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Chiral Bloch oscillation and nontrivial topology in a ladder lattice with magnetic flux
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Bloch oscillations in a tilted ladder lattice are studied in the presence of artificial magnetic flux.
The oscillations exhibit chiral characteristics which may be used to distinguish the Meissner phase
and the vortex phase. By incorporating the diagonal hopping into the ladder, the dynamical evolu-
tion reveals a phase transition as the diagonal hopping rate exceeds a critical value. The pseudospin
polarization rotates a full circle in a Bloch oscillating period which implies nontrivial topology of
the system. At the critical point, the lowest band gap is closed and the wave packet propagates
alternatively in the two bands that leads to a doubled Bloch period. Edge states arise in the re-
gion of nontrivial band topology even in the absence of chiral symmetry. Our study may provide a
dynamical way to identify the quantum phases and topological transitions in the condensed matter

physics.

PACS numbers: 67.85.-d, 03.65.Vf{, 03.75.Lm

I. INTRODUCTION

The experimental realization of tunable artificial gauge
fields in optical lattices have enabled the quantum sim-
ulation of Hofstadter-Harper Hamiltonian with ultracold
atoms[1-3]. A quantized magnetic flux penetrating a
two-dimensional (2D) lattice system can be mimicked
by applying laser-assisted tunneling effect[4-6]. In fi-
nite systems, such model has intrigued the exploration
of topological insulating states|[7], quantum Hall chiral
edge states[8], and spin-orbit (SO) coupling[9], etc[10].

A two-leg ladder lattice subjected to a synthetic
magnetic field shares the basic properties of the 2D
Hofstadter-Harper Hamiltonian, which has attracted ex-
tensive theoretical and experimental investigations[11—-
21]. Regarding the left-right leg degrees of freedom as
a pseudospin, this model has been shown to possess the
essence of SO coupling, which locks the spin and the
momentum|[16, 17]. The energy band structure of the
ladder is analogous to that of a one-dimensional (1D) SO
coupled system[22]. The ground state properties in the
non-interacting region reveal the chiral Meissner currents
in the presence of an artificial magnetic field. A satura-
tion of the current occurs at the quantum phase tran-
sition point between the Meissner phase and the vortex
phase[16, 17].

Most previous studies concerning the ladder systems
in the presence of a synthetic magnetic field are focused
on the ground state or low-energy excitations. Dynami-
cal features have attracted less attentions. When a small
gradient field is applied along the legs of the ladder sys-
tem, we expect a wave packet evolve as Bloch oscillation
(BO). The dynamics of BO have been shown to be dis-
tinctive in the presence of SO coupling[23]. Thus the BOs
should be strongly influenced by the synthetic magnetic
field.

In this paper, we study the dynamical processes of the
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bosonic ladder system which is subjected to a synthetic
magnetic field and a static linear force. It shows that
the BOs exhibit chiral currents. We also demonstrate
that the quantum phase transition between the Meiss-
ner phase and the vortex phase can be clearly identified
by this dynamical way. In the presence of diagonal tun-
nelings, band crossing at the edges of the Brillouin zone
(BZ) appears at a particular condition and a topological
phase transition occurs. The total pseudospin polariza-
tion rotates a full circle in a BO period and the BO period
doubles at the critical point. We explicitly examine the
underling physics of the topological transition.

The paper is organized as follows. In section II, we
describe formulism of the ladder system with artificial
gauge field and a linear force. The chiral Bloch oscilla-
tions with and without diagonal tunneling are presented
in section IIT and IV, respectively. In section V, we anal-
yse the evolution of an eigenstate in momentum space.
The band topology, as well as edge states with and with-
out chiral symmetry are demonstrated in section VI. The
discussion and summary are included in section VII.

II. FORMULISM

The non-interacting bosonic ladder system is described
by the tunneling terms of the Bose-Hubbard model. With
a magnetic flux ® = 2¢ per plaquette piercing the system
as well as a small gradient field applying along the legs,
the Hamiltonian is

Hy= — t” Z(eii¢a;+1aj + 6i¢b;-+lbj)
J
— tLZa;ijrH.c.JrFonnj. (1)
J J

Here a; (b;) represents the bosonic annihilation opera-
tor acting on site j in the left (right) leg. The first two
terms are the tunnelings along the legs and the third term
is the tunneling across the rung, with hopping rates ¢
and t,, respectively. Fy is the gradient caused by the



static linear force. n; = a}aj + b;r-bj is the number op-
erator for site j. Here a Landau gauge is chosen, which
ensure a translation symmetry along the leg direction.
The choice of gauge does not affect observable quanti-
ties such as the chiral current in the ground state[21],
the quench dynamics[24], etc. Regarding the left-right
leg degree of freedom as a pseudo-spin, Eq.(1) is mapped
onto a SO coupled system. By making a Fourier trans-
form 0; = ﬁzk e~ ™ol with o;r,(k) = [a;(k),b;(k)] and
L the number of sites along the legs, we arrive at the

Hamiltonian in momentum space

Ho(k) = =) ) ol H(K)or, ®
k
where
(k) — r(k) T I
H(k) = T e(k) +f€(’€)} +ZF[ " _ch:| '

(3)
The first matrix describes an effective SO coupling in-
duced by the nonzero flux[25]. Here we have set e(k) =
2cospcosk, k(k) = 2singsink, 7 =t /t) and F =
Fo/t). When k — 0, (k) represents the kinetic en-
ergy plus an energy shift, both multiplied by a coefficient
which is related to the flux. x(k) approaches the momen-
tum k multiplied by 2sin ¢ which can be viewed as the
coupling strength.
We assume F' = 0 to get some basic features about the
system. A two-band spectrum yield (in unit of #),

Ei(k) = —e(k) £ \/r2(k) + 72, (4)

which are symmetric about k£ = 0 [16, 26, 27] and do not
cross each other unless t;| = 0 . The two local minima
of E_(k), locating at sink.r = *£sin¢/1 —72/72, can
merge at k = 0 when 7 = 7, = 2sin? ¢/ cos ¢. Only one
minimum F_(k = 0) exists for 7 > 7, or equivalently,

¢ < ¢. = arccos [—7/4—1— \V/72/16 + 1]. In such case,
the ground state exhibits a Meissner phase which is char-
acterized by the chiral current resembling the Meissner
current to screen the magnetic field[11].

The presence of nonzero F' breaks the discrete trans-
lation symmetry and the ground state properties for a
finite size system become intricate. To avoid significant
modification of the band dispersion, we assume a small
linear force F' < 1 which supports the BO. Eq.(2) is
diagonalized as

d d
Ho(k) = al(BE_ 4+ iF—)ay + Bl (E4 + iF—)B,
0 2; k di/ ok T PR dk i)
5

where we have defined the creation operators of quasi-
particles

04£ = cos GkGZ -+ sin Hkbl, ,8;2 = sin HkaL — cos Hkbl, (6)
with 6 satisfying
cos 20y, - T + sin 20y, - k(k) = 0. (7)
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FIG. 1: (Color online) Oscillatory mode of a Gaussian wave
packet under the influence of magnetic flux in the regime of
the Meissner phase. (a-c) The density evolution in the left
leg |cr; (t)]?, the right leg |cr;(t)|? and the sum |ceot; ()|?, re-
spectively. (d) displays the temporal evolution of the density
fraction in the left (blue solid curve) and the right (red dotted
curve) legs. The system parameters are 7 = 2, & = 0.47 and
F = 0.2. The initial Gaussian wave packet is characterized
by A =10, ko = 0 and jo = 55.

Eq.(5) represents two BO modes which correspond to the
separating bands E+ (k) respectively. Regarding to the
lower band, the quasi-momentum of an eigenstate follows
the classical equation of motion[28, 29]

k(t) = ko — Ft, (8)

with kg the momentum of an initial state.
At the center (edges) of the BZ, O‘Z)(iw) = @ag(iﬁ) +

?bg(iﬂ) (as reflected from Fig.1(d)), which can also be

deduced from the o,P and 0,7 symmetry of Eq.(1),
where o, gives rise to the mapping a;(aj) - b;f-(bj), P
and 7 are respectively the parity operator (Pa;» =al ;)
and the time reversal operator ('Ta;f- = a;). By perform-

ing the Fourier transform, we arrive at Pa;r€ = TaL =
aT_k. Thus when k& = 0, =+m, UIP(ClaL + czb£)|0> =
(clbL +cza;2)\0> = (cla;rf +02b};)|0>, which means ¢; = cs.
A Gaussian wave packet [¢)) centering at jo performs an
oscillating mode with negligible inter-band coupling. We
set the initial wave packet [¢(t =0)) = >, ¢; (a} + bj)|0>
with ¢; = gexp [—(j — jo)?/A? + ikoj]|, where g is the
normalizing factor, A represents the width of the wave
packet and kg = 0,£w. Since the group velocity is ex-
pressed as vy = [0E_(k)/0k],, the center of the wave
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FIG. 2: (Color online) (a-c) The same as in the fig.1 in the
regime of the vortex phase with 7 = 2, & = 0.87 and F' = 0.2.
There appears a rollback in each Bloch period in the total
density evolution (c). (d) The density fraction in the left
(blue solid curve) and the right (red dotted curve) legs.

packet evolves as[23]

Jel®) = o+ 1B (ko) = B_(ko = F-0)], (9

which has the period of Ty = 27/ F.

IIT. CHIRAL BLOCH OSCILLATION

The evolving wave packet can be depicted by the state
[(t)) =325 [ch(t)a;. + ch(t)bﬂ |0). The features of the
motion are captured by the probability amplitudes cr,;(t)
and cg;(t). We define |cior;(t)[? = |er; (8)|* + |er;(2)?
to describe the total density distribution of the two
distinguishable chains. The number fraction in each
chain is characterized by [CL(t)]* = 7, |cL;(t)* and
ICr(t)]* = >, ler;j(t)|*. Figure 1 shows the evolving
trajectories of the density distributions for parameters
favoring the Meissner phase, e.g., 7 = 2 and ® = 0.4,
the wave packet is initialized by A\ = 10 and kg = 0.
All of |¢y;|* (0 = L, R, tot) exhibit the oscillating mode
of BO (Fig.1(a)(b)(c)). We formulate the trajectory of
the wave packet center with j.(t) = _; jlctorj|* as dis-
played in Fig.3(a). The Bloch oscillation exhibits dis-
tinct chiral characteristics: the wave packet mainly pop-
ulates the left leg when moving downward in the first
half of BO period and tunnels to the the right leg when
moving upward in the second half of BO period (see
Fig.1(d)). This chiral current characteristics results from

FIG. 3: (Color online) (a,b) Dissimilar trajectories of the cen-
ter of the Gaussian wave packet in fig.1 and fig.2, respectively.
(c) The lowest energy spectra of the Meissner phase (black
solid) for 7 = 2 and ® = 0.47 and the vortex phase (red
dotted) for 7 = 2 and ® = 0.87. In the latter case there is
a hump near £ = 0 which leads to the rollback in the curve
of (b). The blue dashed curve is the energy spectrum at the
transition point.

the spin-momentum locking of the SO coupling effect.
From Eq.(2) and Eq.(3), the states with positive (nega-
tive) momentum tends to occupy the right (left) leg to
lower the total energy.

On the other hand, when the parameters are in the vor-
tex phase region, the initial direction of motion differs to
the Meissner phase case, as shown in Fig.2 and Fig.3(b).
At time ¢t = T (n = 0,1,2...), the state returns to
|k(t) = 0) with v, = 0, implying that the acceleration for
the two cases have opposite signs. From Eq.(8) and the
expression of vy, we get the acceleration

a.(t) = Ojel) _ _ [8 gkz(k)h(t)7 (10)

which is proportional to the curvature of the band FE_
at k(t). Figure 3(c) shows that the curvatures at k = 0
for the bands corresponding to the Meissner phase (black
solid curve) and the vortex phase (red dotted curve) have
different signs. At the transition point (r = 2, ® =

2arccos(‘/52_1))7 the curvature vanishes, as specified by

the dashed blue curve.

By making use of the relation (10), one can identify
the phase diagram by the dynamical process. In Fig.4,
we scan the values of |a.(t = Tg)| in the parameter space
to obtain the phase boundary where a.(t = nT) = 0
(n=0,1,2...). a. < 0 corresponds to the Meissner phase
whereas a. > 0 the vortex phase. Our dynamical identi-
fication of the phase boundary is in agreement with the
theoretical result 7 = 7., as indicated by the red dashed
curve in Fig.4.

IV. DYNAMICS WITH DIAGONAL COUPLING

We turn to investigate the effect of diagonal tunneling
which couples the two chains with one site shifted. The
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FIG. 4: (Color online) The phase diagram obtained by scan-
ning the value of |a.(Ts)| in unit of 1/73. The phase bound-
ary is determined by a.(Ts8) = 0 which coincides with the
theoretical prediction (red dashed curve).

total Hamiltonian is H = Hy + Hg4, where

Hy=—t4 Z [(a;bjﬂ + a;r-+1bj) + HC} (11)
J

By replacing 7 with 7(k) = 74274 cosk (14 = ta/t)), we
obtain the Hamiltonian matrix and the band structure
with respectively the same form of Eq.(3) and Eq.(4).
The quasi-particle creation operators also remain the
same as in Eq.(6) while 0, is determined by

T+ 274 cCc08 k

tan 20, = — R

(12)
The boundary between the Meissner phase and the vor-
tex phase is then shifted to

.2
o sin” ¢ B 1
nez( ). (13)

which recovers the former case at 74 = 0. The vortex
phase shrinks with the increase of 74 as displayed in Fig.5.
For positive 7, the vortex phase disappears as long as
Tq > 1.

The presence of diagonal coupling induces a topo-
logical transition in the ladder system[16] which can
be definitely revealed by the dynamical evolution. By
defining the total pseudospin polarization S = ) ;i Sj;
where the local pseudospin S;(t) = 1/J;T(t)6z/1j(t) with
1/); (t) = [cf, (1), ¢ (8)], one can map the evolving states
to a moving point on the Bloch sphere. Since the BO
represents a quasi-momentum state evolving along the
band, such mapping also reflects the information about
the band structure. For separated two bands, o, P|k) =
og|k) = |k) is satisfied when k = 0, £m, which indicates
S, = 0 in such cases. However, band crossing occurs at
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FIG. 5: (Color online) Solid curves: theoretical phase bound-
aries between the Meissner phase and the vortex phase cal-
culated by Eq.(13) for 7¢ = 0,0.3,0.6,1 as labeled in the
diagram. Dashed lines (7 = 274): the topological trivial,
nontrivial boundaries for different values of 74 (black (lower)
for 74 = 0, red (middle) for 74 = 0.3, blue (upper) for
T4 = 0.6). The left (right) side of the solid curves correspond
to the Meissner (vortex) phase. The upper (lower) area of
the dashed lines correspond to the topological trivial (non-
trivial) phase. The case for 74 = v/2/2 is labeled by the gray
solid curve and the gray dotted line, where the trivial vortex
phase starts to vanish. The entire vortex phase disappears as
Tq > 1.

k = +xm when 74 = 7/2. The eigenstates with quasi-
momentum k = +7 become distinguishing and hence
o, Plk) = 0,| — k) = |k) which means S, (k) = —S,(—k).
As a result, the wave packet switches to the second band
from |k = (—m)T)_ to |k = 7~ )4 when reaching one
edge of the BZ (see section V). The subsequent motion
in the second band lasts Ty until it arrives at the other
edge of the BZ and switches back to the lower band from
|k = (—7)"), to |k = n~)_. Consequently, the period
of such BO doubles as shown in Fig.6(a-d). On the other
hand, such effect can be understood by the doubling of
the BZ, which stem from the halving of the original unit
cell. This point will be emphasized in sectionVI. Note
that |Cp, r|? can reach the maximum 1 at respectively
t=(2n+1/2)Ig and t = (2n +3/2)Ts (n=0,1,2,...).
For 74 > 7/2, the bands reopen and the BO period re-
covers T (see Fig.6(f, g)). However, |Cpr(t)]* =1 can
still be reached at t = (n + 1/2)Ts F arccos(7/274). In
our situations, |Sg | > |Sy|. The pseudospin dynamics
in the (z, z) plane reveals a topological phase transition.
Fig.7(a) shows an example of topological trivial band
with 74 < 7/2, where the vector S(t) = (Sx(t),S:(¢))
swings periodically around the S, direction. At 75 = 7/2
[Fig.7(b)], S(¢) rotates a full circle in a couple of Bloch
periods. For 74 > 7/2, Fig.7(c) shows that S(¢) rotates a
full circle in a single BO period, reflecting the nontrivial
topology of the energy bands. In the phase with non-
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FIG. 6: (Color online) (a-c) The same as in fig.1(a-c) in the
presence of diagonal tunneling which equals half of the inter-
chain tunneling (74 = 7/2 = 0.6) for magnetic flux ® = 2¢ =
0.5m. (d) The temporal evolution of the density fraction in
the left (blue solid curve) and the right (red dotted curve)
legs. The oscillating period is doubled. (e) is the lowest two
bands E1 where the gap is closed at the BZ edges. As a
comparison, (f) displays a typical case for 7q > 7/2 (7 = 1.2
and 74 = 0.9) where the oscillating period again equals the
BO period. (g) shows that the band gap is reopened.

zero winding number, the pseudospin can be polarized
to the positive (negative) S, direction when |CL(¢)|> = 1
(|Cr(t)|> = 1), which is essentially distinct from the
topological trivial phase where |Cr1,(t)|*> < 1. Defining
Cmax = |CrRL()|2.x and @, = a.(t = nTp), the Bloch
oscillation process can signify the phases in Fig.5. Above
(below) the dashed lines, Crax = 1 (Chax < 1), corre-
sponding to the topological nontrivial (trivial) phase. On
the left (right) side of the solid lines, a. < 0 (a. > 0),
corresponding to the Meissner (vortex) phase.

V. EVOLUTION IN THE MOMENTUM SPACE

The broad wave packet in the real space signifies an
eigenstate with quasi-momentum k in a semiclassical de-
scription. By referring to Ref.[29], the system exhibits
features of the Wannier-Stark ladder when a linear force
F is applied, with the eigen equation,

E:I:me(k) + Fddek(k) = Em'l/Jm(k) (14)

Here the eigen energies are E,,, = mF (m
to the periodic boundary condition ., (k & 27)

=0,4£1,...) due
= '(/Jm(k)

FIG. 7: (Color online) Temporal evolutions of the pseu-
dospin polarization in the chiral BOs for fixed 7 = 1.2,
® = 2¢ = 0.57 and different diagonal hoppings within the
Meissner region. (a) 74 = 0.3. (b) 74 = 0.6. (c) 7¢ = 0.9.
The color of the arrows indicate the value of S;. (a) shows a
trivial topology with no spin winding as 74 < 7/2. (b) reveals
that the spin polarization rotates a full circle (the spin wind-
ing once) in two BO periods at the critical point of 74 = 7/2,
where the band gap is closed (fig.6(e)). (c) exhibits the spin
winding once in each BO period in the regime of 74 > 7/2,
where the band gap is reopened (fig.6(g)).

for a Wannier-Stark state under the quasi-momentum ba-
sis. The corresponding eigenstates are

(Kfth) = =il b i Betbo)aie] - (15)

wm(k) = \/ﬂ

The Bloch oscillation can be derived from the time
evolution operator

Uk’k(t) _ <k’l|6_th‘/€>
= Z<k/|wm>eiiEmt<wm|k>

m
= e F N B 51 |4 Fr), (16)
By replacing k£ with the initial momentum k& = kg, we
arrive at the dynamics of the quasi-momentum k(t) = &’
given by Eq.8.

This result is independent of the band index. Given a
positive F', the propagating direction of |k) in the Bril-
louin zone (BZ) is always from 7 to —m. The density dis-
tributions in the two chains rely on the time-dependent
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FIG. 8: (Color online) (a,c,e) The values of ), versus k from
Eq.(12) for three typical cases: (a) ¢ < 7/2, (c) 7¢ = T/2
and (e) 74 > 7/2, respectively. The corresponding bands
are shown in the right panels. The parameters are 7 = 1.2,
® = 7/2. The initial state with ko = 0 are labeled by A
to represent the state |k) = v/2/2(al + b})|0). The labels
B indicate (a) |k) = v/2/2(al +b])[0), (c) |k) = al|0) and
(e) |k) = v2/2(a) — bL)|0> The labels C' indicate (a) |k) =
v2/2(af +b})|0), (c) |k) = b}|0) and (e) [k) = v2/2(~aj +
b1)|0). The labels D, E in (e) represent the same state as
B, C in (c). All above states are restricted to their lower
bands. The arrows indicate the evolution of k() according
to Eq.(8). The evolution for the first and second half of the
BO period are specified by black (solid) and red (dashed)
arrows, respectively. The band crossing occurs in (d), where
the state |k = (—7)")_ in the lower band connects with the
upper band state |k = 77 )4 = az|0>. Similarly, the state
|k = (—m) )+ = —bl|0) is connected to |k =77 )_.

coefficients |cosfy|> and |sin@|? defined by Eq.(12).
Figure 8(a,c,e) display the values of 6 versus k. The
arrows indicate the propagating direction of k while the
values of k are folded into the first BZ.

We first focus on the critical case of 74 = 7/2, where
there are two saltation points k = 0 and kK = —m in one
Bloch period Tg = 27/F. The Bloch period correspond
to the ergodicity of quasi-momentum k in the BZ. At
k = 2nm with n = 0,41,..., the values of tan 26, are
decided by the sign of k so that

k=0"
tan 20, = {OO’ . 8+
—o00, k=07 .

At k = —7 + 2nm, we have

tan 20, — 274sin k | _J0*, —sink=0"
F T 2singcosk "= T T Y 0-, —sink =0-.
(18)

Note that |k = 0T) and |k = 07) should be the same state
as labeled by A in Fig.8(c). It means that the scale of 6
is bounded to the regime [0, 7/2]. The variation of 0y is
represented by arrows in Fig.8(c,d). In our consideration,
the wave packet is initialized by |k = 0)_ in the lower
band (with the subscript indicating the band index), i.e.,

0, = m/4, thus o) = gaz + gbz The wave packet
evolves in the lower band for ¢ € [0,75/2] as shown by
the black solid arrows in Fig.8(c). When the eigenstate
|k) _ in quasi-momentum space arrives at |k = (—m)T)_,
then tan20, = 0T, leading to 042 = az. It means that
the wave packet completely populates the left chain in
real space. Subsequently, the transition for tan 26;, from
0" to 0~ in Eq.(18) occurs. Such transition corresponds

to a saltation for ) from 0 to m/2 (k: (—m)" — 7).
However, 6, = /2 (k = 7~ ) implies that ozz = bz and
ﬂ}; = a,t from Eq.(6). To keep the state in the lower band
the wave packet need to be suddenly flipped to the right
chain, which is just impossible.

We come to the conclusion that the state jumps to the
state |k = 7~ )4 without altering the density distribution.
Hence in the second half of BO ¢ € [Tp/2, Tg], the state
begins to propagate in the upper band as indicated by
the red dashed solid arrows in Fig.8(d). At t = Tp,
the state reaches |k = 0); with tan 26, encountering the
saltation from —oo to oo in Eq.(17) and hence we have
0, = m/4, again. The value of 6; completes a cycle in
a Bloch period. However, the state is now in the upper
band. An additional Bloch period is needed for |k = 0)
to return to the initial state |k = 0)_. It means that
the full period of the BO doubles that of 74 < 7/2. The
subsequent evolution of the state is again indicated by
the black solid arrows in the upper band and the red
dashed arrows in the lower band. For |k = (—7)")4, we
have 6y = 0 and thus 8] = —b!, while for |k = 77)_,
0 = m/2, thus a}; = b,t and 6,1 = aL. In spite of a phase
jump of 7 which has no effect on the physical observable,
the state |k = (—m)") is connected to |k =77)_.

For the case of 74 > 7/2, the crossing bands reopen, re-
sulting in topologically nontrivial band structure in con-
trast to that of 74 < 7/2. To get insights into the topo-
logical transition, we compare the values of 0y versus k
in Fig. 7(a) and (e). For 74 < 7/2, ) can reach neither
0 nor 7/2, which means the density always distributes in
both chains and the total pseudospin can not be fully
polarized. In Fig.8(a) points B and C are the same
state |k) = \@/2(&}C + bL)|O> For 74 > 7/2, however,
01 reaches 0 and 7/2 at k = Farccos(—7/274). As indi-
cated by D and F in Fig.8(e). The corresponding states
are |k) = a,TC|O> and |k) = bL\O), respectively. The states
labeled by B and C' are now different. Since they are
states at |k = F), the physical observable should be the



same. The only distinction they preserve is a global phase
of . We have state B: |k = (—7)*) = v/2/2(a} — b})|0)
and state C: |k =7") = \/5/2(—a2 + b;g)|0> The lower
band in such case is analogous to the Mobius band since
there is a phase jump of 7 between the two states B

(Ik = (=m)*)), C (Jk =77)).

VI. BAND TOPOLOGY AND EDGE STATES

To characterize the band topology, we compute
the topological invariant. By applying the rotation
(0g,0y4,0:) = (04,0, —0y), we get the one-dimensional
Hamiltonian of the canonical form

H(k) = e(k) + 7(k)oy, + k(k)oy, (19)

where (k) = 2cos¢pcosk, 7(k) = 7+ 214cosk k(k) =
2sin ¢ sin k. As mentioned in ref.[16], for & = 2¢ = 7, the
Hamiltonian in Eq.19 is analogous to the Su-Schrieffer-
Heeger (SSH) model[30, 31]. Rigorously, the two hopping
rates in the corresponding SSH model are J = 7, J' = 274
when k = £m. Thus 74 = 7/2 leads to the halving of the
effective unit cell, resulting in the doubling of the Bloch
period as demonstrated in Fig.6(a-d).

The normalized Bloch wavefunction for the lower band

) =5 (4). (20

with ¢ = (=7 +ix)/X and A = V/72 4+ k2. The winding
number is obtained by

1 kT — 7K
-1
= L dg=—— [ LT g
w[Q] o qu q 2T B7 w2 + 72
1 T
- tan(—— , 21
5 arctan(——)|sz (21)

Where we have used the definition of the winding num-
ber. Since ¢~ = ¢*, this formula can be expressed as
i

wld == [ )auutydn = 22, 22

™

where @yz,x is called the Zak phase which is the Berry
phase of the one dimensional (1D) version[32]. Eq.(22)
shows that wlg] is invariant to a gauge transformation
|u(k)) — e?|u(k)) as long as 7 is k independent. The last
expression in Eq.(21) reveals that the winding number is
equivalent to the rotation of 6 in the BZ. Thus from
the above analysis (see Fig.8(a,c,e)), we directly come
to the conclusion that w([g] = 0, 1/2 and 1 for 7y <
7/2, Tq = 7/2 and 74 > T/2, respectively. We mention
that the topology of a band crossing system is not well-
defined. Since the band structure is partitioned into two
topologically distinct sectors. The system with diagonal
tunnelings is specified by the Zs class, which can also be

determined by the parity (inversion) symmetry 77(12 =

aT_k and time-reversal symmetry (TaL —a ) [33].

o &» A N o N o~ O

2 0.2} (1)

1o
0
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FIG. 9: (Color online) (a,b) The band structure versus 7q4/7
for ® = 7w and ® = 7/2, respectively. The calculations are
carried out for a system of 50 sites along each legs with open
boundary conditions. Two degenerate edge states appear
when 74/7 > 0.5: (cl,c2) are density distributions for the
two states marked by red dot (74/7 = 0.7) in (a) and (d1,d2)
are density distributions for the marked states in (b). Note
that the distribution for the left and right legs are the same,
thus only one of the chains is shown.

With open boundary condition, the edge states are al-
ways associated with the 1D nontrivial band topology.
Such edge states are protected by a chiral symmetry of
the bulk Hamiltonian[34], which means the edge states
exist if an operator C can be found such that C anti-
commutes with the bulk Hamiltonian and C? = 1 in the
meanwhile. However, as demonstrated in Ref.[35], the
existence of edge states is not affected by a term propor-
tional to identity which trivially breaks the chiral sym-
metry. The Bloch Hamiltonian in our concern can be
written as H(k) = (k)1 + 7(k)o, — k(k)o.. Excluding
the first term, we find the chiral symmetry by defining
C = oy. Thus we expect the appearance of edge states
when 74 > 7/2. Figure 9(a,b) demonstrate the energy
bulk and edge states in the open boundary condition.
With ® = 2¢ = w, H(k) persist the the chiral symmetry
since e(k) = 2cos¢pcosk = 0. The band structure be-
comes symmetric, and the edge states have zero energy as
predicted by the theory in Ref[34]. With ® = 2¢ = /2,
the (k) term induces a shifted dispersion which does not
change the band topology. The density distributions for
The two degenerate edge states are shown in Fig.9(c1,c2)
for the red dot marked in Fig.9(a) and in Fig.9(d1,d2) for
the red dot marked in Fig.9(b). Such result exhibits the
existence of edge states as band topology arises even in
the absence of a chiral symmetry.



VII. DISCUSSION AND SUMMARY

We address some experimental aspects of our work. An
array of decoupled optical ladders can be implemented
with standing waves that constitute a superlattice po-
tential perpendicular to the arrays. The magnetic flux is
readily realized by laser-induced tunnellings[3, 21] while
the linear force by accelerating the lattice[36]. By apply-
ing a bichromatic superlattice to form the ladder legs and
shifting one of the legs along the ladder direction by one
site, the diagonal couplings can be enhanced since the
corresponding sites belong to the same sublattice. Such
ladder configuration resembles the Zeeman field for spin-
1/2 systems. With the single-site resolved techniques in
optical lattice systems[37-39], measurement of the densi-
ties and number fractions in each chain become possible.
In Ref.[40], detecting the dynamics of the BOs as well
as the quantum walks have been enabled by averaging
the densities in parallel 1D lattices. The experiments for
ladders require replacing the 1D lattices with two cou-
pled 1D chains. With diagonal tunnelings, the topologi-
cal phase transition and the period-doubling at transition
point can be detected by measuring the density fractions
of the two legs. The direct observation of edge states may
be implemented with coupled waveguide arrays[41] or in
the synthetic dimensions|[8]. In optical lattice, a bound-

ary can be generated by setting 74 < 7/2 when j < jg
and 74 > 7/2 when j > jo. Such configuration supports
an edge state located at jg.

In summary, we have investigated the chiral Bloch os-
cillations in a bosonic ladder system subjected to an ar-
tificial magnetic flux. Detecting the acceleration of the
center of the wave packet allows one to identify the Meiss-
ner phase and vortex lattice phase. With diagonal cou-
pling, a topological phase transition arises. The Bloch
period doubles at the critical point of the phase bound-
ary 74 = 7/2 due to the band crossing at the edges of the
Brillouin zone. The band topology can be reflected from
the dynamical pseudospin texture and the number frac-
tions populated in the two chains. The edge states are
demonstrated in the region with nontrivial band topol-
ogy. Other challenges such as the effect of the linear force
in a finite size system, on-site or inter-chain interactions,
a boundary of the two domains with distinct topological
phases, may require further investigations. We expect
that our dynamical method becomes a practical way to
identify the quantum phases and topological transitions
in condensed matter physics.
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