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A number of moiré graphene systems have nearly flat topological bands where electron motion is strongly
correlated. Though microscopically these systems are only quasiperiodic, they can typically be treated as
translation invariant to an excellent approximation. Here we reconsider this question for magic angle twisted
bilayer graphene that is nearly aligned with a hexagonal boron nitride (hBN) substrate. We carefully study the
effect of the periodic potential induced by hBN on the low energy physics. The combination of this potential and
the moiré€ lattice produced by the twisted graphene generates a quasiperiodic term that depends on the alignment
angle between hBN and the moiré graphene. We find that the alignment angle has a significant impact on both
the band gap near charge neutrality and the behavior of electrical transport. We also introduce and study toy
models to illustrate how a quasiperiodic potential can give rise to localization and change in transport properties

of topological bands.
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I. INTRODUCTION

Following the discovery of correlated insulators and su-
perconductivity in magic angle twisted bilayer graphene
(MATBG) in 2018 [1,2] a tremendous amount of attention
has been lavished on moiré materials. Other moiré systems
displaying correlated electron physics include ABC trilayer
graphene (TLG/hBN) nearly aligned with a hexagonal boron-
nitride (hBN) substrate [3], twisted double bilayer graphene
[4], twisted monolayer-bilayer graphene [5], and twisted tran-
sition metal dichalcogenides [6]. Our interest in this paper is
on MATBG that is further nearly aligned with a hBN substrate
(MATBG/hBN) [7,8] which alters the observed phenomena.

In MATBG/hBN Ref. [7] discovered ferromagnetism and
an associated large anomalous Hall effect at 3/4 filling of
the conduction band. Subsequently Ref. [8] studied devices
of MATBG/hBN which not only showed emergent ferromag-
netism at 3/4 conduction band filling but also observed a
quantized anomalous Hall effect with o, = % Theoretically
the near alignment with the hBN breaks the C; symmetry of
180 degree rotation within the graphene plane and opens up
a gap between the valence and conduction bands which—in
the absence of alignment—touch at Dirac points. The result-
ing bands within a single valley were found [9,10] to have
Chern number +1 (with opposite valleys having opposite
Chern number). As discussed in Ref. [11] such nearly flat
+ Chern bands are, in fact, common to a number of moiré
graphene materials. Upon including electron-electron interac-
tions, Ref. [11] also proposed these systems to be excellent
platforms to show a quantum anomalous Hall effect at total
(i.e., including spin and valley) odd integer filling. These
ideas were developed further in the specific context [9,10]
of MATBG/hBN and in ABC TLG/hBN which too displays
emergent ferromagnetism and a quantum anomalous Hall
effect [3].
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In this paper we revisit the theory of single particle states
of MATBG/hBN. The presence of hBN layer has two effects
on the nearby graphene. One is that hBN induces a constant
sublattice potential difference, which is studied in detail in
Refs. [9,10]. The other is that it induces a second periodic
moiré potential which may or may not be commensurate with
the original moiré potential of the TBLG system, which is
considered in recent studies [12—14]. The previous theoret-
ical work [9,10] ignored the moiré potential introduced by
the near alignment with the hBN, mostly for simplicity but
also on the grounds that its estimated strength is smaller
than the TBLG moiré potential. In the present paper we go
beyond this approximation and carefully include both moiré
potentials. We first determine the conditions—which we dub
“perfect alignment”—under which the two moiré potentials
are commensurate. This concept of perfect alignment is dis-
tinct from the naive expectation that the perfect situation is
when the twist angle between one graphene layer and hBN
is zero. When the perfect alignment condition is satisfied,
translation invariance is preserved and we can define a crystal
momentum and a (reduced) Brillouin zone. Away from perfect
alignment, the two moiré potentials are incommensurate, and
translational symmetry is completely broken [15]. The low
energy physics can be modeled by introducing a quasiperiodic
potential to topological bands (in the case of TBLG/hBN,
Chern bands with opposite Chern numbers).

Electronic systems with a quasiperiodic potential (QP)
have been studied extensively in 1D. (See Ref. [16] for a
detailed review.) In the 1D Audry-André model, there is a
localization transition with the increase of quasiperiodic po-
tential strength [17]. In higher than 1D, an intermediate phase
with eigenstates delocalized in both real space and momentum
space can exist between an extended phase and a localized
phase [18]. The generic existence of such an intermediate
phase in a 2D system with quasiperiodic potential has not been

©2021 American Physical Society
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settled yet, but it is not our focus in this paper. There also have
been studies of semimetals subjected to QP, where interesting
semimetal-to-metal phase transition and subdiffusive trans-
port are found [19-21]. Here we are particularly interested
in the effect of a quasiperiodic potential on topological bands
[22]. In momentum space, a nonvanishing Chern number can
impose nontrivial phase structure on the wave function, which
may change the localization properties when a quasiperiodic
potential is added to the system compared to trivial bands.

In the case of perfect alignment, there is a clean separa-
tion between valence and conduction bands. Then if—due
to interactions—the system is valley and spin polarized at
total odd integer filling vy, electrons will completely fill a
Chern band, and there will be a quantum anomalous Hall ef-
fect. Away from perfect alignment, the quasiperiodic potential
induces in-gap states—which are not real-space localized—
between the valence and conduction bands. Then we show
by explicit calculation that even with full valley and spin
polarization at odd integer vy, there is no quantization of the
anomalous Hall conductivity. Thus observation of a quantum
anomalous Hall effect at such fillings is aided by studying
devices that are tuned close to perfect alignment. We show,
however, that strain can be used to tune the alignment condi-
tion, thereby enabling engineering flat well-separated Chern
bands in TBLG/hBN devices.

Though we do not address many body effects in this paper,
we note that the presence of in-gap states is likely to hinder the
development of valley/spin polarization in the first place. This
is because they can roughly be thought of as increasing the
bandwidth of the active valence or conduction band, thereby
reducing the ability of interactions to induce ferromagnetism.
Thus it is desirable to stay close to perfect alignment. Indeed
the two devices studied in Refs. [7,8] are nearly perfectly
aligned. This condition may be a more stringent requirement
for the fractional quantum anomalous Hall states proposed
[23-25] for TBLG/hBN.

The periodic modulation induced by the hBN layer is rele-
vant only if the hBN layer is nearly aligned with TBLG since
the moiré lattice constants of the superlattices generated by
hBN and TBLG are of the same order as the moiré lattice
constant of TBLG. For hBN misaligned with TBLG, due to
the lattice mismatch, there is no longer any periodic moiré
potential induced by hBN so the QP physics are irrelevant in
those systems.

In recent years, Anderson localization and many-body lo-
calization in the presence of QP have been investigated in cold
atom experiments [26-29]. The interplay between quasiperi-
odicity and interaction near critical points in quantum Ising
and related spin models has been the subject of several studies:
see, e.g., Refs. [30-35] for some representative papers. It is
seen that the presence of QP can lead to new interacting criti-
cal phases which are different from that found with quenched
disorder [35]. The specific moiré graphene system we study
here provides an experimental context where strongly inter-
acting quantum phases/phase transitions in the presence of
quasiperiodicity may be explored.

The rest of the paper is organized as follows. In Sec. II,
we explain how the alignment to hBN induces another moiré
pattern on top of the original moiré pattern of TBLG system.

(b)

FIG. 1. (a) Case 1, fgy > 0 and 65 > 0. (b) Case 2, fgy < 0 and
6 > 0. The angles are exaggerated for illustration purpose.

We further study two scenarios in Sec. III and in Sec. IV. One
is that the two moiré patterns overlap and the other is that they
are incommensurate. In Sec. V, we propose a toy model to
address the question of the effect of a quasiperiodic potential
on a topological band.

II. TWO MOIRE PATTERNS IN hBN/TBLG SYSTEM

Let us consider TBLG with the top graphene layer nearly
aligned with hBN. There are two moiré patterns, one formed
by the TBLG, the other formed by the top graphene layer
and hBN layer. The difference between the two moiré re-
ciprocal lattice vectors is in general not small compared to
the reciprocal vectors themselves. Thus, strictly speaking, it
is not a valid approximation to define a mini BZ. Let us
first write down the reciprocal vectors explicitly. The recip-
rocal lattice vectors of the top graphene sheet are ét,l =
J%ZG (0,1) and é,,z = R2”/3é,,1, where ag is the lattice con-
stant of graphene and R, ;3 denotes counterclockwise rotation
by 27 /3. Assuming the bottom graphene layer rotates coun-
terclockwise by an angle 65 <« 1, that gives Gb,l = Ry, G,,l.
The TBLG moiré pattern is determined by the two reciprocal
lattice vectors, Gl = G,,l — @b,l = }S—L(Sin 0,1 — cosbg)

and Gz =Ry /35}1. Now adding hBN on top, assuming the
hBN layer rotates by an angle fgn < 1 with respect to the
top layer of TBLG, there is a second moiré pattern, which
is generated by the lattice mismatch of the hBN layer and
the top graphene layer. For the reciprocal lattice vectors for
this second moiré pattern, we write Ql = C_'},,l — GBN,I =

(\/%TJL[BN sin Oy, x/g_aﬂw cosOgN — }3—’;6), 0, = RZ,,/3Q1, where
agn is the lattice constant of hBN.

For the special combination of fgx and 6, the two moiré
patterns can be commensurate. For simplicity, we only con-
sider the case where these two patterns overlap, which we call
“perfect” alignment. This means that the lattice generated by
61,2 is the same as the lattice generated by Ql.z, which can
be satisfied as long as |G1| = |01, and the angle between 0,
and él is nm /3, where n is an integer. These two conditions
can be satisfied when either 6 and 0y have the same sign or
have the opposite sign. See Fig. 1 for illustration.

For case 1, Ogn > 0 and 6 > 0. The angle between G, and
0, is 7 /3. For case 2, 6gn < 0and 8¢ > 0. The angle between
Gl and Ql is 2 /3. We only consider agn > ag. Using the law
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FIG. 2. (a) Dependence of |6gx| and |0| on the change of the
ratio ag/apy for satisfying perfect alignment conditions. A(ag/apn)
denotes the change of ag/apn from ag/agny = 2.46/2.504. (b) The
points on blue and orange lines are |0gx| and |6;| taken from (a). The
blue and orange dots are data from two experimental samples from
the Stanford group [7] and the UCSB group [8].

of sines one can get

1%
cot |Ogn| = (2 sin <70 <

) ey

llBN sin |93N|

where we take “—” for case 1 and “+4” for case 2.

From the perfect alignment conditions Eq. (1), there are
two free parameters in ag, AN, 9(;, and Ogy. If one fixes agn
to be 2.504 A and ag to be 2.46 A, the corresponding 6g BN
are O ~ 1.16°,0gn ~ 0.58° forcase 1 and g =~ 1.17°,0gn =
—0.61° for case 2. If the graphene sheets are under strain, ag
can be slightly changed. From Fig. 2, we find that 6gN and
0¢ are highly sensitive to the lattice constants and 6; can be
tuned to magic angle with 0.2% changed to ag/agn. We also
plot the experimental value of 6 and 6gN [7,8] in Fig. 2(b)
and compare them to the perfect alignment case. Note that the
sample studied in Ref. [8] is closer to the perfect alignment.
This provides an explanation to the better quantization of Hall
conductivity in Ref. [8] than in Ref. [7]. Next, we continue

to discuss the two kinds of perfect alignments in details in
Sec. I11.

III. PERFECT ALIGNMENT

As an idealized limit, in this section, we consider perfect
alignment between hBN and TBLG. We can still define a mini
Brillouin zone, and momentum is a good quantum number
in this limit. In the previous experiments [7,8], the TBLG
is sandwiched between two hBN layers and only one hBN
layer is closely aligned with the TBLG, assuming it is the
top layer of the two hBN layers for simplicity. Thus, to make
contact with the setups in these experiments, we ignore the
hopping between the hBN layer and the bottom layer of the
TBLG system in the rest of our discussion. Hopping between
the hBN and top layer of TBLG induces two kinds of terms
in momentum space of the graphene. One is hopping terms
between k and k + 0,’s, where O;’s are the reciprocal vectors
of the moiré pattern generated by the hBN and top graphene
layer. The other one is a constant AB sublattice potential
due to the lattice relaxation in hBN and in graphene and
electron-electron interaction (if the lattice is rigid, the sub-
lattice potential vanishes due to the lattice mismatch between
hBN and graphene) [36]. In momentum space, the Hamilto-
nian of the hBN and TBLG system for one valley and one
spin can be written as

H = Hrpic + Hy, ()

where Hy contains two terms,

Hy = Zf mo.fi+ ) (fiV(0)fip +He), ()

ki

where f = (f; 4. /. B)T denotes the electron annihilation op-
erators for sublattice A and B. o, acts on sublattice degrees
of freedom. Index i = 1, ..., 6 labels different reciprocal vec-
tors. 0 is defined in Sec. IT and all the other J;’s are generated
by performing Cg rotation of 0 consecutively.

V(0;)’s can be parametrized in the following way [37],

- Ho(0;) + H.(0; Hap(0;
V(Qi):(o(Q) H:(Q) qAB(Q>q>’ @
Hpa(05) Ho(Q;) — H.(Q))
WhereHOz(Ql)—H()z(Q3)—H0 (Qs)—COze HOz(QZ)—
Hy .(04) = Hy (O6) = Co . and Hup(01)=H;5(0s) =

Cape S ~0m0), HAB(Q3) = H{5(05) = Cage™ ¥, Hyp(0s) =
Hi5(06) = Cape' 5 0. Hpy(0) = Hiy(—0)  from
Hermiticity.

From ab initio study [37], at Ogn = 0°, taking the lattice re-
laxation into account, the parameters for the periodic terms are
Co = —9.07, ¢o = 97.99°, C, = =5.64, ¢, = —3.66°, Cpp =
7.34, pap = 24.53°. Al C’s are in units of meV. We take m, =
15 meV in the numerics. In our cases, 6y is not always zero,
but we adopt the above set of parameters, assuming that the
slight change will not alter the low energy physics. Compared
to the pure TBLG system, the alignment of hBN layer can in
principle open up a gap at K, points in the mini BZ due to the
breaking of C, 7 symmetry induced by hBN [38-40].

We plot the dispersion relation of the valence and con-
duction bands near charge neutrality at 6 = 1.2° in Fig. 3
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FIG. 3. Dispersion for (a) Case 1 and (b) Case 2. g = 1.2°.

along a path in the mini BZ for both case 1 and case 2. The
contribution to the gap of the momentum dependent terms
V (Q;)’s depends strongly on how hBN is aligned with TBLG.

Further calculation shows that in case 1, the two bands near
charge neutrality have Chern number %1, while in case 2, the
Chern numbers get reversed. The distribution of Berry curva-
ture of valence band for various cases is plotted in Fig. 4. For
0c = 1.15°, we get the same Chern numbers for case 1 and
case 2. The distribution of Berry curvature is also similar to
0 = 1.2° (see Appendix A). From the numerical calculation,
we demonstrate that the alignment with hBN has a significant
effect on the low energy physics of the TBLG system. In
particular, the periodic potential induced by hBN cannot be
ignored.

IV. INCOMMENSURATE ALIGNMENT

In general, the alignment between hBN and TBLG is not
commensurate. The periodic potential term V(Qi) induces
a quasiperiodic potential relative to the TBLG superlattice.
The spectrum of the TBLG will get broadened, but since the
coupling strength between hBN and graphene is much smaller
than the band gaps from the flat bands to the other bands in
the TBLG system, we can ignore the other bands and only
consider an effective description for the flat bands.

The extra hBN layer breaks the C;7 symmetry of the
TBLG system such that there is no obstruction of constructing
localized Wannier orbitals using the two bands near charge
neutrality in one valley. The low energy effective tight-binding
model is obtained in two steps. First, take the m, term in Hy
together with Hrgrg and construct localized Wannier orbitals
for the two bands in one valley. Second, project the V(Q;)
terms to the active bands and transform to Wannier basis.

We use the projection method to obtain Wannier functions
[41]. The relationship between Bloch function and Wannier
function can be written as

1 2
T —ik-Xo T a
¢n,f€0 - \/N 2 € me!E(Uk)mna (5)
k,m

¥

n,Xo

where ¢! . is the creation operator for the Wannier orbital

labeled by n at position %o, ¥

the Bloch state, and m € {c, v} labels the conduction band and

valence band in one valley. U; is a unitary matrix, defined

Z is the creation operator for

~
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FIG. 4. Berry curvature distribution of valence band for (a) m, only, (b) Case 1, and (c) Case 2. 8 = 1.2°. The black line is the boundary

of the first BZ and the black dot is the I" point.
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TABLE I. Hopping between the same type of lattice sites.

TABLE II. Hopping between AB lattice sites.

Og 1.2° Og 1.2°
toaa 4.575 tiag 2.24961'(0.082)71
togs —1.270 toag —1.54¢i(0333)7
hiaa 1.547¢/ 01907 13481 —0.398¢1(0-123)7
t1pB —1.613¢/(-0-188)7 faam 0.668¢/(-030H)7
244 0.482¢/0-34r taam —0.412¢10 1307
tpp —0.452¢1(0-316)7 tanmo —0.590¢/0-133)7
344 0.506¢/(-0-1307 fsan —0.270/03147
138 —0.521¢-0-137 foan! —0.320¢i(-0-142)7
Tean2 —0.165¢0-289™

as Uy = A,;(A;A,;)—‘/Z, where (Ap)mn = (Un(K)|g,(K)) is the
overlap matrix between the Bloch wave function |u,, (l;)) and
k-space representation of a localized wave function ansatz
|gn (12)). In the numerical calculation below, we take |g, (75)) =
eR/32=k 30| ) 50 after inverse Fourier transform, |g, (%)) is
localized near Xg. |¢,) is a constant vector in k space and it is
chosen to maximize the singular values of A; [42].

The projected hopping terms and quasiperiodic potential
terms can be written as

1 P
N Z elkun,(UEt GEU]})mn
k

bun (3_51/) =

Vo (%3, X7) = Z 10 Z UL IR, 5 s (©)
where )?ij = )-C),'
points, €; = diag{ec(E), € (1?)}, ew(%) being the dispersion of
the conduction/valence bands. Qq is defined in the first BZ of
the TBLG system and is related to Qq by addition of integer

—X; is the displacement of the two lattice

multiples of Gy and G,. fe (k) is the form factor, whose matrix
element is

’11 n (k) Z W,,l, k+mGl+nG2( q)"] n wnoz k+Qq+mGl+nGz

mn
(N
where ¥, - denotes the wave function in k space of the n;
sublattice of the top layer graphene and V, is the coupling
matrix of the quasiperiodic potential term, in the form of
Eq. (4). The effective Hamiltonian can therefore be written as

H,), = Z(tmn()_fij)cjmcj‘n + H.c.)
ij
+ ) Vo (E, X)), cin + Heeo), ®)
ij

where c; lives on the moiré lattice formed by the TBLG and
we can write 7 = n;dy + midy,, Where dy = aM(z, 5 )
and dy, = ay(0, 1), ay = #‘;/2) being the moiré lattice

constant.
After Uy, is obtained, we get t,,,’s and V,,,’s from Eq. (6).
Let us consider #,,,’s first. We find that in order to reproduce
the band gap and band structure well, we need to keep the

hopping terms up to the third nearest unit cell. (See Table I and
Table 1I1.) fo44 and typp are onsite potentials for sites A and B.

The meaning of the other labels is explained in Fig. 5. Without
the quasiperiodic terms, the dispersion of Hy, is plotted in
Fig. 6. The valence and conduction bands have Chern number
=+1, respectively.

Let us consider the V,,, terms. There are two effects
of the twist angle between hBN and graphene fgn on the
tight-binding Hamiltonian: One is the change of the O’s
and the other is the change of projected amplitude of the
quasiperiodic potential terms. We study two different fgN’s
numerically: fgn = 0° and 0.8°. We project the quasiperiodic
terms to the Wannier orbitals and calculate V,,,(X;, X;). We
find that although the amplitude of the quasiperiodic terms
decays with |X; —X;|, within the fourth nearest neighbor
it is of the order of ~1 meV, which is comparable to the
hopping terms. We keep up to the fourth nearest neighbor
quasiperiodic terms in the following calculations due to the
comparable magnitude of them.

We plot the density of states for Ogn = 0° and Ogn = 0.8°
in Fig. 7. At both angles, there are some small peaks, but
those peaks do not form isolated subbands due to the in-
commensurate nature of the quasiperiodic term. There are
eight main peaks for fgn = 0° which can be explained by the

{ 3
4340

§%{414
gty

4,
=t
L3
A ‘<
=020
FIG. 5. Labels of the hopping terms from site A (orange circle)
to other nearby sites. For example, hopping from A to an orange site

labeled ‘2’ corresponds to #,44 and from A to a green site labeled 3
corresponds to t34p1.
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FIG. 6. Dispersion of the effective tight-binding model.
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FIG. 7. Density of states at (a) Ogn = 0° and (b) Oy = 0.8° for
a 71x71 grid in k space. The dotted line indicates the energy of the
middle state in the spectrum.

commensurate approximation. We can always find a sequence
of rational numbers to approximate an irrational number by
means of continued fraction expansion. Let us write Ql,, =
i—:f}l + i—iéz, where s,, t,,, r, are integers and lim,_, ., Q1, =

Ql. For each finite n, the BZ is folded into a mini BZ with
reciprocal lattice vectors (@ln, G2n) = (él/r,,, Gz/rn) with
2r,2, orbitals at each k point. For fgn = 0°, we get Q1(913N =
0°) ~ 0.496?1 + 0.47@2 so the first order approximation is
(s1,t1, r1) = (1, 1,2). Thus, there are roughly eight “bands.”
The main difference between the two 6gn’s is that for Ogn =
0°, the spectrum is gapless near charge neutrality while it is
gapped for Ogn = 0.8° and the gap size is reduced to ~1 meV
compared to ~7 meV without quasiperiodic potential. We
then study the localization properties of the states. We in-
troduce PR (participation ratio) in k space, PR = %
[19]. States that are localized in real space are extended in
momentum space and so we expect [z| ~ 1/N, where N x N

is the system size in k space. Thus PR ~N? for localized
states and PR ~ constant for extended states. From Fig. 8, we
find that the PR share similar features as the density of states,
which means that near the dips of density of states (DOS),
there are more extended states while near the peaks of DOS,
there are more localized states. Localized states in k space are
extended in real space. Thus, we indeed get metallic behavior
near charge neutrality for Ogn = 0° and mobility edges exist.

The density of states indicates that the alignment of hBN
has a strong effect on the low energy physics especially near
charge neutrality. We then calculate the Hall conductivity o,
using Kubo formula for one valley and one spin species to
further address the difference in electrical transport. In the
full many body system, this is the Hall conductivity obtained
(within Hartree Fock) if the system is spontaneously fully
spin and valley polarized at the filling considered. Thus at
3/4 filling of the conduction band (as appropriate for the
experiments of Refs. [7,8], within a Hartree-Fock treatment,
full spin-valley polarization leads to full hole filling of one
of the Chern bands. This corresponds to placing the effective
chemical potential of the Hartree-Fock bands at charge neu-
trality. We plot oy, as a function of the effective chemical
potential in Fig. 9. For 6gn = 0.8°, oy, is quantized to ~1
if the chemical potential is slightly below charge neutrality
while for gy = 0° it is not quantized.

V. CHERN BANDS WITH QUASIPERIODIC POTENTIAL:
A TOY MODEL

The natural occurrence of topological bands and a
quasiperiodic potential in TBLG/hBN discussed in previous
sections leads to a number of interesting theoretical questions.
For ordinary nontopological bands, the question of how dif-
ferent the effects of a quasiperiodic potential are as compared
to a random potential on the electronic wave functions has
begun to be addressed in recent years [18,43,44]. Here we
are interested instead in similar questions when, in addition,
the bands are topological. Within a free fermion theory, what
is the behavior of the conductivity as a function of chemical
potential? As part of addressing this question, it is important
to understand in the first place how to couple in an external
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FIG. 8. PR at (a) fgy = 0° and (b) Ogy = 0.8° for different states throughout the entire energy spectrum. The dotted line indicates the
energy of the middle state in the spectrum. Different color indicates different system size. From bottom to top: N = 30, 50, 70 and the system

size is N XN in k space.

vector potential to the electrons in the topological band which
is itself a subtle question, as we shall see.

Here we address these questions within a simple context.
Let us consider a system with a Chern band and add a
quasiperiodic potential to it. If the strength of the quasiperi-
odic potential is much smaller than the band gaps between
the topological band considered and all the other bands, the
minimal approach is to project the Hamiltonian to the low
energy Chern band. Since there is Wannier obstruction, a
tight-binding model in real space is not possible. Thus, we
write the effective Hamiltonian in momentum space. For sim-
plicity, assume that we have a flat band to begin with. In
momentum space, the Hamiltonian can be written as

H=7Y"% V(@) grkk+0)+He, (9
ioo

axy/(ez/h)
o

-1 4

-2 4

-3 T T T T T T T T
-15 -10 -5 0 5 10 15 20

where )L(I;, k+ 0,) is the form factor and Q,-’s are the recip-
rocal vectors for the quasiperiodic potential. For each k, the
Hamiltonian can be viewed as a tight-binding model in mo-
mentum space with a lattice generated by O;’s. For Q;’s that
are incommensurate with the original reciprocal lattice vectors
Gl,z that generate the Brillouin zone, we expect k+ nlél +
nzéz mod (m]él + mzéz) (n;, and m, » are integers) to be
dense in the first Brillouin zone. In this case, we only need
to consider one lattice that is generated by K+ nlél + nZQZ
with a fixed &. To keep contact with moiré graphene, we will
let Qlyz generate a triangular lattice, but similar discussion can
be carried out on any lattice.

For trivial bands, one can take )»(l_é, k+ Q,-) = 1. In this
case, the eigenvectors are plane waves in k space and therefore
they are localized in real space. Thus at large quasiperiodic

-1 4

-2

-3

10 15 20

u/meVv

(b)

FIG. 9. o,, vs chemical potential at (a) fgx = 0° and (b) Ogy = 0.8° for a 50x50 grid in k space. The dotted line indicates the energy of

the middle state in the spectrum.
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potential strength for trivial bands, there is always localiza-
tion.

For a Chern band, on the other hand, the fo_ynl factor is
nontrivial. For small |0, it can be written as A(k, k + 0;) =

F(l_é, k+ Qi)ef"fEAW/A@)'dq, where F(l_é, k+ Qi) is real and
positive and the path of the integral is taken to be a straight
line from & to k + 0. To simplify the problem, we assume ho-
mogeneous Berry curvature and further let F (I;, k+ 0)=1
for now. Then the Hamiltonian is equivalent to a tight-binding
model in a uniform perpendicular magnetic field. We choose
Landau gauge such that K(Iz) = (—Bk,,0,0). B is propor-
tional to Chern number and the magnetic flux is in general not
rational. For this choice of gauge, A(E, l;’) = o5 K=k +h)
The Hamiltonian can be written as

_ Z i iBk,
H = (Vl Ckx,ky Chky+1,k, €
k

7 —i8 (ky+22)
Va0 Chc1pkine Y

_iB (k3
+V3Cltx,kyckx—1/2.k}.—\/§/26 5*&=%) £ He.), (10)

where the lattice spacing is set to be 1 and V; 5 3 are taken to
be real. The Hamiltonian in Eq. (10) is a special case of that
considered in Ref. [45]. Following the arguments in Ref. [45],
we can perform a Fourier transform along the k, direction.

The 2D model is then equivalent to a 1D lattice model with

quasiperiodic (QP) potential. One can write k, = k;? + n‘/Tg,

where 7 is an integer. Note that we assume k lattice is dense
in the original BZ. We can take k;) to be 0. The flux quanta is

o = %. Thus the 1D lattice model with QP potential is

Ed)n = 2Vl COS(27TI’l(D + v)¢n + An,n+1¢n+1 + An,nflqsnflv
(11)

where An,n+1 — Vzefi[erD(nJr%)]fi% + VSei[nCD(nJr%)]ﬂ'% and
App—1 = A:_l’n. Y (ky, ky) is the eigenfunction for the
Hamiltonian (10) at energy E, ¥ (ky, ky) = eV ¢(k,), and
¢ = P +n).

Depending on the relative strength of V) 5 3, ¢(ky) can be
either localized or extended in k, space. If there is C3 rota-
tional symmetry, which corresponds to V|, = V, = V3, the 1D
system is at the critical point of the localization transition and
thus the eigenstates are not localized in real space, which is
different from the trivial band case.

If the Cs3 symmetry is broken, we get the Lyapunov ex-
ponent (inverse of the localization length) by considering
three different gauge choices, i.e., along the three axes of
the triangular lattice [45,46] and the Lyapunov exponent
AME; Vy, Vo, V3) for ¢, in Eq. (11) is

) V1]
ME; VI, Vo, V3) =In — ), (12)
V3|
if |Vi| = |V3| = V2|, and
V
AME VL, VL, V3) = ln<u>, (13)
V2

if V1| = [Va| = [V5]. M(E; Vi, Va, V3) = 0 otherwise.

k+Qi+ A

kE+Qi

k E+ A

FIG. 10. Schematic of the line integrals in Eq. (14).

Even though we get localized or extended v (k,, k), de-
pending on the choices of V5 3, we still need to address the
question of what effect it will have on the physical observ-
ables. Thus, we study the DC transport of the system in the
following.

In the trivial case, all the states are localized so we expect
the conductance to vanish. In the topological case, we need
to couple the tight-binding Hamiltonian in k space to exter-
nal electric field. First we need to obtain current operators
in the presence of external electric field. The strategy is to

dHI[E A" lu
BA;A, A“—>()~

apply a probe vector potential A’ and Jo=—
The vector potential A" will “shift” the momenta k. We have
to be careful about what we mean by “shift.” In comparison
to the trivial band, there is a gauge structure in k space. If
we change c¢; to c,;eie(’z) and A(k) to A(K) + 8,;9(/?), where
(k) is a differentiable function in , cgchék(lz, k+0) is
invariant. In order to keep the gauge invariance of the theory,
we cannot simply replace A(k, k') by A(k +A’, k' + A’). The
only gauge-invariant deformation of the form factor Ak, K'Y is
to attach a small plaquette with Berry curvature as flux. This
generalizes the idea of Peierls substitution. Again, let us only
consider the phase factor in the form factor for now. The gauge
invariant change in the form factor Ak, k + 0;) by shifting the
momentum by A’ is

Jo (K k4 0i) — MK, K+ 0n) = a(k, k+ 0,)eP @A (14)

where A g,(lz, k+ Q,-) denotes the shifted form factor and it is
defined as the Wilson loop of the Berry connection along the
green curve in Fig. 10. ¢, is the directional vector along the z
axis.

The way that we construct the coupling to the external
vector potential in Eq. (14) seems to rely on the specific form
of the form factor )\(l_é, k+ Q). For a generic form factor,
we also construct the gauge coupling (see Appendix B for
details), which agrees with Eq. (14).

The tight-binding Hamiltonian coupled to the probe vector
potential and external electric field can be written as

= ¥ iBk, iBA!

H[E,A]:E (Viep i Crorrpeoe™
k

T —iB(ky+LB4A) —iBLAL

V2 k Chmipb 3G P e TR

T —iB(k,—B1A) iBLA,
Va0 i Ch12k—v3pe 2 P e +Hc.)

+V(E,A). s)
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V(E,A) = i d*xE - %p(x;A’) is the electric potential, where
p(%;A") is the density operator. In k space, we define the
Fourier transformation of p(X;A") as p(g;A’) and

p(G:A) = Z ck+ﬁ)u(k k + §)eB@Ane:
k
= p(G: A = 0)eB@A2: (16)

Thus the electric potential can be written as
V(E,A) = // d*qd*xE - 3p(§;A' = O)efi@(fc’fBX’xé,)

=V(E,A =0)+BE - (A x &.)p(G= 0,4 =0)
(17)

to linear order in B, and the probe vector field A’ only couples
to the second term above.

We can do a sanity check of the above expression. Sup-
pose there’s no quasiperiodic potential; we can get Jy o =
—1/8 3 clerBE, and Jy,o = 1/S 3 cle;BE,, where S is the
total area of the system. For a fully-filled Chern band with

Chern number C, B = = Y where Apz(Acen) is the
AB 2

area of the Brillouin zone (unit cell). Thus the Hall conduc-

tivity o,y = Ai“ = 2£ is quantized.

Now that we have some confidence in the Peierls substitu-
tion, let us take the quasiperiodic potential into account. The
current density operators can be expressed as

1 \/§ B V3
= j I =% (k%)
Ji = § Z <17 2Bckx,kyCkxfl/Z,kerﬁ/ze Kty

k

\/§ iB V3
. + —iB(k,— L2
- l7V3Bckhkyckx—1/2,ky—ﬁ/2e EARERES H.C.)
1 i
~3 Z c];c,;BEy
k
1 ; ¥ iBk,
Jy = —3 Z lBVleX,kkaﬁ-l,kye Y
k

B B 3
_ 2 T —i5 (ky+%)
l2Vzckx,kyckx—l/2,ky+\/§/26 O

B B NE)
/ i ) kvff)
- l5V3Ckﬂkycklfl/2,kv—«/§/ze 7= 4 H.c.>
1 .
+5 Z cleBE;. (18)
k

Let us consider E, = E and E, = 0. The transport properties
are the same as a tight-binding model in real space if we
view k, as the y coordinate, and k, as the x coordinate. By
making this mapping, we transform the problem of nontrivial
Berry curvature in k space to the problem of a real-space
tight-binding model under perpendicular magnetic field. In the
original model, E is along the x direction while E is along
the y direction in the real-space model. This is the same as
what happens in lowest Landau level (LLL). Indeed, if we
view the wave functions for the LLL as wave functions for
the flat Chern band at C = 1 and calculate the form factors,

by comparing with Ref. [47], we get the drift current exactly
in the form of Eq. (18).

For commensurate flux ® = 2p/q, translational symmetry
is restored and the energy spectrum is divided into ¢ magnetic
subbands. For simplicity, we only consider zero temperature.
oy, = 0 if the chemical potential is within band gaps. o,, can
be obtained through the TKNN formula [48],

d*v . . C

> / mfmw)[fm(vw E} (19)
where m € {1,...,q} is the index of magnetic bands,
and f, (V) is the Fermi-Dirac distribution. vV takes value
with the magnetic Brillouin zone v, € (—m, 7] and v, €
(—m/q,7/ql. Fn(®)+ % is the total Berry curvature of the
states at U of the mth band, where the first term takes care
of the contribution of the QP potential and the second term
comes from the background Berry curvature.

Note that o, is quantized although it is not obvious from
the expression in Eq. (19). Following Refs. [48,49], Eq. (19)
is reduced to oy, = 2C, where m is an integer that satisfies
the diophantine equation —pAn + gm = 1, where An is an
integer.

For incommensurate flux, by mapping to the real-space
model, o, = 0 if the filled states are localized along the k,
direction, which is the case for |V;| > max(|V;|, |V5|). Other-
wise, if |V|| < max(|V3], |V3]), all states are extended.

Let us consider o, next. If the chemical potential is within
the gap and the gap is not closed, if we continuously tune the
value of @ from an irrational number to a nearby rational num-
ber &) = 2p/q, the value of o, is then completely determined
by the Berry curvature of the filled bands at ®,. The exact
value of @ is determined by the details of the energetics.

So far, we have only considered flat bands. We can further
include the kinetic terms elzc];c];. €; is the dispersion, which

is a periodic function in k and € = €Limé, nGy? where @1 2
are the reciprocal lattice vectors and m, n are integers. Note
that GLQ are in general not commensurate with the reciprocal
vectors of the quasiperiodic potential O 1.2 so the kinetic terms
act as onsite “quasiperiodic” terms of the tight-binding Hamil-
tonian in k space. Roughly speaking, whether an eigenstate
is localized or extended is given by the competition between
hopping terms and onsite quasiperiodic (QP) potential terms,
i.e., the competition between the energy scales of the band-
width and of the onsite QP potential. We have shown that
Berry curvature plays a role of magnetic field in k space and
for a tight-binding model under magnetic field, the energy
spectrum can in general develop several subbands even if ®
is irrational, as in Hofstadter’s butterfly [50]. The relevant
energy scale for the kinetic energy in k space is thus the band-
width of the magnetic subbands, which is reduced from the
bandwidth of the same tight-binding model but with no Berry
curvature. In this sense, it is “easier” to get localized states in
k space, that is, extended states in real space in a topological
band rather than in a trivial band under onsite QP potential.
With dispersion and (or) nonuniformity of the Berry cur-
vature taken into account, the Hamiltonian written in k space
cannot be reduced to an equivalent 1D Hamiltonian and one
cannot use the Thouless formula to obtain the localization
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length. Nonetheless, we expect that there is at least one state
in the spectrum that is extended or critical in real space due
to the nontrivial topology of the original Chern band. We

g vl )
Qor
numerically for different system sizes and find that there are
more nonlocalized states (extended or critical) for the nontriv-
ial Berry curvature case than for the vanishing Berry curvature
case (see Appendix D for details).

We can take one step further towards the TBLG aligned
with the hBN system by considering two flat topological
bands with Chern number £1. For illustration purpose, we
only consider a square lattice; the quasiperiodic potential only
contains the lowest harmonics and the system has C; rota-
tional symmetry. The quasiperiodic potential also only acts
within the same band and there is an interband mixing term.
The Hamiltonian thus can be written as

A .
— f
=77 LG

+ V()chi k+Qi)":t:|:(l_évl_é + Q)

+ Vi Z C;.+01}';—)‘(4)r—
4

where the subscripts =+ label the different bands. The V} terms
are projected quasiperiodic potential terms, and the V| terms
are interband hopping between the two £ Chern bands. The
form factor Asy(k,k+ Q) = (1/f,;;i|€_’Q'i|1/f,;+Q;i), where
|¥7...) are Bloch states and similarly, )&_ (k) = (Yz. 1. ).
A is set to be positive. For the purpose of illustra-
tion, we take V7.4 tO be the same as in the LLL and
choose a Landau gauge AL = (FBy, 0) such that ()?ltﬁ,;; L=
3, ek rhatmBxrkiky /By (y 4 —k*‘gmB ) (see Appendix C for

2
details), where Wy(y) = (g)%e‘%. We further let 0, =
0@2m,0)and QQ = Q(0, 2mr), where Q is an irrational number
[note that in LLL, we can always define the magnetic Brillouin
zone so Ql,z are aligned with the mBZ reciprocal lattice vec-
tors (_.;1,2, which are set to be (27r,0) and (0, 277) here]. As
elaborated in Appendix C, the form factors are

also calculate the inverse participate ratio (IPR =

i
— C;;.,CIZ;—)

5

(k) + He., (20)

- 2ky Qx+QKQ) _4x2?
4B

rir(k E+0) =

o0
- 2iky _ (kx+mB)?
W oky= > e &= Q1)

m=—0o0

Plugging i 1n the definition of Q1 and Qg, we have, Aii(k k+

01) = ¢ T 70 and a (K + 0 =T

One can check that the ¢z, bands are topological bands
with Chern number +1 in two ways. First, by taking deriva-
tives of 0 in Eq (21) around O = 0, one gets uniform Berry
curvature of 1 5 for ¢z bands, respectively. Second, since the
phases of the Bloch wave functions [¥7..) are well defined in
the whole BZ, the integration of Berry curvature over the BZ
is reduced to a contour integral of the Berry connection along

the boundary of the BZ. We have |V, +27 k,):+) = [V, ki)

and Y, k42mye) = €W g x) such that Ag g e =

j(—n,ko;i and Ayt = A, -yt F &, where fl(icx,ky);i is
the Berry connection and &, is the unit vector along k,. Thus
the contour integrals of Az along the boundary of the BZ
yield Chern number +£1.

If Vy = 0, the Hamiltonian in Eq. (20) is block diagonal in k
space. By solving the 2 x2 block, we have the two eigenvalues
te; = £V 4 + V2[2_ (k)| so the system is always gapped
if A # 0 and has a gap that is > A. The eigenvectors are

€5+ A/2
d—;+= e C‘;++e
P 2613 p

_io) €5 — A/2 €5+ A/2
dﬁ;, = —¢ (§2] 2_613 Chit + —zeﬁ Cp—» (22)

where dy are the annihilation operators for eigenstates in =+
energy bands and 0(p) = Arg[A?_()]. We choose the phase
factors such that in the limit of V; — 0, dj.+ — cp.+. Since
the V; term does not close the gap, we expect the dy. . bands
to have the same Chern number as the ¢, bands. Note that

+_ (k) =0 at (k, k) = (£, = 2) and G(k) is not well de-
fined at these singular points. However, the factors associated
with 6(k) in Eq. (22) vanish at (k., k,) = (£7, £7) so the
dy., fields can be continuously deﬁned in the whole BZ

Itv, =0, it and c; _ bands are decoupled and each one
of the bands is a flat band with QP. As we discussed before,
the spectrum of each band has fractal structure and the width
of the spectrum is of the order of ;. Moreover, from Eq. (20),
after a partial Fourier transformation along k,, we find that
the Vp terms are the same for cp. - ’s and r._ ’s. Thus the
energy spectra of + bands are identical and the “+” bands
are shifted with an energy A from the “—” bands, with the
same corresponding energy eigenstates. If V) < A, there is
a band gap between the two “fractal” bands that consist of
¢4 degrees of freedom, respectively, and we get a Chern
insulator at half filling. If Vj ~ A, the gap at half filling will
close. If Vp > A, the fractal bands contributing positive Hall
conductivity and negative Hall conductivity almost overlap,
resulting in nearly zero Hall conductivity.

Now we take both V,, and V| into account. If we fix V;
and A and increase V), the band gap decreases and eventually
vanishes. We further calculate the IPR (see Appendix D for
details). We find that there are extended states (in real space)
near band edges when the band gap is not closed. Upon
increasing Vj, after the band gap closes, there are localized
states near zero energy. Similar “leviation” and “pair anni-
hilation” behavior of the extended states is also observed in
disordered topological insulators [51,52]. If the strength of
QP potential further increases, the states near zero energy get
delocalized since in the V; > V; limit, the model reduces to
two decoupled AA models at critical points.

i0(p)

VI. CONCLUSION

In this paper we showed that when magic-angle twisted bi-
layer graphene is nearly aligned with hBN, the single particle
physics is sensitive to the quasiperiodic potential produced by
the interference between two moiré potentials: one produced
by the relative twist of the two graphene layers and the other
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FIG. 11. Dispersion for (a) only m,, (b) Case 1, and (c) Case 2. 65 = 1.15°.

produced by the hBN substrate. The periodic modulation in-
duced by hBN cannot be treated as a small perturbation due
to the narrow bandwidth of the valence and conduction bands.
By exact diagonalization, we find that for TBLG twist angle
1.2°, for alignment angle 8gn = 0° and N = 0.8°, localized
states and extend states are both present and there is no clear
mobility edge. For gn = 0°, the charge gap near neutrality
is closed. In the presence of valley polarization (due to in-
teractions), the Hall conductivity oy, is not quantized when
Osn = 0° while for g = 0.8°, the charge gap is reduced and
0Oyy 1s quantized.

In order to study the electron properties of topological
bands in the presence of quasiperiodic potential, it is more
straightforward to begin with a model in momentum space
since the nontriviality is manifest in the form factor. In the
limit of flat band and uniform Berry curvature, we find that
quasiperiodic potential induces hopping between different
momentum, which can be mapped to a tight-binding model
coupled to magnetic field. We discussed localization proper-
ties and transport in such toy models. The next step will be to
introduce dispersion and electron-electron interaction, which
we leave for future studies.
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APPENDIX A: NUMERICAL RESULTS FOR 6; = 1.15°

1. Perfect alignment

We plot the dispersion in Fig. 11 and berry curvature dis-
tribution of the valence band in Fig. 12.

2. Incommensurate alignment

We study the density of states and PR for 65 = 1.15° and
Osn = —0.6°, which is close to perfect alignment. Indeed we
find a clear gap near charge neutrality and there is no indica-
tion of localization from PR (see Fig. 13).

APPENDIX B: MINIMAL COUPLING
IN A TOPOLOGICAL BAND

The gauge transformation operator can be written as

U = ¢ li9G@00@

0.03
0.15
0.02 0.10

0.01 0.05

B

0.00 0.00

—0.01 —0.05

i_o_oz —-0.10
I—O.IS
—0.03

(¢)

FIG. 12. Berry curvature distribution of the valence band for (a) only m,, (b) Case 1, and (c) Case 2. 6 = 1.15°.
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FIG. 13. Density of states, PR, and o,, for 6 = 1.15° and 6gx = —0.6°.

where p(g) is the projected density operator in momentum
space,

p(q) = (B2)

A(l?, q) = (u,;|u,;76) is the form factor (note that the definition
is different from the main text), and 6(g, t) is the Fourier
transform of a real function 6(X, 7), so 6(g, t)* = 6(—¢, 7).
For an infinitesimal gauge transformation, U ~ 1 +
ifqé(q, 7)p(g) and an operator O — UTOU under gauge

1) /cif),&)
</z Bk

J

%

—i / 6(G, DMK, §c;__dec
kg 4

i [ 10:0G DK §)c}_cr
k.G !

%

1) /e«cf&)
( P FEE

=i f 0G. OME D! _crle,— )
kg q

transformation. Thus we have

U'ciU ~ ¢; + iﬁ@(cj’, DA + G, Dirq
q

UTcgU ~ cg — ife(q, DAK, q)c; . (B3)
G =g
q
Consider an action in Euclidean signature that contains three
— [ g2 T g

terms, So = [d kfdtclzarc,z — e — ZQ Vspg, where
0 does not need to be commensurate with the reciprocal lat-
tice vector. Performing a gauge transformation to these terms,
we have

+ i/ié,q’ c].l.ar [0(G, DAk + G, ez, ;]

—i / 0(gG, A, c?)c;qe,;c,g—i—i / c%e,;@(é’,t))»(l;—i-q, Qi
kg k.G

8(Vahg) ~ —iVy / Mk, 0)0(G. MK = 0. Dep__sep+iVg f 1k, Q)el_0(G. DMK+G. P g
k. k.G

=iV, fk 0@ 0 D& =G OME D = Mk, OE = 0. DL

(B4)

If we further consider long wavelength gauge transformation, we only need to take small g in 6(g, 7) into account. Note that

8];612 = U]z and

Mk = G, OME, §) — h(k, Ok — 0, §) = —G - [Tk, 0) + in(k, O)( A — Az _p)+ o(q),

(BS)

where ﬂ,; = —i{uy|0zuz) is the Berry connection in momentum space. Thus, the change in action Sy can be written as

8Sy = / dt M(iare(q,r)ﬂq- 5:0(3, 1)ME, q*)cliﬁqc,ﬁZ:iVQ /k ’qe(q, o)l

Ak, O+ @) + irk, O + P(A; — A )1+ 0(g).

ot

(B6)
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Now let us consider the -electromagnetic potential
A(g, T) = (Ao, A). Note that the projection to the topologi-
cal band should only affect the gauge transformation of the
projected degrees of freedom and the gauge transformation
of the electromagnetic potential should remain the same as
before the projection. Thus under a gauge transformation,
we have

Ao(q’ T) - are(q’ T)

A@G, 1) — A@G, ©) +iG0(G, 1). (B7)

The goal is to construct terms involving the electromagnetic
potential A(g, t) such that §Sy can be canceled by the gauge
transformation of the A(g, t) field. As a first attempt, we

J

T) — Ao(q,

consider the following action

S = / (iA0(@. 0~ A@. 7) - Ak, De!_¢;
k.G

/dr/ A@G, ) - ZV~

+ir(k, O+ §)(A; — A];_Q_q.)]. (B8)

Note that §S; is canceled by terms in §S; but there are other
terms in S, so we have

88 = =388y + 88 (B9)

ﬁck[a Ak, O+ §)

and

—i8S] = / dt / (iAo(q, T) — A(G, T) - T K, q)[—cg_q_q,c,;e(q*’, Ok —G,q)+ c;_qcm,e(cj’, a4+, 3)]
k g -/

/ dt / AG. 7)Y _Vglogak, 0+ §) + ik, O + §)( A — Ai_g_ )]
k.qd.q =
0

X [— ca -0z ckQ(

/ dt / iAo(G. T)e;__cif(@ DMK, gnE —
k g -/

JOME—G—0.4) ¢} e

ASTAL

—»/ -

g, oMk +q, )l

L @) — rk — G, §HrE, )]

- / dr / A D] @ oW K DME ~ . D~ vAE — 5.3 E )
k.q.q

/dr/ A@G. 1) Zvac-_ paClch K
k a —/

x Ak, §) — [BAk, O+ §) + ink, O + (A — A;_g

-

~§. 0+ P +ink—q. 0+ P&y — A

Ik —G—0.4))

/ dt / ”(on(ci, ) =A@ 1) Tpe)_ i@ 07 - [k + irk DAL = A

/d‘l,'/ﬂ i A4, r)c;qiq,clze(q/’ T)ME@+E}’)¢7

-

Yl
3

/ dr / &G Y Voer 5 @ OG- TTAE O+ ) — i - Tk, O+ A — g )]
k.q.q 0

+[0p2(k, O + @) + intk, O+ (A — Ar_5_ )i - (Ap_; g

— A} + o((d)?)

~ifdar [ @ o -AGn s ek a+ 0@ 07 x G2
k.q.q

+ [ar / MG @ DT

vl
i

i =/ -/ R - -
/ a /k - Z Vor_g_g-g 0@ N - (Cidg + A = Az 5. 5)]

x [A(G, 1) - (—idy + A — A;

where B; = 9, Az, — 0, Ap

is the Berry curvature.

oK O+ G+ )+ ol(g)) + olg),

(B10)
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Now, let us further consider the possible terms that cancel S;. Suppose there is S;, and

—iS =

~far [ i@ @@ o< , eda+
k.q.q

+ /drﬁ (1/2(3;A(F, T) xA'(q/,z))).zcg%q,c,;)\(l?,qﬂ?)za,;
ka.d

/ dr / A0l G+ DIAG. DAY 2+ AG. D) TAG. T x ) -2¢_epnR.G+)B;

_ o, . - g
+7fdr/E§q,ZVQCEQqq”ck{A(q’T) [ 18 —|—A Ak Q—zi—ci/]}
0

- - o

X {A(G, ) - [—id; + A — A

One can verify that §S, cancels 8S] for small g and §'.

The first two terms in Eq. (B11) can be combined to
a Chern-Simons(CS) term. To see this, define ¢p(g) =
f,;c;_qc];)\(l_é, @)B; and in real space, the first two terms in

Eq. (B11) reduce to

% / dr / d*xpp(—%)AFE, T)dAG, 1), (B12)

where ¢ (X) is the Fourier transformation of ¢5(g).

As a sanity check, consider a Chern insulator. The ground
state expectation value of ¢ (X) is (pp(X))g.s. = %, where C
is the Chern number. This gives the correct quantized coeffi-
cient for the CS term.

Thus, at long wavelength, the action for a topological band
that is minimally coupled to gauge field is

S[A] = Sp + SilA] + S:[Al (B13)
The current density operator is J = 2% Let us consider apply-
ing an external static electric field and choose a gauge such
that E = —VA((%,¢) and A(Z,¢) = 0. The current density
operator around ¢ = 0 is thus

P~ = [ D)~ 6@ = 0k
k

N /cq el (A A )]
0

x Mk, O+ §). (B14)

For a flat topological band, ﬁ; = 0 so the total current j is

JH=J"G=0)
=~y claBiE, —i) Vg ) et s —id!
i o X
+ (A7 — AL )]k O) (B15)

(B11)

> o k-0 7
In the main text, we take A(k, Q) = ¢'Ji A 50 we have

> o

[—i0) + (AF = AL ) ]rk, 0)

0

= Ar(k, Q)ﬁ B(k' e dk!,. (B16)
k

If the Berry curvature is uniform, the above expression will

reduce to —e’”QU)\(l;, 0)B so we find that Eq. (B15) agrees
with Eq. (18) in the main text. To conclude, in the derivation

of Eq. (B15) we do not assume any specific form of )»(I;, 0)
so the expression of the current operator can be used in any
topological band with nontrivial Berry curvature.

APPENDIX C: BLOCH WAVE FUNCTION
IN LLL AND FORM FACTORS

In a Landau gauge A= (—By, 0), the magnetic translation
operators are

= BBy, (C1)

=3

One can verify that [T}, T,] = 0 and T, T, commute with the
Kinetic momenta P — X, since the magnetic flux ® = B = 2,
where we set the lattice constant to 1.

The eigenfunction v (X) of T, , can be labeled by the mo-
menta (ky, k,) such that the eigenvalues are ey In order to
construct such eigenfunctions, we first examine how 7T , act
on a wave function in LLL, that is ¢ (X) = e**Wo(y + %),

. It is readily seen that ¢ (¥) is an
= ¢i,+5(X). Thus the eigen-

2
where Wo(y) = (£)ie~"
eigenfunction of 7, and T, ¢y (X)
function of T , can be written as

oo
Y e ()

m=—00

Yr(X) =

o0

. ky
— Z ez(kxx-&-me—mky—kxky/B)\IJO<y+E+m>’ (CZ)

m=—0oQ
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FIG. 14. IPR for single band model with dispersion. (a), (b) trivial case. (c), (d) nontrivial case. In (a), (b), Log(IPR) is plotted; the x axis
labels different eigenstates in ascending order of their energies and the y axis labels different QP potential V from 0 to 4. The system size is
60x60. In (b), (d), green dots with different brightness connected by the same line label different QP potential V, from O to 4 (top to bottom),
with 0.2 interval. The black line is the linear fitting for V = 4. The linear system sizes are from 20 to 60.

where m is an integer. Note that we choose a gauge in k space .. 0 ik kB )
X —i Y = - = y TIR Ky

such that Y, i, +2m) (®) = e % i) (¥) and Y ampy@ = ViW Yo B +mp(¥)

Yk k) (X)- m=—o0

For an opposite magnetic field, we can choose a Landau
gauge such that A= (By, 0). Then the wave function in the
LLL can be written as ¢y _(X) = e (y — % ). The magnetic
translation operators are 7, = T, T, = ¢"®759 50 the corre-
sponding eigenfunction can be written as Now let us consider various form factors,
|

sk k+0) = Z / dx / dyeFiksQ+Quky+0:0,)/B—imB—m' ByxFim! (ly-+Q, )ximk, ~iQ,y
m,m’

kx B kx /B X
" q,()(y n %)wo(yi +’"—+Q)

00
) k
— Z el(k*x+MBx+mk>'+k"k>'/B)\IJO<y— Ex _m>. (C3)

m=—00

B

-y / dye ik O -0k +0.0,)/BFimO,~i0,y <y 4 ket mB )\I'o <y L ket mB+ Qx)
B B

. 2 . .
-y / dye QO +0.0,)/BFmO, [% (y y ket mB) iQx2+ le>] B PRl nsie
B B
m

kyOx __i0xQy 03403

—et B T72 ~ T, (C4)
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FIG. 15. IPR for single band model with nonuniform Berry curvature. (a) trivial (B, = 0) and (b) nontrivial (By & 7.26). Green dots with
different brightness connected by the same line label different By, from O to 4 (top to bottom), with 0.2 interval. The black line in (a) is the
linear fitting of the average IPR. The black line in (b) is the linear fitting of the average IPR for B; > 2 and the blue line in (b) is the linear

fitting for B; = 0.2.

Now let us consider A% (k) = (Y W)

- ik k. + mB
Ki_(k):;/dye 2k, + 2kxk}-/3w0<y+xT)

k. B
X \Ilo<y — ——;m )

= Z / dye™ iRk B ()2 BT
m

" 2
_ X:621'%(karmB)*7“”1,5"8J ) (C5)
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APPENDIX D: INVERSE PARTICIPATION RATIO
OF VARIOUS SYSTEMS

1. IPR of single band models

We consider the Hamiltonian in Eq. (10) with V| =
Vo, =V3 =V and further include a dispersion term Hy;; =
2 cgc,—ée;, where we take €; =t Zi:l cos (k- bj). bj’s are

the lattice vectors, taken to be l;l = %(0, —1) and 1_7'2,3 =

%(:I:‘/Tﬁ, %). We take the QP lattice to be parallel to the
original lattice and Q is an irrational number. We calculate
the IPR for various QP potential strength V and system
sizes (Fig. 14) given t =1 and Q = V5-1. We compare
the system with vanishing Berry curvature (trivial) and uni-
form Berry curvature given by a C = 1 band (nontrivial).

Log(IPR)

3.0 3.2 34 3.6 3.8 4.0
Log(L)

(b)

FIG. 16. IPR for the two band model. (a) Color plot of Log(IPR). The x axis labels different eigenvalues. (b) Dependence of Log(IPR)
with linear system size. The green lines from bright to dark label different V; from O to 1. The black line is the linear fitting to the Log(IPR) at

V():l.
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FIG. 17. IPR of the states that is in the middle of the spectrum. The x axis is Log(L) and the y axis is Log(IPR) for (a) small Vy,

(b) intermediate V;, and (c) large V;.

We find that in both cases, IPR has a stronger system size
dependence with increasing QP potential, which indicates
that there are more extended states in k space. Moreover,
we fit the dependence of Log(IPR) to the logarithm of lin-
ear system size L and find a linear dependence, Log(IPR) =
zLog(L) + b. The trivial model has a slope z ~ —1.88, while
for the nontrivial model z ~ —1.37. The slope of the trivial
model is closer to the ideal scaling z = 2, which indicates
that there are more localized states in real space in the
trivial model than in the nontrivial model with large QP
potential.

We further consider a nonuniform Berry curvature in k
space with B(l_c’) = By + B Z;:l cos (E . l;j), where By is the
uniform part as considered before. The B; term acts as a
QP hopping term. We calculate the IPR with trivial and
nontrivial By and increasing B; (Fig. 14). For the trivial
case, we find z &~ —1.92. For the nontrivial case, at small
value of Bj, z~ —1.77 and z decreases with increasing
B;. z~ 1.12 within 2 < B; < 4. The above results indicate
that in the presence of nonuniform Berry curvature, there

are more nonlocalized states (extended or critical) in real
space in the nontrivial model compared to the trivial model
(Fig. 15).

2. IPR of the two band model

We consider the Hamiltonian in Eq. (20). We let V| =
A =1 and change V,. The IPR’s for various V, are shown
in Fig. 16. We find that the slope of the Log(IPR)-Log(L)
curve goes from z =0 to z & —1.58 when V; is increased
from O to 1. At small V;, there is a band gap in the middle of
the spectrum. When Vy/A Z 0.2, the gap closes and the IPR
values in the middle of the spectrum get larger after the gap
closes, which indicates that there are extended states in the
middle of the spectrum and they get localized with increasing
Vo. We study the IPR of the states that are in the middle of
the spectrum (Fig. 17) and find that there is an intermediate
regime of V; where the IPRs of the states can be fit to a
power law dependence to the linear system size with a power
z &~ —1.97. Thus, the states in the middle of the spectrum are
indeed localized in real space.
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