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Rashba-type spin-orbit coupling in bilayer Bose-Einstein condensates
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We explore a way of producing the Rashba spin-orbit coupling (SOC) for ultracold atoms by using a
two-component (spinor) atomic Bose-Einstein condensate (BEC) confined in a bilayer geometry. The SOC
of the Rashba type is created if the atoms pick up a 7 phase after completing a cyclic transition between four
combined spin-layer states composed of two spin and two layer states. The cyclic coupling of the spin-layer
states is carried out by combining an intralayer Raman coupling and an interlayer laser assisted tunneling.
We theoretically determine the ground-state phases of the spin-orbit-coupled BEC for various strengths of the
atom-atom interaction and the laser-assisted coupling. It is shown that the bilayer scheme provides a diverse
ground-state phase diagram. In an intermediate range of the atom-light coupling two interlacing lattices of
half-skyrmions and half-antiskyrmions are spontaneously created. In the strong-coupling regime, where the SOC
of the Rashba type is formed, the ground state represents plane-wave or standing-wave phases depending on
the interaction between the atoms. A variational analysis is shown to be in good agreement with the numerical

results.
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I. INTRODUCTION

Following the first realization of artificial (synthetic)
magnetic field for ultracold neutral atoms [1], quantum
degenerate gases have provided a highly controllable test bed
for studying the dynamics of quantum systems subjected to
gauge potentials [2-5]. A possible way of creating synthetic
gauge potentials for electrically neutral atoms relies on the
adiabatic following of one of the atomic states “dressed” by the
atom-light interaction [1,6—11]. Such atoms can experience a
light-induced Lorentz-like force, thus mimicking the dynamics
of charged particles in a magnetic field [1,8—12]. Likewise,
non-Abelian gauge potentials can be created when a manifold
of degenerate dressed states of atom-light interaction is
involved [10-14].

An important implication of the synthetic non-Abelian
gauge potentials is that they provide a coupling between the
center-of-mass motion and the internal (spin or quasispin)
degrees of freedom, forming an effective spin-orbit coupling
(SOC). A variety of novel phenomena has been predicted
for such systems, for example, the stripe phase and vortex
structure in the ground states of spin-orbit-coupled Bose-
Einstein condensates (BECs) [15-26], the Rashba pairing
bound states (Rashbons) [27,28] and topological superfluid-
ity [29-31] in fermionic gases, as well as the superfluidity and
Mott-insulating phases of spin-orbit-coupled quantum gases
in optical lattice [32-36].

The synthetic SOC has been experimentally implemented
for boson [37,38] and fermion [39,40] ultracold atomic gases
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by Raman coupling of a pair of atomic hyperfine ground
states. This opens up possibilities of simulating exotic quantum
matter featuring magnetic and spin-orbit effects for ultracold
atoms. Despite an unprecedented controllability of ultracold
atoms, the experimentally realized SOC [37—44] couples the
atomic motion to its spin just in a single spatial direction.
Such a one-dimensional (1D) SOC corresponds to an equally
weighted combination of the Rashba- and Dresselhaus-type of
coupling [37,45-47].

Realization of the synthetic SOC in two or more dimensions
is highly desirable. The two-dimensional SOC of the Rashba
type has a nontrivial dispersion. It contains a Dirac cone
at an intersection point of two dispersion branches, as well
as a highly degenerate ground state (the Rashba ring), the
latter leading to an unusual Bose-Einstein condensation [15—
23,25,26]. Recently a number of elaborate schemes has been
suggested to create an effective two- and three-dimensional
(2D and 3D) SOC [11,48-58]. In particular, Campbell et al.
proposed a way to generate the Rashba-type SOC by cyclically
coupling N atomic internal states via the Raman transitions
leading to a closed-loop (ring coupling) scheme [53].

A variant of such a scheme has been very recently experi-
mentally implemented [59,60] using a far detuned tripod setup
corresponding to N = 3 in the ring coupling scheme [61].
A Dirac cone [59] and its opening [60] have been observed
in the dispersion. However, it does not seem realistic to
observe the ground-state phases associated with the Rashba
ring using the far detuning tripod setup which involves short-
lived higher hyperfine ground states [59,60]. Furthermore, the
N =3 scheme used in the experiments [59,60] converges
slower to the Rashba ring than the N =4 ring coupling
scheme [53].

Recently Sun et al. [58] put forward a scheme for generating
a 2D SOC in a bilayer two-component BEC subjected to the
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Raman transitions and laser-assisted interlayer tunneling. In
such a geometry the layer index provides an auxiliary degree
of freedom to form a basis of four spin-layer states. It is
noteworthy that the 2D SOC provided by such a bilayer setup
does not represent the Rashba SOC [58]. Furthermore, in such
a setup the Raman transitions should be accompanied by a
recoil in different directions for different layers, whereas the
interlayer laser-assisted tunneling is to be accompanied by
a recoil in different directions for different spin states [58].
These requirements would be extremely difficult to implement
experimentally.

Here we consider an alternative bilayer scheme which is
free from the above mentioned drawbacks and can provide
a 2D SOC of the Rashba type. An essential element of the
bilayer scheme is that the atoms now pick up a m phase
after completing a cyclic transition between the four spin-layer
states. In that case the dressed states of the atom-light coupling
are twofold degenerate. As a result, one effectively implements
the N = 4 ring coupling scheme [53] by using a combination
of two layers and two internal atomic states. If the interlayer
tunneling and Raman transitions are sufficiently strong, the
laser recoil induces a 2D SOC of the Rashba type for a pair of
degenerate atomic dressed states. In that case the minimum of
the single particle dispersion represents a degenerate Rashba
ring.

A characteristic feature of the bilayer system is that the
interaction takes place between atoms belonging to the same
layer. Therefore the atom-atom interaction is now different
from the one featured for the scheme involving four cyclically
coupled atomic internal states [53]. It is demonstrated that
the bilayer scheme provides a diverse ground-state phase
diagram. In particular, in the regime of a strong atom-light
coupling the stripe and plane-wave phases emerge at specific
directions of the degenerate Rashba ring. Thus the system
exhibits an interaction-induced anisotropy. On the other hand,
in an intermediate range of the atom-light coupling, two in-
terlacing lattices of half-skyrmions and half-antiskyrmions are
formed.

The proposed bilayer setup can be experimentally imple-
mented by using the current experimental technology. Unlike
in the previous bilayer scheme [58], now the Raman coupling
in each layer is accompanied by a recoil in the same direction
e, — e, in the xy plane, as one can see in Fig. 1. Consequently
each layer is affected by the Raman coupling used previously
to produce a 1D SOC [37]. The m phase shift can be
realized if the Raman coupling has an out-of-plane momentum
component k5, such that the relative phase between the layers
is kbd; = 2¢ = 7, where d; is an interlayer separation. On
the other hand, the interlayer tunneling is accompanied by
the recoil in the same direction e, + €, in the xy plane for
both spin states. Such a laser-assisted interlayer tunneling is
also experimentally available [3,4]. To implement the present
bilayer setup one needs to combine the Raman coupling
between the different spin states [37] together with the laser-
assisted interlayer tunneling [3,4]. An additional merit of the
bilayer scheme is that only two atomic spin states are involved.
Thus there is no need to make use of spin states belonging
to a higher hyperfine manifold [53]. The latter spin states
suffer from a collisional population decay [62] undermining
the effective SOC.
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FIG. 1. (a) Schematic plot of the atomic system. The BEC is
tightly trapped in an asymmetric double-well potential along the z
axis, forming a bilayer structure. The bosonic atoms in each layer
are condensed into two single-particle internal states |y) = |1), [ ).
The layer index j = 1,2 provides an extra degree of freedom, so the
four states |y,j) serve as the required atomic states in the N = 4
ring-coupling scheme [53]. The intralayer transitions |1, j) <> [{, )
are engendered by Raman coupling, while the interlayer transitions
[1,1) < |1,2) and [{,1) <> |],2) are due to the laser-assisted
tunneling. (b) Schematic plot of the intralayer Raman transition
and interlayer laser-assisted tunneling. (c) The lowest branch of the
single-particle spectrum Eq. (6) for a strong symmetric coupling
Q =J =5E, and ¢ = /2. The spectrum is plotted in units of
recoil momentum « and recoil energy E... In this case, a nearly
degenerate Rashba-ring minimum with a radius «/2 emerges. (d) A
possible way to induce Raman transitions and interlayer tunneling
by illuminating both layers with three laser beams, two of them E,
and E, propagating in the xy plane, the third one E, being along the
z axis. The frequencies of the laser beams are chosen such that the
Ey and E; drive the Raman transition, whereas E; and E, induces
the laser-assisted interlayer tunneling. The field E, provides the z
component to the Raman coupling needed to have the phase difference
2¢ for the Raman coupling in different layers. For more details see
Appendix A.

The paper is organized as follows. In Sec. II we construct
the single-particle Hamiltonian describing SOC in a bilayer
BEC affected by the atom-light interaction. The single particle
energy spectrum and corresponding eigenstates are determined
for an arbitrary strength of atom-light coupling. In Sec. III
we consider the many-body ground-state phases of weakly
interacting bilayer BECs by numerically solving the Gross-
Pitaevskii equations in a wide range of magnitudes of the
interatomic interaction and the atom-light coupling. In the limit
of strong atom-light coupling, we also analyze a behavior of
the ground-state phase using a variational approach, and find it
in a good agreement with the numerical results. In Sec. IV we
present the concluding remarks and discuss possibilities of the
experimental implementation of the proposed bilayer scheme.
Finally, some auxiliary calculations are placed in Appendixes
A and B.
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II. BILAYER BEC AFFECTED BY THE ATOM-LIGHT
INTERACTION

A. Single-particle Hamiltonian

To realize the synthetic SOC in the atomic BEC based
on the N =4 close-loop (ring-coupling) scheme [53], we
consider a two-component Bose gas confined in the bilayer
geometry depicted in Fig. 1. The atoms are confined in a
deep enough asymmetric double-well potential [63], so their
motion is suppressed in the z direction. The atoms are in the
ground states of individual wells, and only the laser-assisted
tunneling can induce transitions between the two wells. The
four combined spin-layer states |y, j) = [V )spin ® | )1ayer SETVE
as the states required for the ring coupling scheme [53]. Here
j = 1,2 signifies the jth layer, and |y) = |1),|]) denotes
an internal (quasispin) atomic state. The spin-layer states are
cylindrically coupled by illuminating the atoms by three lasers
inducing the intralayer Raman transitions and the laser-assisted
interlayer tunneling, as depicted in Fig. 1. As it is shown in
Appendix A, the resultant single-particle Hamiltonian can be
represented as

I:IO = I:Ialom + ﬁintra + I:Iinter + I:Iextra’ (1)

where
2
; R k

Aaan = [ Zwy, — @)

is the Hamiltonian for an unperturbed atomic motion within
the layers;

A

A = [ dr Q1] s+ e 0+ Hed @)

describes the spin-flip intralayer Raman transitions character-
ized by the Rabi frequency €2, and

I:Iinter = ‘/Adzl'l Z J’ﬁ;zﬁﬁyl + H.c. @
Y

represents the laser-assisted interlayer tunneling with the
strength J. Finally, the last term

A

) th At A A ~
Heyya= | d l‘iw[‘hzkx Ypo — wukxlbu

+ &Izkyl/}u - lﬂlkyl/}m] )
describes the SOC due to the recoil momentum « in the
xy plane induced by the interlayer tunneling and Raman
transitions. Here lﬂy ; 1s an operator annihilating an atom
with a spin y in the jth layer, r, = (x,y) and k, = (k,,k,)
are in-plane projections of the atomic position vector and
momentum, and 2¢ = kg, d; is a phase difference between the
Raman couplings in the two layers. The latter phase difference
can be tuned by either varying the double-well separation d,
or the out-of-plane Raman recoil k,. To implement an N = 4
ring coupling scheme with a m phase shift [53] the Raman
coupling in different layers should have a 7 phase difference,
so we set ¢ = /2 throughout the paper.

Note that in the original representation the laser-induced
terms A/ and A/ contain position-dependent recoil factors

ntra nter

featured in Egs. (A2) and (A3) in Appendix A. Such a position
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FIG. 2. The lowest branch of the single-particle dispersion as a
function of momentum for various coupling strengths are shown in
(a)—~(f). In a weak coupling regime Q* = J? « E2_, the dispersion
is a superimposition of four distinct paraboloids centered at +«€,
and *«@, as depicted in (a). Increasing the coupling strength, the
four paraboloids become mixed with each other as plotted in (b) and
(c) for Q2 = J? < EZ_ and the minima become much shallower as
shown in (d) and (e) when Q* = J%? ~ E2 . In the strong coupling
regime Q? = J2 > E2_ (see Ref. [53]), the Rashba-ring minimum
with a radius « /2 emerges, as one can see in (e) and (f).
dependence can be eliminated via the transformation (A4)
leading to a position-independent single-particle Hamiltonian
FIO given by Eq. (1). Additionally, the SOC term 1’:13,“ra appears
in the transformed Hamiltonian I:IO.

In the following we shall work in dimensionless units where
the energy is measured in units of the recoil energy E... =
h%k?/2m and the wave vector is measured in the units of «.

B. Single-particle dispersion

Diagonalization of the single-particle Hamiltonian [Eq. (1)]
yields four branches of the single-particle dispersion consid-
ered in Appendix B 1. Here we focus only on the lowest branch
characterized by the eigenenergies

E, =14k —/Q2+ J2 4+ 2k2 + 2ay, (6)

with

i = Rk k) + P2k — k)2 + (=) ()

where k = k| = (k,,k,) is an atomic momentum.

For a symmetric coupling (2 = J), the ground-state disper-
sion surface is plotted in Fig. 2 for various coupling strengths.
In the following we shall present the corresponding eigenstates
in different regimes of the coupling strength at the local minima
of the dispersion surface where the atoms condense

In the weak coupling regime Q2 = J? « E2_, the disper-
sion surface is built of superimposed paraboloids centered
at =xe, and *xe,, as shown in Fig. 2(a). Each eigenstate
corresponding to the four energy minima contains a single
spin-layer component

[, 1)e™, 11,1)e",

|T 2) 7IKX |\L 2> 7ZKV (8)
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where

I1.2) = s N2 = )

OS— OO0 oo Oo~
— o OO oo ~O

represents a basis of the spin-layer states. Therefore the four
spin components are not yet mixed in the weak coupling limit.

With increasing the coupling to Q2 = J2 < E2 | the four
paraboloids gradually coalesce but still the dlspersmn exhibits
four distinguishable minima located at +«e, and *xe, as
depicted in Figs. 2(b)-2(d). Each eigenstate corresponding to
the four energy minima now contains contributions of three

spin states

1 1 _é’ 0
2 0 . 1 . 1 )
Q eu(x’ S e—zkx’ ) ele’ ey
0 T 1 —1
—i i 0 =2
J

(10)
This will lead to a brickwall phase for the bilayer BEC.
Finally, in the strong coupling regime Q> = J* > EZ , one
has ai ~ Qk+/2 and thus E, ~ —Q+/2 4+ 1 — k + k*. Hence
mixing between the spin states results in the emergence of
a cylindrically symmetric Rashba-ring minimum of a radius
k/2 in the dispersion shown in Figs. 2(e) and 2(f). This
is a characteristic feature of the close-loop (ring coupling)
scheme [53]. In this regime, the single particle eigenstates Wy,
on the Rashba ring takes the form

V2cos ¢ 4
_ i1 —sing +cosg) | e*m (11
X=| 1-sing —cos¢p | /B—Bsmg

—V2i(1 = sing)

with k =k, = k(cos¢p e, +sin¢e,)/2, where ¢ is an az-
imuthal angle parametrizing the degenerate ring.

It is convenient to project the system onto the state-
vectors xV and x® corresponding to the spinor part of the
ground-state-vector (11) for ¢ =37 /4 and ¢ = —n /4, ie.,
corresponding to the opposite momenta k and —k along the
diagonal e, — e,,see Eq. (B13)in Appendix B 2. The projected
Hamiltonian represents a Rashba-type Hamiltonian given by
Eq. (B16).

Note that the Rashba-ring minimum occurs only for a
symmetric coupling where 2 = J. The asymmetric coupling
(2 # J) breaks the rotational symmetry in the momentum
space, reducing the ring minimum to a twofold degenerate
ground state.

III. MEAN-FIELD GROUND STATES
A. Gross-Pitaevskii energy functional

We assume that all atoms interact with each other via con-
tact potentials. As a result, the second-quantized interaction
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Hamiltonian is given by

2, 81 42
1nt—/d Z(z Tl

+8m"¢/”w>’ (12)
j=12

where the interlayer interaction is neglected because of the
short-range nature of the interatomic interactions. Here g4
and g, denote the intraspecies interaction strengths, g4, the
interspecies interaction strength, and 7,; = &;jlffyj is the
number density operator for the yth spin state in the jth
layer. To approach the ground-state structure of the spin-orbit
coupled BEC at zero temperature, we adopt the mean-field
approximation, namely, the field operator 1/7,,- is replaced
by the ground-state expectation value ¥,; = (1/7]/ ), which
is complex in general. Accordingly, the Gross-Pitaevskii
(GP) energy functional £ [w;‘ j,tﬁy il= (Ho + Hip) is explicitly
expressed as

1
EWy;-y)] :/dzr T+ a) r )ww

Y57
Y

+ k(WD — ¥ Pxrin)

+ k(WL Dy V2 — ¥ Py¥nn)

+ QYL Y + e YT, + He)
+J(WHhY + ¥y + He)

+ 3 (5ot +

8y
—Pf, + gNPme) :

(13)

and the wave functions are normalized
>y Pyj(r,) = 1. This is achieved
by the substitution v,; — ~/N,; which rescales interaction
strengths, viz. g4, — Ng4,, g4 — Ng4 and g, — Ng,,
where N is the total number of atoms. Without loss of
generality, we assume gy = g, = g. Furthermore, to confine
atoms we have included a sufficiently weak harmonic trapping
potential with a level spacing fuw much smaller than the recoil
energy Eic.

An important quantity characterizing the bilayer BEC is
the spin texture on the jth layer S;(r ) = (x;lo|x;) [64],
where 0 = o,e, + o,e, + 0,€; is a vector of Pauli matrices,
and Xj(r ) =1Ix4;(x )X, )7 is a local spinor. The latter
x;(r,) is proportional to the spinor wave function v, ;(r, ) =

where p,; = |1/fyj|2a
to unity, namely, [ d’r,

/Zy Pyj(r )xyj(r) and is normalized to unity, namely,

Ix+;1* + 1x,;1* = 1. It is convenient to represent the spinor
x;(r,) in terms of its amplitude and phase

y =" (14)

In that case the Cartesian components of the vector S; take the
form

0 )
ij(rl) = |ij|el v, with

Si = 2lxrjllxylcos@; — 64),
ST = 20xpjllxy i1 sin(@y; — 64), (15)

S5 =1x21” = Ixyil
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FIG. 3. Ground-state phase diagram of the bilayer spin-orbit-
coupled BEC as a function of 1 — g% ' /g? and the laser-assisted
coupling 2 for J = Q. The phase diagram consists of two types
of plane-wave phases (PW-I: cyan and PW-II: yellow), a brickwall
phase (BW: green) and a standing-wave phase (SW: purple).

B. Numerical results

To investigate the ground-state phases of the interacting
BEC in a harmonic trap, we minimize the GP energy functional
Eq. (13) by the imaginary-time propagation method [65].
As shown in Fig. 3, the ground state possesses a variety
of phases which are determined by the inter- and intralayer
coupling and the intralayer interaction between the atoms.
In the numerical simulations, four distinct phases have been
identified. These are the plane-wave phases of types I and
II (PW-I and PW-II), the brickwall (BW) phase, as well as
the standing-wave (SW) or stripe phase. The occurrence of
PW-I and BW phases depends only on the Raman coupling
and the interlayer tunneling. On the other hand, the PW-II and

(a)

(b)

-2 0 2
k

X

=2

0
k

X
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SW phases emerge at stronger Raman coupling and stronger
tunneling, and depend on the interatomic interactions. In the
following, the structure of each phases is discussed.

PW-I phase. In the weak coupling regime, Q2 = J? <
E2., the four spin-layer components are almost uncoupled.
Consequently each layer behaves like an ordinary binary BEC
except that the single-particle dispersion is shifted due to the
term I:Iextm, Eq. (5), induced by the gauge-transformation (A4).
Therefore, each spin-layer component would condense at
the bottom of the shifted parabolic dispersion, as shown in
Fig. 4. The real-space density profiles of the four spin-layer
components hlf;,j(rl)|2 are presented in Figs. 4(a)—4(d), and
their momentum-space counterparts |V, (k)|*> are shown in
Figs. 4(f)-4(i). The momentum distribution of each component
|1ﬁy g (k)|? is sharply peaked around the four momenta, k =
key, —Kkey, ke,, and —«ke,, indicating that each spin-layer
component acquires a momentum shift via the SOC term Heoira
given by Eq. (9).

The spin texture S;(r, ) of PW-I phase is depicted in
Figs. 4(e) and 4(j) for the first layer (j = 1). The color of the
arrows indicates the magnitude of S7 and the periodic modu-
lation of spin orientation is caused by the interference between
the plane waves characterizing the spin-layer components.

BW phase. By simultaneously increasing €2 and J, the
four otherwise distinct paraboloids characterizing the PW-I
phase start developing a noticeable overlap between the
neighboring paraboloids and finally completely merge in
the moderate coupling regime where Q% = J2 < E2 . The
dispersion surface so formed introduces a ground-state phase
shown in Figs. 5(a)-5(d). The BEC density profiles of the
four spin-layer components now exhibit periodic spatial
modulations characteristic to a BW pattern. Note that the dips
in the density profiles are not vortices according to their phase
profiles. The BW patterns of both spin components in the same
layer interlace, so that the density dips of one spin component
are filled by another spin component. The formation of BW

A AT e o LA
L3RS LA
2 ""‘:""‘t*:.:”'

A

N

-2 0
k X
X -

FIG. 4. (a)-(d) Plots of the real-space density profiles of all spin-layer components for the PW-I phase, i.e., p11, py1, p12, and po,
respectively. The corresponding momentum-space distributions are depicted in (f)—(i), where the axes are in units of recoil momentum. The
spin texture in the first and second layers are shown in (e) and (j), respectively, where the color of the arrows indicate the magnitude of S;. The
couplings and interaction strengths are taken tobe 2 = J =0.05E, . and g4 : g, : g4, =1:1:0.9.
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FIG. 5. The real-space density profiles of all spin-layer compo-
nents in BW phase, p;1, py1, p12, and py», are plotted in (a)-(d),
respectively. The corresponding momentum-space distributions are
depicted in (e)—(h), where the axes are calibrated in units of recoil

momentum. The couplings and interaction strengths are taken to be
Q=J=05Eandg; :g, 184, =1:1:009.

structure can be easily understood by examining the density
profiles in the momentum space.

As shown in Figs. 5(e)-5(h), it is evident that 1}), (k)
appears as a superposition of three out the four-momentum
eigenmodes labeled by k = ke, and *«e,. For instance,
let us take /4 representing a superposition of the modes with
k = *«e, and «e,. In this case the majority of atoms condense
in the k = ke, mode, whereas the remaining atoms evenly
condense in the k = +«xe, modes. The latter two modes are
populated owing to the presence of non-negligible inter- and
intralayer couplings.

In contrast to the PW-I phase, the BW structure leads to an
intriguing spin texture in each layer, as shown in Fig. 6. The
spin texture consists of two interlacing square lattices of spin
vortices with opposite handednesss. To further characterize
this state, we calculate the topological charge density in the jth
layer, T; = S; - 0,S; x 9,S;/4m. As shown in Fig. 6, the left
(right)-handed circulation corresponds to a positive (negative)

(a) (b)

'/IIR! 1 '
,4/- Y |
~¢4"l v
’0‘! YNNG

CTrannRR",  “
navess
298

SE 110

- ) >
55‘5&*

‘w" \-V""
AS |4w§¢
2 i*‘ Cwg
-yd:i\~.4n
e ..;}

om 2 ‘4.‘11
2 VS s""

111 TN SAPTERR

06“‘§°°n01\g'7‘4""“ -1
0 0.7

FIG. 6. (a) Spin texture of the first layer for the BW phase
depicted in Fig. 5. The color of the arrows indicates the magnitude of
Si. (b) The topological charge density of the spin orientation shown in
(a). Two interlacing square lattices of positive and negative charges
are clearly visible. Integrating the charge density over an unit cell
for the lattice of positive (negative) charge gives 1/2 (—1/2) which
corresponds to the half-skyrmion (half-antiskyrmion).
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FIG. 7. (a) and (b) The real-space density profiles of the spin-
layer components p4; and py in the first layer for PW-II phase with
k = ke_/2. The corresponding momentum-space distributions are
depicted in (c) and (d), where the axes are marked in units of the
recoil momentum. The couplings and interaction strengths are taken
tobe Q=J =2Eandg;: g, : gy, =1:1:1.1

topological charge density. Integrating 7; over the elementary
unit cell, we identify that the topological charge can be either
+1/2 or —1/2. This corresponds to the half-skyrmions and
half-antiskyrmions, respectively [54,58,66,67].

PW-II phase. Now let us assume that g4, > g and con-
sider the strong coupling limit where Q2 = J2>» E2 . In
this regime, the Rashba-ring minimum emerges, and the
many-body ground state (PW-II phase) becomes interaction-
dependent. Figure 7 illustrates formation of the PW-II phase for
Q=J=2E,and g, : g, : g4, = 1:1: 1.1 corresponding
to the case where g4, > g. Unlike in the PW-I phase, here each
spin-layer component condenses in the same momentum mode
with k = +«e_/2 along the diagonal e_ = (e, — ey)/«/z, and
the total multicomponent wave function contains a common
plane-wave factor. In each layer the intralayer spin polarization
is nonzero due to the imbalanced population of p; ; and p ;. On
the other hand, the density profiles of the same spin component
but different layers are identical, i.e., p,1 = p,2. Note that
in the previously considered Rashba-type spin-orbit-coupled
system [15], the plane wave phase exists in the regime where
g+ < g. This is opposite to the current bilayer system.

SW phase. Finally, for g4, < g and Q*=J?>» E2, the
ground-state wave function consists of two counterpropagating
plane waves on the Rashba ring with opposite momenta
along the diagonal e, = (e, +e,)/ V2. This constitutes the
SW phase. As shown in Fig. 8, the real-space density profile
of each component with @ = J =2E . and g4 : g, : g4 =
1:1:0.9 forms the stripe structure, while the momentum-
space density is sharply peaked around the of two momenta
k = +«xe, /2. The spin texture in each layer is depicted in
Figs. 8(e) and 8(j). The periodic modulation of the spin texture
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FIG. 8. The real-space density profiles of all spin-layer components in SW phase, o1, 0,1, p42, and p,,, are plotted in (a)—(d), respectively.
The corresponding momentum-space distributions are depicted in (f)—(i), where the axes are calibrated in units of recoil momentum. The spin
texture in the first and second layers are shown in (e) and (j), respectively, where the color of the arrows indicate the magnitude of S}. The
couplings and interaction strengths are takentobe 2 = J =2E.and g4 : g, : g3, =1:1:0.9.

is accompanied by the stripe structure of the density profile.
Furthermore, one can see in Fig. 8 that the occupation of
the two momentum states k = (£« /2)e, is asymmetric in the
bilayer system, in contrast to the SW phase in the previously
considered spin-orbit-coupled BECs [15,20-22,24,26]. It is
noteworthy that now the SW phase occurs for g4, < g. Thisis
opposite to the usual BEC affected by the Rashba SOC [15].
To further understand the phases of the bilayer system, a
variational analysis is presented in the following section.

C. Variational approach

So far our conclusions on the BEC phases were mostly
based on numerical simulations. In order to gain a better
insight into the ground-state structure of the bilayer spin-
orbit-coupled BEC, a simpler analytical study is desirable.
To this end, we employ a variational approach to investigate
the ground-state phases in different coupling regimes. We are
particularly interested in solving the ground state in the strong-
coupling regime, where the many-body ground state shows
a preference of residing at some special locations of the
degenerate Rashba ring.

We begin by writing down the interaction energy, namely,
the ground-state expectation value of the interaction Hamilto-
nian (16)

1
Em =7 D (cop] + e21t5). (16)

J

where p; = py; + py; and u; = p3; — p,; are, respectively,
the total number and magnetization densities in the jth layer,
and ¢) = g + g4, and ¢, = g — g4, characterize the density-
density and spin-spin interactions, respectively. We use the
following trial wave functions of PW-II and SW phases:

YRV g (17)

4

and
1
V2

where Wy, is the plane-wave solution given by Eq. (11), with
k, = k(cos¢ e, +singe,)/2. In the following we compare
the interaction energies for these two trial wave functions. For
simplicity we shall not include a harmonic trapping potential.

PW-II phase. Let us first consider the variational ansatz of
PW-II phase. With the trial wave function given by Eq. (17),
the total density and spin density in the jth layer read

1 (—=1)/"(cos ¢ + sin¢)

- 19
pi=5+ 7 19)

WY = — (W, + Vo), (18)

and
sin¢ — cos ¢
nj = -4

Therefore, for the PW-II phase the nonlinear interaction energy
is given by

(20)

EPWI 0 B0 4 sin2g) + S2(1 —sin2¢). (21
=g 9)+ 35 ¢). (@
It is evident that the interaction energy depends on the
azimuthal angle ¢. This is in contrast to the single-layer
Rashba spin-orbit-coupled system in which the interaction
energy does not depend on the azimuthal angle ¢ [15,20,24].
Using Eq. (21), the energy minima are found at two angles
¢ = 3n /4 and —mr /4, for which
: €o 2
Eintomin = TS
SW phase. For the SW phase, the trial wave function

Eq. (18) provides the following total density and magnetization
density:

(22)

pj = % + ilcosq)l(tan(p — 1)cos(x cos¢p + ysing) (23)
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and
nj = %|cos¢|(1+tan¢)cos(xcos¢~|—ysin¢), 24)

where the spatial dependence comes from the periodic modu-
lation of the stripes. The resultant energy takes the form

&5V — %0 + 2—3(1 —sin2¢) + %(1 Fsin24),  (25)
where the spatially oscillating cosine terms are replaced by the
mean values (cos(x cos ¢ + y sin¢)) = 0 and (cos>(x cos ¢ +
ysin¢)) = 1/2. Thus the interaction is again anisotropic along
the Rashba ring. The energy minimum occurs at ¢ = /4 or
equivalently at 5 /4,

SW €o (&)

gint, min — 8 + 32 (26)
The energy minima of the PW-II and SW phases differ by
the amount ELV I — SV .= ¢;/32. This implies that for
¢z > 0 (c; < 0) the SW (PW-II) phase represents the ground
state, in agreement with the numerical simulations. Although
the ordinary single layer Rashba SOC also provides the SW
and PW-II phases [15], the conclusions are opposite compared
to our bilayer system, that is, for ¢, < 0 (c; > 0) the ground
state is in the SW (PW-II) phase.

We note that in a single-layer Rashba SOC the energy of the
PW phase is spin-independent on a Rashba ring, and the phase
has a zero magnetization [15]. On the other hand, in the bilayer
system the energy minima of PW-II phase on the Rashba ring
are characterized by a nonvanishing magnetization. Therefore
the PW-II phase has a lower energy than the SW phase for
¢» < 0 corresponding to g4, > g. In this way one arrives at a
situation opposite to that appearing for an ordinary single layer
BEC affected by the SOC [15] in which the PW phase has an
energy lower than the SW phase if ¢, > 0 corresponding to
g+, > g&. The difference originates from the anisotropy in the
population of each spin-layer component on the Rashba ring
in the bilayer system, as one can see in Eq. (11).

In this way, the variational approach shows that the atoms
favor to condense at ¢ = 37 /4 or —m /4 for the PW-II phase,
whereas the SW phase involves a superposition of the plane
waves at ¢ = /4 and 577 /4. To gain more insight into such an
interaction-induced symmetry breaking, in Appendix B 3 the
Hamiltonian has been expressed in terms of the basis vectors of
the lowest dispersion branch at the azimuthal angles ¢ = 37 /4
or —mr /4. The projection of the Hamiltonian onto these states
gives rise to the appearance of the Rashba Hamiltonian (B16)
subjected to an asymmetric atom-atom interaction given by
Eq. (B19).

We have presented the variational study in the regime of
strong coupling. For a weak and a moderate coupling, the
single-particle dispersion surfaces are characterized by four
distinct minima in the momentum space. The trial wave func-
tions are then simply superpositions of the four corresponding
momentum eigenstates. This provides the ground state phases
in a good agreement with the numerical results.

1. Asymmetric coupling 2 # J

Now let us briefly discuss a situation when 2 # J and
Q2 + J?2 > E.. The asymmetric coupling breaks the rota-
tional symmetry in the momentum space and leads to a twofold
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FIG. 9. The real-space density profiles of spin components in the
first layer in a metastable state, py, are p,; are plotted in (a) and
(b), respectively. The corresponding momentum-space distributions
are depicted in (d) and (e), where the axes are calibrated in units of
recoil momentum. The coupling is now asymmetric, 2 = 1.5E,,. and
J =2E,., and interaction strengths are g, : g, : g4, =1:1:0.9.
The phase profiles of the wave function in the first layer 6;,(r) and
0,:(r) are plotted in (c) and (f), respectively, where an array of vortices
can be clearly seen.

degenerate single-particle dispersion. For > J, the energy
minimum occurs at ¢ = w/4 and 5 /4, while for Q < J the
energy minimum appears at ¢ = —m /4 and 37 /4. Numerical
simulations reveal that the many-body ground state is the SW
or PW-II phase for Q > J or Q < J, respectively. The phase
is independent of the interaction strengths. This is because
the single particle dispersion possesses only two degenerate
minima. In other words, due to the lack of the ring degeneracy,
the many-body ground state is determined only by the strengths
of the Raman coupling and the tunneling.

2. Metastable states

Occasionally the imaginary-time propagation ended up at
a metastable state containing domains. The metastable state
emerges for parameters of the system corresponding to the
PW-II phase, namely, for ¢; <0 with Q> = J? > E2_ or
for Q # J with v/Q2 + J2 > E.. It has an energy slightly
higher than that of the ground state. The metastable state is
made of two spatially separated spin-polarized domains in the
same layer, as shown in Fig. 9. The domains carry opposite
momenta k = +«e_/2, like in the previously considered
case of the ordinary Rashba SOC [15]. Since the phases of
the two counterpropagating PW-II states in each domain could
not continuously connect along the boundary, the frustration
results in the formation of arrays of vortices, as depicted in
Figs. 9(c) and 9(f). The density of the vortices increases with
increasing the SOC strength.

IV. DISCUSSION AND CONCLUSION

In conclusion, the proposed bilayer system provides a
possibility to realize the Rashba-type SOC for ultracold

053630-8



RASHBA-TYPE SPIN-ORBIT COUPLING IN BILAYER ...

atoms. Numerical simulation and variational analysis have
elucidated a diverse phase diagram of the bilayer BEC in
a wide range of magnitudes of the atom-light coupling and
atom-atom interaction. In the moderate coupling regime the
BW phase is formed leading to the emergence of lattices of
half-skyrmions and half-antiskyrmions. In the strong coupling
regime, the Rashba-ring minimum emerges, and the ground
state is either the SW or PW-II phases, depending on the
interatomic interaction strengths.

An experimental implementation of the proposed bi-
layer spin-orbit-coupled system is within reach of current
experiments with ultracold atoms. For instance, the two
magnetic sublevels of the F =1 ground state manifold of
the 3Rb-type alkali atoms [37] could serve as the atomic
internal (quasispin 1/2) states. Typically the experimental
trapping frequencies are (v, ,®;) = 2w x (10400) Hz and the
wavelength of laser fields inducing the Raman coupling and
interlayer tunneling is around A; =~ 800 nm, corresponding
to the recoil energy Er.. >~ 11hAw, . The scattering lengths for
the two spin states |FF = I,mp =0) = |1) and |F = l,mp =
—1) =1J), used in Ref. [37], are given by a; = ¢y and
a, =ay, = cg+ ¢z, withcg = 7.79 x 10"2Hzcm? and ¢, =
—3.61 x 107!* Hzcm?® [68,69]. The intra- and interspecies
interaction strengths are given by g4 | = «/ENaT, 1/&; and
81 = «/EN(JN/Q, with &, = /h/mw,. The corresponding
intraspecies interaction is nearly symmetric with g;/g, =
1.0047, so the phase diagram of Fig. 3 can be applied directly.
Finally, the diverse phase diagram of the bilayer system also
provides the possibilities to study the quantum phase transition
by varying the coupling strengths which will be investigated
in another study.
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APPENDIX A: ATOM-LIGHT INTERACTION

In this Appendix we provide a full account of the atom-
light interaction processes proposed for generating SOC in a
bilayer BEC. The general Hamiltonian Hyp, of the atom-light
interaction in an atomic hyperfine ground-state manifold is
expressed in terms of the scalar and vector light shifts [11,70]:

Ha =u,(E* - E) + L8 x ) - T,
hg,

(AD)

where E* is the negative frequency part of the full electric
field, F the total spin operator, and u, and u, are the scalar
and vector atomic polarizabilities. The parameters g; and gr
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denote the Landé g factors due to the electronic spin and the
total angular momentum of the atom, respectively. For ’Rb
atoms in the lowest energy hyperfine manifold with F' = 1,
one has gr/g; = —1/4. Additionally, the atoms are trapped
in a spin-independent asymmetric double-well potential [63].
The energy difference for the atomic ground states localized in
different layers is Ajner, Whereas the Zeeman splitting between
atomic internal spin states within a layer iS Ajpra.

Figure 1(d) illustrates the laser configuration for creating
the desirable intra- and interlayer couplings. As shown in
Fig. 1(a), both layers are simultaneously illuminated by three
laser beams labeled by Ey, E;, and E,. The former field Ey ~
(e, + iey)e!®oi=@D) jg circularly polarized and propagates
along the z axis. It contributes both to the intra- and interlayers
coupling. The latter fields E; and E, are responsible for
producing the intra- and interlayer couplings, respectively. In
the following we shall consider these couplings in more detail.

1. Intralayer transitions

The other applied field E; ~ &_e/lxiT=(@+3)il g Jinearly
polarized along €, and is characterized by the wave vector
k; = kje_ in the xy plane, as one can see in Fig. 1(d), where
e_ = (e, — ey)/«/i. The vector product Ej x E; in Eq. (A1)
describes the intralayer spin-flip transitions taking place if the
frequencies of the fields Eg and E; are tuned to the two-photon
resonance dw; = Ajnra between the magnetic sublevels || ) =
|mp = —1) and |1) = |mp = 0). The third magnetic sublevel
|mp = 1) can be excluded due to a sufficiently large quadratic
Zeeman effect, as demonstrated by the NIST group [37].
Therefore, the Hamiltonian of the intralayer Raman coupling
can be written as

Bl = [, 3 [ 0t 4]
J

x ®L.d,; + Hee., (A2)
where kg = k| — kg = kée_ + ki,e, with ké = ki and k§, =
ko. Here Ci>,, j(r ,z) is the field operator annihilating an atom
in the spin-layer state |y, j), and €2 is the Rabi frequency of
the intralayer Raman coupling. Since the atoms move freely
only in the xy plane, the out-of-plane Raman recoil provides
the phase difference 2¢ = k§d, for the Raman coupling in
different layers. The phase difference can be tuned by either
varying the double-well separation d, or the out-of-plane
Raman recoil kg,. In what follows, we take ¢ = /2 to get
the N = 4 close-loop scheme [53].

2. Interlayer tunneling

The third applied field E; ~ e_e/lkT=(@+0)] propaoates
along k, = ke, with e, = (e, —i—ey)/\/z and is linearly
polarized along e_ in the xy plane. Since Eq and E, are not
orthogonal, their scalar product Ej - E, featured in Eq. (A1)
provides a scalar light shift oscillating with a frequency dw,.
This gives rise to the state-independent interlayer transitions
depicted in Fig. 1(c). To drive such transitions, the frequencies
of laser beams are assumed to satisfy the condition of
two-photon interlayer resonance §w; = Ajneer. The resultant
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Hamiltonian for the laser-assisted tunneling takes the form

I:Ii/nter = /dzl'L Z (Je"kf“l*i‘s"’zt + C.C.)Cb;[/zéyl +H.c.,
y
(A3)

where k; = ko — ko = ke, + ke, with k7 =k, and k) =
ko.Here J = Q; [ dzdb;‘(z)(}b](z)e"kﬁ is the interlayer coupling
with Q; being the corresponding Rabi frequency, whereas
@1 2(z) are the Wannier-like states localized in layer 1 or 2. Note
that the Wannier-like states ¢;(z) and ¢,(z) are orthogonal.
Therefore the nonvanishing overlap integral determining J
comes from the contribution of the factor e’¥/% = ¢'%% due to
the momentum transfer along the tunneling direction e, [4].
Since the length of the in-plane wave vectors k; and k; is

almost the same, in the following we shall take k} = ké =K.

3. Elimination of the spatial and temporal dependence

To gauge away the spatial and temporal dependence in
the atom-light interaction operators H/, and H/ ., a fast
oscillating (both spatially and temporarily) phase is factored

out from each operator & jy(r,) by writing

dp(r,) Yy (r e ioiant

C,I\)“(ri) &ll(rL)efinfieut

%Tz(rl) N @Tz(rL)e’:”ﬂ:EW (A4)
D o(r,) Va(r ey ia

Applying the rotating wave approximation, the resultant
time- and position-independent single-particle Hamiltonian is
given by Egs. (2)—(5) in the main text. Note that the gauge
transformation (A4) introduces an additional SOC term Hsoc
given by Eq. (5).

APPENDIX B: EIGENVALUE PROBLEM AND
HAMILTONIAN IN ROTATED BASIS

1. The single-particle Hamiltonian and its eigenstates

Denoting

(BI)

11.2) = . W2y =

O— OO0 OO~
— o OO0 oo ~O

the single-particle Hamiltonian [Egs. (1)—(4)] can be expressed
in the momentum space as

h2
Hy = —(k* + k¥ + Hsocx. (B2)
2m

where

h2
HSOC.k = Zk -q + Hinter + I{intra (B3)
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and

q = «xe(11.2)(1.2[ = L. D, 1D
+ ey (14,2) (4,21 — 11, 1D (1,10, (B4)

Hiner = J(I1.2) (1. 11+ .2) (4. 1) + Hee.,  (BS)

Hina = Qe 11, 1) (1] +e711,2)(),2)) + Hee.,,  (B6)

where the momentum k = k| = (k,,k,) is in the xy plane.
The Hamiltonian Hgock can be represented in a block
diagonal form:

h J
Hsoc.x = ( i ,m), (B7)

with
P e S N O
L=\ Qe 2k, )0 TR T \Qetv 2k, )
(B3)

and the off-diagonal 2 x 2 blocks J = JI being proportional
to the 2 x 2 unit matrix /. The block diagonal form of the
Hamiltonian Hj given by Eqgs. (B2), (B7), and (B8) allows us
to find its eigenstates in a straightforward way:

Eap=1+K +oy/Q+J>+2K +2nax, (B9

with @ = £1, n = x1, where the energy is measured in
the units of the recoil energy E.. = h*x?/2m, whereas the
momentum is measured in terms of the recoil momentum «.
Here

i = Rk, + P + Pk — k)2 + (2 —K2) (B10)

withk = k(cos ¢ €, + sin¢ e,)/2, and ¢ is the azimuthal angle
in the momentum space. The lowest dispersion branch

E,=E_ ) =14+Kk —J/Q2+J2+2k2+2a, (Bll)

is obtained by taking &« = —1, n = +1. For Q? = J2 > E2%_
the eigenvector corresponding to the lowest dispersion branch
is given by Eq. (11) of the main text:

«/icosqﬁ '
i(1 — sin¢ + cos ¢) ek
l —sing —cos¢ |,./8—8sing
—V2i(1 —sin¢)

To gain more insight into the interaction-induced symmetry
breaking, we will present the Hamiltonian in terms of the
basis vectors for which the atoms possess the minimum
interaction energy on the Rashba ring. The projection of such a
Hamiltonian to lower energy states gives rise to the appearance
of Rashba Hamiltonian. These issues will be addressed next.

(B12)

2. Hamiltonian in rotated basis and reduction
to the Rashba Hamiltonian

In Sec. IIIC of the main text, the variational approach
shows that the minimization of interaction energy breaks
the rotational symmetry of the Rashba ring. In the case of
single momentum states (PW-II phase), the interaction energy
between the atoms acquires a minimum value for ¢ = 37 /4
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or ¢ = —mn/4,i.e., for k and —k along the diagonal e, — e,.
For these azimuthal angles the spinor part of eigenvectors
xV = x(3m/4) and x® = x(—m/4) read using Eq. (B12) or
Eq. (11) in the main text:

-1 1
(0= L |ia- o_ L[ iat (B13)
b_ ’ by 1 ’
ia_ —iay
where

by =20/2++2, ar=1++2.

The vectors x and x® can serve as a basis for the lowest
dispersion branch. To have a complete rotated bases, we choose
the remaining two orthogonal vectors to be

-1 1
1 i L i
() R @ Bl4
X |l o | b, | ar (B14)
—ia_ iay

In the rotated basis, the Hamiltonian Hsoc x [Eq. (B7)] reads
forQ=J,

V22 0
Hsock = 0 V20
N k-0 +'k+ax) l—kyl +ikyo, ’
—kyI —ik.o, —Ti(k,ax + ki o;)

(B15)

with ky =k, £k,.

For Q? = J? > E2_, the upper and lower pairs states
are separated by the energy ~2+/2Q. In that case one can
neglect the coupling between the lower and upper two pairs of
states. The Hamiltonian projected onto the manifold of low-
energy states xV and x® reduces to the usual Rashba-type
Hamiltonian

<
/2

Hsocx = —=(k_o; + ko) (B16)
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subject to the rotation of the spin by 7 /2 along the x axis
transforming o to o,.

3. Interaction energy

According to the interaction Hamiltonian (12), the contact
interaction between atoms is described by the functional

2
8 8
Ein = Z/d2r<§|w¢,,|4+7*|m,,-|4
j=1

2 2
+ &1y [ 171y 1 ) (B17)
Let us assume that the state of the atomic cloud is a
superposition of lowest states x " and x ® with the coefficients

¥y and ¥

x = x4+ xP9n. (B18)
For g4 = g,, the interaction energy (B17) becomes
Ein = =[Bgr + g1 )1 + 1921
+4(gr + 281 DIV Pl
+ & + &)@ +9377)]. (B19)

Taking Y1 = — sin[3(¢ + §)1, 2 = ¥ cos[5(¢ + )] the
superposition vector (B18) reduces to Eq. (B12) or Eq. (11)
in the main text. For ¢ = —m /4, one has 1}1 = 0, so there is
only one column x». Thus ¢ indeed represents the azimuthal
angle in the momentum space. Inserting the expressions for
¥ and ¥, into Eq. (B19) we get

€o
8
where we assume gy = g, = g and introduce ¢y = g + g4,
and ¢, = g — g4y, with ¢g > . This is equivalent to the
expression (21) of the main text for the PW-II phase. Using
the projected basis x; and x», the interaction energy Ej, given
by Eq. (B20) acquires a minimum value for ¢ = 37 /4 or
¢ = —m /4, as required. Thus the interaction appears to be
highly anisotropic along the Rashba ring.

Ci . C .
E = 2+ 3—;(1 + sin2¢) + 3—3(1 —sin2¢),  (B20)
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