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We construct an effective Floquet lattice model for the triangular network that emerges in interlayer-biased
minimally twisted bilayer graphene and which supports two chiral channels per link for a given valley and
spin. We introduce the Floquet scheme with the one-channel triangular network and subsequently extend it to
the two-channel case. From the bulk topological index (winding number) and finite system calculations, we
find that both cases host anomalous Floquet insulators (AFIs) with a different gap-opening mechanism. In the
one-channel network, either time-reversal or in-plane inversion symmetry has to be broken to open a gap. In
contrast, in the two-channel network, interchannel coupling can open a gap without breaking these symmetries
yielding a valley AFI with counterpropagating edge states. This phase is topologically trivial with respect to the
total winding number but robust in the absence of intervalley scattering. Finally, we demonstrate the applicability

of the Floquet model with magnetotransport calculations.
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I. INTRODUCTION

Stacking two graphene sheets with a relative twist pro-
duces a moiré pattern that drastically alters the electronic
structure [1-4]. At the magic angle (0 ~ 1°) the low-energy
bands are almost flat, such that many-body effects domi-
nate giving rise to superconductivity and strongly-correlated
phases [5—12]. When the twist angle is reduced far below the
magic angle, the system exhibits markedly different behavior.
In this limit, the moiré pattern is reconstructed into a triangular
tiling of AB and BA stacking domains [13—15] whose vertices
are given by AA regions acting as topological defects [16].
At such tiny twist angles (6 ~ 0.1°), the system is referred
to as minimally twisted bilayer graphene (mTBG). Further-
more, when layer-inversion symmetry is broken in mTBG,
for example, by a perpendicular electric field, a local gap
is opened in the Bernal regions with a different topological
character for AB and BA stacking. In particular, the change
in valley Chern number across an AB/BA domain wall is
quantized to £2. Each domain wall therefore supports two
chiral modes for a given valley and spin that counterpropagate
for different valleys [17-21]. When the Fermi level lies in the
gap, the low-energy physics is derived solely from a triangular
network of valley Hall states [22-28]. Here, the AA regions
remain metallic and correspond to the scattering nodes of the
network. These nodes are connected by links given by the
AB/BA domain walls, where each link hosts two chiral chan-
nels for a given valley and spin that scatter at the nodes, see
Fig. 1(a). One thus obtains an oriented triangular scattering
network for each valley, where the orientation is opposite for
opposite valleys. This regime in mTBG can thus be modeled
by a Chalker-Coddington-like network model for each valley
separately [23]. Recently, it was demonstrated that the net-
work in mTBG gives rise to a triplet of one-dimensional (1D)
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chiral zigzag modes [30,31]. Importantly, the chiral zigzag
modes require interchannel scattering at the nodes, such that
one necessarily needs to consider a two-channel model to cap-
ture the salient features of the network physics in mTBG [32].

Oriented scattering networks were initially introduced as
models for the percolation transition between two quantum
Hall plateaus [29,33-35]. Recently, it was demonstrated that
oriented networks can also be mapped to periodically driven
(Floquet) systems [36-38]. Such Floquet systems can host
anomalous insulating phases that support topological bound-
ary modes even though the bulk topology is trivial [39—42].
Hence, it stands to reason that scattering networks can also
host anomalous edge modes [38,43]. The connection between
these two viewpoints has been addressed recently in Ref. [44].
In this paper, we construct an effective Floquet lattice model
for the oriented triangular scattering network that emerges
in mTBG under interlayer bias. Our motivation is threefold.
Firstly, the topological properties of the gapped phases in
the two-channel model have not yet been addressed. More-
over, a Hamiltonian description is preferable here because
the bulk-edge correspondence is ill defined for scattering net-
works [38]. Secondly, an effective tight-binding model for
the network in mTBG is highly desirable. As the number
of atoms in a moiré cell is of the order of 10*(6°)72, it
has similar advantages over atomistic methods as network
models, while also being straightforward to implement with
standard methods. Finally, there is the prospect of reproducing
the equilibrium physics of the network in a driven system
with photonic crystals [45—48] or cold atoms in optical lat-
tices [49-52].

The paper is organized as follows: In Sec. II, we introduce
our approach with the one-channel triangular network. We
start by mapping a single scattering node of the network to the
time evolution of a three-level system, i.e., a trimer. We then

©2021 American Physical Society
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FIG. 1. (a) Oriented triangular network in mTBG with two chan-
nels per link for a given valley and spin. (b) Scattering at a triangular
node where incoming and outgoing modes are identified with the
time evolution of a trimer, whose sites are denoted by 1, 2, and 3.
(c) Mapping between the time evolution of trimer amplitudes and
the S matrix. (d) Trimer hoppings in the counterclockwise direction
[Eq. (3)].

show how the network dynamics can be reproduced by a trian-
gular lattice of trimers and construct the Floquet Hamiltonian.
We find three distinct phases: a metal, a trivial insulator, and
an anomalous Floquet insulator (AFI) where a gap can only be
opened by either breaking time-reversal or in-plane inversion
symmetry. We then proceed to the two-channel network in
Sec. III, which is the general case realized in mTBG. Besides
metallic phases that support chiral zigzag modes, we find that
the two-channel network hosts AFIs within a single valley
even in the presence of time reversal and inversion symmetry
where now the gap is opened via interchannel coupling. Tak-
ing into account both valleys, we show that the two-channel
network exhibits a valley AFI with counterpropagating edge
modes characterized by valley winding numbers. Finally, we
showcase the applicability of the effective Floquet model by
performing transport calculations in Sec. IV, and we present
our conclusions in Sec. V.

II. ONE-CHANNEL NETWORK

We start by considering the simplest case where the two
valley Hall states are decoupled. In this case, the scattering
network is given by two copies of a single-channel triangu-
lar network with C; symmetry for a given valley and spin
[Fig. 1(a)]. Here, we do not take into account intervalley
scattering as the moiré pattern in mTBG varies slowly on
the interatomic scale. Note also that the orientation of the
network is opposite for the two valleys as they are related
by time reversal. Moreover, mTBG under interlayer bias has
an additional C,T symmetry that conserves the valley, where
C, corresponds to in-plane inversion with respect to a node,
which reverses both the valley and sublattice pseudospin, and
T is the time-reversal operator [53]. This combined symmetry
can, for example, be broken by a magnetic field or an in-

plane electric field. The one-channel triangular network with
C,T symmetry was first considered by Efimkin and MacDon-
ald [23], while the general case with broken C,T has recently
been considered in Ref. [43], both within the framework of
network models. Here, we show explicitly how these scatter-
ing networks can be mapped to Floquet tight-binding models
with discrete time steps.

A. Scattering node

To illustrate the basic idea, we first consider a single scat-
tering node with three incoming and three outgoing modes,
as shown in Fig. 1(b). The outgoing modes b = (by, by, b3 )
are related to the incoming modes a = (ay, a, a3)’ by the S
matrix, b = Sa. If C; symmetry is preserved, the S matrix can
be written as

S Sy Sf
S=1sr s s, ey
Sy Sy S

where |sf|2 = Py, |s;|> = Py, and |s,|> = P, are, respectively,
the probability for forward scattering, and left and right de-
flections. Current conservation at the node is expressed by
STS = 15 such that up to a global phase, the S matrix only
depends on two real parameters with Py + P, + P, = 1. For
the special case where C,T symmetry is preserved, this is
reduced to a single parameter. For example, we can take
s, =5, = /Py and sy = ¢ /Py with cosa = —,/P; /4Py,
such that 1/9 < Py < L.

We now demonstrate how the scattering problem can be
mapped to the time evolution of a trimer, i.e., a three-level sys-
tem corresponding to a particle hopping between the vertices
of an equilateral triangle with amplitude ¥ = (Y1, ¥, ¥3)',
as shown in Fig. 1(b). For a time-independent Hamiltonian Hj,
the amplitudes evolve in time as ¥ (¢) = U(¢, 0)1r(0) where
Ul(t,0) = e~/ If the scattering process takes place over a
time 7, we can make the following identification [38]

< Y@)=U,00y(0), @

which is illustrated in Fig. 1(c) for an initial state 1 (0) =
(1,0,0) corresponding to an incoming mode at the upper
vertex. After a time 7, we have ¥ (¢) = (s;, 57, s,)' which is
interpreted as the scattering amplitudes for a left deflection,
forward scattering, or a right deflection, respectively. The
general S matrix with C; symmetry is obtained by taking the
following trimer Hamiltonian,

b= Sa

0 e eTie
Hy=J|e™ 0 €% |, 3)

e e 0
with J > 0 and where 3¢ is the flux through the triangular
plaquette [Fig. 1(d)]. Up to an overall energy shift, this is the
most general C3-symmetric trimer Hamiltonian. The spectrum
and eigenstates of (3) are given by

1

V3

and n = 0, 1, 2. Next, we identify the time-
—iHo!/h with the S matrix given by

E, =2Jcos(¢ +27n/3), Y,=—=0",n"", 1), ()

with n = 27/3

evolution operator U (t) = e
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FIG. 2. Phase diagram of the oriented one-channel triangu-
lar network corresponding to the driven trimer lattice shown in
Fig. 3(a) where different colors correspond to different phases as
indicated. The boundary of the allowed (P,, P;) values corresponds to
0, = 0 in (7) and the dashed line gives the case with C,T symmetry
(P, = P)). If the network orientation is reversed, the trivial and AFI
phase are interchanged and W — —W.

Eq. (1). This gives s; = g(64, 62), s, = g(61, 6, — 27 /3), and
sy = g(01, 6, + 27 /3) with

801, 0,) = (e + 26" cosb,), Q)
and

0, =3Jtcosp/h, 6, = V3 Jtsing/h, (6)

where we left out an overall phase factor in Eq. (5) that only
depends on 6;. We thus have

P = 5[3 + 4 cos(26;) cos 6, + 2 cos(26,)], @)

and where Py and P, are obtained from (7) by letting 6, —
0, & 21 /3, respectively. Note that the scattering probabilities
are functions of J¢ and ¢. This is illustrated in Fig. 2, where
we plot (P,, P;) for 6, € [0,2n] and 6; = 0, which bounds
the allowed region of the scattering parameters [43]. Regions
with different colors in the figure correspond to different
phases, which is explained in Sec. IID. Note that the map
(61, 6,) — (P,, P) is onto but not one-to-one. Apart from an
overall phase, the sign of 6; has to be specified to uniquely
determine the S matrix.

In the special case where C;T symmetry is conserved,
we further require that s, = s; which is the case for 6, =
(n+ 1/3)m with n an integer. For example, for 6, = /3, the
amplitudes become sy = —% cosf; —isinf; and s, =5, =
%cos(&l ). The resulting S matrix is unitary equivalent to the
one of Efimkin and MacDonald [23].

B. Scattering network

Having established the mapping for a single node, we turn
to the scattering network. To this end, we follow Ref. [38]

and decompose the network into three disjoint sets of scat-
tering nodes. The nodes are then identified with three sets of
decoupled trimers that form a triangular lattice, as illustrated
in the different panels of Fig. 3(a). Note that a scattering
process on one set takes as input the output of another set. For
example, in the figure the incoming modes of green trimers
(bottom-left panel) correspond to the outgoing modes of blue
trimers (bottom-right panel). If we only turn on the trimer
couplings in one set for a given time, the time evolution
generates a local scattering process. Next, we do the same for
a different set, which takes the output of the first set, thereby
transporting the amplitudes through the lattice, followed by
a scattering process at the new nodes. Repeating this process
in the sequence shown in Fig. 3(a) reproduces the network
dynamics. Note that the orientation of the network is fixed by
the specific sequence in which the couplings are switched on
and off, which naturally breaks time-reversal symmetry. Thus,
by exchanging the second and third step, the orientation of the
network is reversed.

The piecewise time-dependent Hamiltonian can be written

as
Hi(k), O0<t<T/3,
Hk,t)={H)k), T/3<t<2T/3, 8)
Hi(k), 2T/3<t<T,

with H(k,t +T) = H(k,t) and where k is the Bloch mo-
mentum of the trimer lattice. We now explicitly construct the
Hamiltonians H;, H,, and Hj for each step and show that the
network dynamics is reproduced.

Consider a triangular lattice of decoupled trimers, as shown
in Fig. 3(b). Each unit cell contains three sites that constitute
a trimer centered at r,,, = me; + ne, (m, n € Z) with

e =310, 1), e =+31(33/2,-1/2), (9
where the lattice constant is given by /37 with [ the link
length of the triangular network. As we discussed above, the
network dynamics are obtained by a three-step process that is
repeated periodically. Because of C3 symmetry, the coupling
and duration of each step has to be equal. In the first step,
which takes place between times ¢t = 0 and ¢t = 7/3, we only
turn on green trimers, as illustrated in the bottom-left panel of
Fig. 3(a). Here, there is no coupling between different cells,
such that the Hamiltonian in Bloch form H, = H,,, where H,
is given in Eq. (3), and

U =U(T/3,0)=S5, (10)
with § = ¢~#T/3" In the scattering picture, the trimer am-
plitudes at ¢ = O correspond to incoming modes of scattering
nodes located at r,,,,. Outgoing modes then correspond to the
trimer amplitudes at ¢t = 7' /3. In the second step, we turn off
the trimer coupling within each cell and turn on the coupling
between vertices of different cells in such a way that we obtain
the blue trimers shown in the bottom-right panel of Fig. 3(a),
which gives

0 Zgik-e] Z*e_ik'e3
Z*eiik'e' 0 Zeikfz ,
Zeik-eg Z*e—ik-ez 0

H (k) = an
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FIG. 3. (a)Periodic sequence in which the trimers on the lattice are turned on and off, where the couplings between different sites of a trimer
are indicated by the thick colored lines. This generates the dynamics of the oriented scattering network that is superimposed. (b) Triangular
lattice of trimers whose vertices are labeled by 1, 2, and 3. Here, the vertices of different cells are connected by thin gray lines and the unit cell

is shown as the gray area.

with z = Je'¥ and e3 = —(e| + e,). The time-evolution oper-
ator for this step becomes

U, =UQT/3,T/3) = ST, (12)
where
T, = diag(eik-lz’ eik-ll’ eik-l3)’ (13)
T, = diag(eik-h’ Ly eik-ll)’ (14)
Ty = diag(eik-ll’ eik-l3’ eik-lz)’ (15)
with 1, , = 1(—1/2, £+/3/2) and I3 = —(I; +I,) primitive

vectors of the network [as shown in Fig. 3(b)]. This can be in-
terpreted in terms of the network as follows. Outgoing modes
of nodes located at r,,,, i.e., trimer amplitudes at t = T /3,
first propagate to the next node via the translation operator
Ti. Hence, they can be thought of as the incoming modes
of nodes located at r,,, —I; (j = 1,2, 3) which then scatter
to outgoing modes by S, followed again by propagation. The
final step takes place during 27/3 < t < T, giving rise to the
red trimers shown in the top panel of Fig. 3(a), such that

0 Ze*l’k@z z elk €]
Hy(k) = | z*e* 0 ze~ke | (16)
Zefik-el Z*etk e3 0

with time-evolution operator

Us = U(T, 2T /3) = T:ST; (17)

which has a similar interpretation as U,. In the end, outgoing
modes of nodes located at r,,, +1; (j = 1,2, 3) are propa-
gated by T3, becoming incoming modes of trimers centered at
rmn. Att =T, we therefore end up back where we started at
t = 0. The time-evolution operator over one period (Floquet
operator) becomes

Te~ H [0 dtHk,t) _

Urk) = = BKSTSTS, (18)

where T denotes time ordering.

To demonstrate the correspondence of the trimer lattice
with the triangular oriented scattering network, we show the
case where P, =1 (e.g,0i =0, =0)or Pr=1(eg.,0, =0
and 6, = —2m/3) in Figs. 4(a) and 4(b), respectively. When
P, =1 and P, = Py = 0, the network modes perform closed
orbits giving an insulator with flatbands. In the opposite limit,
we have Pr =1 and P, = P, = 0, such that the network is a
metal consisting of three sets of 1D chiral modes that propa-
gate along the —/; directions (j = 1, 2, 3).

C. Quasienergy spectrum

According to the Floquet theorem, the wave equation
iho, W (t) = H(k,t)W(¢t) with a time-periodic Hamiltonian
H(k,t +T)= H(k,t) is solved by

q’k(t) — e—iSkl/h Zeimwt Ilfkma (]9)

where ¢ is the quasienergy and w = 2w /T . The wave equa-
tion then gives

D H" Yiow = etV (20)

m

T2/\ é;Tz i) T3®Y
@1\/1@ 251153352/251
Td\é/T1
0 0 1
S=11 00
010

FIG. 4. Correspondence between the driven trimer lattice and the
triangular network. (a) For P, = 1 (e.g. 6, = 6, = 0), the network is
localized leading to flatbands. (b) For P, =1 (e.g., 6, =0 and 6, =
—2m /3), there are three sets of chiral modes along the —I; directions
(only the —I3 mode is shown).

S =1,
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where 1™ is the Floquet Hamiltonian,
’ 1 T : ’
H™™ = mhwSym 13 + T [ dt e (1), 21
0

where we suppressed the momentum index. When H(¢) is
given by (8), we find for m = m/,

3

1
/Hmm = mha)]l:; —|— g ZH, (22)
=1
and for m # m’,
., sin (Z4m) 3 i
e — n(A:n )efmAm/3 ZHjeZT(lfj)Am’ (23)

j=1

where Am = m — m/. Unless specifically stated, we always
use eight harmonics (m = —8, ..., 8) in the Floquet Hamil-
tonian for numerical calculations to ensure convergence. The
scattering parameters of the one-channel model can now be
written as

0 o= L2 (24)
= — 7 COos @, — ——sin
1 @ 2= 70 /3 4
In terms of the scattering network,
2w hv
how = ?T ~ 100 GomeV, (25)

as T = 3l /v, where v is the velocity of the chiral modes, [ is
the link length of the network, and € is given in degrees as
indicated. Here, we also give the numerical value for the case
of mTBG where we put v equal to the bulk Fermi velocity of
graphene and / to the moir¢ lattice constant. In the remainder
of this paper, we assume that the scattering parameters (for
both the one- and two-channel model) are approximately con-
stant on this energy scale, such that they are essentially energy
independent.

The Floquet quasienergy spectrum is shown in Fig. 5 for
several values of (P,, P;) together with the density of states
(DOS). Note that there are three bands per energy period
since there are three sites per trimer (labeled 1, 2, and 3 in
Fig. 3). The DOS is calculated numerically with a Lorentzian
broadening y,

DOS(e) = ‘l/ YD (e — k)
k

m,n

(26)

! y/m
T an: Xk: (e (k) — 2 + y2 (27)

where m € Z, n = 0, 1, 2 labels the three bands per Floquet
period, and the sum runs over the first Brillouin zone. Note
that the lattice constant of the trimer lattice is +/3 [. Thus, the
Brillouin zone (BZ) of the trimer lattice is reduced by a factor
3 as compared to the network BZ. For example, when C,T is
conserved, the origin and the two inequivalent corners of the
network BZ support Dirac nodes [23] separated in energy by
2m hv/31. These nodes are folded to the T" point (k = 0) of the
trimer lattice BZ. At the T" point we have H; = H, = Hj such
that different harmonics become decoupled [Eq. (23)]. Thus,

(a) (B.R) = (02,04)

i’“v L
: b3 iy MK

(b) (P, P) = (04,0.4)

DOS (arb.)

DOS (arb.)

|
el

U
|

M K' DOS (arb.)

FIG. 5. Floquet bands in the BZ of the trimer lattice (left panels)
and along high-symmetry lines (middle panels), together with the
DOS (right panels) for y /hiw = 0.005. Here, (a), (b), and (c) are
indicated by the circle, dot, and cross in Fig. 2, respectively. Solid
(dashed) lines correspond to the (opposite) network orientation (i.e.,
valley index) as shown in Fig. 1(a).

the spectrum at the origin is given by

emn(0) = mhw + 2J cos(¢ + 27n/3). (28)

Now we can already partly understand the phase dia-
gram shown in Fig. 2. By construction, the network for P, =
P, =0 is given by decoupled chiral modes with &,,;(k) =
ho(m =3k -1;/2m) (j = 1,2, 3). These modes are coupled
when we allow for deflections and at some point a gap opens
between different triads of Floquet bands at the T' point, un-
less G, T is preserved. We find from (28) that the gap opens
when Py =P, (0, =nm) or Pf =P (6, =(n—1/3)m) for
P, €[1/9,1/3], respectively (Fig. 2). The band touching
is quadratic in general, as shown in Fig. 5(a), while in the
special case where C, T is conserved, it is linear and symmetry
protected [Fig. 5(b)]. Hence, the phase diagram is given by
three distinct regions: one metal and two insulating phases
separated by a percolation line (P, = P;) along which G,T is
conserved [43].
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FIG. 6. (a) Zigzag ribbon of the trimer lattice in the e; direction
with N = 4 trimers in the ribbon unit cell, indicated by the dashed
lines, giving 12 sites per cell. (b) Spectrum for N = 8 in the AFI
phase with (P, P,) = (0.6,0.2) indicated in Fig. 2 by the cross,
whose bulk bands are shown in Fig. 5(c).

D. Anomalous Floquet phase

For network models, the bulk-edge correspondence is ill-
defined because one can always engineer the boundary of the
network such that it hosts a chiral mode, even if the bulk is
trivial [38]. For example, one can surround a bulk network
consisting of localized loops with a disconnected large loop
which does not alter bulk properties. In contrast, the bulk-edge
correspondence of Floquet insulators is well defined [41]. To
establish the topology of the insulating phases, we calculated
the Floquet winding number W as well as the spectrum of
finite networks. The winding number is a bulk topological
invariant characterizing anomalous Floquet phases [41].

In Fig. 6(a), we show a zigzag ribbon of the trimer lattice,
which is finite along the x axis with width (3N — 1)//2, where
N is the number of trimers in the unit cell, and infinite along
the y axis. The Floquet Hamiltonian of the ribbon is given
in Appendix A. The corresponding network is superimposed
on the figure, where the nodes and links are shown as the
dots and black solid lines, respectively. Note that the edge of
the network is automatically determined. Here, the edge has
trimers, dimers, and monomers, which correspond to nodes
having three, two, or one incoming and outgoing modes, re-
spectively, giving rise to a sawtooth edge. For example, the S
matrix corresponding to the edge dimer is given by

for the right and left edge, respectively. Here, we take the
same scattering parameters at the edge as in the bulk for
simplicity. From Fig. 6(a), we observe that for P, ~ 1 the
edge supports a chiral mode that propagates counterclockwise
along the edge, while for P, ~ 1, the edge is localized. This
suggests an anomalous Floquet insulator (AFI, W = 1) and a
trivial insulator (W = 0), respectively. We confirmed this by
calculating the winding number for these two limiting cases
(Appendix B) which establishes the phase diagram shown in
Fig. 2. As expected, the ribbon spectrum in the AFI phase,
shown in Fig. 6(b), features a pair of chiral modes (one for
each edge) in each gap. The corresponding probability densi-
ties of the three trimer sublattices are shown in Fig. 7 at times
t =0, T/3, and 2T /3 for the edge states marked in Fig. 6(b).
They correspond to incoming modes of the scattering nodes in
the green, blue, and red trimers, respectively. We find that the
anomalous edge states propagate mostly along the sawtooth
edges. Furthermore, we verified that the edge state in the AFI
phase is robust by varying the hopping constants at the edge.

In mTBG, the network orientation is opposite for valley K
and K'. If valley K corresponds to the phase diagram shown
in Fig. 2, then the phase diagram of valley K’ is obtained by
exchanging the trivial and AFI phase, as well as the sign of W.
However, the scattering parameters of the two valleys are in
general not related: (P, P;) for K differs from (P, P/) for K'.
The former has a trivial phase for P, < P, and an AFI(W = 1)
for P, > P, while the latter has a trivial phase for P/ > P/
and an AFI (W = —1) phase for P/ < P,. If either C; or T is
conserved, they are related as follows

G Sik = Sr(OKs  SfK = SPK, (30)

s = (syx)'- (3D

Hence, when T is broken and C, is conserved, if one valley
hosts a trivial phase then the other valley always hosts an
AFI phase and vice versa. If the valleys are decoupled in
the bulk, the system can be thought of as two half cylinders,
one for each valley, hosting different topological phases that
are glued together, giving rise to anomalous edge states along
the seams [43]. On the other hand if only C; is broken, then ei-
ther both valleys host a trivial phase or both host an AFI phase
with opposite winding numbers. With respect to the total
winding number, these are topologically equivalent. Indeed,

T: s,ox = ik

JT ) in the latter case, intervalley scattering at the boundary will
Sa = exp [_’? (cosp oy £sing U.v)]’ (29)  gap out the edge modes. However, there is a weak topological
t=20 t=T/3 =2T/3
08— — — —_—
0.6f 1| — 1t yn|? — 1t yn|? — 1
ol [of? = = 1 [ L 1 [ L 1
' O [1h|? ==m= [

0.2F 1 0r

FIG. 7. Trimer densities of the edge states marked by the gray (orange) dot in Fig. 6(b) at different times during one driving period, where
the edge state on the left (right) edge corresponds to the gray (orange) curves and n = 1, ... N labels the trimers in the unit cell from left to

right, as shown in Fig. 6(a).
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TABLE I. Anomalous topological phases hosted by the triangu-
lar network with N, channels per valley and spin. Pairs indicate the
valley winding numbers when the symmetry displayed in the first
row is conserved. Blank entries were not considered in this work.
Here, ~ indicates topological equivalence with respect to the total
winding number.

N, G T GT
1 (1,0)or (0,—1)  (1,—1)~(0,0) n.a.
2 (1, =1)~(0,0)

phase characterized by the valley winding numbers with a pair
of counterpropagating edge modes that is robust as long as
intervalley coupling is absent or small compared to the bulk
gap. An overview of the topological phases of the one-channel
triangular network is shown in Table I.

III. TWO-CHANNEL NETWORK

The Floquet model for the two-channel network is con-
structed using a similar approach as for the single-channel
network. Here, the second channel is introduced by taking
trimers with two orbitals per site. In the presence of C3 sym-
metry about the center, the general Hamiltonian for a trimer
with two orbitals can be written as

hy hip
Ho = :
0 <h12 h2>
in the basis ¥ = (Y11, V12, Y13, Y21, Y22, ¥23)', where the

first (second) index denotes the orbital (site). We also have,
up to an orbital-independent energy shift,

(32)

A 0 z Z;f 5 3 7
hj=(=1)/615+ | 2} Zil,he=\z z5 23|,
z; 0 3 7y 35
(33)

with z; = J;e"/. Here, hy and h, contain the intraorbital hop-
pings z; and z;, and onsite energies 4. Interorbital couplings
are given by hj, with hoppings z3 and z4, and onsite terms
z5 (Fig. 14 in the Appendix). This gives a total of eleven pa-
rameters and the time-evolution operator becomes intractable
analytically. We therefore opt for a different approach where
we start from the desired S matrix and numerically compute
an effective trimer Hamiltonian:
Hy 3i log S
ho 2w o
such that § = e~#07/3" The form of Hy depends on the branch
cut of the logarithm, but this is unimportant as it results in the
same network dynamics.
In a previous work [32], we demonstrated that the S matrix
of the two-channel oriented triangular network in the presence
of C3 and C,T can be written in the form given by Eq. (1) with

(34)

(T Y
= —/Pp2 —e 100 /P )’
. (€i¢vpd1 VP ) (36)
\vm —eeumn)

(b)

L

ly

FIG. 8. (a) Pseudo-Landau levels for ¢ = (n+ 1/2)m where
solid (dashed) arrows correspond to a, (a_) superpositions of valley
Hall states along the same link. (b) Triplet of 1D chiral zigzag modes
for ¢ = nm that propagate in the /; directions.

and s; = (s,), where P+ Ppy+ 2(Py1 + Pp2) = 1. Here,
Pri (Prp) and Py (Pgp) are the intrachannel (interchan-
nel) forward scattering probability and deflection probability,
respectively. The relative phase shift between intrachan-
nel deflections of the two channels equals 2¢ + 7 and
cos x = (Pao — Py1)/2/Ps1Pa1 with 2, /P Py1 2 |Pyy — Pyl
such that x is real. Hence, we have four phenomenological
scattering parameters in total, which can be chosen as Py,
Py, ¢, and Py; — Pyp. Note that this is not the most general
S matrix. Indeed, we assumed that the intrachannel scattering
probabilities for the two channels are equal, as well as taking
equal probabilities for interchannel deflections to the left and
right.

We thus have (b1, b}, by, by, b3, b)) =
S(ai, ay, az, a, a3, ay)’ where a and @’ are the amplitudes of
the three incoming modes of the two channels, respectively,
and similar for outgoing modes b and &'. The components are
defined similarly as before, e.g., @; and a] both propagate
along the downward diagonal link [Fig. 1(b)]. For simplicity,
we consider P; = P;; = P; in the remainder of this work.

A. Absence of forward scattering

We first consider the case without forward scattering (s; =
0). This is a natural starting point as the wave-function over-
lap between incoming and outgoing modes is expected to be
larger for deflections than for forward scattering, due to the
network geometry [23,54]. Now, there is only one parameter
given by the phase shift ¢. For a given orientation, we find that
the gapped phases are always AFIs, where the gap is opened
via interchannel coupling, without breaking C,T symmetry.
To demonstrate this, we consider the limit ¢ = (n + 1/2)7
where the network is localized and the bands are given by de-
generate flatbands [24], as illustrated in Fig. 8(a). In this case,
the network decouples into two versions of the one-channel
network with broken C,7 which conserves C,T on the
whole. The decoupled channels are obtained by unitary trans-
formation U = 13 @ e % /4¢%%:/2 which sends (a,d’) —
(a4, a_) with ay = (ae™’? F a'e=9/2)//2. For the localized
network, we then find that a, (a_) corresponds to the case
P, =1 (P, = 1) of the one-channel network. From the phase
diagram in Fig. 2, we see that the a; modes host a trivial
phase, while a_ modes host an AFI phase. For the other
valley, the roles of a. are reversed. For general ¢, the a; and
a_ modes are coupled. However, as long as the gap is not
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0
¢/m
FIG. 9. Phase diagram for a single valley of the two-channel tri-
angular network with C,T symmetry with Ps; = 0. In the absence of
forward scattering, the AFI phase extends from 7 /6 < |¢| < 57 /6

and the blue dots and red triangles correspond to the chiral zigzag
and flatband regime, respectively.

closed, the AFI phase persists, and we find that this holds for
/6 < (¢ mod ) < 57 /6.

Outside of this range, the network is metallic. Indeed,
for ¢ = nm, the network gives rise to three sets of decou-
pled 1D chiral zigzag (ZZ) modes [30-32] that propagate
in the I; (j=1,2,3) directions, which is illustrated in
Fig. 8(b). The ZZ modes have quasienergy bands ¢,,;(k) =
hiw(m/2 + 3k - 1;/47m), which are shown in Fig. 10(a). More-
over, because of their 1D nature and linear dispersion, the
DOS of the ZZ modes is constant and equal to 4/+/3%iwl? for
a given valley and spin. Note that the velocity of the ZZ modes
is half that of the constituent modes, since they traverse twice
the direct distance.

B. Effects of forward scattering

In the limit Py = Py; + Py, — 1, it is clear that the net-
work is metallic and therefore forward scattering tends to
destroy the AFI phase. The phase boundary where the gap
closes can be obtained analytically for Py = O from the net-

work model [32],
Pply_y=1- sin )2,

which is shown in Fig. 9 together with the gap E,. For ¢ =
£ /2, the phase boundary always lies at Py = 3/4 as in this
case the spectrum depends only on Pr. The corresponding
Floquet bands and DOS are shown in Fig. 10(b). We find
that the gap closes both at the T' and M points of the trimer
lattice BZ with a quadratic band touching. One might expect
that the AFI phase always survives the longest at ¢ = £ /2,
as in this case the gap attains its maximal value /iw in the
absence of forward scattering. By numerically computing the
gap closing points, we find this only holds for Py = 0, which
is demonstrated in Appendix C.

(37

C. Valley anomalous Floquet phase

We have shown that the AFI phase in the two-channel
triangular network with C,T symmetry can be understood in
terms of the one-channel triangular network with broken C,T .
However, the main difference lies in the mechanism that opens
the gap. While in the one-channel case a gap is only opened
when C,T is broken on the whole, in the two-channel network
a gap is opened by interchannel coupling. Secondly, in the
two-channel case both valleys simultaneously host anomalous
edge states that counterpropagate at a given edge. Hence,
with respect to the total winding number it is topologically
equivalent to a trivial phase. However, as long as the edge
is smooth on the interatomic scale, intervalley scattering is
suppressed and the edge hosts a single pair of valley-chiral
modes per spin. In the vicinity of the flatband regime, the
anomalous edge modes consist mostly of a; modes for valley
K/K’, as these modes host an AFI (W = +1) phase, while
the a; modes host a trivial phase, respectively. It is thus
characterized by the valley winding numbers and we refer to
it as a valley anomalous Floquet insulator (VAFI) (Table I).
In mTBG, however, the type of edge configuration is not
immediately obvious and a generic edge will most likely gap
out the edge modes of the VAFL.

Finally, in Fig. 11, we show the spectrum in the VAFI
phase of a zigzag ribbon of the two-orbital trimer lattice,
similar to the system shown in Fig. 6(a). We note that in
Fig. 11(b) the bulk projection on the zigzag direction does not
give a symmetric dispersion with respect to the momentum.

AUEM Y

" DOS (arb.) k " DOS (arb.)

F T M K’ DOS (arb.) K

" DOS (arb.)

FIG. 10. Floquet bands for the two-channel case along high-symmetry lines and DOS with y /fiw = 0.005. The scattering parameters
are shown above the panels and cases (a), (b), and (c) are indicated by the dot, cross, and circle in Fig. 9, respectively. Solid (dashed) lines
correspond to the (opposite) network orientation (i.e., valley index) as shown in Fig. 1(a).
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0
kvV31l/m

0
kV31/m

FIG. 11. Spectrum of a zigzag ribbon with N = 8 [Fig. 6(a)] for
the two-channel case with C,T in the AFI phase for valley K with
(@) p =m/2, Py =0, and Py, = 0.3, and (b) ¢ =7 /4 and Py =
Py =0.1. Gray (orange) curves correspond to chiral edge modes
localized on the left (right) edge.

However, the symmetry between opposite momenta along the
edge is restored by the other valley so that the total system
is time-reversal symmetric. As predicted, we observe chiral
edge states at each edge, which mostly consist of a_ modes
since these host the VAFI phase in the limits |¢| — 7/2
and Py — 0.

IV. MAGNETOTRANSPORT

To conclude this work, we demonstrate the applicability
of the Floquet description by calculating the two-terminal
conductance for the setup that is shown in Fig. 12. The system
consists of two semi-infinite leads [55] and a central scattering
region. At zero temperature and in the presence of time-
dependent leads [56], the time-averaged zero-bias differential
conductance reduces to the well-known expression [57-59]

4¢?
G= 7Trw[rLGgrRGg], (38)
ljﬂi Ho l@&
v \VaS
\ \L/ ______
k5 </ g
-
VAV
L. < N

-
L

FIG. 12. Setup for transport calculation where the length of the
center region is given by L = (3N — 1/2)l, shown here for N = 1.
Horizontal dashed lines indicate the unit cell in the transverse di-
rection such that the scattering region with Floquet Hamiltonian 7,
contains a total of 6N sites per transverse cell, where the sites are
shown as numbered circles.

where Tr, includes a trace over harmonics, which
can be thought of as different layers in an effective
multilayer  system [56]. Furthermore, G§ = (G(’))T =
(e—Ho— 2§ — ZJZ)’1 is the advanced and retarded Green’s
function of the system coupled to the right (R) and left (L)
leads and I'; = 2Im[X{] with i = L, R where X{ = V;8¢Vio
is the self energy of the leads. Here, we introduced the
Floquet Hamiltonian H, of the scattering region, the tunnel
couplings Vy; and Vj that couple the scattering region to
the leads (Fig. 12) as well as the surface Green’s function
g; of the leads. To illustrate this approach, we calculate the
conductance for the one-channel model in the AFI regime. In
the presence of a boundary, we find a quantized conductance
e?/h (for a given valley and spin) in the gapped regions,
signaling the presence of anomalous edge states [Fig. 13(a)].
In contrast, the conductance drops to zero for a bulk system
with periodic boundary conditions. We want to emphasize
that we consider driven leads since they are part of the
network. This is in contrast to transport in a driven system
with static leads. Therefore there is no Floquet sum rule for
edge transport in our setup [60].

We can extend the effective Floquet model to incorporate
the effect of a magnetic field B = Be, on the network. This
gives an additional Peierls phase accumulated during propaga-
tion between nodes. Here, we assume that the magnetic length
is large compared to the scattering region in the network,
such that the S matrix of the nodes is not affected by the
magnetic field. In this case, the dynamics of the network can
be mimicked by introducing new driving steps, namely

H, O0<t<T/6,
H, T/6<t<T/3,
H,, T/3<t<T/2,
HO=Vm 12 <1 <213, (39)
Hy, 2T/3 <t <S5T/6,
H;, 5T/6<t<T,

with H(¢t 4+ T') = H(t). The additional steps given by H{, H;,

and Hj introduce the Peierls phases and are therefore given by

onsite terms. For example, in the Landau gauge A = B(x —

[/4)e,, the Peierls phase along horizontal links is zero, and

given by ®p(x) [—Pp(x)] along downward (upward) diagonal

links that start at a node with horizontal position x, where
Td x

Qp(x) = —

N (40)

with ® = B+/3[2/2 the flux through a moiré cell. In the basis
shown in Fig. 1(d), we thus have

Hi() _ Wdiag(l, —1,0), S
/10) Y4

Hz(x) _ 3<DP(-X) dlag(o7 1, —1), (42)
hw T

Hj(x) _ 3Pp(x) diag(—1,0, 1), 43)
hw

where x is the horizontal position of the center of the
corresponding trimer. It is straightforward to check that
the time-evolution operators indeed give the correct Peierls
phases. We have also verified this by explicitly calculating the
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FIG. 13. (a) Conductance at zero magnetic field of the one-
channel network in the AFI phase with (P, ;) = (0.6,0.2) for
an infinitely-long strip of width W = 15+4/3[ (solid) and the bulk
network (dashed) scaled to match the finite-width result. (b) Mag-
netoconductance of the two-channel network in mTBG in the ZZ
regime (¢ = 0) for several Py, where L = 8.5/ and W > L. Arrows
indicate resonances due to paths enclosing a multiple of the moiré
cell area A = /3 12/2.

spectrum of a zigzag ribbon in a magnetic field with both the
network and Floquet model, where the S matrices for edge
nodes were derived from the Floquet model. It is important
to note that this does not correspond to the usual Peierls
substitution in the Floquet lattice model. This would intro-
duce an additional flux in the trimers, ¢ — ¢ + ®/6, which
corresponds to a different $ matrix in the network. Moreover,
the relation between scattering parameters and couplings is
modified as each step now lasts for 7'/6 instead of 7'/3. For
example, for the one-channel network, we now have

J 7
6 = ——sing. 44
b hwﬁsm(ﬂ (44)

It is worth mentioning that these extra steps increase the
amount of harmonics required to achieve convergence by al-
most one order of magnitude.

In Fig. 13(b), we show the conductance as a function
of the flux ®/® for the two-channel network with ¢ =0
and different Py = Py; + Py;. We find that the magnetocon-
ductance exhibits Aharonov-Bohm resonances whenever an
integer amount of flux quanta is threaded through the moiré
cell. This reproduces previous results obtained with the scat-
tering network approach. We refer to Ref. [32] for a detailed
discussion on these resonances.

T
= ——coso,
I

V. CONCLUSIONS

We constructed an effective Floquet lattice model for the
oriented triangular scattering network, where the links of the
network support either one or two chiral channels. Here, the
latter case is realized in minimally twisted bilayer graphene
under interlayer bias. To this end, we first mapped the scatter-
ing process at a single node to the dynamics of a three-level
system or trimer. The dynamics of the scattering network were
then reproduced with a triangular lattice of trimers whose
couplings are turned on and off periodically.

We found that the one-channel network hosts a metallic
phase and two gapped phases, where the gap is opened by
breaking C,T symmetry. One of the gapped phases is a trivial
insulator, while the other is an anomalous Floquet insulator
characterized by Floquet winding number W = +£1 depending
on the network orientation. When C, is conserved but T is
broken, the total winding number is finite, while it vanishes
when T is conserved. In contrast, in the two-channel network
the gap can also be opened by interchannel processes at the
nodes without breaking C,T . In this case, each gapped phase
corresponds to a valley anomalous Floquet insulator with a
pair of counterpropagating anomalous chiral modes at each
edge, characterized by a pair of valley winding numbers. This
phase has no net winding number and is thus only protected as
long as intervalley scattering is absent. The anomalous phase
that conserves C,T is most likely very challenging to realize in
minimally twisted bilayer graphene since both experiment and
theory indicate that the network remains metallic over a wide
range of parameters, e.g., the twist angle or interlayer bias.
However, in the presence of external fields that break C,T,
one expects an anomalous Floquet phase to arise generically
above some critical field strength. The presence of anomalous
edge modes could then be probed by nonlocal transport mea-
surements. Furthermore, the Floquet scheme can in principle
also be realized in optical atomic lattices in which case one
can tailor the S matrix by controlling the hopping between
trimers.

Finally, we performed transport calculations with the ef-
fective Floquet model. For the one-channel network, we find
a quantized conductance in the AFI phase due to the edge
state, while for the two-channel network we reproduced pre-
vious results obtained with the network model in the chiral
zigzag regime. In particular, we showed that in the presence of
forward scattering at the nodes, Aharonov-Bohm oscillations
appear in the two-terminal conductance when a magnetic field
is applied perpendicularly to the network.

The effective Floquet lattice model that we constructed
allows for further research of the topological network in
minimally twisted bilayer graphene using standard methods.
Moreover, the explicit mapping to the driven system could be
interesting for the realization of similar network physics in
photonic crystals or optical lattices.
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FIG. 14. Trimer couplings for the two-channel network corre-
sponding to the two-orbital trimer Hamiltonian given in Eq. (32)
with z; = J;e'%i. (a) Onsite couplings. (b) Intraorbital couplings.
(c) Interorbital couplings.

dation) within the framework of Germany’s Excellence
Strategy—EXC-2123 QuantumFrontiers—390837967.

APPENDIX A: ZIGZAG RIBBON

The discrete time-dependent Hamiltonian for a zigzag rib-
bon of the trimer lattice with width W = 3N — 1)I/2 (N =
1,2, ...)asillustrated in Fig. 6(a) for N = 4 can be written as

Hkk), 0<t<T/3,
Hk,t)={H:(k), T/3 <t <2T/3, (A1)
Hiy(k), 2T/3<t<T.

In the basis given by W = (v, ..., ¥3y)" where the index
runs over all trimer sites with labeling defined in Fig. 6(a),
the matrix H; is block diagonal and the matrices H, and Hj
are block tridiagonal. Explicitly, we have

Hy; V;
v
Hi=|"'1 vl

i

;
vl Hy

(A2)

for j = 1, 2, 3 and where Hy, = Hy from Eq. (3), V|, =0, and
the remaining matrices are defined below for both the one- and
two-channel network. The Floquet Hamiltonian is obtained in
the same way as for the bulk.

1. One-channel network

In the one-channel case, we have

0 ze' 0 0 0 z*
Hy = z*e""’ 0 0, , =10 0 ze™ , (A3)
0 0 0 0 O 0
0 0 z*e 0 0 O
Hy; = 0 0 0 , V3= e 0 z , (A4)
ze 4 0 0 0 0 O

with z = Je' and g = k/3 1.

2. Two-channel network

For the two-channel network, the different couplings are
illustrated in Fig. 14 and the Hamiltonian matrices for the

ribbon become

8 7€ 0 Z5 23l 0
z]ke_i" ) 0 zZe_i” Z5 0
0 0 ) 0 0 Z5
Hyp = . . , (A5
02 75 el 0 -5 ze' 0 (AS)
e h 0 zieTld 3§ 0
0 0 4 0 0 )
0 0 b&i 0 0 )
0 0 zie™@ 0 0 e e
Vv — 0 0 0 0 0 0 (A6)
*“loo z o0 o0 z |
0 0 ze @ 0 0 zpe ™
0 0 0 0 0 0
8 0 zje? Z5 0 zie
0 § 0 0 Z5 0
Zle_iq 0 I} Z3e_iq 0 75
Hopz = ) A7
03 z: 0 zje 5 0 zei|’ (A7)
0 4 0 0 -8 0
e 0 2 z0e7 1 0 -5
0 0 0 0 0 0
e 0 oz e 0 oz
0 0 0 0 0 0
= A
Vs 0 0 0 0 0 0 (A%)
Ze ™ 0 z e 0 2
0 0 0 0 0 0

APPENDIX B: FLOQUET WINDING NUMBER

The bulk topological invariant that characterizes anoma-
lous Floquet insulators is given by the Floquet winding
number introduced by Runder et al. [41]. Here, we calculate
the winding number for the one-channel triangular network in
the limit where the network is completely localized. To this
end, we need the time-evolution operator at all times,

S(@), 0<t<T/3,
Uk, )} T,'S(t — L)1y o, T/3 <t <2T/3,
TS(t — E)DSoTiSo, 2T/3 <t <T,

B

with S(¢) = exp (—iHpt), So = S(T/3), and where Hj and T;
(i=1,2,3) are defined in Sec. II. In case the Floquet oper-
ator is trivial, i.e., U(T) = U(0) = 1, the winding number is
defined as

1 T
Wil =g [ ar [
7= Jo BZ

x Te(U @)U (8,U). U (3,U)]), (B2)

where the momentum integral runs over the first Brillouin
zone. For the gapped one-channel network, the Floquet op-
erator is periodic for P, = 1 or P, = 1. In the former case, for
the orientation shown in Fig. 1, S(#) =1, so that U(r) = 1
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FIG. 15. Phase diagram of the two-channel triangular network
with C,T symmetry. Colored regions correspond to the AFI phase,
while white regions are metallic.

is trivial at all times and W = 0. In the latter case, we have
J/hw = 1/+/3 and ¢ = /2. We find that the trace is inde-
pendent of k and
2Qpy
872

I 13
WP, = 1] = 877 f dssin (Trs " Z) sin(37s),
A 3

(B3)

with s =1¢/T, 1’Qpz = 8712/3\/5, and where the last fac-
tor evaluates to 34/3. Hence, we obtain W[P, = 1] = 0 and

J

obtain
0o z 0
z 0 0
0O 0 0
Hy, = &z 0
0 0 ze1
0 0 gz
and V; = 0, while
0 0 0
0 0 0
0 0 0
Ho, = 0 ze 0
0 z'¢7 0
0 0 z*
and [Va 1y = 26m3610 + 2*8m681,- Finally, we have
0 0
0 0
0 b4
H03 - Z*eiq 0
0 z*
0 0

*

I\

onNn OO

WP, = 1] = 1. If the orientation (valley) is reversed, W [P, =
1] = —1 and W[P/ = 1] = 0, where the prime indicates dif-
ferent orientation. Moreover, when C, is conserved but T
broken, Pr” ; =Py and W = sgn(P, — P,;) where we used the
fact that the winding number does not change as long as
the energy gap does not close. On the other hand, when T
is conserved but C, is broken, we have P; , =P, and the
total winding number vanishes. However, in the absence of
intervalley processes, one can still define two valley winding
numbers that can be nonzero (Table I). When both of these
symmetries are absent, there is no relation between scattering
parameters of opposite valleys and in general, we have

W =6, —P)—6(P —P). (B4)

APPENDIX C: PHASE DIAGRAM

The phase diagram of the two-channel network with C,T
symmetry and P;; = Py in the (¢, Py ) plane was obtained by
numerically computing the gap-closing points. This is shown
for several values of Py in Fig. 15.

APPENDIX D: TRANSPORT

We calculated transport in the I3 direction of the trimer lat-
tice. To this end, we use the setup shown in Fig. 12 where the
transport direction is given by the x axis. Here, we take a unit
cell made up of two rows of sites, which can be subdivided
into sets of six sites as shown in the figure. The Hamiltonian
for each step then has the same structure as Eq. (A1), where
each block is now given by a 6 x 6 (12 x 12) matrix for the
one(two)-channel case. For the one-channel network, we

Z 0 0
z* 0 0
* ,—iq —ig
8 zeo zeo , D1)
0 0 z*
0 z 0
0 0 0
Z*e—iq Ze—iq 0
0 0
o = ol (D2)
z 0 0
0 0 0
ze74 0 0
0 z 0
0 * 0
o 0 ol (D3)
0 0 O
0 0 O

and [V31un = 2°8m684n + 2€'98,,681,. The matrices for the two-channel case can be obtained similarly.
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