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Motivated by recent observation of the quantum spin Hall effect in monolayer germanene and twisted
bilayer transition-metal dichalcogenides (TMDs), we study the topological phases of moiré twisted bilayers
with time-reversal symmetry and spin s, conservation. By using a continuum model description, which can
be applied to both germanene and TMD bilayers, we show that at small twist angles the emergent moiré flat
bands can be topologically nontrivial due to inversion symmetry breaking. Each of these flat bands admits a
lowest-Landau-level description for each spin projection in the chiral limit and at magic twist angle. This allows
for the construction of a many-body Laughlin state with time-reversal symmetry, which can be stabilized by a
short-range pseudopotential, and therefore serves as an ideal platform for realizing the so-far elusive fractional
quantum spin Hall effect with emergent spin-1/2 U(1) symmetry.

DOI: 10.1103/PhysRevB.00.005100

I. INTRODUCTION

Since the discovery of superconducting and correlated
insulating phases in magic-angle twisted bilayer graphene
(TBG) [1-12], the moiré engineering of 2D van der Waals
materials, such as graphene and transition metal dichalco-
genides (TMDs) [13-23], in a host of bilayer and multilayer
heterostructures [24—32], has attracted enormous research at-
tention. Moiré platforms are ideal hubs to forge the interplay
between strongly correlated effects and topological phases,
giving rise to rich phenomena including superconductivity
[1,6-8], strange metal behavior [33—-35], magnetic quantum
anomalous Hall effect in TBG [9,36,37] and more recently,
long-sought after fractional Chern insulators (FCI) [38—40]
first observed in twisted bilayer MoTe, [41-44].

The discovery of FCIs in TMD heterostructures highlights
the importance of moiré flat bands [45-53] in the service of
electron fractionalization without a magnetic field. In partic-
ular, moiré flat bands in the chiral limit [48] share properties
akin to lowest Landau level (LLL) wavefunctions, shedding
light on the stability of time-reversal broken topological states
through local interactions [54-59]. Conversely, a burning
question arises: Can moiré flat bands support time-reversal
symmetric (TRS) fractional topological order? While TRS Z,
flat bands have been theoretically proposed in twisted bilayer
TMDs [60-64], and experimental signatures of the quantum
spin Hall (QSH) effect [65-71] have been noted in twisted
bilayer TMD [72-74], prospects for fractional QSH effect in
moiré systems remain terra incognita.

In this paper, we propose a mechanism to realize TRS
topological Z, moiré flat bands and establish them as po-
tential platforms to achieve fractional quantum spin Hall
effect [67,75-77] through electron interactions in moiré het-
erostructures. Our point of departure is a continuum model
of small-angle twisted bilayer heterostructures, which can
be applied to bilayer TMD or the paradigmatic Kane-Mele
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(KM) model [65]. The KM model was recently realized in
a monoelemental honeycomb material-germanene [78]. Two
layers of KM model are generally expected to be topologically
trivial given the instability of the double pairs of helical edge
modes [65]. However, our analysis of the small-angle twisted
bilayer KM model identifies topological phase transitions,
which can be tuned by the twist angle, interlayer coupling
and sublattice potential. The resulting quasifiat moiré bands
are characterized by a TRS Z, topological invariant signal-
ing a new pair of helical edge states. Remarkably, in the
chiral limit where the AA interlayer coupling vanishes, the
wavefunction for each flat band behave as a Kramer’s pair
of time-reversal invariant lowest-level Landau (LLL) wave-
functions containing both holomorphic and antiholomorphic
coordinates related by time reversal. As such, our paper iden-
tifies key aspects enabling TRS electron fractionalization in
twisted moiré bilayers. In particular, we propose classes of
many-body wavefunctions hosting fractional QSH, which is
stabilized by certain short-range interactions. This paper thus
puts forth a promising route to explore fractional QSH in Z,
flat bands of moiré heterostructures. Our consideration may
also apply to cold atom platforms for which moiré€ engineering
has also been made possible recently [79].

II. MODEL

A low-energy description of both monolayer TMD and
germanene with spin s =1, | = £1 and valley r = +£1 rotated
by an angle 6 is given by (setting 7 = 1)

0 e*ir(kaé)
hst(e,k) = T|k|UF(eif(0k—9) 0 ) +(SUZ+)\,ST}/.
ey

Here 6, is the angle between k and some reference axis.
6 in the case of TMD denotes the sublattice potential
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difference while in germanene it can arise from coupling to
substrate [80]. A is the spin-orbit coupling (SOC) strength, and
y = diag(y, y2). For TMDs [81] we have y = (1 — 0,)/2,
while for germanene y = o, as in the Kane-Mele model [65].
Equation (1) preserves time-reversal (7) symmetry, and an
emergent U(1) symmetry for the spin s, component. When
two layers of TMD or germanene described by Eq. (1) are
stacked and twisted by a small angle, the moiré pattern devel-
ops as is shown in Fig. 1(a). The emergent moiré periodicity
gives rise to much smaller moiré Brillouin zone shown in
Fig. 1(b). Following [45], the continuum model for both
twisted bilayer TMD and germanene systems can thus be
described in a uniform way. For spin s and valley 7, the
Hamiltonian written explicitly in the two layer space is

_ (he(5.Y) T (r)
Hsr - ( TtI(r) hsr( _ %’ V) b (2)

where i (0/2, V) = —itvpR[o - VIR 4 80, + AsTy is the
real-space representation of Eq. (1) (with R =e™ %"Z),
and the local interlayer coupling T (r) captures the moiré
superlattice. The Hamiltonian acts on a spinor V¥, =
(W1, V1, Va2, ¥m)T, where A, B and 1,2 are sublattice and
layer indices, respectively. As in TBG, the interlayer coupling
can be approximated by T, (r) = th:l T,e " where q, =
ko(0. —1), g, =ke(+/3/2,1/2) and g, = ky(—/3/2,1/2)
with ky = 2kp sin(8/2) being the moiré Brillouin zone length
scale and kp is the distance between I" point and K point. Note
that for the other valley T (r) = T (r). The three coefficients

T, are T, = waal + w),0. + wap(oy cos 2"7” + oy sin Z”T”),

with waa(w),) and wyp the interlayer tunneling strength in
AA- and AB-stacked areas respectively; w), vanishes for
germanene but remains nonzero for TMD.

Z, flat bands. Taking twisted bilayer germanene as our
example, the corresponding moiré band structure is shown in
Fig. 1(c), which was obtained by setting vz = 5.6 x 10° m/s,
and A = 24 meV [78,82]. Note that vy is around 70% of that
in graphene. Assuming the interlayer coupling is also around
70% of that in TBG, we approximately take wsp = 80 meV
and set ¥ = was/wap as a variable. The two bands marked in
red are the moiré flat bands, separated by a gap due to A # 0.
The first magic angle at which the moiré bandwidth gets min-
imized is determined by the condition « := wup/(vrky) =
0.586 [48]. Furthermore, for a given st configuration, the flat
bands have nonzero Chern numbers given by C ., = %£sgn(s),
where “+” is for the upper bands and “—” is for the lower
bands. This gives rise to nontrival topology with TRS, which
is characterized by the Z, topological invariant [69,83]

Crx—Ci=
2
Thus the upper moiré band has vy = 1 while the lower moiré
band has v = —1. The topological phase can be tuned by 6,
wap, and way, as shown in Fig. 1(d). We also confirmed that at
even larger 6 (not shown) the system becomes trivial as well,
consistent with the Z, classification of two layer KM model.
The band structure for twisted bilayer TMD are similar
to those shown in Fig. 1(c), except that § and A are much
larger than those in germanene, and w),, can be nonzero due
to the difference between valence and conduction bands. The

vy = mod?2. 3)

Bottom

Waa/wap =0

e(k) (eV)

WaalWap |

trivial

FIG. 1. (a) Moiré pattern with system size given by L, and L,.
(b) Moiré Brillouin zone at =K valleys. The definition of £« is
chosen in such a way that x at +K is related to —« at —K valley
by time reversal. (c) Moiré band structure for +K valley at the first
magic angle 6 = 1.09°, obtained by choosing w,z = 80 meV and
8 = 0. (d) Three-dimensional phase diagram with § % 0. The Z,
phase appears as a bulk region, of which the two orthogonal cross
sections are shown in blue. For a fixed was and wyp, tuning 6 can
result in a topological phase transition from a Z, band to a trivial

00510003"d-
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large band gap resulting from § in TMD has a remarkable
consequence of large sublattice polarization, which we will
explain in the following.

III. TOPOLOGICAL FLATBAND

The Hamiltonian in Eq. (2) has an emergent chiral sym-
metry when wa4 and w), vanish. In this limit and at
the magic twist angle, there are two exactly flat bands
for each spin and valley [see Fig. 1(c)] whose energy
is determined solely by A and §. To see this, we can
first rotate the basis to ¥, = diag(e%/4, e= 0%/ 4y, =
(Xa1, XB1> Xa2, x52)', and then rewrite the Hamiltonian in a

new basis xi: = (Xa1, a2 X1, X82)" = (xa. x8)" . The re-
sulting eigenvalue equation becomes

Astyr+6  Di(=r) \(xa\ _ .[(xa
( De(r)  Asty, — 8) <XB> B 8()(3)’ @
where
_ —2ivp0; U,(r) -
D(r) = ( Ueor) i 8) D_(n=Dim), (5

UL(r) = wag(e ™7 4 972" 4 o=i0=ia5T) apnd 9, = aiz =
(dy +id,)/2. Equation (4) has an apparent solution in a fully
sublattice-polarized form with either x4 =0 or xz = 0 for
all r. If we assume xp = 0, then Eq. (4) is solved by ¢ =
Asty; + 6 and D.(r)xa = 0. The latter condition is in fact
identical to the zero-energy flat-band equation for chiral TBG
[47]. The other set of solution with the opposite sublattice
polarization is found by assuming x4 = 0, which has the
energy € = Asty,; — 8.

The sublattice polarization is not just a fine tuning effect
of the chiral limit and a similar effect has been discussed in
lattice models [84—86]. In Figs. 2(a) and 2(c), we show the
sublattice weight for the top-most flat band for twisted bilayer
TMD and germanene respectively [87]. For TMD bilayers, the
sublattice polarization is always almost maximized for a wide
range of parameters, while for germanene bilayers, it is maxi-
mized only when the system is near the chiral limit and magic
angle (0 — «a. and r — 0). In Figs. 2(b) and 2(d) we show the
Chern numbers for the four flat bands, which help us to further
identify the Z, flat bands according to Eq. (3). For TMD
bilayers, since we neglected the SOC in the conduction band,
there are only two Z, flat bands with B-sublattice polarization,
which are separated from many other bands due to large A
[gray area in Fig. 2(b)]. In contrast, the germanene bilayers
can host four energetically close Z, flat bands. If the Fermi
level is located in the middle of the lower two bands, then
tuning § results in a topological phase transition as indicated
in Fig. 2(e), where in the chiral limit the trivial regime shrinks
to a point at § = 0.

The wavefunction for these chiral flat bands can be ob-
tained in a similar fashion as for TBG flat bands [47]. For
simplicity, we consider the top-most band. For t = +1, the
equation D, (r)xa(r) =0 has a Cs-rotation symmetry pro-
tected solution at the moiré Brillouin corner 4«, which we
denote as x Tij: (%« are related by C; rotation so below we use
x%‘ 4 only). Because D, (r) contains only the antiholomorphic
derivative 0, the general solution is x44x(r) = fk(Z)X'T( +()
where 0; f;(z) = 0 and z = x + iy is the complex coordinate.

a) - - b
(@) (b) C,=1.C_=-1,¢_=-1,C,=1
—u,, a=0.72a , r=0.7, r'=0.3
0.8 B c v, =0
— Uy n=0.72ac, r=0.7, r'=0.3
06 Ug, @=0.43a,, =1, 1'=0.5 261
u,, =0.43c , r=1, r'=0.5
04 A c CP:I,CH:—I VH=]
24

0.2

,a=1.2a_, r=0.7
c

s a=12a, =07 G ==, @ =1l

'
> @ >

B
A

04 —=Ug =0, r=0.7 --Y
A

-u,, a=a, r=0.7 U

125 vp=—1
CL=-1.¢_=1
» » ' 0
. ar a Bar- |2
\\ / | WAL R AL |,
\ .. . ~" » e -l
\“““AI/ AB BA AB BA | s
\ § P g P
Z, \ z, oy e w -8
| » g B -0
0 0 5 a0l =hlzZ,00 iz 0l =InlzZ,0]

FIG. 2. [(a),(b)] Sublattice weight and moiré flat bands for
twisted bilayer TMD. In (a) we choose the upper flat band with
s =+ and T = + and « is reduced by increasing 6. Due to a large
8 and A in TMD, the sublattice polarization is almost maximized for
different «, r, and r’. The A(B)-sublattice polarized flat bands are
shown in red(purple), and gray regions denote other dispersive moiré
bands. [(c),(d)] Sublattice weight and moiré flat band for twisted
bilayer germanene. We again choose s = + and 7 = + for (c). Here
the since § and A are much smaller than those in TMD, all the
four resulting Z, flat bands are energetically close to each other.
(e) Schematics of the phase diagram when the Fermi level is at the
dashed line shown in (d). (f) Plots of the wavefunction amplitude at
the moiré « point in log scale. The zeros are located at +(a; — a,)/3
depending on s and 7.

Jfx(z) must have simple poles to preserve the moiré lattice
translation symmetry, but remarkably each component of
x{ +(r) has zeros at some particular ry right at the magic
twist angle. Therefore, one can locate the poles of fi(z) at
these ry to make x44x(r) a bounded function. In Fig. 2(f)
we plot | x¥ (r)| on a logarithmic scale. The zeros are located
at either AB- or BA-stacking points, depending on s, 7, and
sublattice. For A-sublattice polarized bands, ry = (a; — a,)/3
when measured from the AA center.

The total wavefunction can be more conveniently ex-
pressed when the spatial origin is shifted to ry, so that

o N
Xr+k(r) = F¢+(r)N(k)|:e’20 (z + igk>] (6)

where
rraf:z
X, (r4+rg)e S 79 (0, £2)  sa
FT-Q—(") — T+ — , N(k) — ME Snlal .
191(5, a_l) ay

(N

Here a; = a;, + iajy for j=1,2 and k = k, + ik, are the
complex number representations of vectors, and § = |a; X
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ay| is the area of the moiré unit cell. ¥ (u,n) is one
of the Jacobi theta functions [88], which has the double-
periodic properties ¥ (u + n, n) = (—1)"¥(u, n) and 9 (u +
nn, ) = (—=1)yre= @ @m+n’ny, (y n) for n € Z, and vanishes
at u = n+ mn for n,m € Z such that 1/9(u, n) has simple
poles at these positions. As a result, F'(r) becomes regular.
The universal part, [...] in the above equation, contains a
modified Weierstrass sigma function [89], which has zeros
on the moiré lattice sites, and is related to ¥, via o(z) =

=L exp( ”2‘;‘;2 )191(;—'1, 1n)/91(0, n) (see also Appendix A for de-
tails). The time-reversal counterpart x| x(r) is constructed in
the same manner.

We note that the zeros of X? 4 and Xi_f coincide in space
[see Fig. 2(f)], and they can be made complex conjugate to
each other. Furthermore, the operator D_(r) contains only
holomorphic derivatives, indicating the wavefunction for t =
—1 valley contains only antiholomorphic functions. Clearly
this construction is equivalent to taking the complex conjugate
of x4+, and we thus have

X — k) = Fi_(r)N*(k)|:e’k§0(z* - i%k*)} (8)
with F|_(r) = F{, (r). Using the quasiperiodic properties of
the theta function, it is straightforward to check that both of
these wavefunctions indeed satisfy Bloch’s theorem [90].

Equations (6) and (8) are quite similar to the LLL wave-
function on a torus in the symmetric gauge [91], which is
obtained by taking F (r) = e~ */4 and Nk) = eIk /4 (setting
magnetic length [z = 1 for simplicity), and o(z) is defined
for an arbitrary lattice as long as the unit-cell area is S = 27
(one flux quantum per unit cell). In fact, for any 2D ideal
flat band with Chern number C = 1, its wavefunction can be
written in the form of Eq. (6) with some properly chosen F'(r)
and N (k) [92,93] (also see Appendix B for details). The flat
band being ideal means that the cell-periodic part, defined as
U k() = e7FT Xsz.k(r) is (anti)holomorphic in k for spin up
(down). As a key consequence, the quantum geometric tensor
Nap(k) 1= (Dyur|Dgug) has vanishing determinant at every k;
here D, := 0k, — iAy with Ay =i (ux|0, ux) the Berry con-
nection. This in turn implies that the Fubini-Study metric
gap(k), the real part of n(k), is related to the Berry curvature
Qk) = Vi x A via gep(k) = %|Q(k)|8a,3. It is known that
these properties make the flat band an ideal system to mimic
the Girvin-MacDonald-Platzman (GMP) algebra [94] for the
LLL in a strong magnetic field: [og,, 04,1 = i2q; X @204, +4,
with p, being the density operator projected to the flat band,
if we identify the average Berry curvature Q = i [ dkS2(k)

as the square of the magnetic length /3 [95-97]. It is this
similarity that makes it possible to obtain quantum (spin) Hall
effect in the full or partially filled moiré flat bands.

IV. MANY-BODY WAVEFUNCTIONS FOR FQSH

Since € plays the same role as [} in the GMP algebra,
we can identify each moiré unit cell as the magnetic unit
cell, which hosts a single magnetic flux. For a parallelogram
system with the widths L; = Nya; and L, = Na, as shown
in Fig. 1(a), the general twisted periodic boundary condition
for each particle on the many-body wavefunction implies

V({zi}lzj = Li2) = ei¢112\D({zi}|zj = 0), where ¢, are not
necessarily zero. Following the logic of Ref. [54,91], we have
for spin-up fermions (see Appendix A for details)

N, m
Wi m(fzj)) = l_[ Fry(ry) l_[ o(Z —iZ,)

j=1 v=1
x [JlowG — 21, ©
i<j

where we have assumed there are N, spin-up fermions so that
the filling fraction is 1/m = N, /N,. Note that we need to keep
m an odd integer in order to maintain fermionic properties.
Here Z = Zj z;j and the values of K and Zy:= )" Z, are
chosen to satisfy

) AL A7y
iKLio _ (_1)N;+N1,z i—Ns tidi2

e e (10)

The sigma function with subscript “L” is defined similarly
to the previous discussion, but with the unit cell enlarged to
the whole sample spanned by L; and L, instead of a; and a,.
Since the sigma function vanishes as oy (z) ~ z when z — 0,
this wavefunction scales as (z; — z;)™ whenever there are two
particles approaching each other, so it can be stabilized by
some pseudopotential similar to that of Haldane. The differ-
ence from Haldane’s pseudopotential is that the ideal flat-band
pseudopotential not only depends on the relative angular
momentum between two particles, but also on their center-of-
mass (COM), so that the general form of the interactions can
be written as V(ry,rp) = ZM’m vM,mISM,m where ISM,,,, is the
projector [92]. This can be traced back to the fact that the LLL
wavefunction obeys the magnetic translation group [98] while
the ideal flat-band wavefunction in our case does not. One
simple realization that stabilize the wavefunction in Eq. (9)
is to consider sufficiently short range (Hubbard-like) interac-
tions, for which the COM gets frozen, and the pseudopotential
can be modeled by V(r) = Z:Z:B" U (V2Y" 3 8(r — R))
where R; denote all lattice sites and all m’ > 0 should be odd.
For the spin-down fermions, the construction is exactly the

same,
N/

e

V) =e O TR -@p [ JorW —iW,)

j=1 v=1

x [ Jlow(m: — w)1™

i<j

Y

with W =3 w;, and Q and Wy := }_, W, satisfying condi-
tions similar to Eq. (10).

Upon combining the two spin components (9) and (11), we
identify

Wrosu({zj, w;}) = ¥y m({z;D¥ m({W;}) (12)

as a candidate wavefunction describing a FQSH state with
spin-filling fraction vy, = i, which hosts conserved spin
current and fractional electronic excitations [67,75-77]. In
short samples compared with the electron mean free path, the
presence of a helical edge state may be revealed by the low-
temperature (compared to the many-body gap) quantization
of the longitudinal conductance G = 2¢*/h [99], expected to
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persist for an interacting Luttinger liquid edge [100]. Fur-
thermore, charge fractionalization could be sensed via shot
noise measurements [101,102], providing two complementary
experimental signatures of time-reversal symmetric fraction-
alization.

Remarkably, the ideal flat-band condition [54,92] ensures
that (12) is the ground state of a local time-reversal symmet-
ric Haldane pseudopotential interaction, which establishes a
microscopic mechanism for time-reversal invariant fractional
topological order in moiré flat-band systems. The many-body
wavefunction (12) can be generalized by multiplication by
terms ~[],_ (z- — w,)", which represent correlations be-
tween opposite spins [67,77]. Achieving such FQSH states
would require different local interactions, a question that mer-
its further investigation.

V. CONCLUSIONS AND DISCUSSION

We have shown that twisted bilayer 2D materials with spin-
orbit coupling (TMD and germanene) can give rise to ideal flat
bands with TRS at magic twist angle and in the chiral limit,
serving as an ideal platform for realizing FQSH effect. There
are, however, two obstacles that can potentially destroy the
FQSH state. The first one is the competition with other sym-
metry breaking phases, including charge density wave due to
long range interactions [103] and ferromagnetism [104]. The
true ground state depends on the details of the interactions,
so given that moiré systems have much higher tunability of
interactions compared to other platforms, we expect that the
FQSH state considered here is indeed in a physically accessi-
ble regime. The second obstacle is that a finite ws, spoils the
ideal flat-band condition and renders the Berry curvature more
inhomogeneous in k space. Comparing energies of different
competing states in this case, e.g., using exact diagonalization
and DMRG, is an interesting question, which we leave for a
future study. We also note that if intervalley coherence that
spoils s, conservation is included, a different type of FQSH
without s, conservation can also be realized.

Note added. Recently, we noticed that the experimental
breakthrough on observing FQSH has been announced, based
on the twisted bilayer MoTe, system [105].
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APPENDIX A: LLL WAVEFUNCTION ON A TORUS AND
THE CONSTRUCTION OF LAUGHLIN WAVEFUNCTION

The LLL wavefunction on a torus was first studied in
Ref. [91], where the theta function was used to account for
the double-periodicity nature of the wavefunction. There the
theta function is periodic in terms of the boundaries L; and L,,
which necessarily involves a product of many theta functions.

Alternatively, one can define the problem on a lattice, and
the unit cell is chosen arbitrarily but must enclose an area of
2712 through which a unit flux passes. The introducing of a
lattice makes it easy to compare with real lattice systems with
a flat Chern band. Below we discuss both of these pictures
separately.

1. LLL without lattice
a. Single-particle wavefunction

Here we closely follow the logic of Ref. [91]. The sin-
gle particle LLL wavefunction in Landau gauge A(r) =
(—yB, 0, 0) can be written as

Yx,y) = e f(2).

Here we have set [3 = 1, and f(z) is a holomorphic function
defined on the whole plane. Due to the presence of the expo-
nentially decaying prefactor e, f(z) can be unbounded in
the y direction, so the total wavefunction v (x, y) can still be
normalizable. The magnetic translation operator #(L) acting

on a wavefunction is (assuming B is in the z direction)

l‘(L)I/f(I’) = 1//(r+L) — eiL'[—iV—eA(r)]"rieB-(rxL)l//(r). (Az)

(A1)

Suppose we defined the system size as a parallelogram with
width |L;| and |L,| and and angle ¢ between them. Then the
total flux piercing this sample is given by

A IL||Lysing
212 2 '

N; = (A3)

The twisted boundary condition on the wave function implies,

Y(L12) = Y (0)e. (A4)

Let us further assume L; is in the x direction without loss of
generality. Then we can immediately see

fL) = ().

The boundary condition in L, direction also applies to the
prefactor ¢™"/2, so we will have

(AS5)

e ULalsingl2 (1) — £ (0)ei?, (A6)

Using the definition of N;, we can also write the above expres-
sion as

12
N, a2l
e Ly

W £(Ly) = f(0)e®.

The solution of the above two boxed equations are given by
the Jacobi theta function,

N,
ikz LT

= e ﬁ‘ P} )

f@ 1:[1 1< T n)

where 7) = L,/L; and the theta function ¥, is defined as

(AT)

(A8)

D1, ) = =i Y (= 1) gV T g o7 (AD)
leZ

which has the following properties:
N(u+n, i) = (=1, i),
191(” + n?], 77]) — (_l)nefin(Znqunzf/)ﬁ] (M, )7])’
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M (—u, i) = =01 (u, ),
M(u,7)=0 foru=n+mh, mneZ

9@, 7)) ~u for u— 0. (A10)

We now need to choose proper k and z, in order to satisfy the
boxed boundary condition in Egs. (AS5) and (A7). Using the
properties of ¥, listed above, and defining zyp = Zﬁl‘ Zy, 1t 18
easy to see that k and z, satisfy the following equations:

eikLl — (—1)N5€i¢]

. i(6r— [LE1IP
okl — (_l)Nsel(tﬁz 2mz0/Li+Ny Ip cosw).

(A1)
Note that the second equation is slightly different from that in
Ref. [91], to which it reduces when ¢ = 7 /2, i.e., when the
L, and L, are perpendicular to each other. From Eq. (Al1l)
it is easy to see that, if (k, zo) is the solution, so is (k +
ni2mw /Ly, zo — niLy + npLy) with ny, ny € Z. The number of
the linearly independent solutions is equal to the number of
zeros of f(z), which is Nj.

b. The Laughlin wavefunction

The construction of the many-body Laughlin wavefunction
proceeds as follows. Suppose there are N, electrons, so the
filling factor is given by N, /N, = 1/m. We will assume m > 3
is some odd integer. The wavefunction is given by the ansatz,

V({zh) = F@) [ ] e — ),

i<j

(A12)

where F(Z) is a function, which depends on the center-of-
mass coordinate Z and g(z; — z;) is the Jastrow factor, which
only depends on the relative coordinate. Recall the usual
Laughlin wavefunction is

Wiw((zih) = e = = @ — 207, (A13)
i<j
hence we need
8(zi — zj) ~ (zi — z;)" for z; — z;. (Al4)
One possibility is
z . m
8(z) = [191 (—, n)} , (A15)
L,

which leads to the following boundary condition for a generic
single particle, say z;:
8Ly — zj) = (—1)"g(—z;),

8L, —zj) = (—=1)"e g(—z;). (A16)

Therefore, for the product of N, — 1 particles, we have

l_[g(Ll —z;)) = (=D 1_[ 8(=zj),
j J

DmZ —i(No—m)r 2
Hg(LZ _ Zj) — (_I)Ns—meﬂﬂm“ i(Ny—m)m Ly Hg(—zj)
J J
(A17)
If we require that the total wavefunction satisfies

Ww({zjlzi = Lin)) = Wiw({zjlz = 0D (A18)

then the center-of-mass factor F'(Z) must satisfy
F(Z + L) = FZ)(=1)"e,
, . L, .
F(Z + Ly) = F(Z)(— 1)V 2mmis +immn it g2 (A 19y

The general solution for F(Z) can be expressed as

m

i Z _Zv ~
F(Z):e’KZHﬂI( 7 ,n).
v=1 1

Likewise, we need to properly choose K and Zy := )" Z, to
solve Eq. (A19). This puts constraints on K and Z,, namely

(A20)

eiKLl — (_ 1)Nvei¢]

. 20 . - .
oKL (— 1)1‘/.;6_’277 Iy N5l o2

(A21)

2. Another choice: LLL wavefunction with a lattice
a. Symmetric gauge

Here it is useful to switch to symmetric gauge where A =
(—yB/2,xB/2, 0), the magnetic translation operator acting on
¥ (r) has a simple form (again assuming eB = [ 2=1

I(L) — eiL-(fiV)wL%(rxL)-ﬁ. (A22)
The wavefunction that simultaneously diagonalize the
Hamiltonian and this translation operator can be given by the
modified Weierstrass sigma function [89]

m’l‘zz 7-91 (ia 7])

0(z) =aje > ,
910, n)

where ¥ is the theta function defined above, and ©#; denotes
its derivative. S is the area of the unit cell, and in the lattice
spanned by a; and a, we have S = 2m. Upon translated by a
lattice [ = ma; + na, with m, n € Z, it changes as

(A23)

o(z+1) = E(De™S g (),

where £(/) =1 if /2 is also on the lattice and &£(I) = —1
otherwise. In particular, if [ = a; with j =1, 2, we have

(A24)

Y (z+a;/2)

o(z+a;)=—e o (2). (A25)
Now if we write the wavefunction as
¥s(x,y) = e @) (A26)
then the holomorphic function f;(z) is given by
fi(2) = 0 (z + ik)e K14+, (A27)

An important property of writing the LLL wavefunction using
this modified sigma function is that it does not dependent on
the specific choice of the lattice, i.e., it is modular invariant.
One can design an artificial lattice spanned by the lattice
vector a; and a, with the unit cell area being 27 (2711; when
Ip is not set to unity). Then the system under consideration
can be described using two integers N; and N,, such that
L = Nyja; and Ly = M>ap, and the total number of fluxes
passing through the system is given by N; = N|N,. Under
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translation I = ma, + na,, this wavefunction transforms as

s +0) = e A fi 4 1)

CPkEp?

Z*I4*z +l~k*z+k*l

A 1 ¥ > o(z+1+ik)
= (DT )
— %-(l)eik-l-ké(rxl)'ﬁws(r)' (A28)

Note this wavefunction transforms in a similar but not exactly
the same way as a Bloch wavefunction transforms under spa-
tial translation. Using this properties, one can explicitly show
that

tA DA Ysr) = o)) s (r)e 1%

as it should be. The periodic boundary condition in Eq. (A4)
then implies k must obey

(A29)

k-L1 =27Tn1 +N1]T +¢1,

k-Ly=2any+ Nomw + ¢o, (A30)

with ny,n, € Z.

Using the relation between the sigma function and the
theta function it is possible to express the wavefunction only
in terms of the theta function. In addition, without loss of
generality, we can always choose a; to be real. It is then easy
to see

o222 _ ki2Hk2

kay_qie” 1 (z+ik
e o |
91(0, m)

Note this expression is different from Eq. (A8) in the sense
that it contains only one holomorphic theta function. But the
number of zeros enclosed by the sample boundary remains the
same. It is easy to realize that the function

e = Ps(r)e”

is a normalized k-holomorphic function i (r) times a
k-dependent complex normalization factor N; (such that
[lux||> = |Ni|?). This observation is useful, since the quantum
geometric tensor 7(k), defined as

Ys(x,y) = ,w). (A31)

a
= Ny (r)

(A32)

(O, e | uae ) {uage | O, Ltge)
Nk |4

(O, g | Op, g )
Nap(k) = — — —
|Nk|?

(A33)

is actually independent of N;. A simple manipulation shows
that when substituting uy = Niil; into this definition, the
derivatives of Nj from the first and the second part of
Eq. (A33) cancel out, which leads to

nab(k) =

Therefore, the factor Ny, although depending on k, does not
determine the properties of the ideal flat band.

We close by noting that the wavefunction in Landau gauge
can be readily obtained by applying the gauge transformation,
namely,

1/’L(x’ )’)

(O, Bty | O, i) — (O, i [} (e | O, By ) - (A34)

= Ys(x, y)e

k22

ke aje 2 4

= e 4
010, )

9 (Z +ik a)> (A35)

aj

b. The Laughlin wavefunction

Using the sigma function, we can write the ansatz for
the many-body wavefunction similar to that in Eq. (A12),
but since we will be using sigma functions, we write the
ansatz as

Iz,\2
U({z)) = e X T F(Z) l_[g(zi —zj), (A36)
i<j
where g(z) is now given by
8(z) = [or()]" (A37)
and
@=L (& n) (A38)
o [ Nle N S
PO o
Similar to Eq. (A25),
L*
or(z 4 L1 o) = —ex @225 (), (A39)

Clearly g(z) still scales as z” when z — 0. Then it is easy to

see, similar to Eq. (A17), we now have

] AL |
[Te@i —z) = (=¥ e @2 [ Te(—z)),
J J

IL | m _omLy
[Ttz =z = (=DM "e & =502 T gz,
i j
(A40)
Accordingly, the periodic boundary condition on the many-

body wave function, when applied to one of the many
particles, leads to the following constraints for F(Z):

F(Z+L)) = (=1) Mt ZN; Z+50) it
F(Z) ’

FZ+L) _ (_1)—N+me w, 2+ ) gitn (A41)
F(Z)

These equations are solved by assuming the following general
form

F(Z) = % ]_[ oL(Z — iZ,).

v=1

(A42)

Introducing Zy =
mined via

> 1 Zy, then the parameter K is deter-

L7
KL, = 2120
2N,

+ Ny + ¢1 + 2ny

*

220
+ N + ¢y + 2nypm,

N

KL, = (A43)

with ny,ny € Z. It is also straightforward to see that under
translation operation

t(L)t (L)W ({z;)) = (L)t (L)W ({z e )2 (Ad4)
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APPENDIX B: THE LAUGHLIN WAVEFUNCTION FOR A
GENERIC IDEAL FLAT BAND

From above we see the single particle LLL wavefunction
(in the symmetric gauge) can be conveniently written as

ENEERN I Y .S
Yr)y=e ve +|e2o(lz+i—k]]|,
2

where we reintroduced S = 273 but in our convention Iz =

1 it reduces to S = 2m. It contains three part. The first one
2

. Iz .
is the factor e~ '+, which depends only on r and makes sure

the wavefunction decays at large distances. The second term
2
e 'Tisa factor, which depends solely on k. The the last term

inside [...] has the nice property that it becomes a holomorphic
function in k when multiplied by the factor e~ as

(BD)

k-r=3k'z4z"%). (B2)
The many-body Laughlin wavefunction is given by
. N, ! m
W({z}) =€ (]‘[ e—"%) [[owz—-iz)
i=1 v=1
< [ lovi — 21", (B3)

i<j

with K and Zy = ) Z, satisfying Eq. (A43).

In fact, as suggested in Ref. [92], any ideal flat-band wave-
function with Chern number C = 1 can be written in a way
similar to Eq. (B1), namely

Yirs(r) = F(r)N(k)[ef‘?o (z + i%kﬂ, (B4)

where F(r) depends on the lattice details, and N (k) is some
normalization factor, which is less important as we already
see in Egs. (A33) and (A34).

As an example, now let us come back to the magic-angle
chiral limit flat-band wavefunction for, say C = +1,

ik-al? ﬂl(? B ;_2’ U)XK(',)
(Z2m) 7

ap

C ﬁl(ﬂ, )

ik~a1“(T aj n K(I‘)
ﬂl(ﬂa 7)) X+

ai

X+x(r)=e

(BS)

It is more convenient to work with the wavefunction with ori-
gin shifted to ry, so we define a new Fi x(r) = x4+ x(r +ro).
After some manipulation we rewrite it is as

nak?

XA+ ro)e” P (0, )
oi(E n) a

e S
e i—k | |.
el

From this expression we can easily read off the factors F(r)
and N (r) introduced in Eq. (B4) in this case.

As a directly generalization of Eq. (B3), the many-
body wavefunction ansatz can be written by modifying
F (r) accordingly. Therefore, for the magic-angle chiral limit
flat band, the many-body Laughlin wavefunction ansatz is
given by

Adti?
e $ray

X+ a(r) =

=~
)

(B6)

*,2
watd
N, L

; X5 i ro)e” =
W ((z) = | [ ] .
il 4] (j—], n)

x [Jouz —iz)] Jlov — 21", B7)

v=1 i<j
Likewise, by using the quasiperiodic properties of o7, and 9,
it is easy to see the values of K and Zy = ) Z, must satisfy

. .ﬂ’-f7<) .
elKLl — (_I)NJ+N1 61W+l¢1’

) RL3Zy .
elKL2 — (—1)NS+N2e17NxA +l¢2’

(B8)

in order to meet the periodic boundary conditions, which are
similar to Eq. (A43).

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

[2] Y. Xie, B. Lian, B. Jick, X. Liu, C.-L. Chiu, K. Watanabe,
T. Taniguchi, B. A. Bernevig, and A. Yazdani, Spectroscopic
signatures of many-body correlations in magic-angle twisted
bilayer graphene, Nature (London) 572, 101 (2019).

[3] Y. Jiang, X. Lai, K. Watanabe, T. Taniguchi, K. Haule, J.
Mao, and E. Y. Andrei, Charge order and broken rotational
symmetry in magic-angle twisted bilayer graphene, Nature
(London) 573, 91 (2019).

[4] Y. Choi, J. Kemmer, Y. Peng, A. Thomson, H. Arora, R.
Polski, Y. Zhang, H. Ren, J. Alicea, G. Refael et al., Electronic
correlations in twisted bilayer graphene near the magic angle,
Nat. Phys. 15, 1174 (2019).

[5] A. Kerelsky, L. J. McGilly, D. M. Kennes, L. Xian, M.
Yankowitz, S. Chen, K. Watanabe, T. Taniguchi, J. Hone, C.
Dean et al., Maximized electron interactions at the magic angle
in twisted bilayer graphene, Nature (London) 572, 95 (2019).

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

005100-8

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520


https://doi.org/10.1038/nature26160
https://doi.org/10.1038/s41586-019-1422-x
https://doi.org/10.1038/s41586-019-1460-4
https://doi.org/10.1038/s41567-019-0606-5
https://doi.org/10.1038/s41586-019-1431-9
https://doi.org/10.1126/science.aav1910

LK18285B PRB

February 23, 2024 21:35

TIME-REVERSAL INVARIANT TOPOLOGICAL MOIRE ...

PHYSICAL REVIEW B 00, 005100 (2024)

[7] X. Lu, P. Stepanov, W. Yang, M. Xie, M. A. Aamir, L. Das, C.
Urgell, K. Watanabe, T. Taniguchi, G. Zhang et al., Supercon-
ductors, orbital magnets and correlated states in magic-angle
bilayer graphene, Nature (London) 574, 653 (2019).

[8] H. S. Arora, R. Polski, Y. Zhang, A. Thomson, Y. Choi, H.
Kim, Z. Lin, I. Z. Wilson, X. Xu, J.-H. Chu et al., Super-
conductivity in metallic twisted bilayer graphene stabilized by
WSe2, Nature (London) 583, 379 (2020).

[9] A.L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K. Watanabe,
T. Taniguchi, M. A. Kastner, and D. Goldhaber-Gordon, Emer-
gent ferromagnetism near three-quarters filling in twisted
bilayer graphene, Science 365, 605 (2019).

[10] S.-Y. Li, Y. Zhang, Y.-N. Ren, J. Liu, X. Dai, and L. He, Exper-
imental evidence for orbital magnetic moments generated by
moiré-scale current loops in twisted bilayer graphene, Phys.
Rev. B 102, 121406(R) (2020).

[11] Y. Zhang, Z. Hou, Y.-X. Zhao, Z.-H. Guo, Y.-W. Liu, S.-Y. Li,
Y.-N. Ren, Q.-F. Sun, and L. He, Correlation-induced valley
splitting and orbital magnetism in a strain-induced zero-energy
flatband in twisted bilayer graphene near the magic angle,
Phys. Rev. B 102, 081403(R) (2020).

[12] Y. Saito, J. Ge, L. Rademaker, K. Watanabe, T. Taniguchi,
D. A. Abanin, and A. F. Young, Hofstadter subband ferro-
magnetism and symmetry-broken Chern insulators in twisted
bilayer graphene, Nat. Phys. 17, 478 (2021).

[13] Y. Tang, L. Li, T. Li, Y. Xu, S. Liu, K. Barmak, K. Watanabe,
T. Taniguchi, A. H. MacDonald, J. Shan, and K. F. Mak,
Simulation of Hubbard model physics in WSe,/WS, moiré
superlattices, Nature (London) 579, 353 (2020).

[14] E. C. Regan, D. Wang, C. Jin, M. 1. Bakti Utama, B. Gao, X.
Wei, S. Zhao, W. Zhao, Z. Zhang, K. Yumigeta et al., Mott
and generalized Wigner crystal states in WSe,/WS, moiré
superlattices, Nature (London) 579, 359 (2020).

[15] Y. Xu, S. Liu, D. A. Rhodes, K. Watanabe, T. Taniguchi, J.
Hone, V. Elser, K. F. Mak, and J. Shan, Correlated insulat-
ing states at fractional fillings of moiré superlattices, Nature
(London) 587, 214 (2020).

[16] C. Jin, Z. Tao, T. Li, Y. Xu, Y. Tang, J. Zhu, S. Liu, K.
Watanabe, T. Taniguchi, J. C. Hone et al., Stripe phases
in WSe,/WS, moiré superlattices, Nat. Mater. 20, 940
(2021).

[17] X. Huang, T. Wang, S. Miao, C. Wang, Z. Li, Z. Lian, T.
Taniguchi, K. Watanabe, S. Okamoto, D. Xiao et al., Corre-
lated insulating states at fractional fillings of the WS,/WSe,
moiré lattice, Nat. Phys. 17, 715 (2021).

[18] T. Li, S. Jiang, L. Li, Y. Zhang, K. Kang, J. Zhu, K.
Watanabe, T. Taniguchi, D. Chowdhury, L. Fu et al., Con-
tinuous Mott transition in semiconductor moiré superlattices,
Nature (London) 597, 350 (2021).

[19] L. Wang, E.-M. Shih, A. Ghiotto, L. Xian, D. A. Rhodes,
C. Tan, M. Claassen, D. M. Kennes, Y. Bai, B. Kim et al.,
Correlated electronic phases in twisted bilayer transition metal
dichalcogenides, Nat. Mater. 19, 861 (2020).

[20] A. Ghiotto, E.-M. Shih, G. S. S. G. Pereira, D. A. Rhodes, B.
Kim, J. Zang, A. J. Millis, K. Watanabe, T. Taniguchi, J. C.
Hone et al., Quantum criticality in twisted transition metal
dichalcogenides, Nature (London) 597, 345 (2021).

[21] Z. Zhang, Y. Wang, K. Watanabe, T. Taniguchi, K. Ueno, E.
Tutuc, and B. J. LeRoy, Flat bands in twisted bilayer transition
metal dichalcogenides, Nat. Phys. 16, 1093 (2020).

[22] S. Shabani, D. Halbertal, W. Wu, M. Chen, S. Liu, J. Hone, W.
Yao, D. N. Basov, X. Zhu, and A. N. Pasupathy, Deep moiré
potentials in twisted transition metal dichalcogenide bilayers,
Nat. Phys. 17, 720 (2021).

[23] A. Weston, Y. Zou, V. Enaldiev, A. Summerfield, N. Clark, V.
Zolyomi, A. Graham, C. Yelgel, S. Magorrian, M. Zhou et al.,
Atomic reconstruction in twisted bilayers of transition metal
dichalcogenides, Nat. Nanotechnol. 15, 592 (2020).

[24] X. Liu, Z. Hao, E. Khalaf, J. Y. Lee, Y. Ronen, H. Yoo, D.
Haei Najafabadi, K. Watanabe, T. Taniguchi, A. Vishwanath,
and P. Kim, Tunable spin-polarized correlated states in twisted
double bilayer graphene, Nature (London) 583, 221 (2020).

[25] C. Shen, Y. Chu, Q. Wu, N. Li, S. Wang, Y. Zhao, J. Tang, J.
Liu, J. Tian, K. Watanabe et al., Correlated states in twisted
double bilayer graphene, Nat. Phys. 16, 520 (2020).

[26] G. Chen, L. Jiang, S. Wu, B. Lyu, H. Li, B. L. Chittari, K.
Watanabe, T. Taniguchi, Z. Shi, J. Jung et al., Evidence of
a gate-tunable Mott insulator in a trilayer graphene moiré
superlattice, Nat. Phys. 15, 237 (2019).

[27] G. Chen, A. L. Sharpe, P. Gallagher, I. T. Rosen, E. J. Fox,
L. Jiang, B. Lyu, H. Li, K. Watanabe, T. Taniguchi et al.,
Signatures of tunable superconductivity in a trilayer graphene
moiré superlattice, Nature (London) 572, 215 (2019).

[28] G. Chen, A. L. Sharpe, E. J. Fox, Y.-H. Zhang, S. Wang,
L. Jiang, B. Lyu, H. Li, K. Watanabe, T. Taniguchi et al.,
Tunable correlated Chern insulator and ferromagnetism in a
moiré superlattice, Nature (London) 579, 56 (2020).

[29] Y. Cao, D. Rodan-Legrain, O. Rubies-Bigorda, J. M. Park,
K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, Tunable
correlated states and spin-polarized phases in twisted bilayer—
bilayer graphene, Nature (London) 583, 215 (2020).

[30] M. He, Y. Li, J. Cai, Y. Liu, K. Watanabe, T. Taniguchi, X.
Xu, and M. Yankowitz, Symmetry breaking in twisted double
bilayer graphene, Nat. Phys. 17, 26 (2021).

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

[32] Z. Zhu, S. Carr, D. Massatt, M. Luskin, and E. Kaxiras,
Twisted trilayer graphene: A precisely tunable platform for
correlated electrons, Phys. Rev. Lett. 125, 116404 (2020).

[33] H. Polshyn, M. Yankowitz, S. Chen, Y. Zhang, K. Watanabe,
T. Taniguchi, C. R. Dean, and A. F. Young, Large linear-in-
temperature resistivity in twisted bilayer graphene, Nat. Phys.
15, 1011 (2019).

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

[35] R. Lyu, Z. Tuchfeld, N. Verma, H. Tian, K. Watanabe, T.
Taniguchi, C. N. Lau, M. Randeria, and M. Bockrath, Strange
metal behavior of the Hall angle in twisted bilayer graphene,
Phys. Rev. B 103, 245424 (2021).

[36] M. Serlin, C. L. Tschirhart, H. Polshyn, Y. Zhang, J. Zhu, K.
Watanabe, T. Taniguchi, L. Balents, and A. F. Young, Intrinsic
quantized anomalous Hall effect in a moiré heterostructure,
Science 367, 900 (2020).

[37] C.-C. Tseng, X. Ma, Z. Liu, K. Watanabe, T. Taniguchi, J.-H.
Chu, and M. Yankowitz, Anomalous Hall effect at half filling
in twisted bilayer graphene, Nat. Phys. 18, 1038 (2022).

005100-9


https://doi.org/10.1038/s41586-019-1695-0
https://doi.org/10.1038/s41586-020-2473-8
https://doi.org/10.1126/science.aaw3780
https://doi.org/10.1103/PhysRevB.102.121406
https://doi.org/10.1103/PhysRevB.102.081403
https://doi.org/10.1038/s41567-020-01129-4
https://doi.org/10.1038/s41586-020-2085-3
https://doi.org/10.1038/s41586-020-2092-4
https://doi.org/10.1038/s41586-020-2868-6
https://doi.org/10.1038/s41563-021-00959-8
https://doi.org/10.1038/s41567-021-01171-w
https://doi.org/10.1038/s41586-021-03853-0
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1038/s41586-021-03815-6
https://doi.org/10.1038/s41567-020-0958-x
https://doi.org/10.1038/s41567-021-01174-7
https://doi.org/10.1038/s41565-020-0682-9
https://doi.org/10.1038/s41586-020-2458-7
https://doi.org/10.1038/s41567-020-0825-9
https://doi.org/10.1038/s41567-018-0387-2
https://doi.org/10.1038/s41586-019-1393-y
https://doi.org/10.1038/s41586-020-2049-7
https://doi.org/10.1038/s41586-020-2260-6
https://doi.org/10.1038/s41567-020-1030-6
https://doi.org/10.1038/s41586-021-03192-0
https://doi.org/10.1103/PhysRevLett.125.116404
https://doi.org/10.1038/s41567-019-0596-3
https://doi.org/10.1103/PhysRevLett.124.076801
https://doi.org/10.1103/PhysRevB.103.245424
https://doi.org/10.1126/science.aay5533
https://doi.org/10.1038/s41567-022-01697-7

LK18285B PRB

February 23, 2024 21:35

WU, SHAFFER, WU, AND SANTOS

PHYSICAL REVIEW B 00, 005100 (2024)

[38] T. Neupert, L. Santos, C. Chamon, and C. Mudry, Fractional
quantum Hall states at zero magnetic field, Phys. Rev. Lett.
106, 236804 (2011).

[39] D. N. Sheng, Z.-C. Gu, K. Sun, and L. Sheng, Fractional
quantum Hall effect in the absence of Landau levels, Nat.
Commun. 2, 389 EP (2011).

[40] N. Regnault and B. A. Bernevig, Fractional Chern insulator,
Phys. Rev. X 1, 021014 (2011).

[41] J. Cai, E. Anderson, C. Wang, X. Zhang, X. Liu, W.
Holtzmann, Y. Zhang, F. Fan, T. Taniguchi, K. Watanabe et al.,
Signatures of fractional quantum anomalous Hall states in
twisted MoTe,, Nature (London) 622, 63 (2023).

[42] Y. Zeng, Z. Xia, K. Kang, J. Zhu, P. Kniippel, C. Vaswani,
K. Watanabe, T. Taniguchi, K. F. Mak, and J. Shan, Inte-
ger and fractional Chern insulators in twisted bilayer MoTe,,
arXiv:2305.00973.

[43] H. Park, J. Cai, E. Anderson, Y. Zhang, J. Zhu, X. Liu, C.
Wang, W. Holtzmann, C. Hu, Z. Liu et al., Observation of
fractionally quantized anomalous Hall effect, Nature (London)
622, 74 (2023).

[44] F. Xu, Z. Sun, T. Jia, C. Liu, C. Xu, C. Li, Y. Gu, K. Watanabe,
T. Taniguchi, B. Tong, J. Jia, Z. Shi, S. Jiang, Y. Zhang, X.
Liu, and T. Li, Observation of integer and fractional quantum
anomalous Hall effects in twisted bilayer MoTe,, Phys. Rev.
X 13,031037 (2023).

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

[46] J. M. B. Lopes dos Santos, N. M. R. Peres, and A. H. Castro
Neto, Graphene bilayer with a twist: Electronic structure,
Phys. Rev. Lett. 99, 256802 (2007).

[47] G. Tarnopolsky, A. J. Kruchkov, and A. Vishwanath, Origin
of magic angles in twisted bilayer graphene, Phys. Rev. Lett.
122, 106405 (2019).

[48] G. Tarnopolsky, A. J. Kruchkov, and A. Vishwanath, Origin
of magic angles in twisted bilayer graphene, Phys. Rev. Lett.
122, 106405 (2019).

[49] F. Wu, T. Lovorn, E. Tutuc, and A. H. MacDonald, Hubbard
model physics in transition metal dichalcogenide moiré bands,
Phys. Rev. Lett. 121, 026402 (2018).

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

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

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

[53] B. Estienne, N. Regnault, and V. Crépel, Ideal Chern bands
as Landau levels in curved space, Phys. Rev. Research 5,
L032048 (2023).

[54] P.J. Ledwith, G. Tarnopolsky, E. Khalaf, and A. Vishwanath,
Fractional Chern insulator states in twisted bilayer graphene:
An analytical approach, Phys. Rev. Research 2, 023237
(2020).

[55] F. Wu and S. Das Sarma, Collective excitations of quantum
anomalous Hall ferromagnets in twisted bilayer graphene,
Phys. Rev. Lett. 124, 046403 (2020).

[56] N. Bultinck, S. Chatterjee, and M. P. Zaletel, Mechanism for
anomalous Hall ferromagnetism in twisted bilayer graphene,
Phys. Rev. Lett. 124, 166601 (2020).

[57] J. Liu and X. Dai, Theories for the correlated insulating states
and quantum anomalous Hall effect phenomena in twisted
bilayer graphene, Phys. Rev. B 103, 035427 (2021).

[58] Y.-H. Zhang, D. Mao, and T. Senthil, Twisted bilayer graphene
aligned with hexagonal boron nitride: Anomalous Hall ef-
fect and a lattice model, Phys. Rev. Research 1, 033126
(2019).

[59] J. Liu, J. Liu, and X. Dai, Pseudo landau level representation
of twisted bilayer graphene: Band topology and implications
on the correlated insulating phase, Phys. Rev. B 99, 155415
(2019).

[60] F. Wu, T. Lovorn, E. Tutuc, I. Martin, and A. H. MacDonald,
Topological insulators in twisted transition metal dichalco-
genide homobilayers, Phys. Rev. Lett. 122, 086402 (2019).

[61] H. Pan, F. Wu, and S. Das Sarma, Band topology, Hubbard
model, Heisenberg model, and Dzyaloshinskii-Moriya inter-
action in twisted bilayer WSe,, Phys. Rev. Research 2, 033087
(2020).

[62] J. Zang, J. Wang, J. Cano, and A. J. Millis, Hartree-fock study
of the moiré Hubbard model for twisted bilayer transition
metal dichalcogenides, Phys. Rev. B 104, 075150 (2021).

[63] Y.-M. Wu, Z. Wu, and H. Yao, Pair-density-wave and chiral
superconductivity in twisted bilayer transition metal dichalco-
genides, Phys. Rev. Lett. 130, 126001 (2023).

[64] D. Mao, K. Zhang, and E.-A. Kim, Fractionalization in frac-
tional correlated insulating states at n + 1/3 filled twisted
bilayer graphene, Phys. Rev. Lett. 131, 106801 (2023).

[65] C. L. Kane and E. J. Mele, Quantum spin Hall effect in
graphene, Phys. Rev. Lett. 95, 226801 (2005).

[66] C. L. Kane and E. J. Mele, Z, topological order and
the quantum spin Hall effect, Phys. Rev. Lett. 95, 146802
(2005).

[67] B. A. Bernevig and S.-C. Zhang, Quantum spin Hall effect,
Phys. Rev. Lett. 96, 106802 (2006).

[68] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Quantum spin
Hall effect and topological phase transition in HgTe quantum
wells, Science 314, 1757 (2006).

[69] D. N. Sheng, Z. Y. Weng, L. Sheng, and F. D. M. Haldane,
Quantum spin-Hall effect and topologically invariant Chern
numbers, Phys. Rev. Lett. 97, 036808 (2006).

[70] W. Li, D. N. Sheng, C. S. Ting, and Y. Chen, Fractional quan-
tum spin Hall effect in flat-band checkerboard lattice model,
Phys. Rev. B 90, 081102(R) (2014).

[71] M. O. Goerbig, From fractional Chern insulators to a fractional
quantum spin Hall effect, Eur. Phys. J. B 85, 15 (2012).

[72] T.Li, S. Jiang, B. Shen, Y. Zhang, L. Li, Z. Tao, T. Devakul, K.
Watanabe, T. Taniguchi, L. Fu et al., Quantum anomalous Hall
effect from intertwined moiré bands, Nature (London) 600,
641 (2021).

[73] W. Zhao, K. Kang, L. Li, C. Tschirhart, E. Redekop, K.
Watanabe, T. Taniguchi, A. Young, J. Shan, and K. F. Mak,
Realization of the Haldane Chern insulator in a moiré lattice,
arXiv:2207.02312.

[74] B. A. Foutty, C. R. Kometter, T. Devakul, A. P. Reddy,
K. Watanabe, T. Taniguchi, L. Fu, and B. E. Feldman,
Mapping twist-tuned multi-band topology in bilayer WSe,,
arXiv:2304.09808.

005100-10


https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1038/ncomms1380
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1038/s41586-023-06289-w
https://arxiv.org/abs/2305.00973
https://doi.org/10.1038/s41586-023-06536-0
https://doi.org/10.1103/PhysRevX.13.031037
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1103/PhysRevLett.99.256802
https://doi.org/10.1103/PhysRevLett.122.106405
https://doi.org/10.1103/PhysRevLett.122.106405
https://doi.org/10.1103/PhysRevLett.121.026402
https://doi.org/10.1103/PhysRevX.8.031088
https://doi.org/10.1103/PhysRevX.10.031034
https://doi.org/10.1103/PhysRevB.103.205413
https://doi.org/10.1103/PhysRevResearch.5.L032048
https://doi.org/10.1103/PhysRevResearch.2.023237
https://doi.org/10.1103/PhysRevLett.124.046403
https://doi.org/10.1103/PhysRevLett.124.166601
https://doi.org/10.1103/PhysRevB.103.035427
https://doi.org/10.1103/PhysRevResearch.1.033126
https://doi.org/10.1103/PhysRevB.99.155415
https://doi.org/10.1103/PhysRevLett.122.086402
https://doi.org/10.1103/PhysRevResearch.2.033087
https://doi.org/10.1103/PhysRevB.104.075150
https://doi.org/10.1103/PhysRevLett.130.126001
https://doi.org/10.1103/PhysRevLett.131.106801
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1103/PhysRevLett.95.146802
https://doi.org/10.1103/PhysRevLett.96.106802
https://doi.org/10.1126/science.1133734
https://doi.org/10.1103/PhysRevLett.97.036808
https://doi.org/10.1103/PhysRevB.90.081102
https://doi.org/10.1140/epjb/e2011-20857-6
https://doi.org/10.1038/s41586-021-04171-1
https://arxiv.org/abs/2207.02312
https://arxiv.org/abs/2304.09808

LK18285B PRB

February 23, 2024 21:35

TIME-REVERSAL INVARIANT TOPOLOGICAL MOIRE ...

PHYSICAL REVIEW B 00, 005100 (2024)

[75] M. Levin and A. Stern, Fractional topological insulators, Phys.
Rev. Lett. 103, 196803 (2009).

[76] T. Neupert, L. Santos, S. Ryu, C. Chamon, and C. Mudry,
Fractional topological liquids with time-reversal symmetry
and their lattice realization, Phys. Rev. B 84, 165107 (2011).

[77] L. Santos, T. Neupert, S. Ryu, C. Chamon, and C. Mudry,
Time-reversal symmetric hierarchy of fractional incompress-
ible liquids, Phys. Rev. B 84, 165138 (2011).

[78] P. Bampoulis, C. Castenmiller, D. J. Klaassen, J. van Mil, Y.
Liu, C.-C. Liu, Y. Yao, M. Ezawa, A. N. Rudenko, and H. J. W.
Zandvliet, Quantum spin Hall states and topological phase
transition in germanene, Phys. Rev. Lett. 130, 196401 (2023).

[79] Z. Meng, L. Wang, W. Han, F. Liu, K. Wen, C. Gao, P. Wang,
C. Chin, and J. Zhang, Atomic Bose-Einstein condensate
in twisted-bilayer optical lattices, Nature (London) 615, 231
(2023).

[80] Here we approximately assume that § is the same for both
layers.

[81] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled spin
and valley physics in monolayers of MoS, and other group-VI
dichalcogenides, Phys. Rev. Lett. 108, 196802 (2012).

[82] N. J. Roome and J. D. Carey, Beyond graphene: Stable el-
emental monolayers of silicene and germanene, ACS Appl.
Mater. Interfaces 6, 7743 (2014).

[83] M. Z. Hasan and C. L. Kane, Colloquium: Topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010).

[84] P. Castro, D. Shaffer, Y.-M. Wu, and L. H. Santos, Emergence
of the Chern supermetal and pair-density wave through higher-
order van Hove singularities in the Haldane-Hubbard model,
Phys. Rev. Lett. 131, 026601 (2023).

[85] Y.-M. Wu, R. Thomale, and S. Raghu, Sublattice interference
promotes pair density wave order in kagome metals, Phys.
Rev. B 108, L081117 (2023).

[86] M. L. Kiesel and R. Thomale, Sublattice interference in
the kagome Hubbard model, Phys. Rev. B 86, 121105(R)
(2012).

[87] The sublattice weight for the nth band is defined as u;"/)B =
> |u§f‘n/ P12 where uﬁf‘n/ ® is the eigenstate for the nth band
projected to A/B sublattice and / is the shorthand of the indices
other than sublattice.

[88] S. Kharchev and A. Zabrodin, Theta vocabulary I, J. Geom.
Phys. 94, 19 (2015).

[89] E. D. M. Haldane, A modular-invariant modified Weierstrass
sigma-function as a building block for lowest-Landau-level
wavefunctions on the torus, J. Math. Phys. 59, 071901 (2018).

[90] One caveat here is that x,.  is a two-component wavefunction,
with each component from distinct layers shifted by ¢, from

each other. Bloch’s theorem for y;, thus implies x,, x(r +a) =
eik‘“diag(l, Ny k(1.

[91] E. D. M. Haldane and E. H. Rezayi, Periodic Laughlin-Jastrow
wave functions for the fractional quantized Hall effect, Phys.
Rev. B 31, 2529 (1985).

[92] J. Wang, J. Cano, A. J. Millis, Z. Liu, and B. Yang, Exact
Landau level description of geometry and interaction in a
flatband, Phys. Rev. Lett. 127, 246403 (2021).

[93] P. J. Ledwith, A. Vishwanath, and D. E. Parker, Vortexabil-
ity: A unifying criterion for ideal fractional Chern insulators,
arXiv:2209.15023.

[94] S. M. Girvin, A. H. MacDonald, and P. M. Platzman, Magneto-
roton theory of collective excitations in the fractional quantum
Hall effect, Phys. Rev. B 33, 2481 (1986).

[95] S. A. Parameswaran, R. Roy, and S. L. Sondhi, Fractional
Chern insulators and the W,, algebra, Phys. Rev. B 85,
241308(R) (2012).

[96] R. Roy, Band geometry of fractional topological insulators,
Phys. Rev. B 90, 165139 (2014).

[97] M. Claassen, C. H. Lee, R. Thomale, X.-L. Qi, and T. P.
Devereaux, Position-momentum duality and fractional quan-
tum Hall effect in Chern insulators, Phys. Rev. Lett. 114,
236802 (2015).

[98] J. Zak, Magnetic translation group, Phys. Rev. 134, A1602
(1964).

[99] M. Konig, S. Wiedmann, C. Brune, A. Roth, H. Buhmann,
L. W. Molenkamp, X.-L. Qi, and S.-C. Zhang, Quantum spin
Hall insulator state in HgTe quantum wells, Science 318, 766
(2007).

[100] D. L. Maslov and M. Stone, Landauer conductance of
Luttinger liquids with leads, Phys. Rev. B 52, R5539(R)
(1995).

[101] R. De-Picciotto, M. Reznikov, M. Heiblum, V. Umansky,
G. Bunin, and D. Mahalu, Direct observation of a fractional
charge, Phys. B: Condens. Matter 249-251, 395 (1998).

[102] L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne, Obser-
vation of the e/3 fractionally charged Laughlin quasiparticle,
Phys. Rev. Lett. 79, 2526 (1997).

[103] S. A. Trugman and S. Kivelson, Exact results for the fractional
quantum Hall effect with general interactions, Phys. Rev. B 31,
5280 (1985).

[104] P. Mai, J. Zhao, B. E. Feldman, and P. W. Phillips, 1/4 is
the new 1/2 when topology is intertwined with Mottness, Nat
Commun 14, 5999 (2023).

[105] K. Kang, B. Shen, Y. Qiu, K. Watanabe, T. Taniguchi, J. Shan,
and K. F. Mak, Observation of the fractional quantum spin Hall
effect in moiré MoTe,, arXiv:2402.03294.

005100-11


https://doi.org/10.1103/PhysRevLett.103.196803
https://doi.org/10.1103/PhysRevB.84.165107
https://doi.org/10.1103/PhysRevB.84.165138
https://doi.org/10.1103/PhysRevLett.130.196401
https://doi.org/10.1038/s41586-023-05695-4
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1021/am501022x
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/PhysRevLett.131.026601
https://doi.org/10.1103/PhysRevB.108.L081117
https://doi.org/10.1103/PhysRevB.86.121105
https://doi.org/10.1016/j.geomphys.2015.03.010
https://doi.org/10.1063/1.5042618
https://doi.org/10.1103/PhysRevB.31.2529
https://doi.org/10.1103/PhysRevLett.127.246403
https://arxiv.org/abs/2209.15023
https://doi.org/10.1103/PhysRevB.33.2481
https://doi.org/10.1103/PhysRevB.85.241308
https://doi.org/10.1103/PhysRevB.90.165139
https://doi.org/10.1103/PhysRevLett.114.236802
https://doi.org/10.1103/PhysRev.134.A1602
https://doi.org/10.1126/science.1148047
https://doi.org/10.1103/PhysRevB.52.R5539
https://doi.org/10.1016/S0921-4526(98)00139-2
https://doi.org/10.1103/PhysRevLett.79.2526
https://doi.org/10.1103/PhysRevB.31.5280
https://doi.org/10.1038/s41467-023-41465-6
https://arxiv.org/abs/2402.03294

