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We study the transport of a spin-orbit-coupled atomic matter wave using a moving Dirac §-potential well. In
a spin-orbit-coupled system, bound states can be formed in both ground and excited energy levels with a Dirac
& potential. Because Galilean invariance is broken in a spin-orbit-coupled system, moving of the potential will
induce a velocity-dependent effective detuning. This induced detuning breaks the spin symmetry and makes the
ground-state transporting channel be spin-1 ({) favored while makes the excited-state transporting channel be
spin-|, (1) favored for a positive-direction (negative-direction) transporting. When the é-potential well moves at
a small velocity, both the ground-state and the excited-state channels contribute to the transportation, and thus
both the spin components can be efficiently transported. However, when the moving velocity of the §-potential
well exceeds a critical value, the induced detuning is large enough to eliminate the excited bound state, and
makes the ground bound state the only transporting channel, in which only the spin-1 (}) component can be
efficiently transported in a positive (negative) direction. This work demonstrates a prototype of unidirectional

spin transport.
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I. INTRODUCTION

Transport of matter waves is essential in many
ultracold-atom physics experiments and applications. With
such a technique, an ultracold-atom experiment can be
split into matter-wave-producing and matter-wave-using
modules. Each module can be optimized separately. Thus the
experiment can be performed more efficiently [1-3]. In this
vein of thought, for example, atomic gases have been loaded
into optical cavities [4-9] and hollow fibers [10-14], leading
to a good many interesting research works (for reviews, see
Refs. [15-17]). It is also found that the transport of atomic
matter waves can be very useful in the realization of atom
interferometry [18-20], atomtronics devices [21-24], and
continuous atom lasers [25-27].

Many schemes to transport cold atomic matter waves
have been demonstrated. In the moving molasses technique
[28,29], the cloud of cold atoms freely flies to the destination
by itself. Controlled transport can be realized by applying an
atomic waveguide [30—40]. However, using these techniques,
the cloud of atoms expands, and its density drops during the
transporting process. To overcome this blemish, the transport
of matter waves using a moving potential well is introduced
and soon becomes widely used in cold-atom experiments
[1-3,26,41-46].
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The moving dynamic of spin-orbit (SO)-coupled matter
waves shows new features. For a SO-coupled system, the
Galilean invariance does not hold any more [47-49]. Different
moving directions or speeds can have very different effects
on the dynamics of SO-coupled atomic gases. As a result,
many interesting phenomena arise. A few examples are listed
below. The critical velocity of superfluidity becomes reference
frame dependent [50]. An oscillation of magnetization in
SO-coupled Bose-Einstein condensate (BEC) is induced by
the moving [51,52]. The shape of a SO-coupled BEC bright
soliton changes with its velocity [53] . In a translating optical
lattice, a SO-coupled BEC behaves anisotropically depending
on the direction of translation [54]. The normal density of
superfluidity does not vanish even at zero temperature [55].
And, nonmagnetic one-way spin switch [56] and spin-current
generation [57] have also been demonstrated recently.

In this paper, we study the transport of a SO-coupled cold
atomic matter wave using a moving Dirac §-potential well
(see Fig. 1). We show that the §-potential well can at most
support both a ground state and an excited bound state in
a SO-coupled cold-atom system. These bound states can be
used to efficiently transport the cold atomic matter wave and
thus serve as the transporting channels in the problem. Moving
of the potential well will induce a velocity-proportional effec-
tive detuning, which can substantially affect the transporting
channels. This induced detuning breaks the spin symmetry
and makes the two transporting channels spin-polarized. For
a slow positive-direction moving §-potential well, the ground-
state channel is spin-1 favored, while the excited-state channel

©2020 American Physical Society
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FIG. 1. Diagram of the transport of a SO-coupled cold atomic
matter wave using a moving d-potential well. At time ¢ =0, an
atomic SO-coupled BEC is prepared in the ground state of a §-
potential well. The atoms are equally distributed in the spin-1 and
spin-| components. Afterward, one moves the §-potential well at
velocity v to transport the matter wave. (a) Schematic sketch of the
system. The SO coupling is realized by the two counterpropagating
Raman lasers L; and L,. The third tightly focused movable laser
beam, L;, generates the §-potential well. (b) For a small-velocity
moving §-potential well, it can support two transporting channels—
ground and excited bound states of the moving §-potential well in
the comoving frame. One of the transporting channels is spin-1
favored, while the other one is spin-| favored. Both the spin-1 and
the spin-|, components can be efficiently transported in such a case.
(c) For a large-velocity moving §-potential well, the moving-induced
effective detuning lifts the excited state out of the binding ability
of the potential well; thus matter-wave transportation can only take
place in the ground-state channel. For a positive-direction (negative-
direction) moving §-potential well, the ground-state channel is spin-
1 (spin-|) dominant, thus only the spin-1 (spin-|) component can
be efficiently transported.

is spin-|, favored. Both the spin-1 and the spin-| components
can be transported through their favorable channel. For a slow
negative-direction moving §-potential well, things are very
similar, except that the roles of spin-1 and spin-| exchange
with each other. When the velocity of the moving §-potential
well exceeds a critical value, the induced effective detuning
will be large enough to lift the excited state out of the binding
ability of the §-potential well, thus eliminating the excited
bound-state transporting channel. Therefore, in such a case, a
matter wave can only be transported through the ground-state
channel. Since for a positive-direction (negative-direction)
moving J§-potential well, the ground-state channel is spin-
1 (spin-|) dominant, only this appropriate spin component
of the matter wave can be efficiently transported. These
unidirectional transporting features indicate that the system
considered here may potentially be used to realize spintronic
devices such as spin diodes [58,59], valves [60], and filters
[61,62].

This paper is organized as follows: In Sec. II, the physical
model of this paper is presented. In Sec. III, we solve the
bound states (i.e., the transporting channels) of the moving
§-potential well and discuss their properties. In Sec. IV, the
transporting dynamics and efficiency are shown. At last, the
paper is summarized in Sec. V.

II. MODEL

We consider the transporting of quasi-one-dimensional
SO-coupled cold atoms using a moving §-potential well (see
Fig. 1). The SO coupling is realized by the two x-direction
counterpropagating Raman lasers L; and L, [63]. And the
§-potential well can be generated using a y-direction-shining
tightly focused laser beam [64,65]. Such a system can be
described by the Hamiltonian

H=Hy+U(x,1), (1)

where U (x,t) is the external potential, and Hj is the SO-
coupled free-particle Hamiltonian:

(Px—p)* iy i
_ 2m 2 2
Ho = 2 <px+p() + 0% 2
2

Here p, = hk, = —ih% is the one-dimensional momentum
operator, p. = hik. is the strength of the SO coupling deter-
mined by momentum transfer during the Raman scattering
process, Ay is the detuning of the Raman driving from the
atomic energy level splitting (in this paper we assume that
its value is set to zero, Ay = 0), and 2 is the effective Rabi
frequency for Raman flipping between the two spin states.
The interatom collision interaction is not included here, as it is
assumed to have been eliminated by the Feshbach resonance
technique [66,67]. In the following, for convenience the natu-
ral unit i = m = 1 is used.

Before time t = 0, the system is prepared in the ground
state of a é-potential well localized at x = 0. Then, for time
t > 0, we move the §-potential well at a constant velocity, v,
and study the subsequent transportation. Hence, the external
potential U (x,t) can be written in a piecewise function as
follows:

Vo(x) = =Vod(x),
Vix,t) = —Vpd(x — vt),

t <0,

t > 0. 3)

U(x,t):{

The initial state can be constructed using the free-particle
oscillating evanescent wave modes (for detail, see Sec. III):

x <0,
x> 0.

Ao,lg—;leikx;]x _}_Ao,zé_;zeikx;zx’
Yo = { @

Ao 3E_ 3™ + A 4E_ g€,
The transporting dynamic for time # > 0 is governed by the
time-dependent Schrédinger equation
Y (x, 1)
| =
ot

Note that here the Hamiltonian is time dependent, and it will
be convenient to deal with the problem in a frame comoving
with the potential. So we take the following transformation,

t—t, (6)

H(x, )y (x,t). (5)

X — X — vt,
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and
’(/f N wefivxeivzt/Z. (7)
Under this transformation, Eq. (5) becomes
0Y(x, 1)
D e, ®)

with the transformed Hamiltonian being [51]

1[ (ke — ke)* — A
H = - Vox), (9
, 2[ o (kx+kc_)2+A]+ 0. ()
where
A = 2k.v (10)
is an effective detuning induced by the moving of the external
potential.

This new time-independent Hamiltonian is similar to the
Hamiltonian at time ¢t = 0, except for the moving-induced
additional detuning term. Therefore, the moving §-potential
also supports bound states, and these bound states can also be
constructed similarly using the oscillating evanescent waves
(for detail, also see Sec. I1I)

Az,lsfgzleikmx +Ar,2‘;§7;t26ik’”2xv x <0,

) . 11
ApRE_ et £ A 4Eaee x> 0. (b

Yip = {
These states are bounded by, and at the same time, comove
with the external potential and thus can serve as the transport-
ing channels of the system. In the next section, we show that
the moving §-potential well can at most support two bound
states. We label them as ., and v;,., with subscripts “g”
and “e” meaning the ground and excited states. Moreover, the
excited state disappears for large potential moving velocity.
Hamiltonian (9) also supports an infinite number of scatter-
ing states. However, after a long-time evolution, these states
spread all over the whole space and have negligible densities.
Therefore, they are not important for the transportation. Ne-
glecting them, the efficiently transported matter wave can be
described by the following wave function [68,69]

Y = ngtb;ge_iEgt + Cewtb;ee_iEet, (12)

where E, and E, are the ground state and excited state
eigenenergies, and C, and C, are the ground-state and excited-
state probability amplitudes determined by the initial wave
function according to formulas

e’
Cg,e = / l[Ith;g,eWQewxdx. (13)
—00

Here, when the excited state does not exist, one simply sets
C, = 0 to eliminate its role.

At last, we define some quantities to characterize the trans-
porting efficiency of the moving §-potential well. The time-
averaged spin-1 and spin-| atom numbers of the transported
matter wave are given by

Mm=§:/

i=g,e
and the time-averaged total atom number of the transported
matter wave is
N; = N + Ny = |Gl + ICel. (15)
We emphasize that the total atom number of the initial state
is normalized to 1 in this paper; therefore, N;;; | and N, defined

|CiVupiir, | 2dx, (14)

here indeed can be interpreted as the fraction of transported
atoms compared to the initial state.

III. TRANSPORTING CHANNELS: BOUND STATES
OF THE MOVING §-POTENTIAL WELL

From the previous section, one sees that both the initial
state and the transporting channel problems involve finding
the bound eigenstates of SO-coupled cold atomic matter
waves. For a §-potential well V(x) = —V,6(x), it is equivalent
to a free-space problem except for the very point x = 0. So the
bound eigenstates of a §-potential well can be constructed us-
ing the free-particle modes by matching boundary conditions
at x =0 [70,71]. In this section, we first discuss the free-
particle spectrum and eigenstates of a SO-coupled system,
and then we construct the bound states using the free-particle
modes.

The free-particle modes can be found by diagonalizing
Hamiltonian (9) (with Vj(x) neglected). It comes out that the
eigenenergy is given by

2+ NS
[E—%] —(kckx—i-E) “r(a) =0, (16)

which is a second-order equation of E. This indicates that the
spectrum will split into two branches (we recognize them as
“lower” and “upper” branch in this paper),

k4K
T2

1
E. izﬁ%&+Af+W, (17)

and the corresponding eigenstates are

Yalko) = £ (ke = C. <%>e"’“, (18)

where L = —QRkcky + A)/Q £ V (keky + AY/Q2+1
characterize the spin wave function, and Cy = 1/y/1 + |¢+|?
are the normalization parameters.

Equation (16) admits three kinds of wave vectors with real,
pure imaginary, and complex value, respectively. The real part
of the wave vector k, contributes a traveling plane wave factor
in the eigenstate (18), while the imaginary value part con-
tributes an exponential decay factor. Thus, corresponding to
these three kinds of wave vectors, the eigenstates are traveling
plane wave, ordinary evanescent wave, and oscillating evanes-
cent wave states, respectively [72,73]. For different strengths
of SO coupling k. and Rabi coupling €2, the spectrum of
the system can be a little different. Here we focus on the
strong SO-coupling case with k., > /2, and numerically we
choose k. =1 and Q2 = 0.2 all over the paper. In Fig. 2,
the free-particle spectra are plotted for different detunings
A =0 and £0.1. In the figure, different types of eigenstates
are marked with different styles of lines. From the figure,
one sees that for energy below the minimum of the lower
branch spectrum Ejy < E_ ;,, the four eigenmodes are all
oscillating evanescent waves. Further calculations show that
the corresponding wave vectors, i.e., solutions of Eq. (16),
have the following symmetric form:

kx;l,3 - ,3 F i(XI, kx;2,4 - _,8 + iaII- (19)
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FIG. 2. Free-particle spectrum of SO-coupled cold atomic matter wave. SO-coupling and Rabi-coupling strengths are k. = 1 and Q = 0.2,
respectively. (a) Positive detuning A = 0.1. (b) Zero detuning A = 0. (c) Negative detuning A = —0.1. The violet lines correspond to the
upper (U) spectrum branch E., while the green lines correspond to the lower (L) spectrum branch E_. The solid, dashed, and dotted lines
represent traveling plane (P), oscillating evanescent (O), and ordinary evanescent (E) waves, respectively. For the traveling plane wave, the
wave vector k, has a real number value, and the x axis is set to K, = k,; for the oscillating evanescent wave, k, = B % i, and the x axis is set
to K, = sgn[Re(k,)] - |k,| (therefore, the lines for +« and —« overlap with each other); and for the ordinary evanescent wave, k, = %ic, and

the x axis is set to K, = sgn[Im(k,)] - |k,|.

Here oqy; and B are real positive numbers. Specially, when
A = 0, the two imaginary part numbers also equal each other
o = o = .

Since waves exp [iky.1 2] = exp[£ifx 4+ ogx] decay
to zero when x — —oo, while waves expliky34] =
exp[£ifx —oyux] decay to zero when x — 400, the
bound states of a §-potential well can be constructed using
these four oscillating evanescent wave modes. The wave
function can be written as

vy = ArE_ehar 4 AyE_ etk
b AsE 3™ 4 AyE_ et x>0,

A1$,~1ei’6x+alx +A2§7.2e—iﬁx+anx, x < O,
= {A3$;3eiﬂx—a1x +A4%—7;4e—iﬂx—anx, x> O,

with symbols &_.1 234 = &_(ky123.4) for shorthand. The
wave-function parameters A; 34 and the eigenenergy E,
[ky.1.2,3.4 are determined by E}, according to Eq. (16)] are to be
determined by the normalization constraint f_oooo [yp2dx = 1
together with the following boundary conditions: Continuity
of wave function,

x <0,

(20)

V(o = Yp(X)lo_,
and jump of the first-order derivative of the wave function
caused by the singularity of the §-potential,

dyp(x)|  di(x)
dx dx

21

= —2Vop(x = 0).
0—

(22)

0+

Because of the spin-1/2 nature of the system, a §-potential
well can support two bound states (which are recognized as
ground and excited states in this paper) with spin symmetry
|I//¢|2 = |1/fT|2 when the detuning is absent (A = 0). When a
small detuning is introduced, this spin symmetry is broken,
| ¢|2 * |1//T|2. According to Hamiltonian (1), a positive de-
tuning will raise the energy of the spin-| (or in other words,
negative momentum) component and, at the same time, lower
the energy of the spin-1 (negative momentum) component.
This fact can also be seen from the spectrum shown in Fig. 2.

As a result, the ground state becomes spin-1 favored, while
the excited state becomes spin-|, favored. When the detuning
becomes large, the energy of the excited state will be raised
out of the binding ability of the potential well, hence the
excited state will disappear. For a negative detuning, the roles
of spin-1 and spin-| exchange with each other. These facts
are shown in Fig. 3, where ground and excited bound states
are plotted for zero and small detunings, A = 0 and 0.1. And
for large detunings, A = £0.8, the excited state disappears,
and only the ground state is plotted.

We also studied the §-potential well bounded SO-coupled
spectrum. The ground-state and excited-state energies are
plotted as a function of the detuning A in Fig. 4. The detuning
induced energy splitting of the two states, and the disappear-
ing of the excited state can be clearly seen in this figure. One
can also see that for a deeper potential well the excited state
disappears at a larger value of the detuning A. This is further
shown in Fig. 5, where the excited-state disappearing critical
detuning A, is plotted as a function of the §-potential well
depth Vp. In this figure, in the region below the critical-value
line (the black solid line), both the ground and the excited
states exist, while above the line the excited state disappears,
and there is only one bound state, the ground state.

At last, recalling that moving can induce an effective
detuning A = 2k.v, it is concluded that a small positive
(negative) velocity moving §-potential well can support both a
spin-1 (spin-| ) favored ground-state transporting channel and
a spin-| (spin-1) favored excited-state transporting channel,
while a large positive (negative) velocity moving §-potential
well can only support a spin-1 (spin-|) dominant ground-
state transporting channel. This will lead to very different
transporting properties of the §-potential wells moving with
different velocities.

IV. TRANSPORTATION

When the §-potential well moves at a small velocity
(moving-induced detuning fulfills |A| = 2k.|v| < |A.|, with

013304-4



UNIDIRECTIONAL SPIN TRANSPORT OF A ...

PHYSICAL REVIEW A 102, 013304 (2020)

0.6 ——— 0.6
0.5F 1 os[© ]
o~ 0.4F “o 0.4+ B
S0l 1 Sosk ]
=0.2¢ 41202+ -
015 1 o1l ]
0.0 L 0.0 )
1.0 1.0
0.8f n _ 1 o8-, . 7
™ [ i T [ i n 1
—0.6F 1%z 0.6k " 7
o 1 2040 .
£oap 1 £0ap i .
0.2 4020 ‘\ 4
0.0 0.0 st N ]
- 4 24 2 0 2 4
X
1.2 I B
1.0F 1 1ol® . 1
I _ ] ‘A =—084
~ 0.8F ~o 0.8+ n g
5 0.61 +4 Jo6f o 4
~ L 4 ~ . 1
=04f 1= 04F L }
0.2 1 02l L i
0.0 0.0 et e ]
-7 4 21 2 0 2 4
X

FIG. 3. Eigenstates of a §-potential well trapped SO-coupled
cold atomic matter wave for different effective detunings (A =
2k.v =0, 0.1, and £0.8). The solid violet lines stand for the spin-1
component atomic density |4 |2, while the green dashed lines stand
for the spin-| component atomic density WMlz. Top panels: Spin
symmetric ground (g) and excited (e) states for zero detuning A = 0.
Middle panels: Spin asymmetric ground and excited states for a small
detuning A = 0.1. Bottom panels: Spin asymmetric ground states
for large positive A = 0.8 and negative detuning A = —0.8. The
excited state is absent for such large detunings, thus only the ground
state is plotted. The eigenenergies corresponding to these states
are —0.5536, —0.4540, —0.5742, —0.4334, —0.9056, and —0.9056,
respectively. The SO-coupling and Rabi-coupling strengths are k. =
1 and 2 = 0.2, respectively, and the depth of the §-potential well is
Vo =1

the critical detuning |A.| having been shown in Fig. 5), both
the ground-state and the excited-state channels participate
in the transporting, and interference will happen between
them. As a result, an oscillation of the atomic density can
be observed during the transporting process. The oscillating
period is determined by the energy difference between the
ground and excited states, T = 2n /(E, — E,). In the left
panels of Fig. 6, such an oscillation is shown for a §-potential
well with depth V) = 1.0 moving at velocity v = 0.05. The
ground-state and excited-state energies are —0.5742 and
—0.4334, respectively. Therefore, the oscillating period is
T =~ 44.63 in the figure.

When the §-potential well moves at a large velocity (|A| =
2k:|v| > |A¢]), the moving-induced detuning eliminates the
excited-state transporting channel, and the ground-state chan-
nel plays the only transporting role. Without the excited-state

0.0 1+
0.3 F
< -0.6]

0.9}

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 4. The spectrum of a §-potential bounded SO-coupled cold
atomic matter wave. Ground-state (g, violet lines) and excited-state
(e, green lines) energies Ej,. are plotted as a function of the
effective detuning A = 2k.v. Solid, dashed, and dotted lines repre-
sent different potential well depths V, = 0.8, 1.0, and 1.2, respec-
tively. The SO-coupling strength and the Rabi frequency are k. = 1
and ©Q = 0.2, respectively.

channel to interfere with, no oscillation happens in this case.
For a positive-direction moving potential, the ground-state
channel is spin-1 dominant, thus only the spin-1 compo-
nent matter wave can be efficiently transported. While for
a negative-direction moving potential, the spin-| dominant
ground-state channel can only efficiently transport the spin-|,
component matter wave. This is shown in the middle and right
panels in Fig. 6.

We also examined the relationship between the transport-
ing efficiency and the moving velocity of the §-potential well.
The total transported atom number N, and the atom number
of each spin component N;;; ; are plotted as a function of the
potential moving velocity v in Fig. 7. In the figure, below the
critical velocity (Jv| < 0.25), for a positive-direction moving
potential, the spin-1 component is a little favored; while
for a negative-direction moving potential, it is the spin-|
component that is favored. And the total transported atom

1.0
0.8} 1
0.6 L 8

z | Only Ground State

*0.4} 8
0.2 F Both Ground and 1

i Excited States

%03 03 06 . 09 12 15

Vo

FIG. 5. Critical detuning for the disappearing of the excited state.
The absolute value of critical detuning is plotted as a function of the
5-potential well depth Vj, the black solid line. Below this line, the
light blue region supports both a ground and an excited bound state.
While above this line, the pink region supports only one bound state,
the ground state. The SO-coupling strength and the Rabi frequency
are k. = 1 and Q = 0.2, respectively.
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FIG. 6. Time evolution of the transported matter wave under different potential moving velocities. Left panels: Interference pattern between
the ground-state and excited-state channels’ transported matter wave for a small velocity (v = 0.05) moving §-potential well. Middle panels:
Spin-1 component dominant transporting for a large velocity positive-direction moving (v = 0.4) §-potential well. Right panels: Spin-|
component dominant transporting for a large velocity negative-direction moving (v = —0.4) §-potential well. The SO-coupling strength, the
Rabi frequency, and the depth of the §-potential well are k. = 1, @ = 0.2, and V = 1.0, respectively, for all plots.

number takes a value of nearly 1 (not less than 95%), which
means that almost all the atoms can be transported in this
case. However, when the velocity of the potential well exceeds
the critical value (Jv| > 0.25), one of the spin components
(spin-| for positive-direction transporting, while spin-1 for
negative-direction transporting) suddenly drops to almost O,
and only the other spin component can still be transported.
Except for this sudden dropping of transporting efficiency, in
the figure one also notices a slow dropping of the total trans-
ported atom number as the transporting velocity increases.
Mathematically, this is because, for a large value of v, the
factor e™* in Eq. (13) contributes a fast oscillation, which will
reduce the transported matter-wave amplitude. Physically, this
can be explained by the fact that a faster moving of the
potential tends to excite more atoms out of the trapping well.

At last, we also point out that here the moving of the
§ potential is switched on abruptly. However, one can also
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L Nt
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FIG. 7. Amount of transported atomic matter wave for different
transporting velocities. The violet solid line represents the total
amount of transported matter wave N, defined in Eq. (15). The green
dashed and cyan dash-dotted lines represent the amount of spin-71
and spin-|, components, N;.; and N,.,, defined in Eq. (14). An abrupt
dropping of the amount of transported matter wave happens around
v ~ £0.25, which is the critical velocity for the disappearing of the
excited-state transporting channel. The parameters used are k. = 1.0,
Q=0.2,and V; = 1.0.

discuss the case of adiabatically switching on. In such a case,
according to the adiabatical theorem [74], the atoms will
adiabatically follow the ground state of the moving potential
(we assume the atoms are initially prepared in the ground
state). And as we have already demonstrated the dependence
of ground-state spin polarization on potential moving velocity
in Sec. III, therefore the unidirectional spin transport can be
achieved as well.

V. SUMMARY

In summary, we have studied the transport of a SO-coupled
cold atomic matter wave using a moving Dirac §-potential
well. The transporting can happen in two different channels
(the ground and excited bound states of the moving §-potential
well). Because SO coupling breaks Galilean invariance, the
transport shows a prominent unidirectional property. For small
moving velocity, both the ground-state and the excited-state
channels contribute to the transportation, and the two spin
components can both be efficiently transported, where spin-1
(spin-| ) is a little favored for a positive-direction (negative-
direction) transport. And in such a case, the interference
between the ground-state and the excited-state channels will
cause an oscillation of the transported matter-wave density.
When the moving velocity exceeds a critical value, the
excited-state transporting channel disappears, and only one
spin component of the matter wave can be efficiently trans-
ported through the ground-state channel. A positive-direction
moving §-potential well only efficiently transports the spin-1
component, while a negative-direction moving potential well
only efficiently transports the spin-| component. The critical
moving velocity is also identified in the paper. Note that while
some experimentally realizable potentials [64,65,75,76] can
be modeled by the § function, the phenomena reported here
are expected to be observed experimentally.
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