Symmetry breaking of localized discrete matter waves induced by spin-orbit coupling
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We study localized nonlinear excitations of a dilute Bose-Einstein condensate (BEC) with spin-
orbit coupling in a deep optical lattice (OL). For this we introduce a tight-binding model that
includes the spin-orbit coupling (SOC) at the discrete level in the form of a generalized discrete
nonlinear Schédinger equation. Existence and stability of discrete solitons of different symmetry
types is demonstrated. Quite interestingly, we find three distinctive regions in which discrete solitons
undergo spontaneously symmetry breaking, passing from on-site to inter-site and to asymmetric,
simply by varying the interatomic interactions. Existence ranges of discrete solitons with inter-site
symmetry depend on SOC and shrink to zero as the SOC parameter is increased. Asymmetric dis-
crete solitons appear as novel excitations specific of the SOC. Possible experimental implementation
of these results is briefly discussed.

I. INTRODUCTION

Presently there is a growing interest in the study of Bose-Einstein condensates (BEC) in the presence of non abelian
gauge fields that mimic magnetic interactions. In particular, spin-orbit couplings (SOC) of Rashba and Dresselhaus
types and their combinations, have been recently realized in binary BEC mixtures in the presence of trapping potentials
V(z) of different types [1-3]. As well known, the SOC represents a major source of intra-atomic magnetic interaction.
In solid state physics it plays an important role in the magnetism of solids, well described in terms of individual ions,
as it is for earth rare insulators. In general, however, in solids the SOC is a rather weak source of magnetic interaction,
largely superseded by the electrostatic effects, and very difficult (if not impossible) to enhance. The situation is quite
different in Bose-Einstein condensates where a variety of synthetic spin-orbit couplings can be generated and managed
by mens of external laser fields. BECs with SOC, indeed, represents ideal systems to explore magnetic phenomena
difficult to achieve in a solid state context, such as: new quantum phases with unusual magnetic properties, existence
of stripe modes [4], fractional topological insulators [5-7], Majorana fermions, antiferromagnetic states [8] etc.

The interplay of SOC with interatomic interactions (nonlinearities) and periodicity of the OL, also leads to the
existence of SOC solitons [9, 10]. Gap solitons in BEC with periodic Zeeman field were recently discussed in [11] (for
a review of BEC in OL with SOC see [12]). In this context, different settings for the spatial periodicity have been
considered: periodicity in each separate component [13, 14], periodicity in the Raman coupling [15], periodicity in
the Zeeman field [11, 16-18]. Dispersion relations of one-dimensional BEC with SOC in OL were also experimentally
investigated [19] and existence of flat bands and superfluidity in BEC with SOC was demonstrated in [13]. Array
of vortex lattices in shallow optical lattices [14] and vortices in 2D optical lattices [20] have been also investigated.
The extension to quasi-periodic OL and the Anderson localization of BEC with effective SOC have been considered
in [21]. These studies refer mainly to the continuous case, and the effects of SOC at the discrete level (BEC arrays)
appears scarcely uninvestigated.

The aim of the present letter is to consider BEC mixtures with SOC in the presence of deep optical lattices. We
use Wannier functions to derive a tight-binding model that includes the SOC in the form of a generalized discrete
nonlinear Schédinger equation (SO-DNLS) with typical double minima linear dispersion relations and that support
modes of gap-soliton type in the presence of nonlinearity. We show that for attractive (resp. repulsive) nonlinear
interactions, GS can exist in the semi-infinite gap below (resp. above) the bottom (resp. top) band, as well as
in the gap between the two bands. The time evolution of attractive (resp. repulsive) fundamental GSs, e.g. with
lower (resp. higher) chemical potential, are very stable while the ones located in the intra-band gap appear to be
unstable at least for the parameter we considered. Quite interestingly, by increasing the strength of the intra-species
interaction -, (for simplicity assumed equal for both species) away from the linear limit, and for fixed and equal sign
of the inter-species nonlinearities, we find three distinctive regions in which GS undergoes spontaneously symmetry
breaking. More precisely, in the range 0 < |y| < |y1| the GS are found to be asymmetric with respect to the lattice
points, in the interval |y1| < || < |y2| they display inter-site symmetry (i.e. are symmetric with respect to the middle
point between two consecutive lattice sites) and above |yz| display the on-site symmetry, this behavior being observed
both in the attractive and repulsive case. Asymmetric modes appear to as novel stable modes induced by the SOC.



The paper is structured as follows. In Section II the tight binding model for BEC mixtures mixtures with SOC
trapped in deep optical lattice is derived. In Sec. IIT we derive the dispersion relation and the main properties of a
BEC mixture array with SOC and all the nonlinear interactions detuned to zero. In section IV we use self-consistent
exact diagonalizations of the SOC BEC mixture with SOC to investigate nonlinear spectrum (chemical potentials) and
corresponding eigenfunctions (discrete solitons). In particular we investigate the occurrence of symmetry breaking
as the parameters of the system are varied. Finally in Section V, the main results are summarized and possible
experimental implementation settings briefly discussed.

II. TIGHT-BINDING MODEL

We consider BEC with equal contributions of Rashba and Dresselhaus SOC that can be described in the mean field
approximation by the following coupled Gross-Pitaevskii equations [167 |:

0, 0? . O3
Zaitj = (—@ +V(2)); —ia oz L Q0+
(95195 * + glos—i )05, 5 =1,2, (1)
with the linear coefficients o, Q = Q1 = —), arising from the spin orbit interaction while the nonlinear ones, g

and g;,7 = 1,2, are related to inter-species and intra-species scattering lengths, respectively. For the OL we take a

periodic potential of the form V' (z) = Vycos(2x), the same for both components, and concentrate on the case of large

amplitudes Vp > 1 (tight binding approximation) [23]. To this regard we consider the underlying uncoupled linear
periodic eigenvalue problem, e.g. with a =Q =0,9 = ¢; =0, in Eq. (1),
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and expand the two component fields in terms of Wannier functions as

Py = Zun(t)wm(x —n), o = Zvn(t)wm(x —n). (3)

V@) omt = Em (k)P n @

Here @, 1, and e, (k) denote Bloch (Floquet) functions and energy band, with m the band index and k the Bloch
wavenumber taken in the first Brillouin zone, w,,(x — n) are Wannier functions satisfying the orthonormal condition
Jw;(z —n)*wj (x —n')dx = 8 j/0n,, and u, , v, are time dependent expansion coefficients to be fixed in such a
manner that Eq. (1) is satisfied. Notice that in the expansions (3) appear the same Wannier functions since the
underlying periodic problem is the same for both BEC components. In the following we restrict only to one band,
so we drop the index m. By substituting (3) in Eq. (1) and projecting the resulting equations along the w(z — n)
function, one arrives at the following coupled SO-DNLS system
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c=o(n,n+1)= Qa/w(x — n)*é%w(x —n—1)dz.

In the derivation of Eq. (4) the following relations among coefficients have been used: I'(n,n + 1) = I'(n,n — 1),
o(n,n) =0, o(n,n—1) = —o(n — 1,n) = —o(n,n + 1). Moreover, due to the strong localization of the Wannier
functions around the lattice sites, the sums on n have been restricted to on-site and to next neighbor sites only, for
non diagonal and diagonal terms, respectively. We remark that similar models were considered also in Ref. [25].
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FIG. 1: Chemical potential vs k in the reciprocal space for the DNLS chain with SO coupling for the linear case y1 =2 =~ =0
and parameter values I' = 0.3,€2 = 1.352,0 = 1.5. The red and blue dots represent chemical potentials of localized modes for
the nonlinear cases: v1 = 2 = —0.65,v12 = —1.8 (attractive case), and v1 = 72 = 0.65,y12 = 1.8 (repulsive case), respectively.

III. LINEAR CHAIN WITH SOC

Let us first consider the case of a linear chain with SOC (13 =; =0, ¢ = 1,2 in Eq. (4). From physical point of
view this corresponds to a one-dimensional array of BEC in deep optical lattice in the presence of SO interaction and
with all the scattering lengths detuned to zero. As usual, we consider solutions of the form w, = Aei(k”“*“t), Uy =
Beikna=wl) with wavenumber k, = 27w/Ln varying in the first Brillouin zone [~ /a, 7 /a], with —N/2 < n < N/2,
L = Na the length of the chain, a the lattice constant fixed below without loss of generality to a = 1. Substituting
Uy, Uy into the dynamical equations leads to a system for coefficients A, B whose compatibility conditions gives the

dispersion relation:
w(k)x = —2T cos(k) £ /02 + o2 sin?(k). (6)

It is worth to note that the upper and lower branches of the dispersion curves are related by
wi (k) = —ws (k + 7). (7)

Also notice the presence of two degenerated minima at £k_ on the ground state branch and two degenerated
02402
24412
first Brillouin zone is depicted for typical parameter values in Fig. 1. One can readily show that the amplitudes of

the two component modes must be related by (£)4 = M(Q F /02 4 02sin?(k)). Also, by combining k. and k_

g

maxima at +k4 on the upper branch, with k4 given by k+ = *arcos [ + % ] The dispersion curve in the

modes one gets stationary w; and w_ stripe solutions.

IV. DISCRETE SOLITONS AND SYMMETRY BREAKING INDUCED BY SOC

In the presence of nonlinearity, localized modes with chemical potentials in the forbidden zones of the band structure
(discrete gap-solitons) appear. In particular, one expects that for attractive (resp. repulsive) inter and intra-species
interatomic interactions, gap-solitons to form with chemical potentials just below local minima (maxima) of the
dispersion relation. This is indeed what one finds from a numerical self-consistent diagonalization of the stationary
eigenvalue problem associated to Eq. (1) (see discrete levels in Fig. 1). In Fig. 2a are shown existence curves of
gap-solitons of the DNLS with SO coupling for the case 12 < 0 and for equally attractive intra-species interactions
v1 =72 = < 0. The lower two branches correspond to the ground localized modes in the lower semi-infinite gap
while the top curve refers to a mode inside the interband gap. In remaining panels of Fig. 2 are shown the imaginary
and real parts of the component profiles u,, (blue lines) and v,, (red lines) of the gap solitons for the different values of
v corresponding to black, blue and red points depicted in panel a. It is worth to note that there is a phase difference
of €™/2 between the u,, and v,, components (vp, being real and w, purely imaginary) as well as different symmetry
properties with respect to the lattice sites for the two components. Also notice that the symmetry properties of the
modes change as the intra-species interactions are varied. In general, the following situation is observed. For a fixed
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FIG. 2: Panel a). Existence curves of the localized modes of the DNLS with SO coupling as a function of the equally attractive
intra-species interaction v = 1 = 72 for parameters I' = 0.3, Q2 = 1.352,0 = 1.5 and fixed intra-species interaction yi2 = —1.8.
The inset display details of the bottom curves, enlarged along the vertical axis. Panels (b), ¢ and (d) show w, (blue lines) and
U (red lines) profiles of gap solitons at v = —0.65 (panel (b)), v = —0.52 (panel (c)) and v = —0.3 (panel (d)), corresponding
to red points (bottom profiles), blue points (middle profiles) and black points (top profiles) shown in panel (a) (in all cases vy, is
purely real while u, is purely imaginary). Middle and top profiles in all panels are shifted upward by 1.5 and 2.5, respectively,
to avoid overlappings. Vertical dotted lines separate regions of different symmetry type.
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FIG. 3: Panel (a). Existence curves of ground state modes of Eq. (4) as a function of v = 71 = 72, for 712 = —1.8 and

different values of o = 1.6,1.7,1.8,1.9,2.0, corresponding to black curves from top to bottom, respectively. Panel (b). Same
as in panel (a) but for first excited modes of Eq. (4) as a function of vi2, for different values of the intra-species interactions
v1 = —0.4, 2 = —0.6 and different values of o = 1.5,1.6,1.7,1.8 (top to bottom curves, respectively). Other parameters are
fixed as in Fig. 2. In both panels red dot-dashed lines separate existence regions for asymmetric (AS), inter-site symmetric (IS)
and on-site symmetric (OS) modes.
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FIG. 4: Panels a-b. Time evolution of the ground state modes in Fig. 2b (panel a) and Fig. 2¢ (panel b) at v = —0.65 and
v = —0.52, respectively. Panels c-d. Time evolution of the ground state (panel ¢) and first excited state (panel d) in Fig. 2d for
the case v = —0.3. For graphical convenience we depicted in the panels the modulo square of the v, component only. Other
parameters are fixed as in Fig. 2.

attractive inter-species nonlinearity, we find three distinctive regions in which GS undergoes spontaneously symmetry
breaking as the strength of the attractive intra-species interactions (assumed equal e.g. ~; = -, for simplicity) away
from the v = 0 limit. More precisely, in the range —0.35 < v < 0 the GS are found to be asymmetric (AS) with respect
to the lattice points, in the interval —0.6 < v < —0.35 they display inter-site symmetry (IS) with respect to the middle
point between two consecutive lattice sites and for v < —0.6 they display on-site symmetry (OS). Notice that the
borders of these regions correspond to the appearance of small kinks in the existence curves depicted in Fig. 2a. Also
notice that the kinks at the left border of the middle region separating the modes with on-site symmetry (see panel
(b)) from the ones with intra-site symmetry (see panel (c)), both of symmetric or anti-symmetric type, are sharper
than the ones on the right border where modes becoming asymmetric (see panel (c)). This is further investigated
in Fig.3 where the different symmetry regions for ground state and first excited state are shown for different values
of o and different nonlinearities. From panel (a) it is clear that by increasing the SOC parameter ¢ the IS-symmetry
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FIG. 5: Top left panel. Existence curves of the localized modes of the DNLS with SO coupling as a function of the equally
repulsive intraspecies interaction v = 1 = -2 for parameters v = 0.3, = 1.352,0 = 1.5 and fixed intraspecies interaction
~v12 = 1.8. The inset display details of the top curves, enlarged along the vertical axis. Panels (b), (c¢) and (d) show u, (blue
lines) and v, (red lines) profiles at v = 0.65 (panel (b)), v = 0.52 (panel (c)) and v = 0.3 (panel (d)), corresponding to black
points (bottom profiles), blue points (middle profiles) and red points (top profiles) in panel (a), respectively (in all cases vy,
is purely real while u, is purely imaginary). Middle and top profiles in the b,c,d, panels are shifted upward by 1.5 and 2.5,
respectively, to avoid overlapping. Vertical dotted lines separate regions of different symmetry type.

region gradually shrinks to a point beyond which on a single line exists separating on-site symmetric ground states
from asymmetric ones. The same phenomenon is observed for more generic choices of parameters such as the ones
considered in panel (b) where 712 is taken as varying parameter with 71, ~, fixed to different values (same is true also
for the ground state). Notice that in this last case asymmetric modes emerge at large values of |vy12|, while for the
transitions driven by the intra-species parameter || in Fig.3(a), it is just the opposite. We also remark that the fact
that IS solitons can become non degenerated ground states with energy lower than the one of the OS mode is just
due to the interplay between SOC and nonlinearity. To the best of our knowledge, this phenomena does not exist in
ordinary (e.g. without SOC) discrete or continuous coupled GPE.

Dynamical properties of the nonlinear modes have been investigated by direct numerical integrations of the DNLS-
SO with small noise component added to the initial condition to check stability. Typical examples are depicted in
Figs. 3-4. In general we find that on-site symmetric modes are very stable while inter-site symmetric modes stability
is achieved in general only for the ground state. Asymmetric modes of the region v < —0.3 also appear to be stable
(or long lived) under time evolution, as one can see form Fig. 4. The existence of last modes appears to be specific
of the SO coupling. Stability properties of localized modes in the gap appear to be critical. In particular, for the
parameter range we have explored, none was found to be stable independently from symmetry type.

Similar results are also found for the case of all repulsive interactions. By reversing signs of all the interactions
the chemical potentials of the discrete solitons change their signs (see Fig. 1), meaning that what was said before for
lowest modes applies now to highest modes. Shape and symmetries of these modes, however, are different for the two
cases, as one can see by comparing Fig. 5 with Fig. 2. Also notice the symmetry of corresponding existence curves
with appearance of kinks at the critical points. Existence ranges and Dynamical properties of highest excited states
are also quite similar to the ones discussed for lowest lying states states of the previous case, with the intraband gap



solitons typically unstable (not shown for brevity).

V. CONCLUSIONS

In conclusion we considered a tight-binding model for BEC with SOC and showed that stable nonlinear modes can
change their symmetry from on-site symmetric to inter-site symmetric and to fully asymmetric as the nonlinearity
is varied. Also, we found that the region for existence of modes with the IS symmetry shrinks to zero as the SOC
parameter o is increased. Asymmetric modes appear to be intrinsic of the SOC. Before closing this paper we remark
that possible experimental implementations of the above results could be made by referring to a setting similar to the
one considered in [16, 22]. For 8"Rb the SOC considered in this work could be realized using the tripod scheme with
three laser beams [16] or the scheme used for creating tunable Rashba and Dresselhaus SOC [22]. The deep optical
lattice can be generated with two additional beams with A, = 1540nm [19] and potential strength Vy/Egr > 10, where
Egr = h?*k? /2m being the recoil energy [23, 24]. For the case of all attractive interactions, stable nonlinear modes in
semi-infinite gap should exist for wide range of number of atoms. The symmetry transitions of the modes should then
be observed by changing the scattering lengths by means of the Feshbach resonance technique.
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