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We analyze the effect of tilting and artificial magnetic flux, on the energy bands structure for the system and the cor-
responding tunneling dynamics for bosons with various initial configurations in the diamond lattice chain, where intriguing
and significant phenomena occur, including Landau–Zener tunneling, Bloch oscillations, and localization phenomenon.
Both vertical tilting and artificial magnetic flux may alter the structure of energy levels (dispersion structure or flat band),
and enforce the occurrence of Landau–Zener tunneling, which scans the whole of the Bloch bands. We find that, transi-
tions among Landau–Zener tunneling, Bloch oscillations, and localization phenomenon, are not only closely related to the
energy bands structure, but also depends on the initial configuration of bosons in the diamond lattice chain. As a conse-
quence, Landau–Zener tunneling, Bloch oscillations, and localization phenonmenon of bosons always counteract and are
complementary with each other in the diamond lattice chain.
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1. Introduction
One of the most fundamental quantum effects is the tun-

neling phenomenon,[1–4] i.e., the transition of the particle be-
tween potential barrier, which is incapable of depicting by
classical physics. Investigations concerning Landau–Zener
tunneling and Bloch oscillations[5–8] have been advanced by
the first experimental realization of Bose–Einstein condensa-
tion (BEC) in an optical lattice,[9–13] which provides a good
opportunity for manipulating the tunneling dynamics in var-
ious optical lattices. A simple and straightforward descrip-
tion for the nonadiabatic transition between different Bloch
energy levels is by the means of Landau–Zener tunneling.[8]

Three-state systems are ubiquitously obtained, and this prob-
lem has been studied in various quantum systems, e.g., optical
systems,[14,15] bosonic systems,[16–18] and Zener breakdown
with metal–insulator transitions of semiconductors.[19–23] In
particular, direct experimental observation of the Landau–
Zener tunneling of BEC in an optical lattice[24,25] has been
performed for the range of the potential amplitudes extended
until several recoil energies (a deep optical lattice). Landau–
Zener tunneling, Bloch oscillations, and localization phenon-
menon for bosons can be induced by tilting of the optical
lattice in the gravitational field[10] (or accelerating the whole
lattice[24]) as well as the artificial magnetic field.[26–28]

As a prototype system to study interference and tunnel-
ing in great detail, a diamond lattice chain is one of the best
candidates.[29–34] Subsequently, numerous theoretical efforts
have been made to depict and further have a good understand-
ing of a host of diverse and interesting phenomena in diamond

lattice chain, including Landau–Zener tunneling, Bloch oscil-
lations, and localization phenomenon, which skips different
ranges of lattice sites in a single chain or among different
chains. In particular, flat band and the corresponding compact
localized state (CLS) are revealed in the diamond lattice chain
of the BEC system.[32,34] The flat band is a dispersionless en-
ergy band composed of entirely degenerate states. Being the
eigenstates of the flat band, CLS explicitly depicts flat band
lattices,[35] which have nonzero amplitudes only on a finite
number of sites.

The structure of energy levels for the diamond lattice
chain can be altered by relevant parameter(s), thus, the tun-
neling dynamics exhibits novel and interesting quantum phe-
nomena, which should also closely depend on the initial con-
figurations of bosons in the system, however, it is still a prob-
lem to be solved in the diamond lattice chain at present. This
paper investigates the effect of tilting and artificial magnetic
flux, on the energy bands structure for the system and the cor-
responding tunneling dynamics for bosons with various initial
configurations in the diamond lattice chain. It is found that
the position of the minimum band gap for the crossing can be
affected by the tilting of the diamond lattice chain and artifi-
cial magnetic flux within a single diamond plaquette. Hence,
it may be possible to manipulate transitions among serval in-
triguing and novel quantum effects, including Landau–Zener
tunneling, Bloch oscillations, and localization phenomenon,
which also depends on the initial configurations of the bosons
in the diamond lattice chain.

The paper is structured as follows. Section 2 introduces
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our model and briefly reviews the computational method. Fol-
lowing a brief recapitulation for the energy bands structure of
the system is given in Section 3. Section 4 gives a presenta-
tion of the tunneling dynamics for bosons with certain initial
configurations in the diamond lattice chain. Ultimately, we
present our conclusions in Section 5.

2. Model and method
We consider the tunneling dynamics of non-interacting

Bose gas (that can be manipulated by the Feshbach tech-
nique) in one-dimensional diamond lattice chain as shown in
Fig. 1. The various tunneling of bosons, along the same chain
(Bloch oscillation) or among different chains (Landau–Zener
tunneling), can be demonstrated by the following tight-binding
model,[30]

Ĥ = ∑εv(â†
nân− ĉ†

nĉn)

+εhn(â†
nân + b̂†

nb̂n + ĉ†
nĉn)+

εh

2
b̂†

nb̂n

− [(b̂†
nân + ĉ†

nb̂n)e iφ − b̂†
n−1ĉn− â†

nb̂n−1 + c.c.], (1)

where a, b, and c index the three lattice sites of the diamond
lattice chain, the yellow shadow rectangle defines the n-th unit
cell of the diamond lattice chain, and n is the correspond-
ing cell number. â†

j , b̂†
j , ĉ†

j and â j, b̂ j, ĉ j ( j = 1,2, . . . ,N)
are the creation and annihilation operators, respectively. The
particles number operator is n̂ = ψ̂†ψ̂ (ψ = a, b, c), while
N = â†

nân + b̂†
nb̂n+ ĉ†

nĉn denotes the total number of bosons in
single diamond plaquette, which is a dynamical invariant of
the system described by Eq. (1), along with the normalization

condition
N
∑

n=0
(|an|2 + |bn|2 + |cn|2) = 1 in the whole diamond

lattice chain. Note that c.c. stands for the complex conjugate
expression. εh and εv describe the horizontal and vertical tilt-
ing while the artificial magnetic field (φ is the magnetic flux
in a single plaquette) is denoted by B, which could detune the
on-site energies of the network. Experimentally, the horizon-
tal tilting εh and vertical tilting εv can be realized directly in
the gravitational field[10] or accelerating the whole lattice,[24]

while the magnetic field B can be generated by the means of
artificial gauge fields.[26]

εh

εv

Fig. 1. (color online) The schematic of the diamond lattice chain with three
legs, a (blue), b (red), and c (green). Note that εh and εv define the horizon-
tal and vertical tilting while the artificial magnetic field B with the magnetic
flux φ in a single plaquette (black solid arrows), which is perpendicular to
the lattice plane. Lattice sites are designated by the circles with colored solid
lines; simply black solid lines indicate sites concerning tunneling of bosons
along diverse paths of diamond lattice chain; the yellow shadow rectangle
defines the n-th unit cell of the diamond chain, which covers a (blue), b
(red), and c (green) sites.

Based on the canonical transformation, i.e., ih̄dân/dt =
∂ Ĥ/∂ â∗n, ih̄db̂n/dt = ∂ Ĥ/∂ b̂∗n, ih̄dĉn/dt = ∂ Ĥ/∂ ĉ∗n (here
h̄ = 1), the corresponding discrete Schrödinger equations re-
lated to a(n), b(n), and c(n) can be derived from Eq. (1) and
read explicitly,

i
dan

dt
= (εhn+ εv)an− e−iφ bn−bn−1,

i
dbn

dt
= εh(n+

1
2
)bn− e iφ an− e−iφ cn− cn+1−an+1,

i
dcn

dt
= (εhn− εv)cn− e iφ bn−bn−1, (2)

which are obtained from the mean-field approximation, i.e.,
an ≡ 〈ân〉, bn ≡ 〈b̂n〉, cn ≡ 〈ĉn〉, respectively.

In the absence of the horizontal tilting εh, i.e., εh = 0, the
plane wave solution

an = a(t)e ikn(e−ik + e−iφ ),

bn = b(t)e ikn,

cn = c(t)e ikn(e−ik + e iφ ). (3)

holds, where k is the momentum of the bosons. The ampli-
tudes of a(t), b(t), and c(t) are satisfied with the equation, i.e.,

i
d
dt

 a
b
c

=

 εv −1 0
R 0 S
0 −1 −εv

 a
b
c

 , (4)

where R = −2[1+ cos(k− φ)] and S = −2[1+ cos(k + φ)].
The cubic equation concerning the eigenvalue λ (k) is as an
acquisition of exactly diagonalizing the Hermitian coefficient
matrix for Eq. (4), i.e.,

λ
3 +(R+S− ε

2
v )λ +(R−S)εv = 0. (5)

It is inconvenient to solve the cubic equation. As a con-
sequence, the eigenvalue λ (k) and the ground state solution
{a(t),b(t),c(t)} hold in the following special cases, i.e.,
when

φ = 0, λflat = 0, λ± =±
√

ε2
v +4(1+ cosk), (6)

its corresponding CLS for λflat = 0 is

{a(t), b(t), c(t)}= {1,εv,−1}, (7)

and the eigenstates for λ± =±
√

ε2
v +4(1+ cosk) are

{a(t),b(t),c(t)}

= {[−2(1+ cosk)− ε
2
v ± εv

√
4(1+ cosk)+ ε2

v ]/2(1+ cosk),

εv∓
√

4(1+ cosk)+ ε2
v ,−1}. (8)

When

εv = 0 : λflat = 0,λ± =±2
√

1+ cosφ cosk, (9)
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its corresponding CLS for λflat = 0 is

{a(t),b(t),c(t)}
= {[1+ cos(k+φ)]/[1+ cos(k−φ)],0,−1}, (10)

and the eigenstates for λ± =±2
√

1+ cosφ cosk are

{a(t),b(t),c(t)}
= {1,±

√
2
√

2+ cos(k−φ)+ cos(k+φ),1}. (11)

Three branches of eigenvalue hold in each sample. It all comes
non-flat other than the two specific cases, i.e., flat band only
occurs in the two special cases,[31] however, other parameters
of vertical tilting εv and artificial magnetic flux φ can also
generate flat band, whose energy band dispersion relation as
well as the counterparts of tunneling dynamics in the diamond
chain will be shown later.

3. Energy band structure of the system
Solving Eq. (5) numerically, we find that, the energy

bands can be fine-tuned by manipulating the parameters of
vertical tilting εv and artificial magnetic flux φ in the diamond
lattice chain, which is summarized in Figs. 2 and 3.

Here we first pay attention to the influence of the verti-
cal tilting εv on the energy levels for the system with φ = 0
(see Fig. 2). Energy bands cross at k = ±π when εv is absent

(εv = 0), which can be seen in Fig. 3(a). As the increase of
εv (the specific parameters as shown in Figs. 2(a), 2(b), and
2(c), respectively), the energy gap between λ+ (blue line) and
λ− (black line) gradually enlarges (see Figs. 2(a), 2(b), and
2(c)), λ+ and λ− eventually become flat band as the further
increase of εv (εv = 10), whose width of the energy gap is the
maximum (see Fig. 2(d)), therefore, three flat bands (λflat = 0,
λ± =±10) hold when εv = 10, whose CLS is as Eq. (7).
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Fig. 2. (color online) Energy band λ (k) versus wave number k for different
vertical tilting εv with the synthetic magnetic flux φ = 0, which contains a flat
band λflat (red line) and two non-flat bands λ± (blue and black lines). Note
that the horizontal tilting εh = 0.
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Fig. 3. (color online) Same as in Fig. 2, but for different synthetic magnetic flux φ with vertical tilting εv = 0.

Figure 3 demonstrates the effect of the artificial magnetic

flux φ on the energy levels for the system with εv = 0. In the

absence of φ (φ = 0), energy bands cross at k = ±π when

horizontal tilting εh = 0 (see Fig. 3(a)). The energy levels λ+

(blue line) and λ− (black line) are gradually far away from flat

band λflat (red line) as the increase of φ (φ = π/4 in Fig. 3(b)).

However, λ+ (blue line) and λ− (black line) also become flat

band when φ = π/2, i.e., there are three flat bands (λflat = 0,

λ± =±2) when φ = π/2 as shown in Fig. 3(c), whose CLS is

as Eq. (10). However, as the further increase of φ (see Fig. 3(d)
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and 3(e)), two of the three flat bands disappear while the en-
ergy bands are closed at k = 0,±2π . As the further increase of
φ , the gaps are re-opened and three flat bands re-occur when
φ = 3π/2, and finally, the gaps are closed at k = ±π when
φ = 2π (the energy bands of φ = 0 are recovered). Note that
the crossing of energy levels exists with φ = 0, φ = π , and
φ = 2π while there are three flat bands with φ = π/2 and
φ = 3π/2, whose CLS is as Eq. (10). Interestingly, the val-
ues of k at which the energy bands cross depend on φ , which
will result in different tunneling dynamics.

4. Tunneling dynamics
When εh 6= 0, we find that, intriguing and significant

phenomena occur in the diamond lattice chain, including
Landau–Zener tunneling, Bloch oscillations, and localization
phenomenon, which skips different ranges of lattice sites in
a single chain or among different chains. Vertical tilting εv

and artificial magnetic flux φ may change the energy gap and
alter the energy band structure, enforcing the occurrence of
Landau–Zener tunneling, which scans the whole Bloch bands.
The transition among Landau–Zener tunneling, Bloch oscil-

lations, and localization phenomenon is not only closely re-
lated to the characters of the energy bands, but also depends
on the initial configuration of the bosons in the diamond lat-
tice chain. In order to reveal the rich tunneling dynamics for
bosons in the diamond lattice chain, we set the initial config-
uration of bosons as various linear combinations of the CLS
as Gaussian wavepacket, i.e., {an,bn,cn} ∼ e−n2/2σ2

, where
εh = 0.05, σ = 10 invariably. The tunneling dynamics is
demonstrated by the space–time evolution of the total norm
density pn(t) = |an|2 + |bn|2 + |cn|2 for bosons, whose cor-
responding evolution in single chain (a, b, and c chains) are
depicted by |an(t)|2, |bn(t)|2, and |cn(t)|2, respectively.

4.1. The effect of vertical tilting

In the absence of horizontal tilting εh (εh = 0), the ef-
fect of vertical tilting εv on the energy levels has already been
investigated with φ = 0 in Fig. 3(a) (εv = φ = 0) and Fig. 2
(φ = 0 but εv 6= 0), and here we study the counterparts of the
tunneling dynamics for bosons with various initial configura-
tions when horizontal tilting εh = 0.05 and artificial magnetic
flux φ = 0.

Time
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Fig. 4. (color online) The effect of vertical tilting εv on the tunneling dynamics for bosons initially configured as {an,bn,cn} =
{1,0,−1}e−n2/2σ2

(the eigenstate for the case of φ = εv = 0), which is demonstrated by the space–time evolution of the norm density
pn(t) (the first row) and the corresponding evolution for bosons in single chain (a, b, and c chains) are depicted by |an(t)|2 (the second
row), |bn(t)|2 (the third row), and |cn(t)|2 (the fourth row), respectively.

When bosons are initially distributed as the eigenstate
{an,bn,cn}=

√
1/2{1,0,−1}e−n2/2σ2

for CLS with flat band
λflat = 0, the effect of εv on the tunneling dynamics for bosons
with this initial configuration in the diamond lattice chain is
investigated with φ = 0, which is demonstrated in Fig. 4. In
the absence of εv (εv = 0), the energy levels for the system

cross at k =±π , bosons maintain their initial CLS, i.e., bosons
are equationally distributed in a and c chains of the diamond
lattice chain (see the first column in Fig. 4). However, in the
presence of εv (εv 6= 0), the energy gap occurs and the struc-
ture of energy band may alter qualitatively in Fig. 2, so is the
counterpart of tunneling dynamics for bosons in the diamond
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lattice chain. With small εv (εv = 1), weak Bloch oscillations
occur along the positive direction of lattice sites in a chain
and the negative direction in c chain, which are antisymmet-
ric, demonstrated by pn(t) in Fig. 4(b) and further illustrated
by the corresponding |an(t)|2 in Fig. 4(b-1) and |cn(t)|2 in 4(b-
3), respectively. What is interesting is that the evolution of
|bn(t)|2 in Fig. 4(b-2)) is nonzero as the progress in time, i.e.,
the exchange of bosons among a, b, and c chains exists, which
indicates the occurrence of Landau–Zener tunneling as well as
the transition from the localization phenomenon to Landau–
Zener tunneling and weak Bloch oscillations. For medium εv

(εv = 2), Bloch oscillations in a (c) chain of the diamond lat-
tice chain are heightened (see the third column in Fig. 4). The
increasing number of bosons in b chain (see Fig. 4(c-2)) fur-
ther implies the transition from localization phenomenon to
Landau–Zener tunneling and Bloch oscillations. That transi-
tion is induced by a partial constructive interference of wave
functions for a, b, and c chains with the increase of εv. Note
that the counterpart of energy bands for the system with εv = 2
can be seen from Fig. 2(b), where the energy levels are rising
and the gaps between the adjacent energy bands are broad-
ened. As a consequence, Landau–Zener tunneling, Bloch os-
cillations, and localization phenomenon are coexisting simul-
taneously. With the appropriate εv (εv = 4), the range of

lattice sites for Bloch oscillations in a and c chains shrinks.
However, the bosons number in both a and c chain increases
while it is reduced in b chain (see in Figs. 4(d), 4(d-1), 4(d-
2), and 4(d-3)), which stands for the harvest of localization
phenomenon from Landau–Zener tunneling and Bloch oscil-
lations gradually in the diamond lattice chain, whose energy
levels are shown in Fig. 2(c), where the energy levels are ris-
ing and the gaps between the adjacent energy bands are broad-
ened sequentially. Significantly, three flat bands (λflat = 0,
λ± =±εv) hold when εv is large enough (εv = 10) in Fig. 2(d),
whose tunneling dynamics for bosons in the diamond lattice
chain is illustrated in the fifth column of Fig. 4. Note that
there almost exists no bosons in b chain (see Fig. 4(e-2)).
We find that, the transition from Landau–Zener tunneling as
well as Bloch oscillations to localization phenomenon holds,
i.e., localization phenomena are harvested completely from
Landau–Zener tunneling as well as Bloch oscillations. Con-
sequently, the tunneling dynamics for bosons initially config-
ured as {an,bn,cn}=

√
1/2{1,0,−1}e−n2/2σ2

(CLS) experi-
ences a nonlinear transition process among a, b, and c chains
with the increase of εv in Figs. 4(a), 4(b), 4(c), 4(d), and 4(e).
Interestingly, the Bloch oscillations in b chain have never hap-
pened.
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Fig. 5. (color online) The same as that in Fig. 4, but for the initial configuration of bosons in the diamond chain as {a(t),b(t),c(t)}=
{0,1,0}e−n2/2σ2

(not the eigenstate).

Providing the initial configuration of bosons as the linear
combination with the states given by Eq. (8) when εv = 0 at
k = 0, i.e., {a(t),b(t),c(t)}= {0,1,0}e−n2/2σ2

(not the eigen-
state), that is, bosons only exist in b chain while no boson exist
in a and c chains at t = 0, the effect of εv on the tunneling dy-

namics for bosons in the diamond lattice chain is investigated
with φ = 0, which is demonstrated in Fig. 5. In the absence
of εv (εv = 0, see the first column in Fig. 5), the energy levels
cross at k = ±π (see Fig. 3(a)), bosons do perfect symmetri-
cal bidirectional bloch oscillations with a large range (−125th
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to 125th) along the direction of lattice site in the three chains,
except for the predominant bosons in b chain, i.e., Landau–
Zener tunneling occurs within bloch oscillations. However, in
the presence of εv (εv 6=0), an energy gap occurs (see Fig. 2),
and the counterpart of tunneling dynamics for bosons in the
diamond lattice chain exhibited intriguing phenomena, includ-
ing Landau–Zener tunneling, Bloch oscillations, and localiza-
tion phenomenon. With small εv (εv = 1), the original range
for Bloch oscillations (−125th to 125th in Fig. 5(a)) along
the direction of the lattice site experiences a big shrinkage
and the frequencies of the Bloch oscillations are doubled (see
Fig. 5(b)). Besides, the symmetrical bidirectional bloch os-
cillations in a and c chains for εv = 0 in Fig. 5(a) transform
into nonreversing bloch oscillation in a (along the positive di-
rection of lattice sites) and c (along the negative direction of
lattice sites) chain with the increase of εv, which are antisym-
metric and exhibited in Figs. 5(b-1), 5(b-2), and 5(b-3), where
the number of bosons in a and c chains increases predomi-
nantly while it decreases significantly in b chain, indicating
that appropriate εv may promote the occurrence of Landau–
Zener tunneling. Note that Landau–Zener tunneling and Bloch
oscillations are coexisting in the diamond lattice chain. With
moderate εv (εv = 2, see the third column in Fig. 5), the non-
reversing Bloch oscillations in a and c chains (antisymmet-
ric) are weakened slightly while the bidirectional bloch oscil-
lations in b chain are suppressed in the first place accompany-
ing with the occurrence of localization phenomenon. The co-
existence of Landau–Zener tunneling, Bloch oscillations, and
localization phenomenon holds in the diamond lattice chain
when εv = 2. With the further increasing εv (εv = 4, see the
fourth column in Fig. 5), the energy gap becomes wider and
the nonreversing Bloch oscillations in a and c chains are enor-
mously suppressed while the localization phenomenon in b
chain are enhanced tremendously. That indicates localization
phenomenon are almost harvested from Landau–Zener tunnel-
ing and Bloch oscillations. When εv is large enough (εv = 10),
the energy bands become three flat bands in Fig. 2(d), which
gives rise to the transition from Landau–Zener tunneling and
Bloch oscillations to localization phenomenon completely (see
the fifth column in Fig. 5), i.e., bosons almost are completely
localized in b chain. Consequently, when bosons are initially
configured as {an,bn,cn} = {0,1,0}e−n2/2σ2

in the diamond
lattice chain, the tunneling dynamics experiences a damping
evolution process induced by εv.

In brief, intriguing and significant phenomena occur in
the diamond lattice chain, including Landau–Zener tunneling,
Bloch oscillations, and localization phenomenon, which skips
different ranges of lattice sites in single chain or among differ-
ent chains. Vertical tilting εv may alter the energy bands struc-
ture, changing the Landau–Zener tunneling which scans the
whole Bloch bands. The transition among Landau–Zener tun-
neling, Bloch oscillations, and localization phenomenon, can

be affected significantly by the structure of the energy bands as
well as the initial configuration of the bosons in the diamond
lattice chain.

4.2. The effect of artificial magnetic flux

When vertical tilting εv = 0, the tunneling dynamics still
exhibits the transition and the coexistence of Landau–Zener
tunneling, Bloch oscillations, and localization phenomenon,
which can be induced by artificial magnetic flux φ (φ 6= 0) and
similar to that in Figs. 4 and 5. However, the structure of en-
ergy bands can be altered by φ ranging from 0 to π , i.e., when
0 ≤ φ < π/2, the minimum band gap for the crossing occurs
around k = ±π while it is at k = 0 approximately in the case
of π/2 < φ ≤ π , which is demonstrated by the energy levels
in Fig. 3. Three flat bands exist on the condition that φ = π/2.
The novel phenomena of tunneling dynamics are just induced
by altering the structure of energy levels.

Figure 6 illustrates the effect of artificial magnetic flux
φ on the tunneling dynamics for bosons with the same
initial configuration as that in Fig. 4, i.e., {an,bn,cn} =

{1,0,−1}e−n2/2σ2
. As 0 < φ < π/2, the tunneling dynam-

ics mainly manifest as Landau–Zener tunneling among three
chains, where a small number of bosons do weak bloch oscil-
lations in b chain while the majority of bosons are localized
in a and c chains. A large number of bosons exist in b chain
with φ = π/2, which indicates the enhancement of Landau–
Zener tunneling among a, b, and c chains, where the weak
oscillations in each chain disappear and almost all bosons are
localized around the 0th lattice site, which is well coincident
with the three flat bands (φ = π/2, see Fig. 3(c)). When
π/2 < φ < π , the tunneling dynamics, principally, exhibits
complicated Landau–Zener tunneling among three chains and
Bloch oscillations in each chain. More interestingly, the Bloch
oscillations in a and c chains are asymmetric. Given φ = π ,
the system is degraded to the eigenstate and bosons maintain
its initial CLS. That is, the energy levels λ± of the system ex-
perience nonlinear transitions from dispersion structure to flat
band and then come back to dispersion structure again when
φ ranges from 0 to π , which makes the tunneling dynamics
complicated.

It is illustrated in Fig. 7 that the tunneling dynamics for
bosons with the same initial configuration as that in Fig. 5,
i.e., {a(t),b(t),c(t)} = {0,1,0}e−n2/2σ2

. The tunneling dy-
namics is basically consistent before (0 < φ < π/2) and af-
ter (π/2 < φ < π) the transition of the energy band structure
(dispersion structure or flat band), which is similar to that in
Fig. 6 (π/2 < φ < π). Furthermore, the tunneling dynam-
ics for the system recovers to Bloch oscillations entirely with
φ = π , whose range of lattice sites is reduced by half com-
pared with that in the case of φ = 0. The range of lattice sites
and oscillation frequency of Bloch oscillations are affected by
φ (0< φ < π).
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Fig. 6. (color online) The effect of artificial magnetic flux φ on the tunneling dynamics for bosons initially configured as {an,bn,cn}=
{1,0,−1}e−n2/2σ2

(the eigenstate for the case of φ = εv = 0), which is demonstrated by the space–time evolution of the norm density
pn(t) (the first row) and the corresponding evolution for bosons in single chain (a, b, and c chains) are depicted by |an(t)|2 (the second
row), |bn(t)|2 (the third row), and |cn(t)|2 (the fourth row), respectively.
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Fig. 7. (color online) The same as in Fig. 6, but for the initial configuration of bosons in the diamond chain as {a(t),b(t),c(t)} =
{0,1,0}e−n2/2σ2

(not the eigenstate).

Figures 6–7 further prove that the tunneling dynamics for the system is closely related to artificial magnetic flux φ , which
also depends on the initial configuration of bosons in the diamond lattice chain. In order to further illustrate this, figure 8 gives the
tunneling dynamics for bosons configured as {a(t),b(t),c(t)} = {1,−1,1}e−n2/2σ2

(not the eigenstate) initially. Interestingly,
the Bloch oscillations in three chains are nonreversing and the directions of the Bloch oscillations are opposite before (φ < π/2)
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and after (φ > π/2) the transition of the energy band structure. More interestingly, the Bloch oscillations become bidirectional
when φ = π , whose range of the lattice sites is reduced by half while the oscillation frequencies are doubled, compared with that
in the case of φ = 0. The range of lattice sites and oscillation frequency for Bloch oscillations are affected by φ (0 < φ < π).
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Fig. 8. (color online) The same as in Fig. 6, but for the initial configuration of bosons in the diamond chain as {a(t),b(t),c(t)} =
{1,−1,1}e−n2/2σ2

(not the eigenstate).

In a word, artificial magnetic flux φ can alter the struc-
ture of energy levels for the system, making it possible to ma-
nipulate the transitions among Landau–Zener tunneling, Bloch
oscillations, and localization phenomenon, which also depend
on the initial configuration of the bosons in the diamond lattice
chain.

5. Conclusion
It is proved in this paper that both vertical tilting and ar-

tificial magnetic flux can alter the position of the minimum
band gap for the crossing, inducing intriguing and significant
phenomena for bosons with various initial configurations in
the diamond lattice chain, including Landau–Zener tunnel-
ing, Bloch oscillations, and localization phenomenon, among
which the transitions are not only closely related to the struc-
ture of the energy bands for the system (dispersion struc-
ture or flat band), but also depend on the initial configuration
of bosons in the diamond lattice chain. As a consequence,
Landau–Zener tunneling, Bloch oscillations, and localization
phenonmenon of bosons always counteract and are comple-
mentary with each other in the diamond lattice chain.

Understanding the mechanism of tunneling dynamics for
bosons in the diamond lattice chain with tilting and artificial
magnetic flux can contribute to designing some atomic de-

vices, i.e., atom switch, for selective transport concerning a
definite number of bosons among diverse sites and chains.
Furthermore, our study could stimulate the investigations of
quantum dynamics in the presence of a nonlinear term and
even be extended to multi-shape lattice systems, such as, tri-
angle, square, and pentagram lattices. As a result, this en-
gineering may provide a quantitatively theoretical foundation
for precise manipulation of bosons in experiments.
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