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We theoretically investigate quantum transport of a two-component quantum gas in a disordered potential
and predict a unique disorder-induced splitting of a matter wavepacket. We also demonstrate that the
splitting of the mobile component originates from the inter-component interaction and the disordered

potential on the localized component.
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Anderson localization (AL) is a ubiquitous interference
phenomenon in which wave cannot propagate in disor-
dered medial'l. After predicted by Anderson in 1958,
AL has been reported in classic waves: light in diffusive
medial?3 and photonic crystals!*®!, microwaves(, and
sound wavesl”. Somewhat unexpected, new approaches
to the issue came from atomic physics. After the
milestone of observing AL in a non-interacting mat-
ter wavel®9 it has been experimentally studied in
weak /strong interacting Boson and Fermi gases!>1. In
the context of disordered quantum gases, controllable
disorder can be realized with laser speckles and quasi-
periodic lattices!''?]. Therefore the interplay between
disorder and interaction can be investigated in quantum
gases with unprecedented versatility, tunability, and mea-
surement possibilities!!3.

Nowadays, technique for producing a binary Bose-
Einstein condensate (bBEC) is mature and easy which
could be two different hyperfine states of the same
species!' or two different species!’®).  Since inter-
component interaction is introduced and has a great in-
fluence on the dynamics of matter wave, a bBEC exhibits
more novel dynamical features and macroscopic quan-
tum phenomena in contrast to a conventional BEC which
has already attracted intensive studies theoretically and
experimentally[!6:17]. Depending on interaction strength,
the bBEC’s ground structure can be divided into misci-
ble and immiscible regimes!'®). Using magnetic or op-
tical Feshbach resonance, people can precisely control
scattering length between atoms which can be tuned to
from the non-interaction regime to the strong-correlated
regimes!9:20],

In this letter, we investigate the long-time transport
dynamics of a two-flavor cigar-shaped BEC in one di-
mension (1D), which is produced in a harmonic oscilla-
tor (HO) trap and then is released to expand in a dis-

It means that one component of the mixture is localized
by a quasi-periodic lattice (QPL) acted as disorder, and
the other is affected indirectly by disorder due to the
interaction between localized and mobile atoms. We nu-
merically solve coupled Gross-Pitaevskii (G-P) equations
by split-step Fourier spectral method to observe BEC’s
dynamical behavior. The strength of disorder is strong
enough to ensure that AL of the component A emerges
in a short time. Then we find that the density profile of
the mobile component B shows a remarkable splitting in
coordinate space, which should exhibit a ballistic expan-
sion in the absence of disorder.

Now we begin to introduce theoretical model and dis-
cuss numerical results. For simplicity, we assume that a
BEC of two different hyperfine states of the same species
trapped in the same cylindrical symmetry trap with

transverse and axial trap frequencies w; = wy, = w; >

w,[f]. The QPL plays a role as disorder, and is formed by

two lattices superimposing containing a primary lattice
whose wave vector is k1 perturbed by a secondary one ks,
and thus the QPL potential can be expressed as VépL =
51 g sin? (k1 2) + so 8% Eg sin? (Bk1 2 + ¢) with 8 = A1 /Ag,
where Er = h?/(2mA?) is the primary lattice’s recoil
energy, and s1ER, so3°Fr are the lattice depths of the
primary and secondary lattices, respectively?!l. The dis-
order strength can be controlled by the laser intensity of
the secondary lattice. By choosing the polarization of the
lattice lasers, one can build a state-dependent lattice in
which only the component A experiences the QPL poten-
tial and the component B is immune from disorder!?2!,
The bBEC’s coupled G-P equation can be derived by
minimizing the system’s energy at zero-temperature un-
der mean field approximation. The dynamics of the
bBEC in 1D can be described by dimensionless coupled
G-P equationzsp?’} which are given as

0
ordered potential. We pay special attention to the situ- i% =— W—I—VHO—FVQPL +gaa |<pA|2+gAB |90B|2 PA,
ation that the localized and mobile components coexist. ¢ z (1)
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with N atoms of each component and the normalization
condition [T |pi[*dz = 1(i = A, B). Vio = w?2%/2
is the HO trap potential. The intra-component and
inter- congonent nonlinearity in 1D are given by ¢g;; =
leal"h‘“ and gap = W, respectively, where
Qi; and aap represent scattering lengths. In the above
expressions, the dimensionless units of energy and length
are 1/k; and ER, respectively.

Before discussing the main result, we first consider the
situation of no inter-component interaction. Under this
condition, the dynamics of the bBEC in a disordered po-
tential is easy to understand and the transport dynamics
of the component B is trivial. In the AL regime, the QPL
has great influence on the wavepacket of the component
A and even a complete localization can be observed in
a short time. However, the expansion of the wavepacket
of the mobile atoms B should not be affected by the
presence of disorder due to the absence of the interaction
between the localized and mobile atoms, and a ballistic
expansion is expected.

Now we turn to discuss the transport of the mobile
component in the presence of inter-component interac-
tion and the disordered potential. Numerically, we first
obtain ground state of the bBEC in the HO trap us-
ing imaginary-time split-step Fourier spectral algorithm.
Here, for simplicity, we only consider the miscible case
that means the ground-state profiles of both components
almost overlap. Then, we abruptly shut off the HO trap
to let bBEC diffuse along the axial direction, and the
QPL exerted upon the component A is adiabatically
loaded. In a long load period, strong disorder strength
is favorable to the localization of the component AR4.
The sketch of the transport dynamics is shown in Fig.
1. From now on, nonlinearity coefficients are fixed by
9aa =9gBB = gap = L.

First, we check the density profile of the component A
between ¢ = 3000 and 7000 to confirm its localization in
the disordered lattice. We find that the density profile
is almost unchanged in the long interval, which implies
the presence of localization. This can be understood in
the context of AL that the disordered potential results
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Fig. 1. Transport dynamics of a TBEC in disordered poten-
tial. Spatial density profiles of the components A and B at
t = 0, 3000, 7000 are shown in left and right panels, respec-
tively. The nonlinearity parameters are gaa = gpp = gap =
1. The density profile of the component B is magnified for
clarity.
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Fig. 2. RMS width of each component of the TBEC during
the expansion.
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Fig. 3. Fractions of central (solid circle) and left fragments
(hollow circle) of the mobile component B.

in coherent multiple scattering of the atomic wavepacket,
yielding the wavefunction with absence of diffusion. Fur-
thermore, an interesting phenomenon arises when we
turn to observe the dynamics of the mobile component
B. An unexpected splitting of matter wave is remarkably
exhibited in Fig. 1. Initially the density profile of the
component B has an inverse parabola shape. However,
new wings toward both sides along the axial direction
occur at ¢ = 3000, which witnesses the splitting of mat-
ter wave directly. The symmetric split wings show a
two-hump structure and they continue to separate from
each other, which is greatly obvious when we compare
the density profiles at ¢ = 3000 and 7000. In addi-
tion, the fraction of the central fragment decreases in
the propagation while the fraction of new-born wings
increases simultaneously. We explain this phenomenon
as follows. Since the atoms A are localized in the cen-
ter region due to the disordered QPL, the repulsive
interaction between the atoms push the mobile atoms
out of the center zone which can be seen directly from
the depletion of the central fragment of the atoms B
(see Fig. 1, right panel). Therefore the splitting is a
consequence of disorder-induced localization assisted by
inter-component interaction.

To further investigate physical mechanism of the split-
ting, we also calculate root-mean-square (RMS) size of
both components of the bBEC (see Fig. 2). Here the
RMS size is an important indicative parameter that char-
acterizes the spread of the wavepacket(2>). One can find
that the RMS size of the component A increases in a
short time of 500 and is nearly fixed thereafter. It is well
agreed with the observation for the density profile. On
the other hand, the RMS size of the component B always
increases which implies the diffusion of its wavepacket.
A more direct evidence of the splitting of the mobile
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Fig. 4. Density profiles of the component B in coordinate
space at t = 3000 and 7000. (a) gaa = g = land gap = 0;
(b) no QPL and gaa = g = gap = 1.

atoms can be seen from the fraction of the center and
edge fragments in Fig. 3. The fraction of the center part
goes down quickly and the atoms are transferred to the
new-born wings. The wings grow up until the depletion
of the central fragment. Moreover, the peak of the wing
moves outwards which exhibits a visible separation.

It is previously mentioned that a novel splitting of the
mobile atoms in the bBEC was observed in numerical
simulation. We attribute the splitting of the wavepacket
to the coexistence of the inter-component interaction and
the localized component due to disorder. In order to shed
light on this unexpected splitting, we consider two ex-
pansion processes in which only one of the interaction
between both components and disorder-induced localiza-
tion is satisfied. The density profiles of the component
B in the two cases are shown in Fig. 4. Only conven-
tional spread of the wavepacket appears, and there is no
splitting in both situations. In the former case, as we
have discussed briefly, when the interaction between the
mobile and localized atoms is absent, the transport of the
mobile atoms cannot be affected and the normal diffusion
in free space is expected. In the latter case, the absence
of disorder cannot lead to the localization of the atoms
and both species spread freely after shutting off the trap.
The Gaussian-like shape of the wavepacket results from
very weakly interaction between the atoms.

Finally, we briefly discuss the experimental realization
of the above proposal. First, one can produce the bBEC,
and then let one component expand in a 1D QPL which
is loaded adiabatically. The binary BEC with different
hyperfine sates of 3"Rb' or two-species mixture of
87Rb-*'K[%] have been achieved in the laboratory. Then
the state-dependent latticel?2! or species-selective dipole
potential® irradiates on the BEC in the axis direction.
Moreover, the inter-atom interaction can be controlled
precisely by Feshbach resonance technique. The dynam-
ics of the condensate can be recorded by in su imaging
technique. Therefore the proposal is feasible with the
state of the art in experiments.

In conclusion, we numerically investigate the transport
of the bBEC in the QPL and predicted an intriguing
disorder-induced splitting of the mobile wavepacket for
the first time. This splitting of matter wave has an
evident dependence on the disorder-induced localization
and interaction between the localized and mobile atoms.
We believe that the present results are of great impor-
tance for new insights of quantum transport in disordered
quantum gases and more interesting phenomena are ex-
pected in the strong-correlated regime.
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