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Ground-State Phase Diagram of a Spin-Orbital-Angular-Momentum
Coupled Bose-Einstein Condensate

Dongfang Zhang,’ Tianyou Gzo,” Peng Zou,® Lingran Kong,'* Ruizong Li,** Xing Shen,' Xizo-Long Chen,*
Shi-Guo Peng,"” Mingsheng Zhan,* Han Pu™ and Kaijun Jiang'*"
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*Centre for Quantum and {)mrai
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By inducing a Raman transition using a pair of Gaussian and Laguere-Gaussian laser beams, we realize
4 ¥Rb condensate whose orbital angular momentum (OAM) md its internal spin states are coupled. By
varying the detuning and the coupling strength of the Raman tansition, we experimentally map out the
ground-state phase diagram of the system for the first time. The transitions between different phases feature
a discontinuous jump of the 0AM and the spin polarization, and hence ars of first onder. We demonstrate
the hysteresis loop associated with such first-onder phase transitions. The roleof interatomic interaction is
also elucidated. Our work paves the way o explire exotie quantum phases in the spin-orbital-angular-

momentum coupled quantum gases,

DOL 10.1103PhysRevied.122. 110402

Coupling between a particle’s spin and orbital motion is
ubiquitous in eptics [1], atomic physics, and condensed-
matter physics [2,3]. Ultracold atoms with high tunability
provide an ideal platform to study the spin-orbit coupling.
Spin-linear-momentum (SLM) coupling in quantum gases
is achieved by inducing Raman transition in the atom with
two counterpropagating laser fields [4-6], in which the
linear momentum of the light field can be transferred to the
atom. SLM eoupling possesses spatial translational sym-
metry and has a continuous spectrum. A variety of exotic
quantum states have been observed in quantum gases with
SLM coupling [4-12]. Photons can also carry orbital
angular momentum (OAM). For example, the Laguerre-
Gaussian (LG) optical field contains a phase factor /%,
where ¢ is the azimuthal angle and the integer [ is the
winding number of the optical vortex [13], and carries an
OAM of [h. What happens to atoms if they encounter light
carrying OAM is an intriguing question. Recently, several
theoretical works proposed another fundamental type of
spin-orbit coupling, namely, spin-orbital-angular-momen-
tum (SOAM) coupling, and predicted rich quantum phases
in atomic Bose condensates [14-19]. SOAM coupling
preserves the rotational symmetry and possesses a discrete
spectrum. Thus, atomic condensates subjected to SOAM
and to SLM exhibit distinct properties.

S0AM coupling is achieved by inducing atomic Raman
tmnsition with & pair of copropagating laser fields that
carries different OAMs, as schematically illustrated in

003 1-9007,/19/122(11)/ 110402(5)

Phys. Rev.

110402-1

Fig. I{a). The relative winding phase of the photons is
transferred to the atoms during the Raman transition. Using
this method, SOAM has been demonstrated in both
dynamically expanding [20.21] and trapped atomic con-
densates [22,23]. However, up until now, a systematic
experimental investigation of the ground-state phase dia-
gram of the system is still lacking.

Our current work reports the first experimental obser-
vation of the ground state phase diagram and the associsted
phase transition in a SOAM coupled condensate. Across
the phase boundaries, the vorticity of the atomic wave
function and the spin polarization exhibit discontinuous
Jjumps, providing clear evidence that the associated phase
teansition is of fist order. We further demonstrate the
hysteresis loop that represents another hallmadk of a
general firsstorder phase transition. Under the situation
where the single-particle ground state is twofold degener-
ate, we show that all the atoms condense into one of the
degenerate states. This can be attributed to the effect of
many-body interaction: if both states are populated, the
system has to pay an eneigy penalty due to the additional
quantum exchange interaction.

In the experiment, we produce a ¥Rl condensate, with
an atom number of 1.2(1)% 10% in a nearly spherical
optical dipole teap with trapping frequency = 2z
775 Hz, as in our previous work [24]. As shown in
Figs. 1(a) and 1(b), a pair of Raman beams (I, = -2
and /; = () copropagate along the = direction, suppressing

@ 2019 American Physical Society
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