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Abstract

The spin-orbit coupling (SOC) is a central theme explored in several research endeavors due to
its fascinating effects, including quantum spin-Hall states and topological insulators. It also has
immense potential for use in various quantum devices and information processing. Among the
spin-orbit-coupled (SO-coupled) physical systems, ultracold quantum gases with synthetic SOC
are of special interest due to their pristine and tunable nature.

In this thesis, we have studied the Rashba SO-coupled spinor condensates in the continuum
as well as optical lattices. Our study explores the emergence of self-trapped supersolid-like
crystalline structures in a quasi-two-dimensional (q2D) SO-coupled spin-2 condensate. Different
strengths of SOC and interatomic interactions result in a variety of nontrivial density patterns.
For small SOC strengths, v ~ |co| ~ 0.5 where 7 and ¢y are (dimensionless) SOC and spin-
independent interaction strengths, the ground state is an axisymmetric multiring soliton for
polar, cyclic and weakly ferromagnetic interactions, whereas for stronger ferromagnetic interac-
tions, a circularly asymmetric soliton emerges as the ground state. Depending on the values of
interaction parameters, a stripe phase may emerge as the ground state with an increase in SOC
strength. A triangular-lattice soliton can emerge in all magnetic phases, for v ~ 2|cy| ~ 1 in
addition to the aforementioned solitons. Further increases in SOC strength result in a square-
lattice and a superstripe soliton as quasidegenerate states. We have also demonstrated the
spontaneous generation of spatially periodic supersolid-like superlattice and stripe solitons in
q2D Rashba SO-coupled spin-1 and spin-2 nonmagnetic BECs, which are generally thought to
be associated with spinor interactions. The emergence of all these solitons can be inferred from
a study of solutions of the single-particle Hamiltonian.

In addition to this, we have studied quantum phase transitions of a two-dimensional two-
component Bose-Hubbard model in the presence of a Rashba SOC, both with and without
thermal fluctuations. Our analysis reveals that the interplay of single-particle hopping, the
strength of the SOC, and the interspin interaction leads to superfluid phases with distinct
properties. We have found that when the interspin interaction is weaker than the intraspin
interaction, the SOC induces two finite-momentum superfluid phases. One of these is a phase-
twisted superfluid that exists at low hopping strengths and reduces the domain of insulating
phases. At higher hopping strengths, there is a transition from the phase-twisted to a finite-
momentum stripe superfluid. On the other hand, when the interspin interaction is stronger
than the intraspin interaction, the system exhibits a phase-twisted to a ferromagnetic phase
transition. However, at finite temperatures, the thermal fluctuations destroy the phase-twisted
superfluidity and lead to a wide region of normal-fluid states.

On the dynamics front, we have studied the quench dynamics in a two-component bosonic
mixture within an optical lattice, finding qualitative differences from one-component Bose gas.

We have examined quench dynamics across both first- and second-order Mott insulator (MI) to



superfluid (SF) phase transitions, observing critical slowing down of dynamics near the transition
point in semblance with the Kibble-Zurek mechanism. In the case of second-order MI-SF tran-
sitions with homogeneous lattice-site distributions in the MI phase, our numerical simulations

yield dynamical critical exponents close to mean-field predictions.
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the MI(1) phase. The same for the MI(2) phase are shown in (f) and (h).
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Chapter 1

Introduction

1.1 Background

Nearly seven decades after its theoretical prediction in 1925 [7,8], the long-awaited experimental
realization of Bose-Einstein Condensate (BEC) finally occurred in 1995 [9-11]. This ground-
breaking achievement not only validated the theoretical framework but also ignited a new era of
research, leading to remarkable advancements and ongoing explorations in the field of quantum
physics to this day [12-14].

The substantial time gap between the theoretical prediction and experimental realization of
BEC is generally attributed to the refinement of quantum mechanics and the technical chal-
lenges associated with achieving the necessary conditions for condensation, such as ultra-low
temperatures and precise control over atomic interactions, requisite advancements in experi-
mental techniques, and cooling technologies [15]. The phase transition to the Bose condensed
phase is an intriguing phenomenon because it occurs even in an ideal gas without interaction,

making Bose-Einstein condensation a pure quantum-statistical effect.

To achieve a BEC, the thermal de Broglie wavelength must be comparable to the mean
interatomic distances in the quantum gas. The de Broglie wavelength can be calculated using
the equation A\ = \/m, where m is the mass of the bosonic atom and T is the critical
temperature for Bose-Einstein condensation. The mean interatomic distance can be expressed
as (r) = 1/n'/3, where n denotes the number of bosons per unit volume. This overlap of the

de Broglie wavelengths means that atoms can no longer be considered as distinct particles but



2 1.2. Scalar BEC

rather be described as a collective quantum object known as a BEC. This requirement sets the
stage for two primary factors influencing the realization of a BEC: density and temperature.
Accordingly, one approach to realize a BEC could be to increase the density of the quantum
gas, but this can lead to the formation of molecules or a transition to a liquid or solid state,
making high-density gases impractical for achieving the desired condensed state. To overcome
this challenge, researchers have opted for the second approach, which focuses on reducing the
temperature to extremely low levels (of the order of some hundred nano-Kelvin). By decreasing
the temperature, the particles’ thermal energies decrease, reducing their momenta and, thus,
increasing the thermal de Broglie wavelengths. Consequently, the mean interatomic distances
can become comparable to the de Broglie wavelength. However, the particle density is set to
be around 10* — 10 ¢cm™3 [12]. This value is significantly lower (around four to five orders of

magnitude) than the air density under standard conditions.

Alkali atoms, such as rubidium [11] and sodium [9], are commonly employed in creating
Bose-Einstein condensates (BECs) due to their favorable properties. Alkali atoms possess a
single valence electron, making them amenable to laser cooling techniques [15]. Furthermore,
they have a simple energy level structure that facilitates precise manipulation and control of
the atomic system. There are three essential steps to creating a BEC in a laboratory. Firstly,
laser cooling is used to gradually decrease the thermal energy of atoms. After that, trapping
mechanisms, predominantly magnetic traps, confine the cooled atoms within spatially localized
regions by employing magnetic fields. Finally, evaporative cooling is employed to selectively
remove high-energy atoms, enabling the attainment of ultracold temperatures required to create

a BEC [12].

1.2 Scalar BEC

BECs are fascinating systems that present a complex many-body problem. The Quantum Field
Theory framework is suitable for studying BECs as quantum fields. This theory can accom-
modate systems with an infinite number of particles and allows one to analyze the BEC as a

coherent entity, taking into account the interactions among the particles in a unified manner.




The Hamiltonian of a Bose gas with two-body inter-boson interactions is given by [16]
f{:ﬁo—i-ﬁint, (11)

where Hy includes the kinetic energy and trapping potential terms and Hiy is the part for mutual

interaction between particles. These two constituents of the Hamiltonian (1.1) are defined as

2
Hy = /dr\IJT(r,t) <—2hmV2 + V(I‘,t)> U(r,t), (1.2)
Hipe = ;/drdr/\i!T(r,t)\i’T(r/,t)U(r — U, )P (r, b), (1.3)

where h is the reduced Planck’s constant, m is the mass of an atom, and U(r — r’) is the
interatomic interaction potential. The field operator ¥ [U1] annihilates [creates| a particle at

position r and obeys the usual bosonic commutation relations:

[\i!(r), vl (r')} =6(r—1),

(1.4)
[\i/(r),\if (r’)} = [\IJT(r), a (r’)] =0,

where § (r — r') is the Dirac delta function. The evolution of the field operator ¥(r, t) is described
by the Heisenberg equation of motion given as

OV (r, 1)

ih
A"

— [d(r, 1), ], (L5)
In the dilute and ultracold BEC, the low-energy interactions between particles are mostly two-
body interactions. To represent these interactions, one can use a delta function potential U(r —
r') = g6(r — r'), where g = 4wh?a/m represents the strength of the interaction [17]. The sign of
g, determined by the s-wave scattering length a, determines whether the interaction is attractive

(g < 0) or repulsive (g > 0).

1.2.1 Mean-field theory

In 1947, Bogoliubov [18] proposed a mean-field approximation to describe the BEC, treating the

field operator W(r,t) as the sum of a mean field t(r, t), representing the central core of the BEC,

1 Introduction
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and fluctuation operator 5\1'(1', t) which accounts for the thermal and quantum fluctuations, i.e.
U(r,t) = (r,t) + oV(r,t). (1.6)

Assuming the temperature of the gas is well below the critical temperature T, a significant
fraction of the particles will occupy the same ground state, forming the condensed BEC. So, the
fluctuation operator can be neglected. By incorporating the delta function interaction potential
and the mean-field approximation (1.6) in H and evaluating the commutator in the right-hand
side of Eq. (1.5), we obtain the zeroth-order model for a three-dimensional (3D) BEC known as
the Gross-Pitaevskii (GP) equation [19,20]:

; h8¢(r, t) h?

o = g Vo )+ V)Y, 1) + glib(r,t) P (r, 1), (1.7)

where 1(r, t) represents the order parameter of the BEC and |¢(r,t)|? represents the density of

particles at position r and time t.

The GP equation, analogous to the nonlinear Schrédinger equation, governs the evolution
of the BEC, providing insights into quantities like momentum and energy distributions, as well
as the stability of nonlinear-wave structures. This equation has earlier been extensively ex-
plored in the context of nonlinear phenomena in optics [21,22], plasma physics [23], and fluid
dynamics [24]. However, when applied to BECs, the equation presents unique characteristics
and flexibilities that distinguish it from previous studies. These include but are not limited to
the presence of external potentials and the ability to manipulate these potentials, the effective
nonlinearity, and the dimensionality of the model. Understanding the GP equation is crucial for
gaining valuable insights into predicting and characterizing essential non-linear effects. Notably,
this includes the study of solitons [25,26] and vortices [27], which are highly relevant and exper-
imentally observable phenomena. By delving into the GP equation, researchers gain a deeper
understanding of the intricate dynamics and properties exhibited by these nonlinear entities in

various physical systems [12—14].




1.3 Spinor BEC

Magnetic traps confine the cooled atoms within spatially localized regions by employing magnetic
fields resulting in the selective trapping of atoms in the weak-field-seeking states. The strong
Zeeman shifts caused by the magnetic field freeze out any spin-exchange collisions, resulting in
the atoms almost behaving like scalar particles in the condensate, which can now be described
by a scalar field [12]. This is in contrast to an optical trap, where all the states can be trapped
by spin-independent potential and spin-degrees of freedom are not frozen [28]. In the case of
an optical trap, the condensate can be described by a spinor with 2f + 1 components having
hyperfine spin f, rendering such systems rich in novel physics [29]. Notably, commonly observed
BEC species, such as 8’Rb and 23Na, correspond to hyperfine manifolds with f = 1 and f =
2 [30]. In contrast, ®Cr [31] and ®®Rb BECs possess f = 3 phases [29]. Optical traps mainly
employ laser fields, and the trapping is based on the interaction between the induced dipole
moment of the atom and spatially varying electric field [28]. Spinor condensates exhibit many
quantum phenomena with no analogue in single-component or multicomponent scalar BECs,
e.g. spin dynamics [32], spin waves [33], spin mixing [34] etc.

The hyperfine spin states of the atoms can change during the two-body scattering events
in spinor Bose gases. To properly account for this in the interaction part of the Hamiltonian,
the total hyperfine spin of the two particles must be considered. If two identical spin-f bosonic
particles collide, they may have a total spin of F = 0,2,...,2f since symmetry considerations
prohibit odd F in the s-wave limit. The scattering length, which depends on the total spin F,

can have up to f + 1 different values, denoted as aq, . .., as¢ [29].

The interatomic interaction Hamiltonian f[int for a spinor condensates can be written as [29]

A 1 A A A A
By [ 30 Ol (0l () () (), (18)
mimamimb
where m; and my are magnetic quantum number and can take a value from f, f —1,...— f and
4h? -
Cpamz = <553 ap (fomas foma [Pr| fmis fmb) (1.9)
F=0,2,....2f

with Pr = Z/]\:/(:_}' |F, M)(F, M| being the projection operator onto a two-body state with

1 Introduction
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the total spin angular momentum F. The interaction potential can be divided according to the

spin channel F as

I:Iint = Z ﬁi{l—t, (110)
F=0,2,....2f

where HY,

7+ is the interaction Hamiltonian corresponding to the two bosons getting scattered

with a total spin F [29]. For the contact interaction potential, HT,

7t can be written as

f
A7 =2 [ 30 Ay () Arn ), (1.11)
M=—F

where g7 = 4rh%ax/m, and Ar M (r) is the irreducible operator that annihilates a pair of bosons
at r. The irreducible operator is related to a pair of field operators via the Clebsch-Gordan

coefficients (F, M | f,m; f,m') as follows:

f

Apm(x) = Y (F M| fym; fom) dhon (0) by (x). (1.12)

m,m/=—f

~

The operator Zj\:/t:—r A_TFM (r) Ar (r) for spin f can be expressed in terms of f+ 1 operators

29].

1.3.1 Mean-field model for a spin-1 BEC

The second-quantized Hamiltonian for f =1 is given by [29]

A o h2 o go » o
H= /dr [;w} <—2mv2 + v) ;i + EOA(T)O (r) Ago (v)
(1.13)

2
g2 2 A
+3 MZ_2 Al (r) Aopq <r>] :

where the irreducible operators can be expressed in terms of total density operator p(r) and

spin-density operator F, (r). Thus, in the mean-field approximation, the energy functional for a




spin-1 BEC becomes

2 CO 2 Cl @2
/dr Z%( —v +v) W, + + 5 IR (1.14)
where
Amh? 2 Arh?(ay —
o — wh*(ao + az)’ o — wh=(asg ao)’ (1.15)
3m 3m

and p(r) = >, [ (r)|? is the total density of particles with j = +1,0, or —1 as the magnetic
quantum numbers of magnetic sublevels. In Eq. (1.14), F = (F,, F, F,) is the spin-density

vector defined as

Z% r)(fo)j i, (1.16)

where v is (z,y,2) and f;, f,, and f, are the irreducible representations of the z, y, and z
components of the angular momentum operators for a spin-f particle, respectively. The (4, j')th

element of these (2f + 1) x (2f + 1) matrices are

1
(fa)igr =5 [% (f=i+ D+ +V(+i+ D — j)ajﬂ,jl} : (1.17a)
1
(fo)ig =5; [\/(f —J+ D + )81y — V(f+5+1)(f —j)ajﬂ,jl] , (1.17b)
(f2)s50 =365 (1.17¢)
where j and j’ can have values from f,f —1, ..., —f. The mean-field dynamics of a spinor BEC

is governed by (1.14)

8% ok
— = 1.18
which for spin-1 BEC yields three coupled GP equations
p e _ (LYt aF, ) va + LRy (1.192)
? ot om CopxC1 +1 ﬂ F¥o, -1Ja
., 0y h2v? C1
h— = v —F_9_ 1.19b
ih—, ( 5~ +V+aop woJr\/§ Y1, ( )
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where

Fy = F, &1F,, [?ﬁl Yo + Yo" (Y1 + 1) +p_1"o], (1.20a)

%\

F, = = [, Fy = 7[_1/’1*1/}0 + tho™ (1 — 1) 4+ h_1"o]. (1.20b)

Sl

If ¢; is positive, the energy functional in Eq. (1.14) is minimized with a non-magnetized spinor,
and the antiferromagnetic or polar phase is the ground-state phase. In the opposite case of
negative cj, the ground-state phase is ferromagnetic. The interactions in a spin-1 condensate
share similarities with those observed in condensed matter physics. The ferromagnetic state
can be considered polarized or magnetic, exhibiting a net magnetization. Conversely, the anti-
ferromagnetic and polar phases lack magnetization due to an equal distribution of populations
in spin states with magnetic quantum numbers j = +1 or all the atoms in the spin state with

j=0.[29].

1.3.2 Mean-field model for a spin-2 BEC

The second-quantized Hamiltonian for f = 2 is given by [29]

H = /dr

Zw* ( A V2 V> i + gOAgO (r) Ago (r)
(1.21)
g2 Z Al () Agpq (x )+ & > ALy (r) A (v) |

where j can take values +2, 41,0, —1, —2 and the irreducible operators can be expressed in terms
of total density operator p(r), spin density operator Fy(r), and singlet-pair operator Agg (r). In

the mean-field approximation, the energy functional for a spin-2 BEC can then be written as

9 Clm2 | €202
5= [ Z%( v +v> b+ 2+ SRR+ Ziep| (1.22)
where
2 2 o 2 _
oo = T Mast3ay) o - AmhTlas—ay) o AnhT(Tao — 100y F3a0) g o
™ m Tm




p(r) = Zj 1 (r)|? is the total density, and © is the spin-singlet pair amplitude given by

1

°=

(2429_2 — 294191 + ). (1.24)

For the spin-2 BEC, we get the following five coupled GP equations by minimizing the energy
functional Eq. (1.22) and using Eq. (1.18)

L0 c .
in giﬂ = Hipio + o1 (Fpipar + 2F.0pey) + %@%2, (1.25a)

O 3 c .
ih atil = Hyp+a [\/;Fﬂl)o + Fyitppo £ szil] - %@@b;l, (1.25D)

0 3 c .
Zh% = Hbota \/;(F¢1 + Fiha) + %@@Z’oa (1.25¢)
where
h2v2 ” . )

M=\, TV tar|. F=2;jlil" (1.26a)
Fo= FL = 2051 + V6§ o + VOug + 2040975, (1.26b)

Depending on the values of ¢; and ¢z, we can have three magnetic phases [29,35] — ferromagnetic,
anti-ferromagnetic, and cyclic. The scattering lengths, which determine the strength of interac-

tions, can (in principle) be manipulated using optical or magnetic Feshbach resonances [36].

To generalize, in the mean-field approximation, a spin-f BEC is described by a set of 2f 41
coupled time-dependent nonlinear partial differential equations with first-order derivative in
time and second-order derivatives in space known as coupled Gross-Pitaevskii equations (CG-
PEs) [29,37-39]. For f =1 and f = 2, we have derived these CGPEs in Egs. (1.19a)-(1.19b)
and Egs. (1.25a)-(1.25¢), respectively. There is no general analytic approach to solve a set of
CGPEs, one needs to solve the equations numerically, and this has spurred many studies on the
numerical solutions of spinor BECs [3,4,40]. However, to solve these equations numerically, it is
preferable to have these CGPEs in dimensionless units. Appendix A discusses the dimensionless
formulations of these equations for quasi-one-dimensional (q1D), quasi-two-dimensional (q2D),
and 3D cases, specifically for a spin-1 BEC. A wide range of numerical techniques have been

employed in literature to study single-component scalar [41-46], multicomponent scalar [47] as

1 Introduction



10 1.3. Spinor BEC

well as spinor BECs [3,4,40,48]. One of the most widely used methods to determine the ground
state of scalar BECs is the imaginary-time method followed by an appropriate discretization
scheme to evolve the resultant gradient flow equations [42,43]. The extension of this method to
compute the ground states of spinor systems, for example for a spin-1 BEC, is not straightfor-
ward, as there are only two constraints, i.e. the conservation of the total number of atoms and
longitudinal magnetization, while one would need three projection parameters for normalization
of three components of the wave function [3,4,40]. However, the imaginary-time method has
been used in the literature with simultaneous conservation of norm and magnetization achieved
through the introduction of the third normalization condition [3,4,40]. There have been differ-
ent discretization schemes used which include, among others, centered finite difference schemes
and spectral methods for spatial discretization and forward Euler, backward Euler, and Crank-
Nicolson schemes for time discretization. The non-linear terms can be handled easily by first
using the time-splitting technique, which in the case of scalar GP equation amounts to approx-
imating the solution by successively solving two equations- one of which is just a free particle
Schrodinger equation, and the other containing the non-linear term can be solved exactly [44].
The free particle Schrodinger equation can be handled by Crank-Nicolson [45] or spectral dis-
cretization [46,49]. In this thesis, we use the Fourier pseudospectral discretization for solving
the free particle Schrodinger equation. A couple of advantages of choosing this method: firstly,
it can be extended easily to the higher dimensional systems because of the ease of dealing with
the differential operators in the Fourier space, and secondly, its spectral accuracy. Details of this
method for the spin-1 system are discussed in Appendix B. We have implemented this method
to develop codes in FORTRAN 90/95 programming language for imaginary- and real-time prop-
agation. The details of these codes are provided in Appendix C. To ensure the reliability of our
codes, we have compared the results for various parameters with published literature, and we

have included these sample results in Appendix D.

1.3.3 Spin-orbit-coupled spinor condensates

Spin-orbit coupling (SOC) is a fundamental phenomenon in various physical systems. The
coupling of spin with momentum brings quantum mechanics to the forefront. It has important
implications in various systems, including materials. SOC can give rise to intriguing effects

like quantum spin Hall states [50] and topological insulators [51]. These exotic states of matter
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exhibit unique electronic properties and hold great potential for applications in quantum devices

and information processing [51].

In conventional atomic physics systems, the presence of SOC gives rise to atomic fine-
structure splitting. In materials, SOC arises due to symmetry breaking. A lack of mirror
symmetry in two-dimensional (2D) systems results in Rashba SOC [52], whereas a lack of inver-

sion symmetry in bulk crystals leads to linear Dresselhaus SOC [53].

Charged particles in the presence of external magnetic fields experience a Lorentz force.
In atomic gases, this possibility is ruled out because of their neutrality. In the experimental
realizations of synthetic electric [54] and magnetic fields [55], researchers engineer Hamiltonians
with spatially or time-dependent vector potentials. These engineered vector potentials produce
artificial magnetic fields B = V x A or electric fields E = —9A /0t for neutral atoms. By
manipulating these synthetic gauge fields, Spielman’s group at the Joint Quantum Institute
achieved a breakthrough through successfully creating synthetic SOC [54-56] within ultracold

Bose gases, opening new frontiers for investigating quantum systems in this exciting domain.

1.3.3.1 Raman-coupled Hamiltonian

Consider the schematic in Fig. 1.1, where lasers couple three lower-energy states to a high-
energy state [1,2]. The frequencies of these lasers are w; and we, which are chosen near to the
resonance, resulting in the coupling of three lower-energy states via a second-order two-photon
process. The coupling between the internal states by laser fields occur through dipolar coupling,
Hgi, = —d - E, where d is the dipole operator, and E is the electric field, which for the two
Raman lasers is

E = Eycos (ki -1 —wit) + Eycos (k- 1 — wat) . (1.27)

Electric-dipole interaction Hamiltonian is given as

—Eg 0 0 d14 . E(’l", t)
H(t) _ 0 0 0 d24 . .E(’I"7 t) , (1,28)
0 0 Eg d34 . E(T, t)
[d14 . E(T, t)}* [d24 . E(T, t)]* [d34 . E(T, t)]* E.
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12 1.3. Spinor BEC

where the basis states are |+ 1), |0),| — 1), |e) with energies (—Eg, 0, Ey, E.), respectively. d;; =
(ild|j) and
dis- E(r,t) = Qicos (k-7 —wit) + Qo cos (ka2 - 7 — wat) , (1.29)

here 1 = dijy.FE1 and Qs = d;q.FE2. To get rid of the time dependence, we apply a time-

le)

I+1)

Figure 1.1: (Color online) Three lower energy states are coupled to the higher energy state using
two Raman lasers of nearly the same frequency. Raman lasers effectively generate spatially-
varying coupling between | — 1) and |0), and between |0) and | 4+ 1) states through second-order
process [1,2].

dependent unitary transformation to our system, yielding transformed wavefunction ¢’ = U
and transformed Hamiltonian H' = UHU' — iU9,UT. The apt unitary operator for the trans-

formation is

elwze)t 0 0
0 1 0 0
U= , (1.30)
0 0 e ilwzmw)t g
0 0 0 et
resulting in [2]
o 0 0 dy, - E et
0 0 0 dyy - E 1t
H = AT s
0 0 _5 ds, - E p2iwt—iwat

[dis - E eiwt]* (doy - E eiu.)lt]* (dsy - E e2iw1t—iw2t]* A
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where 0 = (w1 —w2) — By and A = F, —wy. Since A is the largest energy scale in the problem,
one can adiabatically eliminate state |e) to study the low-energy physics of the system. The
Schrodinger equation of the problem can be written as i0,c = H'e, where ¢ = (¢1, ¢2, ¢3, 04)T then
i0pcs < Acy and cq = — (Hy c1 + Hyyeo + Hiyc3) /A, which we substitute into the equations of
motion for c1, c2, and c3 resulting in an effective 3 x3 Hamiltonian. We neglect the fast-oscillating

terms using the rotating-wave approximation, which gives the following Hamiltonian [2]

O PHQ? Q5 (ke —ko)r
0 IA in © 0
/ * 2 2 * .
H = _%ez(lﬂ*kﬂ-r _|Ql‘4+A|Q2‘ _Qi22671(k1*k2)-?" . (1.32)
2297 i(k1—kz) T 1217 +]Q2 [
0 —IA € —0— A

The SOC effect originates from the spin-flipping process described by the off-diagonal terms in
Eq. (1.32) with a momentum transfer of (k; — ks); the diagonal contribution | |* + |Q|? /4A
in Eq. (1.32) is the AC Stark shift. Redefining the Hamiltonian by changing the zero-energy

reference, we get [2,56]

30/2  SRether 0

, R2K? " ’

H == —+ Qheikrr g2 Qpeikir | (1.33)
0 %eik“" —0/2

where Qp = =015 /2A, kr, = k1 — ko, and k = —iV.

Spielman’s group at the Joint Quantum Institute achieved a breakthrough through the suc-
cessful creation of synthetic SOC [56] within ultracold Bose gases, using a method based on
Raman coupling. In this experiment, for the F' = 1 manifold, the energy difference between
|1,+1) and |1, 0) is quite large due to the quadratic Zeeman shift as compared to the |1,0) and
|1, —1). This makes the system effectively a two-level system by adiabatic elimination of |1, +1)
state. The two states of this effective two-level system are labelled as [1,0) = | 1), |1,—1) = | |).
Now, considering counterpropagating Raman laser beams along x—direction, the corresponding
Hamiltonian is [2]

. hPR* Qg

. )
Hy = 5 + 7[(}08(2/@:1:)(% —sin(2kpx)oy] + 50z (1.34)

We now apply a unitary transformation to Eq. (1.34) defined by a unitary operator U =
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exp(—ikpzo,) to illustrate the presence of SOC more distinctly. The resultant Hamiltonian

is [2, 56]

Rk?  BPkpk, Q 1)
= + L o, + —R(fx + =0, (1.35)

07 Tom m 2 2

which contains an SOC term that couples k, and o,.

This generates the desired SOC, leading to the degeneracies in the energy-momentum dis-
persion. As a result, the spinor BECs with SOC exhibit a wide variety of phases and a more
intricate phase diagram than systems without SOC. The specific phases and the transitions
among them in the ground-state phase diagram depend on various factors, such as the strength

and nature of the SOC and the interactions between the atoms [57,58].

In condensed matter systems, SOC is an intrinsic property and cannot be tuned [59]. In
contrast, it is possible to vary the strength of synthetic SOC in ultracold atoms by tuning
the Raman coupling between pseudospin states, and thereby different phase transitions can
be explored [56,60,61]. For example, a spin-orbit-coupled (SO-coupled) pseudospin-1/2 Bose
gas undergoes two successive magnetic phase transitions as the strength of Raman coupling is
increased. The first transition is from a stripe to a magnetized plane-wave phase, and the second
is from the magnetized plane-wave to a non-magnetic zero-momentum superfluid state for the

Raman coupling of the order of the recoil energy [62].

Before the advent of synthetic SOC in ultracold atoms, studies on SO-coupled systems
were primarily constrained to the fermionic systems [51]. As many atomic species are bosonic,
the first physical realization of an SO-coupled bosonic system [56] raised many new questions,
for instance, how SOC affects the behaviour of bosonic superfluid? In contrast to spin-1/2
electrons, many atoms possess spin much larger than 1/2. How does SOC affect these gases,
especially those with high spins like Rb, Na, Cr, Er, and Dy? Making use of the tunability of
the SOC, one can also study the physics of a topological insulator and superconductor in a more
flexible and disorder-free setting. SO-coupled ultracold systems can also be used for quantum
simulations [58], opening new research directions which can lead to novel quantum states and

quantum phenomena.

Various configurations of SOC can be created by coupling different internal atomic states us-
ing additional laser beams [63]. This flexibility allows for the generation of tunable combinations

of Rashba and Dresselhaus SOCs [63]. There are several theoretical proposals for generating
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various SOC models that don’t even have analogues in any naturally occurring systems [64],
which opens the door for exploring exotic quantum phenomena and potentially harnessing them
for future technological advancements. However, there are technological challenges, such as ad-
dressing the heating caused by Raman laser beams, etc., that need to be overcome to engineer
various SOC models.

The implementation of SOC has led to many studies on spinor BECs. For instance, in an op-
tical lattice potential, a 2D SOC exhibits inversion and Cy symmetries, opening up new avenues
for studying topological band structures and quantum effects. A recent experiment explored
the interaction-driven quantum phase transition (QPT) and topological region of such a 2D
system [65]. These experimental advances have led to several theoretical studies on magnetic
ordering, including spin-spiral ordering [66], vortex and Skyrmion crystal [67], and ferromag-
netic and antiferromagnetic phases [68]. Additionally, several investigations have examined
the effects of SOC strength and symmetry on the ground state [69], crystal momentum dis-
tributions [70], and SOC-driven Mott insulator (MI) to superfluid (SF) phase transition [71].
Moreover, in the continuum, combining mean-field nonlinearities with SOC has attracted signif-
icant attention, giving rise to remarkable phenomena, including vortices [72—76], monopoles [77],
skyrmions [78,79], multidomain patterns [80], structures induced by nonlocal interactions [81],
tricritical points [82], solitons [83-85], and many more. The interest in multidimensional self-
trapped structures has been renewed, particularly after the prediction of stable 2D and 3D
bright solitons in an SO-coupled pseudo-spinor system without any confining potential in free
space [86,87]. Recently, quantum droplets, a self-trapped phase unlike a bright soliton, have
been experimentally realized in dipolar BECs [88-90] and two-component BECs [91,92], where
beyond mean-field interactions inhibit the mean-field collapse. In the following section, we will

introduce one of the self-trapped solutions, namely bright solitons, in the context of this thesis.

1.4 Solitons

Solitons [93,94], remarkable phenomena observed in various nonlinear systems such as shallow
water, plasmas, and optical fibers, have been the subject of extensive theoretical and experi-
mental investigations. While true solitons are mathematically the solutions of exactly integrable

models [93,95], physical systems that closely approximate integrable models are often referred
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to as solitons, especially in experimental contexts. Solitons are characterized by their non-
dispersive nature, retaining their initial shape for all time and exhibiting localization properties.
They can also pass through other solitons while preserving their size and shape [96]. These can
be attributed to the interplay between nonlinearity and dispersion. Nonlinearity compensates
for the dispersive effects, enabling solitons to maintain their shape over time. In the realm of
BECs, the mean-field equation (1.7) has a term corresponding to external potential. In the
theoretical scenario of one dimension and without trapping, Eq. (1.7) simplifies to the one-
dimensional (1D) nonlinear Schrédinger equation that features exact analytical solutions in the
nonlinear regime, known as solitary waves or solitons. Solitons exhibiting density depressions
are referred to as “dark” solitons. This category further distinguishes between “black” solitons,
with a minimum density of zero, and “grey” solitons, with a minimum density greater than zero.
Conversely, solitons with a density maximum are termed “bright” solitons [12]. For the existence
of bright solitons, attractive interactions are needed in the system, whereas for the occurrence
of dark solitons, repulsive interactions are needed. In the context of nonlinear optics, these can
be described as focusing and defocusing Kerr-type nonlinearities, respectively. These so-called
“solitons” in physical systems can survive collisions and propagate over long distances, although
they do display dispersion and attenuation over sufficiently large distances, e.g. in fiber-optic
systems. In the context of ultracold atomic gas experiments, the controlled creation of bright
solitary matter waves is made possible through the use of magnetically tunable Feshbach res-
onances [36]. These resonances enable precise control over interatomic interactions by varying
the magnetic field, allowing for manipulation of the s-wave scattering length over a wide range
of positive and negative values.

In higher-dimensional systems, the nonlinear Schrédinger equation loses its integrability
[93,95]. Generating 2D and 3D bright solitons is a significantly more difficult task compared to
1D. The primary challenge arises from the presence of a cubic local self-attractive nonlinearity,
which leads to critical and supercritical collapse (blowup) in 2D and 3D geometry, respectively.
This collapse arises due to the interplay between attractive forces and kinetic energy, leading to
a breakdown of the condensate’s stability [97].

Multicomponent BECs have further enriched the study of solitons in the matter waves.
These introduce additional tunable parameters, such as interspecies interaction, and give rise

to novel nonlinear structures that are not observed in scalar BECs. As an example, a two-
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component BEC introduces new nonlinear structures, including dark-bright solitons (combining
dark and bright components) [98-100], dark-dark solitons [101], bright-bright solitons [102,103],
and domain walls [104,105]. The studies on solitons in multicomponent BECs have expanded
our understanding of nonlinear phenomena in matter waves. However, even in multicomponent
BEC, stable bright solitons in two or three dimensions have not been reported in free space,
solely relying on contact interactions.

Various theoretical approaches have been developed for stabilizing 2D and 3D solitons. These
approaches involve utilizing trapping potentials, advanced nonlinear interactions, or nonlocal
nonlinearity. [97,106]. After the successful generation of synthetic SOC, a fascinating possibility
is to stabilize bright solitons (including vortex solitons) with an interplay of SOC and mean-field
nonlinearity [86,87]. Stabilization by SOC introduces new features in these solitons differing from
a conventional BEC. For example, the shape of a soliton does not change with velocity due to
the Galilean invariance of the conventional system, whereas there is a lack of Galilean invariance
due to SOC [84,107]. One of the most remarkable outcomes of the investigations on SO-coupled
BECs in 2D and 3D geometries is the stabilization of vortex-bright solitons [86,87,107,108].
These solitons not only possess localized states but also incorporate vorticity, allowing for the
embedding of vortex structures. The vorticity within these solitons is characterized by an
integer phase winding number, also known as the topological charge denoted by w. This charge
corresponds to a total phase change (A = 27w) that accumulates as one traverses a closed
trajectory surrounding the pivot or phase singularity. A distinctive feature of the vortex soliton
is the presence of a hole in the density of the component with a phase singularity. In addition
to the stabilization of vortex solitons, another interesting theoretical proposal has been made
to realize self-trapped supersolid-like structures in SO-coupled BECs [109]. In the next section,
we will introduce the concept of a supersolid, its experimental realization, and the self-trapped

supersolid-like structures.

1.5 Supersolid-like structures

A supersolid [110-112] is a captivating quantum state that defies our conventional understand-
ing of matter. It combines the characteristics of a crystalline solid with its ordered structure

and stable arrangement of particles and a superfluid with its remarkable ability to flow without
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friction or resistance. This unique state breaks two fundamental symmetries in physics: contin-
uous translational invariance, which is responsible for the solid-like properties, and continuous
gauge invariance, which governs the superfluid behaviour [113,114]. Both diagonal long-range
and off-diagonal long-range orders (ODLRO) exist simultaneously and appear spontaneously in
a supersolid [114].

Supersolidity, an idea initially proposed as a theoretical concept [110-112], have been the sub-
ject of significant scientific research. Despite decades of exploration, a supersolid state in helium
remains elusive [115]. However, scientists have recently revisited the concept in relation to ultra-
cold atoms. Theoretical suggestions have explored the possibility of creating supersolids using
finite-range and dipolar interactions [116], followed by exciting experimental developments and
culminating in the realization of a supersolid phase in dipolar BECs [117-120]. By fine-tuning
the ratio between dipolar and contact interactions, these systems undergo a phase transition,
first entering a supersolid phase. Subsequently, with a further decrease in the strength of contact
interactions [117-120], a crossover to an insulating phase occurs. The observation of the excita-
tion spectrum provides further confirmation of the supersolid phase, as it reveals a simultaneous
and spontaneous breaking of both continuous translational and global gauge symmetries. An-
other candidate to realize supersolidity is an SO-coupled spinor BEC, where a supersolid stripe
phase, characterized by both diagonal and off-diagonal orders, has been experimentally observed
in a pseudospin-1/2 spinor condensate [121]. Recently, this system has been claimed to be a
paradigmatic supersolid which is demonstrated by the nonrigidity of the density stripes [122].
This discovery has further confirmed that SO-coupled spinor BECs are an enticing playground
to uncover many exciting physics.

The three necessary hallmarks of a supersolid are periodic density modulation, global phase
coherence and phase rigidity [123]. Different experiments have claimed the existence of super-
solidity in these ultracold systems by identifying spatial modulations of the density profile and
simultaneous global phase coherence [118-121]. The experimental realization of a state that
simultaneously shows all these three properties was first shown by Pfau’s group [123] for dipolar
dysprosium atoms.

Combining the themes of self-trapping and supersolidity, an interesting theoretical proposal
has been made to realize self-trapped supersolid-like structures in SO-coupled spin-1 BECs [109],

where periodic spatial patterns in total density are expected to possess supersolid-like proper-
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ties. ‘Supersolid-like’ terminology is a reference to the fact that these structures manifestly
share one of the three properties of a supersolid. Moreover, these supersolid-like structures
are found to be self-trapped, hence termed as supersolid-like solitons. We have explored these
self-trapped structures, having square-lattice- and triangular-lattice-like spatial structures in
the total density, in this thesis. A supersolid-like soliton represents a remarkable phenomenon
of spontaneous 2D crystallization within a quantum degenerate gas. Further studies on these
can provide valuable insights into the fundamental mechanisms underlying crystal formation in
solids under controlled conditions. One of the aims of this thesis is to explore the properties
and behaviour of 2D bright solitons and other self-trapped structures that emerge in SO-coupled

spinor condensates.

1.6 Optical lattice

Optical lattices have an important role in studying many-body physics. These lattices are
composed of light that creates an artificial crystal through the interference patterns generated
by two or more coherent laser beams travelling in opposite directions [124]. If the laser beams are
incoherent, the light intensity with no interference pattern is dictated by the beam profiles that
create an optical trapping potential used for the generation of spinor condensates. The spatial
periodicity of the lattice is defined by the wavelengths A; of the laser beams. When two lasers
with equal wavelengths propagate along the z-axis but in opposite directions, they produce a
standing wave with an intensity pattern that exhibits spatial periodicity. The periodicity of
the intensity pattern is equal to half of the wavelength of the lasers. Optical lattices use the
AC Stark effect of detuned laser light to create periodic potentials that trap neutral atoms.
By far-detuning the lasers from atomic resonances, the electric field of the laser induces dipole
moments in the atoms, leading to a force caused by the gradient of the inhomogeneous light
field. Laser light is used for creating deep potential wells that trap the atoms strongly at the
lattice sites [124].

The optical lattices are effective in limiting atomic motion, resulting in a greater emphasis
on interaction energy in comparison to kinetic energy. These lattices can be tailored to create
diverse single-particle dispersions, and the balance between interaction and kinetic energies can

be fine-tuned by adjusting the lattice depth. By simulating solid-state systems with cold gases,
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optical lattices offer access to properties and processes that are typically difficult to observe
in real materials. Researchers are able to establish a direct correlation between systems found
in solid-state materials by modelling electrons with atoms in quantum simulators. The tight-
binding model is often used to establish a direct correspondence between optical lattices and
ionic lattices in solid-state systems. Optical lattices offer several advantages over traditional
condensed matter systems, such as parameter control, defect-free systems, and the ability to
achieve different lattice geometries and dimensions. Furthermore, the simplified interactions,
primarily through isotropic scattering [125], make it easier to study. These experimental controls
have led to the use of cold atoms in optical lattices as quantum simulators [126], allowing for the
replication of the physical behaviour of specific models from condensed matter. These innovative

concepts draw inspiration from Feynman’s original ideas [127].

1.6.1 Bose-Hubbard model

In the regime of full coherence, where a single macroscopically occupied matter wave accurately
describes the system, the GP treatment is well suited [128]. However, as the field of BECs
advanced, the need to “go beyond GP” became apparent. This was driven by both theoretical
interest and experimental opportunities to explore the strongly correlated regime. Strong in-
teractions, ultrafast rotations, and unique trapping potentials like optical lattice potentials can
challenge the validity of the GP equation.

To capture the essential characteristics of a Bose gas in an optical lattice, the Bose-Hubbard
model (BHM) is commonly used [129,130]. This model captures the competition between kinetic
energy, which promotes particle delocalization and uniform spatial distribution, and potential
energy, which localizes particles on lattice sites by minimizing repulsion. BHM provides a simple
yet powerful framework for understanding the behaviour of Bose gases in optical lattices.

The grand canonical many-body Hamiltonian for a system of interacting bosonic neutral

atoms confined in optical lattice potential is

H= /drxiﬁ(r) <—2h;v2 + V(r)> W(r) — u/dr\iﬁ(r)\i!(r)

1 /

(1.36)
4 5 /drdr/\ilT(r)\i'T(r/)U(I' —-T )‘if(r )\il(r),

where \il(r) is the time-independent bosonic field operator, which creates an atom at position
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r. The confining potential V' is an optical lattice potential, and the interatomic interaction
U(r— r/) can be approximated by the contact pseudopotential. We work in the grand canonical

ensemble wherein chemical potential p fixes the total number of particles.

In a periodic potential, the energy spectrum of a single particle exhibits bands of allowed
energies and energy gaps [131]. The corresponding wave functions can be described using Bloch
functions uq,p(r), which are characterized by a band index a and quasi-momentum p. For deep
periodic potentials, a tight-binding limit is applicable. In this limit, the width of energy bands
becomes smaller than the gap energy, and the Wannier functions localized at the lattice wells
become the convenient basis to expand the wave functions of the system. The Wannier functions

are defined as Fourier transform of Bloch functions as

wia(r) = Y e R Ry, (), (1.37)

peBZ
where R; is a lattice vector pointing at site ¢. In low-temperature systems with weak inter-
particle interactions, transitions between different bands can be neglected. Consequently, the
system’s dynamics are restricted to the lowest Bloch band, also referred to as the single-band
approximation. This can only occur when the energy gap between the first and second bands
exceeds the thermal and interaction energies per atom. In this scenario, we can expand the field

operators in relation to the Wannier functions linked to the lowest band as
U(r) =Y wio(r)bs, (1.38)
i

where the subscript 0 of w; o denotes the lowest band, and ZSZ corresponds to the annihilation
operator for the atoms at the i'* lattice site. Substituting Eq. (1.38) in Eq. (1.36), and then
keeping terms corresponding to nearest neighbor (NN) tunnelling and onsite interaction, we can

obtain

. PN U o .
Hgmn == Jijblb; + 3 D (A= 1) = > i, (1.39)
(i.3) g g

where (i, j) denotes the sum over the nearest neighbors. The operator n; = l;;rl;Z represents the
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number of particles at site . The hopping strength is

gy == [[aruioe) [ v)] wiate) (1.40)

and the strength of the onsite interaction is

B Arhia
om

U

dr|w; o(r)|. (1.41)

It is justifiable to limit the hopping term to NN sites and the interaction term to onsite in the
BHM when the offsite Wannier functions have negligible overlap. This is especially true for deep
optical lattices. Eq. (1.39) is the lowest band Hamiltonian of the BHM, which is expressed using
bosonic creation and annihilation operators, j);r and I;i, which satisfy usual canonical commutation
relations.

At zero temperature, there are two ground-state phases in BHM (1.39): MI and SF phases.
These phases arise from the competition between kinetic energy (considering J;; = J) and on-
site inter-atomic interaction energy (U). The SF phase is characterized by the dominance of
kinetic energy over the on-site interaction energy (J > U), allowing atoms to move between
nearest neighbour sites. This leads to delocalization and ODLRO in the system. Conversely,
the MI phase is characterized by the dominance of on-site interaction energy over the kinetic
energy (J < U), resulting in localized atoms that cannot move between lattice sites. As a result,
there are fixed number of atoms across the lattice sites but no phase coherence, leading to the
absence of ODLRO. Among the two quantum phases, the MI phase corresponds to the strongly
interacting regime and the SF phase corresponds to the weakly interacting regime. A QPT from

MI to SF was experimentally first realized in a pioneering work by Greiner et al. in 2002 [132].

1.6.2 Quantum quench dynamics

The study of the dynamical evolution of the quantum state is of great importance and has been
extensively studied in the field [133-135]. The equilibrium conditions are often an idealization,
it is crucial to study the out-of-equilibrium dynamics of quantum systems. An important insight
can be gained by understanding the route to equilibrium of a non-equilibrium initial quantum

state. Understanding the dynamics of these quantum systems is crucial for developing quantum
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technologies like quantum computing [136]. There are various ways to take a system out of
equilibrium, such as connecting it to a bath and pumping energies and particles into the system,
as in transport studies. Due to the presence of the bath, the system is not a closed one, and
hence, its dynamics is not unitary. One other possibility is by changing one of the parameters
of the underlying Hamiltonian of the system, which causes the initial quantum state to go out
of equilibrium and try to approach the eigenstate of the final Hamiltonian corresponding to the
changed parameter value under unitary evolution. This process is called a quantum quench and
can be of two types: sudden quench or slow quench [134]. There are several research pursuits in
this broad field, including thermalization and relaxation of quantum systems after a quench [133],
spontaneous symmetry breaking and associated universal scaling laws [134,135,137,138], phase-
ordering kinetics and domain growth laws [139, 140].

Ultracold atoms in optical lattices have been utilized in experimental advancements to study
quantum states. These atoms are particularly suitable for research on closed quantum systems
due to their minimal environmental interaction. Initial investigations were focused on studying
dynamics around the BEC transition to study the associated defect production [141-144], phase-
ordering kinetics and domain growth [145]. A recent experiment [146] has revealed an exciting
study on the dynamics of QPT from the MI to the SF phase and studied the critical exponent of
the correlation length. Motivated by this, in this thesis, we have studied the out-of-equilibrium

dynamics of various MI to SF phase transitions in two-component Bose Hubbard model (TBHM).

1.7 Outline of the thesis

The thesis is structured into five chapters. In this chapter, we have discussed a brief review
of the literature relevant to the thesis to provide the state-of-the-art in the field of SO-coupled
spinor BECs and related research directions. In the subsequent chapters, we elaborate on how
we contribute to the field by addressing some of the open questions. The overview of the chapters
in the rest of the thesis is as follows.

In the first part of Chapter 2, we introduce and discuss the eigenfunctions of the single-
particle Rashba SO-coupled Hamiltonian for a spin-2 BEC. For an attractively interacting SO-
coupled spin-2 BEC, we solve homogeneous CGPEs numerically to obtain the ground-state phase

diagram. The characteristic self-trapped solutions for small, medium, and large SOC strengths
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in cyclic, ferromagnetic, and polar domains are identified. Later, we introduce the Galilean-
transformed mean-field model to study the moving bright soliton solutions. In the second part
of the chapter, we extend the study to nonmagnetic SO-coupled spin-1 and spin-2 BECs

In Chapter 3, we introduce the TBHM for an SO-coupled pseudospinor BEC in a square
optical lattice. We discuss the single-site Gutzwiller mean-field (SGMF) theory to solve the
TBHM and investigate the zero- and finite-temperature phase diagrams in the presence and
absence of synthetic SOC.

Chapter 4 discusses the quantum quench dynamics across MI-SF QPTs of the TBHM.
We first discuss the equilibrium phase diagrams for three different values of the interspecies
interactions that correspond to the miscible-immiscible phase transition. We then study the
quantum quench dynamics across MI-SF QPTs using the dynamical Gutzwiller equations for
both the first- and second-order phase transitions and obtain the Kibble Zurek scaling laws.

The concluding chapter (Chapter 5) summarizes the results discussed in the aforementioned
chapters of the thesis. We also consider some future directions that might aid in gaining a deeper
understanding of SO-coupled spinor BECs and their properties.

The thesis contains four appendices. In Appendix A, we discuss the dimensionless formu-
lation of CGPEs for q1D, 2D, and 3D spin-1 BECs, as well as important conserved quantities.
Appendix B details the numerical methods we used to solve the CGPEs in our thesis. In Ap-
pendix C, we describe our numerical codes in-depth, including modules, functions, subroutines,
and other parameters declared in the code. In Appendix D, we compare our codes’ results
with existing literature to verify their reliability and compare energy, chemical potential, and

density profiles against existing results.




Chapter 2

Supersolid-like solitons in

spin-orbit-coupled condensates

A vector-bright soliton is a self-bound multicomponent solitary wave that maintains its shape
while moving with a constant velocity. As discussed in Sec. 1.4, it has been theoretically demon-
strated that the SOC leads to a stabilization of self-trapped solutions like bright solitons in
q2D [86,107] and 3D [87,108] spinor BECs. Vector-bright solitons have been studied extensively
in SO-coupled ql1D [84,85], q2D [86,147,148], and 3D pseudospin-1/2 BECs [87]. These self-
trapped solitary waves have also been predicted to emerge in SO-coupled q1D [5], 2D [107,109],
and 3D spin-1 BECs [108]. In an SO-coupled q2D spin-1 BEC, the existence of square-lattice
solitons with a square-lattice modulation in the total density has also been demonstrated [109].
However, these self-trapped solitons are still unexplored in the case of q2D SO-coupled spin-2
condensates, and we undertake a comprehensive study of the same in this chapter. The SO-
coupled spin-2 BEC exhibits more complex symmetry properties compared to the spin-1 case
and the interplay of spin-independent and two spin-dependent interactions with SOC leads to a
richer variety of emergent patterns in a spin-2 BEC [75,149]. In this chapter, our aim is to look
for supersolid-like solitons in SO-coupled spinor condensates. We have termed these structures
as supersolid-like because there are spatial modulations in the total density, which is one of the
properties of a supersolid. It is to be mentioned here that we have not calculated the superfluid

fraction or confirmed the phase rigidity of these structures.

This chapter is organized as follows. In Sec. 2.1, we present the mean-field CGPEs of an SO-
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coupled spin-2 BEC and establish the allowed phase winding numbers for the system in Sec. 2.1.1.
In Sec. 2.1.2, we demonstrate the solutions of the noninteracting system. In Sec. 2.2, we discuss
numerical results for small, medium, and large SOC strength + and their dynamical stability
in Sec. 2.2.4. The Galilean-transformed mean-field model for the condensate is introduced in
Sec. 2.2.8, which we use to study the moving solitons and collisions between them. Sec. 2.3
provides the description of nonmagnetic spinor condensates. In Sec. 2.4, we discuss the mean-
field model for nonmagnetic spin-1 and spin-2 condensates. In Sec. 2.5, we discuss the numerical

results for nonmagnetic spin-1 and spin-2 condensates. We summarize the chapter in Sec. 2.6.

2.1 Mean-field model for spin-orbit-coupled spin-2 BEC

We consider an SO-coupled spin-2 spinor BEC free in the z-y plane and confined by a harmonic
trap V(r) = mw,?2?/2 along the z direction to its Gaussian ground state. The trapping fre-
quency w, is strong enough to freeze the dynamics along the z direction. The single-particle
Hamiltonian of this system in the presence of Rashba SOC is given by [58, 150]

P2+,

Hy = W + '7(pyfx _pry)a (2‘1)

where p, = —ih0, = —ih0/0x and py = —ihdy = —ih0d/0y are the momentum operators along
and y axes, respectively; 7 is the strength of SOC; f, and f, are the irreducible representations of
the z and y components of angular momentum operators for the spin-2 particle, respectively and
are given by Egs. (1.17a)-(1.17b) for general f. Spinor BEC for f = 2 can be described by the
five CGPEs (1.25a)-(1.25¢) in the absence of Rashba SOC. Egs. (1.25a)-(1.25¢) after including
SOC are then converted into a dimensionless form for a q2D setting by following the procedure
described in Appendix A for spin-1 BEC, which can be extended to a spin-2 BEC. The ¢2D
SO-coupled spin-2 BEC is, thus, described by the following set of CGPEs in the dimensionless
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form [29,35]:
i0ip+2 = (H+cop)p+2 + c1(FroL1 £2F.¢40) + %@qﬁQ‘FQ + T, (2.2a)
b1 = (H+cop)der +c1 [\/31«;% F Fygis £ Fngﬂ] - %@gbgl £ Ty, (2.2b)
iOpo = (H+cop)po+c \/E(F¢1 + Fyrdq) + %@Qﬁ + Lo, (2:2¢)
where
H=-1(0,2+02), ©= %(2¢+2¢_2 —2p110-1 + H3), (2.3a)
F_ = F} =2¢"36_1 + V60" 100 + V605011 + 20120%,, F. = > dldsl*. (2.3b)

o = 0/0t; pi(z,y) = |¢j(x,y)* are component densities; p(z,y) = > pi(z,y) is the total
density; Fy = F, +iFy; [F|* = F; + F; + F? = F\F_ + F?

z

where F, Iy, and F, are the
three components of the spin-density vector F; and © is the spin-singlet pair amplitude. In Egs.

(2.2a)-(2.2¢), the interaction parameters and SOC terms are defined as

2\/%]\7(4@2 + 3ay) 2\/%N(a4 — as) 2\/%N(7a0 — 10ag + 3ay)
0= Ta o= Ta 2= Ta ’ (2:4)
Pio = —ivy(0y £i0;) px1, TI'i1= —i\/§7 (0y £10:) ¢o — i (Oy F 10z) P+2, (2.5a)
Lo =~ iy/$1(0y — 0641 + 9y + i02)9 1), (2.5b)

where ag, ag, and a4 are s-wave scattering lengths in the total spin channels 0, 2 and 4, re-
spectively, for a spin-2 BEC, and N is the total number of bosons. In this chapter, we will
consider a self-attractive (cp < 0) system. Depending on the values of ¢; and co, we can have
three magnetic phases [29,35] — ferromagnetic, antiferromagnetic, and cyclic — as illustrated in
Fig. 2.1. The units of length, density, time, and energy considered in Eqgs. (2.2a)-(2.2¢) are os-
cillator length agsc = \/W , a2, wy L, and hw,, respectively. The dimensionless formulation

of the mean-field model for the condensate has the normalization condition [ p(z,y)dzdy = 1.

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.1: (Color online) The ¢z vs c¢; phase plot (not to scale) illustrating ferromagnetic,
antiferromagnetic, and cyclic phases in the absence of SOC.

The number of particles along with the energy

2

+2 +2
* €o C1 C2 %
B o= [dudy| Y oo+ o+ FIFP+ ZIOP+ Y o) (20)
= =2

are two conserved quantities of an SO-coupled BEC. In the presence of SOC (v # 0), magneti-
zation (= [ F.dzdy = [ dzdy(2pi2(x,y) — 2p—2(z,y) + p+1(z,y) — p—1(z,y)]) is not a conserved
quantity, although it is conserved for v = 0.

2.1.1 Phase requirement

Exotic ground states have been predicted to emerge in SO-coupled spinor condensates includ-
ing vortex-bright solitons. Vortex-bright solitons have been studied extensively in SO-coupled
pseudospin-1/2 [86,87,147,148] and spin-1 BECs [107-109]. In this context, the permitted vortex
configurations in a spinor BEC depend on the intercomponent phase relationships. Considering

a circular symmetry, the spinor order parameter for a vortex configuration in circular polar
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coordinates (r, ) can be written in terms of amplitude and phase parts as
0;(r,0) = Ry(r)e s, (27)

where R; = |¢;(r,0)] > 0 and j = 0,41,£2. The phases of the component wave functions
have contributions from the winding number w; of the phase singularity which is an integer and
any other constant phase ;. For a spin-2 BEC, the spin-dependent interaction energy is given
as [29, 35]

Ein = / (%|F!2 + C§2|@|2>rdrd€. (2.8)

Using ansatz in Eq. (2.7), the contribution of phase-dependent terms in the spin-dependent

interaction energy in Eq. (2.8) can be written as

EPhase :(6c1 - %) /RgRHR_lrdr/cos[(wH +w_1 — 2wp)0 + k]do
+ 2v6¢; /R0R+1R+2R_17’dr / cos|[(wyo + w_1 — wy — wy1)0 + 1]dO
+2vV6¢y /R0R+1R1R2rdr / cos[(w41 + w—g —wo — w—1)0 + m|do
+t / R+1R+2R_1R_2rdr/cos[(w+2 +w_9 — w1 —w_1) + n|db (2.9)
+ 2vV6¢y /ROR?;’_lRJ,.QrdT/COS[(wO —2wi1 + w42)0 + o]db

+ 2v/6¢ / RQRZ_IR_QTdT/COS[(U)O +w_9 — 2w_1)0 + p|db

2
+ % R+2R_2R3rdr/cos[(2wo — wy9 —w_2)0 + ¢|db,
where
k=ap1+a1—2qp, l=ay94+a_1—apg—ap1, m=ap1+a_o—ay—a_1, (2.10a)
n=ay2+a_9—a;—a_1, o0=oyp—2a41+ar2, p=(ap+a_s—2a_1), (2.10Db)
4
qg= (2 —ats—a_3), t= [401 — %] (2.10c)
A typical #-dependent term in Eq. (2.9) can be written as [151]
2 . .
2
/ cos(ws + o) sin(2mws + as) sina, (2.11)
0 Ws Ws

2 Supersolid-like solitons in spin-orbit-coupled condensates
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where w, and a, represent any of the linear combinations of w;s and a;s appearing as arguments
of cosine, respectively. As w; can only be an integer including zero, the absolute value of integral
in Eq. (2.11) is 27 if ws = 0 and a5 is an integer multiple of 7. The exact values of oy have
to be determined by minimizing energy (2.9) with ws = 0. The permitted independent winding

number relations thus are
wyl +w_1 —2wyg =0, wigt+w_o—wiy —w_1=0, wy+w_o—2w_;=0. (212)
The energy contribution from SOC terms, obtained by using ansatz (2.7), is

Eape = / dwdy Y 45T
J
OR 1 R+1}

= / dr R+2€i[(w+1—w+2—1)9+(04+1—04+2)} +waq
or r

+ Rilei[(w72—w+1—1)0"!‘(0‘72—0571)] [OR + w_QR_2]
| Or r
+R+1ei[(w+2*w+1+1)9+(a+2*a+1)] —OR+s + w+2R+2]
| Or r
+ R_pellw-1—w—at )i+ (a—1—a—2)] —0R- + w_1R_1] }
| Or r
+ \/gfy/dr Rﬂei[(wo—wﬂ—1)9+(040—0¢+1)] Ry + woRo
2 or r
+R 1ei[(wo—w,1+1)0+(ao—a71)] —0Ry + wolt
- or T
+ Roei[(w_l7w071)9+(a_170¢0)] 8R—1 + w—lR—l
or r
+ Roei[(wﬂ—w0+1)9+(0l+1—040)] [_%Jj"ﬂ + w+1rR+1] } (2.13)

where r = {z,y} = {r,0}. Again, a minimization of Fs.. requires that

wye —wy1+1=0, wy —wo+1=0, (2.14a)

Ww_g—w_1—1=0, w_1—wg—1=0, (2.14b)

and linear combinations of s appearing in Eq. (2.13) are integer multiple of 7. The winding

number relations in Eq. (2.12) are not independent as all can be obtained from winding num-
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ber relations in Egs. (2.14a)-(2.14b). The following are independent relationships among the

permitted winding numbers:

Wi —wy1+1=0, wig—wo+1=0, (2.15a)

w—9 —wW-1 — 1= O, w-1 — Wy — 1=0. (215b)

The allowed winding number combinations are (-2, —1,0,+1,+2), (—=1,0,+1,+2,+3),

(0,41, +2,+3,4+4), and higher. It is to be also noted that an axisymmetric configuration without
any phase singularity in any of the components, i.e., with a winding number combination of
(0,0,0,0,0), is not allowed as per Egs. (2.15a)-(2.15b). Using Eq. (2.7), the phase-dependent part

of the kinetic energy (KE) of the condensate is
+2 2
T3
KE= Y w} / — L, (2.16)
j=—2

which indicates that the system might end up favoring small winding numbers.

2.1.2 Single-particle Hamiltonian

The emergence of the axisymmetric solutions to Egs. (2.2a)-(2.2¢) in the form of a (-2, —1,0, +1, +2)-
type multiring state can be inferred from the eigenfunction of the single-particle (or noninter-
acting) Hamiltonian in Eq. (2.1). One eigenfunction of the single-particle Hamiltonian with

(minimum) energy —272 is

6721'90
—2¢e7
1 . ] . ,
D= | VB[ ek = ()it (2.17)
—9¢tP
622'30

where ¢ = tan~!(ky/k;) and k% = k2 + k‘g = (2v)?, which corresponds to the minimum of

1
Blks,ky) = 5 <k§ + k2 — 4[R2 + k§> . (2.18)

2 Supersolid-like solitons in spin-orbit-coupled condensates
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The 2D contour plot of eigenenergy E(k;,k,) for v =1 is shown in Fig. 2.2. The eigenenergy
is minimum along a circle of radius 2, i.e., for k2 + kg = 4. Hence a typical k = (k;, ky)
which minimizes the eigenenergy is as shown in Fig. 2.2, where ¢ can vary from 0 to 2w. The
eigenfunctions with different orientations of the vector k = {k;,ky} in the k, — k, plane, as
shown in Fig. 2.2, are all degenerate. Another solution to the single-particle Hamiltonian can
be obtained by considering an equal-weight superposition of eigenfunctions in Eq. (2.17) with k

allowed to point along all the directions in 2D plane. The solution so obtained is

o2 — 20 Jy(2yr)
L e —2e7 ¥ , —2ie~ % J;(2y7)
Dyp = = 0 NG ei27rcos(¢*9)d(p =1 \/6J0(2’)’7”) , (2.19)
—2¢i? —2ie' Jy (2yr)
12 €20 1y (2y7)

where § = tan~!y/z, and J,(2yr) with n = 0,1,2 is the Bessel function of first kind of order
n and where &y has the phase singularities of a multiring soliton. Solution (2.19) agrees with
the permissible winding number combination of (-2, —1, 0, +1, +2) obtained earlier based on en-
ergetic considerations, viz., Egs. (2.15a)-(2.15b), and corresponds to a (—2,—1,0,+1,42)-type
multiring soliton. As the component densities, p; ~ |J 5] |2, the densities would have a long undu-

lating tail and in the asymptotic region with r — oo, p; ~ /2/(2mwyr) cos (2yr — «|j|/2 — 7/4).

Besides superposition of an infinite number of plane waves, viz., Eq. (2.19), one can also
have a superposition of (a) two counterpropagating plane waves, (b) three plane waves the
propagation vectors of which make an angle 27 /3 with each other, or (c) four plane waves the
propagation vectors of which make an angle 7/2 with each other. Choosing the z direction
as the direction for one of these wave vectors, these superpositions, representing a stripe (ST),

triangular lattice (TL), and square lattice (SL), respectively, are

D51 = L [C0)e + (me7] (2.200
D11, = L [C0)e® + ((2m/3)ei TV 4 ((amj3)cireVE)], (2.200)
Pgr, = 3 [€(0)e™1® + ((7/2)eY + ((m)e™ " + ((3m/2)e 2] . (2.20c)




33

Figure 2.2: (Color online) Contour plot of eigenenergy E(k;,k,) in Eq. (2.18) for v = 1. The
minimum corresponding to k2 + k:g = 4 is a circle of radius 2. A typical k with magnitude 2 and
oriented at a polar angle ¢ is also shown.

The component densities and corresponding total density for these degenerate solutions corre-
sponding to |®gr|?, |®1r|?, |PsL|?, and |®yg|? are shown in Figs. 2.3(a)-(d), 2.3(e)-(h), 2.3(1)-(1),
and 2.3(m)-(p), respectively. If one examines the total density corresponding to these superposi-
tions in Egs. (2.19)-(2.20c) as plotted in Figs. 2.3(d), 2.3(h), 2.3(1), and 2.3(p), then in the total
density corresponding to |®yr|? and |Pgt|? there is no spatially periodic modulation, whereas
the total density |®7r|? and |®gp|? will have a hexagonal and a square-lattice crystallization,
respectively. The localized solitons for Egs. (2.2a)-(2.2c) can be qualitatively approximated by
the single-particle solutions in Egs. (2.19)-(2.20c) multiplied by a localized Gaussian function.
In the numerical solution by an imaginary-time propagation such approximations can be used

as the initial functions for different solitons with appropriate symmetry.

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.3: (Color online) 2D contour plots of densities of the components j = £2, +1, and 0
and total density corresponding to ®gr (stripe) are shown in panels (a)-(d) for SOC strength
v = 1. The same for &7y, (triangular lattice), ®gy, (square lattice), and @y (multiring) are
shown in (e)-(h), (i)-(1), and (m)-(p), respectively.

2.2 Numerical results

We numerically solve the CGPEs (2.2a)-(2.2c) using split time-step Fourier pseudospectral
method. Details of this method are discussed in Appendix B. For SOC strengths up to

= 1, we consider the spatial step sizes Ax = Ay = 0.1. Here the 2D box size for solving the
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CGPEs is 60 x 60. For v > 1, the step sizes and box size considered are Az = Ay = 0.05,
At = 0.00025 and 40 x 40, respectively. The time steps for imaginary- and real-time propaga-
tion are At = 0.1 x Az? and 0.05 x Az?, respectively. The imaginary-time propagation method
is used for finding the lowest-energy state of a specific symmetry, whereas real-time propagation
is used to study the dynamics. The initial guesses for an order parameter to obtain the stripe,
triangular-lattice, and square-lattice solitons are considered as solutions to the noninteracting
condensate, viz., Egs. (2.20a)-(2.20c), multiplied by a localized Gaussian state, and the same for
the multiring soliton is a 2D Gaussian function with appropriate vortices phase imprinted on dif-
ferent components. As magnetization is not conserved, during time propagation magnetization
is allowed to evolve freely and attain a final converged value independent of the magnetization
of the initial state. The dynamic stability of the solutions is demonstrated by real-time evo-
lution with a small random noise added to the order parameter at ¢t = 0, wherein they retain
their structure for long periods of up to 400 units of time. For any solution obtained through
imaginary-time propagation, evolving it sufficiently long in real-time propagation is advisable

to check its stability.

Our numerical studies reveal that an SO-coupled spin-2 BEC with attractive interactions can
have a variety of self-trapped stationary solutions including the cases where the total density of
the condensate exhibits regular hexagonal or square patterns. The ground-state phase diagrams
of a ferromagnetic BEC with ¢y = —0.5 and ¢; = —0.025 and polar and cyclic BECs with
co = —0.5 and ¢; = 0.025 in co-vy planes are shown in Figs. 2.4(a) and 2.4(b), respectively. For
the ferromagnetic BEC, as the strength of the SOC is increased, the ground state changes from
an axisymmetric multiring soliton to an asymmetric soliton. For the polar and cyclic BECs, the
ground-state phase changes from a multiring soliton to a stripe soliton above a critical SOC for
the chosen set of interaction parameters. In a narrow strip near v = 1, a triangular-lattice soliton
appears as one of the quasidegenerate ground states in all three magnetic phases as shown by
shaded regions in Figs. 2.4(a)-(b). It is also pertinent to point out that the energy difference

between the quasidegenerate states decreases (increases) with a decrease (increase) in |co|.

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.4: (Color online) The ¢y vs v phase plots for the ground states are shown (a) for the
ferromagnetic phase with ¢g = —0.5 and ¢; = —0.025 and (b) for the cyclic and polar phases
with ¢g = —0.5 and ¢; = 0.025. In subfigure (a) for small SOC strengths the axisymmetric
(—2,—1,0,+1,+2) state is the ground state similar to the state shown in Figs. 2.5(a)-2.5(d),
whereas for larger SOC strengths the asymmetric soliton state is the ground state similar to the
state shown in Figs. 2.6(f)-2.6(j). In subfigure (b) for small SOC strengths the axisymmetric
(—2,—1,0,+1,+2) state is the ground state similar to the state shown in Figs. 2.5(a)-2.5(d),
whereas for larger SOC strengths the ST (stripe) soliton state is the ground state similar to
the state shown in Figs. 2.9(a)-2.9(d). Difference in energy of other quasidegenerate solitons
from these ground states is g 10~%. As an illustration, one of the quasidegenerate states is the
TL (triangular lattice) state similar to the state shown in Figs. 2.7(a)-2.7(d), which occupies a
narrow region near v = 1 and is shown by a red shaded strip. The energy differences between
the TL state and the (—2,—1,0,+1,+2)-type multiring ground state in plots (a) and (b) are
107%-1073. The energies have been obtained by using Eq. (2.6) in Sec. 2.1.
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Figure 2.5: (Color online) Contour plot of density of the components (a) j = £2, (b) j = £1, (¢)
j =0, and (d) total density of an axisymmetric (—2, —1,0, 41, +2)-type multiring soliton with
co = —0.5, ¢ = —0.025, c2 = 0.25 (ferromagnetic phase), and v = 0.5 with energy F = —0.4992.
The energy has been obtained by using Eq. (2.6) in Sec. 2.1.

2.2.1 Small SOC strength
2.2.1.1 Ferromagnetic phase

In an SO-coupled spin-2 BEC with specific interaction parameters, namely ¢y < 0, cgl) <c <0,
and co > 0, the system can exhibit weak ferromagnetism as depicted in Figure 2.1; here cgl)
is a constant. The system’s ground state is characterized by an axisymmetric density pattern
corresponding to a (—2, —1,0, +1, +2)-type multiring soliton. On the other hand, higher energy
states can display either axisymmetric or circularly asymmetric density patterns. For smaller
c1, ie., 1 < cgl), the interactions become (relatively) strongly ferromagnetic, and the ground
state corresponds to a circularly asymmetric soliton. The (—2,—1,0, +1, 4+2)-type axisymmetric
multiring soliton continues to exist in this case but is no longer the ground state. With a further
(2)

decrease of ¢; below another constant ¢;”’ an increase of attractive interaction leads to a collapse
of the condensate and no solution exists. The explicit values of the constants cgl) and 052) are
dependent on the parameters cg, co, and 7.

a. Axisymmetric multiring soliton. As an example in the ferromagnetic phase, we consider
co = —0.5, ¢ = —0.025 > cgl) = —0.05, co = 0.25, and v = 0.5. The ground-state solution for
this set of parameters is an axisymmetric (=2, —1,0, +1, +2)-type multiring soliton with energy
E = —0.4992 as exhibited in Fig. 2.5 through a contour plot of the component densities (a) p12,
(b) p+1, and (c) po, and (d) the total density p. The densities of components +j with j = 1,2

2 Supersolid-like solitons in spin-orbit-coupled condensates
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are equal. This state has the same rotational symmetry as the ground state of the noninteract-
ing SO-coupled condensate governed by Eq. (2.19) and has a long undulating tail of decreasing
amplitude consistent with the asymptotic behavior of Bessel functions. If the wave function in
Eq. (2.19) is multiplied by a localized Gaussian function, the resultant function qualitatively pro-
duces the density of the state displayed in Fig. 2.5. Hence the density and symmetry properties
of the actual physical state can be inferred from a study of the eigenfunctions of the single-
particle Hamiltonian. The total density has no core at the center as the vortex cores of j = 42
and +1 components are filled by a nonzero density at the center of the 5 = 0 component. The
first zeros of Jy(r), Ji(r), and Jo(r) are 2.40483, 3.83171, and 5.13562, respectively, and these
agree very well with the results presented in Fig. 2.5. Numerically, this solution is obtained
by evolving Eqgs. (2.2a)-(2.2¢) in imaginary time and using, as an initial guess, a 2D Gaussian
function multiplied by an appropriate phase factor of exp(—ij¢) for the 5" component. For the
same set of parameters, we also have a (—1,0, +1, 42, +3)-type multiring soliton with an energy
-0.4991 as shown in Figs. 2.6(a)-(e) through a contour plot of component densities (a) pi2, (b)
P+1, (¢) po, (d) p—1, and (e) p_2. The quasidegeneracy between the two solutions shown in Figs.
2.5(a)-(d) and 2.6(a)-(e) is lifted with an increase in |cp|. The winding number combinations for
these axisymmetric solutions are in accordance with relations given in Eqgs. (2.15a)-(2.15b).

b. Circularly asymmetric soliton: For the relatively stronger ferromagnetic interaction, the
ground state is a circularly asymmetric soliton, e.g. for ¢g = —0.5, ¢; = —0.1, co = 0.25, and
~v = 0.5, contour plots of circularly-asymmetric component densities are shown in Figs. 2.6(f)-
(j). For the same set of parameters, the excited state is a (—2,—1,0,+1,+2)-type multiring
soliton. Asymmetry of the ground state solution arises, in this case, as different from the
(—=2,—1,0,+1,42)-type soliton displayed in Figs. 2.5(a)-(d), the phase singularities in +j com-
ponents of the circularly asymmetric soliton exhibited in Figs. 2.6(f)-(j) do not overlap. When
we keep on decreasing ¢ further, then these singularities in +j components move further apart
along the y axis. For ¢g = —0.5, ¢c; = —1.3, ¢o = 0.25, and v = 0.5, phase singularities lie in the
region where the condensate density is quite small (not shown here) and hence no perceptible
density hole is visible in the component densities p;. If we decrease ¢; below c?) = —1.3, while

keeping cg, co, and ~y fixed, then the condensate collapses.
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Figure 2.6: (Color online) Contour plot of density of components (a) j = +2, (b) j = +1,
(¢) 7=0,(d) j =—1, and (e) j = —2 of an axisymmetric (—1,0,+1,+2, +3)-type multiring
soliton with ¢g = —0.5, ¢; = —0.025, co = 0.25 (ferromagnetic phase), v = 0.5, and energy
E = —0.4991, and the same of a circularly asymmetric soliton with ¢g = —0.5, ¢y = —0.1,
ca = 0.25 (strongly ferromagnetic phase), v = 0.5, and energy £ = —0.4996 in panels (f)-(j).
The energies have been obtained by using Eq. (2.6) in Sec. 2.1.

2.2.1.2 Cyclic and polar phases

For small SOC strengths, in both cyclic and polar phases, similar to the ferromagnetic phase, the
axisymmetric (—2, —1,0, +1, +2)-type multiring soliton emerges as the ground state, whereas the
axisymmetric (—1,0,+1, 42, +3)-type soliton appears as a metastable state (result not shown
here). For example, with ¢g = —0.5, ¢; = 0.025, ¢ = 0.25, and v = 0.5 corresponding to the
cyclic phase, viz., Fig. 2.1, the axisymmetric (-2, —1,0,+1, +2)-type and (—1,0,+1,+2, +3)-
type multiring solitons have energies —0.4992 and —0.3864, respectively. Similarly, with ¢y =
—0.5, ¢ = 0.025, co = —0.25, and v = 0.5, corresponding to the polar phase, the respective
energies of axisymmetric (—2,—1,0, +1,4+2)-type and (—1,0, +1, 42, +3)-type multiring solitons
are —0.4994 and —0.3855. In both cases, the (—2,—1,0,+1,+2)-type multiring soliton is the

ground state.

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.7: (Color online) Contour plot of density of components (a) j = +2, (b) j = £1, (c¢)
j =0, and (d) total density of a triangular-lattice soliton with c¢g = —0.5, ¢; = 0.025, co = 0.25
(cyclic phase), v = 1, and energy E = —1.9989, and the same of a (—2,—1,0,+1,+2)-type
multiring soliton for the same parameters and £ = —1.9990 in panels (e)-(h). The energies have
been obtained by using Eq. (2.6) in Sec. 2.1.

2.2.2 Intermediate SOC strength

For intermediate SOC strengths, we get a triangular-lattice soliton, with a hexagonal-lattice
crystallization in components and total densities, in all three magnetic phases — ferromagnetic,
polar, and cyclic. Although a square-lattice soliton has been earlier identified in Ref. [109], a
triangular-lattice soliton was not found in the spin-1 case. For example, in the cyclic phase with
cg = —0.5, ¢ = 0.025, co = 0.25, and v = 1, the triangular-lattice soliton is shown in Fig. 2.7
through a contour density plot of component densities (a) p12, (b) p+1, (¢) po, and (d) total
density. The triangular-lattice structure is a result of the superposition of three plane waves and
corresponds to a solution of the noninteracting system given by Eq. (2.20b). However, to get a
localized hexagonal structure as in Figs. 2.7(a)-2.7(d), the function (2.20b) has to be multiplied

by a localized Gaussian function. For the same parameters, an axisymmetric (-2, —1,0,+1, 42)-
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Figure 2.8: (Color online) Contour plot of density of a square-lattice soliton of components (a)
j==2,(b) j =21, (¢c) j =0, and (d) total density for ¢ = —0.5, ¢; = —0.025, ¢ = 0.25
(ferromagnetic phase), v = 4, and E = —31.9988; for the same parameters, we show the
component and total densities of a (-2, —1, —0, +1, +2)-type multiring soliton in panels (e)-(h)
with ' = —31.9999. The energies have been obtained by using Eq. (2.6) in Sec. 2.1.

type multiring soliton corresponding to the single-particle solution (2.19) is also a solution as
illustrated in Figs. 2.7(e)-2.7(h). Both these states, the multiring and the triangular-lattice
solitons, have approximately the same numerical energy (E = —1.9990 and —1.9989) and are
quasidegenerate. This degeneracy between the two solutions is removed with an increase in |cg|

resulting in the (—2,—1,0, 41, +2)-type multiring soliton as the ground state.

2.2.3 Large SOC strength

When ~ is increased further, different types of degenerate states appear with approximately
the same energy in the three different magnetic phases. As an example, in the ferromagnetic
phase with ¢p = —0.5, ¢; = —0.025, ¢ = 0.25, and v Z 4, we get the following five types

of quasidegenerate solitons: (1) a square-lattice soliton, where as shown in Figs. 2.8(a)-2.8(d)

2 Supersolid-like solitons in spin-orbit-coupled condensates
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the component as well as the total densities show square-lattice crystallization consistent with
the single-particle order parameter (2.20c); (2) a multiring soliton, corresponding to the single-
particle order parameter (2.19), as shown in Figs. 2.8(e)-2.8(h); (3) a circularly asymmetric
soliton; (4) a stripe soliton with stripe modulation in component densities corresponding to the
single-particle order parameter (2.20a); and (5) a superstripe soliton which has stripe patterns
in component densities pi; and square-lattice crystallization in component densities pio, po,
and total density. The three latter solitons are not shown here. In the case of the square-
lattice soliton, viz., Figs. 2.8(a)-2.8(d), the square-lattice crystallizations in components j =
+2 and 0 are quite similar, whereas the square-lattice pattern in the components ;7 = +1 is
different. The lattice in components 7 = £2 and 0 makes an angle of 45° with the lattice in
component j = £1, and this is consistent with a density pattern corresponding to ®sr, as shown
in Figs. 2.3(1)-2.3(1). The prominent square lattice in total density has the same alignment
as in components 7 = +2 and 0. A similar square-lattice soliton was predicted in an SO-
coupled spin-1 spinor BEC [109]. The densities of components j = +2 and 0 (j = £1) of
the square-lattice soliton of Figs. 2.8(a)-2.8(d) are quite similar to the densities of components
j = £1 (j = 0) of the same in an SO-coupled spin-1 spinor BEC [109]; the total densities in
the two cases are also quite similar. The energies of these five different types of solitons are,
respectively, —31.9988, —31.9999, —32.0071, —31.9998, and —32.0020, and hence these solitons
are quasidegenerate.

In the cyclic phase, with ¢p = —0.5, ¢; = 0.025, ¢ = 0.25, and v £ 4, we again obtain
four of the aforementioned quasidegenerate solitons except the circularly asymmetric soliton.
The component and total densities corresponding to stripe soliton and square-lattice soliton are
shown in Figs. 2.9(a)-2.9(d) and 2.9(e)-2.9(h), respectively. The stripe soliton of Figs. 2.9(a)-
2.9(d) is quite similar to the one in an SO-coupled spin-1 spinor BEC [109] for v = 4 in both
ferromagnetic and polar phases. In both cases, the stripe pattern appears only in the component
densities with the total density showing no modulation. The respective energies of the stripe
and the square-lattice solitons are —32.0006 and —31.9990. The superstripe soliton with energy
—32.0002 and multiring soliton with energy —31.9999 are not shown here.

In the polar phase, with ¢g = —0.5, ¢; = 0.025, ¢ = —0.25, and v £ 4, we get the
same four quasidegenerate solitons as in the cyclic phase discussed above. Two of these, the

square-lattice soliton with energy —31.9987 and superstripe soliton with energy —32.0023, are
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Figure 2.9: (Color online) Contour plot of the density of a stripe soliton of components (a)
j==2,(b) j==1, (¢) 7 =0, and (d) total density with ¢g = —0.5, ¢; = 0.025, co = 0.25
(cyclic phase), v = 4, and E = —32.0006; the same of a square-lattice soliton for the same
parameters in panels (e)-(h) with £ = —31.9990. The energies have been obtained by using
Eq. (2.6) in Sec. 2.1.

shown in Figs. 2.10(a)-2.10(d) and 2.10(e)-2.10(h), respectively. The superstripe soliton has
a square-lattice-type spatial modulation superposed on stripes in components j = £2 and 0
and a stripe modulation in component 5 = £1, whereas total density has a square-lattice-type
pattern. The square-lattice soliton is quite similar to the same of Figs. 2.8(a)-2.8(d) and 2.9(e)-
2.9(h). However, the superstripe soliton of Figs. 2.10(e)-2.10(h) has now acquired a square-lattice
pattern in total density quite similar to a superstripe soliton of an SO-coupled spin-1 spinor BEC
for v = 8 [109] in both ferromagnetic and polar phases. The stripe soliton with energy —32.0044

and multiring soliton with energy —32.0009 are not shown here.
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Figure 2.10: (Color online) Contour plot of the density of a square-lattice soliton of components
(a) j ==2, (b) j ==£1, (c) j =0, and (d) total density with c¢o = —0.5, ¢; = 0.025, ¢ = —0.25
(polar phase), v = 4, and E = —31.9987, and the same of a superstripe soliton for the same
parameters in panels (e)-(h) with £ = —32.0023. The energies have been obtained by using
Eq. (2.6) in Sec. 2.1.

2.2.4 Dynamical stability

We confirm the dynamical stability of the stationary states of the SO-coupled spin-2 BEC
discussed in Sec.(2.2.1)-(2.2.3) via a real-time propagation over an extended period of time up
to t = 500. In addition to this, we have also tested the stability of these solutions by adding an
initial random noise 5¢jn°ise to the respective order parameters at ¢ = 0 and then studying their

real-time dynamics. We consider the random noise as

(<)~¢jnoise(x7 y) _ 10—3 \//\TjRg(CC, y)eiRu(m,y)’ (221)

where Nj = [ p;(z,y)dr. The amplitude of this noise is randomized by random numbers Ry (z,y)

which follow the Gaussian distribution, whereas phase of the noise is randomized by R, (z,y)
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Figure 2.11: (Color online) Contour plot of component densities of the triangular-lattice soliton
of Figs. 2.7(a)-(d) for components (a) j = +2, (b) j = 1, (¢) j =0, and (d) total density after
100 units of time, and the same of the square-lattice soliton of Figs. 2.8(a)-(d) for components
(e) 7==2, (f) j = %1, (g) j = 0, and (h) total density, after real-time simulation over 100 units
of time. The initial state used in real-time propagation is obtained by adding a random noise
(2.21) to the stationary-state imaginary-time solutions shown in Figs. 2.7(a)-(d) for panels (a)-
(d) and Figs. 2.8(a)-(d) for panels (e)-(h). The energies have been obtained by using Eq. (2.6)
in Sec. 2.1.

which follows a uniform probability distribution over the interval [0,27]. As an illustration,
we consider the triangular-lattice soliton of Figs. 2.7(a)-2.7(d) and the square-lattice soliton
of Figs. 2.8(a)-2.8(d). At t = 0, 5¢jn°ise is added to the respective order parameters and the
resultant order parameters are considered initial solutions to Eqgs. (2.2a)-(2.2c¢), which are now
solved (evolved) in real time up to t = 100. The resultant component and total densities at
t = 100 are displayed in Figs. 2.11(a)-2.11(d) and 2.11(e)-2.11(h), respectively. The periodic
density patterns survive with slightly different peak densities compared to the ¢ = 0 solutions,

demonstrating the dynamical stability of the solitons.
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2.2.5 Bifurcations

In the noninteracting system, various solutions are completely degenerate, whereas on the in-
troduction of interactions, solutions of Eqs. (2.2a)-(2.2¢) exhibit a bifurcating behavior. As the
energies of these solutions are very close, to make the nature of these bifurcations clear, we cal-
culate the difference AFE between total energy of the solution and the single-particle solution’s
energy, i.e., —2v? as discussed in Sec. 2.1.2. A cut is now considered in the phase diagram
in Fig. 2.4(a) at an appropriate ca, say co = 0.15, for the ferromagnetic phase, and AE as a
function of SOC strength ~ is evaluated for the various solutions. Similarly, a cut at co = 0.15
for the cyclic phase in Fig. 2.4(b) and at ¢ = —0.15 for the polar phase in Fig. 2.4(b) are
considered. The resultant bifurcation plots showing AF as a function of the SOC strength ~
are shown in Figs. 2.12(a)-2.12(c) for the three magnetic phases. Bifurcation points agree with

the critical points in the phase diagrams shown in Figs. 2.4(a)-(b).
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Figure 2.12: (Color online) (a) The bifurcation diagram in the AFE-vy plane for the ferromagnetic
phase corresponding to a cut in the phase diagram in Fig. 2.4(a) at ¢ = 0.15. The same for the
cyclic phase is shown in panel (b) by taking a cut at ¢ = 0.15 in the phase diagram in Fig. 2.4(b).
In the polar domain of the phase diagram in Fig. 2.4(b), a cut is taken at co = —0.15, and the
bifurcation picture is shown in panel (c¢). AE = E + 272, where E is the energy of the state
obtained from Eq. (2.6) in Sec. 2.1 and —2+? is the single-particle solution’s energy, correspond-
ing to various quasidegenerate states, is plotted by using different symbols as well as different
colors. SST corresponds to the superstripe similar to the state shown in Figs. 2.10(e)-(h), SL
corresponds to the square lattice similar to the state shown in Figs. 2.8(a)-(d), TL corresponds
to the triangular lattice similar to the state shown in Figs. 2.7(a)-(d), MR corresponds to the
(-2, -1, 0, +1, +2)-type multiring solution similar to the state shown in Figs. 2.5(a)-(d), EMR
corresponds to the (-1, 0, +1, +2, +3)-type excited-state multiring solution similar to the state
shown in Figs. 2.6(a)-(e), ST corresponds to the stripe solution similar to the state shown in
Figs. 2.9(a)-(d), and ASYMM corresponds to the circularly asymmetric solution similar to the
state shown in Figs. 2.6(f)-(j).
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2.2.6 Experimentally feasible bright solitons

One must tune two of the three scattering lengths to get the supersolid-like bright solitons
for the spin-2 BEC. Although tuning one scattering length is possible through Feshbach reso-
nance, tuning multiple scattering lengths is an experimental challenge that has still not been
achieved. Notwithstanding, by tuning one of the scattering lengths, supersolid-like bright soli-
tons have been predicted [109] and could be realized experimentally in lower spin systems like
pseudospinor-1/2 and spin-1 BECs. To illustrate this, we consider 1000 atoms of *Na spin-1
BEC free in the z-y plane and confined by a harmonic trap along the z direction with trapping
frequency w, = 2wx100 Hz. It results in apse = 2.1 pum, where aose = /hA/mw,. Interaction

strengths ¢p and ¢; for the q2D spin-1 BEC in the dimensionless units are

N 2 Naz —
co = w/SWM, ¢ = */STFM, (2.22)

3aosc 3aosc

where ag = 50ap and az = 55.01ap for experimentally realizable ?*Na spin-1 BEC [152]. We keep
as fixed and tuned ag to —130ap. This results in ¢g = —0.84 and ¢; = 7.80. The ground-state
(—1,0,+1)-type multiring soliton obtained by solving the CGPEs (A.13a)-(A.13b) is shown in

Fig. 2.13. These parameters cg = —0.84, ¢c; = 7.80, and 7 = 1 corresponds to the phase diagram

0 0.006 0 0.035 0 0.035
jo E— — —
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Figure 2.13: (Color online) Contour plot of density p; of a (-1, 0, +1)-type multiring SO-coupled

BEC soliton for components (a) p+1, (b) po, and (c) total density p for cg = —0.84, ¢; = 7.80,
and v = 1.

in Ref. [109] which also predicts (—1, 0, +1) multiring soliton. Similarly, all other supersolid-like

2 Supersolid-like solitons in spin-orbit-coupled condensates
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solitons depicted in the Ref. [109] for SO-coupled spin-1 BEC can be related to the realistic set

of parameters.

2.2.7 Spin texture

We examine the spin texture of the ground state phases by calculating the spin-density vector
F(z,y) in Eq. 1.16. The spin-density vector is normalized to 2. We have shown the spin-texture
for (—2,—1,0,+1, +2) multiring soliton in Fig. 2.14(a), for the circularly asymmetric soliton in
Fig. 2.14(b) and stripe soliton in Fig. 2.14(c). The arrows in the spin texture represent the
transverse spin vector (Fj,Fy) and the colour of each arrow indicates the magnitude of F.
Other quasi-degenerate supersolid-like bright solitons exhibit exotic spin-textures (not shown

here). .
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Figure 2.14: (Color online) Spin-texture for (a) (-2,-1,0,4-1,4+2) multiring soliton, (b) circularly
asymmetric soliton, and (c) stripe soliton. In (a) F,(z,y) is zero throughout and in (c¢) F has a
reflection symmetry about z = 0 line. The spin textures in (a), (b), and (c) correspond to the
densities shown in Fig. 2.5, Figs. 2.6(f)-(j), and Figs. 2.9(a)-(d), respectively.

2.2.8 Moving (—2,—1,0,+1,+42)-type soliton

The SOC breaks the Galilean invariance of the mean-field model of the spinor BECs [84,107,153].
Explicitly, considering the Galilean transformation ' = z,y = y — vt,t’ = t, where v is the
relative velocity along the y axis of a primed coordinate system with respect to an unprimed

coordinate system, along with the following transformation of the wave function

</5j(x,y,t) — %’(x’,y’,t’)ei”y'””%'ﬂ, (2.23)
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we get from Egs. (2.2a)-(2.2¢)

10y g =Hl o + coptlys + 1 (Fiy £ 2F40 ) + %@%:2
— iy 0xPly + P, (2.24a)
Oyl =HYyy + copdlyy + a1 ( SFLA + Flly + Fé%ﬂ) - %@w%l
— iy /300l — ity + v (/30 + ¥a) v (2.24b)
Bl =M + copty + e1y/ 3 (Pl y + Fydlyy) + % 0u)
— i [304 Wy +00) 13 (W + 9 v, (2.240)

where 04 = (0 £ i0,). These equations are distinct from Eqgs. (2.2a)-(2.2c) indicating a
breakdown of the Galilean invariance. For an SO-coupled spin-2 BEC, the moving solitons are
the stationary solutions of Eqs. (2.24a)-(2.24c) multiplied by a factor of e®¥. The structure of
the moving soliton depends on the magnitude as well as the direction of velocity. Here we study
the fate of a moving (—2,—1,0,+1, +2)-type multiring soliton by solving Egs. (2.24a)-(2.24c)
numerically, for small SOC strength, as the velocity is increased. For example, considering
cp = —2.5,¢c1 = —0.025,co = 0.25, and v = 0.5 with (a) v = 0.03 and (b) v = 0.1, the
component densities of the moving solitons are shown in Figs. 2.15(a)-2.15(e) and 2.15(f)-2.15(j),
respectively. The structures of the moving soliton at two different velocities are quite distinct
as can be seen in Fig. 2.15. With the increase of velocity along the y axis, the component phase
singularities move along the = axis to the region of low density away from the center, resulting
in component densities without any vortex core at velocity v = 0.1. For ¢g = —2.5,¢; =

—0.025, ¢co = 0.25, and ~v = 0.5, a self-trapped moving soliton with v > 0.3 does not exist.

We have also studied the head-on collision of these solitons. At low velocities, the collision is
inelastic while the solitons come close to each other, interact, and form a bound entity and never
come out. On the other hand, at large initial velocities, the collision is quasi-elastic. In this
case, the solitons tend to pass through each other without any change of velocity; nonetheless,
solitons undergo minor changes in shape and a perceptible change in the peak densities after the
collision. In contrast in an elastic collision, the colliding solitons pass through each other without
any change either in their shape or velocities. For example, the head-on collision between the

solitons moving with |v| = 0.03 and ¢y = —2.5,¢; = —0.025,¢5 = 0.25, and v = 0.5 is shown

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.15: (Color online) Contour plot of density of components (a) j = +2, (b) j = +1, (c)
j=0,(d) j=-1, and (e) j = —2 with ¢y = —2.5, ¢; = —0.025, ¢ = 0.25, and v = 0.5 moving
with v = 0.03 along +y, and the same densities for velocity v = 0.1 in panels (f)-(j).
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Figure 2.16: (Color online) Contour plot of time evolution of total density p(0,y,t) as a function
of y and ¢ during the head-on collision between the two solitons with ¢y = —2.5, ¢; = —0.025,

¢z = 0.25, and v = 0.5 moving with velocity (a) |v| = £0.03 and (b) |v| = £0.1 along the y axis
in the opposite direction.
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in Fig. 2.16(a) through a contour plot of time evolution of total density p(0,y,t) in the ¢t —y
plane. Similarly, a quasi-elastic collision between two solitons moving with velocity |v| = 0.1
is shown in Fig. 2.16(b). The collision dynamics is consistent with similar observations for two

SO-coupled spin-1 BECs [107].

2.3 Non-magnetic spinor condensates

Distinct periodic structures are obtained in different magnetic phases of SO-coupled spin-1 or
spin-2 BECs as discussed in the previous sections [109, 154, 155]. Trapped spin-1 spinor BEC
under rotation or azimuthal gauge potential also have similar states with vorticity as the ground
states [156,157]. Hence, the spatially periodic structures are generally thought to be associated
with these magnetic phases. Hence, one may conclude that the complicated spinor interactions in
spin-1 and spin-2 BECs are necessary for generating these states with intrinsic vorticity. In view
of this, it is interesting to see if these periodic structures survive in the SO-coupled nonmagnetic
spin-1 and spin-2 BECs. The scattering lengths, corresponding to different permissible total
spin channels, are close to one another in many spinor BECs [158,159]. A nonmagnetic phase
of a spinor BEC corresponds to the case where these scattering lengths are equal. This can be
achieved by tuning the scattering lengths by manipulating an external electromagnetic field in
the neighborhood of a Feshbach resonance(s) [36,160]. We consider ag = az = a4, while, in the
absence of SOC, a spin-1 or spin-2 BEC becomes nonmagnetic with no magnetic behavior. The
resultant systems are SO-coupled three- (spin-1) and five-component (spin-2) BECs without any
spinor interactions. The appearance of these spatially periodic states in a much simpler model
will allow the study of these supersolid-like states easily, without the complications of spinor

interactions and provide a better understanding of the origin of these states.

2 Supersolid-like solitons in spin-orbit-coupled condensates
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2.4 Mean-field model for nonmagnetic case

The CGPEs of the q2D SO-coupled nonmagnetic spin-1 BEC considering (ag = az) are [29,109]

i = ’qug—i%[@_qﬁﬂ + 04 1], (2.25a)
i0pp+1 = Ho41 — i%aﬂﬁo, (2.25b)

and those of the SO-coupled spin-2 BEC, obtained by substituting ¢; = co = 0 in Egs. (2.2a)-
(2.2¢), are

i0rpo =Moo — i\/§7[3—¢+1 + 04 ¢-1], (2.26a)
iO1ps1 =Howr — iy /30200 + O daa) (2:26D)
10t P12 =Hpro — 170+ d11. (2.26¢)

In Eqgs. (2.25a)-(2.25b) and Egs. (2.26a)-(2.26¢), H = —1 (0, + 0,°) + cop; co = 2N/ 2map;
Oy = 0/0t; 0+ = 0y £ 10,; whereas the rest of the symbols and units are defined in Sec. (2.1).

The order parameter satisfies the normalization condition

/p(x,y)da:dy =1. (2.27)

Although, spin-exchange spinor interaction is absent in nonmagnetic spin-1 and spin-2 con-
densates, the SOC interaction will allow the mixing of different components, and the number of
atoms in each component will not be conserved in this case. The energy functional corresponding

to the mean-field CGPEs (2.25a)-(2.25b) for a spin-1 case is

: |
E= / dady[Y1107HS; + 5eon” - %{¢*+13+¢0 + GR0- 1 + 0461 + & 10-¢0}]
(2.28)

whereas for spin-2 BEC it is given in Eq. (2.6) with ¢g = c2 = 0.

In the absence of interactions, Egs. (2.25a)-(2.25b) for f = 1 or Egs. (2.26a)-(2.26¢) for

f = 2 reduce to an eigenvalue problem for the single-particle Hamiltonian Hy in Eq. (2.1) which
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is exactly solvable. The minimum energy eigenfunction and eigenenergy of Hy for f = 1 are

—_e~lp
1 ) . . .
Opoy =5 | V2 | ehrh = ((g)eihetivky, (2.29)

evr
1
Bz ky) = 5 (k2 + k2 — 2y, k2 + k;) , (2.30)

respectively, where ¢ = tan~!(k, /k,) denotes the orientation of propagation vector k = (ky;, k).
The magnitude of the propagation vector is fixed by minimizing the dispersion in Eq. (2.30)
which gives k2 + k; = 2. All the plane-wave eigenfunctions in Eq. (2.29) with different ¢ are

degenerate. The equal weight superposition of these degenerate plane-wave states yields

—e —ie” 0. Jy (yr)
. 1 7 , ) 1
Wi =g [ var | e g =5 | vainom | (231)
el® ie' Jy (yr)

where polar coordinate § = tan~!y/x; Jo(yr) and Ji(yr) are the Bessel functions of the first
kind of order 0 and 1, respectively. The function @{E‘l carries the phase singularities with the
same winding numbers as a (—1,0,+1)-type multiring soliton. Rather than considering the
superposition of infinite plane waves as in Eq. (2.31), the superpositions of a finite number of
plane waves like a pair of counter-propagating plane waves, or of three plane waves propagating
at mutual angles of 27/3, or of two pairs of counter-propagating plane waves with propagation

vectors of one pair perpendicular to the other are

olr' = L [C(0)e” + ((m)e 7] (2.322)
Py =I5 [C(O)e”z +¢(2m/3)en (-T2 C(47T/3)e”(—33—\/§y)/2} , (2.32b)
@l = 1 [C(0)eM® + ((m/2)e™ + ((m)e™ % 4+ ((3m/2)e ] (2.32¢)

respectively. The total density corresponding @é;l, @ffil, and @éf ! have stripe, triangular-

lattice, and square-lattice patterns, respectively. For a spin-2 BEC, solutions are discussed in
Sec (2.1.2). We see in our numerical study that these three types of states — stripe, triangular

lattice and square lattice — indeed appear in the spin-2 case. However, in the spin-1 case, we
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could only identify stripe and square-lattice states.

2.5 Numerical results for nonmagnetic condensates

As discussed earlier in Sec (2.2) for numerical solution of Egs. (2.2a)-(2.2c) for magnetic case,
here also we numerically solve Egs. (2.25a)-(2.25b) for f =1 and Egs. (2.26a)-(2.26¢) for f =2
for nonmagnetic case, over a finite spatial domain, given an initial solution and boundary con-
ditions, using Crank-Nicolson [45,161-163] or Fourier pseudospectral methods [37-39] compli-
mented with time-splitting to treat the nonlinear terms more efficiently. To calculate stationary
state solutions, Egs. (2.25a)-(2.25b) and Eqs. (2.26a)-(2.26¢) are first transformed by changing
t — —it and then solved by imaginary-time propagation [37-39, 164] using appropriate initial
guesses. In order to confirm the dynamical stability of a solution, we study its real-time prop-
agation [37-39,164] as governed by the CGPEs. The space step used in the calculation was
typically A ~ 0.05 and the time step was ~ 0.1A? in the imaginary-time propagation and
~ 0.05A2 in the real-time propagation. The SOC will allow mixing between different spin com-
ponents and, hence, the number of atoms in different components will not be conserved during
imaginary-time propagation in numerical calculations. Nevertheless, the total number of atoms
will be preserved, and we impose condition (2.27) during the time propagation. As the number
of atoms in each component is not conserved, the final conserved result is independent of the

initial choice of number of atoms in each component.

2.5.1 Nonmagnetic q2D solitons in an SO-coupled spin-1 BEC

To obtain ¢2D solitons with a self-attractive (¢p < 0) nonmagnetic SO-coupled spin-1 BEC
for different SOC strengths v, we consider a BEC with ¢9 = —0.6 and vary 7. We consider
co = —0.6, because this value gives an adequate size of the soliton. A decrease in ¢y results
in more attraction, hence a reduced system size, and below a critical cyp = cp,crit the BEC will
collapse as displayed in Fig. 2.17. For v = 0, the spin-1 and spin-2 systems become essentially
identical and also equivalent to a scalar nonspinor BEC of N atoms. The nonlinearities in the
mean-field equations in these three cases are also identical. For a nonspinor spin-0 BEC, the
critical ¢y for collapse was obtained previously as cpcrit ~ —5.85 [165,166]. We find that, for

spin-0, spin-1, and spin-2 cases if v = 0, then cq it = —5.86, which is quite close to the previous
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Figure 2.17: The co-v phase plot illustrating the collapse and soliton formation.

spin-0 result. The cq criy for collapse for nonzero v for spin-1 and spin-2 cases are slightly different
as illustrated in Fig. 2.17. On the other hand, an increase in ¢y leads to an increased system size
and, for positive (self-repulsive) values of c¢p, the system is no longer self-trapped. For negative
(self-attractive) values of ¢y above the critical value (co > ¢ ait), the SO-coupled BEC remains
self-trapped. We demonstrate in Fig. 2.18 how different types of solitons appear as SOC strength
is varied for a fixed cg through a phase plot of energy 0 E = (E++2/2) against v, where E denotes
the energy of the soliton and —+2/2 corresponds to the energy of single-particle Hamiltonian
(2.1) for a spin-1 BEC. We find five different types of q2D solitons for different ~: (a) (—1,0,+1)
and (0, +1, +2) multiring solitons, (b) stripe soliton with a stripe pattern in component densities
only, (c¢) a supersolid-like soliton with component and total densities having the square-lattice
pattern, and (d) asymmetric soliton. From Fig. 2.18, we find that for small v (y 5 1 ~ 2) only
(—=1,0,41)- and (0, +1, 4+2)-type multiring solitons are possible with the (0,41, +2) soliton being
an excited state. For medium v (3 £ v £ 1.5), two new types of excited states appear: stripe
and asymmetric solitons; of these the stripe soliton has a smaller energy than the asymmetric
soliton. For large v (v £ 3), the square-lattice excited state appears with an energy larger
than the asymmetric soliton. For the Rashba SOC, we first investigate the formation of
two quasidegenerate multiring vector solitons of (—1,0,+1)- and (0, +1,+2)-type generated by

solving Eqs. (2.25a)-(2.25b) in imaginary time using initial guesses where appropriate vortices
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Figure 2.18: The §E = E++2/2 vs y phase plot for Rashba SO-coupled (—1,0, +1)-, (0, +1, +2)-
type multiring, asymmetric, stripe, and square-lattice solitons. E is the energy of various states
calculated using Eq. (2.28) in Sec. 2.4

are imprinted in the components. We show the contour plots of the densities (a) p+1, (b) pg, and
(c) p (total density) in a (—1,0, +1)-type multiring soliton of the spin-1 BEC with ¢y = —0.6 and
~v =4 in Figs. 2.19(a)-(c). For the same parameters, we show the densities of three components,
pj, in a (0,41, 4+2)-type multiring soliton in Figs. 2.19(d)-(f). The energies of these (—1,0,+1)-
and (0,+1,42)-type solitons are E = —8.001 and F = —7.998, respectively; the latter is an
excited state. The phase distributions of ¢4 and ¢_; of the (—1,0,+1)-type multiring soliton
shown in Figs. 2.19(g) and 2.19(h) reflect the phase shifts of —27 and 2, respectively, under
a full rotation around the center. Similarly, phase shifts by 27 and 4w, respectively, under a
full rotation around the center of ¢g and ¢_; of the (0,+1,+2)-type multiring soliton can be
seen in Figs. 2.19(i) and (j). These phases agree with the vortex/anti-vortex structure of the

(—=1,0,+1) and (0,41, +2)-type solitons.

Besides the two circularly-symmetric solitons, asymmetric, stripe and square-lattice solitons
are other stationary states of the BEC with cg = —0.6 and v = 4. The component densities p;
of the asymmetric, stripe, and square-lattice solitons are shown, respectively, in Figs. 2.20(a)-

(c), 2.20(d)-(f), and 2.20(g)-(i). The energies of these three are —8.000, —8.000, and —7.999,
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Figure 2.19: Top row: (a) component density of j = +1, (b) j = 0, and (c) total density
p of a (—=1,0,+1)-type multiring soliton of the SO-coupled spin-1 BEC with ¢y = —0.6 and
~v = 4. Similarly, middle row: (d) component density of j = +1, (¢) 7 = 0, and (f) j =
—1 of a (0,41, 42)-type multiring soliton of the BEC with the same interaction and coupling
strengths. Bottom row: phase distributions of wave-function components (g) ¢41, (h) ¢_; of
the (—1,0,+1)-type multiring BEC soliton and those of wave-function components (i) ¢, (j)
¢—1 of the (0,41, +2)-type multiring BEC soliton. E is calculated using Eq. (2.28) in Sec. 2.4

respectively. The stripe soliton has a stripe pattern in the density p; of each component, whereas
the total density p is devoid of this pattern. The square-lattice soliton, on the other hand, has a
square-lattice pattern in each component density p; and also in the total density p. The energies
of the different solitons for v = 4 satisfy E(0,+1,+2) > E(square lattice) > E(asymmetric)

> E(stripe) > E(—1,0,+1). The stripe and the square-lattice solitons are efficiently obtained
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Figure 2.20: Top row: (a) component density of j = +1, (b) j = 0, and (¢) j = —1 of an
asymmetric soliton of the SO-coupled spin-1 BEC with ¢y = —0.6 and v = 4. Middle row: (d)
component density of j = +1, (e) j = 0, and (f) total density p of a stripe soliton and bottom
row: (g) component density of 7 = +1, (h) j = 0, and (i) total density p of a square-lattice
soliton for the same interaction and coupling strengths. E is calculated using Eq. (2.28) in
Sec. 2.4

in the numerical calculation if such periodic patterns are imprinted on the initial state [109,167].
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Figure 2.21: The §E = E + 272 vs v phase plot for Rashba SO-coupled (-2, 1,0, +1, +2)-
and (—1,0,+1, 42, +3)-type multiring, asymmetric, triangular-lattice, stripe, and square-lattice
solitons. F is calculated using Eq. (2.6) in Sec. 2.1.

2.5.2 Nonmagnetic q2D solitons in an SO-coupled spin-2 BEC

Similar to a nonmagnetic SO-coupled spin-1 BEC, for a nonmagnetic SO-coupled spin-2 BEC,
several self-trapped stationary states are possible, including those in which the density p of the
condensate displays spatially periodic patterns. As in the spin-1 BEC, there are two types of
multiring solitons as well as spatially periodic stripe and square-lattice solitons. In addition, we
observed a triangular-lattice soliton that was absent in the spin-1 BEC. For f = 2, we consider
cp = —0.2. Again, for large |cg| the system collapses as shown in Fig. 2.17. Here the phase
plot of 6E = (E + 2v?) versus + in Fig. 2.21 shows how different types of solitons emerge for
Rashba SOC, where E again is the energy of the soliton and —2+2 is that of the single-particle
Hamiltonian (2.1) for a spin-2 BEC. We find six different types of q2D solitons for different
v: (a) (=2,-1,0,41,4+2)- and (—1,0,+1,+2,4+3)-type multiring solitons, (b) stripe soliton
with stripe patterns in component densities only, (¢) square-lattice soliton having square-lattice
patterns in total and all component densities, (d) asymmetric soliton, and (e) triangular-lattice
soliton where a triangular-lattice pattern is present in the component and total densities, similar
to a supersolid. According to Fig. 2.21, multiring solitons of the types (—2,—1,0,+1,+2) and
(—1,0,+1,+2,+3) are possible for small v (y < 1). For intermediate strengths of v (v ~

2 Supersolid-like solitons in spin-orbit-coupled condensates
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Figure 2.22: Upper row: (a) component density pi2, (b) p+1, (¢) po, and (d) total density p of
a (—2,-1,0,+1, +2)-type multiring soliton of the SO-coupled spin-2 BEC with ¢y = —0.2 and
~v = 4. Lower row: phase distributions of wave-function components (e) ¢42, (f) ¢+1, (g) ¢—1,
and (h) ¢_2 in the same soliton. E is calculated using Eq. (2.6) in Sec. 2.1

1), triangular-lattice soliton also appears as a quasidegenerate state. For larger v (v Z 2),
asymmetric, stripe and square-lattice solitons appear. These excited states in the spin-2 BEC
appear in the same order as the corresponding states in the spin-1 case shown in Fig. 2.18.
The only difference in the spin-2 case is the appearance of the triangular-lattice soliton which
is absent in the spin-1 case. We illustrate the formation of a (—2,—1,0, +1, +2)-type multiring
soliton for ¢y = —0.2 and v = 4 having energy —31.9966 in Figs. 2.22(a)- 2.22(d), where we
display the contour plots of component densities in panels (a) pia, (b) px1, (¢) po, and (d)
total density p of this soliton. The charge of phase singularities in ¢+ and ¢4 are ascertained
from Figs. 2.22(e)- 2.22(h), where we display the contour plots of the phases of wave-function
components of the (=2, —1,0, 41, +2)-type Rashba SO-coupled soliton. The phases correspond
to phase changes of F4m and F27 in j = £2 and 7 = 41 components, respectively, under a
complete rotation around the center. As discussed earlier, we also have (—1,0,+1,+2,+3)-
type multiring soliton that continues to be the solution of Eqgs. (2.26a)-(2.26¢) for large SOC

strengths. In Fig. 2.23, we show its emergence for ¢g = —0.2 and v = 4 via contour plots of
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Figure 2.23: Upper row: (a) component density pi2, (b) pi1, (¢) po, (d) p—1, and (e) p_o
of a (—1,0,+1, 42, +3)-type multiring soliton of the SO-coupled spin-1 BEC with ¢g = —0.2
and v = 4. Bottom row: (f) component density pi2, (g) p+1, (h) po, (i) p—1, and (j) p—2 of
an asymmetric soliton for the same interaction and coupling strengths. FE is calculated using
Eq. (2.6) in Sec. 2.1.
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Figure 2.24: (a) Component density p12, (b) p+1, (¢) po, and (d) total density p of a triangular-
lattice soliton of the SO-coupled spin-2 BEC with ¢g = —0.2 and v = 1. FE is calculated using
Eq. (2.6) in Sec. 2.1

densities (a) pt2, (b) pi1, (¢) po, (d) p—1, and (e) p_2 with energy —31.9930. Next in Fig. 2.23,
we show the contour densities (f) pi2, (g) p+1, (h) po, (i) p—1, and (j) p—2 of the asymmetric
soliton for ¢g = —0.2 and v = 4 and with energy —31.9956. For an intermediate SOC strength of
+ = 1, contour plots of densities (a) p12, (b) px1, (¢) po, and (d) total density p of the triangular-
lattice soliton for ¢y = —0.2 and with energy —7.9950 are shown in Figs. 2.24(a)-2.24(d). This

soliton has a hexagonal-lattice crystallization in component and total densities. Besides the

2 Supersolid-like solitons in spin-orbit-coupled condensates
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asymmetric soliton, two other solitons, which appear explicitly for large SOC strengths, are
stripe and square-lattice solitons. In Fig. 2.25, we present the contour plots of (a) p+2, (b)
p+1, (¢) po, and (d) total density p of the stripe soliton of energy —31.9962 for ¢g = —0.2 and
v = 4. Similar to the stripe soliton in the SO-coupled spin-1 BEC, the component densities
have a stripe pattern which is not present in their sum. The scenario is different in the case of
a square-lattice soliton. For example, the component and total densities of the square-lattice
soliton of energy —31.9950 for ¢y = —0.2 and = 4 are shown in Fig. 2.25: (e) pro, (f) pi1, (8)
po, and (h) total density p, where the square-lattice pattern in the total density as well as the

component densities is explicit.
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Figure 2.25: Upper row: (a) component density pia, (b) p+1, (¢) po, and (d) total density p of
a stripe soliton with ¢g = —0.2 and v = 4. Lower row: (a) component density pia2, (b) p+1, (c)
po, and (d) total density p of a square-lattice soliton with the same ¢y and . E is calculated
using Eq. (2.6) in Sec. 2.1

2.6 Summary

We have demonstrated the emergence of various self-trapped stable solitons with supersolid-like

crystallization in a q2D SO-coupled spin-2 BEC employing analytic consideration and numerical
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solution of the underlying mean-field GP equation. The minimization of interaction and SOC
energies lead to the permissible winding number combinations for axisymmetric solitons. In
the absence of interactions, we consider the eigenfunctions of the single-particle Hamiltonian
to construct the order parameters consistent with multiring, stripe, triangular-, and square-
lattice density profiles. In the presence of (attractive) interactions, we find that various types of
solitons with spatially periodic modulation in density appear, including the ones inferred from
a study of the eigenfunctions of the single-particle Hamiltonian, due to an interplay of SOC and

interactions.

The ground state for a small SOC strength (7 = |co| ~ 0.5) is a radially symmetric multi-
ring soliton for weakly ferromagnetic, cyclic, and polar interactions, whereas for a sufficiently
strong-ferromagnetic interaction a circularly asymmetric soliton emerges as the ground state.
For intermediate SOC strengths (v ~ 2|cy| ~ 1), in addition to the axisymmetric soliton, there
could exist a triangular-lattice soliton with a hexagonal crystallization of matter in the soliton,
explicit in both component and total densities. On increasing the SOC further, one could have
five quasidegenerate solitons, e.g., a multiring soliton, a square-lattice soliton, a stripe soliton,
and a superstripe soliton, in all the magnetic phases, and also a circularly asymmetric soliton in
the ferromagnetic phase. The quasidegeneracy between the states is in general lifted with either
a decrease in the SOC strength v or an increase in the attractive spin-independent interaction
strength |co|. We also introduced the Galilean-transformed model to study the moving solitons
and the head-on collision dynamics between two such solitons. A head-on collision between the
two solitons is inelastic at low velocities, and the two solitons can form a bound entity. At
large velocities, the collision is quasi-elastic, and the solitons pass through each other without a
substantial change of velocity. We considered another scenario in which we investigated sponta-
neous spatial order in a Rashba SO-coupled nonmagnetic trapless q2D spin-1 and spin-2 BECs
for various SOC strengths v without spinor interactions by numerically solving the CGPEs.
For small SOC, (—1,0,+1) and (0, +1, +2)-type solitons are found for a spin-1 BEC, whereas
(=2,-1,0,+1,42) and (—1,0,+1, 42, +3)-type solitons are found for a spin-2 BEC, which de-
velops multiring structure with an increase in SOC strengths. For intermediate strengths of
SOC (y = 1), in spin-2 BEC, triangular-lattice soliton having hexagonal crystallization in com-
ponent as well as total density appears as quasidegenerate state. For relatively larger SOC

strengths, asymmetric, stripe and square-lattice solitons appear as quasidegenerate solitons for

2 Supersolid-like solitons in spin-orbit-coupled condensates
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spin-1 and spin-2 BECs. We also established the dynamical stability of these solitonic states by
stable real-time simulation over 400 units of time (result not shown here). In conclusion, it is
strongly suggestive that the spatially-periodic supersolid-like states found in SO-coupled pseudo
spin-1/2 [121,168,169], spin-1 [109,167], and spin-2 [155] spinor BECs are not a consequence of
spinor interactions but are a consequence of multicomponent nature of these states in presence

of SOC. The results reported in this chapter are discussed in Refs. [155,170].




Chapter 3

Spin-orbit-coupling-driven superfluid

phases in optical lattices

In this chapter and the following one, we will discuss spinor condensates in optical lattices, in
contrast to the previous chapter where we considered spinor condensates without any external
trap. As we discussed earlier in the introduction to the optical lattice in Sec. 1.6 and the
BHM in Sec. 1.6.1, the lattice potential restricts the movement of the atoms, leading to a
reduction in kinetic energy and a shift towards a strongly interacting regime. The BHM is the
apt model to describe the physics of these systems [129,130], and we will be using it to describe
the ground-state properties of bosonic atoms in a strongly correlated regime. We have also
discussed the various effects arising from the SOC in Sec. 1.3.3. However, most of the studies on
spinor condensates with SOC have been focused on the continuum case, and the exploration of
these systems in optical lattices is still lagging behind. Recent advances in ultracold quantum
gas experiments have allowed for the implementation of SOC and competing interactions in
strongly correlated many-body systems [65,171,172]. These experimental developments afford
the possibility to study novel states of matter, phase transitions, and exotic spin models which
are not accessible in conventional condensed matter systems [67,173]. Despite this, the parameter
regimes of the superfluid states in SO-coupled BHM, and the effects of thermal fluctuations on
the transition between finite-momentum superfluids have not yet been investigated. At finite
temperatures, the melting of the stripe superfluid phase leads to a wide domain of stripe normal-

fluid (NF) phase [174]. More recently, it has been shown that the SOC leads to the lowering
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of the critical temperature for the superfluid to NF phase transition, and reduces the coherence

and spatial orders of magnetic textures [175].

In order to address this, we investigate the ground-state phase diagrams of a Bose-Bose
mixture in an optical lattice under the influence of Rashba SOC, both at zero and finite temper-
ature. Our study focuses on the QPTs and the various SOC-driven finite-momentum superfluid

states that occur in two different regimes based on interspin interactions.

The chapter is structured as follows. We introduce the Hamiltonian of the SO-coupled
pseudo-spinor BECs in optical lattices and give a brief description of the mean-field Gutzwiller
approach in Sec. 3.1. We provide a characterization of the superfluid states of the model consid-
ered in Sec. 3.2. Moving on to Sec. 3.3, we first examine the zero-temperature phase diagrams
of the two-component Bose Hubbard mode (TBHM) in the presence of synthetic SOC. Then,
we discuss the effects of finite temperature on the SOC-driven superfluid states. Finally, we

conclude with a summary of our findings in Sec. 3.5.

3.1 The Model and the method

We consider an SO-coupled pseudospinor system of ultracold bosons loaded into a square op-
tical lattice. The two different atomic hyperfine levels of the same atomic species act as two
pseudospin states. The TBHM well describes the system in the presence of Rashba SOC on a

2D optical lattice. The Hamiltonian of the system is [71]

H= — JZ\IJT\IJ —G—Eem fia) RS + = Z ao DS (RY — 1)+ Upy > il iy

)

WZ Bz (5 X dij) ¥, + He., (3.1)

where i is a unique combination of lattice-site indices in two dimensions, i.e., i = (p,q) with p
and ¢ site indices in the x and y directions, respectively, and j = (p/,¢’) is a neighboring site of
the 7" lattice site. Here U; = (517 Bf)T is a two-component bosonic annihilation operator at the
ith lattice site, a = 1, | denotes the pseudospin components, J is the spin-independent hopping
amplitude of atoms, and for the present case, we consider equal hopping amplitudes for both

components and along both directions, €;, is the energy offset of atoms with « spin due to the




67

envelope confining potential and is considered to be zero, ji, is the chemical potential, n§* = lA)IalA)f‘
is the number operator, and Uaq(Us)) is intraspin (interspin) on-site interaction. The last term
represents the SOC generated by Raman lasers which can be tuned in experiments using coherent
destructive hopping methods [176] and represents the hopping between neighboring sites with a
spin flip. Here + is the Rashba SOC strength, ¢ = (04,0, 0;) is a vector of Pauli spin matrices,

d;j is a lattice unit vector between two neighboring sites, and Z is a unit vector perpendicular

to the lattice plane. Eq. (3.1) then can be written in the expanded form as

. . . . . Usoo . o . A
H = - Z [(Jb;;il,q g,q T H'C'> + (Jb;il-ﬁ-lbnq T H'C'> B ga n;q(ng,q —1)+ Man;q]
p?q7a

st Ak i it i o St 5L
+ D Unit) gy g + [W > (_prvqbp—l,q +ibpgby14 + 0pgbii1
P

P
Hid BT pit bt bt pt pit bt b Bl
_Zb;rhqbpﬂ,q - bgz,qbp,qfl N b;,qbp,qfl + b;,qbp,qﬂ + b;),qbp,qﬂ) + H'C} : (32)

To study the ground-state properties of the system in both strong- and weak-coupling lim-
its, we use the single-site Gutzwiller mean-field (SGMF) theory [177-184]. We decompose
annihilation (l;g’q) and creation (l;;f,?f]) operators into the mean-field and fluctuation part as
be, = o3, + 002, and b = oy T 8b)%, where o5, (¢57%) is the superfluid order parameter. As

an example, the first term l;;r)il’ qlA)gq after the mean-field approximation results in

— + +
b;fl,qbg,q - 211,[1(??,,1 + ‘Zs;il,qabpﬂ + (bpvqébpfl,q + 5bpf1,q5b?,q- (3-3>

+a
bp+1,q

substituting 65% , = b, — ¢%, and Sb)% = bi% — ¢} in Eq. (3.3), we get

Neglecting the terms like & 0b, 4 which are second order in the fluctuation operator and

+a o ko a a 1fa o ko
bp+1,q p,q — Tptlyg p,q+¢p,qbp+1,q ¢p,q p+1,9° (3'4)

As a result, the mean-field approximation decouples the Hamiltonian [Eq. (3.2)] as H = > pa ﬁpﬂ,

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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where

>
I

Pa N Z [(J(b;?jl 3—1 gt p+1,qbgq g:; g—l,q o p+1,q , q) +He. )
e}

(T + Braabia = i — S 65a) + He)
+% g (g = 1) = “g,qﬁgq} + UNﬁ;qﬁi,q

+iy [bT (igy p+1,q “f’i Lq ¢ pa—1 1 q%,q—i—l) + bT (“f); 1q ¢ g+1,q
_¢;,q—1 + ¢1T77q+1) + ‘pzTqu(i‘pziv—Lq o Z‘(bzierq + ¢1¢D,q—1 o ¢1ﬁ,q+1)

FOLi0) 1 81+ B — Fhg)] T 35

is the local Hamiltonian at the (p,q)*™ site. To obtain the ground state, we self-consistently
diagonalize the Hamiltonian at each lattice site. The many-body Gutzwiller wave function for

the ground state at the (p, q)*" site is

H ‘w p.qg — H Z ”T ni‘n%ni)p q> (3.6)

p,q ngny

where |1)), 4 is the single-site ground state; |nq4) and |n) are Fock states with n, € [0, Ny, — 1];

Ny is the dimension of the Fock space, and the c-numbers 01(%’2 ,s are the complex coefficients

that satisfy the normalization condition ) = 1. The superfluid order parameters

2
My | nT7n~L|

of the two components are

Oha = pallbhhpg = ey, ra) | (3.7a)
nq,ny

¢i’q = <1/]|bp q|w pq — Z \/7677,11(2¢ 1cn2?r,q72¢ (37b)
TLT ny

The atomic occupancies of the components at a lattice site (p,q) are the expectation of the

number operators and are given by

n;,q - p,qwm;qw)p,q: Z ”T|Cq(%’33¢|2, (3.8a)
ny,ny
by = palUlihelt)pg = D nileld) . (3.8b)

nT,ni
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3.1.1 Weakly interacting limit

We analyze the system in the weakly interacting limit, where U,, < J. For this regime, the

Hamiltonian (3.1) in the momentum space can be written as

. r bl
Hygn =) ( BT Bl )’Hk o (3.9)
k bk
with
—2J(cosky + cosky) 2iy(sink, —isink,)
k p—
—2iry(sinky +isink,) —2J(cosk, + cosky)
The diagonalization of the above Hamiltonian Hy yields two energy branches
Fx+ = —2J (cos kg + cos ky) £ 2y sin® k, + sin® ky, (3.10)

where k = (k;, k) and the first term on the right-hand side is the spin-independent dispersion
relation in a 2D square lattice. The energy spectrum Fy4 remains invariant under the parity
transformation (k; — —kz,ky — —ky) or permutation of k, and ky, (kx — ky,ky — kz).
The noninteracting lowest band structure is shown for two different regimes in Fig. 3.1. In the
absence of SOC (v = 0), the lower branch of the band has one minimum at k = (0,0). The
SOC term modifies the band structure, where the lower branch has four degenerate minima.
The presence of SOC breaks the rotational symmetry in k space and shifts the minima of the
lower branch along the diagonals of the first Brillouin zone.

The four degenerate minima in the lower branch are q; = (ko, ko), dq2 = (—ko,ko),qs =
(—ko, —ko), and qq = (kg, —ko), where ko = arctan(y/v/2J). Hence, the locations of the minima
are determined by the strength of SOC.

3.2 Quantum phases and order parameters

The ground states of ultracold bosons with SOC exhibit insulating and various SF phases. The
nature of the SF phase depends on the competition between single-particle hopping and SOC-
induced spin-dependent hopping. At lower J, the incompressible insulating phases are identified

by the sum and difference of the expectations of the number operators, (f+) = (Al) 4 (A4). For

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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Figure 3.1: Noninteracting band structure of the 2D square optical lattice for two regimes. (a)
The case v/J = 0 represents the single minimum at k = 0 in the absence of SOC. The other case
in (b) is shown for finite SOC of v/J = 8, where the competition between v and J determines
the band structure. Here the SOC breaks the rotational symmetry and the minima occur at four
finite wave vectors in the lower branch. This is evident from the projection of the lower-energy
branch onto the k,-ky, plane. As «/J decreases, the minimum of the lower branch tends to
approach k = 0.
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the MI phase (n4) is an integer, while the SF phases are characterized by real (n4) and a finite
value of the compressibility k = 9(n)/0u. The SF order parameter <3§"> is used to distinguish
the MI and SF phases as it is non-zero in the SF and zero in the MI phase. In the absence of
SOC, the amplitude and phase of the order parameter ¢'(¢*) are homogeneous in the miscible

domain.

Striking features appear when the spin-dependent hopping due to the SOC is finite. This
is a complex hopping; it flips the atomic spin while hopping and causes variations in the phase
of SF states. To classify the various SF states which feature distinct phase distributions of the

order parameter, we examine the spin-dependent momentum distributions at the wave vector k,

(pr o)) = L7y (blThy ek, (3.11)
1,J

where L is the system size and r; (r;) is the location of it (') lattice site. When the interspin
interaction is weaker than the intraspin interaction, the SF state can be of three types. (i) The
homogeneous superfluid has a uniform amplitude and phase of the order parameter. For this
state, the condensation occurs at zero momentum (ZM) and is also referred to as a ZM-SF state.
(ii) The phase-twisted (PT) superfluid state has an amplitude of (b¢) that is uniform, but the
phase varies diagonally across the lattice. (iii) The stripe (ST) superfluid state has stripe-like
variation in the phase of <3f‘> across the lattice. Thus, we distinguish superfluid states based
on their phase variation and momentum distributions. It is worth mentioning that similar SF
states have been previously discussed in the continuum where the phases were characterized

using the properties of collective excitations [185].

The interplay of spin-dependent hopping (SOC) and single-particle hopping leads to the
exotic SF states. We examine the spin-dependent momentum distributions (py | (k)) at k = 0,
(pt,1(E£ko,0)), (p1,1(0,£ko)), and (p+ (q;)). Here q; and ko depend on the ratio of the hopping
to the SOC strength, as discussed in Sec. 3.1. For the PT superfluid, the momentum distribution
at (pq,1(a;)) is finite either at all the q; or only at one of the q;. This is due to the variation in
phase distributions along the diagonal. Hence, this state shows a peak along the diagonal of the
Brillouin zone in the k space. On the other hand, for the ST superfluid states, depending on
whether the phase variation is horizontal or vertical, the state exhibits a peak at (py,|(£ko,0))
or (p,(0,%ko)), respectively. We define ® = (pr (ko,0)) + (p1.(—ko,0)) + (p1+,1(0, ko)) +

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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(p1,1(0, —kqp)), which serves as an order parameter to identify the PT-ST phase transition. Here
® is zero for the PT superfluid and finite for the ST state. As both PT and ST are SOC-
driven finite-momentum superfluid states, (p4 (0,0)) = 0. In the next section, we characterize
the various phase transitions and the finite-momentum superfluids based on the aforementioned
classification while spanning J/U-axis for each p. Furthermore, when the interspin interaction
is strong Uy > 1, we also report a ferromagnetic phase where the spins orient along the £z
axis. This is referred to as the z-polarized ferromagnetic (zFM) superfluid state where <31T> (<3;L>)
remains finite and homogeneous but <IA)Z¢> ((BD) vanishes throughout the lattice. This phase can

be easily distinguished from other superfluid states with finite ¢! or ¢*.

3.3 Results and discussion

We study the mean-field ground-state phase diagram of the ultracold bosons and investigate
the different SF phases emerging from the competition between the SOC and single-particle
hopping. We choose the intraspin interactions to be the same, Uy = Uy = U. We consider U
as the scaling parameter for the tunnelling amplitude, chemical potential, interspin interaction,
and energy of the system. In particular, we examine the system for weak (Uy /U < 1) and
strong (Uyy /U > 1) interspin interactions. We then employ the finite-temperature Gutzwiller
theory to probe the effects of thermal fluctuations on the SF phases of the bosons. To generate
the phase diagrams, we consider a system size of 8 x 8; the Fock state dimension at each lattice
site is N = 6. The latter is sufficient to represent the quantum phases of the system up to
= 3U [177-180]. It is important to note that the initial states play a key role in determining
the ground states. We have performed numerical simulations with different initial states and
found that a random SF order parameter as the initial state gives the global minimum. The
uniform ¢ is not a good choice for the initial state because for some values of the parameters the
converged solution corresponds to a local minimum. This is due to the fact that the uniform ¢
does not contribute to the SOC energy as this depends on the relative phase between the ¢ of both
pseudospinor components. To obtain the mean-field phase diagrams, we start with a complex
random distribution of Gutzwiller coefficients across the lattice, and then the corresponding
SF order parameter is computed. Hence, our initial state has a random SF order parameter

with random amplitude and phase. Our algorithm is based on the self-consistent approach. We
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diagonalize the single-site Hamiltonians and compute the updated ¢;, at each iteration. This
process is repeated until the energy and superfluid order parameter converge up to a tolerance
of 1072, Moreover, we repeat the procedure with 50 random configurations of the initial state
to ensure that the ground state has been obtained. We have checked explicitly that the larger

number of random configurations does not modify the ground states.
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Figure 3.2: Zero-temperature ground-state phase diagram in the presence of Rashba SOC for
various SOC strengths: (a) v = 0U, (b) v = 0.02U, (c¢) v = 0.03U, and (d) v = 0.04U. The Mott
insulator regime is represented by MI(n), where n = n' + nt is the total filling or occupancy
of the lobe. The interspin interaction Uy = 0.5U. At v = 0, the system exhibits an MI-SF
transition, where the SF phase Bose condenses at zero momentum and hence is referred to as
the ZM-SF state. The finite « results in finite-momentum superfluid phases. Here as J is varied,
the system undergoes the PT-ST superfluid phase transition, shown by blue dashed lines. The
phase diagrams are obtained using random complex initial states with 50 random configurations.
The system size L = 8 x 8 and periodic boundary conditions are considered.

3.3.1 Uy =05

We first examine the quantum phases of the 2D TBHM in the presence of the SOC at zero
temperature. The plots in Fig. 3.2 show the ground-state phase diagrams at different values of

the SOC strengths v with Uy = 0.5U.

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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3.3.1.1 No SOC (y=0)

In the absence of SOC, the system supports two quantum phases, the incompressible MI phase
and the compressible ZM-SF phase. The MI phase occurs in lobes of different integer commen-
surate densities. It should be noted that the MI lobes with odd-integer occupancies are smaller
than those with even occupancies [186]. As Uy, increases, the size of the odd-integer Mott lobes
grows, whereas even-integer lobes remain the same in size but shift to higher /U until Uy = U.
In the absence of SOC, the phase diagram shown in Fig. 3.2(a) agrees well with previous studies

on the TBHM [186-189).

3.3.1.2 Finite SOC (v #0)

The ground-state phase diagrams for finite SOC are shown in Figs. 3.2(b)- 3.2(d). Considering
the phase diagram at v = 0.02U, a prominent feature is the shrinking of the MI lobes. At
higher u, the MI(3) lobe vanishes and is replaced by the SOC-induced SF phase. Thus, even
in the atomic limit J/U = 0, for certain ranges of u, the system is in the SF phase due to the
SOC. This is evident from the phase diagram in Fig. 3.2(b), where the SF phase is present at
J/U = 0 for p/U < 0.07,043 < p/U < 0.57, 1.38 < p/U < 2.14, and 2.8 < p/U < 3.0. In
the absence of single-particle hopping, i.e., J = 0, the superfluidity is due to the transport of
atoms in the presence of spin-dependent hopping (SOC). As we increase -, the MI lobes shrink
further, and the SF phase is enhanced. For v = 0.04U, only the MI(2) lobe survives, and the
system is in the SOC-generated SF phases in the remaining parameter domain. This is due
to the larger region covered by the MI(2) lobe even at v = 0. Our computations for larger
~ show that the MI(2) lobe also vanishes at v ~ 0.06U. Hence, the MI lobe with a larger
insulating domain and higher J. will require larger SOC strengths to result in superfluid states
occupying the whole domain of the J/U — /U plane. The vanishing of insulating lobes with the
formation of SOC-induced SF states is in agreement with the previous studies [71,190]. Using
site-decoupling approximation and second-order perturbation theory, the critical hopping of the

MI-SF transition in the presence of SOC is

()= () () s 27| oo
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where Jj is the critical hopping of the MI-SF transition in the absence of SOC (y = 0). The value
of Jy depends on the occupation number of the species [191]. Here z = 2d is the coordination
number of the d-dimensional optical lattice. The value of J. decreases with ~, which confirms our
numerical results in the phase diagrams shown in Fig. 3.2. As an illustration, for the MI(2)-SF
phase transition, the above expression yields values of J;. as 0.0418 and 0.0402 for v/U = 0.02
and 0.03, respectively, which are in close agreement with the numerical values in the phase
diagrams in Figs. 3.2(b) and 3.2(c). Using Eq. (3.12), the critical SOC strengths where the
MI(2) and MI(4) lobes are destroyed are 0.061 and 0.035, respectively, and these are consistent
with our numerical results.

At v = 0, the only superfluid phase of the system is the ZM superfluid, whereas, at a nonzero
~ value, it is replaced by finite-momentum superfluids. The nature of superfluid phases near the
MI-SF transition can be understood by analyzing the mean-field energies [190]. The hopping
energy depends on the relative phase between the same spin state, while the SOC energy depends
on the relative phase between different components. For the v = 0 case, the minimization of
hopping energy leads to a zero phase difference between the states, which corresponds to the
ZM superfluid [Fig. 3.2(a)]. For finite v, the energies depend on v/J, relative phases, and the
ratio of the amplitudes of ¢+ and ¢'. For fixed v/.J and assuming a uniform amplitude of order
parameters, the minimization of energies with respect to relative phases corresponds to finite
but uniform relative phases [190], which are identified as the PT superfluid state.

The characteristic properties of the finite-momentum and ZM-superfluid states are shown
in Fig. 3.3. The phase variations and the momentum distributions of the finite-momentum
superfluids are shown for fixed v = 0.02U, u = 1.5U, and two different J values corresponding
to PT and ST superfluids. For the PT superfluid state, the random initial state yields a uniform
amplitude and twisted diagonal site variation in the phase, as evident from Fig. 3.3(a). The
phase variation is shown for one of the components, although it should be noted that the other
component also follows similar distributions. However, the relative phase of the ¢ between
the components is finite, i.e., GZ-T #* Hj [190]. In the presence of the interactions, the fourfold
symmetry of the lower branch of the lowest-energy band is spontaneously broken. For the PT
superfluid phase, the system chooses to be in one of the minima, and therefore we observe a
single peak at k # 0 in the momentum distribution. In particular, the peak in the k space

appears at the diagonal of the Brillouin zone, as represented in Fig. 3.3(d).

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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Figure 3.3: The lattice-site distributions of the phase variation and spin-dependent momentum
distributions of various superfluid states. The upper panel represents the phase distributions
for (a) PT, (b) ST, and (¢) ZM superfluid whereas the lower panel (d)-(f) the corresponding
momentum distributions. The finite-momentum superfluids are obtained using the Gutzwiller
mean-field approach for v = 0.02U and g = 1.5U. The hopping amplitude in terms of U
corresponding to PT and ST are 0.015 and 0.04, respectively. The (c¢) ZM superfluid is plotted
for y =0, p = 1.5, and J = 0.04U. The spatial variation of phase and momentum distributions
are shown for one of the components, as the other component also has the similar distributions.
The peak in the spin-dependent momentum distributions appears at k # 0 for (d) PT and (e)
ST states, whereas for (f) ZM superfluid it appears at k = 0. Here, a is the lattice constant.

As J is increased, the PT phase undergoes a transition to the ST phase. In the ST superfluid
phase obtained with the SGMF approach, the amplitude of ¢§ remains spatially uniform and
phase distributions exhibit stripelike variation [Fig. 3.3(b)]. The momentum peak is located at

k # 0 and in particular it lies on x or y axis, depending on the variation in phase [Fig. 3.3(e)].

To examine the quantum phase transition between the phase-twisted and the ST superfluid
states, we analyze the properties of (py(k)). Since both states are finite-momentum superfluids,
the location of their momentum peaks in k space can serve as an order parameter to identify
them. As mentioned earlier in Sec. 3.2, we in particular analyze the evolution of the order

parameter ®, which is the sum of (py(k)) at k = (£ko,0) and (0, £k), as a function of J. For
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each p value, we have spanned along the J/U axis, and whenever ® takes a nonzero value, the
critical hopping strength for the PT-ST transition is determined. The error involved in analyzing
the phase transition is 1073, which is the step size (AJ) used to span J/U in the numerical
computations. Hence, we find that the PT-ST phase transition is sharp. As a representative
case, the evolution of ® at p/U = 1.8 for three different v values is shown in Fig. 3.4. At
lower hopping strengths, the ground state is either the MI phase or the finite-momentum PT
superfluid and hence ® remains zero. This is due to the fact that the PT state corresponds
to the condensation in k = q; along diagonals of the first Brillouin zone. As J/U increases, a
striped ordering of the phase develops with finite ®, which characterizes the PT-ST superfluid
phase transition of the spin-orbit coupled bosons. The critical hopping strength of the PT-ST
transition increases as the value of the SOC strength increases. As shown in Fig. 3.4, the J.
of the PT-ST transition is 0.02, 0.03, and 0.04 for v = 0.02,0.03, and 0.04, respectively. The
behavior of ® and the corresponding transitions for Uy; = 0.5 (Fig. 3.2) suggest that the PT
to ST superfluid phase transition occurs when /J ~ 1. In addition, the PT phase is expected

for v/J Z 1, whereas the ST phase appears for v/J < 1. Our computations using random

(e}

0 Suggest an increase in J. as the system size increases. Since

configurations of complex
the real cold-atom experiments are with the trapped finite-size systems, the transition between

finite-momentum superfluids can be observed near the trap center [71].

The SGMF approach fails to capture the density oscillations that should ideally be there in
a stripe phase; the reason is that the SGMF theory does not include the intersite atomic cor-
relations. In order to overcome this limitation of the SGMF theory and obtain the nonuniform
magnetic ordering and the resulting inhomogeneous superfluidity, one has to use the diagonal-
ization of the cluster of lattice sites as suggested in Ref. [67]. Considering this, we probe the
parameter space of the stripe superfluid state obtained from the SGMF theory with the cluster
Gutzwiller approach (CGA). The latter improves the intersite correlations and incorporates the
effects of the quantum fluctuations. In this approach, the lattice sites are partitioned into a
finite number of clusters, where the model terms within the lattice sites of a cluster are treated
exactly. A detailed description of the approach is given in these works [157,184, 186,192, 193].
To examine the parameter domain corresponding to the stripe superfluid, we use a 2 x 2 cluster
and N, = 3. The size of the cluster is sufficient to probe the effects of the atomic correlations

on the magnetic ordering of the SOC-driven superfluids. Like in the case of the SGMF theory,

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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Figure 3.4: Evolution of the order parameter ®, characterizing the finite-momentum PT and ST
superfluid states, as a function of the hopping strength J/U. The chemical potential x/U = 1.8
and interspin interaction Uy = 0.5U. The @ is defined in Sec. 3.2. The variation in ® from zero

to a finite value shows the PT(MI)-ST phase transition.

sometimes the solution obtained from the CGA is a metastable state corresponding to a local
minimum. To avoid this we consider several random configurations of the SF order parameters
as the initial states with the CGA and choose the global minimum-energy state as the ground-
state phase. The lattice-site distributions of the occupancy and the amplitude and phase of the
SF order parameter are shown in Fig. 3.5. The profiles are shown for one of the components | 1);
however, the other component also follows similar distributions. We observe stripe variation in
the number occupancy (') and |¢$| and hence refer to it as the STqen phase. The amplitudes of

the variations remain smaller, which we expect can be enhanced by considering a larger cluster

of sites.

We further investigate the parameter domain of the stripe superfluid (using the CGA) and
find that the ST4en phase persists for larger hopping strengths. It continues to the domain
where one would get the ZM superfluid transition using the SGMF theory. As an example, for
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the parameters L = 8 x 8, v = 0.02U, pu = 1.8U, and J = 0.1U, the SGMF theory predicts
ZM superfluidity, whereas the CGA gives the STge, phase for these parameters. Hence, the
latter extends the parameter space of the STg., phase by taking into account the quantum
correlations. This suggests the applicability of the SGMF theory to describe the QPTs usually
for J/U — 0 [67,71,190]. Therefore, in this chapter, we investigate the phase transitions in the
range from J = 0 to J ~ 0.08U. The stability of the STg4e, superfluid in a wider parameter
regime is consistent with the observation of this state in the presence of a weak lattice potential
in a recent experiment [194]. In this thesis, the CGA is used to ascertain the nature of the ST

and ZM phases obtained from the SGMF theory.
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Figure 3.5: Lattice-site distributions in the STgey, phase obtained using the cluster Gutzwiller
approach. The (a) occupancy, (b) amplitude of the order parameter, and (c) phase of a STqen
state are shown. The parameters are v = 0.02U, p = 1.8U, and J = 0.05U. These distributions
are shown for interspin interaction Uy = 0.5U.

3.3.2 Uy =15

Here we discuss the quantum phases generated due to the effects of SOC when the interspin
interaction is stronger than the intraspin one (Uy /U > 1). In this parameter regime, we
first review the phase diagram of the two-component interacting bosonic system in the absence
of SOC. The phase diagram for Uy = 1.5U at v = 0 is shown in Fig. 3.6(a). Above the
phase separation criterion, at J = 0, the width of all MI lobes is Au/U = 1. Moreover, the
critical hopping of the MI(1)-SF transition in Fig. 3.6(a) becomes identical to the MI(2)-SF for
Uy < U case as shown in Fig. 3.2(a). Details of the quantum phase transitions as a function
of Uy, for the two-component interacting scalar-bosonic system are reported in Sec. 4.1.1. In
the phase-separated superfluid, the condensation occurs in one of the components only, and

it resembles the zFM phase [67,175]. We further examine the SOC-driven superfluid phases

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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Figure 3.6: Zero-temperature ground-state phase diagram in the presence of Rashba SOC for
various SOC strengths: (a) v = 0U, (b) v = 0.02U, (c¢) v = 0.03U, and (d) v = 0.04U. The
filling or occupancy of the Mott lobe is represented by n in MI(n). The interspin interaction

Uy, = 1.5U. The superfluidity near the MI lobes is twisted in character, while at higher J the
system is in the zFM state.

and their parameter space as «y varied. The phase diagrams for three representative cases are
shown in Figs. 3.6(b)-3.6(d). At v = 0.02U, for lower hopping strengths, the phase-modulated
PT superfluid emerges between the insulating lobes as shown in Fig. 3.6(b). For the phase-
separated regime, the uniform occupancy of the PT state is observed for n; = nj + nf and the
phase of each component varies diagonally as shown in Fig. 3.3(a). A further increase in J results
in a transition to the zFM superfluid. The effects of SOC at higher strengths v = 0.03U and
0.04U are shown in Figs. 3.6(c) and 3.6(d), respectively. At v = 0.03U, the MI(3) completely
vanishes, and the parameter regime of the PT superfluid phase is enhanced. This is also evident
from the SF region between the MI(1) and MI(2) lobes. At v = 0.04U, the destruction of Mott
lobes is enhanced as indicated by the absence of MI(2). As SOC strength increases, the melting

of insulating lobes occurs first for higher-density lobes and then continues to the lower-density
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ones. In addition, the J. of the MI-SF transition also decreases with v. We find that at higher
v ~ 0.065U, the MI(1) phase gets completely destroyed and the system exhibits a superfluid
phase transition between the PT and zFM states. In the PT phase, both qﬁj and ¢f are finite
while in the zFM superfluid only one of them is finite [as mentioned earlier in Sec (3.2)]. Starting
from within the PT phase and spanning the J/U axis for a particular p, we note the J/U value
when either qbZT or ﬁ becomes < 1073; this is the J/U value at the PT-zFM phase boundary.
After repeating this for all the u values considered, we do a nonlinear least-squares fitting of
all the critical J/U values for the PT-zFM transition with the residual of the order of 1073
to smoothen the phase boundary. The transition between the PT and zFM states is broad
compared to other zero-temperature phase transitions discussed in this chapter. It is important
to note that for a stronger interspin interaction Uy /U > 1, we do not observe the ST phase.
This is consistent with the quantum phases of the continuum system with SOC where the tuning

of Raman coupling for a strong interspin interaction does not lead to the ST phase [185].

3.4 Finite temperature

To study the effects of thermal fluctuations at finite temperature, we use the finite-temperature
Gutzwiller theory. At finite temperature, the superfluid states are characterized similarly to
the case of zero temperature, although we incorporate the effects of the thermal fluctuations at

finite temperature by considering the thermal average of the observable quantities.

To compute the thermal average, we first get the full set of eigenspectra obtained from the
diagonalization of the mean-field Hamiltonian. We further use the single-site energy spectrum

E! and the eigenstates ]1/1>i to evaluate the partition function of the system
Ny
l
Zi=Y e P, (3.13)
=1

where [ is the eigenstate index, NN, is the Fock space dimension, 8 = (kgT)~!, and T is the
temperature of the system. At finite T, the region of the phase diagram with a vanishing SF

order parameter and the real number occupancy (n{') is defined as the normal-fluid (NF) state.

3 Spin-orbit-coupling-driven superfluid phases in optical lattices



82 3.4. Finite temperature

From the definition of the partition function, the thermal average of the SF order parameter is

Ny

(65) = 5 > Holbre 7P ), (314)

i 120

where o = 1,/ is the spin-component index and (---) represents the thermal averaging of ¢.
Similarly, the atomic occupancy at finite T is defined as
1 N .
(52 = 5 > Htage ). (3.15)
1=0
The average occupancy is (n®) = >, (n$')/L. At finite T', the spin-dependent momentum distri-
butions (p¢,(k)) are computed from the thermally averaged SF order parameters.

The NF state at finite temperature is identified in the incompressible phases based on the
compressibility . In the present chapter, we consider |n—mng,| > 1073 as the criterion to identify
MI to NF crossover. Here, n and ny, are the lattice occupancies at zero and finite temperature,
respectively. Such a criterion has been previously used to distinguish the NF phase of the BHM

at finite temperatures [195].

3.4.1 Finite-temperature results for U;; = 0.5

At finite temperatures, the Mott lobe melts into the NF phase due to thermal fluctuations. The
NF phase has no long-range order, but it is compressible (k # 0). Therefore, this phase can be
distinguished from the insulating MI phases by finite x. We examine the melting of the MI phase
as a function of temperature for various SOC strengths. In Fig. 3.7 we plot the width of the
first Mott lobe MI(1) at J = 0.01U for different values of . For v = 0, at lower temperatures,
the width of the MI lobe first increases for kT /U < 0.004.

At kT /U ~ 0.004 the Mott lobe starts melting, and the width of the lobe decreases with
temperature. At kT /U =~ 0.046, the MI phase is completely replaced by the NF phase. How-
ever, for finite v there is a combined effect of SOC and finite temperature on the width of
the Mott lobe. For v = 0.02U, at low temperatures, the width first increases and then at
kT /U ~ 0.009 the thermal fluctuations overcome the SOC effects; and this leads to a decrease
in the width. The effects of SOC are prominent at larger values of v, as evident for the v = 0.03U
and 0.04U cases in Fig. 3.7. At higher temperatures, the melting of the MI phase is independent
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of v, and the decrease in the width of the MI lobe is similar to the v = 0 case.
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Figure 3.7: Width of the first Mott lobe MI(1) at J = 0.01U as a function of temperature for
various SOC strengths. The values of v in units of U are shown in the legend. Here the interspin
interaction Uy = 0.5U. At lower temperatures, the melting of the MI lobe depends on the value
of ~, and at higher kT the width remains similar to the v = 0 case. For all cases, with and
without SOC, the MI(1) phase completely melts and replaced by NF phase at kgT /U = 0.046.

We further discuss the finite-temperature phase diagram at k7' /U = 0.03, shown in Fig. 3.8.
At v = 0, the thermal fluctuations destroy the ODLRO of the SF phase and extend the parameter
space of the NF phase. Odd Mott lobes stretch along the J/U axis. For example, at kgT = 0,
the critical hopping of the MI(1)-SF transition is 0.0268 in Fig. 3.2(a) and at kT /U = 0.03, it
increases to 0.0422, as evident from Fig. 3.8(a). Similar enhancement is also apparent for MI(3)
from a comparison of Figs. 3.8(a) and 3.2(a). In the presence of SOC, there is an interplay of
the effects of SOC and finite temperature. For smaller SOC strengths (v = 0.02 and 0.03), the
remarkable feature of the reemergence of MI lobes at the cost of finite-momentum superfluids at
finite temperature is observed. In particular, the SOC-induced PT phase near the atomic limit
in Fig 3.2(b) melts into MI(3) and NF phases as shown in Fig. 3.8(b). The destruction of the

PT superfluidity in a wide region of the NF state at finite temperature is consistent with the
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Figure 3.8: Finite-temperature phase diagram of the TBHM for different values of v at kgT'/U =
0.03: (a) v = 0U, (b) v =0.02U, (c) v = 0.03U, and (d) v = 0.04U. The interspin interaction
Uy, = 0.5U. The shaded green bands are the insulating MI regions which are distinguished from
the NF phase present at finite T. The reemergence of insulating regimes and destruction of PT
superfluidity at finite temperatures are observed. The constant width of MI(1) for both zero
and finite SOC confirms the behavior reported in Fig. 3.7. The blue dashed line represents the
PT-ST superfluid phase transition obtained using the finite-temperature Gutzwiller mean-field
approach.

previous Monte Carlo study of strongly correlated bosons with SOC [174]. The reemergence of
insulating domains at finite temperature is in agreement with our analysis of the width of the
MI lobe with SOC, which is shown in Fig. 3.7. While increasing the SOC strengths from 0.02
[Fig. 3.8(b)] to 0.03 [Fig. 3.8(c)], the PT state is favored by melting the NF and MI phases. At
v = 0.04U, the phase boundary of the PT to ST superfluid transition, as in the case of zero
temperature, remains unchanged and independent of the average particle densities or p at finite

temperatures.
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Figure 3.9: Finite-temperature phase diagram of the TBHM for different values of SOC strengths
at Uy = 1.5U: (a) v = 0U, (b) v = 0.02U, (c) v = 0.03U, and (d) v = 0.04U. The shaded
green bands represent the residual insulating domains in the presence of thermal fluctuations.
Outside the bands tiny white regions show the NF phase. The thermal energy corresponding to
temperature is kg7 /U = 0.03. The finite temperature stabilizes the MI phases against the SOC
and suppress the finite-momentum superfluidity. This is evident from (c) and (d), as compared
to the corresponding zero temperature cases shown in Figs. 3.6(c)-3.6(d).

3.4.2 Finite-temperature results for U;| = 1.5

Like in the case of Uy = 0.5U, we examine the finite-temperature phase diagram in the phase-
separated regime with SOC. In particular, we explore the stability of the finite-momentum
superfluids with the thermal fluctuations arising from finite 7. To gain additional insight, we
briefly review the v = 0 case. As expected, the insulating lobes melt to the NF phase at
kpT/U = 0.03, which is discernible from the phase diagram shown in the Fig. 3.9(a). The
phase diagrams of v # 0 at kg7 /U = 0.03 are shown in Figs. 3.9(b)-3.9(d). At v = 0.02U, the
thermal fluctuations favor the insulating domains, and the emergence of the NF phase between
the MI lobes reduces the PT superfluidity, as is evident from a comparison of Fig. 3.9(b) with

Fig. 3.6(b). The reemergence of MI lobes at finite T is also seen in this case, as can be confirmed

3 Spin-orbit-coupling-driven superfluid phases in optical lattices
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by comparing Figs. 3.9(c) and 3.9(d) with Figs. 3.6(c) and 3.6(d). At the phase boundaries,
the critical hopping of the MI-zFM and PT-zFM transitions is shifted to higher J at finite
temperature as compared to the critical J at zero temperature. The effect of the increase in
SOC strength leading to the increase in the PT superfluid phase is also evident in the phase
diagrams shown in Figs. 3.9(c)-3.9(d) which are similar to Uy /U < 1 case.

3.5 Conclusions

We have studied the parameter domain of various finite-momentum superfluids of SO-coupled
ultracold bosonic atoms in 2D optical lattices. To examine various superfluid states with different
atomic densities and phase ordering, we have used spin-dependent momentum distributions, a
routinely measured observable in cold-atom experiments. For Uy| < U, with v/J Z 1 the favored
superfluid phase is the PT phase, whereas with v/J < 1 the system is in the ST phase. Starting
with the PT phase, the increase in J results in the PT to ST superfluid phase transition. We
have shown that the inclusion of quantum fluctuations via the CGA results in the STge, phase
corresponding to the parameter domain of the ST phase obtained with the SGMF theory. In
the limit Uy > U, the stripe superfluid is absent and the PT to zFM transition is observed
as J is varied. We have further shown that the thermal fluctuations destroy the phase-twisted
superfluidity and favor the insulating and normal states. The results reported in this chapter
are pertinent to the ongoing quantum gas experiments with SOC and offer a parameter space
in the J — u plane to observe the finite-momentum superfluids. The results reported in this

chapter are discussed in Ref. [196].




Chapter 4

Out-of-equilibrium dynamics of
Bose-Bose mixtures in optical

lattices

In the previous chapter 3, we discussed various phases of the two-component Bose-Hubbard
model (TBHM) with and without SOC. The BHM has underpinned our understanding of quan-
tum phase transitions (QPTs) [130,197]. As discussed in the introduction to the quantum
quench dynamics in Sec. 1.6.2, the study of out-of-equilibrium dynamics in interacting quantum
systems in search of an adiabatic quantum state for quantum computation is an active research
area [136]. The controllability of parameters in cold atom systems, especially over time, naturally
sparks interest in the out-of-equilibrium dynamics of the BHM, particularly in the proximity of
quantum critical points.

The Kibble-Zurek mechanism (KZM) [137,138] offers a comprehensive theoretical frame-
work to understand the non-equilibrium dynamics across continuous phase transitions. When
an external parameter of the system is quenched with a finite rate across the critical point, non-
adiabatic effects set in. This breakdown of the adiabaticity near the critical point is inevitable
due to the critical slowing down, which refers to the divergence of the relaxation time of the
system near the critical point. The KZM describes spontaneous symmetry breaking and the for-
mation of broken symmetry domains based on the non-adiabatic regime in the dynamics. The

theory predicts universal scaling laws with respect to the quench rate [137,138,198-200]. The
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roots of this theory are in Tom Kibble’s [137] studies on predicting the formation of topological
defects as a result of local choices of broken-symmetry state during the cooling of the early
universe. Zurek tested the ideas of Kibble in non-relativistic condensed matter systems and
demonstrated that the competition between the relaxation time and the quenching rate deter-
mines the size of the broken-symmetry domains and predicted a universal power-law scaling of
these defects in relation to the quench rate, with an exponent directly related to the equilibrium
critical exponents [137,138,198-200]. Initially proposed to explain the evolution of the early uni-
verse [137], the KZM has been experimentally explored in various classical and QPTs. Its appli-
cation has been demonstrated in numerous systems such as cosmic microwave backgrounds [201],
liquid helium [202], superconductors [203], and liquid crystals [204]. More recently, the studies
on the KZM have been extended to ultracold quantum gases [141,142,146,205-222]. A recent
experiment [146] has explored the dynamics of QPT from the MI to the SF phase and observed
a power-law behavior of the coherence length, reminiscent of the KZM. This has led to a surge
of interest in exploring QPTs of BECs loaded into an optical lattice to confirm the applicability
of the KZM to QPTs. Multicomponent BECs offer a rich variety of QPTs when loaded into
an optical lattice which has not been explored in the literature. We theoretically examine the
quench dynamics of the MI to SF phase transition in the TBHM without SOC in this chapter.

A two-component Bose mixture in an optical lattice is not just an extension of a one-
component Bose gas in a lattice as the phases of the multicomponent and spinor systems in
such scenarios are considerably more intricate [223-226]. The MI-SF transition in the one-
component BHM is a continuous transition, whereas the TBHM exhibits a tricritical point after
which the MI-SF transition changes to a first-order transition [227]. Although the KZM pre-
dicts the breakdown of adiabaticity for continuous transitions, both experimental [228,229] and
theoretical studies [219,221,230] confirm the critical slowing down for the first-order phase tran-
sitions also. Motivated by these studies, we explore both the first-order and second-order MI-SF
transitions of the TBHM in this chapter. We study the effects of the inhomogeneity of phases
and order of transitions on the impulse regime and scaling exponents.

This chapter is organized as follows. In Sec. 4.1, we introduce the TBHM and describe the
mean-field approach to determine the equilibrium phase diagram for three different values of
the inter-species interactions corresponding to the miscible-immiscible phase transition. The

dynamical Gutzwiller equations and the KZM are presented in Sec. 4.2. Sec. 4.3 discusses the
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quantum quench dynamics across the MI(2)-SF and MI(1)-SF transitions of the TBHM. Finally,

we summarize our findings in Sec. 4.4.

4.1 Two-component Bose-Hubbard Hamiltonian

We consider a Bose-Bose mixture of two spin states from the same hyperfine-spin manifold in
a 2D square optical lattice at zero temperature. The TBHM (3.1) describing the system in the
absence of SOC is [231]

Usa ooy /- A
= = 3 (st )+ (gt ) = G = 1) i
p,q,x
+ZUN”M Mg (4.1)

where the symbols have the same meaning as discussed in Sec. 3.1 of Chapter 3. The superfluid

order parameters ¢g and atomic occupancies ng , are similarly defined in Eqgs. (3.7a)-(3.7b)

Pa
and Egs. (3.8a)-(3.8b), respectively.

4.1.1 Equilibrium phase diagrams

In this chapter, we consider identical chemical potentials i, = p and intraspecies interactions
Uapo = U. We scale all energies with respect to U. Following the phase separation criterion of the
two components, determined by the strength of the interspecies interaction, we investigate the
two regimes: Uy < 1 and Uy > 1. We use the SGMF approach discussed in Sec. 3.1 to obtain
phase diagrams of the TBHM. We considered a lattice size of 8 x 8 and N, = 6 and checked
that by increasing the system size or IV, phase diagrams do not alter. The model exhibits two

phases: MI and SF [232-235].

4.1.1.1 Interspecies interaction Uy <1

We first consider Uy = 0.5 and 0.9 in the miscible regime of the TBHM. In the MI phase,
¢y 4 18 zero, but it is nonzero in the SF phase. We use this criterion to determine the phase
boundary between the MI and SF phases in the J-u plane. Figs. 4.1(a) and 4.1(b) show the
phase diagrams for Uy = 0.5 and 0.9.

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices
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Figure 4.1: Phase diagrams of the TBHM in J-y plane for (a) Uy, = 0.5 and (b) Uy = 0.9. The
number in parentheses is the total average atomic occupancy. The phase transitions across all
boundaries are of second order except for the green curve in (b) across which the MI(2) to SF
transition is of the first order in nature. For Uy = 0.9, the |®| as a function of J are shown for
(c) the MI(1)-SF transition at p = 0.39 and (d) the MI(2)-SF transition at g = 1.32. In the

panels (e)-(h), sample atomic occupancy distributions (ng ;) of both components on an 8 x 8

square lattice are shown. (e) and (g) correspond to n}, and nﬁq, respectively, in the MI(1)

phase. The same for the MI(2) phase are shown in (f) and (h).
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The phase diagram depicts two kinds of MI lobes based on the average total occupancy.
These are even-integer and odd-integer MI lobes. In J = 0 limit, the size of the MI regions
on the p-axis for odd and even total fillings are Uy and 1, respectively. As we increase Uy,
the sizes of odd Mott lobes along .J-axis increases while those of even Mott lobes remain the

same. For the MI(1) phase, the average occupancies n® = o/ Nattice are 0 < n' <1 and

pa ",
n* =1—n' and for the even-integer MI(2) phase, n' = n* = 1 [232]. Here Mattice is the number
of lattice sites.

At Uy = 0.5, the MI-SF QPTs for both odd- and even-occupancy Mott lobes are second-
order transitions. However, at Uy = 0.9, the MI-SF transitions are not entirely second order.
We find that the change in the order-of-transition, near the tip of the MI(2) lobe, occurs at
Uy, = 0.65. For Uy, = 0.9, as shown in Fig. 4.1(b), the tricritical points on p-axis exist
at 0.99 and 1.67 [189,233,234]. For the regime between these two u values, the MI(2)-SF
transition is of the first order and marked by green points in Fig. 4.1(b). To confirm the order
of these transitions, we have calculated the amplitude of the superfluid order parameter as a
function of J for a fixed p across the critical hopping strength. The continuous variation of
|®| = Zp,q’a |95 4|/ Niattice With J represents a second-order phase transition as illustrated in
Fig. 4.1(c) for the MI(1)-SF phase transition with = 0.39 and Uy = 0.9. On the other hand,
a discontinuity in |®| across MI(2)-SF phase boundary in Fig. 4.1(d) for = 1.32 and Uy = 0.9
is indicative of the first-order phase transition.

The sample atomic occupancy distributions ng , in MI(1) and MI(2) phases confined in
Nattice = 8 X 8 square lattice are shown in Figs. 4.1(e), 4.1(g) and Figs. 4.1(f), 4.1(h), respec-

tively. The atomic occupancy distributions in the SF phase are uniform and identical for both

components with real average occupancy.

4.1.1.2 Interspecies interaction Uy > 1

For Uy; > 1, phase separation of the mixture of bosonic species occurs. We have shown the
phase diagram for Uy = 1.5 in Fig. 4.2(a) which does not change with an increase in Uy|. The
continuous nature of the amplitude of the average superfluid order parameter ® as a function of
J for p = 0.415 and 1.45 in Fig. 4.2(b) and Fig. 4.2(c), respectively, confirms the second-order
nature of the MI-SF phase transitions. In this regime, only one of the components, chosen

randomly, occupies the lattice site. The occupancy of the other component remains zero at that

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices
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site. This applies to both the MI and SF phases. However, for the latter, the occupancy of one

component is a real number and for the other is zero.
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Figure 4.2: (a) The phase diagram of the TBHM in J — p plane in the immiscible regime. (b)
The variation of |®| as a function of J with p = 0.415, corresponding to the MI(1)-SF phase
transition and (c) with p = 1.45 corresponding to the MI(2)-SF transition; these are plotted
for Uy; = 1.5. The sample n;q distributions in (d) MI(1), (e) MI(2), and (f) SF phases for
U, = 1.5. Similarly, corresponding nﬁq distributions are in (g), (h), and (i).

The sample atomic occupancy distributions for MI(1), MI(2), and SF phases are presented

in Figs. 4.2(d) and 4.2(g); Figs. 4.2(e) and 4.2(h); and Figs. 4.2(f) and 4.2(i), respectively.

4.2 Quench dynamics

4.2.1 Time-dependent Gutzwiller approach

To study the out-of-equilibrium dynamics, we quench the hopping parameter in time, J — J(t),

whereas all other model parameters remain steady in time. This results in the time dependence
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in the TBHM. As J is ramped up in the quench, the system is expected to undergo the MI-SF
phase transition. The time evolution of the single-site Gutzwiller wave function is governed by

the time-dependent Gutzwiller equation given as

ihatw}(t»p,q = Bp,q‘w(t»p,q- (4-2>

The single-site Hamiltonian in (4.2) can be written as

hpg=Thpg+h2, + RS, +hy, + b, (4.3a)
= C1b) , + Cobb , + C3bIT, + CabIY + Cs, (4.3b)
where
(J¢p+1 A AN (AN A q+1) Cr = Cs, (4.42)
(J¢p+1 P J*qﬁi* + J(jﬁ o+ J*¢i q+1> Cy = Cy, (4.4Db)
* * * U ~
Cs = —¢)Ch — ¢55.C5 — ¢} C1 — &, Co + %npq (ng,q - 1) (4.4c)

UTT t (it Tt Ak
+ pq(”]J,q_l) ~ Fpa"pa T “pq pq+Uanq P

The time-dependent Gutzwiller equation can be cast into a set of coupled first-order differential

equations for c%’T’fQ . () using the single-site Lagrangian

Lypg = ip,q<¢(t)|at|w(t)>p,q - p,q<¢(t)|ﬁp,q|¢(t)>p,q' (4.5)

The first and second terms on the right-hand side of Eq. (4.5), respectively, are

ipvq <¢(t)’8t‘¢( >P q chng)iatcngni <mT7 mi‘”T? n$> - chgpni)a C%]?T;]Ll (46&)
p7Q<w(t)’hP,Q|w( )>p q = CW’ET,H’)LJ, T(llzrqni [ClrémT ny— 15m¢ ny + CQrme 4 mi ny—1

+ CT \V nT + 15mT,n¢+15mi,n¢ + C; \V n\L + 15mT,n¢5mi,n¢+1

+ C56ms s Omy ) (4.6b)

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices



94 4.2. Quench dynamics

(p,q)

where explicit time dependence of C”T" \ has been suppressed to compactify the notation. Using

the Lagrange’s equation of motion

e I FLO (1)
o (ack®,)]  Loch,

the following set of first-order coupled differential equations for cﬁﬁ’fﬁ . (t) is then obtained:

zatcng e {Cg \ﬁcin q—)l ny, TGy ngpT qm 1 +G \/mcn(ﬁrql ny

(4.8)
+Coy/ny + 10,70 ;‘L(T’j;;lf} :
where coupling is through Cy, Co,...,C5. To solve these coupled equations, we use the fourth-

order Runge-Kutta method to compute the wave function of the system at a specific time
instant ¢, where the requisite Gutzwiller coefficients at the start of quench are obtained from the
static Gutzwiller approach. However, to derive the QPT, quantum fluctuations are needed. To
generate the effects of quantum fluctuations, we add an initial random noise to the equilibrium
coefficients cﬁﬁ’fﬁ% , of the state at the start of the quench. We first generate univariate random
phases within the range of [0, 27] and add them to the (phases of) non-zero coefficients. Next, we
add density fluctuations by applying noise to the amplitudes of the coefficients. This is achieved
by generating univariate random numbers within the range of [0, 6], where § is set to be 10~*
in this chapter. To ensure reliable results, we consider 10 initial states that are randomized
using the methods described previously. Each of these initial states is then evolved in time by
performing the appropriate parameter quench. We further calculate the physical observables

of interest averaged over all these 10 samples. Additionally, for each sample, the observable is

averaged across the entire lattice.

4.2.2 Kibble-Zurek mechanism

In this thesis, we consider a linear quench protocol given as

(Je = Ji)

(t+1g). te[—-1g,tl, (4.9)
Q
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which involves a quench time 7¢g to determine the quench rate. The critical value of J, denoted
by J., is crossed at ¢ = 0. It is assumed that the quench is initiated at time ¢ = —7¢ such that

J(—71q) = J;i. The system’s relaxation time determines the fate of the evolving state.

The relaxation time is short when the quenched parameter is far from the critical point.
This results in an adiabatic evolution where the evolving state is close to the actual ground
state. However, as the critical point is approached, the divergence of relaxation time breaks the
adiabaticity, leading to a frozen state. This state does not change for some time near the critical
point. The time interval during which the state remains frozen is termed the impulse regime. It
starts evolving after a time instant ¢ that is delayed time or transition time after which evolution
is again adiabatic. Thus, the two adiabatic regimes are separated by a non-adiabatic regime
near the critical point. The transition between these regimes is a significant aspect of the KZM.
The non-adiabatic evolution of the system during the quench inevitably leads to excitations and
defects in the evolved state.

In the Kibble-Zurek hypothesis, for a second-order phase transition, the scaling relation

between the quench time 7 and the transition time t is defined by ¢ o 7'62/ (1+v2)

, where v is the
critical exponent of the equilibrium correlation length and z is the dynamical critical exponent.
Additionally, the scaling relation between the density of defects (N4) and 7¢ in two dimensions
is given by Ny(f) o Té 20/(4v2)  Thege relations predict the critical behavior of the system near
the phase transition and the formation of topological defects during the non-adiabatic evolution
of the system. In our case, i.e. during the transition from the MI to SF phase, the global U(1)

symmetry spontaneously breaks and gives rise to the vortices. The density of vortices in an

optical lattice system can be computed as [216-218,221]

N =19, (4.10)
psq
with
1, . .
Qg = 1 [sin(0p 114 — Opg) + (0511 411 — 0510
—sin(05, 41 — Op gr1) —sin(05 1 — 05, (4.11)

Here 6, is the phase of the SF order parameter ¢, ,. Another quantity that serves as an analogue
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to the defect density is the excess energy above the ground state. This quantity is termed residual
energy [236-238]. This residual energy Fies is given by Eres(t) = Egy(f) — Egs(t), where Egy () =
(W(4)|H(#)|@(f)) denotes the energy of the system at time ¢, while Eg(f) = (W H (1) Tys) is
the ground-state energy for Hamiltonian at time ¢. Slower is the evolution, smaller is the
residual energy. The scaling relation for the residual energy is Eyes(f) o —Tz—;// (1+v2) [236—238].
The scaling relations are valid at #, but it is very difficult to estimate # from the numerical
simulations. Prior works are based on determining ¢ based on ® [216-220]. The growth time of
the superfluid order parameter depends on the amount of random fluctuations as pointed out
in Ref. [239]. We choose the protocol of Ref. [221] to determine . We calculate the overlap
O(t) = [(¥(0)|¥(t))|. Since the dynamics are frozen in the impulse regime, O(t) would be equal
to unity until the state is in the impulse regime, as soon as it deviates from unity, it indicates
that the adiabatic regime has begun and that time instant is £. The observables ®, N&, E,, and
O(t) relevant to the quench dynamics are obtained by averaging over 10 initial states perturbed

by different random noise distributions.

4.3 Results and discussion

4.3.1 U; =05
4.3.1.1 MI(2) to SF phase transition

Considering = 1, we start a quench of the hopping parameter from J; = 0.02 that lies deep
within the MI lobe. We end the quench at Jy = 0.064 within the SF phase. We confirm the
slowing down of transition from the growth of the superfluid order parameter that starts after
the critical value J; is passed. We have shown one such dynamics for 79 = 100 in Fig. 4.3. |®|
is close to zero until J passes the critical J. at t = 0. After ¢t = £ = 31, |®| shows a sudden
increase followed by rapid oscillations. Quench is stopped at ¢ = 7g = 100. At a longer time,
the |®| stabilizes after small oscillatory transients. For illustration, the stable |®| is marked at
t = 160 in Fig. 4.3. Due to the random noise added to the initial Gutzwiller coefficients, there
are many vortices at the beginning of the quench. During the MI to SF phase transition, when
the system enters the SF phase, one expects a coherent phase throughout the system. This is

due to the breaking of U(1) global gauge symmetry. However, the quench dynamics leads to
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Figure 4.3: The time evolution of |®| for the MI(2)-SF transition with Uy, = 0.5, 4 = 1, and
7o = 100. Blue points indicate temporal markers referred to in the main text. In the inset, we
show the enlarged view of the dynamical evolution at shorter times from ¢ = 20 to ¢t = 200. |9|
is nearly zero for t < ¢ = 31.

the formation of domains in the system which indicates the existence of local choices of broken
symmetry in the SF phase. This results in a domain structure as predicted by the KZM. The
phase singularities at the domain boundaries correspond to the vortices, as confirmed by the
phase variations. As the system enters into the deep SF phase, the size of domains increases
through domain merging. This results in a decrease in the number of topological defects due to

pair annihilation, and the system attains phase coherence after long-time evolution.

To illustrate the domain formation and merging in the quench dynamics starting with a

single randomized initial state at ¢ = —7g = —100, we have presented the snapshots of [¢5  (#)]

and the respective phases at various times. At the beginning of the quench the ]¢g,q| and |¢,¢3,q
have random lattice-site distributions with peak values nearly zero as shown in Figs. 4.4(a) and

4.4(e), respectively. The phases of the order parameters for both components are also random,

as shown in Figs. 4.4(i) and 4.4(m), respectively. As time evolves, at t = { = 31, ]¢1T,7q| and |¢>ﬁq
acquire relatively large peak values accompanied by domain formation. This is presented in

Figs. 4.4(b) and 4.4(f); the corresponding phases are illustrated in Figs. 4.4(j) and 4.4(n). The

hopping parameter quenching is stopped at ¢ = 100 as stated earlier. At ¢ = 160, ]¢g,q| and |¢>i,q

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices
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Figure 4.4: |q’>;,q| at (a) t = —100, (b) t = 31, (c) t = 160, and (d) ¢t = 2000 for the MI(2)-SF
phase transitions corresponding to the time evolution in Fig. 4.3. Similarly, |q§%,q| at the same

instants are in panels (e)-(h). Phases corresponding to |¢;q in panels (a)-(d) are shown in

panels (i)-(1), and the same for |¢]¢D,q| in panels (e)-(h) are in panels (m)-(p).

acquire almost uniform distributions as shown in Figs. 4.4(c) and 4.4(g), and their respective
phases 4.4(k) and 4.4(o) still have phase singularities. After a very long time of evolution at
t = 2000, the system relaxes into an almost uniform state where the component densities and
phases are quasi-uniform as in Figs. 4.4(d) and 4.4(h); and Figs 4.4(1) and 4.4(p), respectively.

To study the scaling laws, we consider a range of quench times from 7o = 30 to 7 = 400.
We measured ¢ corresponding to each 7q following the overlap protocol. { increases with an
increase in 7¢ as is evident in Fig. 4.5(a). On the other hand, the residual energy Fi.s decreases
with 7 as reported in Fig. 4.5(b) as J(¢) approaches the critical tunneling strength J. with
an increasing 7¢, [cf. Table-4.1]. Both observables follow power-law scaling with the critical

exponents v = 0.45 and z = 2.13. It is pertinent to note that the critical values obtained in our
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scaling analysis are in very close agreement with the values predicted by the mean-field theory

(v =0.5and z = 2).
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Figure 4.5: For the MI(2)-SF transition with Uy, = 0.5: (a) ¢ as a function of 7g on a log-log
scale with the critical exponent of 0.49 & 0.01 and (b) Eyes as a function of 7 on the log-log
scale with —0.46 & 0.02 as the critical exponent. (c) and (d) are, similarly, the # and E,e as
functions of 7¢ on the log-log scale for MI(1)-SF transition with Uy = 0.5.

Table 4.1: The J(t) for different 7gs during quench dynamics from MI(2) to SF phase with
p#=1and Uy, = 0.5. The critical value of hopping strength J. is 0.042.

TQ 30 50 80 100 150 200 300 400
J(t) || 0.055 | 0.052 | 0.050 | 0.049 | 0.048 | 0.047 | 0.046 | 0.045

4.3.1.2 MI(1) to SF phase transition

The key difference between MI(2) and MI(1) of the TBHM is the density inhomogeneity as
shown in the equilibrium lattice-site distributions [see Figs. 4.1(e)-(h)]. This results in a number
of differences in the quench dynamics. One is that the impulse regime size increases compared

to MI(2)-SF transition for each 7. This is supported by the fact that, for MI(2)-SF transition,

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices
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J(t) always lies between J. to 2.J, — .J;, but here it is not the case. Fixing u at 0.25, we quench .J
from J; = 0.01 to a sufficiently high hopping strength J; = 0.0604, so that J (f) lies in between
Ji and Jy. The critical value J. of MI(1)-SF transition is 0.0268. For smaller 7 up to about
o = 150, J(t) is greater than 2J, — J; = 0.0436. Even for the largest value of 7 = 400

considered in this chapter, J(#) is 0.041 as reported in Table 4.2.

Table 4.2: The J(t) for different 7¢’s during the quench dynamics from MI(1) to SF phase with
p = 0.25 and Uy = 0.5. The critical hopping strength is J. = 0.0268.

TQ 30 50 80 100 150 200 300 400
J(t) || 0.054 | 0.05 | 0.047 | 0.046 | 0.044 | 0.043 | 0.042 | 0.041

| D]

0 1000 2000

Figure 4.6: |®| as a function of time ¢ for the MI(1)-SF transitions at Uy = 0.5, p = 0.25, and
7@ = 100. Blue points are the temporal markers referred to in the main text. |®| remains nearly
zero for t < t = 116. The hopping quench is performed until ¢ = 130. The exponential increase
in |®| followed by oscillations are shown in the inset with ¢ varying from ¢ = 0 to ¢ = 200.
Another difference is that due to the absence of particles of at least one species at each lattice
site, vortex density does not give a fair idea about the actual number of vortices. Due to the

increase in transition time compared to the MI(2)-SF case, the exponent of transition time with

7@ is higher, whereas the exponent of residual energy is lower. However, transition time and
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residual energy still follow power-law scaling with 7g as shown in Figs. 4.5(c) and 4.5(d).

0.025 0 0.25 0
[

Figure 4.7: |¢1T,7q| at (a) t = —100, (b) t = 116, (c) t = 155, and (d) ¢ = 2000 for the MI(1)-SF
phase transitions corresponding to the time evolution in Fig. 4.6. Similarly, |¢]¢97q\ at the same
instants are in panels (e)-(h). Phases corresponding to ]¢g,q| in panels (a)-(d) are shown in
panels (i)-(1), and the same for |q5%,q| in panels (e)-(h) are in panels (m)-(p).

We have shown the evolution of the superfluid order parameter for 7o = 100 in Fig. 4.6.
Quench is stopped at ¢t = 130 in this case. |®| is close to zero till ¢ = ¢ = 116, after which it
increases rapidly followed by oscillations persisting over long periods during which it increases
gradually. This is in stark contrast to the MI(2)-SF transition, where the order parameter
stabilizes over a longer time. To see how differently the state relaxes after the quench, we
provide snapshots of the amplitude and corresponding phases of ¢ , at various time instants
in Fig. 4.7. Randomized |¢;,q|, |¢}LMI| and the corresponding phases at the start of the quench
at t = —100 are shown in Figs. 4.7(a), 4.7(e), 4.7(i), and 4.7(m), respectively. Next at
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t =t = 116, these quantities are shown in the second column of Fig. 4.7, where a few superfluid
domains have started to appear. The number of superfluid domains has increased, and phases
of the order parameters also exhibit domain formation in the third column at ¢t = 155; this is
when oscillations in |®| are triggered. Even after a long period of evolution at ¢ = 2000, the Ppq

do not achieve homogeneous distributions, unlike for MI(2)-SF transition.

4.3.2 Uy =09

We further discuss quench dynamics at higher interspecies interaction strength close to the
immiscibility criterion but still in the miscible domain. The phase transition for p = 1.33 is first
order in nature as compared to the MI(2)-SF and MI(1)-SF for Uy, = 0.5. Although some traits
of second-order MI(2)-SF transition, discussed in Sec. 4.3.1.1 like slowing down of the transition,
oscillations of |®| about a fixed value, order parameter relaxing into an almost complete uniform
state after free evolution, and power law scaling of ¢ and Eies with T are present, the striking

difference appears in the exponents in Fig. 4.8.
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Figure 4.8: For the first-order MI(2)-SF phase transition at Uy, = 0.9 and p = 1.33: (a) £ as
a function of 7o with the critical exponent of 0.36 4 0.02 and (b) E.cs as a function of 7o on
log-log scale with —0.35 £ 0.02 as the critical exponent.

The quench dynamics and the exponents in the scaling laws of the second-order MI(1)-SF
transition for Uy, = 0.9 remain almost similar to the MI(1)-SF transition for Uy, = 0.5 as

discussed in Sec. 4.3.1.2 and are not shown here for brevity.
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433 Uy =15

Finally, we discuss quench dynamics for the phase-separated regime, where one of the two

components occupies the lattice site. Starting from p = 1.45 and J = 0 which corresponds to

=3
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Figure 4.9: The evolution of |®| with ¢ for the MI(2)-SF transitions at Uy = 1.5, = 1.45, and
7o = 100. Blue points indicate the temporal markers referred to in the main text. |®| is close
to zero until £ = 67. The exponential increase in |®| followed by oscillations are shown in the
inset with ¢ varying from ¢ = 0 to ¢ = 150.

the MI(2) lobe, we perform a quench that terminates at J = 0.0516, lying well within the SF
phase. The transition is indicated by the growth of the superfluid order parameter and occurs
after crossing the critical J. = 0.0258, as demonstrated in Fig. 4.9 for 7¢g = 100. |®| remains
close to zero until t = £ = 67, followed by a rapid increase period. The quench is halted at
t = 7g = 100, but we freely evolve the system up to ¢ = 2000 to confirm the ground state of
the system. Figs. 4.10(a)-(p) provide snapshots of |¢7 | and the corresponding phase of ¢,
at different times. At t = f = 67, domain formation begins as indicated in Figs. 4.10(b) and
4.10(f); the respective phases are shown in Figs. 4.10(j) and 4.10(n). At ¢ = 130, both \(bg,q\
and |¢i,q\ have acquired many domains, as indicated in Figs. 4.10(c) and 4.10(g), while the

respective phases in Figs. 4.10(k) and 4.10(0) start exhibiting domain merging. The component
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Figure 4.10: |¢;q| at (a) t = —100, (b) t = 67, (c) t = 130, and (d) ¢t = 2000 for MI(2)-SF phase
transitions corresponding to the time evolution in Fig. 4.9. Similarly, |¢$7q| at the same instants
are in panels (e)-(h). Phases corresponding to |¢} 4| in panels (a)-(d) are shown in panels (i)-(1),
and the same for |¢ﬁq\ in panels (e)-(h) are in panels (m)-(p).

order parameters at ¢ = 2000 show no discernible difference from those at ¢ = 130, as shown in
Figs. 4.10(d) and 4.10(h).

Similar to the dynamics at the other two Uy values discussed previously, t and Fhe follow
power-law scaling as shown in Figs. 4.11(a)-(b) and with the critical exponents similar to those
for the MI(1)-SF transition in the miscible domain. This is evident from Figs. 4.5(c)-(d) and
Figs. 4.11(a)-(b). Since the system is in the immiscible phase, the nature of MI(1) and MI(2) is
similar. This was concluded while studying the static properties of these systems. The quench
dynamics of MI(1)-SF for Uy = 1.5 is similar to that of MI(2)-SF transition and therefore not

presented here.
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Figure 4.11: For MI(2)-SF phase transition at Uy; = 1.5: (a) f as a function of 7¢ with the
critical exponent of 0.76 £0.01 and (b) E\s as a function of 79 on log-log scale with —0.29+0.01
as the critical exponents. The critical exponents are similar to those displayed in Figs. 4.5(c)-(d).

4.4 Conclusions

We have studied the out-of-equilibrium dynamics of the TBHM when the tunnelling strength
J is quenched across the MI-SF criticality. The equilibrium phase diagram and related phase
transitions depend on interspecies interaction strength. We observed that the average filling
of the MI lobes and the order of the phase transitions lead to different dynamics from what
is observed in a single-component BHM. The MI-SF phase transitions, in the miscible regime,
from the Mott lobes with an average occupancy of 1 or 2 are of second order for Uy less than
a critical strength above which the transitions at and around the tip of the MI(2) lobe are first
order. The critical exponents of the second-order phase transition from homogeneous MI to
superfluid phase, calculated using scaling analysis, are in good agreement with the mean-field
predictions. Due to the inhomogeneity of the atomic occupancy in MI(1), the impulse regime is
extended across MI(1)-SF phase transition at Uy = 0.5. In the immiscible regime, the power-
law scaling of the exponents is maintained with exponents similar to those for MI(1)-SF phase
transition in the miscible regime. Although the KZM is not suitable for the first-order quantum
phase transition, defining scaling relations is possible. However, the nature of the dynamical
evolution is very different. We hope the phenomena discussed in this chapter can be realized
in cold-atom experiments on strongly correlated bosonic mixtures in optical lattices. Our study
serves as a route to understand the dynamics of QPTs in SO-coupled condensates in optical

lattices. The exploration in this direction may unveil the role of coupling in quantum mixtures

4 Out-of-equilibrium dynamics of Bose-Bose mixtures in optical lattices
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and the applicability of the KZM to two-component Bose-Hubbard models. The results reported
in this chapter are discussed in Ref. [240].




Chapter 5

Summary and future outlook

5.1 Thesis summary

In summary, we have investigated the self-trapped, stable solitons, and their crystalline structure
in a quasi-2D spin-2 BEC under the influence of SOC. By employing a combination of analyt-
ical insights and numerical solutions of the CGPEs, our research has shed light on the certain
aspects of bright solitons. The minimization of interaction and SOC energies demonstrated the
permissible winding number combinations for the emergence of axisymmetric solitons. In the
absence of interactions, the order parameter constructed from the eigenfunctions of the single-
particle Hamiltonian corresponds to various periodic density profiles, including multiring, stripe,
triangular-, and square-lattice patterns. In the presence of attractive interactions, the study has
revealed the formation of different bright solitons with spatially periodic density modulations.
The ground-state phase diagram of the system depends on the strength of SOC. For a weak SOC
strength, ground state is a radially symmetric multiring soliton for certain interaction parame-
ters, while sufficiently strong ferromagnetic interactions lead to circularly asymmetric solitons.
At intermediate SOC strengths, a triangular-lattice soliton featuring hexagonal crystallization in
both component and total densities can also emerge. Further increase in the SOC strength gives
rise to multiple quasidegenerate solitons. We have also introduced a Galilean-transformed model
to study the moving solitons and their collision dynamics. Depending on the velocities involved,
collisions between two solitons can be either inelastic, resulting in the formation of a bound

entity, or quasi-elastic, where the solitons pass through each other. We have also considered two
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special cases of nonmagnetic spin-1 and spin-2 condensates by considering the spin-dependent
interactions as zero. Our studies on the nonmagnetic systems suggest that the spatially periodic
supersolid-like states observed in spinor BECs are a consequence of SOC rather than being solely
driven by spinor interactions.

Next, we have explored the parameter space for the various finite-momentum superfluids
of an SO-coupled two-component spinor BEC confined by a 2D optical lattice. We employed
spin-dependent momentum distributions to examine the diverse superfluid phases characterized
by different atomic densities and phase ordering. Notably, when Uyy < U and v/J Z 1, the
favored superfluid phase is the PT phase. Conversely, when ~v/J < 1, the system transitions to
the ST superfluid phase. Commencing with the PT phase in a numerical simulation, we have
demonstrated that increasing the tunnelling parameter induces a transition from the PT to the
ST phase. We have shown that the inclusion of the quantum fluctuations via the CGA can lead
to the ST4en phase instead of the ST phase obtained with the SGMF theory. In cases where
Uy, > U, the ST superfluid phase is absent, and the study reveals a transition from the PT
phase to the zFM phase as J is varied. We also studied the influence of thermal fluctuations
on the superfluid behavior. These fluctuations diminish the PT superfluidity, while favoring the
insulating and normal states.

Finally, we have explored the dynamics of the TBHM, focusing on the MI-SF transitions.
The equilibrium phase diagram and the associated phase transitions in the TBHM are strongly
influenced by U;. In the miscible regime, where MI lobes have an average occupancy of 1 or
2, the MI-SF phase transitions exhibit second-order behavior when the interspecies interaction
strength Uy is below a critical threshold. Beyond this threshold, transitions at and around the
tip of the MI(2) lobe become first-order. Unlike the dynamics observed in the single-component
BHM, the average filling of the MI regions and the order of phase transitions introduce differ-
ent features in the TBHM dynamics. The calculated critical exponents for the second-order
transition from a homogeneous MI to the superfluid phase, based on the scaling analysis, align
closely with the mean-field predictions. Due to the non-uniform atomic occupancy in the MI(1)
lobe, the impulse regime extends across the MI(1)-SF phase transition when Uy = 0.5. In the
immiscible regime, the power-law scaling of the exponents is similar to those observed for the
MI(1)-SF phase transition in the miscible regime. Although the KZM may not be directly ap-

plicable to the first-order quantum phase transitions, defining scaling relations remains feasible.
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However, the dynamics under first-order transitions differ significantly from the second-order

transitions.

5.2 Future directions

The studies on the SO-coupled spinor condensates can be extended in various directions. One
immediate extension is to employ the Bogoliubov theory and calculate the collective excitation
spectrum by solving the Bogoliubov-de Gennes equations to study the stability of various self-
trapped structures discussed in Chapter 2. The low-lying modes will give a good understanding
of the stability of these q2D solitons, besides providing valuable information about the supersolid
character of these structures. Experiments commonly study the low-energy Goldstone mode as
well as its oscillations etc., to classify the system as a supersolid. Attractive BECs can host
two types of macroscopic self-bound states of different nature: bright solitons and quantum
liquid droplets. Bright solitons and quantum droplets are a priori distinct states which can exist
in different parameter space within the same system with the possibility of crossover between
them [241]. Since, we have studied bright solitons in this thesis, it would be interesting to
examine an SO-coupled system that can host both bright solitons as well as quantum droplets.
An SO-coupled pseudospin-1/2 system with beyond mean-field corrections could be a potential
candidate for the same [241].

In Chapter 3, we investigated the phase diagrams of a SO-coupled pseudospinor BEC in a 2D
optical lattice. It would be interesting to study these phase diagrams using cluster Gutzwiller
mean-field methods to account for the fluctuations. These studies can also be extended to other
lattice geometries like triangular and hexagonal optical lattices. Another possible direction
could be to study an SO-coupled spin-1 system in an optical lattice and study various possible
superfluids and the underlying quantum phase transitions. Our studies on the quantum quench
dynamics of the MI-SF transition as discussed in Chapter 4 can be extended to study the
quench dynamics across the phases that occur in the presence of SOC. Moreover, one can study,
in general, the dynamics of first-order quantum phase transitions in view of the Kibble-Zurek-
like mechanism. One can also use beyond mean-field methods, such as the projection operator
method [242], to study the quench dynamics and related scaling relations. Cluster Guzwiller

mean-field approach can also be used which enhances the inter-site atomic correlations and may

5 Summary and future outlook
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further advance the critical exponents towards the equilibrium values [243].




Appendix A

Coupled Gross-Pitaevskii equations

for an SO-coupled spin-1 BEC

The single-particle Hamiltonian of a spin-1 BEC in the presence of anisotropic [52,244] SOC is

given by [80, 150]
_pi A+l

H
0 2m

+ YaDo fo + ’Yypyfy +72p2fz, (A'l)

where p, = —ihd/0x, py = —ih0/0y, and p, = —ihd/0z correspond to the momentum operators
along x, y, and z directions, respectively, and 7,, v,, and 7, are the strengths of SOC. Also, m
is the mass of each atom and f;, fy, and f. are the irreducible matrix representations of the
x, y, and z components of the spin-1 angular momentum operators, respectively, as given in
Eqgs. (1.17a)-(1.17¢c) for f = 1. In a standard isotropic SOC, v, = 7y = 7. = hk,/m is realized
by using two counterpropagating Raman lasers of wavelength A, aligned at an angle 5, and k,

is given by k, = (2msin 3, /2)/A,.

For a weakly interacting SO-coupled spin-1 BEC, the properties of the system are well

described under mean-field approximation by the following coupled Gross—Pitaevskii equations
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(CGPEs) [40,80, 245, 246]

0
ih gzﬂ = [H+cilpo £ p )bt + vl
-2 (v%ﬁo =i, 20 + 3y a%) , (A.2a)
ih% = (H+cipy)vo + 2c19119-_11
R 0 oY 0 o_
(G (B -] am
where
h2
H= (—2mV2 +V(r)+ cop> , r=(x,y,2), (A.3)

and ¥ = (Y1 (r,t),vo(r, 1),

_1(r, )T with 141, 1o, and 1_1 as the component wave functions,
and V(r) = m(w22® + wiy® + w?2?)/2 is a 3D harmonic trap. Also,

2 92 o
02 " a2 T o2

co = 47‘(77,2(@0 + 2a2)’ o = 47rh2(a2 — ao)’ V2 —

A4
3m 3m ( )

where ag and as correspond to the s-wave scattering lengths in total spin 0 and 2 channels,
respectively; w,, wy, and w, are the confining trap frequencies along x, y, and z directions,
respectively; p+ = pi1 £ p_1 where p; = [1h;|? with j = +1,0, —1 are the component densities
and p = Z}:fl |1;|? is the total density.

A.1 Important conserved quantities of a spin-1 BEC

Three important conserved quantities of a spin-1 BEC are the total number of particles NV,
longitudinal magnetization M (which is conserved on the time scale of spin-1 BEC experiments),

and total energy E. These are given as

N = /_ erwj 2, (A.5a)

j=—1

Mo Y [t (A5b)

j=—1
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(P+1+PO—P 1)P+1+ (Po+p 1= p+1)p—1

2

c1 Cthye (O O
5 (p+1+ p=1)po 7 Yo < 5 T oe
0o

h * a¢+1 awfl ih%r * awo hWy *
+E?/)0 (%; oy G )— \/QWH +p_1* )%—7(1% — 1 )Ty

7
—ihry, (1/41 dia - <OV >] (A.6)

0z

2

E = /drlqu ( h2v2+v>¢j+ D2 a

Jj=—1

e (P 1Yoy + Y1t i) +

A.2 Chemical potential

For stationary states, the wave functions have a trivial time dependence ¥;(r,t) = e~"*it1;(r).

By plugging this into Eqgs. (A.2a)-(A.2b), the time-independent CGPEs are

prter = [H+cipo £ p-)haer + 1 v
ih oby 8¢o 31/&1
- <%8x i, 00 o ) (A.7a)
poo = (H+cipp)o + 2c1¢+1¢—1¢0
ih 0Py | Oy (O 0P
V2 {% ( Ox Ox > T < dy Oy ﬂ ’ (A.78)

where pi41, pto, and p—1 are the chemical potentials of the three components. These equations

can be used to define the chemical potential functionals analogous to the energy functional.

A.3 Dimensionless formulation of three-dimensional CGPEs

Before solving CGPEs, they are usually written in dimensionless form, wherein one expresses the
physical quantities like length, time, energy, etc., in terms of natural scales within the system.
This allows one to eliminate cumbersome constants appearing in the CGPEs, which, besides
being aesthetically appealing, allows for computationally less intensive floating point operation
while numerically solving the equations. Additionally, dimensionless formulation can reveal
the inherent equivalence of seemingly disparate systems, e.g. two harmonically trapped scalar
BECs with different N,a (s-wave scattering length), and aes. (oscillator length) are equivalent

if Na/aos for them are equal. Egs. (A.2a)-(A.2b) can be transformed into dimensionless form

A Coupled Gross-Pitaevskii equations for an SO-coupled spin-1 BEC
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by introducing the following dimensionless variables

- N r Jo aosc
t = w,t/2 r=— i(r,t) =
x/a aosc7 gbj(a) \/7

w]( ), (A.8)

where agse = \/h/(mw;). This basically fixes the units of length, time, density, and energy
as dosc, (Wz/2)71, agd, and Aw,, respectively. After substitution of these new parameters and
removing all tildes for notational simplicity, we get the following three-dimensional (3D) dimen-

sionless CGPEs [40,108]:

.0 .
1 giﬁl = [H + 2c1 (po + p—)]¢i1 + 201¢¢1¢3
—V2i (7 ;’0 T iy a¢° + /2y ad’il) (A-92)
L0 «
zh% = (H+2c1py)do +4c10410-1¢5
) 0p11  O0d—1 . 01 091
—\2 - - 3 A.
\ﬁ‘[”(aijax)H%’(@y o9 (A.9b)
where
H = -V24+2V(r)+2c0p, V(x) = (a2?+ay? + a.2%)/2, (A.10)
ayn = wy/wy with 7 = z,y, 2 and new ¢y, ¢1, and v are given by
47N (ag + 2az2) 4N (a2 — ao)
O T e AT T 3o 0 T W T = Frlos (A.11)

Also, pj = |¢;|*> with j = +1,0,—1 are the component densities, p = Z;:_l |¢j|% is the total

density, and now it is normalized to unity, i.e. [ pdr = 1.

A.4 Dimensionless CGPEs for a q2D spin-1 BEC

If the trapping frequencies along any direction, let us say z, is much larger than the geometric
mean of frequencies along the other two directions, i.e. x and y, then o, = 1, oy = 1 and

o > oy [40]. In this case, the dimensionless generalized CGPEs in 3D can be approximated by
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two-dimensional (2D) equations by choosing [247]

¢j (.27, Y, z, t) = ¢j (l’, Y, t)¢ho(z)v ¢ho(z) = (052/71-)1/4 exp (—O(ZZ2/2) . (A'12)

Generalized dimensionless 2D CGPEs are given by [40, 107]

.0 . 0

i zfl = [H+2c1(po £ p-)|p+1 + 2c10%, 65 — V20 <% F iy 8(?/0) . (A.13a)

.0 «

1% = (H+2c1py)po +4c19116-19;

Ny Op11  Op—1 . 011 O0d—1
V2i [% ( o + o > + iy ( 3y a9 , (A.13Db)
where
9 9 82 82

H= _Va:y + 2V (r) + 2cop, v:cy = 92 + 871/2’ r=(z,y). (A.14)

The trapping potential V' (r) and interaction parameters ¢y and ¢; are now defined as

1 a 4N (ag + 2as) a, 47N (a2 — ap)
v 2.2 _ z RN A S — A.15
(r) = gaa”a® +ay"y"). o Vor Baoe ' V20 3o (A.15)

A.5 Dimensionless CGPEs for a q1D spin-1 BEC

If the trap is much stronger along two directions, say y and z compared to the x direction, then

ap =1,y > ag, a, > oy, and by assuming [247]

65(@,y,2,1) = 6j(2, 1) bho(y, 2), Pho(y, 2) = (Vayaz/m)"? expl—(ayy® + az2%) /2], (A.16)

Egs. (A.92)-(A.9b) can be reduced into one-dimensional (1D) equations [5,40]

.0 . 0
i gtﬂ = Hos1 +2c1(po £ p-)da1 + 2105, 65 — V20, <¢°) : (A.17a)
0 0 0o
z% = Hoo + 2c1ps o + 4c1d1d_108 — V20, <¢1 + §x1> ) (A.17Db)
where
0? 1 55
H=—gg +2V(2)+2c0p, V(z) =577, (A.18)
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Appendix B

Fourier pseudospectral method to

solve CGPEs

B.1 Solution of q1D CGPEs

Starting with the simplest case of a q1D spin-1 BEC, Egs. (A.17a)-(A.17b) can be written in a
simplified form as

00
7 _ Ho. B.1
"ot (B-1)

Here ® = (¢41, 9o, gb,l)T and Hamiltonian H consists of different terms involving kinetic energy
operator Hkg, trapping potential plus terms resulting from spin-preserving collisions Hgp, terms
corresponding to spin-exchange collisions Hgg, and SOC terms Hgoc. Eq. (B.1) can then be
written as

o0

gy = (Hke + Hsp + Hsg + Hsoc)®, (B.2)

where Hkg, Hsp, Hsg, and Hgoc are 3 x 3 matrix operators defined as

— Oz 0 0 0 0, O
Hyxgp = 0 — Oz 0 , Hsoc =—V2iy, O, 0 01> (B.3a)
0 0 —0ge 0 9, 0
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0 2c1000% 4 0

Hsg = | 210461 0 2c10561 | » (B.3b)
0 2c1¢091” 0
V +cop+ci(po + p-) 0 0
Hgp =2 0 V +cop+ cips 0 . (B.3c)
0 0 V +cop +c1(po — p-)

To solve Eq. (B.2), we use operator splitting which has been extensively used in the numerical
solutions of nonlinear Schrodinger equation including the GP [45,248] and coupled GP equations
[40]. Here we use first-order time splitting known as Lie splitting. Solution to Eq. (B.2) after
time step &t is given as

(L + 6t) = UD(t), (B.4)
which describes the evolution of the wave function by a unitary propagator U given as

U= exp [—idt(Hsp =+ HSE + HSOC =+ HKE)] . (B.5)

The propagator can be approximated by the split-operator technique as

U =~ exp (—idtHgp) exp (—idt Hgg ) exp (—id0t Hsoc ) exp (—idt HKE) - (B.6)

Using (B.6), Eq. (B.4) is equivalent to solving following equations successively

0P

ig, = Hip?, (B.7a)
i%—‘f = Hsoc®, (B.7b)
i%f = Hspd, (B.7¢)
i%f = Hgpd. (B.7d)
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Eq. (B.7a) can be written as the following set of decoupled equations

a¢j l‘,t) _82¢j(xat)

2010 _

j =—1,0,1. B.8
ot oz 0 7 o (B.8)

Solution of Eq. (B.8) in Fourier space is given as
bj(kuyt + 6t) = (K, t) exp(—ik2t), (B.9)

where ¢A7j is the Fourier transform of ¢; and £, is known as Fourier frequency. Now qgj(kx, t+9dt),
the transient wave function in Fourier space, is the initial value of the wave function for the

Fourier transform of Eq. (B.7b), i.e.,

Zaq)(a]?’t) = Hsoc®(ka, t). (B.10)
Here ]:ISOC is given as
0 ik, O
Hsoc = —V2iv, | ik, 0 ik, |, (B.11)
0 iky O

and ®(k,, 1) is the Fourier transforms of ®(z,t). The solution of Eq. (B.10) is given as [107,108]

B(ky, t + 5t) = e H50C P (1 1) = e 0P (ky, 1)

: B.12)
cosff—1 ~9 ,smBA>A (
=(I+—FF—G"—1 G | D(ky,t),
(145 g @)ttt
where 8 = V246t with A = v/2v,k, and G is defined as
0 A O
G=dt|lA o0 4. (B.13)
0 A O

Wave function in Eq. (B.12) is in Fourier space and is inverse Fourier transformed to obtain the

transient wave function in coordinate space which serves as the initial solution for Eq. (B.7c).

B Fourier pseudospectral method to solve CGPEs
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The solution of Eq. (B.7c) is now given by

O(z,t + 6t) = e HsEU P (1 1) = e 10D (a, 1)

. B.14)
B cosl—1 -9 .sinQ » (
where Hgg is given in Eq. (B.3b) and O is defined as
0 A O
O=6t|lA* o B* (B.15)
0 B 0

with Q = 0t/ ’A‘Q + ‘3’2, A= 261¢0¢_1*, and B = 261¢0(]§1*.
The transient wave function we get from here is in configuration space and is used as an
input wave function for remaining Eq. (B.7d). Hgp being diagonal, the solution to Eq. (B.7d)

can be calculated analytically as
O(x,t + 0t) = exp (—idtHsp) ®(z,1). (B.16)

This final wave function is the solution of Eq. (B.4) after time dt.

B.2 Solution of q2D CGPEs

The method discussed in the previous subsection can be extended to q2D and 3D systems with
some modifications which we will elaborate on in the rest of this section. In q2D spin-1 BECs,
Egs. (A.13a)-(A.13b) can again be written in simplified form as Eq. (B.1). Here too H can be
considered as consisting of, aptly defined, Hkg, Hsoc, Hsg, and Hsp. Now, Hkxg and Hgoc for

q2D SO-coupled BECs are given as

-vi, 0 0
Hgg = 0 -Vi, 0 , (B.17a)
0 0o V2

Ty
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Hsoc = —V2i | 7,0, + i, 0 o0y — i7y0y | » (B.17b)
0 Va0 + 17y 0y 0

whereas Hgg and Hgp are again defined by Eqgs. (B.3b) and (B.3c), respectively, where V', ¢y and
c1 are now given by Eq. (A.15). Again as in 1D systems, the solution of Egs. (A.13a)-(A.13b)
is approximated by solving Egs. (B.7a)-(B.7d) successively. Solution to Eq. (B.7a) with Hxg

defined by Eq. (B.17a) in this case is given in Fourier space as
0 (ka, ky, t + 6t) = ¢j(ky, ky, t) exp[—i(k2 + k2)dt]. (B.18)

Fourier transform of Eq. (B.7b) corresponding to Hgoc given by Eq. (B.17b) is given as

10D (ky, ky, t)

En = ﬁsoc‘i’(kw,k‘y?t), (B.lg)
where ﬁsoc in Fourier space is given as
0 1Yzkz + Yyky 0
Hsoc = —V/2i iVake — Yyky 0 iVuks + Yyky | - (B.20)
0 Yeks — Yyky 0

Solution to (B.19) is given as [107,108]

b kg, byt + 0t) = e~ 0P (o ke 1) = e CD(ky, ky, 1)

1. ; N .
_ (1+ COSEQG? —iSIIBlﬁG) b (ky, iy t),

where 8 = V2|A|6t, A= V2(vky —ivky), A* =V2(yzks + ivyky), and G is defined as

(B.21)

0 A 0
G=d6tla 0o Al. (B.22)
0 A* 0

Egs. (B.7c) and (B.7d) are solved similarly as in q1D case.

B Fourier pseudospectral method to solve CGPEs
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B.3 Solution of 3D CGPEs

In 3D case too, forms of Hgg and Hgp are same as defined in (B.3b) and (B.3c) where V (r), ¢
and ¢; are defined in Egs. (A.10)-(A.11) allowing us to use the methods discussed in the q1D
case to solve Egs. (B.7c)-(B.7d). On the other hand, Hkg and Hsoc are given as

Hgkg=| 0o -V* o0 |, (B.23a)

V27,0, YOz — 17y0y 0
Hsoc = —V2i | 1,0, + iv,0, 0 Y20 — i,y | - (B.23b)
0 Y20z + 7,0y  —V27,0,

Since Hgoc can be considered to consist of the sum of two commuting Hamiltonians, i.e.,

0 VaOr — 7Yy Oy 0 0, 0 0
Hsoc = —V2i || 40, +iv,0, 0 Yelp —ivdy | +V2: 10 0 0 |[].
0 V2O + 1770y 0 0 0 —a.
— Hyy+ H.. (B.24)

With this division of Hsoc in 3D case, H,, becomes identical to Hsoc defined in Eq. (B.17b)
for q2D case. The second Hamiltonian H, being diagonal can be combined with Hkxg. In other

words, we can redefine Hsoc as simply H,, and Hgkg, as follows

-V?-2iv,0, 0 0
Hgg = 0 —Vv? 0 . (B.25)
0 0 —V?2+42iv,0,

The advantage of this redefining Hgoc making it identical to Hgoc in q2D case is that solution

to Eq. (B.7b) is again given by Eq. (B.21) in the Fourier space, whereas solution to Eq. (B.7a)
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with Hkg defined in Eq. (B.25) is given by

Gi1 (kg ky kot +6t) = bur(ke, by, ko t) expl—i(k2 + k2 + k2 £ 27.k.)5t], (B.26a)

G0 kg, ky ko, t +6t) = oka, ky, k. t) exp[—i(k2 + k2 + k2)dt]. (B.26D)

B.4 Discretization scheme

Spinor BECs can be either confined by external trapping potential or are self-localized by the
interplay of the interactions and SOC. This suggests that we can truncate our system from
infinite space to some finite domain. In order to solve any equation computationally, we need to
discretize our variables. We start by first truncating the spatial domain of the condensate along
n = x,y, 2 direction to L,. Now, we choose L, = N, x An, where An is the space-step size
chosen to discretize the spatial variable n € [-L,/2, L, /2] by setting n, = —L,/2 + (p — 1)An
with p = 1,2,..., N, + 1. The point ny, 11 is excluded from the set of grid points due to the
periodicity of the wave function, ¢(nn,11,%) = ¢(n1,t4). Similarly, time is discretized using
At as temporal step size. The discretization in the Fourier space which avoids the aliasing

condition can be achieved by discretizing £, in N, equispaced &, points € [_]LV:W, ey (N"L_TIQ)W]

with a spacing of 27/L,. The resultant discretized wave function ¢;(1,,t,) (¢;(kh,t,)) in real
(Fourier) space, where p is the spatial (Fourier frequency) index and ¢ is the time index, make
these amenable to be discrete Fourier transformed by FFTW software library (where “In forward
Fourier transform, positive frequencies are stored in the first half of the output and the negative
frequencies are stored in backwards order in the second half of the output”) [249], if kb are

indexed as

2 N,
ky(i) = (i—1)22, i=1,.—241, (B.27a)
L, 2
N, N, N,
k:n(i+1+7n) = —kn(1—z’+7"), i=1, ..7’7—1. (B.27Db)

To summarize, the discrete analogues of the various continuous variables are as follows:

n=np, ky=kt, t=t,, (B.28a)

¢j(777 t) = ¢j(77pa tq)v éj(k'rlv t) = (lgj(knpvtq)' (B28b>

B Fourier pseudospectral method to solve CGPEs
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The N, is chosen to be the multiple of 2 to have the best performance from the FFTW subrou-
tines [249].

B.5 Imaginary-time propagation

We use imaginary-time propagation, wherein 4t is replaced by —idt, to compute the ground
state of spin-1 BEC. This method neither preserves the norm N and the magnetization M. To

simultaneously fix the norm and magnetization, the component wave functions are redefined as
¢j(xp, tq) = O'j(ﬁj(.%'p, tq), (B.29)

after each iteration in imaginary time, where o; are three projection parameters defined as [3]

oy — V1— M2 a0
b [No + +/4(1 — M2)N;N_; + (M Np)2]1/2’ .

1+ M — (0’0)2N0 1-M — (0’0)2N0
= -1 = . B
01 \/ 2N1 y o_1 2N_1 ( 30b)

This simultaneous fixing of the norm and magnetization is not implemented in the presence
of SOC rather only the total norm is fixed. The reason being the existence of a ground-state

solution with arbitrary magnetization is not guaranteed in this case.




Appendix C

FORTRAN programs for solving the
CGPEs for spin-1 BECs

Here we describe the FORTRESS software package consisting of a set of three codes writ-
ten in FORTRAN 90/95 programming language associated with [37] and available here [6].
These three programs, namely imretime_spinl_1D.f90, imretime_spinl_2D.f90, and imre-
time_spinl_3D.f90, correspond to solving 1D Eqgs. (A.17a)-(A.17b), 2D Egs. (A.13a)-(A.13b)
and 3D Eqgs. (A.9a)-(A.9b), respectively, using the time-splitting Fourier pseudospectral method
described in Appendix B. Each of these programs can solve the aforementioned equations with
user-defined option of either imaginary- or real-time propagation.

The basic structure of the three codes is the same; thus allowing us to describe the parame-

ters, variables, modules, functions, and subroutines using 1D code as a prototypical example.

C.1 Modules

First, we provide the description of the four modules: BASIC_DATA, CGPE_DATA, SOC_DATA,
FFTW_DATA.

BASIC_DATA

The input parameters like the number of iterations (NITER), number of spatial grid points
(NX), spatial, and temporal step sizes (DX and DT) are defined at the top of each program in
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this module. Besides these parameters, number of OpenMP/FFTW threads, constants like 7
(PI), i = /—1 (CI), atomic mass unit (AMU), h (HBAR), and spatial domain L, (LX) are also

defined in this module.

CGPE_DATA

The FORTRAN variables corresponding to k; (KX), z (X), V(z) (V), dosc (AOSC), w, (OMEGAM),
co (CO), 1 (C2), M (MAG), ¢;(z) (PHI), czgj(k:x) (PHIF) are declared in this module. The scat-
tering lengths ag (A0), az (A2); anisotropy parameters o, (ALPHAX), oy, (ALPHAY), and «,
(ALPHAZ); mass m (M) and total number of atoms N (NATOMS) are defined in this module.
In addition to this, there are two user-defined integer options: (a) SWITCH_IM which has to
be set equal to 1 for imaginary-time propagation or 0 for real-time propagation and (b) OP-
TION_FERRO_POLAR which has to be set equal to 1, 2 or 3. OPTION_FERRO_POLAR =
1, 2 correspond to suitable initial guess wave functions for ferromagnetic and antiferromagnetic
systems, respectively; whereas OPTION_FERRO_POLAR = 3 implies that the Gaussian initial

guess wave functions would be used.

SOC_DATA

The strength of SOC v, (GAMMAX) is defined in this module. SWITCH_SOC defined in
this module has to be set equal to 1 if 4, # 0 or equal to 0 if v, = 0. The parameters and
variables not listed in the aforementioned three modules do not need to be modified

by the user.

FFTW_DATA

The variable types of the input and output arrays used in the FFTW subroutine to calculate
discrete Fourier transform, requisite plans, and thread initialization variables are declared in
this module. The module uses the FFTW3 module from the FFTW software library [249] and

is not required to be modified by the user.
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C.2 Functions and subroutines

Now, we will describe the functions and subroutines which have been used in the programs.
SIMPSON: This function evaluates the 1D integral of the form [ f(z)dz using Simpson’s 1/3
rule adapted for even number of grid points.

DIFF: This function evaluates 0 f(z)/0x using nine point Richardson’s extrapolation formula.

INITIALIZE: This subroutine initializes the initial guess wave functions PHI, space mesh X,

trapping potential V, and Fourier frequencies KX.

NORMT: The subroutine normalizes the total density to 1.

NORMC: The subroutine calculates the norms of the individual components, i.e. [ |¢;(x)|?dz.

RAD: The subroutine calculates the root mean square (rms) sizes of the three components.

ENERGY: The subroutine calculates the component chemical potentials p; (MU), E (EN),
and M (MAG).

FFT: The subroutine calculates the discrete forward Fourier transform using freely available

FFTW software library [249]. The subroutine uses the module FETW3.

BFT: Similarly, the subroutine calculates the discrete backward Fourier transform using FFTW

software library [249].

KE: The subroutine evaluates Eq. (B.9) in Fourier space.

SOC: The subroutine implements Eq. (B.12) with Hsoc given by Eq. (B.11).

SE: The subroutine implements Eq. (B.14) for Hgg consisting of spin-exchange terms.

C FORTRAN programs for solving the CGPEs for spin-1 BECs
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SP: The subroutine implements Eq. (B.16) for Hgp consisting of spin-preserving terms.

C.3 2D and 3D programs

As compared to the 1D program which has NX grid points with spacing of DX, the 2D program
requires NX x NY grid points with uniform spacing of DX and DY along z and y directions,
respectively. This translates into spatial domain along the two directions as LX = DX x NX, LY
= DY x NY. Similarly, the 3D program requires NXx NY x NZ grid points with corresponding
space steps of DX, DY, and DZ. The spatial domain along three directions here is LX = DX x
NX, LY = DY x NY, LZ = DZ x NZ. The additional space variables Y and/or Z would also
require corresponding Fourier frequencies KY and/or KZ in the 2D and 3D codes. The role of
various subroutines is the direct extension of the roles played by them in the 1D codes as per

the discussion in Secs. B.2 and B.3.

C.4 Running the programs

One has to install the FORTRAN compiler(s) and FFTW software library on the computer.
If the user is interested in finding the ground state of the spin-1 BEC, the imaginary-time
propagation has to be used. The dynamics on the other hand can be studied by real-time
propagation using the initial wave function which needs to be supplied by the user in the file
‘initial _sol.dat’. The compilation commands are listed at the top of each program file and also

in the ‘README.txt’ file provided with the codes.

C.5 Description of output files

Data is written in four files during and after the execution of the 1D or 2D programs are
complete. In the imaginary-time propagation, total norm, rms sizes of the components, energy,
absolute values of component wave functions at origin, and magnetization are written after every

NSTP iterations, which is defined in the BASIC_DATA module, in the file “filel_im.dat”. In file

“file2_im.dat”, energy, chemical potentials, and rms sizes corresponding to each component are
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written after every STP iterations which is equivalent to 0.1 (dimensionless) time period. In the
file “tmp_solution_file.dat”, which is updated after each NSTP iterations, component densities p;
and corresponding phases are written at every space point. The final p; and corresponding phases
are written in “solution_file_im.dat”. In real-time-propagation, the corresponding file names are
‘filel re.dat’, ‘file2_re.dat’ and so on. There is another file, namely “convergence.dat” which is
written only in imaginary-time propagation. In this file max |¢;(zp, tq) — ¢j(zp, tq — At)|/(2At)
where —L;/2 < x, < L;/2,j = —1,0,+1 and ¢, is the discrete imaginary time is written after
each iteration. This quantity serves as a suitable convergence parameter, and the execution of the
program is stopped if it falls below a user-defined tolerance (TOL) defined in the CGPE_DATA
module. For all the results presented in Appendiz D, a convergence tolerance of 1076 has been
met.

In the 3D codes, besides the aforementioned four files, reduced densities in z-y and z-
z planes and the corresponding phases are written in the files “tmp_solution_file_xy.dat” and

“tmp_solution_file_xz.dat”, respectively.

C.6 Output samples from the codes

Here we present the details of sample output files ‘filel_im.dat’ and/or ‘filel re.dat’ obtained
from the three codes. The contents of this file written in successive lines are (1) time stamp
at the time of start; (2) number of OpenMP and FFTW threads used in the run; (3) values of
SWITCH_IM, OPTION_FERROPOLAR, SWITCH_SOC, SOC strengths (GAMMAX, GAM-
MAY, GAMMAZ), and tolerance (TOL) used; (4) values of anisotropy parameters (ALPHAX,
ALPHAY, ALPHAZ) chosen; (5) number of space grid points (NX, NY, NZ); (6) values of
NITER and NSTP; (7) value of space step(s) (DX, DY, DZ), (7) time step DT, space domain
(LX, LY, LZ), and magnetization (MAG); (8) frequency used in scaling (OMEGAM), corre-
sponding oscillator length (AOSC), and values of interaction parameters (C0O, C2). Then total
norm, rms sizes of the component wave functions, energy, absolute values of component wave
functions at the origin, and magnetization are written for the initial solution, for the transient
solution obtained after NSTP time iterations, and for the converged solution (this third entry
in the real-time codes will simply correspond to the solution after NITER iterations). The time

stamp at the end of the run and execution time are the last two entries in this file. The varied

C FORTRAN programs for solving the CGPEs for spin-1 BECs
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nature of the contents of this file can be used to ascertain the success of the run of the code
by verifying the input parameters selected and various output parameters. The sample output
files obtained with the test runs of imretime_spinl_1D.f90, imretime_spinl_2D.f90, and imre-
time_spinl_3D.f90 are presented in the Electronic Appendix associated with [37]. In all the test
runs, harmonic trapping potential as per the trapping potential corresponding to anisotropy pa-
rameters listed in these files has been used. For these test runs, the codes were compiled with the
Intel’s FORTRAN compiler and the jobs were run on a server with two Intel® Xeon® Platinum
8180 CPU @ 2.50GHz. The samples of all the data files, both input and output, corresponding

to the current set of parameters in the codes are available on Mendeley data [250].

C.7 OpenMP parallelization

We have tested the efficiency of OpenMP parallelization of the three codes for both imaginary-
and real-time propagations. The tests were done on a 28-core Intel® Xeon® Platinum 8180
CPU @ 2.50GHz processor. The parallelization tests were performed with NX = 10° for 1D code,
NX = NY = 3000 for 2D code, and NX = NY = 256, NZ = 128 for 3D code. The execution time
was measured for 1000 iterations starting from the call to INITTALIZE subroutine and did not
include the time spent in reading/writing and opening/closing the data files. The execution times
T'(n) for the three codes compiled with both GNU Fortran 5.4.0 and Intel Fortran 19.1.0.166
compilers are shown as a function of number of threads n in Fig. C.1. It is evident from Fig.
C.1 that the codes compiled with the Intel Fortran compiler are faster than those compiled with
the GNU Fortran compiler for both the imaginary- and real-time propagations; nonetheless the
difference in the execution times for codes compiled with these two compilers is less for real-time
propagation. The execution times in all cases shown in Fig. C.1 first decrease very sharply with
the increase in the number of threads and then tend to saturate with an increasing number of

threads.

To quantify the performance gain with OpenMP parallelization, we have calculated the
speedup and efficiency for all these codes compiled with the aforementioned two compilers.

Here speedup is defined as the ratio of execution time with 1 thread to the execution time with
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Figure C.1: (Color online) (a) Execution times for 1000 iterations (in seconds) as a function of
the number of threads for 1D code compiled with GNU Fortran 5.4.0 and Intel Fortran 19.1.0.166
compilers for imaginary- and real-time propagation. (b) and (c) are the same for 2D and 3D
codes.

n threads, i.e. T(1)/T(n), whereas the efficiency is defined as the ratio T'(1)/[nT (n)]. For all the
codes, speedup and efficiency as a function of a number of threads are much better for real-time
propagation as compared to imaginary-time propagation. The real-time speedup achieved with
28 threads was more than 9 for both 1D and 2D codes, and more than 11 for 3D code using both
the compilers; whereas the corresponding imaginary-time speedup values are more than 5 for 1D,
more than 6 for 2D and more than 7 for 3D with both the compilers as is shown in Fig. C.2. The
best-performing real-time 3D code has more than 40% efficiency with 28 threads. The better
performance of real-time variants is due to the fact that the imaginary-time propagation has to
fix the norm and also has to check the convergence criterion during each iteration. Real-time
propagation corresponds to the unitary evolution of a converged solution and hence does not
need to fix the norm or check the convergence. The results in Figs. C.1 and C.2 were performed

for the non-zero value of SOC strength.

C FORTRAN programs for solving the CGPEs for spin-1 BECs
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C.7. OpenMP parallelization
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Figure C.2: (Color online) Speedup and efficiency as a function of number of threads n are
shown for imaginary- (left column) and real-time propagation (right column). The top, middle,
and bottom row figures show the results for 1D, 2D, and 3D codes, respectively.




Appendix D

Sample numerical results

We present the results for energy, chemical potentials, and densities of the ground states in q1D,
q2D and 3D spin-1 condensates in continuum using the imaginary-time propagation method
with the emphasis on the comparison with the previously published results in the literature
[3-5,107,108]. We report the results in the presence as well as absence of SOC. To check the
accuracy of the numerical method employed by us, we compare our results in the absence of
SOC with those in Ref. [3,4]. In the presence of SOC, we compare our results for q1D, q2D and
3D spin-1 BECs with those in Refs. [108], [107], and [5] respectively. It needs to be emphasized
that the method used in Ref. [4] is not applicable to SO-coupled spin-1 BECs.

D.1 Results for q1D spin-1 BECs

D.1.1 Without SOC, v, =0

We choose our computational domain L = [—16, 16] having spatial step size as Az = 1/64 for
q1D condensates. We first consider (a) ferromagnetic spin-1 BEC of 8’Rb confined in a cigar-
shaped trapping potential having interaction parameters in dimensionless units as ¢y = 0.0885 N
and ¢; = —0.00041N [3] and (b) antiferromagnetic spin-1 condensate of 23Na confined in a cigar-
shaped trapping potential having interaction parameters in dimensionless units as ¢y = 0.0241N
and ¢; = 0.00075N [3,4] for our computations in the 1D case. We consider N = 10* as the
total number of atoms in each of these two cases. The comparison of the ground-state energies

obtained [3,4] is excellent as is shown in the table D.1 for Az < 1/64 and At ~ 0.1Axz>.
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Table D.1: Ground-state energies for ' Rb and 23Na q1D BECs obtained using FORTRESS [6]
with Az < 0.015625 and At ~ 0.1Az? along with the same from Ref. [3] for the various values
of magnetization M.

Rb 23Na
M | E in Ref. [3] | E (present work) | E in Ref. [3,4] | E (present work)
0 36.1365 36.1365 15.2485 15.2485
0.1 36.1365 36.1365 15.2513 15.2513
0.2 36.1365 36.1365 15.2599 15.2599
0.3 36.1365 36.1365 15.2743 15.2743
0.4 36.1365 36.1365 15.2945 15.2945
0.5 36.1365 36.1365 15.3209 15.3209
0.6 36.1365 36.1365 15.3537 15.3537
0.7 36.1365 36.1365 15.3933 15.3933
0.8 36.1365 36.1365 15.4405 15.4405
0.9 36.1365 36.1365 15.4962 15.4962

For q1D 8Rb, we also consider an alternative set of interaction parameters of cg = 0.08716.N,
c¢1 = —0.001748 N, and N = 10000 for our computations [4]. In this case, again, the ground-state
energy obtained is in excellent agreement with the value reported in Ref. [4] as is shown in table

D.2 for the same interaction parameters set.

Table D.2: Comparison of the ground-state energy of q1D 87Rb condensate reported in Ref. [4]
with the value obtained using FORTRESS [6] with Az < 0.015625 and At ~ 0.1Az2.

87Rb
M | Ein Ref. [4] | E (present work)
0-0.9 35.4007 35.4007[7]

The chemical potential values obtained are in very good agreement with those reported in
Ref. [3] as is shown in table D.3.

The ground-state wave functions are also in excellent agreement with Ref. [3]. The absolute
values of ground-state wave functions for 8’Rb and ?*Na with M = 0 and 0.5 are shown in Fig.

D.1.

D.1.2 With SOC, 7, # 0

In the presence of SOC with harmonic trapping potential, for 3’Rb and 23Na, we again consider

(co, 1) equal to (0.08716N, —0.001748N) and (0.0241N,0.00075N), respectively, where N =




135

Table D.3: Comparison of the chemical potential values for 8Rb and 2*Na condensate reported
in Ref. [3] with the values obtained using FORTRESS [6] with Az = 0.0025, At = 0.0000095.
For 2Na, pu = (py1 + p—1)/2, whereas for 8"Rb p = pg = pi41.

87Rb 23Na
M | pin Ref. [3] | p (present work) | pin [3] | p (present work)
0 60.2139 60.2136 25.3857 25.3857
0.1 60.2139 60.2136 25.3847 25.3838
0.2 60.2139 60.2136 25.3815 25.3804
0.3 60.2139 60.2136 25.3762 25.3749
0.4 60.2139 60.2137 25.3682 25.3668
0.5 60.2139 60.2137 25.3572 25.3557
0.6 60.2139 60.2137 25.3423 25.3406
0.7 60.2139 60.2138 25.3220 25.3203
0.8 60.2139 60.2138 25.2939 25.2921
0.9 60.2139 60.2139 25.2527 25.2509

10000. The ground-state energy values in these cases are given in table D.4 for multiple values
of v;. The component densities for the two systems with «, = 0.5 and 1 are shown in Fig. D.2.

Table D.4: Ground-state energies of 8’Rb and 23Na condensates in the presence of harmonic trap
and SOC with Az = 0.015625 , At ~ 0.1(Axz)2. The (co, c1) values are (0.08716 N, —0.001748N)
and (0.0241N,0.00075N) with N = 10000 for 8’Rb and ?*Na, respectively.

87Rb 23Na
vz | Energy | Energy
0 | 35.4007 | 15.2485
0.1 | 35.3958 | 15.2435
0.2 | 35.3808 | 15.2285
0.3 | 35.3558 | 15.2035
0.4 | 35.3208 | 15.1685
0.5 | 35.2758 | 15.1235
0.6 | 35.2208 | 15.0685
0.7 | 35.1558 | 15.0035
0.8 | 35.0808 | 14.9285
0.9 | 34.9958 | 14.8435
1 | 34.9008 | 14.7485

Next, we consider ferromagnetic and antiferromagnetic systems with (cg, ¢1) equal to (—1.5, —0.3)

and (—1.2,0.3), respectively in the absence of any trapping. The ground-state energies of the

D Sample numerical results
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Figure D.1: (Color online) Absolute values of component wave functions |¢;(z)| in the ground
state of 'Rb for (a) M = 0 and (b) M = 0.5. (c) and (d) are the same for 2*Na with M = 0
and M = 0.5, respectively. These are in agreement with [3,4].

self-trapped solutions obtained in these cases are shown in table D.5. The self-trapped nature

of the solutions is evident from the ground-state densities shown in Fig. D.3 for v, = 1.

D.2 Real-time check

To check the stationary nature of the solutions one can evolve these solutions using real-time
propagation. As an example, we consider the real-time evolution of a self-trapped solution of
qlD 8"Rb condensate with ¢y = —1.5,¢; = —0.3 and ~, = 0.5, which has E = —0.2600 as
indicated in table D.5. The rms size of the three components of the vector soliton as a function

of time is shown in Fig. D.4(a). Similarly, energy E as a function of ¢ is shown in Fig. D.4(b)
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Figure D.2: (Color online) Ground-state density of SO-coupled 8"Rb for (a) v, = 0.5, (b) v, = 1.
(c) and (d) are the same for 23Na with v, = 0.5 and ~, = 1.0, respectively. M = 0 in all the
cases.
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Table D.5: Ground-state energies for self-trapped ferromagnetic and antiferromagnetic conden-
sates in the presence of SOC obtained with Az = 0.015625, At ~ 0.1(Az)?2.

(Co,cl) = (—1.5, —0.3) (Co, Cl) = (—1.2,0.3)

Ve Energy Energy
0 -0.1350 -0.0600
0.1 -0.1400 -0.0650
0.2 -0.1550 -0.0800
0.3 -0.1800 -0.1050
0.4 -0.2150 -0.1400
0.5 -0.2600 -0.1850
0.6 -0.3150 -0.2400
0.7 -0.3800 -0.3050
0.8 -0.4550 -0.3800
0.9 -0.5400 -0.4650
1 -0.6350 -0.5600

which agrees with the reported value of —0.2600 at all times. All the results reported in this

Appendix confirm this real-time evolution check.

D.3 Results for q2D and 3D spin-1 BECs

Here we first consider 10* atoms of 8"Rb with (ag,as) = (5.387,5.313) nm in a q2D trap with
ar = ay = 1, a, = 20, w,/(2m) = 20 Hz. Secondly, we consider 10* atoms of ?*Na with
(ap,az) = (2.646,2.911) nm in a 2D trap with same trapping frequencies as that for 8’Rb. This
leads to (cop,c1) = (496.4428, —2.2942) and (134.9838,4.2242) for 8’ Rb and **Na, respectively.
The ground-state energies (in the units fiw, ) for various magnetizations are given in the table
D.6.

For q2D case, we also consider ¢y = —4,¢; = —0.6 with v, = 7, = 0.5, i.e. isotropic SOC,
in the absence of trapping. The ground state in this case is a self-trapped vortex-bright soliton
as is shown in Fig. D.5. The ground-state solution corresponds to an asymmetric antivortex
and vortex in the my = +1 and m;y = —1 components, respectively as is illustrated in Fig.
D.5(d)-(f) [107].

Similarly in the 3D case, we consider cg = —10,¢; = 0.1 with 7, = 7, = 7, = 1 in the absence
of trapping. Again, the ground-state solution in this case is a self-trapped vortex-bright soliton.

To illustrate this vortex-bright soliton, we plot the 2D contour densities and corresponding phase
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Figure D.3: (Color online) (a) Ground-state density of an SO-coupled spin-1 BEC with ¢y =
—1.5,¢; = —0.3 in the absence of trap and v, = 1. (b) The same for ¢g = —1.2,¢; = 0.3. These
results are in agreement with Ref. [5] and correspond to M = 0.
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Figure D.4: (Color online) (a) Root-mean-square sizes of the three components of 8"Rb with
cp = —1.5,¢; = —0.3 and 7, = 0.5 in the absence of trap as a function of time. (b) The energy
of the vector soliton as a function of time.

D Sample numerical results
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Table D.6: Ground-state energies for 8’Rb and 2Na 2D BECs obtained with Az = 0.05,
Ay = 0.05 and At = 0.1AzAy/2 for the various values of magnetization M. 10* atoms of each
species were considered in trap with a, = ay = 1, a, = 20, w,/(27) = 20 Hz. Together with
scattering lengths (ag, a2), these parameters define ¢y and ¢; as per Eq. (A.15).

87Rb 231\]a

M | Energy | Energy
0 | 8.4629 | 4.5355
0.1 | 8.4629 | 4.5361
0.2 | 8.4629 | 4.5380
0.3 | 8.4629 | 4.5412
0.4 | 8.4629 | 4.5457
0.5 | 8.4629 | 4.5515
0.6 | 8.4629 | 4.5586
0.7 | 8.4629 | 4.5671
0.8 | 8.4629 | 4.5771
0.9 | 8.4629 | 4.5885

Figure D.5: The 2D contour plot of densities of (a) my = 41, (b) my = 0, and (c) my = —1
components of an asymmetric vortex-bright soliton with cg = —4, ¢; = —0.6, and vy, = 7, = 0.5.
The corresponding phases are shown in (d) for my = +1, (e) for my = 0, and (f) for my = -1
components.

profiles in the z = 0 plane in Fig. D.6. These results are in agreement with [108]. The results

reported in this appendix are given in Ref. [37].
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Figure D.6: The 2D contour plots of densities of components in z = 0 plane for (a) my = +1,
(b) my =0, and (c) my = —1 of an asymmetric vortex-bright soliton with cg = —10, ¢; = —1,
and v, = vy = 7. = 1. The corresponding phases are shown in (d) for my = +1, (e) for my = 0,
and (f) for my = —1 components.
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