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SI. THE TIGHT-BINDING MODEL OF MONOLAYER DICE LATTICE

FIG. S1. Schematic diagram of the dice lattice. Blue, red, and green dots represent the A, B, and C sublattice atoms,
respectively. The primitive lattice vectors are denoted by a1 and a2. The NN hopping amplitudes between A → B and B → C
sites are labeled as t, while the NNN hopping amplitude among the A → A, B → B, and C → C sites is represented by t1.

The Bravais lattice vectors of the dice lattice are given by a1 = a
(

1
2 ,

√
3
2

)
and a2 = a

(
− 1

2 ,
√
3
2

)
, where a =

√
3d is

the lattice constant and d is the nearest-neighbor (NN) bond length. We choose d = 1.42 Åas in the case for graphene.
The NN hopping amplitude between the A → B and B → C sublattices is denoted by t, while the hopping amplitude
for next-nearest-neighbor (NNN) interactions between the A → A, B → B, and C → C sublattices is denoted by
t1. The schematic representation of the dice lattice is shown in Fig. (S1). We take the B site as the origin. The
relative position vectors of the three NN A sites with respect to the B site are given by: τA

1 = (0, d) = 1
3 (a1 + a2),
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τA
2 =

(
−d

√
3

2 ,−d
2

)
= τA

1 − a1, and τA
3 =

(
d
√
3

2 ,−d
2

)
= τA

1 − a2. The three nearest-neighbor vectors from the B site

to the C sites are simply the negative of those to the A sites: τC
i = −τA

i for i = 1, 2, 3. The corresponding reciprocal

lattice vectors are given by, b1 = 4π√
3a

(√
3
2 , 1

2

)
and b2 = 4π√

3a

(
−

√
3
2 , 1

2

)
. The K+ and K− valleys are located at(

4π
3a , 0

)
and

(
− 4π

3a , 0
)
, respectively.

In absence of NNN hopping t1, the momentum-space Hamiltonian in the sublattice basis (Ak Bk Ck)
T
is given

by [1]

H(k) =

 0 f(k) 0
f∗(k) 0 αf(k)
0 αf∗(k) 0

 , (S1)

where the off-diagonal term is defined as, f(k) = −t(1+e−ik.a1+e−ik.a2). Near the K valley, the low-energy expansion
of f(k) yields [2, 3]

f(qx, qy) =

√
3at

2
(qx − iqy) = vF (qx − iqy),

where vF =
√
3at
2 is the Fermi velocity and q is measured relative to the K+ point. Substituting this form into

Eq. (S1), we obtain the effective low-energy Hamiltonian [4, 5]

H ′(qx, qy) = vF

 0 qx − iqy 0
qx + iqy 0 qx − iqy

0 qx + iqy 0

 . (S2)

Now including the NNN hopping amplitude t1, the effective low-energy Hamiltonian near the K+ valley can be written
as

H(qx, qy) = vF

 0 qx − iqy 0
qx + iqy 0 qx − iqy)

0 qx + iqy 0

+ t2

q2 0 0
0 q2 0
0 0 q2

 (S3)

where t2 = 3
4 t1a

2 =
√
3at1
2t vF and q2 = q2x + q2y.

SII. THE INTERLAYER HAMILTONIAN OF UNSTRAINED TBDL

K+ valley:
In the vicinity of K+, the matrix elements of the interlayer Hamiltonian are given by [6–8]

UX̃,X(q, q̃) =
∑
G,G̃

wX̃,X(q+K+ +G) e−iG·τX+iG̃·τX̃ δq+K++G,q̃+K̃++G̃. (S4)

Here, G = m1b1 + m2b2 and G̃ = m1b̃1 + m2b̃2, where b1 (b̃1) and b2 (b̃2) are the reciprocal lattice vectors
of layer-1 (layer-2), corresponding to its primitive lattice vectors a1 (ã1) and a2 (ã2). Now, we consider the A–B
(Bernal) stacking configuration [7], under which the sublattice position vector of the atoms in both layers are given
as, τA = 1

3 (a1 + a2), τB = 0, τC = − 1
3 (a1 + a2), τÃ = τ0 + sêz − 1

3 (ã1 + ã2), τB̃ = τ0 + sêz + 1
3 (ã1 + ã2), and

τC̃ = τ0 + sêz. Here, s denotes the interlayer separation, and τ0 is the relative in-plane translation vector of layer-2

with respect to layer-1. For simplicity, we consider τ0 = 0 in our analysis. Now replacing G and G̃ in Eq. (S4), the
interlayer Hamiltonian takes the form

UX̃,X(q, q̃) =
∑

m1,m2

wX̃,X(q+K++m1b1+m2b2) e
−i(m1b1+m2b2).τX+i(m1b̃1+m2b̃2).τX̃ δq+K++m1b1+m2b2,q̃+K̃++m1b̃1+m2b̃2

.

(S5)
The term δq+K++m1b1+m2b2,q̃+K̃++m1b̃1+m2b̃2

in Eq. (S7) implies that interlayer scattering between layer-1 and

layer-2 is only allowed for specific combinations of (m1,m2), for which the coupling wX,X̃(q +K+ +m1b1 +m2b2)
is maximized. The scattering matrices Uqb

, Uqtr
, and Uqtl

correspond to momentum transfers qb, qtr, and qtl,
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arising from the combinations of (m1,m2) = (0, 0), (0, 1), and (−1, 0), respectively. Now the interlayer Hamiltonian
corresponding to K+ valley is given by

U(q, q̃) =

UÃ,A UB̃,A UC̃,A

UÃ,B UB̃,B UC̃,B

UÃ,C UB̃,C UC̃,C



=

w1 w2 w3

w2 w1 w2

w3 w2 w1

 δq−q̃−qb
+

 w1e
iϕ w2 w3e

−iϕ

w2e
−iϕ w1e

iϕ w2

w3 w2e
−iϕ w1e

iϕ

 δq−q̃−qtr +

w1e
−iϕ w2 w3e

iϕ

w2e
iϕ w1e

−iϕ w2

w3 w2e
iϕ w1e

−iϕ

 δq−q̃−qtl

= Uqb
δq−q̃−qb

+ Uqtrδq−q̃−qtr + Uqtl
δq−q̃−qtl

(S6)

The matrices Uqb
, Uqtr , Uqtl

, which describe the interlayer coupling at K+ valley associated with each mo-

mentum transfer, take the following forms: Uqb
=

w1 w2 w3

w2 w1 w2

w3 w2 w1

 , Uqtr
=

 w1e
iϕ w2 w3e

−iϕ

w2e
−iϕ w1e

iϕ w2

w3 w2e
−iϕ w1e

iϕ

 , Uqtl
=w1e

−iϕ w2 w3e
iϕ

w2e
iϕ w1e

−iϕ w2

w3 w2e
iϕ w1e

−iϕ

 (with ϕ = 2π/3).

K− valley:
In the vicinity of K−, the matrix elements of the interlayer Hamiltonian are given by [6–8]

UX̃,X(q, q̃) =
∑

m1,m2

wX̃,X(q+K−+m1b1+m2b2) e
−i(m1b1+m2b2).τX+i(m1b̃1+m2b̃2).τX̃ δq+K−+m1b1+m2b2,q̃+K̃−+m1b̃1+m2b̃2

.

(S7)
The term δq+K−+m1b1+m2b2,q̃+K̃−+m1b̃1+m2b̃2

in Eq. (S7) implies that interlayer scattering between layer-1 and

layer-2 is only allowed for specific combinations of (m1,m2), for which the coupling wX,X̃(q +K− +m1b1 +m2b2)
is maximized. The scattering matrices U−qb

, U−qtr
, and U−qtl

correspond to momentum transfers qb, qtr, and qtl,
arising from the combinations of (m1,m2) = (0, 0), (0,−1), and (1, 0), respectively. Now the interlayer Hamiltonian
corresponding to K+ valley is given by

U(q, q̃) =

UÃ,A UB̃,A UC̃,A

UÃ,B UB̃,B UC̃,B

UÃ,C UB̃,C UC̃,C



=

w1 w2 w3

w2 w1 w2

w3 w2 w1

 δq−q̃+qb
+

w1e
−iϕ w2 w3e

iϕ

w2e
iϕ w1e

−iϕ w2

w3 w2e
iϕ w1e

−iϕ

 δq−q̃+qtr +

 w1e
iϕ w2 w3e

−iϕ

w2e
−iϕ w1e

iϕ w2

w3 w2e
−iϕ w1e

iϕ

 δq−q̃+qtl

= U−qb
δq−q̃+qb

+ U−qtr
δq−q̃+qtr

+ U−qtl
δq−q̃+qtl

(S8)

The matrices U−qb
, U−qtr

, U−qtl
, which describe the interlayer coupling at K− valley associated with each

momentum transfer, take the following forms: U−qb
=

w1 w2 w3

w2 w1 w2

w3 w2 w1

 , U−qtr
=

w1e
−iϕ w2 w3e

iϕ

w2e
iϕ w1e

−iϕ w2

w3 w2e
iϕ w1e

−iϕ

 ,

U−qtl
=

 w1e
iϕ w2 w3e

−iϕ

w2e
−iϕ w1e

iϕ w2

w3 w2e
−iϕ w1e

iϕ

 (with ϕ = 2π/3).

Now, taking both valleys into account, the general expression for the interlayer Hamiltonian associated with the



4

Kζ valley can be written as

Uζ(q, q̃) =

UÃ,A UB̃,A UC̃,A

UÃ,B UB̃,B UC̃,B

UÃ,C UB̃,C UC̃,C



=

w1 w2 w3

w2 w1 w2

w3 w2 w1

 δq−q̃−ζqb
+

 w1e
iζϕ w2 w3e

−iζϕ

w2e
−iζϕ w1e

iζϕ w2

w3 w2e
−iζϕ w1e

iζϕ

 δq−q̃−ζqtr
+

w1e
−iζϕ w2 w3e

iζϕ

w2e
iζϕ w1e

−iζϕ w2

w3 w2e
iζϕ w1e

−iζϕ

 δq−q̃−ζqtl

= Uζqb
δq−q̃−ζqb

+ Uζqtrδq−q̃−ζqtr + Uζqtl
δq−q̃−ζqtl

(S9)

SIII. THE INTRALAYER AND INTERLAYER HAMILTONIAN FOR STRAINED TBDL

Including both NN and NNN hoppings along with a staggered onsite mass term ∆S3, the low energy intralayer
Hamiltonian of the constituent monolayers of TBDL can be described in terms of massless Dirac fermions, where the
top (bottom) layer of the TBDL is rotated by an angle θ/2 (−θ/2), as

Ht/b,ζ(θ/2) = vFR∓θ/2q.(ζS1, S2) + t2I3q2 +∆S3, (S10)

where vF = 6326.1 meV·Å, t2 =
√
3at1
2t vF , I3 =

1 0 0
0 1 0
0 0 1

, and Rθ denotes the rotational operator. The momentum

q = k − Kζ is defined relative to the original Brillouin zone (BZ) corner Kζ of the monolayer dice lattice and Si

(i = 1, 2, 3) denotes the matrix representation of the spin-1 operators in the S3 eigenbasis [9].
The effect of strain can be captured by the linear strain tensor E , which maps an arbitrary coordinate r to a new

coordinate given by

r′ = (I+ E) r. (S11)

Consequently, the corresponding transformation in momentum space is expressed as

q′ = (I+ ET )−1q ≈ (I− ET )q, (S12)

where the approximation is valid for linear order in the strain tensor. From this point onward, a prime on any quantity
denotes that it is evaluated in the presence of strain.

For a uniaxial strain of magnitude Ep applied along a direction making an angle Φ with respect to the zigzag axis,
the strain tensor takes the explicit form [10, 11]

E = RΦ

(
Ep 0
0 −σEp

)
R−1

Φ

= Ep
(

cos2 Φ− σ sin2 Φ (1 + σ) cosΦ sinΦ
(1 + σ) cosΦ sinΦ sin2 Φ− σ cos2 Φ

)
, (S13)

where σ = 0.165 is the Poisson ratio of the dice lattice, which is also taken to be the same as graphene [11]. The
applied strain influences both the bottom layer Hamiltonian and the interlayer tunneling. In particular, for the bottom
layer, strain generates an effective gauge field [10, 12] given by

A =
β

d
(Exx − Eyy ,−2Exy) , (S14)

where β = 1.57 is the Grüneisen parameter [10], which is also taken to be the same as graphene. Upon performing
the substitution q → q+ ζA, the strained bottom-layer Hamiltonian can be written as

H ′
b,ζ = vF Rθ/2

[
(I+ ET )q′ + ζA

]
.(ζS1, S2) + ∆S3. (S15)

The positions of the Dirac points in the bottom layer in the presence of this gauge field, are shifted to [10]

Dζ =
(
I− ET

)
Kb,ζ − ζA. (S16)
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The interlayer tunneling is likewise affected by strain, as it modifies the momentum transfer between the layers.
Because the momentum in the bottom layer is transformed, the corresponding transferred momenta become

ζq′
b = R− θ

2
(I− ET )Kζ −R θ

2
Kζ ,

ζq′
tr = R− θ

2
(I− ET )(Kζ + ζb2)−R θ

2
(Kζ + ζb2),

ζq′
tl = R− θ

2
(I− ET )(Kζ − ζb1)−R θ

2
(Kζ − ζb1). (S17)

Under these modifications, the strained interlayer Hamiltonian can be expressed as

U ′
ζ(q, q̃) = U ′

ζq′
b
δq−q̃−ζq′

b
+ U ′

ζq′
tr
δq−q̃−ζq′

tr
+ U ′

ζq′
tl
δq−q̃−ζq′

tl
. (S18)

The hopping matrices remain unchanged and preserve their original structure:

U ′α̃β
ζq′

b
= wα̃β = U α̃β

ζqb
, (S19)

U ′α̃β
ζq′

tr
= wα̃βe

iζ(−b2·τβ+b̃′
2·τ

′
α̃)

= wα̃βe
iζ(−b2·τβ+b̃2·τα̃) = U α̃β

ζqtr
, (S20)

U ′α̃β
ζq′

tl
= wα̃βe

iζ(b1·τβ−b̃′
1·τ

′
α̃)

= wα̃βe
iζ(b1·τβ−b̃1·τα̃) = U α̃β

ζqtl
. (S21)

Here, α, β = A,B, and C denote the sublattice indices, with wÃA = wB̃B = wC̃C = w1, wÃB = wB̃A = wB̃C =

wC̃A = w2, and wÃC = wC̃A = w3. In obtaining these results, we used b̃′
1,2 · τ ′

α̃ = b̃1,2 · τα̃, and neglected any strain
dependence of the tunneling amplitudes.

SIV. BAND STRUCTURE OF STRAINED TBDL

In this section, we show the band structures of TBDL at the magic angle θ = 1.08◦ in the presence of different
strain values are plotted along the high-symmetry path Kt → Kb → Γ → Kt, where the lowest band at the middle
band edge is highlighted in red color. Panel (a) representing the energy dispersions in the chiral limit of the system,
implemented by setting w1 = w3 = 0 and w2 = 110.7 meV, while panel (b) corresponds to the the broken chiral limit
of the system, obtained by setting w1 = w3 = 60 meV and w2 = 110.7 meV. The calculations for both the panels
are carried out using the Fermi velocity vF = 6326.1 meV·Å and t2 = 0.001 vF , with ∆ = 170 meV for panels (a)
and ∆ = 60 meV for panel (b). The energy dispersions are shown for the three distinct increasing strain values,
Ep = 0.2%, 0.4%, and 0.6%, represented by solid, dashed and, dotted lines, respectively.

Kt Kb Γ Kt

k−path

−222

−177

−132

−87

E
(m

eV
)

(a)

Ep = 0.2%

Ep = 0.4%

Ep = 0.6%

Kt Kb Γ Kt

k−path

−196

−189.33

−182.67

−176

(b)

Ep = 0.2%

Ep = 0.4%

Ep = 0.6%

FIG. S2. Band structures of TBDL at the magic angle θ = 1.08◦ in the presence of different strain values.
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SV. BERRY CURVATURE AND BERRY CURVATURE DIPOLE DISTRIBUTION

The distribution of the Berry curvature (Ωz) and the BCD density (∂qbΩz with b = x, y) in the K+ valley, both in
the presence and absence of C3 symmetry, are presented in Figs. S3[(a)–(c)] for the lowest band at the middle band
edge (corresponding to the band index n = 162). Fig. S3(a) and Fig. S3(b) correspond to the chiral limit of the system
(w1 = w3 = 0 and w2 = 110.7 meV), with panel (a) representing the case with preserved C3 symmetry and panel (b)
depicting the case with broken C3 symmetry. While Fig. S3(c), on the other hand, corresponds to the broken chiral
symmetry regime (w1 = w3 = 60 meV and w2 = 110.7 meV), where C3 symmetry of the system remains broken. We
emphasize that the presence of TRS in TBDL, the Berry curvature satisfies Ωz,K+

(q) = −Ωz,K−(−q). In presence of
C3 symmetry (i.e., in the absence of strain), the Berry curvature and the BCD density shows symmetric patterns in
the MBZ [see Fig. S3(a)]. Interestingly, we find that, in the presence of C3 symmetry, although each valley in TBDL
exhibits large Berry curvature, but the total BCD (BCD density integrated over the whole BZ) vanishes identically.
However, in any realistic systems strain can be applied to break the C3 symmetry, which in turn gives rise to a finite
BCD in the system. In the presence of strain the BCD density shows asymmetric distributions [see Fig. S3(b) and
Fig. S3(c)], which generate a net dipole within the moiré unit cell.

0.06

0

0.06

q y

2.04 0 2.04
z (104)

3.93 0 3.93qx z (106)
4.01 0 4.01qy z (106)(a)

0.06

0

0.06

q y

2.76 0 2.76z (104)
6.08 0 6.08qx z (106)

8.92 0 8.92qy z (106)(b)

0.06 0 0.06
qx

0.06

0

0.06

q y

0.06 0 0.06
qx

0.06 0 0.06
qx

2.29 0 2.29
z (104)

4.70 0 4.70qx z (106)
5.48 0 5.48qy z (106)(c)

FIG. S3. The distribution of the Berry curvature Ωz and the BCD density ∂qaΩz (a = x, y) for the lowest band at the middle
band edge, plotted in the logarithmic scale, is shown in panels (a)-(c) for three distinct cases. Panel (a) represents the unstrained
configuration of the system with preserved C3 symmetry in the chiral limit (w1 = w3 = 0 and w2 = 110.7 meV), whereas panels
(b) and (c) correspond to the broken C3 symmetry due to the presence of a strain Ep = 0.4%, with panel (b) corresponding to
the chiral limit and panel (c) representing the broken chiral symmetry regime (w1 = w3 = 60 meV and w2 = 110.7 meV) of the
system. The calculations for all the panels are carried out using the Fermi velocity vF = 6326.1 meV·Å and t2 = 0.001 vF , with
∆ = 170 meV for panels (a) and (b), and ∆ = 60 meV for panel (c). Momenta are measured in units of Å−1, Berry curvature
in units of Å2, while the dipole density in units of Å3.
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SVI. CHERN PHASE DIAGRAM OF THE BAND AT THE LOWER EDGE OF THE MIDDLE
SUBBAND IN UNSTRAINED TBDL

FIG. S4. Chern number phase diagram for the band index n = 162. The figure shows emergent topological phases for the
lowest eigenstate of the middle sub-band of unstrained TBDL, as a function of the onsite mass ∆ and the twist angle θ.

In this section, we analyze the topological phases that emerge corresponding to the K+ valley in unstrained TBDL
as a function of the onsite potential ∆ and the twist angle θ. The phase diagram depicting the Chern number of
the eigenstate with eigenvalue at the lower edge of the middle sub-band (band index n = 162), in the ∆ − θ plane
and within the chiral symmetry regime, implemented by setting w1 = w3 = 0 and w2 = 110.7 meV, is shown in Fig.
S4. The emergence of multiple topological phases corresponding to Chern number C = 1,−1 and −2 is observed,
separated by distinct transition lines. We observe that for high values of ∆, the band transitions into a completely
trivial phase while for its lower values, the C = −1 phase is predominant.

SVII. PROBING DISTINCT TOPOLOGICAL PHASE TRANSITIONS MARKED BY CHERN
NUMBER CHANGES C = −2 → C = −1 AND C = −2 → C = 0

−115 −110 −105 −100

µ (meV)

0.62

0.67

0.71

0.76

θ
◦

(a)

−171 −164 −157 −150

µ (meV)

152

157.33

162.67

168

∆
(m

eV
)

(b)

−12.01

−1.35

9.32

19.98

D
y
(Å

)

−1.76

−0.15

1.47

3.09

D
y
(Å

)

FIG. S5. Topological phase transitions identified through the variation of BCD in (a) the θ–µ plane, with ∆ fixed at 120 meV,
corresponding to the transition from Phase (I) to Phase (II), and (b) the ∆–µ plane, with θ fixed at 0.6◦, corresponding to the
transition from Phase (I) to Phase (IV).

In this section, we present the phase diagram of the BCD component Dy in the θ–µ plane for a fixed ∆ = 120 meV,
as illustrated in Fig. S5(a), and in the ∆–µ plane, shown in Fig. S5(b), while keeping the twist angle fixed at θ = 0.6◦.
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Fig. S5(a) corresponds to the topological phase transition from Phase (I) to Phase (II), whereas Fig. S5(b) represents
the transition from Phase (I) to Phase (IV). The butterfly like structures in the colormap of Dy indicate points of
phase transition which can be correlated directly with the Chern phase plot in Fig. 3 of the main manuscript. The
lower two lobes of each butterfly pattern along a horizontal line (with θ fixed in Fig. S5(a) and ∆ fixed in Fig. S5(b))
represent the values of Dy for the corresponding band at a given chemical potential µ. On the other hand, the sign
reversal of Dy along a vertical line (with fixed µ) reflects the change in the sign of the BCD for the same band as a
function of either θ or ∆, respectively. As evident from Fig. S5(a) and Fig. S5(b), the phase transitions occur near
θ = 0.698◦ and ∆ = 159.3 meV, respectively. These results highlight the experimental significance of the BCD as an
effective probe for identifying topological phase transitions.

SVIII. INFLUENCE OF TEMPERATURE ON THE BCD IN THE CHIRAL LIMIT

0 35 70
T (K)

0

0.2

0.4
b

(Å
)

x

y

FIG. S6. Temperature dependence of the BCD components at the magic angle θ = 1.08◦ in the chiral limit of the system,
implemented by setting w1 = w3 = 0 and w2 = 110.7 meV, with ∆ = 170 meV at a strain Ep = 0.4%. The chemical potential
is fixed at µ = −165.9 meV.

So far, all the results we discussed have been obtained at a fixed temperature of T = 4 K. Now in-order to see the
temperature dependence of BCD in TBDL, in this section we plot the BCD components, Dx and Dy, as a function
of temperature in the chiral limit of the system at the magic angle θ = 1.08◦, as shown in Fig. S6. Here, we fix the
chemical potential at µ = −165.9 meV. It is evident from the Fig. S6 that, as the temperature increases the dipole
components gradually decreases. This can be attributed to the thermal broadening of the Fermi Dirac distribution
function, thereby the reduction in its slope suppresses the magnitude of the dipole components. This behavior indicates
that one could detect a strong NLH response at the low temperatures in TBDL. This temperature dependence of the
BCD components in TBDL exhibits similar kind of behavior to that reported in the previous experimental studies on
TBG [13] and twisted bilayer WTe2 [14].

[1] E. Illes, Properties of the α-T3 Model, Phd thesis, University of Guelph (2017).
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