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We review analytical and numerical studies of correlated insulating states in twisted bilayer graphene, focusing on
real-space lattice models constructions and their unbiased quantum many-body solutions. We show that by constructing
localized Wannier states for the narrow bands, the projected Coulomb interactions can be approximated by interactions
of cluster charges with assisted nearest neighbor hopping terms. With the interaction part only, the Hamiltonian is SU (4)
symmetric considering both spin and valley degrees of freedom. In the strong coupling limit where the kinetic terms are
neglected, the ground states are found to be in the SU(4) manifold with degeneracy. The kinetic terms, treated as per-
turbation, break this large SU(4) symmetry and propel the appearance of intervalley coherent state, quantum topological
insulators, and other symmetry-breaking insulating states. We first present the theoretical analysis of moiré lattice model
construction and then show how to solve the model with large-scale quantum Monte Carlo simulations in an unbiased man-
ner. We further provide potential directions such that from the real-space model construction and its quantum many-body
solutions how the perplexing yet exciting experimental discoveries in the correlation physics of twisted bilayer graphene
can be gradually understood. This review will be helpful for the readers to grasp the fast growing field of the model study

of twisted bilayer graphene.

Keywords: twisted bilayer graphene, correlated insulator, quantum Monte Carlo simulation

PACS: 73.22.Pr, 73.21.Cd, 73.22.Gk

1. Introduction

Since the discovery of correlated insulating phases and
superconductivity (SC) in the twisted bilayer graphene (TBG)
and other moiré systems near the magic angle, significant
progress has been achieved in understanding the properties of

=741 The electron

the electronic correlations in these systems.
interaction in TBG is estimated as ¢? /(€L ) ~ 24 meV, where
€ ~ 4.4 1s the dielectric constant of the hexagonal boron nitride
(hBN) and Ly, = 13 nm is the lattice constant of the moiré su-
perlattice. The bandwidth, estimated by first-principle calcu-
lations, is found to be less than 10 meV and thus smaller than
the electron interactions, ! suggesting that the system is either
in the intermediate or strong coupling regime. While the weak
coupling approach focuses on various instabilities that are en-
hanced by Fermi surface (FS) nesting and thus usually occur
at incommensurate fillings, the correlated insulating states are
observed only at commensurate fillings,>373] indicating that
the electronic correlation in this system can be, at least, quali-
tatively understood with the strong coupling approach.

DOI: 10.1088/1674-1056/abcfa3

While early experiments produce the phase diagrams sim-
ilar to those of heavy fermion and cuprates systems, !’ i.e.,
with insulating phase, SC, and strange metal above the SC
dome, the discovery of the quantum anomalous Hall (QAH)
state at filling number v = 3 by aligning the system with the
hBN substrates!’%7!l reveals the uniqueness of TBG among
other strongly correlated systems. Viewing from the itinerant
perspective, the band calculations produce two Dirac cones at
K and K’ of the moiré Brillouin zone (mBZ) for each valley.!!!
Different from the graphene, the two Dirac cones have the
same chirality, manifesting their non-trivial topological band

properties. 233177781 Ag

a consequence, this system is char-
acterized by the interplay between the non-trivial topological
properties and the strong interactions.

As schematically shown in Fig. 1, the two valley-
polarized Dirac cones that have the same chiralities are pro-
tected by C; 7 symmetry, where C; is the two-fold rotation
around the axis perpendicular to the graphene and 7 is the

time-reversal symmetry. The two nodes have the same chi-
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rality as dictated by the two valley-polarized Bloch states at
the momentum of M and these two Bloch states have the
opposite parities under Cy,, the two-fold rotation around %
axis of Fig. 1(a). Although the topological properties are not
protected by adding other remote topologically trivial bands
and thus dubbed as “fragile” topology, the two same-chirality
Dirac cones cannot be reproduced by any two-band tight bind-
ing models, leading to so called topological obstruction in such
non-trivial topological systems. Especially, the C,7 symme-
try cannot be locally implemented with the Wannier states

(771 Several approaches have been pro-

only for narrow bands.
posed to circumvent this difficulty, either by not locally im-
plementing all the symmetries?>->123! or including several re-
mote bands.”! In this paper, the former approach is chosen,
i.e., C;7 is not locally implemented for the Wannier states,
and then the associated Hamiltonian is constructed with the

Coulomb interactions projected onto the narrow bands.

(b)

Fig. 1. (a) The moiré superlattice structure of the TBG. Blue (red) sites are
the carbon atoms on the bottom (top) layers. The triangular lattice is formed
when the twisted angle is commensurate. The plot shows the lattice when
the twist angle 6 = 21.8°. Since the two-fold rotation C,, is not a symmetry
transformation of the lattice, the symmetry group is D3. (b) The center of
the local Wannier states. Black dots are the sites of the triangular superlat-
tice. Red and blue dots are A3 and B.A sites, respectively, where the local
Wannier states centered. In our construction, w; and w, are placed at AB
position, and w3 and wy are placed at B.A position. Note that the AB and
BA sites form an emergent honeycomb lattice. This figure is reproduced
with permission from Ref. [20].

Although these Dirac cones are gapped by the interaction
in the correlated insulating phases, the non-trivial topological
properties are crucial to have a proper understanding of the
mechanism and properties of the insulating phases. Different
from the conventional Hubbard model, TBG lattice models
constructed based on the above consideration would acquire
extended interactions and actually give rise to the emergence
of “ferromagnetic” states due to the mechanism similar to the
quantum Hall ferromagnetism at the even integer fillings, in-
cluding the charge neutrality point (CNP),[36.37:42:47.48,80.81]
Furthermore, the kinetic terms lift the degeneracy of the inter-
actions and favor the inter-valley coherent state.[?%47-811 While
this order is at the momentum of g = 0 and thus dubbed as
“ferromagnetic” state, it does not couple to the external mag-
netic field, and therefore, qualitatively consistent with the ex-
periments.

The strongly correlated moiré lattice model constructed
from the above principles cannot be solved analytically based
on mean-field or perturbative approaches, instead, one needs
to employ unbiased quantum many-body numerical calcula-
tions to achieve comprehensive understanding. Along this
line, great progresses have been made from a constructive
dialogue between the analytical and numerical communities.
In particular, quantum Monte Carlo (QMC) simulations have
been performed for carefully designed lattice models.[7>73-81]
By implementing the fragile topology at the interaction level,
one first starts with a two-band model with only spin degree of
freedom but no orbital (valley) degree of freedom with clus-
ter charge interaction on the hexagons,!’?! the QMC simula-
tion of this model gives rise to various translational symmetry-
breaking insulating phases at CNP, for example, Kekule-type
valence bond solid (VBS) phases.[®?! Then with the valley de-
gree of freedom taken into consideration, one can simulate a
four-band model and investigate the interaction effect of the
cluster charge repulsion upon the degenerated Dirac cones. 3]
It is found that a continuous Gross—Neveu chiral O(4) transi-
tion happens between the Dirac cone and a VBS phase. Lastly,
to fully incorporate the fragile topology in TBG, in particular
the projection of the extended Wannier states onto the narrow
bands, besides the cluster charge interaction, another assisted
hopping interaction is introduced to the lattice model. [®!! This
turns out to be the crucial step of connecting the QMC model
study with the realistic TBG experimental findings, as only
with the assisted hopping on each moiré hexagon, can the
model gives rise to intervalley coherent (IVC) and quantum
valley Hall (QVH) correlated insulating phases.

This review explains in detail how the aforementioned
progresses have been made in stepwise manner. We start from
the theoretical considerations on what is the proper real space
moiré lattice model of the TBG, and outline the possible cor-
related insulating phases suggested from the analytical cal-
culation. Then we move on to the QMC simulation results
on the lattice models inspired by the analytical considerations
and follow the logic and technical flow of the numerical sim-
ulations to gradually provide the more relevant results in the
ground state phase diagram at CNP. Towards the end, we will
propose a few immediate directions that one can take from
the results presented here and make new progress, for exam-
ple, the ground state phase diagram of the other integer fillings
and explain what is the proper and realistic numerical tools to
tackle these difficult problems.

2. Model and phase diagram
2.1. Construction of Wannier states

In this section, we discuss the construction of the local-
ized valley-polarized Wannier states (WS)s for the four nar-
row bands only. As explained above, the full symmetry of the

017305-2



Chin. Phys. B Vol. 30, No. 1 (2021) 017305

Bitzritzer-MacDonald (BM) model!!l cannot be locally im-
plemented because of the topological obstruction in the con-
tinuous model. To overcome this problem, we consider the
discrete lattice model developed by Koshino et al.,’3 and set
the twist center axis at the registered AA sites. As shown in
Fig. 1(a), besides the time reversal symmetry, the symmetry
group contains: i) the three-fold C3 rotation symmetry around
AA sites, ii) the two-fold rotation C,, that interchanges the
layer but not the sublattice, thus forming the D3 group. Since
C,, symmetry is not contained in D3 group, this model is free
of topological obstruction and all the symmetry operations of
the D3 group and time reversal symmetry 7 can be locally
implemented.

We start from the discrete lattice model developed in
Ref. [83]

H=—Y t(ri—r))f} fr, with

R;.R;

d-e, )\’ d-e,\’
1(d) = —Vypr l1< y Z) ] —Vppo <df> ’
d—a()
= V;?p]rexp(_ 5 )7
d—a
Vppc = V/?pcexp (_ S 0)7 (D

where f,. and fIi are the annihilation and creation operators

VPP”

of the electron at the carbon site r;. Following Ref. [83], we
setVp » =—27eV, V), =048 eV. ap = 0.142 nm is the dis-
tance between the two nearest neighbor carbon atoms on the
same layer. The decay length for the hopping is § = 0.319ay.
The hopping with d > 4ag is exponentially small and thus is
neglected in the model.

Solving the tight binding model in Eq. (1), we obtain
four different narrow bands centered around the CNP. These
four bands are separated from the remote bands by a band
gap around 10 meV with the exact values depending on the
twist angle. Although the lattice relaxation effect is important
to reproduce the larger band gaps measured by the transport

(2,141 only quantitative difference is ex-

and STM experiments,
pected for the absence of this effect in our construction of WSs
as our model includes only the narrow bands and the projected
coulomb interaction. Each unit cell contains four constructed
WSs, labeling as |w;, R,«>’ where R; labels the unit cell and
i=1,...,4 labels the four WSs in each unit cell.

As the first step of our construction, it is crucial to iden-
tify the centers of the four WSs. One naive choice is to place
them on the triangular moiré superlattice sites. With this op-
tion, WSs transform as

gwir) =Y wier)Uji(g), )

j

where g is a symmetry operation in the D3 group, RR; specifies
the position of the triangular lattice, and gR; gives the new
position of the lattice site after the symmetry transformation

g. U(g) is a 4 x 4 unitary matrix that depends on g and de-
scribes the transformation of the WSs. We define the Bloch
state Y as the linear superposition of the WSs. Under the
same symmetry operation g, we find

glwin) = gY e *Flwir) =Y ™ Flw; r)Uji(g)
R R
=Y e Ry r)Uji(g) = |Wjer)Uji(g) - (3)
R

It is interesting to study the special case when the momentum
is symmetry invariant, i.e., I" and K in the mBZ. We immedi-
ately conclude that the Bloch states should transform as U(g),
and therefore, the Bloch states should transform in the same
way at I' and K. However, the Bloch states given by the
discrete lattice model transform as two doublets at I" but two
singlets and one doublet at K. This proves that the symme-
try of the Bloch states cannot be reproduced if all the WSs are
placed at the sites of the triangular super lattice. Further anal-
ysis shows that the symmetry can be satisfied if the centers of
WSs are placed at the honeycomb lattice sites, i.e., the centers
of the WSs |wy) and |wy) at AB and centers of |w3) and |wy4)
at BA sites, as shown in Fig. 1(b).

Once the positions of the WSs are determined, the method
developed by Vanderbilt®*! is applied to construct the WSs,
with details illustrated in Ref. [20]. Under time reversal 7,
|[wi2) form a Kramer doublet, as well as |w3 4). Furthermore,
under the symmetry transformation of the D3 group,

Cs|wi,r—0) = 612ﬂ/3|wl,7L|>a 4
Gilwar=0) = ¢ lwy 1), ©)
Gs3lws r=0) = 612”/3|W1,7(L1+L2)>a (6)
Cs3lwa r—0) = 6712”/3|W2,7(L1+L2)>7 (N
Coy|wi,rR=0) = |W4,r-0), (®)
Coy|w2,r—0) = |W3 R=0)- )

It turns out that |w;) and |w3) are contributed mostly by the
states of one valley while |w;) and |w4) mostly by the states
of another valley. This leads to the different phase factor of
e+127/3 yunder C3 rotation. To be more specific, we label these
WSs as |w; 1) and |w; »), where i refers to the honeycomb site,
and 1 (or 2) specifies the valley index. For notation conve-
nience, we introduce fermion creation/annihilation operators
so that C;1|®> =|wi1), c?_2|@> = |wi2).

Figure 2 shows the shape of |wi) on different layers and
subattices. Each WS contains three peaks at the neighboring
AA sites, reflected the fact that most of the LDOS are around
the AA sites. In addition, Cy, is not locally implemented with
the WSs because it is not an exact symmetry in our discrete
lattice model. More profoundly, we will see that the inabil-
ity of implementing Cs, symmetry is crucial to understand the
unusual form of the interactions and how it leads to the ferro-
magnetic ground state.
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2x10~%

Bottom A ~. [
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2x104
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Fig. 2. The localization of the WSs obtained from the projected method. The four panels show |w) |2 at (upper left) the top
layer sublattice A, (upper right) the top layer sublattice 3, (lower left) the bottom layer sublattice .A, and (lower right) the
bottom layer sublattice 3. The figure is reproduced with permission from Ref. [20].

2.2. The projected Coulomb interaction

Having constructed the localized WSs for the narrow
bands only, we project the coulomb interactions onto these
WSs. As explained in Ref. [36], we numerically find that the
interaction can be well approximated by

A =V Y (Oo+ afs)?, (10)
@]
where Vj is an interaction constant which depends on the di-
electric constant, the gating distance, etc. The operator QO
counts the number of fermions located at all the six vertices of
the elementary hexagon of the moiré superlattice, i.e.,
6
Q=Y (C;,mcj,lo +C;,26Cj-,20> ; (11
j=1

where the subscript j = 1,...,6 marks the hexagon sites.

As shown in Fig. 3, the overlap between two neighbor-
ing WSs with the same valley contains two separated parts in
two adjacent hexagons. Numerically, we found that the sum
of these two overlaps vanishes, as dictated by the orthogonal-
ity condition with different WSs. However, the magnitude of
each overlap is ~ O(1), not a small number and thus leads to
the appearance of the assisted hopping term fO in Eq. (10),
given by

TO :Z (lcj+1’]ccj,16 lcj+l,266]726 +hc> . (12)
J,0

For notation convenience, we introduce the four-component

spinor y; as

T
Wi = (cjam € €jats €ja)

With this notation, O = ¥, W] w; and Ty = ¥ i‘l’;ﬂ oy, +
h.c., where Ty = diag(1, 1, —1, —1). Interstingly, the interac-
tion is invariant under a SU (4) transformation

Viea — UV, Wiep — Th)UThy;,

where A and B are two different sublattices of the honeycomb
lattice. We also emphasize that only the interaction is invari-
ant under this SU (4) transformation. The whole Hamiltonian,
after including the kinetic terms, breaks this SU (4) symmetry,
and is only valley U(1) invariant.

Fig. 3. The centers of the hexagons correspond to the triangular moiré
lattice spanned by primitive vectors Lj >. The Wannier state wavefunc-
tion centered on the moiré honeycomb site (black dots) has three peaks
at the neighboring triangular moiré sites (colored disks). The overlap
of two neighboring WSs are is shown schematically with red and blue
colors.

It is worth to emphasize that this significant overlap
comes from the non-trivial topological property of the nar-
row bands. If the narrow bands are topologically trivial, all
the symmetries would be locally implemented for the WSs,
including the two-fold rotation C,,. Consequently, the WSs
would have the same parity under C,,, and thus, the two parts
of the overlap between neighboring WSs would be the same
since they are related by C, symmetry. Because the sum of
the two parts must vanish, each part would also vanish. This
leads to the cluster Hubbard model without any assisted hop-
ping, as shown in Hy in Egs. (13)-(16). The crucial role of
the assisted hopping terms will be thoroughly discussed in the
next section by presenting the numerical results of models with
three different types of interactions.
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2.3. Honeycomb moiré lattice models

Putting the above analytical considerations together and
adding back the tight-bind part on a hexagonal superlattice,
we can now construct the moiré lattice model with interaction

terms in the following pedagogical steps.

2.3.1. One orbital (valley) model

As discussed in our work Ref. [72], following the model
suggested by Po et al.,”>! we proposed the following Hamilto-
nian to describe the subset of hole (or electron) bands of TBG:

H = Hy+Hy,
Hy = —t Z c;racja—kh.c.—tg Z cjccja—kh.c.,
(ij)o (ij)o

Hy = UY (00—2)% (13)
Q

56 (cic) denotes the creation (annihilation) operators of

where c;

electrons at site i with spin ¢ =T, ], r = 1 is the nearest neigh-
bor hopping on the hexagonal lattice, and #3 is the 3rd nearest
neighbor hopping. We use the bare bandwidth W as the energy

/\ orbital 1 {7 orbital 2 £X T {1 Q

U(Q-4)?

unit in the context of the paper (note that without 73, the bare
bandwidth W = 6¢ similar with that of the graphehe).

As shown in Eq. (11), since the WSs are quite extended
in TBG, the onsite, first, second, and third neighbor repulsions

[21.23.36] To capture this kind of non-local

are all important.
interactions, a cluster charge Hubbard term which maintains
the average filling of each elemental hexagon on the honey-
comb lattice is a good choice. In Eq. (13), the cluster charge
00 = Yieo(ni/3) with n; = Y5 ¢l cis summing over all the
six sites of the elemental hexagon.

This model consists of a single orbital with spin degen-
eracy on the honeycomb lattice. The U/W-t3/t ground state
phase diagram at half-filling can be solved with QMC with-
out sign-problem.!”?! It is shown in Fig. 4(b). One finds three
phases in total —they are semimetal (SM) phase, the AFMI
phase, and a columnar valence bond solid (cVBS) phase. The
transition between SM and cVBS is continuous and that from
cVBS to AFMI phase appears to be first order, as will be ex-

plained in Section 3.

0 - 0.6 0.6
(b) (d)
0.5
_ \ 0.4 s
R 0.5 . 0.4
= > S
* Lo SM cVBS AFMI| = 4, SM pVBS | cVBS 0.3
\ 0.2
—1.5 0 0.1
0 2 4 6 8 10 12 14 16 0 2 6 8 10
Uu/w Uu/w

Fig. 4. Honeycomb moiré lattice models of TBG and ground state phase diagrams at CNP obtained via QMC simulations. (a) Schematic repre-
sentation of model described by Hamiltonian Eq. (13). Here, each lattice site on the moiré honeycomb lattice contains one orbit (red triangles) and
spins ¢ =T, | (not shown). The interactions act on every hexagon and consist of the cluster charge term Q¢ (yellow dots). (b) Ground state phase
diagram of (a), spanned by the U/W and third-nearest neighbor hopping —#3/ axes. The transition from SM to ¢VBS is continuous and belongs
to chiral XY universality class. The transition from cVBS to AFMI is first order. (c) Schematic representation of model described by Hamiltonian
Eq. (14). Here, each lattice site contains two valleys [ = 1,2 (red and green triangles). (d) Ground state phase diagram of (c), spanned by the U /W
and fifth neighbor hopping 75 /¢ axes. The transition from SM to pVBS is continuous and belongs to chiral XY universality class. The transition
from pVBS to cVBS is first order. (e) Schematic representation of model described by Hamiltonian Eq. (16). The interactions act on every hexagon
and consist of the cluster charge term Qp (yellow dots) and the assisted-hopping interaction term Ty (blue arrows). (f) Ground state phase diagram
of (e), spanned by the U/W and « axes. The dash line at U = 0 (y-axis) stands for the Dirac SM phase. At very small U, the ground state is
a quantum valley Hall (QVH) phase characterized by emergent imaginary next-nearest-neighbor hopping with complex conjugation at the valley
index, as illustrated by the red and green dashed hoppings with opposite directions. The system has an insulating bulk but acquires topological edge
states. Upon further increasing U, an intervalley-coherent (IVC) insulating state is found, which breaks the SU (4) symmetry at every lattice site by
removing the valley symmetry. Because it preserves the lattice translational symmetry, it is ferromagnetic-like. The columnar valence bond solid
(cVBS) insulator, which appears after the IVC phase, breaks the lattice translational symmetry and preserves the onsite SU (4) symmetry. The phase
transitions between QVH and IVC (blue line), between the IVC and cVBS (black line), and between the cVBS and IVC (red line) are all first order.
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2.3.2. Two orbitals (valleys) model

In real TBG materical, there exists two valleys for the
WSs, which requires a four bands model with both spin
and valley degrees of freedom taking into consideration. In
Ref. [73], we construct the following two-orbital spinful lattice
model on a honeycomb lattice with cluster charge interaction:

H = Hy+Hy,

Hy = —t Z CLGleg—f—h.C.—ls Z izzilC}LlO_Cj[g +h.c.,
(ij)lo (ij)"lo

Hy = UY (0o —4), (14)
0

where orbital / = 1,2 means the two valleys. The fifth neigh-
bor hopping (its for = 1 and —its for [ = 2) is purely
imaginary and breaks the orbital degeneracy along I -M di-
rection in the high-symmetry path of BZ. Hy is the tight-
binding part introduced in Ref. [21] and serves as a mini-
mal model to describe the low energy band structure of TBG
with Dirac points at the CNP and band splitting along I'-M
direction. The Coulomb interaction term Hy is the same as
the model in Eq. (13), except that there are two orbits inside
Q0 = Yicoi=12(ni1/3).

The QMC obtianed U /W—ts/t ground state phase dia-
gram at half-filling is shown in Fig. 4(d). We also found three
phases in total —they are semimetal (SM) phase, a plaque-
tte valence bond solid (pVBS) phase, and a columnar valence
bond solid (cVBS) phase. The two VBS are gapped insulators.
Furthermore, the transition between SM and pVBS is contin-
uous, and the phase transition from pVBS to cVBS phase ap-
pears to be first order, as will be explained in Section 3.

2.3.3. Two orbitals (valleys) model with assisted-
hopping term

As discussed in Subsection 2.2, microscopically, the full
interaction of the lattice model can be derived from project-
ing the screened Coulomb repulsion on the narrow WS of
TBG. Such projection leads to the emergence of an additional
and sizable non-local interaction, of the form of an assisted-
hopping term, %61 as shown in Egs. (10) and (12). As afore-
mentioned, this new interaction ultimately arises from the non-
local implementation of the C,7 symmetry in a lattice model,
such that the Wannier obstruction!>*! can be overcome at the
strong coupling limit. Therefore, the assisted-hopping interac-
tion is not a simple perturbation, but a direct and unavoidable
manifestation of the non-trivial topological properties of TBG.

As shown in Fig. 4(e), our model describes two valleys
(orbitals) of spinful fermions on the honeycomb lattice that is
dual to the triangular moiré superlattice. The Hamiltonian is
given below:

H = H;+Hy,

Ho = =t ¥, (chocyo+hec.), (15)
(ijlo

Hy = UY (Qo+ Ty —4)%.
O

The two contributions of Coulomb interaction consist of

the cluster charge Qp, which is the same as in Eq. (14),
and the cluster assisted hopping Th =) 5 (ic;rl’mcj’m —
icj._H_zch’z(7 +h.c.) as given in Eq. (12). Here, the index
j=1,...,6 sums over all six sites of the elemental hexagon
in the honeycomb lattice. The pre-factor & controls the rela-
tive strength of the two interactions. We fix the electronic fill-
ing strictly at CNP, where there are four electrons per hexagon
once averaging over the lattice and the QMC can be performed
without sign-problem.

The QMC-obtained phase diagram for the ground states
at charge neutrality is shown in Fig. 4(f) as a function of U /W
and o.. We find that three types of correlated insulating phases
emerge in the phase diagram: the quantum valley Hall (QVH)
phase, the intervalley-coherent (IVC) phase, and the columnar
valence bond solid (cVBS). In the IVC phase, the two orbitals
entangle with each other on every site, which thus breaks the
valley U(1) symmetry. The QVH appears at finite @ and in-
finitesimal interaction strength U, and as U and o scan through
the phase diagram, the system enters into IVC, cVBS, and IVC
again with first order phase transition. It can also be shown that
at the strong coupling limit of U /W — oo, the system is always
inside an IVC phase as long as « is finite. 8]

It is worth to emphasize that we use orbital / = 1,2 to re-
place the two valleys in TBG, we believe that our second and
third models in Egs. (14) and (16) capture all flat bands of two
valleys of TBG.

3. Numerical results

In this section, we present the unbiased QMC results for
the moiré lattice models in Section 2.

In the inset of Fig. 4(b), we present the cVBS order in real
space on honeycomb lattice. It breaks the lattice translational
symmetry, and the broken symmetry is Z3, which will result
in a signal in momentum space. To detect the signal of cVBS
order, We can define a bond-bond correlation structure factor

1 P
Co(g) =73 ) ¢! " (BiB)), (16)
LJ

where B; =Y, (czaciﬂg’a +h.c.) is a bond operator. In above
equations, & means one of the three nearest-neighbor bond di-
rections. The measurements of Cg(q) show a peak at momen-
tum points K and K’ of the first BZ.

To characterize the SM—cVBS transition, we measured
= 1 - B2 for different
system size L and interaction strength U, where 8¢ is the min-
imum momentum point interval of the lattice. This correla-

tion ration approaches to 1 in an ordered phase, and O in the

the correlation ratio Rp(U,L)

disordered one, which means the quantity is renormalization-
invariant in the continuous SM—cVBS transition and will cross

017305-6



Chin. Phys. B Vol. 30, No. 1 (2021) 017305

at a point for different system size L. The crossing point U, is
the quantum critical point (QCP) of the SM—cVBS transition.
Our numerical results are shown in Fig. 5(a), which gives an
estimation of the critical point U, /W = 2.50(3).

0.7 2.0
L =12 — L=12 - °
t 1.8 e r
0.6 5T 1.6 %? o
i 1.4 24 ..l ’
x 0.5 Ei 1.2 ’,_N
0.4 (SQ 1.0 E..i'
i (a) | OB ()
0.3 e e 0.6
2.0 2.5 3.0 -2 0 2 4

(U/U, —1) L/

Fig. 5. (a) Correlation ratio of the bond correlation for 73 /t = 0. The crossing
point gives an estimate of the critical point U, /W = 2.50(3). (b) Data col-
lapse of bond structure factor at momentum K, which is the absolute value
squared of the cVBS order parameter. The transition from SM to cVBS be-
longs to chiral XY universality class. The data collapse gives v = 1.05(5),
1N = 0.76(2). The figure is reproduced with permission from Ref. [72].

We further collapse the cVBS structure factor near the
QCP with a finite size scaling relation Cg(K,U,L)L*" =
fs((U/Us —1)LYY), here we set the exponent z = 1 because
of Lorentz symmetry. This process can collapse all data points
at one single unknown curve, as shown in Fig. 5(b). We can
obtain the critical exponents v = 1.05(5) and n = 0.76(2),
which are comparable with the QMC results on different
models. [8%:85-90]

For the transition from cVBS to AFMI, we can define an
AFMI structure factor Cs(I") = L—IA‘ZU((SA’,- —88,)(Sa,;—
Sp,j)) to characterize it, where S 4 /B,i tepresents the spin op-
erator of .4/ sublattice in unit cell i. We plot the cVBS and
AFMI structure factor ration Cs(I")/Cg(K) for different L.
As shown in Fig. 66(a), this quantity gives a singular jump,
which implies that the cVBS—AFMI transition might be a first
order transition. What is more, the kinetic energy per site with
tuning parameter U looks like a kink, as shown in Fig. 6(b),
which is another evidence of first order transition.

2.0 —0.4
. —
<15 15 il B fe .
= . —0.6 18
C 10 2
s & /¢
< 0.7 e
$ 0.5 —0.8L—
e () | (b)
0 i - - ~0.9 - - -
9 10 11 12 9 10 11 12
U/w U/w

Fig. 6. (a) The ratio between structure factor of AB staggered spin correla-
tion at momentum I” and structure factor of bond correlation at momentum
K. The sharp jump is one evidence that cVBS to AFMI transition here is
first order. (b) Kinetic energy per site of the system. Again the kink in the
kinetic energy with tuning parameter U is another evidence of first order
transition. The figure is reproduced with permission from Ref. [72].

The pVBS and cVBS share the same order parameter.
For the two-orbital model in Eq. (14), we follow the same
methodology of the one orbital model to study the SM—pVBS

transition. We also measure the bond—bond structure factor
Cg(k), where bond operator B; 5 = Zl,a(czl_acﬁ&lﬂ +h.c.)
with [ = 1,2. Then we plot R (U, L) to locate the critical point
of the SM—pVBS transition. As shown in Fig. 7(a), the crit-
ical point is U,/W = 4.18(3). We also obtain the critical ex-
ponents 11 = 0.80(2) and v = 1.01(3) from the collapse of the
bond-bond structure, as shown in Fig. 7(b). Because our Dirac
fermions possess 4 degrees of freedom per lattice site and the
pVBS phase appears an emergent U (1) symmetry close to the
QCP of DSM—pVBS transition as shown in Refs. [72,85], we
confirm this transition in the 3D N = 4 Gross—Nevue chiral

XY universality class. [35-88.91-98]
7 +
0.70 tL=12 ®
0.65 s 6 $L=15 o
’ * L=18 N
. 0-60 S 51 lp=21
& 055 X drL=24 f
@ &
0.50 © ee&@‘
3l
0.45 (a) (b)
3.5 4.0 4.5 -2 -1 0 1 2

u/w (U/U, —1) LY/

Fig. 7. (a) The bond-bond correlation ratio Rg and (b) data collapse
analysis of structure factor Cg(K) at #5/t = 0 as function of U/r with
L =12,15,...,24. The crossing of Rp in (a) gives the DSM-pVBS crit-
ical point Uc/t = 25.1(2). The data collapse in (b) gives the 3D N = 4
Gross—-Neveu chiral XY exponents 7 = 0.80(2), v = 1.01(3). The figure is
reproduced with permission from Ref. [73].

In both phase diagrams of Figs. 4(b) and 44(d), the SM
possesses robust massless linear dispersion at weak interac-
tion (U < U,), and the Dirac fermion will be gapped out in
the insulator phase. In the one-orbital model, cVBS is insula-
tor; and in the two-orbital one, pVBS is also insulator. These
two phase transitions from SM to insulator can be monitored
by measuring the dynamical single-particle Green’s function.
One could extract the single-particle gap from the decay rela-
tion G(k, 1) o e 2»(¥)7 at momentum K, where G(k,T) =
Yo e F i) <Ci,l,0'(r/2)c-}l’g( —17/2)). For the sake
of simplicity, we only show the single-particle gap Ap of the
two-orbital model for different system size L and interaction
U , as shown in Fig. 8. It is clear that Ay, — 0 when U < U,
and Ay, goes to a finite value when U > U,, suggesting the gap
open at U.

Similar with the one-orbital model, if we further increase
U /W from the pVBS phase, we will observe a kinetic energy
kink at U /W =~ 7.67, as shown in Fig. 9(a). At the same inter-
action strength U /W , there is also a kink of the VBS correla-
tion, as shown in Fig. 9(b). These results indicate that, a first
order phase transition appears at Uygs /W = 7.67 between two
different VBS phases. There are three non-equivalent VBS
configurations, ¥ but only two of them, the pVBS and cVBS,
will broke the translational symmetry. In view of the fact that
the translational symmetry has been broken in these two VBS
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phases, the phase transition observed in Figs. 9(a) and 9(b)
could be the transition between pVBS and cVBS phases.

1.0
) U/W 33
08 L 3 U/W —_3n
| g U/W —a7 m
. 0.6+ U/W —:0
< I - qﬂz
0.4+ ng | )
7 - --——_-_'_'_‘_2‘31'—'——
e .-:;;;;g-_;::a:::::.a--—
0 0.04 oo .
1/L

Fig. 8. (a) The 1/L extrapolation of single-particle gap As,(K), the
gap opens between U/t =22 and U/t = 28, consistent with the U/t
obtained from the bond correlation ratio in Fig. 7(a). The figure is re-
produced with permission from Ref. [73].

—1.99

(d) U/t =7.3

—2.04

—2.09

Ek/t

—2.14

—2.19

—2.24 ¢
7.

U/w

(b)
0.5 $L=9
4 L=12
L=15

7.0 7.5 8.0

(f) U/W=38

Fig. 9. (a) Kinetic energy per site of the system for U at large values. The
sharp jump signifies a first order transition. (b) Cg(K) for the same pro-
cess, a jump in VBS order is also observed, suggesting this is a transition
between different VBS phases. (c) Angular dependence of the complex or-
der parameter D g¢. Black dots represent ideal pVBS order, and red dots rep-
resent ideal cVBS order. (d)-(e) Histogram of D g at different interaction
strengths U < Uyps, U = Uygs, and U > Uyps. The figure is reproduced
with permission from Ref. [73].

To clearly distinguish these two VBS phases,
we can construct a complex order parameter Dy =
& Yiea (Bio,+ 0B, +®*B;g,) ¢ K7 following Refs. [82,

27[ A A A
85], where w = e'3 and é,,é,,é3 represent three nearest-

neighbor bond directions. Theoretically, the angular dis-

tribution of D of an ideal pVBS will point at %,ﬂ,%ﬂ,
whereas that of an ideal ¢cVBS will point at 0, 2”,43” , as

shown in Fig. 9(c). Figures 9(d)-9(f) show the correspond-
ing Monte Carlo histograms of D at three representative
interaction strengths U = 7.3W < Uygs, U = 7.67W = Uygs,
U = 8W > Uygs. We can notice that Fig. 9(d) and 9(f) are
inside pVBS and cVBS. Specially, figure 9(e) clearly depicts
the distribution of both characters, which is a typical example
of the co-existence at the first order transition point.

It is worth to note that the VBS phases discovered here
have also been seen in SU(N) Hubbard and r—J models on the

honeycomb lattice, (828!

where only nearest neighbor hopping
and on-site (Hubbard) and nearest-neighbor (r—J) interactions
are considered. The presence of such translational symmetry
breaking phase, in all these models, including the models in
this work, is due to a competition between the extend interac-
tion (or higher order processes in the multi-flavor cases even
if the interaction is on-site) and the kinetic energy. When both
the assisted hopping and cluster charge interactions are strong
for the model in Eq. (16), the VBS phase will give way to ho-
mogeneous [VC insulators, as we will discuss below.

In many honeycomb lattice models, including the above
two models, the Dirac cone at the momentum K point is pro-
tected by a symmetry, and the SM is robust against relatively
weak interaction strength.[7%73-82.99:1001 Qyurprisingly, for the
two-orbital model with associated-hopping term described in
Eq. (16), our QMC results revealed that a gap appears even
for the infinitesimally small values of U for any ¢ value that
we investigated, as shown in Fig. 10(a). We also performed
Hartree—Fock (HF) calculations on the same lattice model to
verify it, the HF results, shown by the red points in Fig. 10(a),
are in very good agreement with the QMC results. Combined
with Fig. 10(b), it shows that the gap opens at the entire BZ at
infinitesimally small U.

What is more, we confirm that the gap will disappear
when o = 0, in agreement with Ref. [73]. Together with the
result that the gap appears for infinitesimally small interaction
values when o # 0, we could conclude that the origin of the
QVH phase might come from a mean-field decoupling of the
cross-term QT

ZQoTo—lz,Z Z

Qi,j=1,m=1

h.c.), (17)

thj+1m Jj.m ll

where m and [ are valley indices, and the spin index is omitted
for simplicity. The terms with j =i— 1 and j = i will cancel

out after summing over all hexagons. In the weak-coupling

limit, a mean-field decoupling can be performed, and there

is a approximation (c] ;) o & because of the nearest-

neighbor hopping term present in Hy. Then, the cross-term
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becomes

6 2
Z Qolpe<—i ZZ Z(_l)l (C;r,lci+2,l+cj—2,lci,l _h-c-) - (18)
Q Qi=l1I=1

Naturally, the cross-term of the interaction will induce an
imaginary hopping between next-nearest-neighbors when the
interaction strength is relatively small. Consequently, the
mean-field Hamiltonian becomes two copies (four, if we con-
sider the spin degeneracy) of the Haldane model, 1011021 re-
sulting in an insulator with Chern number of £1 for the two
different valleys. Note that a Chern number can be defined
separately for each valley / = 1 and / = 2 (with spin degener-
acy). Because the valley U(1) symmetry guarantees that these
two Chern numbers must be identical, the whole system is
characterized by one Chern number that takes integer values,

1031 Dye to that, we call

i.e., it belongs to a Z classification.
this state as QVH phase; it is illustrated in the corresponding

inset in Fig. 4(f).

4
(a)

&+ QMC
- HF

Asp(K) /W
V) w

U/w

Gedge

102
+U/W=0.25,L=6
10-3 | +U/W=0.25, L=12

U/W=2.00, L=6
+U/w=2.00, L=12
104 : : : : : : : : L
0 1.0 2.0 3.0 4.0 5.0

T

Fig. 10. Quantum valley Hall insulator (QVH) and gapless edge states. (a)
The single-particle gap Agp(K)/W at the K point as a function of U /W for
o = 0.45, extracted from both QMC (blue points) and HF calculations (red
points). For QMC, the spatial system size is L = 12. The Dirac semi-metal
is gapped out at the smallest small U values probed. (b) Single-particle gap
extracted from QMC with L = 12 along a high-symmetry path of the Bril-
louin zone. (c) The topological nature of the QVH phase is manifested by
valley-polarized edge states. Here we compare the edge Green’s function
for valley / = 1 and spin 1 at U/W = 0.25 (inside the QVH phase) and
U /W = 2.0 (inside the IVC phase). It is clear that gapless edge modes only
appear in the former case, highlighting the topological nature of the QVH
phase. The figure is reproduced with permission from Ref. [81].

It is known that there are gapless edge modes in the
Haldane model, despite the bulk being gapped. Form the
above theoretical analysis, these edge states should be valley-
polarized in the QVH phase. To verify that, we performed
QMC simulations with open boundary conditions and ex-
tracted the imaginary-time Green’s functions on the edge,

Gedge(T) ~ e 4%, As shown in Fig. 10(c), the Green’s func-
tion on the edge decays to a constant in the long imaginary-
time limit at small U (U/W = 0.25), the gapless edge mode
disappears when increasing U (U/W = 2.0), in agreement
with the theory very well. It is an important progress that
the associated-hopping term qualitatively changes the ground
state, as compared to the above two-orbit model only with
Hubbard cluster interaction.

For larger values of U /W, a new insulating phase called
IVC appears, which spontaneously breaks the onsite spin—
valley SU (4) symmetry. To probe the IVC order, we can define
a correlation function Cr(k) = 75 ¥, je (5) elk(ri=r) (L1},
here, the operator I; = Zc("j,l.oci s o the.), [ #1 represents a
kind of “onsite hopping” between two different valleys. Since
there are two sublattices on the honeycomb lattice, the correla-

AA ~AB
tion function C;(k) is a 2 X 2 matrix, i.e., (CiBA CIIBB> , these

components have the relation C/*4 = CPB = —C{AB = —CBA.
As shown in Figs. 11(a) and 11(b), we plot one diagonal com-
pent C/*4(k). The correlation function is peaked at I" point,
which implies that the IVC order is ferromagnetic-like. The
IVC order is shown in the corresponding inset of the phase
diagram in Fig. 4(f). Such an onsite coupling between the
opposite valleys breaks the valley U(1) symmetry, and hence
the SU(4) symmetry of the model. The fact that the SU(4)
symmetry-breaking pattern is ferromagnetic-like is similar to

136371 which focused, however, at in-

recent analytical results,
teger fillings away from charge neutrality.

When we further increase interaction strength U, as
shown in Fig. 11, the IVC order disappears, but the cVBS
structure factor at K point appears. Surprisingly, the IVC or-
der parameter reappears when U enlarges again. These numer-
ical results are shown in Fig. 11.

It is clear that, as U /W increases, in both cases the ground
state evolves from QVH to IVC to cVBS and then back to IVC.
Furthermore, as will be discussed in Section 4, in the strong
coupling limit U/W — oo, the IVC order C;(k = 0) is inde-
pendent of o and saturates at 0.5. As shown in Fig. 12, our
QMC results also confirm such expectation.

It is worth to emphasize that various translation symme-
try breaking phases also appear in the numerical studies based
on the continuum model. For example, recent density matrix
renormalization group (DMRG) studies based on hybrid Wan-
nier states have revealed a stripe phase, depending on the pa-
rameters of the BM model, which may strongly compete with
the QAH state at the odd fillings.®"194! In addition, the ex-
act diagonalization (ED) based on the Bloch states also found
various stripe and charge density wave (CDW) phases with

1051 Sych translation symmetry

the wavevector of M or K.!
breaking phases obtained by all these numerical studies, in-
cluding our QMC calculation on Wannier states, establish the

uniqueness of the TBG system distinguished from quantum
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Hall physics.

0.4+
0.3
o 0.2}
0.1t

0

1.2+

0.8t

Cr(K)

(D)

Cp(K)

8 10 12
U/w

Fig. 11. Intervalley coherent (IVC) and columnar valence bond solid
(cVBS) insulating states. Correlation functions C;(I") and Cg (K), in-
dicative of IVC and cVBS orders, respectively, as a function of U/W
for (a) @ = 0.4 and (b) @ = 0.6. Linear system sizes are indicated in
the legend. In both panels, the QVH-IVC transition, the IVC—cVBS
transition, and the cVBS-IVC transition are all first-order. The inset in
panel (a) presents the histogram of the complex bond order parameter
Dy at U/W ~ 5.3. The positions of the three peaks are those expected
for a cVBS phase, instead of a pVBS state. The figure is reproduced
with permission from Ref. [81].

0.5
0.4} 4 CI)L=9
0.3} 4 COfI) L=12
4+ Cp(K) L=9
0-27 4 Cp(K) L=12
0.1}
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o

Fig. 12. The C;(I") and Cg(K) as a function of o at the strong-
coupling limit. We perform the QMC simulation with projection length
® = 200L, interval of time-slice AT = 0.1, spatial system sizes L =09, 12,
and setting U =1 as a dimensionless constant. The corresponding cor-
relation function C;(I") of IVC is close to the saturation value of 0.5.
And the correlation function Cg (K) of cVBS is close to 0, which means
that cVBS disappears at the strong-coupling limit. The figure is repro-
duced with permission from Ref. [81].

4. Analytical results in the strong coupling limit

For the system at the charge neutrality point, each unit
cell contains four fermions in average. Following the method
applied in Ref. [36], the ground state |¥,) of the interaction
Hgy only should satisfy the following constraints:

TO|q{gr> = Oa

where Tpy is the assistant hopping terms for any hexagon. To
find out the most general form of |¥;) that satisfies this con-
straint, we introduce the notation

1,/[.’ = (Ci,LT’ Cills (*)S(I)Ci,l% (7)S(l)ci-,2-¢) :

It is obvious that the assisted hopping term f"o =
i (l[/;lll} —h.c.)

and only if each honeycomb site contains exactly two ground
states, and the wavefunction of the two-fermion state, in the

Therefore, the constraint is satisfied if

basis of Y’ T is identical on each site. This leads to the follow-
ing form of the ground state:

) = [TX. UraUap i, W 510), (19)
i of

where l,l/i/ = <C1717¢7 Cil,l» (—)S(i)c,-)z;r, (—)S(i)c,'yz)l)T, and
U,p is an arbitrary 4 x 4 matrix.

We should also emphasize that not only IVC, but also val-
ley (or spin) polarized states can be described by this general
form. As a consequence of SU(4) symmetry, all these states
are degenerate with interactions only.

4.1. Hy=0

In the case of zero kinetic energy, the manifold of the
ground states is described by Eq. (19). To compare with the
numerical results produced by QMC, we consider the correla-
tion function

Ii,T = <C:17 C,2T+hC>
= (=) (U} U3 + U3 Uz +c.c) (20)

Ii»i = <C:1’ c,2¢+hc>
= ('O (UL U4+ Uz Uns +c.c). 21

This leads to
i = L4 L (g +1y) (T +150))
l]€.A
= L4 Z <<Ii~,ilj7¢>>)

i,je A

2x (|Un [HU1s > + U2t P|Uss [ + Ui | U
+‘U22‘2‘U24|2) = ]/2.
Note here ((---)) is the average over all possible 4 x 4

unitary matrices and therefore U;;Uy = 26,-/(5[.,-. Similarly, we
can obtain CP8 = —C{A8 = —CBA =1)2.
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4.2. Strong coupling limit

In this subsection, we assume that H is finite but small
compared with Hy. Since the kinetic terms break SU (4) sym-
metry, the ground state manifold shrinks and not every uni-
tary matrix U in Eq. (19) gives the ground state. Our purpose
here is to identify the new manifold of the ground states and
show that it is independent of the exact form of kinetic terms
as along as they breaks the SU(4) symmetry described previ-
ously.

For the convenience of calculation, we write Eq. (19) in
the following form:

)i = (ol (- Donch )0, @2)
lya)i = (Y(OGCZTM (— )()O‘chzm)
+Bict i ot (OB, ) 10, @3)

where s(i) = 0 and 1 if the site i is on sublattice .4 and B,
respectively. 7 and / are two arbitrary spin quantization di-
rections. o, ap, Bi, and f3, are four complex variables that
satisfy |a >+ |oa|? = |7)* + |B1]> + |B2|* = 1 for normaliza-
tion of the state. It is obvious that these two states are or-
thogonal, i.e., (1]2)
unentangled two-particle state on a single site i.
Therefore, the general form of the wavefunction is

|%r> = H(O‘lcjlﬂ'( ) ()aZCITZm)

X(7<O‘;Ci+,1,ﬁ (— )()aTCTZIn)
tBich (OB, )0 4

= 0 and also the most general form of the

Consider an arbitrary hopping between two sites. Apply-
ing the second order perturbation theory, the energy is min-
imized when || = |on| = 1/v/2, y =0, and |Bi| = |B:| =
1/4/2, showing that the ground state is an equal mixture of
two valleys.

To compare with the numerical result, we notice that

(] aeizm) = (=)o,
<Cj,1,ﬂci-,2-fﬁz> = <C,T

1_aCi2m) =0,
<C1T,17—ﬁci-,2frh> = (- )S

) Bi B2 (25)

Suppose that A = (sinBcos¢@,sinOsing,cosO) and M =
(sin@’cos ¢’,sin 6’ sin@’,cos 6”). We obtain that the operator

Ii,T — <Cj‘-,1,¢ci.,2,T+h'C'>
. 2] !
= (—)'W x (coszcos ?af‘(xz
0 o . '
+ sinasinfel(“’_‘p )ﬁf‘BZJrc.c), (26)
Iy = (¢} ciay +he)

= ()0 (eos ¥ cos & pi s

08 in & i0-0" o
— sin 5 sin > e oo+ c.c) . 27)
Since QMC simulations go through all the possible configu-

rations of the ground states, we need to average over 7 and 71
and thus obtain

it = L4 ;A (it +1iy) (i +150))
L4 Y (Wil + ({iadin)
i,jeA

=2x <<<COS2gCOSZ ﬂ/>> (|a1|2|052|2+lﬁ1|2|[32|2)
(e o2 &N (1aa Ploof? + 18112 )>,(28)

where ((---)) refers to the average over the directions 7 and 1,
as well as the phases of o, @, B, and ;. Averaging over A
and 7 on the sphere, we obtain

/

(=9 = (oo ) = ()

/

- (T

1
it =
72
Similarly, we can obtain CP8 = —C{\8 = —CP4 = 1/2. This
is consistent with the QMC result in the limit U /W — oo.

Thus,

5. Discussion

This paper reviews the real-space lattice model construc-
tion and solution of the TBG systems and in particularly fo-
cuses on the strong coupling limit where the interactions are
more important than the band structure. We first briefly ex-
plain the topological properties of the TBG material, and out-
line ways to circumvent the topological obstruction to con-
struct the localized Wannier states that give rise to the narrow
bands. Based on these considerations, we project the Coulomb
interactions onto the narrow bands and obtain both cluster
charge and assisted hopping terms as interactions in the hexag-
onal moiré lattice. We then move on to the unbiased QMC so-
lutions of such model at CNP and summarize in a three-stage
manner the phase diagrams obtained as we gradually increase
the band numbers and the level of complexity in the interac-
tions and therefore making the obtained phases more realis-
tic and relevant with the experiments. In the strong coupling
limit, the Hamiltonian at the CNP can be exactly solved and
the solution is highly consistent with the QMC results.

Our theoretical analysis and quantum many-body compu-
tation reveal the crucial role of the topological properties even
in the strong coupling regime. In contrast to most strongly
correlated system where the translation symmetry is usually
broken, such non-trivial topological features and the strong in-
teractions lead to the rise of the “ferromagnetic” orders with
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g = 0 in the TBG, or more generally, in other graphene based
moiré systems. It is interesting to see from our QMC numer-
ics, that once the assisted hopping interaction is added to the
two-orbital model, the IVC phase which breaks the SU(4)
symmetry but at the same time stays at ¢ = 0 is favored,
amended with a QVH insulator which is symmetric and ac-
quires a non-trivial Chern number. These phases are consistent
with the analytical expectations and are the very reasonable
candidates for the insulating phases discovered in the TBG at
even integer fillings, in particular at CNP.

As a starting point to study the interplay between the non-
trivial topological properties and the strong interactions in the
electronic systems, our work provided a rather novel perspec-
tive to understand the properties of the electronic correlations.
Although most of the work in this field focus on the ground
states only, our numerical work also obtained the dispersion
of charged excitations. It is interesting to compare this result
with the STM and future ARPES experiments for more quan-
titative justification of our mode].[!!:13:14:106.107]

Looking forward, here we have only revealed the QMC
numerical data on the honeycomb moiré lattice models for
TBG, and the QMC simulation is limited at CNP due to
the sign problem. Another powerful method, density matrix
renormalization group (DMRG), is tremendously successful
in studying the low dimensional system.!'%%] Recently, it was
applied to study the interacting BM model without the spin and
valley degrees of freedom.®:104 At the half filling where the
system contains one fermion per unit cell, the numerics has
identified three competing phases: QAH, strongly correlated
topological semimetal, and the gapped stripe phase. While the
first one breaks C,7 symmetry and leads to quantized Hall
conductivity, the latter two phases are C,7 symmetric with
vanishing Hall conductivity. Although based on the simpli-
fied model and focusing only on the filling of v = 1, DMRG
already produced unexpected results beyond any mean field
calculations. One can expect that more sophisticated DMRG
calculations and its possible combination with QMC by in-
cluding spin and valley degrees of freedom and various dop-
ings and accessing larger system sizes for the thermodynamic
limit, the more complete understanding of the electronic corre-
lations and physical mechanism behind the insulating phases,
correlated metallic phase, and eventually the superconducting
phase in moiré TBG systems can be finally achieved.
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