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Anderson localization of a spin—orbit coupled Bose—Einstein
condensate in disorder potential

Huan Zhang(7K¥%), Sheng Liu(XIff), and Yongsheng Zhang(iK 7k 42)
CAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei 230026, China
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We present numerical results of a one-dimensional spin—orbit coupled Bose—Einstein condensate expanding in a
speckle disorder potential by employing the Gross—Pitaevskii equation. Localization properties of a spin—orbit coupled
Bose-FEinstein condensate in zero-momentum phase, magnetic phase and stripe phase are studied. It is found that the
localizing behavior in the zero-momentum phase is similar to the normal Bose-Einstein condensate. Moreover, in both
magnetic phase and stripe phase, the localization length changes non-monotonically as the fitting interval increases. In
magnetic phases, the Bose—Einstein condensate will experience spin relaxation in disorder potential.

Keywords: Bose—Einstein condensates, Anderson localization, spin—orbit coupling
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1. Introduction

It has been over sixty years since Anderson’s prediction
of electrons’ localization in metal lattice sites with disorder.!]
The mechanism of this metal-insulator transition is different

(2] in which the electron—electron in-

from the Mott transition,
teraction plays an essential role. Anderson found that different
eigenstates of non-interacting electron in lattice sites are scat-
tered by disorder and interfere destructively with each other,
which results in absence of diffusion in the strong disorder
limit. In the one or two-dimensional (2D) case, the Ander-
son localization appears even in the sufficient weak disorder, [*!
except some correlated disorders.[*] However, in the 3D case,
there is a mobility edge separating localized and non-localized
quantum states. The phenomenon of Anderson localization
is universal and has been observed indirectly on solid state
of wires, films and bulk systems,>®! or directly on ultra cold

781 and photonic lattices,>1% etc. Spin—orbit

atom platforms!
(SO) coupling is relativistic effect of the moving electron. As
a result, in condensed matter physics, the transport of elec-
trons in materials becomes spin dependent, which affects the
Anderson localization.!!!12]

An ultra-cold atom system is a fascinating way to study
the condense matter problems!!3! owing to its unprecedented
control of system’s parameters and its ability to mimic the
condensed matter system. Anderson transition of attrac-
tive fermions are investigated theoretically mainly on lattice
systems. (14161 Bose—Einstein condensate (BEC) provides a
promising platform in the study of bosons’ Anderson local-
ization. One-dimensional interacting BEC expanding in cor-
related disorder can exhibit Anderson localization.!!’-1°! In
the long expanding time limit, the length of Anderson local-
ization of a BEC continues to increase with the time evolv-

ing in the presence of the repulsive interaction.!?’! Several
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experimental studies directly observed the Anderson localiza-
tion in BECs.!”:8] The realization of SO coupled BECs in ul-
tra cold atom system sheds new light on studies of superfluid

21.221 Tt has made significant

and condensed matter physics.|
progress and advanced rapidly in recent years. By tuning the
parameter of SO coupled cold atom gas using Feshbach reso-
nance, one can reach the regions of topological insulators or
superconductors./?*! The SO coupling plays an crucial effect
on Anderson localization of BEC in 1D or 2D systems. Ina 1D
quasi-periodic optical lattice, SO coupling induces an inter-
mediate phase mixing extending state and localizing state. >4
Also, the SO coupling and Rabi coupling favors the localiza-
tion or delocalization of the BEC depending on the phase dif-

[25] In a 2D bichromatic

ference between the two components.
optical lattice, SO coupling favors localization, whereas Rabi
coupling has a slight delocalization effect.[?®! The spin of SO
coupled BEC manifests the precessional and anomalous evo-
lution in the disorder potential.[>”] In a 2D disorder system, in-
terference between the Rashba and the Dresselhauss SO cou-
pling leads to a strong dependence on the system’s mobility
edge which will reach infinity when equally mixing two kinds

(28] The expansion of a 2D BEC along the direc-

of coupling.
tion of SO coupling can be greatly slowed down due to the di-
verge of its effective mass near the critical point of phase tran-
sition without the presence of disorder.*”! In Raman induced
SO coupled BEC, by adjusting the Raman coupling frequency,
one can reach different phases, like zero-momentum phase or
magnetic phase, of SO coupled BEC. Especially in magnetic
phase, the system can simulates an electron transporting under
the effect of magnetic field. The non-equilibrium dynamics
of BEC in these phases with disorder potential remains unex-
plored.

In this article, in contrast with Ref. [28], we focus on the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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effect of SO coupling on the Anderson localization in differ-
ent phases following the method of Ref. [20]. We investigate
the non-equilibrium dynamics of an SO coupled BEC expand-
ing under a speckle disorder by numerically solving the 1D
Gross—Pitaevskii equation. The 1D simulation corresponds to
the following experiment: Initially, the 8’Rb cold atom gas is
confined in the cigar-shape trap and a homogeneous magnetic
bias field is applied along the x direction. The incident two
Raman lasers act on the atoms at /4 and 377/4 with the x di-
rection to synthesize the Rashbal*®! and the Dresselhaus!3!]
SO coupling interactions with equal contributions.?) Then
the harmonic potential is abruptly released in longitudinal di-
rection and the condensate expands under the speckle disor-
der located in the same direction. We study the evolution of
three different phases of SO coupled BEC in disorder environ-
ment. In the single-minimum phase, i.e., the zero-momentum
phase, the BEC exhibits Anderson localization with a larger
localization length than normal BEC and the SO coupled BEC
in magnetic phase. In the magnetic phase and stripe phase, we
find that the SO coupled BEC will exhibit non-monotonical in-
crease of localization length with the fitting interval becoming
larger. Specially, the SO coupled BEC will experience spin
relaxation in magnetic phase. In Section 2, we describe the
system model under consideration and the numerical method
we used thoroughly. In Section 3, we show our numerical re-
sults in different system phases and analyze the results based
on the localization theories. The conclusion is presented in
Section 4.

2. The system model and numerical method

The Hamiltonian of the system can be expressed as 3!
H = Hy + Hin, ey
Ho=%+V(X)+%prz+ ?Gz‘i‘?cm )
Hiny = (g“"’”zgg”'"'z'z 20 2>. 3
g21v1|” + gy
Here, p, = —ih%, m is the mass of the 87Rb atom, & is

the detuning between two lasers, £ denotes the strength of
the Raman coupling, o, and o; are the Pauli matrices, g;;
(i, j = 1,2) are the inter-species or intra-species interaction co-
efficient among atoms, W1 (x) and y,(x) are two spinor com-
ponents of the wave function of the BEC. We set g1 = g2 =
g = 2w  asN and the detuning 6 = 0 for simplicity, where
as = 5.3 nm is the s-wave scattering length, @, = 120 x 27 Hz
is the transverse frequency of the trap, N represents the particle
number of the BEC. The potential reads

2.2
ma;xx , <0,

V(x)= “)
Vd(x)a 1>0,

with @, = 50 x 27 Hz being the longitudinal frequency of the
trap and Vg(x) denoting the speckle disorder. The strength of

SO coupling is
hk;
y=—, )
m
where
2t m V2¢m
kin:TCOSZ:T, (6)

with ki, and A = 782 nm being the wave vector and the
wavelength of the incident light, respectively. The 1D time-
dependent Gross—Pitaevskii equation reads

ih%‘f’(x,t) =HY(x,1), @)
P (x,1) = (yi(x,1), ya(x,1))", 8)

where ¥(x,¢) is normalized by [ |¥(x,t)|>dx= 1, |¥(x,t)|* =
e, t) 2+ [ (x,1) [

When the detuning & = 0 and the interaction coefficients
are SU(2) invariant, i.e., g2 = g11 = g22 = g, the dispersion
of the mean field Hamiltonian (1) is the same as that of single-

particle Hamiltonian (2) (7 = 1),[2%

_k (fnls? <« ©)

E:t(kx) - % 4 )

m

where k, is the quasi-momentum of the atoms. When Q <
Q. = 2k§‘ /m, the ground state energy is degenerate. The sys-
tem locates in the magnetic phase. The minimum of ground
state energy can be reached when

02

kx:j:kin I—Qicz

(10
For Q > Q, the system locates in the zero-momentum phase.
There is only one minimum of ground state energy, where
ky =0.

If the interaction coefficients are not SU(2) invariant, i.e.,
g12 # g11 = g2 = &, the ground state of mean field Hamilto-
nian (1) can be in stripe phase. The ground state is the super-
position of two degenerate ground states of SO coupled BEC
in the plane-wave phase. If |g» — g| < 1, the corresponding
minimum of ground state energy in plane-wave phase can be

reached when!33!

QQ
K = kg [ 1— 7 11
: 9 n(s—g)P (n

where 7 is the average density. In real experiment, the differ-

ence between g11 and gj2 is small, therefore, k, ~ k. In this
article, we set 2 = 1.5€, g12 = g for zero-momentum phase,
Q =0.5Q,, g1» = g for magnetic phase and 2 =0.2Q,, g;» =
0.9g for stripe phase in numerical simulation. The units we
used to calculate the dimensionless Gross—Pitaevskii equation
for length, time, and energy are xo = \/h/m@, ~ 1.5 pum, 1y =

070305-2
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l/o, ~ 3.13 ms, ¢y = ha,, respectively. When Q = 1.5Q,,
the chemical potential of the ground state u,, ~ —77.1ep.
When Q = 0.5€Q, the chemical potential of the ground state
Umag =~ —11.4e9. When Q = 0.2, and g, = 0.9g, the
chemical potential of the ground state py ~ —4.48¢p. In
all the cases, the chemical potential of SO coupled BEC are
smaller than the energy of the first transverse excited state
e, =2ho, + hw,/2 = 5.3¢. Therefore the BEC can hardly
be excited in transverse directions when we release the lon-
gitudinal harmonic trap. Thus, the dynamics of SO coupled
BEC is effectively 1D. Then we set the strength of interac-
tion g = 400epxg, which corresponds to a particle number of
N ~ 2.4 x 10* in numerical simulation to compare with the
results of Ref. [20] for convenience.

We mainly focus on the speckle disorder since it is more
easily to produce and control in experiment by diffraction of
laser through a 1D square aperture.**! Its single-point distri-

bution is given by!!”]

PVa(x)] = Vioexp[— (VdT(;C) + 1)}@(‘%}0 + 1), (12)

where Vp = 1/ (V4(x)?), O is the Heaviside function. For the
real-space correlation function, we have

__asin(x/op)’
C('x) — Y0 (X/GD)z

Then its Fourier transform becomes

Ck) = \/foDM%(l - |k|26")®(1 - |k|ZGD), (14)

where op is the correlation length of the disorder, we set
Vo = 0.3[Ein(t = 0) + Exin(r = 0)] to match the weak disor-
der condition and use op = 5xg throughout our simulation.

(13)

The Hamiltonian can be split into kinetic part and non-
kinetic part. The time evolution of the kinetic part can be ef-
ficiently calculated through Fourier transformation. We pre-
pared the ground state of the BEC by imaginary-time evolu-
tion using the Strang-splitting method in a box [—L,L] with
214 % 100 grid points, where L = 2.4 x 10%x.
evolved the wave function using higher-order operator split-

Then we

ting method!*! and used the adaptive time step similarly to
Ref. [20]. The tolerance is set to be 10~'° to reach the con-
verge results.

We numerically calculate the disorder-averaged particle
density of the two spin components and their sum in real space
and quasi-momentum space,

ni(x,1) = ([y1(x,0)[%), (152)
na(x,1) = ([ya(x,0)), (15b)
n(k,1) = (|90 (k,0) ), (15¢)
na(k,t) = (|9 (k,0)[%). (15d)

We also calculate the evolution of the mean width
Ax(t) = (/22 =), (16)

and spin unbalance (0,), where the brackets mean disorder-
averaged and the bar means being averaged over the state. The
curves of n(x,) and n(k,t) are smoothed with Gaussian filter
of width 6xy and 0.1 /xo, respectively. Our main results will be
presented in the next section. The evolution time of the most
results is set to be 100¢y, which reaches the time scale limit of
the present experiments.

3. Localization in different phases

When ¢ < 0, we prepare the system in the ground state
with different strengths of Raman coupling. When ¢ > 0, we
switch off the confined potential in longitudinal direction and
switch on the speckle disorder at the same time. We never
change the strength of interaction throughout the simulation,
which is close to the real experiment.

3.1. Zero-momentum phase

We plot the density of two components of SO coupled
BEC atr = 100¢) in Fig. 1. We can see the apparent asymme-
try of density distribution of two components. This asymmetry
only has minor effect and is hard to be observed in the experi-
ment.

100

@2

n(z,t) /x5!
=
(an)
&

10-10 .)'I‘m
—6000

2000 2000

z/xo

6000

Fig. 1. Real-space distributions of density of two components of the
SO coupled BEC in zero-momentum phase at time # = 100zy. The den-
sities are averaged over 20 speckle disorders. The strength of Raman
coupling 2 = 1.5Q,.

In order to compare the localization properties of SO cou-
pled BEC in zero-momentum phase and two-component nor-
mal BEC without SO coupling, we plot the density distribution
of two kinds of BEC at different times in Fig. 2. It is found that
the width of the central density with SO coupling is slightly
larger than that of the normal BEC at t = 1007y. Then we as-
sume that the density n(x,t) = |¥(x,1)|? displays exponential
shape in some local regions,

n(x,t) ~ C(x) exp (— sz ) 7 a7
loc

where C(x) is the fitting parameter dependent on the location
of intervals, Lj, is the localization length of the BEC. The
results are presented in Fig. 3. We can see from Fig. 3(a)
that the localization length L, of SO coupling BEC is larger
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than that of normal two-component BEC when the fitting in-
terval is large (x > 500x¢). Furthermore, in the region close
to the center of BEC, the localization length Lj,. of normal
two-component BEC is slightly larger. In Fig. 3(b) we plot
the fitting error, which is smaller compared to the localization

length.
0 T T T
10 20ty (SO coupled BEC)
—100ty (SO coupled BEC)
- 20ty (normal BEC)
\§ —100¢ty (normal BEC)
~ 14
= 107
&
N
1010 . v
—6000 —2000 2000 6000

z/xo

Fig. 2. Real-space distributions of density of the two-component BEC
with or without SO coupling at times ¢ = 20¢y and ¢ = 100¢yp under the
same conditions. The densities are averaged over 20 speckle disorders.

400
(a)
300+
=]
N
g 200
= 100} . »With SO coupling
e - Without SO coupling
% 500 1000 1500 2000
x/xo
15 T ' .
(b) ~With SO coupling i
) 10l = Without SO coupling
5 B
©
5l
0 n n n
0 500 1000 1500 2000
x/xo

Fig. 3. (a) Localization length Ljo. of the SO coupling BEC in zero-
momentum phases and normal two-component BEC with same strength
of Raman coupling by fitting the real-space densities at t = 100¢y to
Eq. (17). (b) Standard deviation of linear fitting in two kinds of BEC.

We also plot Ax(7) with time evolving in Fig. 4. It can be
clearly seen that the average width of the real-space distribu-
tion of density with SO coupling is smaller than that without
SO coupling at the beginning. The reason is that the expan-
sion of the SO coupled BEC of zero-momentum phase in the
SO coupling direction is much slower than that of the normal

(291 although this en-

BEC owing to its larger effective mass,
ergy conversion process in disorder is much slower than the
free expansion of the SO coupled BEC. We can expand the
dispersion relation near the minimum and obtain the effective
mass in the direction of SO coupling as

m(l - (%)2)_1, Q< Q.

(1)

When Q = 1.50Q, the effective mass m* = 3m > m. Without
the disorder, the larger effective mass will make the expansion

*

(18)
Q> Q..

slow down in the SO coupling direction. With the disorder,
the SO coupled BEC will manifest slower expanding at the
beginning, but it will also exhibit Anderson localization later
and has a close localization length with the normal BEC. As
we can see, the shaded areas in Fig. 4 overlap with each other
at t = 100fy. The expanding effect is governed by the quasi-
ballistic expansion of the rapidly moving extended state and
the delocalization effect of SO coupling, which will both make
the BEC expand continuously.

100
o
<

S 50
<

/"~ Normal spinor BEC
y SO coupled BEC in zero-momentum phase|
0 . . y .
0 20 40 60 80 100

t/to

Fig. 4. Time dependence of mean width Ax of density distribution of
normal spinor BEC and SO coupled BEC in zero-momentum phase.
The colored shaded area around each curve represents one standard de-
viation from average width resulting from 20 realizations of speckle
disorder.

3.2. Magnetic phase

We set 2 = 0.5 and prepare the SO coupled BEC in
the ground state, whose real-space distributions of density of

two spinor components are presented in Fig. 5.

0.10 - .
= [ ()]
o = |¢ha()[?
8
~
= 0.05¢
8
IS
0 - y — = = -
—-15 —-10 =5 0 5 10 15
x/xo

Fig. 5. The ground state density distributions of two components of
the SO coupled BEC in the magnetic phase. The strength of Raman
coupling 2 = 0.5Q.

It can be seen that (o, ) # 0 for the magnetic phase in con-
trast with the spin-balanced state in zero-momentum phase,
which indicates that the Z, symmetry is broken in the mag-
netic phase. We let the BEC expand in speckle disorder
for 10079. The results are strikingly different from the ones
in zero-momentum phase. At ¢t = 100z, (o;) ~ 0, which
shows a spin relaxation process in expansion resembling the

[36] The spin orientations of par-

Dyakonov—Perel mechanism.
ticles are random due to the SO coupling. Without the disor-
der, the expansion of the SO coupled BEC will experience the
“self-trapping” in the SO coupled direction when the quasi-
momentum enters the negative-mass region.3”) We plot ()

as a function of time in Fig. 6.
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1.0 - - —
= Specke disorder

0.8 = No disorder

0 5 10 15 20 25 30
t

Fig. 6. Behavior of (o;) of SO coupled BEC in magnetic phase as a
function of time with (blue solid line) or without (red dash line) disor-
der potential.

We find that (o;) of SO coupled BEC quickly decreases
to nearly zero at around #y = 20 in speckle disorder poten-
tial. If there is no disorder potential, (o;) of SO coupled BEC
decreases slower but maintains a finite value 0.6 at around
t = 5ty. The disorder eliminates the “self-trapping” effect and
the system enters the spin-balanced state despite the dispersion
relation. Figure 7(a) shows higher sharp boundaries and curve
wings in both sides of the logarithmic plot, which means that
there are different localized regions with different localization
lengths. We also plot the quasi momentum distribution of two
spinor components in different times in Fig. 7(b). The density
distributions in quasi-momentum space do not change much
in a longer expansion time # = 30079. The enhancement does
not appear near k = 0 owing to the fact that the quasi momen-
tum of the ground state in magnetic phase is not equal to zero.
The absence of Galilean invariance is the particular feature of
the SO coupled BEC. There are two kinds of critical veloc-
ity in the SO coupled BEC.[3%3% Firstly, the condensate is at
rest, and the impurity is moving. There will be excitations in
the condensate once the magnitude of velocity reaches some
threshold, which is called the the critical dragging velocity.
The critical dragging velocity is asymmetric at +=x axis in the
magnetic phase and will be decreased to zero in the transi-
tion point 2 = .. Secondly, the impurity is at rest, and the
condensate is moving, which is the case in our article. There
will also be excitations in the condensate once the magnitude
of velocity reaches some threshold, called the critical flowing
velocity. The critical flowing velocity is symmetric at £x in
both zero-momentum phase and the magnetic phase and will
remain finite when crossing the transition point. In the equi-
librium ground state, the Hamiltonian in the moving frame of

reference is given by (40!

H, = H — vk, (19)

the velocity of condensate v and the quasi-momentum has the
following relation (we set # = 1, v and k are in the same direc-
tion):

k 2
y="11- 0 , (20)

n k3 + (m€ /2k3)?

where k; is the location of minimum of the ground state
energy and ko = kij,. We can easily see that when v = 0,
the condensate is scattered least, and it has two solutions:
ki =0 and k; = +koy/1 — (m/2k3)?. Here ky = 0 cor-
responds to the ground state of zero-momentum phase and
k1 = tko
of magnetic phase. Therefore, the density enhancement in
Fig. 7(b) is located at k = +kg+/1 — (0.5Q./Q;)? ~ 7.5 cor-
responding to the zero velocity of the BEC, at which point the
state energy reaches its minimum. The other peaks appearing

\/1— (m&/2k3)? corresponds to the ground state

at k =~ 15 are the feature of speckle disorder. The amplitude
of scattering by the speckle disorder is zero at k ~ £14.3 with
the Born approximation, which means that the Fourier trans-
formation of the disorder has cut-off in high momentum re-
gion. The scattering of the superfluid experiences the friction
of the disorder once its velocity exceeds the critical flowing ve-
locity. Correspondingly, we observe the minima at k ~ £12.0
in Fig. 7(b).

100
_ (a) = |1 (@)]?
S - |ipa()]?
~
= 105}
)
<
10-10 o N
—6000 —2000 2000 6000
z/xo
0-10F () —100t |
(=)
8
~
= 0.05}
=
Iy
930 30

k/xgt

Fig. 7. (a) Real-space distributions of density of two components of the SO
coupled BEC in magnetic phase at time + = 1007y. (b) Quasi-momentum
space distributions of density of the SO coupled BEC in magnetic phase at
time ¢t = 100y and ¢+ = 300¢yp. The densities are averaged over 20 speckle
disorders. The strength of Raman coupling 2 = 0.50.

We then fit the real-space densities of BEC to Eq. (17) in
different intervals. The results are presented in Fig. 8. It can
be seen that the localization length of the SO coupled BEC
in the magnetic phase will increase non-monotonically as fit-
ting interval becomes larger and has maximum near 1000xg.
Moreover, in zero-momentum phase the localization length in-
creases monotonically as the fitting interval increases. We plot
the fitting error in Fig. 8(b), which proves the non-monotonical
feature of Localization length in magnetic phase. Also, the ef-
fective mass of BEC in magnetic phase is 4m/3 > m, while
the result in Fig. 9 shows that the width of the wave function
grows approximately proportional to time and faster than that
of normal BEC. The reason is that the ground state of SO cou-
pled BEC in magnetic phase is unbalanced state ({o;) # 0)
and will experience the spin relaxing process when expanding
in speckle disorder, which is a delocalizing process. When the
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SO coupled BEC has nonzero average spin, the condensate
particle will scatter more frequently in the disorder when its
spin has to precess under the magnetic field. When the BEC
finally becomes localized and spin balanced, it will manifest a
larger mean width.

800 T T "
(a)
6001 1 4
~ a
B 4001 fﬂfdﬂpﬂ et
o b )
200t ugﬂ"f# ............................... |
s a Zero-momentum phase
0 R = Momentum phase
500 1000 1500 2000
z/x0
20 T - .
(b) ~,
15} aZero-momentum phase o b, 1
= M t has o
c omentum phase ; %““‘W
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Fig. 8. (a) Localization length Ly, of the SO coupled BEC in two dif-
ferent phases and different intervals by fitting the densities at = 100¢
to Eq. (17). (b) Deviation of linear fitting in two different phases.
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Fig. 9. Time dependence of mean width Ax of density distribution of
normal spinor BEC and SO coupled BEC in magnetic phase. The col-
ored shaded area around each curve represents one standard deviation
from average width resulting from 20 realizations of speckle disorder.

We set Q = 0.2€Q, g12 = 0.9g and prepare the SO cou-
pled BEC in the ground state. The density distributions of two
components are displayed in Fig. 10. We can clearly see that
the ground state is the spin balance state and manifests the
spatial periodic modulation, which indicates that the BEC is
in the stripe phase. We plot the spatial and momentum den-
sity distributions of two components, which have expanded in
the speckle disorder for 100¢, as shown in Fig. 11. We can see
that both density distributions are similar with that of magnetic
phase but in Fig. 11(a) with a much shorter sharp boundary in
|x| < 2000xp. In Fig. 11(b), the density enhancements located
atk = +koy/1— (0.202.)2/(Qc —n(g — g12))* ~ +8.49 owing
to the fact that the ground state of SO coupled BEC in stripe
phase is the superposition of two degenerate ground states in
the magnetic phase. The other peaks appearing at k ~ £16.0

are the feature of speckle disorder as explained in the last sec-

tion.
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Fig. 10. The ground state density distributions of two components of
the SO coupled BEC in the stripe phase. 2 = 0.2€0,, g12 = 0.9g.
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Fig. 11. (a) Real-space distributions of density of two components of
the SO coupled BEC in stripe phase at time ¢t = 100fy. (b) Quasi-
momentum space distributions of density of the SO coupled BEC in
stripe phase at time ¢+ = 100fp. The densities are averaged over 20
speckle disorders. The strength of Raman coupling 2 = 0.2Q,, the
strength of interaction gj» = 0.9g.
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We fit the real-space densities of BEC to Eq. (17) in dif-
ferent intervals. The results are presented in Fig. 12. The
localization length of SO coupled BEC in stripe phase be-
comes larger than that in magnetic phase but has the same
non-monotonical feature. We also plot the time evolution of
the mean width in stripe phase and in magnetic phase before
t = 1007y in Fig. 13. It is obvious that the mean width of SO
coupled BEC in stripe phase increases proportionally to time
with a higher speed.

400 — Stripe phase
~ Magnetic phase

0 20 40 60 80 100
t/to

Fig. 13. Time dependence of mean width Ax of density distribution
of SO coupled BEC in magnetic phase and stripe phase. The colored
shaded area around each curve represents one standard deviation from
average width resulting from 20 realizations of speckle disorder.

4. Conclusion

In summary, we have investigated the evolution of an 1D
SO coupled BEC in the speckle disorder employing the Gross—
Pitaevskii equation using the high-order splitting method. The
average width of SO coupling BEC in zero-momentum phase
is smaller than that of normal BEC at the beginning of expan-
sion due to its larger effective mass. When the system exhibits
Anderson localization, the localization length of SO coupled
BEC is larger than that of the normal BEC. In magnetic phase,
the SO coupled BEC will experience spin-relaxation and ex-
hibit non-monotonically increase of localization length as the
fitting interval become larger. The quasi-momentum distribu-
tion in magnetic phase shows four peaks owing to the degener-
ate ground state at k # 0 and the feature of the speckle disorder.
The quasi-momentum distributions of the two spinor compo-
nents are symmetric because of the symmetric critical flowing
velocity at +x axis. In stripe phase, the localizing behavior of
the SO coupled BEC is similar with that in magnetic phase but
exhibits a larger localization length. Base on the realistic pa-
rameters used in our simulation, we expect that the anomaly of
localization length can be observed in the future experiment.
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