))y,w (G + K),

_ § zG Srgy

8%1861\}

(G+K),
q=G+K

i .
= —z Z e_lK‘(aJraTSS,) |:8up(a + 8TSS’)VI(|a + STSS’ |) + Svp(a + STSS’ )ut(|a + STSS’D
a

t'(la + dtsy
+ (@ +8ts5)u(a + 8ts5)u(a + 8ty )pw]

la + 8tss|

For § = &, the above formula leads to

—-Z Kag g D
Cuvp = auayap .
la|

By (3 and m, symmetries, we can prove that the only nonzero components of the tensor C,,,, are

t'(lal)
la|

. i _iK.
Cox = —ny,v = _C,Vyx = _nyy =Cy with G = _E Xa: e Ka(ax)3

075408-20
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iz Ze"”’w f d’y e YD) 288U, (G + K)p (= Dy 5 (pWs() W5+ W) ()P W ().
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Then Eq. (A44), when S = §’, can be written as
1
Co [ dx W] 03 p. AW, 500).

Now, for S # §’, the summation in Eq. (A45) gives

v
TF[(Sup(&SS’)U + Svp(asS’)u] + DO[(Sup (6SS’)V + Svp(ﬁss’)u + wa(&SS/ )p]

VF _ VF _ _
= (7 + DO)(Supo—v,SS’ + (7 + Do)%p%,sy + D85 555

)3l "(la + 8tss|)

i )
with Dg=—- K@) (g 4 ST45),
o ; Xa: (( AB) P

This leads to the term
N 1 VF 1 _
+ ‘l’j,g(x)z Puépss(X) + &, 55 (xX)py + > + Dy E{V -0U, 055 - p} | ¥ 5 (%),

with & g5(x) = [(%F + 21)0) 3,801 — [(%F + DO> 8,6U, + DOBXSUy]02i| ,
SS’

v v
£,59(0) = ([(7‘7 + DO) 3,8U, + D08y8Uxi|01 - (7F + 21)0)(ay(suy)az> .
SS’

¢. (V8U)? terms

Lastly, we consider the terms containing the square of the gradient of §U':

Ay Ze’”’”’ / eGHR(ly) E yuzyva 8U(G + K)3,0Us (G + K)oy W5(x) W, 5:(x).

Again, we consider the coefficient

- —Amlg Z e'éotss / e K1 (y)y, 0 (G + K) (G + K),

1 —iK- STggr 82
=g e ety T, (O 8T+ Sss it (x + Sss )

a xX=a

1 )
= g Z €_lK'(a+BtSS/) |:(8;/.0 6,01) + Svaapp. )t(|a + (STSS’ |) + (61)0 (a + CSTSS' )/J. (a + STSS/ ),0
a

+ Suo @+ 8Tss )@+ 8Tss)p + dpo (@ + dTss ) (@ + 8Ts9)y

t'(la+ 8tss )
la + §tss|

t"(la +d8tsgl)  t'(la+dtss)
la+38tss2  la+oTssl® ﬂ

+ SUp(a + (STSS/)H(II + (STSS/)O' + SW(a + (STSS/)v(a + 8‘[55')(,)

+(a + (STSS’)M(a + dtss )v(a + SrSS’)p(a +0Tss ) <

For § = &, the above summation can be simplified as

1 —iK-a 7 ’ 1 2.1 3 1 1 2.1
gXa:e (Buobpv + 8vs )| t(lal) + glalt (lal) + glal t°(lal) | + 8500y glalt (lal) + glal 1" (lal)

= (% + Cl)((s;urgpv + 8\)08,0;1) + C28p06;w,

with the expression for the two coefficients C; and C; listed below:

(7 1
C=g Xa:e"""’<§|a|t’(|a|) + 8|a|2 ”(Ial)>,

) 3 1
— _ —iKa | = 4 2 "
G = s E e <8|a|t (la]) + 8|a| (|a|)>.

a
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TABLE IV. Numerical values of the parameters in § Hjyy, in Eqs. (32) and (AS) for two different microscopic tight-binding models.

Intralayer o (eV) Cy (eV) C, (eV) D (eV) D, (eV)
Ref. [65] —1.0542 —0.1165 0.1448 —0.9829 3.5837
Ref. [66] 2.5472 0.4822 —0.1546 —1.0862 —2.1330

This leads to the term

|:(8 +C1>((V sU)? +(9,6U,)(3,6U,,)) + C»(9,,6U,)(9,6U, )i|\IJTS(x)\IJ]s(x) (AS57)
For § # &', the first term in the square bracket of Eq. (A53) vanishes by C3 symmetry. Introducing the notation
1
Ryvpo.ss = 70ry 180 (T3)pv01 + (T1)pv02) + (1 < p) + (ko < pV)]ss (A58)
1 _iK. "(la+dtsg) t'(la+dtsgl)
vV oo SST = — iK-(a+8tgg) 5 , § Dy § , ) o _
nvpo. 8= g Xa:e (a+dtss)ula+dtss)(a+ 8tss),(a+ dtsy) PR — a1 55y [

D
= FI[SV/L((T:S)pO’Ul + (1 )anZ) +tn<eop)+poo)+(pov)+ <o)+ (pp < vo)lss

+ D, (COS <%n2>01 — sin (%m)az)”/, (A59)
855 (X) = (Ruvpo.ss' + Viwpo,s5)0,,8U,0,8Us (A60)
where n, in Eq. (A59) is the number of times that the index y appears in the subscripts u, v, p, and o, i.e.,
ny = 8y + 8uy + 8y + Sy

Equation (A59) is derived by C3 symmetry, and the constants Dy and D, must be real as constrained by m, symmetry. To be
more specific,

1 _iK t"(la+8tapl)  t'(la+ STapl)
D, = iK-(a+38tap) _ 8 . 4 8 4
" 16 p ‘ la + 8T4p|? la + 8tap)? (@ Oran)el" + lfa + 374, 1)
1 _iK t"(la+8tapl)  t'(la+ STapl)
D, — iK-(a+38tap) _ 5 . 4 § 4 .
*7 16 p ‘ la + 8Tap|? la + 8tapl? (@ Otan)el" = lfa + 9%a 1)
Thus, we have the terms
ZZ‘I’ (Csy —UF)/(V 8U)bss: - )‘I’j,s'- (A61)
i ss

with the numerical values of the parameters listed in Table IV.

6. Deformation potential

In this subsection, we consider how the strain can couple with the charge density of the electrons on a single layer. In the
previous subsections, we have calculated the effective continuum Hamiltonian H I§f that contains the term

Hyp: _a/d2 D (VU W _Za/d2 > VU, (A62)

J.S J.S

with o = i > e~K4|g|t'(Ja|). In the above formula, 4+ and — signs are from the top and bottom layers, respectively, and we

have used the fact that V - U ,” =-V.U ,‘7‘ = %V - 8U. However, we have assumed that the all the hopping constants depend
only on the displacement, and neglect the possible dependence of the on-site energy on the nearby atomic configurations. If
the on-site energy € depends on the lengths of three nearest bonds, it is expected that this dependence should also induce the
coupling between the strain and the fermion density. In this case, € is a function of {In(’) ®@IHGE=1,...,3) where n(’) G(x) is
the nearest-neighbor bond on layer j, sublattice S, and at the position of x [61]. As a result the on-site energy can be expanded
to the linear order of the strain [61]:

V3 de

e({lnf9@|}) ~ e +xV-Ul  with «= PR (A63)
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This induces another term that couples the strain with the fermion density:

HY = Z/dzx (0 + .V U w5 (A64)
Now, combining Egs. (A62) and (A64), we obtain
HY = Z[dzx (€0 + apV - U)W W55, (A65)
with
«/5 de

+5 Ze—’“mv (lal). (AG6)

Qgp =K +200 = — > 8|8°‘

Since Refs. [65,66] do not provide enough information on how the on-site energy depends on the nearby atomic configuration,
we can calculate only the value of «, but not x. The numerical value of ¥ can be obtained either by ab initio method, such as
DFT, or calibrated by the experimental measurements on ¢y, with the formula k = oy, — 2a.

APPENDIX B: INTERLAYER TUNNELING

In this Appendix, we will present the detailed derivation and the symmetry analysis of the interlayer tunneling terms. Starting
from the master formula in Eq. (28), and keeping only the first-order gradient of the fermion fields, we obtain

Hiner = Ayl >3 €65 G+ 5(0) / &’y e G (y 4 doz, {n (x +y/2)), {m5 (= y/2)})

G s
X [W]50Wh5 () + 3 - (VU W5 () — W )V Wy5(0)) | + Hee, B1)
where we have applied the formula that the lattice distortion U ,” =-U 2 and is independent of the sublattice. In addition, the

microscopic interlayer hopping functions are assumed to depend not only on the hopping displacement y + dyZ but also on the
direction of the nearest-neighbor vectors nt E: ) and n(a) on each layer [66]. Note that the terms in Eq. (28) are expanded only to
the first order of the gradients of fermion fields, and therefore the interlayer tunneling can be written as

Hiner = fdzx v s(x) |:TSS/ (x) + E{P, Asy (x)}}‘l’h,y (x)+ Hec. (B2)

In the rest of this Appendix, we will study the properties of these two tunneling fields Tss (x) and Agg (x) and express them in
terms of the microscopic hopping functions.

Different from the intralayer terms that depends only on the gradient of U, the inter-layer tunnelings are the function of U
that is not tiny compared with |a|. As a consequence, we do not expand the interlayer tunneling terms in the powers of U .

As mentioned in the main text, in general, U ,” x) = %2 X X+ %«SU (x), leading to

ei(G+K)<2U”(x) — 0(GHK)-(2xx) ,i(G+K)-8U _ eix'(qlrl+gG)ei(G+K)‘5U(x),

where ¢, | = —0z x K and gz = —0% x G. For small twist angle 6 < 1, it can be shown that g4 is a reciprocal lattice vector of
the moire superlattice. For G; and g; defined in Fig. 2, it is easy to see that

8, = —@& +8&) and &g, =8 = &uG,+me, = (M2 —m)g; — myg,.
In addition, the lattice relaxation U (x) = 8U (x + L;) (i = 1, 2) is a periodic function, and so is ¢/(6*%)3U This suggests that
l(G+K) sU Z U (G)etgx — gl(GJrK) 2U ) _ zx g0 Zel(gGJrg)xu (G)
g g

where Zg sums over all the reciprocal lattice vector of the moire superlattice. This gives the Fourier transformation of
ei(G+K)-2Ul‘(x)’

Now, we obtain the expression of the interlayer tunneling terms:

Tog(x) = ) _ /0Tl Z EHOTY (G [ d’y et (y + doz, {n%(x +y/2)}. (i (x —y/D)}). (B3
G

Ass(x) = Y &Gt eltnn 3 t<gs+g>xu 2 (G) / A%y (—ip)e Ve (y + doz, {n)x +y/2)}, {n x —y/2)}) (B4
G 4
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FIG. 14. The vectors g, in the first six shells.

As shown in the next Appendix, the Fourier transformation
of the interlayer tunneling in both microscopic tight-binding
models decay fast as a function of the momentum. Therefore,
it is convenient to express and calculate the Fourier trans-
formation of the tunneling terms. Since the direction of the
nearest bond n; s is also periodic with the period of L;, its
Fourier transformation can be written as

iq - | iq, ;- |
Tos(x) = @ T, Agg(x) =) @ ALY,
w,l .l
(BS)

where the vectors ¢, ;, are plotted in Fig. 14 for the first six
q shells (u < 6). The subscript p refers to the shell of the
vectors, and [ is used to distinguish different vectors in the
same shell. It is easy to see that g, , — ¢ ;) is a reciprocal
lattice vector of the moire superlattice.

Here, we consider the microscopic tight-binding models
with the interlayer hopping depending only on the hopping
displacement, as in Ref. [65]. We introduce the notation for
the Fourier transformation of the hopping:

f4,(q) = A;}g / d’y e Tt (y + do%)

= A / d*y eyt (y + do?)
= ivqfdo (¢1)

Therefore,

Tsg (x) = €900 ) " O 7 (G + K) ) €8 uy(G),
G g
(B6)

Aggy(x) = edan* ZeiGrss/ V‘Ide(q)|q=G+K
G

D) (B7)
8

With the rigid twist only, U =0, and thus u,(G) =
dg.0. If we only focus on the first ¢ shell (u = 1), we see

. SK tight binding
(both valleys)

. 2 g shells (valley K)
. 1 g shell (valley K)

20

6 =1.05°

> no relaxation
Q &
£
S —
53] ‘"'I‘I"ﬁ;i.
-10
-20
K K’
20-
. SK tight binding
(both valleys)
15 . 6 q Shells (valley K)
0 =1.05°
- 5 q Shells (valley K)
> 10 lattice relaxed
g -4 q Shells (valley K)
R . 3 q Shells (valley K)

K r M K
(b)

FIG. 15. Spectrum after truncating to a different number of ¢
shells in the interlayer tunneling terms. We have considered the ef-
fective continuum Hamiltonian HE; constructed for the microscopic
models in Ref. [65]. With the rigid twist only (above), the inclusion
of two ¢ shells leads to an almost perfect agreement between the
spectrum produced by HX and the microscopic model. In the pres-
ence of the lattice relaxation (below), however, more g shells are
needed to achieve comparable accuracy. Note that while the tight-
binding spectra automatically contain both valleys, for the continuum
model we show the spectra only for one valley to avoid clutter.

that

Tsg (x) = €900* Z €605 1y (G + K)ese™
G
~ eiqu.l)'xf(K) + eiql,z'xe*iGl'sts’fdo(_Gl +K)
+ 0127 GGy ) (G — Gy +K). (BS)

Due to C; symmetry, 74, (K) = 15 (—G, + K) = i4,(—G, —

G, + K) and are real by C,, symmetry. Thus, by calculating
(L

the component of w; ", we see that
i = wp, WD =0, wi =0,
1 V3
12y _ o (1,3) _ (1,1) (1,2) _ (1,3) _
w T =w Y = —zw Y, wy Y = —w, ) = ———wy,

2 2

where wg = 7,,(K). Thus, if we further neglect the gradient
coupling fields Ags, we fully recover the BM model [60] in
which wg = w;.
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30-
. Wannier tight binding

6 =1.05° (both valleys)

20 no relaxation
. two q shells (valley K)

> . one q shells (valley K)
g
~
55

0=1.05 . Wannier tight binding

20 lattice relaxed (both valleys)

> . 4 q shells (valley K)
E 10 - 3 q shells (valley K)
53]

2 q shells (valley K)

K T M K’
(b)

FIG. 16. Same as Fig. 15 but for another microscopic model in
Ref. [66].

J

The values of w*" and A" have been listed in Tables I1I
and V for the two microscopic tight-binding models proposed
in Refs. [65,66]. Note that we only listed the values of ws and
As for the first several g shells. The contributions from other
shells are negligible.

In Appendix D2, we will discuss the interlayer tunneling
terms for another more complicated microscopic model in
which the interlayer hopping depends not only on the hopping
displacement but also on the direction of the nearest-neighbor
bonds on the two layers.

APPENDIX C: SYMMETRY ANALYSIS

In this Appendix, we consider the constraints on them by
various symmetries. Here, we focus on three different symme-
try transformations, C, 7, C3, and C,,, and the fermion fields
transform as

CQTI \I’j,g(x) —> ’C“pjj(_x)a (CDH

o ‘ 2
CG: Vsx)— e (@2)ss Vs (R(—?)X'), (C2)
Gt Vjs(x) — W; 5(myx), (C3)

where j and S are the layer and sublattice index different
from j and S, respectively. R(—%”)x is the vector x rotated
clockwisely by the angle of 277 /3, i.e.,

T
2 T x 3 y 3
R(‘?)“’” = (‘5*?"5‘7‘) :

and m, is the reflection symmetry through xz plane, i.e.,
my(x, )T = (x, =y)".

The interlayer tunneling terms are invariant under C,7 transformation. It leads to the constraints

(01T (x)o1)sy = (Tss (—x))*  (01A(X)01)5y = (Ags (—x))" (C4)
= (1T"01) o = (TE")", (01A"Day) o = (ALD)". (C5)

This suggests that we can write
T8 = (wi Doy + w oy + wi oy + iw{“os) o, (C6)

Ag;g;l) — (k(()M'I)O'O + x(lﬂ,l)al + )‘(2%1)0.2 + ix;ﬂ,l)og)

where all w*" (i = 0, - - -, 4) are real numbers and A"

. (o)

are two-component real vectors.

The invariance under C transformation leads to the following constraints on Tgg and Agg':

2y 21 iy
Tssx)=\e3%T\R[ — |x)e 5% )
3 S

. 2
Ag s5(x) = <€'2362Raﬁ <——

)Aﬁ (R(z—”>x)e"2§’“:> : (C8)
3 s

For notational convenience, we introduce q,,, ;) = R(27 /3)q,, ;- Then,

Ts(g,l) _ (ei%”ozT(/,L,l’)e—[%”az)

(1)
ss Aot,SS’

27\, 2 N
= Rup (——) (e Fo Ay (C9)

3
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Eventually, the contact and gradient coupling constants should satisfy the following relations:

w0y o (wl) (780 BN (7)) W'y ey i (D) s (D)
wd =w, wi =wiV w —iwdt =5 (wi — iwd?)

o= (x(5)) e, 00, = ((55)) o),

) ) 2 2 '
(AP — gy = Jx (R(T» (Ao — ! ’)ﬁ. (C10)
ap
Lastly, we consider C,, symmetry. It imposes the constraints
Tss(x) = (GxT(mﬁ)Ux)S,S, Ay s (x) = (13)ap (UxAﬂ(myx)Ux);S- (C11)
Again, we introduce the notation g, ,, = —myq, ;- It leads to
w(()u,n) w(()u«,l)’ wixw) — wiw)’ wé”“’") — _w;u,l)’ w;”“’") — w;u,l)
(50 = @ap (") (), = @ap A7) (), = = (35),
(), = @ap(4"),. ©2

The formulas above are the general constraints for the interlayer tunneling fields 7 and A. As an example, here we explicitly
write the formula for gs in the innermost shell © = 1. It is obvious that n = 1 for / = 1. Combining Egs. (C10) and ((C12):

wi'’ =wo, wi =w;, wi =0, (C13)

w1 \/§
wi=w, w? =w? = - -5 w§”=.4®”>:__7wh (C14)
AT = (o 0), A =0, 0), ALY = (05,00, A8Y = (0, 20,). (C15)

APPENDIX D: MICROSCOPIC HOPPING FUNCTION

1. Slater-Koster-like hopping parameterization

First, we consider the microscopic tight-binding model proposed in Ref. [65], in which

d 0 \d\tl() d2 2 0 _ldi—dy dz :
td) = Vppn 1 - W + Vppoe 3 W y (D1)

where V]?pn = —2.7eV, Vpop,, = 0.48¢eV. ap = 0.142 nm is the distance between the two nearest-neighbor carbon atoms on the
same layer; dy = 0.335nm is the interlayer distance. The decay length for the hopping is § = 0.319ay. The intralayer hopping
thus can be expressed as

|d|—aqg

finra(d) = VO, e 7 (D2)

where d is the in-plane hopping displacement. It is easy to show that the Fourier transformation of the intralayer hopping is

e“PI1 + (g8)°172. (D3)

2 iva 2182
fnra(q) = Ay, | dy eV 1(y) = pmAl
mig

It is now clear that 7, decays in ¢~ in the momentum space, but the intralayer hopping ¢ exponentially decays in real space.
The Fourier transformations 7 of the interlayer hoppings are

7 (gl) = / Py ey + do?)

Amlg
2mdg [ o LWr+-a /d) o % YN T

= Vppn dy yJo(qdoy)e B 07eo + Vpp(r dy )’Jo(qdo)’)e s : 2.1 (D4)
Amlg 0 + 1 0 v+ 1

With the Fourier transformation in Eq. (D4), we are able to calculate all the components wl.(“ D and kf“ D of the interlayer
tunneling fields Tsg (x) and Agg (x), with their values listed in Table V.
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TABLE V. Parameters of the interlayer tunneling terms for two microscopic tight-binding models in the presence of the lattice relaxation.
a is the magnitude of the primitive lattice vector and all numbers are in units of meV.

w(()4.1) wi4,1) w;4,1) w§4,]) w(()S,I) wiS,l) w;S,l) wgil) w(()ﬁ,l) wiﬁ,]) w;&l) w;ﬁ,l)
Ref. [65], —0.39 1.13 —0.20 0 5.79 6.36 0 0 5.18 —2.78 —4.98 0
relaxed
Ref. [66], 0.16 0.34 0.10 —-0.07 negligible
relaxed

)»ff‘”/a )»(14’1)/0 A,(24’1)/a A.:(;Ll)/a léS,l)/a A'(IS,I)/a }‘;5,1)/(1 ng,l)/a }‘36,1)/(1 l(lﬁ.l)/a A,(26’1)/d lgﬁ’l)/a

Ref. [65], (—0.1,-0.2) (0.5,0.1) (=0.1,-0.7) (0,0) (=5.2,0)(=5.1,0) (0, —0.2) (0,0) (2.2,—4.1)(—1.1,2.1)(=2.1,3.3) (0,0)
relaxed

Ref. [66], 0.3,0.1) (0.3,-0.1) (=0.1,0) (0,0) negligible

relaxed

2. Wannier-based hopping parameterization

In this subsection, we consider the model proposed in Ref. [66]. Note that Ref. [66] does not provide a general formula for
the intralayer hoppings but lists its magnitude for a set of discrete hopping distance. Here, we fit the intralayer hopping with the
following formula:

tra(F) = toe @7 cos(BoF) + t72e 1T (D5)

The values of the fitted parameters are listed in Table VI. It is obvious that the intralayer hopping decays exponentially as a
function of |r|.
According to Ref. [66], the general form of the interlayer hopping can be written as

tinier(r) = Vo(r) + V3 (r)(cos(3612) + c0s(3621)) + Vi(r)(cos(6612) + cos(6621)), (D6)
V(r) = hoe 87 cos(icoF), (D7)

Vi(r) = hgile 5000 (D8)

Vi(r) = Age 50 sin(iF), (D9)

where the vector r is the in-plane projected vector of the hopping displacement and 7 = r/a. The variables 6,, and 6, are the
angles between r and the nearest-neighbor bond vectors n; s on two layers, i.e.,

1 r 'nj,S
012 = COS <——) =9r_9j,S+7T’ (DIO)
rin;s|
r-mniq
921 = C0871 (—j’s) = 9, — Qj/ys/. (Dll)
rinj sl

In the above formula, we define 6, to be the angle between the vector r and the x axis, and 6; 5 (8 s) to be the angle between

the bond vector n;s (n; ) and the x axis. Note that each carbon atom has three different bond vectors. We label the angles
of these three bonds by 0}?’3) (0;%), where the superscript « is the index of the bond vectors. Without the lattice distortion
(e. %., as for a rigid twist), the three in-plane nearest neighbors of a carbon atom are C3 symmetric about the carbon atom, and
G(fxs = G;IS) + 27 (o — 1)/3. Therefore, the angles 8, and 6, could differ by 27 /3 if choosing a different nearest-neighbor bond,
leading to the same cos(3m6,) and cos(3m6,; ), with m being an integer. As a consequence, Eq. (D6) is independent of the choice

of the bond vectors. The values of all microscopic hopping parameters are listed in Table VI.

TABLE VI. Parameters for the interlayer and intralayer hoppings in the model proposed in Ref. [66].

Inter Ai (eV) 5,’ Xi Ki

Vo 0.3155 1.7543 2.0010

Vs —0.0688 3.4692 0.5212

Ve —0.0083 2.8764 1.5206 1.5731

Intra to (eV) o7} ,3() t (eV) oy r
—18.4295 1.2771 2.3934 —3.7183 6.2194 0.9071
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In the presence of the lattice distortion, however, the local C;3 symmetry is broken, and thus Eq. (D6) depends on the choice
of the bond vectors. In this case, we set the interlayer hopping as

1< BN . 1< o1 .
tinter () = Vo(r) + V3(r)(§ ; cos (391(2)) + 3 ; cos (392(1))> + Vs(r) (§ ; cos (691(2)) + 3 O; cos (692(1 )) ,  (D12)

where 6% = 6, — 9(°‘> +mand 65 =6, — 6.
To obtain the Fourler transformation of the hoppmg function, consider

o) 2w
/ d’y e, (lyhe" @ = f dy yt,(y) / dge PO
0

2
- / y yn() / do Z (—ie )" (qy)e™ ) = 2 / dy ytu () (=) " (qy)e™ =%
0

m=—00 0

= 27 (—i)"e" ) fo dy yt,(0)Ju(qy). (D13)

where 6, is the angle between the vector g and the £ axis. In the derivation above, we have applied the formula e3t=171 =
Zoo oo 1"Jn(z) and J_,(z) = (—1)"J,(z). Starting from Eq. (D13), it is easy to obtain

m=—

/dzy e 1, ([y) cos (n(6y — 6;)) = 27 (—i)" cos (n(6, — 9;))/ dy yJu(qy)in(y). (D14)
0

For notation convenience, we introduce

o]

- 2
vi(q)=% [ v (D15)
mlg

where i = 0, 3, and 6.
We first consider the Fourier transformation when the lattice is locally C3 symmetric, i.e., the lattice relaxation is absent. In
this case,

th(q7 jSv J's S’)—t(q’ jSv J' ' §) = ng/dzye 1¢Iyl‘(y+dOZ OJS,QJ s)

= Vo(q) + i(— cos(3(8, — 0.5)) + cos (3(6, — 0173)))V3(g) — (cos(6(6; — 0.5)) + cos(6(8, — 0;.5)))Ve(q),
(D16)

where 7c, is introduced to refer to the Fourier transformation of the interlayer hopping function when the lattice is locally C;
symmetric.

In the presence of the lattice distortion that varies slowly in the real space, the angle «9](.5"3) can be approximated as
015 = Oyo + 86/, (D17)
2 () () I
@ X&) om0y o
805 = e =~ 5851 ™ 8s.p> (D18)
1857 |85 o

where 93? = 9321) + m, and for our choice of the coordinate system, 932" =1/6, 9532) =7/6+ 27 /3, 96? = 7/6 — 27/3. Since
UtH,s = —U}l,s = %(92 x y + 8U), we obtain

0 € asU
(@) _ _epla) _ 7 ny () vV o(a)
891,5 - sebvs - 2 + 2|6§a)|2 S, axp 85,0 :

Consequently, the hopping function is approximated as

t(y + doz, { (a)} {ny,l)s,}) ~ t(y +dpZ, { 5(&) a(a) + Z 89((){) (a) Z e 560 (a)
/ S/

=Vo(y) + V3(y)(—cos 3(6 — 0s;) + cos 3(Oy — s, )) + Ve(y)(cos 6(6y — Os;) + cos 6(6y — b5,,))
+ V3(y)(<z 59“’“) sin3(6, — 6,) — (Z 50 ;) sin 3 (6, 955,))
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. SK tight binding

(both valleys)

Intra ~ O(k*) , Inter ~ O(k)
) (valley K continuum)

E/meV

Intra ~ O(k), Inter ~ O(1)
’ (valley K continuum)

40 m=31,n=32 ~-

0 71O . SK tight binding

(both valleys)
Intra ~ O(k%), Inter ~ O(k)

" (valley K continuum)

E/meV
o

-20 Intra ~ O(k), Inter ~ O(1)
" (valley K continuum)

-40

(b)

FIG. 17. Impact of the higher order terms in the effective Hamiltonian on the energy spectrum near the CNP. The spectra of HE constructed
for the microscopic models in Ref. [65] produced by (blue) keeping or (green) dropping the second-order gradient terms in the intralayer
continuum Hamiltonian and gradient couplings in the interlayer tunneling terms. For comparison, the spectra of the microscopic tight-binding
model are also plotted and marked as red. Dropping the higher order derivative terms leads to a mismatch of ~5-10meV that is consistent
with the estimate of this energy scale in the main text. Note that while the tight-binding spectra automatically contain both valleys, for the
continuum model we show the spectra only for one valley to avoid clutter.

- 2v6(y)<<2 59“”) sin 6(6y — 6s,) + <Z 59%) sin6(6, — 933,)>. (D19)

Correspondingly, its Fourier transformation can be written as

. dic,(q, Os, 05, ) dic,(q, Os, O5,,)

(o) (o) (o) G 52 s () 3 52 7 0s
i(q {0;5). {655 }) =~ icy(q, 0550 05) + (Z 86 ) 9, (Z 50 S,) T , (D20)
where 7c,, defined in Eq. (D16), is the Fourier transformation of the interlayer hopping for a locally C; symmetric lattice.

3. Impact of sub-leading terms

We also consider the impact of the subleading terms in the constructed continuum model. Fig. 15 and 16 demonstrates the
spectrum after truncating to a different number of ¢ shells in the inter-layer tunneling terms, for two microscopic models in
Ref. [65] and in Ref. [66]. The impact of the higher order terms on the energy spectrum is illustrated in Fig. 17 and 18. Fig. 19
demonstrates the p-h asymmetry induced by w3 and momentum dependent A in the interlayer tunneling.

APPENDIX E: APPROXIMATE FORMULA OF vp;rqc

In this Appendix, we derive the approximate formula of vp;,. in the presence of the pseudovector field that is induced by the
lattice relaxation proposed in Ref. [64]. Motivated by Fig. 5, we neglect VA, the irrotational part of the pseudovector field A,
and thus A ~ V x (28“4). Furthermore, as demonstrated in Table I, the lattice relaxation §U in Ref. [64] is dominated by the
lowest harmonics. Because ¢ 4 is even and real, its Fourier components must be pure imaginary and also odd. Considering C3
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. Wannier tight binding
(both valleys)
i Intra ~ O(k) , Inter ~ O(k)

) (valley K continuum)

E/meV

no relaxation
Intra ~ O(k) , Inter ~ O(1)

' (valley K vontinuum)

. Wannier tight binding
(both valleys)

..................... Intra ~ O(K*), Inter ~ O(k)

) (valley K continuum)

E/meV

Intra ~ O(k) , Inter ~ O(1)

' (valley K continuum)

M K

(b)

FIG. 18. Same as Fig. 17 but for another microscopic model in Ref. [66].

symmetry, we can assume that

3
eA ) ~ it Y (BT — o), (E1)
j=1
where g3 = —(g; + g,). Under these approximation, we can obtain
| 3
Ap= (A +id) ~ilg| Y o (B + 78 ™), (E2)
&y ,
j=1
where g; = —(g, + g,) and w = ¢/*"/3, Now, for the equation
+ & A aU (x Dy (x
op [P T VETAS (~./)l ( 1( )) _o. (E3)
alU(—x) P+ — V&AL )\ Pa(x)

where & = w1 /(vrkg), and U(x) = )~ w/~'e'* . We further assume that & and y &' are small and expand the wave function
in terms of the powers of « and yé{‘:

®1(x) = 14y oV @) + 20 V) + (& P () + - -, (E4)

Dy(x) = a®V O (x) + ayE o V) + - (E5)

where we have used the fact that ®;(x) is even in o and ®,(x) is odd in «. Substituting Eqs. (E4) and (ES) into Eq. (E3) and
comparing the powers of & and y 7", we obtain the equations

@V + AL =0, pioP"+U®YY =0, p,@"? + A0 =0 (E6)

p+@Y + UG =0, pe@)! = A8 + U(-n)@) =0, (E7)
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FIG. 19. The two singular values, A;(k) (left column) and A, (k) (right column), of the projected p-h operator P defined in Sec. IV by
turning off different interlayer terms in HX; for the microscopic tight-binding model in Ref. [66], and keeping all terms in the intralayer part
of Herf in Eq. (33). (a) All terms in Eq. (40) are kept in the interlayer tunnelings, (b) the contact couplings wg’”) for all the shells are set to 0,

and (c) both the contact wé" D and the gradient couplings Ag’;;l) are set to 0. It is clear that the p-h asymmetry is dominated by the contribution

from w;’”).

We consider the correction of vpy,e by the inclusion of A by expanding it to the powers of O(azyéf‘). This allows us to focus
only on the lowest harmonics of the Fourier expansion of ®; and ®,. After some calculations, we found

3
q)go,l) _ _iz(eigj~x — ey, (bél,O) — ize—iqj-x, (E8)
j=1 J
0 = LY (et ), o aFY @)
; J
cDgO,Z) - _ Z(eigj-x + e—igj-x)‘ (E10)
J

Now, Eq. (68) gives
1 - 6()/5{4)2 - 30{2(1 — %«/gyéf‘)
14302 +6(y{t)’ '

o
UDirac ~

(E11)

Based on Tables I and 11, yé;“ ~ 0.06. Equation (E11) gives @ & 0.79 when vpj;,c = 0. This value is very close to o = 0.7857,
the numerical result obtained in Sec. V.
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