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Josephson physics of spin-orbit-coupled elongated Bose-Einstein condensates
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We consider an ultracold bosonic binary mixture confined in a quasi-one-dimensional double-well trap. The
two bosonic components are assumed to be two hyperfine internal states of the same atom. We suppose that
these two components are spin-orbit coupled to each other. We employ the two-mode approximation starting
from two coupled Gross-Pitaevskii equations and derive a system of ordinary differential equations governing
the temporal evolution of the interwell population imbalance of each component and of the polarization, which is
the imbalance of the total populations of the two species. From this set of equations we disentangle the different
macroscopic quantum tunneling and self-trapping scenarios occurring for both population imbalances and the
polarization in terms of the interplay between the interatomic interactions and the other relevant energies in the
problem, like the spin-orbit coupling or the conventional tunneling term. We find a rich dynamics in all three
variables and discuss the experimental feasibility of such a system.
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I. INTRODUCTION

In the last few years artificial spin-orbit (SO) coupling has
been realized in the laboratory with both neutral bosonic sys-
tems [1] and fermionic atomic gases [2,3]. These achievements
have stimulated theoretical efforts to understand the role of the
SO coupling with Rashba [4] and Dresselhaus [5] terms in the
physics of ultracold atoms.

Spin-orbit-coupled Bose-Einstein condensates (BECs)
have been considered in Refs. [6—10], where the authors have
determined the zero-temperature phase diagram and studied
the excitation spectrum in uniform systems. Bosons in two
SO-coupled hyperfine states have been investigated in different
contexts, for instance by exploring different confinements
and geometries, e.g., two-dimensional (2D) periodic geome-
tries [11-13], a tight 2D harmonic potential plus a generic
one-dimensional (1D) loose potential [14], and confinements
in quasi-1D parabolic traps [15]. A large variety of vortex
structures, Skyrmions, and other unconventional BECs has
been discussed in this context [16,17]. Also the richer strongly
correlated quantum Hall phases stemming from the spin-orbit
coupling (which can be regarded as a non-Abelian external
field) have been recently discussed [18,19]. On the fermionic
side, the experimental realization of the SO coupling has
produced a growing interest in the study of its role in the
crossover from the Bardeen-Cooper-Schrieffer state of weakly
bound Fermi pairs to the BEC of molecular dimers both for a
3D uniform Fermi gas [20-22] and in the 2D case [21-23].

One of the richest scenarios opens up when two internal
hyperfine states of the same bosonic atom are coupled to each
other by means of two counterpropagating laser beams and
confined by a one-dimensional double well. This framework
represents the ideal arena to analyze the atomic counterpart
of the Josephson effect which occurs in superconductor-
oxide-superconductor junctions [24] with bosonic binary
mixtures [25-32]. It is worth noting that Josephson physics
with bosonic mixtures seems within reach for a number
of experimental groups which have in recent years studied
single-component Josephson physics [33—40].
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The aim of the present work is to study the Josephson
oscillations with SO-coupled Bose-Einstein condensates. In
this case, the boson dynamics is ruled by two coupled 3D
Gross-Pitaevskii equations, the couplings consisting in the
intra- and interspecies interactions and spin-orbit coupling.
By employing the two-spatial-mode approximation [41,42],
neglecting the interatomic interactions between bosons in
different wells, and assuming that the Rashba and the
Dresselhaus velocities are equal, one derives a system of
ordinary differential equations (ODEs). The solution of these
ODE:s provides the temporal evolution of the relevant variables
of the problem. These are the two fractional population
imbalances z;, defined as the difference in the occupation
of the two wells for each bosonic component labeled by
k=1,2. On top of these we define the total population
imbalance z;, between the bosons in species 1 and those in
species 2. We term this latter variable the polarization,i.e., zero
polarization implies an equal amount of atoms populating the
components 1 and 2, while the system is fully polarized if all
atoms populate either one of the two species. The dynamical
evolution of z;, gives the interchange of atoms between the
two bosonic components and is therefore directly related to
the SO coupling.

We numerically solve the aforementioned ODEs and study
the temporal behavior of the three z’s and their corresponding
canonically conjugated phases. We focus on the interplay
between the boson-boson interaction and the interwell spin-
orbit coupling (the intrawell SO coupling is zero in first
approximation) in determining the importance of the inter-
change of atoms between the two bosonic species on the
two canonical effects: self-trapping and macroscopic tunneling
phenomena. In particular, we point out that an analog of the
macroscopic quantum self-trapping that one observes for the
variable z; [27,30] exists for the polarization zj, as well.
During the zj, self-trapped dynamics, on the average, one
bosonic component is more populated than the other one.

There are thus two major aspects to be explored in
this problem. First, the interplay of spin-orbit coupling and
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tunneling phenomena, which has for instance been recently
discussed at the single-particle level for an electron in a
double quantum dot [43], and secondly, the role played by the
spin-orbit coupling in the presence of atom-atom interactions.
The former has been explored in detail in a recent work by
Zhang and co-workers [44]. There, they concentrated on the
effect of the spin-orbit coupling in the Josephson regime,
describing a spin-Josephson current induced by the spin-orbit
coupling. The effect of interactions was explored only in some
limiting cases. In the present article, our focus will be set on the
effect of atom-atom interactions, exploring all the scenarios in
due detail. In particular we provide here a thorough analysis
of the macroscopic quantum self-trapping (MQST) which will
be shown to take place in both in the spin polarization and the
population imbalances of each species.

The article is organized in the following way. First, in Sec. II
we describe the single-particle Hamiltonian of the system,
following the experimental realizations of Refs. [1,33], for
the implementation of the spin-orbit interaction and double-
well potential, respectively. In Sec. III we present the mean-
field description of the problem. In Sec. IV the two-mode
approximation is exploited to derive the ordinary differential
equations that we use to describe the dynamics of our system.
In Sec. V we study the effect of the spin-orbit term on the
macroscopic quantum tunneling and self-trapping. A summary
and conclusions are provided in Sec. VL.

II. DOUBLE-WELL PHYSICS WITH ARTIFICIAL
SPIN-ORBIT COUPLING

The physics of ultracold atoms confined in a double-well
potential with spin-orbit coupling can be studied with current
state-of-the-art techniques. We will consider for the spin-orbit
coupling a similar setup to that in the experiment [1]. The
external double-well potential can in principle be implemented
simultaneously, as in Ref. [33].

To engineer the spin-orbit coupling we follow the experi-
mental scheme of Ref. [1]. Thus, we consider a pair of Raman
lasers—propagating along X + § (with X and § the unitary
vectors of the x and y axes) and —% + 9, respectively, so
that the beams intersect at an angle equal to 90°—which
couple two internal hyperfine states of the same bosonic
atom, for instance the myp = 0,1 components of an 87Rb
F =1 spinor condensate. These two states, |1), = |mp = 0)
and ||), = |mp = 1) (b stands for bare), differ in energy
by the Zeeman shift Aw;. The two lasers [with frequency
difference Aw; = (wz + &) and wave number k; ] are detuned
by a frequency 6 from the Raman resonance and couple the
states |1);, and || ), with the Raman strength A2g. Then the
single-particle (SP) quantum Hamiltonian can be written as [1]

2

Hsp = [p— + U(l')i|00 + vR(Pa0y — Pyor)
2m

hQg
2T

hé

-0y, (D

+UD(px0y +py0x) + )

where p = (px, py,p;) = —17(0y,0y,0;) is the linear momen-
tum operator, U(r) is the external trapping potential, vg and
vp are, respectively, the Rashba and Dresselhaus velocities,
oo is the 2x2 identity matrix, and oy, oy, and o, are the
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Pauli matrices. In the recent experiments [1-3] one has
Vg = vp = v, which is the configuration that we shall consider
in the present paper.

We observe that the Hamiltonian (1) can be obtained
from that written in the bare pseudospin basis |1), and
[{)» by applying to this, first, the transformation U =
[[e~*:* 0],[0 e'*:*]] that corresponds to introduce the dressed
pseudospin basis |1) = e **:*|1), and |{) = e/**||),. The
Hamiltonian so achieved is the same (apart from the external
trapping term) appearing in Eq. (2) of [44]. By performing
on this Hamiltonian the global pseudospin rotation o, — oy,
0y — 0y, and oy — o, one obtains the Hamiltonian (1). The
relation between our variables and the ones used in [44] is
provided in Appendix A. It is also worth noticing that the
use of the dressed bases is what makes the Raman coupling,
proportional to Qg, look like a detuning term, and vice versa.

As in Ref. [33], the double-well potential could be im-
plemented with a dipole trap complemented with two optical
lasers. The standing wave produces a double-well potential
with a separation of the wells of the order of 5 um. The details
are provided in Ref. [45].

III. MEAN-FIELD DESCRIPTION:
GROSS-PITAEVSKII EQUATIONS

We consider a dilute binary condensate with a spin-orbit
coupling term as described above, whose single-particle
Hamiltonian is given by Eq. (1). Due to the assumption vz =
vp = v (see the previous section), the spin-orbit coupling is
effective just in one dimension, i.e., the x direction. Then the
ultracold atomic cloud is further assumed to be confined in
the transverse (y,z) plane by a strong harmonic potential with
frequency w, and in the axial (x) direction by a generic weak
potential V (x), namely,

Ur) = V(x)+ tmwl (* + 2°). (2)

The choice of such a trapping potential allows us to restrict our
discussions to 1D and focus on the dynamics of atoms along
the x axis by considering practically frozen the dynamics in
the (y,z ) plane.

Under the hypothesis that the boson-boson interactions
(intra- and interspecies) can be described by a contact potential,
the two time-dependent 3D Gross-Pitaevskii equations (GPEs)
which control the spatial-temporal evolution of the binary
condensate are given by

iy = [-3VP+ V) + 307 + 25 £ T + 27 &l
+27 gl P |k F (0, + i)Y, 3)

where k = 1,2. The sign in front of I" is plus (minus) when
k =1 (k = 2), while the second sign ambiguity is solved with
minus (plus) for k =1 (k =2). In Eq. (3) lengths, times,
and energies are written in units of a; = /A/(mw,), a)ll,
and hw,, respectively. Here ¥ (x,y,z,t) is the macroscopic
wave function of the kth atomic hyperfine state (k = 1,2).
The number of atoms populating each hyperfine state can be
computed at any time as

/ f / Vi (x,y,2,0)|7dr = Ni(2). 4
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The strengths of the intra- and interspecies interactions are
given by

8k =2ar/ayr, g1 =2ap/ay, &)

where a; and a); are the s-wave scattering lengths pertaining,
respectively, to the intraspecies and interspecies interactions.
Note that y = 2v/(a ), ) is the dimensionless SO coupling,
and I' = Qx/Qw,) and §= 8/Qw,) are the dimensionless
Raman and detuning frequencies, respectively.

These GPEs can be derived with the ordinary variational
procedure from the Lagrangian density,

L=Ly+Lso+ Ly, (6)

where

. 1 1
Lw=2)ﬁLa+4ﬂ—wm—ﬂf+fﬂm (7
2 2
k=1,2
is the Lagrangian density of the noninteracting binary conden-
sate,

0= =T = [¥2l") + y (Ui d:v2 — Y3 0:91)
i — ViV (8)
is the SO-coupling contribution, and

Ly =—n g@ilnl* — 7 glvol* = 27 gulvi Plva* - )
is the term due to s-wave interactions between the bosonic
atoms.

By assuming a cloud strongly localized in the transverse
plane and weakly localized in the axial direction [see the
above discussion about the trapping potential (2)], we can
derive a system of effective one-dimensional Gross-Pitaevskii
equations by adopting the usual Gaussian ansatz for the wave
functions v (k = 1,2) in the directions y and z, that is,

1
jz%zﬁp{)é+z}ﬂ@0 (10)

where the complex functions f;(x, t) (k = 1,2) are dynamical
fields, obeying the normalization f | fe(x,0))?dx = Ny, as
follows from Egs. (4) and (10).

Inserting the ansatz (10) in the Lagrangian density L given
by Eq. (6) [its contributions being the right-hand sides of
Egs. (7)-(9)] and performing the integration in the transverse
directions (y and z) starting from [ drL we obtain the effective
1D Lagrangian

i 1
I = / dx {L;; f,j(ia, + 583>fk — [+ VIl fil?

- ‘%klfkl“} — gl AP1AP =TUAP =1 A1)

Yr(x,y,z,t) =

Ty ([ fo— o f)+is(ff fo — fz*fl)} - (1D

By varying L with respect to f;* we get the following system
formed by two coupled 1D GPEs embedded in the following
equation:

0 fi = [—307 + V() £ T + &l fil* + g2l ik *]
F(yoy +i8) fss, (12)
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where k = 1,2, and the ambiguities about the signs are solved
as was done for Eq. (3).

IV. BIMODAL APPROXIMATION

Let us suppose that the potential V(x) on the right-hand
side of Eq. (2) is a symmetric double-well potential Vpw(x).
To describe the dynamics by a finite-mode approximation,
we use a two-mode ansatz for each wave function f; (recall
k = 1,2), as originally introduced in [42]:

file,t) = WE (G (1) + YEOG (%) (13)

The functions ¢f(x) (@ = L,R) which we consider as real
functions as was done for example in [29-31], are single-
particle wave functions tightly localized in the «th well, while
the time dependence is encoded in W{ (1) = /N2 (1) €/%®,
where the total number of particles in the kth species
is given by NE@)+ NE@) = |WE@OP? + [VR@)1> = Ne(@).
The functions ¢} (x) satisfy the following orthonormalization
conditions: [ dx[¢f(x)]* = 1 and [ dx¢f(x)gf(x) = 0.

At this point, we exploit the two-mode approximation
for fi(x,t) given by Eq. (13) in each of the two coupled
one-dimensional Gross-Pitaevskii equations (12). By left-
multiplying both the left-hand and the right-hand sides of the
Ji 1D GPE for ¢} (x) and integrating in the x direction, one
obtains the equations of motion for N} and 6; (note that here
one has to take into account the above orthonormalization
conditions). We retain only the integrals with wave functions
localized in the same well for the boson-boson interactions and
terms related to the Raman and detuning terms. Conversely,
due to the derivative coupling, both the SO coupling in the
same and different wells has to be considered. The equations
of motion for N} and ;' thus read

N{ = —2Jiy/ N Nf sin (67 — 67)

+ 283,/ N{_ N sin (67 — 65_;)
+£285% /N N sin (67 — 05)
F2D% /NS, Nf cos (F — 05,), (14)

0f = —(UxNf + € + UpN{_, £7T)

v
+ Jiy| Nka cos (¢ — 6f)

»

Bt cos (6 —05.,)
k
a0’ %X k
S12 Na cos (Gk 05 k)
k
NOt
+ D%, 1\3]k51n(9k 03 ). (15)
k

The sign in front of the Dj, term in Eq. (14) is minus (plus)
for k = 1 (2). In Eq. (15) the sign in front of I" is plus (minus)
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for k = 1 (2). In both equations the + sign in front of §%* is
plus (minus) for the component 1 (2).

The following constants are introduced in terms of the
single-particle functions ¢y :

€ = /dx [¢g(x) (—%af + VDw(x)) ¢,‘f(x)i| +1,
U = gk[dx (62)",
Je = — / dx [mL(x) (—%83 + VDw<x)> ¢,§(x>],
Un =g [ dx (#9)°(03)" (16)
Sh=v / dx ¢ ()5 (x),
S =y / dx ¢ (x)d. 95 (x).

DY, = S/dx % (xX)P5 (x).

€ is the kinetic plus the potential energy (due to the external
trapping) of the bosonic component k (k = 1,2) inside well
o (¢ = L,R). Uy and J; are the intrawell interaction and the
tunneling amplitude between the two wells for the k species,
respectively. Uy, is the interspecies interaction between bosons
in the same well. The two terms which genuinely have the
spin-orbit-coupling term in the single-particle Hamiltonian
are ST, and S"fia/, which are for bosons within the same well
and different wells, respectively. Finally, DY, is the intrawell
coupling between different components due to the detuning §.

In obtaining the equations of motion (14) and (15),
we have used the double-well left-right symmetry so that
ef=ef =€, UL =UR=U;, and U5 =UE =Uyp. We
have employed, moreover, the following properties: By in-
tegrating by parts we have both S% = —S¢ and §%* =
—5 and finally that 5% = —8%. We are assuming that
m) = m, = m; thus it is possible to work with the same
localized modes for both components, that is, ¢f = ¢5 = ¢“
(a = L,R). If thisis the case,e; =€, =€, J; = J, = J, and
Dy, = §. This also implies that S}, and S5, vanish. After
defining S, = S5% = —8F" and §_ = §&" = -85, we
can rewrite the equations of motion (14) and (15) as

N¢ = —2J,/ N N sin (68 — 65)

R(L L(R) _-. L(R R(L
+25i(;,:) NS—(k)Nk( )Slll (Qk( )_03—(1())

F28,/Ng_ N cos (0 — 65, (17)

jo o o NI?, o o
6f = —(UkNg + UppN§_ 1) +J e €os (F —0f)

k

L) _ gLy

<N
+8 | =K sin (67 —605,). (18)
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The upper (lower) sign in these equations holds for k = 1 (2).
For the SO-coupling term (S1), the symbol without (with)
parentheses holds for the equation of motion of the occupation
Ng or 6 with = L (R). In Appendix A we show how
to derive these equations as the semiclassical limit of the
exact bimodal many-body Hamiltonian. The equations (17)
and (18) rule the temporal evolution of N7 and 6;. From
these equations, it can be seen that the hopping amplitude
J, the spin-orbit-coupling strength S, and the detuning § are
responsible for coherent phenomena related to the interwell
transfer of the same bosonic species, coupling of different
components in different wells, and coupling of different
components in the same well, respectively. Nevertheless, the
role played by these three parameters will be analyzed in more
detail in the following sections, where we discuss the dynamics
by analyzing a wide class of scenarios.

As detailed in Appendix B, a set of population imbalances
and corresponding phase differences provide an appropriate set
of variables to study the interplay between tunneling and spin-
orbit coupling. These variables allow one to make the connec-
tion with the usual Josephson dynamics in binary mixtures and
thus to better understand the role played by the spin-orbit cou-
pling. We define one population imbalance between wells for
each component, z; = (N} — NF)/N, zo = (NF — NF)/N,
and a global population imbalance between components,
which can be seen as polarization, z;, = (N — N»)/N, with
Ny = Nf + N[F.The corresponding phases are 6, = 0 — o,
6 = 0f — 0, and 015 = 6F + OF — (OF +6).

V. JOSEPHSON DYNAMICS IN THE
SPIN-ORBIT-COUPLED DOUBLE WELL

For the numerical results discussed in this section, we con-
sider N = 10° ¥’Rb atoms, and that the wavelength of the two
counterpropagating lasers is A ~ 10° nm. Following Ref. [1],
we introduce natural units for the momentum and energy as
kp =27 /hand E; = h?k? /(2m). The SO coupling is given
by v = E /hky and therefore for w; = 4007 Hz one obtains
y = 3.37. Notice that Sy is defined as an overlap integral
[see Eq. (16)]. To keep the model simple we approximate the
four on-site modes by Gaussian wave functions. In this case,
the overlap integral is proportional to exp(—d?), d being the
distance between the minimum of each well and the origin.
Then both Si and J can be tuned by varying the distance
between the wells.

The SO coupling v is independent of the detuning §
and the Raman coupling 2z. We assume that Q2 can be
tuned in the interval [0,7E/A], and then Ip. = 19.92. §
is proportional to exp(—d?) and can thus also be tuned by
varying d. In the following, we take the scattering lengths
a; >~ ap >~ 101.8ay [46], with gy the Bohr atom radius which
gives Ut ~ 0.0012, where Us = (2a00/aL)fdx[¢°‘(x)]4,
apo = 101.8ap, and the integral is performed on the whole
real axis. We refer all variables in the rest of the paper
to this value of the interactions. We define A; = U sN/J,
which is the usual variable quantifying the ratio between
atom-atom interaction and tunneling in a single-component
bosonic Josephson junction. Similarly, we define the quantities
Ag=UwtN/Sy,and Ap = UrefN/S. Finally, we assume that
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the interactions can be tuned with respect to the reference, and
therefore we define Cy = U/ Uy and Cy,, = Ujz/ Uret.

Note that in this part of the paper, we shall take U, =0 to
make the effect of the spin-orbit coupling as clear and neat as
possible. Let us note, however, that the effect of the repulsion
between species has been discussed thoroughly in Refs. [25—
32,47], where it was found that the conventional Josephson
dynamics is crucially modified by this term, even leading to
measure synchronization in some limits [48]. In particular,
the interspecies interaction induces the presence of additional
fixed points in the problem which are related to the repulsion
between components. Nevertheless, we take into account the
effect of the boson-boson repulsion in Sec. V D.

A. Some considerations about fixed points

Inspection of Hamiltonian (B1) [or its many-body counter-
part, Egs. (AS), (A6), and (A8)] permits one to identify three
different processes which interchange atoms between wells or
components. The first one is the usual tunneling between the
two wells and is given by the term J~ N} N,ﬁ‘/ cos(ff — 49,‘("/)
in Eq. (B1). The second one is associated with the SO terms
proportional to Sy in Eq. (B1) and couples the atoms of one
species located in one well to the atoms of the second species
located in the other well. The third one is given by the terms
corresponding to the detuning § in Eq. (B1). This is a coupling
between atoms of different species in the same well. Finally,
we note that the Raman frequency I' introduces an energy
gap between the two species in Eq. (B1). In this work, we
study the effect of the SO coupling, detuning, and Raman
frequencies in the well-known Josephson dynamics in double
wells. We focus on the case in which the most populated
species has a certain population imbalance and study the effect
of the dynamics of this species on the second initially balanced
species. To understand this problem, let us discuss briefly
the fixed points of Eqgs. (B9)—(B12) when SO coupling and
detuning frequencies are considered.

In the absence of interactions and when all terms other
than the tunneling energy vanish, the fixed points are the usual
ones at (z?,@,?) = (0,nm), n € Z. In such a case, there is no
process that can produce interchange of atoms between the
two components. Therefore z;, remains constant at its initial
value. This picture changes when the other two processes are
considered. In the presence of the SO coupling and tunneling,
when all other terms vanish, one can prove that Eqgs. (B9)—
(B12) vanish for (z0,60) = (z,,0%) = (0,0). When initially
Z12 1s different from zero and all other variables vanish, the
population imbalances z; and the phase 8}, will remain at their
initial values, while the equations of motion can be reduced to

212 = —2S+ Siné\/q, (19)

212
—’
/ 2
1=z,

with @ = (8; + 6,)/2. Therefore, both z;, and § will oscillate
during the evolution. In such a case, we observe numerically
that the growth of 6; and 6, is unbounded, with opposite
signs. In addition, when initially all variables are zero

g =28, cosf (20)
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except for z;, the polarization zj, remains at its initial
value at zero. On the other hand, (6, + 6,)/2 and z; + 2
will oscillate, with the latter bounded by =£[z,(0) + z2(0)],
while 6}, also oscillates. We observe numerically that
71 — 22 = 21(0) — z2(0) throughout the evolution.

In the presence of only detuning, Eqs. (B9)—(B12) vanish
for (zi,@,?) = (0,0), but now it is necessary that (1?2,6‘?2) =
(0,7r). When initially z;, is different from zero, 6;, = m, and
all other variables vanish, the population imbalances z; and the
phase 6, will remain at their initial values, while the equations
of motion can be reduced to

Z1p = =28 cosb,/1 — 22, 21)

6= —45sind—2__ (22)

V1 —h

with § = (6, — 6,)/2. Therefore, both z;, and & will oscillate
during the evolution. If z; are different from zero initially,
while z, is zero, both (6 — 6,)/2 and z; — z, will oscillate,
with the latter bounded by £[z;(0) — z2(0)]. Now, z;, remains
at its initial value, 6y, also oscillates, and we observe
numerically that z; + zo = z1(0) + z2(0).

In the next section we study how the fixed-point analysis
briefly discussed above can help to understand the dynamics
when the most populated species has a certain population
imbalance, while the second species is balanced, that is,
initially z;» and z; are nonzero, while z; is zero. To illustrate
this situation we consider in all numerical examples to
be discussed in the next sections that initially z; = 0.518,
7o = 0.002, z;» = 0.64, and all initial phases are zero unless
explicitly indicated.

B. Macroscopic quantum tunneling and self-trapping
in the presence of spin-orbit coupling

We first assume § = I' = 0, and study the effect of the
SO coupling v. This coupling is associated with the kinetic
moment p, or p, of the atoms in each species [see Eq. (1)]. As
we have shown, when the single-particle 3D potential can be
reduced effectively to a 1D double well, where the dynamics
in transverse directions is essentially frozen, the SO coupling,
proportional to Sy, becomes apparent in a nontrivial way in
the equations of motion.

The SO-coupling term allows for the complete transfer of
the atoms of species 1 in the left well to species 2 in the right
well [see Figs. 1(a) and 1(b)], when no other term is considered.
In the presence of a tunneling term which dominates the
SO coupling [see Figs. 1(c) and 1(d)], z; shows fast Rabi
oscillations, where its corresponding phase is bounded. This
can be understood in view of Egs. (B9) and (B11), as in
the presence of a tunneling which dominates over S, these
equations will vanish only if 6y = 0,7, . ... Therefore, in this
case the growth of 6; cannot be unbounded and has to oscillate
around 6, = 0. A small transfer of atoms between the two
components still occurs, but it is not enough to transfer all
population from component 1 to component 2 before it tunnels
to the other well. If S1 are comparable to J, the two effects
are combined, the transfer of atoms between components
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FIG. 1. (Color online) Macroscopic quantum tunneling in the
presence of a SO term. (a) Population imbalances z; (solid black
line) and z, (dotted red line), and polarization z;, (dashed blue
line) when Ag = 10 in the absence of tunneling (J = 0)). (b)
Corresponding phases. (c), (d) Population imbalances, polarization,
and phases when Ag = 10 in the presence of tunneling (A; = 1).
(e), (f) The same when Ag = 2. Inallcases, U = U, =8 =T =0.
Initial conditions: z;(0) = 0.518, z2(0) = 0.002, z;, =0, 6:(0) =0
(k = 1,2), and 61,(0) = 0.

is enlarged, and the tunneling of the atoms of component 1
is reduced, as shown in Figs. 1(e) and 1(f).

The studied tunneling between components, triggered by
the spin-orbit-coupling term, is essentially the spin current
described in Ref. [44]. An interesting feature of our approach
is that in the dressed basis considered in this work, the spin flip
is favored whenever the atoms tunnel to the other side; thus, in
our approach the effect gets enhanced when starting with most
of the atoms in one component and on one side, as occurred
in Fig. 1(a).

Let us now illustrate the effect of the interactions on the
dynamics induced by the SO coupling shown in Figs. 1(a)
and 1(b) corresponding to the absence of hopping and
interactions. In the presence of a small interaction term,
the transfer of atoms between components associated
with the dynamical evolution of the polarization z, still
occurs. The interactions only modulate this dynamics only
slightly, as shown in Figs. 2(a) and 2(b). Conversely, for larger
U, self-trapping occurs in all variables, and correspondingly
all phases are running [see Figs. 2(c) and 2(d)]. When both tun-
neling and interactions are different from zero, self-trapping
can occur on the polarization z;, or the population imbalances
7y independently. In Figs. 3(a) and 3(b) we show the dynamics
when the interactions dominate over the SO term, but not
over the tunneling, which induces self-trapping on z;,, while
zi still oscillates. Increasing the interactions further produces
self-trapping also in z, as plotted in Figs. 3(c) and 3(d). We
conclude this section with a remark about Figs. 1(a) and 1(b).
The phase (6, + 6,)/2 oscillates accordingly with 8, and the
growth of 6, is unbounded with opposed sign [see Eq. (19)].
Moreover, because z; are different from zero initially, z; + z»
oscillates, while z; — zo = z1(0) — z2(0) = 0.516 throughout
the whole evolution, and 6, oscillates, in accordance with the
discussion in Sec. V A.

PHYSICAL REVIEW A 89, 063607 (2014)
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FIG. 2. (Color online) Macroscopic quantum self-trapping in the
presence of a SO term. (a) Population imbalances z; and z,, and
polarization z;; when Ag = 10 when the interactions are small, Cy, =
1/5. Same color conventions as in Fig. 1. (b) Corresponding phases.
(c), (d) Self-trapping induced by the interactions (As =10, Cy = 5).
In all cases, Uj, = J =8 = I' = 0. Initial conditions as in Fig. 1.

C. Macroscopic quantum tunneling and self-trapping
in the presence of the Raman and detuning frequencies

Let us now discuss the effect of the Raman and detuning
frequencies, I' and §, respectively. The detuning frequency
induces a local transfer of population between both compo-
nents. To illustrate this, we represent in Figs. 4(a) and 4(b) the
dynamics when all other terms are zero and the tunneling J is
very small, when initially 6;, = m, and all other phases vanish.
According to Eq. (21), the corresponding dynamics will be
oscillatory around the fixed point, with 8; — 6, also oscillating.
Because initially z; = 0.518 and z, = 0.002, z; — z, also
oscillates with z; 4+ z» = z;(0) 4 z2(0) = 0.52 throughout the
whole evolution. Again, 6}, also oscillates, in accordance
with the discussion in Sec. V A. For larger J, the atoms of

ei/n, Olz/n

—— 2000
. 41500 &
- 7 1000

- E
L 1500 <

FIG. 3. (Color online) Macroscopic quantum tunneling and self-
trapping in the presence of a SO term. (a) Population imbalances z;
and z,, and polarization z;, for Ag = 10 when the interactions are
small (Cy = 1/10) in the presence of tunneling, A ; = 1, showing the
self-trapping dynamics of z;,. Same color conventions as in Fig. 1.
(b) Corresponding phases. (c), (d) Self-trapping dynamics in all
variables when Ag = 10 and Cy =25. In all cases, Uj; =3 = =0.
Initial conditions as in Fig. 1.
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FIG. 4. (Color online) Macroscopic quantum tunneling in the
presence of a detuning §, when the initial phase for the polarization is
012(0) = m. (a) Population imbalances z; and z,, and polarization z;,
for Ap =5 when the tunneling term is very small, A, = 103. The
same color conventions as in Fig. 1. (b) Corresponding phases. (c),
(d) The same when A ; = 102, and (e), (f) when A, = 1. In all cases,
U = Uy, = S+ =T = 0. Initial conditions for z;, 6, (k = 1,2), and
Z12 as in Fig. 1.

each species tunnel also to the other well on the same time
scales, as shown in Figs. 4(c) and 4(d). Unlike the dynamics
in the presence of the SO term, the growth of 6; and 6, is
not unbounded in the absence of tunneling. Therefore, atoms
can still be transformed from component 1 to component 2
in the presence of large tunneling. This effect is quicker if J
is increased further, as illustrated in Figs. 4(e) and 4(f). The
dynamics of z; is not affected by the Josephson physics. This
is due to the fact that the detuning term induces local population
transfer, similarly to the transfer of populations among the
different Zeeman components in a spinor BEC [49]. In Fig. 5
we reproduce the same cases when initially 8, = 0. As this
initial condition does not correspond to a fixed point, the phase
oscillates abruptly and z;, oscillates in the interval [—1,1],
as it possibly corresponds to an initial condition close to a
separatrix. In Figs. 6(a) and 6(b) we show that the interactions
can induce self-trapping in z;, when they dominate over the
detuning term. If increased further, Figs. 6(c) and 6(d), the
interactions induce self-trapping in all variables.

The effect of the Raman frequency on the dynamics
associated with S+ and § can be understood in view of the
equations of motion for 0y,, Eq. (B12), as I appears as a
constant in the equation. Therefore, it introduces an energy
gap between the two components, which, when it dominates
over the rest of the terms, forces 6}, to be a running phase,
similarly to the problem of bosons in an excited level in double
wells [50]. In Figs. 7(a) and 7(b) we show the effect of I on
the oscillations of the polarization z;, due to the effect of
the SO coupling S+. We observe that the oscillation of the
polarization is reduced with respect to the case of Figs. 1(a)
and 1(b), and 6y, is a running phase. Then the effect of IT" is to
inhibit the coupling of the two components associated with the
SO term. Similarly, in Figs. 7(c) and 7(d) we observe that I
again reduces [with respect to the case of Figs. 5(e) and 5(f)]

PHYSICAL REVIEW A 89, 063607 (2014)
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FIG. 5. (Color online) Macroscopic quantum tunneling in the
presence of a detuning §, when the initial phase for the polarization is
012(0) = 0. (a) Population imbalances z; and z5, and polarization z,
for Ap = 5 when the tunneling term is very small, A; = 10°. The
same color conventions as in Fig. 1. (b) Corresponding phases. (c),
(d) The same when A ; = 102, and (e), (f) when A, = 1. In all cases,
U = U, = S¢ =T = 0. Initial conditions z;, 6; (k = 1,2), and z;,
as in Fig. 1.

the oscillations in zj, induced by the detuning frequency §,
again decoupling the dynamics of the two components.

D. Effect of the interspecies interaction

Asnoted before, in the previous results we decided to set the
interspecies interaction Uy, to zero, to emphasize the effects of
the spin-orbit coupling and Raman and detuning frequencies.
In a possible experimental realization along the lines of the
recent SO experiments [1] it may be difficult to experimentally
achieve this limiting case. For the case of considering two
of the Zeeman states of the F =1 %Rb state one has

1 T T T (b} 60
L P - 440 Eﬁ
D
- - 120 &
D
_ I ! ! et I 4 0
: O e ‘ " (d 150
VN | e ®
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S bl T 150 =
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FIG. 6. (Color online) Macroscopic quantum self-trapping in the
presence of a detuning &, when initially 6,,(0) = 0. (a) Population
imbalances z; and z,, and polarization z;, when Ap =5, A; =1,
Cy =10, and all other terms vanish, showing the self-trapping
dynamics of zj;. The same color conventions as in Fig. 1. (b)
Corresponding phases. (c), (d) Self-trapping in all variables when
the interactions are increased to Cy; = 25. Initial conditions for z;, 6;
(k = 1,2), and z;, as in Fig. 1.
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FIG. 7. (Color online) Decoupling induced by the Raman fre-
quency I'. (a) Population imbalances z; and z», and polarization z;,
when Ag = 10, I' = 50, and all other terms vanish. The same color
conventions as in Fig. 1. (b) Corresponding phases. (c), (d) The same
when Ap =5, =50, A; =1, and all other terms vanish. Initial
conditions as in Fig. 1.

that U; = U, =~ U, [32]. The interspecies interactions have
profound and diverse effects on the Josephson dynamics of
two components in double wells [25-32,47,50], and therefore
an extensive discussion on this topic is out of the scope of
this paper. If the interspecies interaction U, is similar to the
intraspecies ones (U; and U,), and for the case considered
here of a polarized initial state, the dynamics of the less
populated species is crucially influenced by the dynamics
of the more populated one [28]. Moreover, for a value of
Ui, above a certain threshold, both species cover the same
region in the phase portrait, an effect known as measure

0 02 04 06 038 1 0 02
to, to,

04 06 038 1

FIG. 8. (Color online) Macroscopic quantum tunneling and self-
trapping in the presence of SO coupling and interspecies interactions
Uy;. (a) Population imbalances z; and z,, and polarization z;,
when Cy = Cy, =1/2 and A; =1, and all other terms vanish,
reproducing two-component dynamics in the absence of SO coupling.
The same color conventions as in Fig. 1. (b) Corresponding phases.
(c), (d) Effect of the SO-coupling term when Ag = 10. (e), (f)
dragging of z, by z; in the self-trapping dynamics, when Ag = 10,
Cy =5, Cy,, =1, and all other terms vanish. Initial conditions as
in Fig. 1.

PHYSICAL REVIEW A 89, 063607 (2014)

synchronization (MS) [47,48]. In Figs. 8(a) and 8(b) we show
the dynamics of the system when all the detunings and the
SO-coupling term vanish. Here, the value of Uy, is below the
MS threshold, as can be seen from the fact that z; and z»
have different maximum amplitudes. In Figs. 8(c) and 8(d)
we have increased the SO term slightly, and some transfer
of atoms between the two species occurs. If the interactions
dominate over the tunneling and the SO term [for example,
as in Figs. 2(c) and 2(d)], all variables are self-trapped
and the corresponding phases grow. In Figs. 8(e) and 8(f)
we plot the same case as in Figs. 2(c) and 2(d) for nonzero in-
terspecies interactions. Moreover, the evolution of z; is slightly
dragged by that of z;, an effect which is in accordance with
the results of Ref. [28]. We have also observed numerically
that the phenomena associated with the detuning and Raman
frequencies described above still occur in the presence of
interspecies energy.

VI. SUMMARY AND CONCLUSIONS

The recent developments in ultracold atomic gases, namely,
the experimental realization of external bosonic Josephson
junctions, together with the artificial creation of spin-orbit
coupling for ultracold atoms paved the way to a discussion of
the interplay between the two effects in acommon setup. As we
have described, the conventional macroscopic quantum tun-
neling or self-trapping scenarios of two bosonic components
confined in a double well determine crucially the polarization
induced by the spin-orbit coupling. We have shown that the SO
coupling transfers atoms between the two components in dif-
ferent wells. This population transfer induced by the SO term
depends on how this energy compares with the tunneling and
interaction energy. In the macroscopic quantum tunneling limit
this transfer is large if it dominates over the tunneling energy.
By increasing the interactions we observe that one can induce
the self-trapping of the polarization variable and subsequently
of the population imbalance. Second, we have studied the
effect of the Raman and detuning frequencies. We have shown
that the effect of the Raman frequency is to decouple the two
components, and thus reduce the population transfer between
the two species. On the contrary, the effect of the detuning
frequency is a coupling between both components in the
same well. Now, this transfer occurs even in the presence of
large tunneling energy, although on a different time scale. The
interactions produce also self-trapping in all variables if they
dominate over the tunneling and detuning. Finally, we have
shown that the phenomena associated with the SO coupling
and detuning and Raman frequencies are robust in the presence
of interspecies interactions.

Note added in proof. Recently, a paper appeared on arXiv
analyzing the quantum approach and considering also the
weak-interaction limit [51].
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APPENDIX A: MANY-BODY HAMILTONIAN FOR
THE SPIN-ORBIT EFFECT IN DOUBLE WELLS

The second-quantized Hamiltonian for N interacting two-
component bosons of equal mass m confined by an external
potential U(r) in terms of the creation and annihilation
field operators \i/(r) and @T(r) in the presence of spin-orbit
coupling is

A= / drd (r) Hy, W (r)

+%/dr\i/T(r)[/dx’lilT(r’)‘/int(r—r’)\i/(r)i|\if(r),
(A1)

where V,m(r — r’) stands for the two-body interaction, and VY
and W1 are two- -component vectors. Here Hg, is

)
Hsp = (—ﬂvz + U(r)>60 + UR(pr-y - Pyax)

Qr
+ UD(pxa) + pyax) + —o;.+ -o,y, (A2)

2

with o the 2 x 2 identity matrix, and o, , . the Pauli matrices.
Let us write W(r) = (¥ (r), ¥»(r)), where the index 1 (2)
accounts for the first (second) component. We consider
contact interactions both for intraspecies and for interspecies
interactions. This means that the interatomic potential for the
former case is assumed to be g;d(r —r’) (g = 4nh2ak/m
with gy the intraspecies s-wave scattering length), while for the
latter g1o8(r — r') (g12 = 4w h*a1»/m with a;, the interspecies
s-wave scattering length). Then the interacting part of the
Hamiltonian can be written in the following way:

A= 3 % [ arblol0t, + g [ ard] 90,0,
k=1,2

We can write the Hamiltonian as A = I-?l + HQ + ﬁlg with
A = / ard] B0, + 5 [ ardl9]9,9,, )

and similarly for species 2. Here, the single-particle

Hamiltonian is H k= (= o 2 g2 + U(r) &= Qg/2) with the

plus and minus for 1 and 2, respectively. The part of the
Hamiltonian which couples the two bosonic species is

Hp = h/dr‘i/;[[vk(—ax +idy) + vp(—dyx — iay)]@z
+ﬁ/d1‘\i—’;[vR(3x +idy) + vp(dy — iay)]\ijl
ARARARY 5105 I
+812fdr‘1’f‘14‘1’z\111—i/dr\lffzwz +i/drw§§xyl.

(A4)
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We assume a separable potential, with harmonic confinement
in the y and z directions and a double well in the x direction
Ur) = —ma)l(y + 2% + Vpw(x). Let us write \Ill(r)

amel (r)+ amﬂl (r) and \Ilz(r) = waz (r) + bsz (r), with
4rry and brg) operators annihilating a boson of the
species 1 and a boson of the species 2, respectively, in
the left (right) well. These single-particle operators obey
the usual boson commutation relations. For the orbitals
YZ(r) we use Gaussian-like functions for the y and z
directions (i.e., the ground-state wave function of the
harmonic oscillator mw? y?/2 times that of the harmonic
oscillator mw?z%/2) and on-well localized functions
wy (x) (f dxw,‘j*w,‘f/ = 84,) in the x direction In such a
“(x) with

a; =+/h/mw,,k=12anda = L,R. Then we obtain

way, we have that ¥ (r) = ﬁ

H=H+H, + Hp,. (AS)
The first two terms are
N . . o U, ot (o
H = (nlL +nf)81 - Ji Z alaar + > an (”1 -
aFa’ a
(A6)

where A% = ald,, and similarly for k = 2. Here and in the
following ), is a shorthand notation for ) _,_; ». We have
used the following constants:

h2
Ek = /dl’ lﬂg*(l’)<—%vz + U(l‘)>1ﬁ/?(l’),
Q
o= / dr Y OYE ),

2 :
Jp = — /dr wf*(r)<—%vz + U(r)>¢;? (),

U = g [ arlu (A7)

and g = Ey &+ o, where the minus sign holds for k = 2. The

interspecies term is
A=Y (St +i DY)alba + Y 5% alby

a aFa’

+ Z (S8, +i DS)blay + ) 55 blaa
aFa’

+Un Zﬁlﬁg, (A8)

with
U= 812/d“/ff‘*(l‘)wg*(l‘)wg(I‘)I/ff‘(l‘),
St = [ drihlun(=a, +i9) + v, — 3,
81 = [ dryslontan +i9)+ vo(a, — i)

S = / dry hup(—dy + i9y) + vp(—dx — i1V,
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—
S21

f drey*hlog(d, +idy) 4+ vp(dy — i3,)]P

DY, —/dnﬂf‘*gx//g‘, D5, = /drwg*gwf‘. (A9)
Nonzero interwell interacting terms have been neglected,
as is commonly assumed in standard two- or four-mode
Hamiltonians [52-54]. This Hamiltonian conserves the
number of atoms as it commutes with the total number
operator N =Y, A% For vg =vp = v the coefficients
given in Eqs. (A9) are the following:

o
512

~2m [ ar oo,
S% = 2hv / dr Y& ()0, Y2 (r),
54 = —2hv / dr Y (r)d, vg (),
§u = 2hy / dr YD) v (r),

D=3 f dr Y (Eys o),

8
Dy =3 [ arugwuim, (A10)
By integrating by parts, we get that Sy, =S85 and
S“fza’ = S‘g{a We also notice that S12 = —SSL and that
D%, = —Dg,. Then, by letting S = 8%, S, = §5% = §5°,
S- = S12L = SQL] R and § = DY,, we can write Eq. (A8) as

Ay = Z(Sﬂa)afb +He. + Ulzzﬁ“ﬁg‘

o

+S,a]bg+He. +S_blag +He.  (All)

We have checked that this Hamiltonian conserves the number
of atoms. Notice that there are four different processes
that interchange atoms between both species. The first two,
associated with S and §, interchange atoms between the
k and [ components located in the same well. The third
term, associated with S, interchanges atoms of component k
located in the left well and atoms of component / located in the
right well. The last term, S_, transforms atoms of k in the right
well to atoms of / in the left well, and vice versa. From the
Heisenberg equations of motion for the operators d, and bg,

dag, . dby, . 4
10 = [y, H] and i = [b,,H], Al2
ith— [de,H] r [ 1, (Al2)
one can obtain
., dag . ot A n SN
ih 7 = —Jidy + Uii{ay + €14y + U125 4y
— Shy — Siby — i8b,, (A13)
_db, . o R o
ih dr = _JZbot’ + Uznzba + Szba + U12n1b(x
—Sa, — §¢&O,f +i8a,, (A14)
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and their corresponding Hermitian conjugates. The upper
(lower) sign in the Si coefficients apply to @ = L (R). To
reconcile the definition of the coefficients with the one given
in Egs. (16) we have redefined all coefficients as positive,
and therefore we have written the minus sign inside their
definitions explicitly in the equations. We assume that the
creation and annihilation operators behave as ¢ numbers, that
is,ay = /N where N = |a,|” is the number of particles
of species 1 and ¢¢ is a phase (similarly b, = \/N5e'%?).
After some algebra, the equations of motion for the number of
particles, Eq. (17), and phases, Eq. (18), are obtained from the
equations of motion (A13) and (A14). Since we assumed that
m; = m, = m, and therefore one can use the same localized
function for the two components, we obtain that S = 0 and
€] = €3, and consequently the corresponding terms are absent
in Egs. (17) and (18).

APPENDIX B: EQUATIONS OF MOTION FOR
THE IMBALANCE OF POPULATIONS

Note that Eqgs. (17) and (18) can be regarded as obtained
from a classical Hamiltonian, and hence 67 and N are
the canonical conjugate variables. Then Nk =o0H/ 89k and
0% = —3H/dN{ with a classical Hamiltonian:

1
H = Z” UeN{ £ T + SUnN;_ k]Nk

— J/ NIN cos (7 — 9,‘2‘)}
— 284/ NEN cos (6] — 65)
—28_/NFNf cos (6] — 67)

—2> " {8/NyNysin (0 — 65)}. (B1)

with the upper (lower) sign for k = 1 (2). Noting that since
there is one constant of motion, which is the total number
of atoms, we can reduce the number of variables through the
following transformation:

1 NlL On elL
M | NE 0 OR
==l L= e
22 N N, 6, 0,
212 NE 012 6
with
1 1 1 1
1 -1 0 0
M:
0 0 1 -1
1 1 -1 -1

The set of variables {z;,0;} are also canonically conjugate
because their Poisson brackets fulfill

dz; 00, 9z 96
L0 =S (2 ) =5, (B3
a0} %:(azv,fae“ 89"‘3N"‘) i (B3
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From the transformations (B2), one realizes that

N = Nf
A= >
N

Nf — NR Ni — N,
2 = %, 212 = ]T’ (B4)

with Ny = N + NJ. The phases associated with z1, z,, and
217 are, respectively,

6 =06f -6/, 6,=06—06;,
01 = 05 + 65 — (0 +67). (BS)

In the rotated frame [44], N4 and N, the numbers of bosons
in the dressed hyperfine states 1 and |, can be written in
terms of our quantities as follows:

bomd (worws2 B R -) @

a=L,R

J

PHYSICAL REVIEW A 89, 063607 (2014)

with plus (minus) for o =1 (), and N} and 6 solutions of
Eqgs. (17) and (18). Accordingly, the population imbalance
24,y =(Ny — N)/N is related to our variables in the
following way:

2
= Y JNENTeos (67 —65). (BT

a=L,R

Remarkably, the variables (B4) and (BS5) are directly related to
the usual Josephson physics. Namely, z is the population im-
balance of component k, and 6; is its corresponding canonical
phase. The polarization z;, measures the total population trans-
fer between the two components, that is, the population imbal-
ance between the first and the second species. In the absence
of spin-orbit coupling the variable z;, becomes a constant of
motion. Its evolution will thus be intimately related to the effect
of the SO term. 0, is the canonical phase associated with z;;.

In terms of these variables the Hamiltonian governing the
dynamics is H' = 2H /N, which reads

1 1
H' =271, — 27 ) \/(zia & 12 — 4z} cos(B) + gV D UG+ 1) +4z7] + ZUlzN(l +4z12 — 275)
k k

1
+28:[(1 — 222 — z12)(1 + 221 + 212)]"* cos [Ewl + 6, + 912)}

1
+28_[(1 + 222 — z12)(1 — 221 + 212)]"% cos [5(91 + 6, — em}

_ 12 1
F25 ) 101 F 220 — 20)(1 F 221 +22)] 2 sin | S(61 — 6 F 612) |. (BS)
k

where the first sign that appears holds for k = 1, and the second for k = 2. The equations of motion for the atom imbalances (B4)

L 2 _ a2 sin(0) — SF0(1 — 2pe — 2G| L
2k = —J /(1 £ z12)* — 4z sin(6;) 2[(1 225 — z12)(1 + 221 + z12)] /* sin 2(91+92+912)

read

S_ . 1
— 10425 = z)(1 =221 + 212)]"/% sin 701 +6:—61)

1_ M1 T
F 5810 4220 — 2i0)(1 + 221 + 212)1"/% cos 761 =62+ 61)

1. ! T
+ 5801 =22 — zp)(1 = 221 + 212)]"/% cos O =6 —6) |, (B9)

. .1
212 = =S [(1 — 225 — z12)(1 + 221 + 212)]'/?sin [5(91 + 6, + elz)} + S_[(1 + 222 — z12)(1 — 221 + z12)]"/?

X sin B(el +6, — 912)] — Zk:[(l + 275 — z12)(1 &£ 221 + z12)]"/* cos [%(91 —6, + 912)}, (B10)
with the upper sign for £ = 1 and the lower one for k = 2. The equations for the phases (B5) are
b = N(Uizk + Unnzs 1) + [(leff;oi(j’jz e + 5, H - ;: - EEEZ cos B(el +6, + 912)}
. E i iz - Zjiz cos [%(91 +0, - 912)} +5 E i iz N Zjiz sin [%(91 — 6+ 912)}
H :Z? ;iijii sin|:%(9] — 0 _912)], (B11)

063607-11



M. A. GARCIA-MARCH et al.

. U, U,
Op=4I' + N 7(Z12 + 1)+ 7(212 — 1D —Upz2

Z1t+22+z2
428, 1 2 12

125 21+ 22— 212

c
[1—2zp — zi2]V2[1 + 221 + z12]'/2

21— 2%z

c
(14 2z — zi2]V?[1 — 221 + z12]'/?

—25
Xk: (14220 — zi2]2[1 £ 221 + z12]'/? -

PHYSICAL REVIEW A 89, 063607 (2014)

+1
5y (zizx 1)
. K yf(1E2z10)? — 422

!
5(91 + 6, + 912):|

cos(6y)

1
—(6 6, —0
_2(1+ ) 12)]

1
i |:§(91 — 60, = 912)], (B12)

where, again, the upper (lower) sign corresponds to kK = 1 (2). We have reduced the problem from eight to six equations and
checked that these equations give the same numerical results as Eqs. (17) and (18). Notice that if Si, I', and § vanish, these
equations give back those of the two-component two-well problem discussed in Ref. [32]. According to its definition, Eq. (B4),
the polarization z;; is bounded in the interval [1, —1]. The two extremes of this interval correspond to all atoms fully polarized on
either internal state 1 or 2, respectively. For each value of 7, it is easy to show that the population imbalance in each component
is bounded by |zx| = (1 & z;2)/2, where the minus sign corresponds to k = 2.
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