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Spin and density self-ordering in dynamic polarization gradients fields
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We study the zero-temperature quantum phase diagram for a two-component Bose-Einstein condensate in an
optical cavity. The two atomic spin states are Raman coupled by two transverse orthogonally polarized, blue-
detuned plane-wave lasers inducing a repulsive cavity potential. For a weak pump the lasers favor a state with
homogeneous density and predefined uniform spin direction. When one pump laser is polarized parallel to the
cavity mode polarization, the photons coherently scattered into the resonator induce a polarization gradient along
the cavity axis, which mediates long-range density-density, spin-density, and spin-spin interactions. We show that
the coupled atom-cavity system implements central aspects of the -J-V-W model with a rich phase diagram.
At the mean-field limit we identify at least four qualitatively distinct density- and spin-ordered phases including
ferromagnetic and antiferromagnetic order along the cavity axis, which can be controlled via the pump strength
and detuning. Real-time observation of amplitude and phase of the emitted fields bears strong signatures of the
realized phase and allows for real-time determination of phase transition lines. Together with measurements of
the population imbalance, most properties of the phase diagram can be reconstructed.
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I. INTRODUCTION

Quantum gas cavity QED—ultracold atoms near zero tem-
perature coupled to photons in high-Q cavity modes—has
become an outstanding experimental platform to study coher-
ent many-body quantum dynamics in a precisely controllable
and readily observable form [1,2]. Operating in the dispersive
regime, optical atomic excitations and spontaneous emission
are strongly suppressed so that coherence prevails for times
long enough to observe quantum phases in great detail and
study the corresponding phase transitions in real time. In
essence, the nonlocal collective scattering of photons in and
out of cavity modes by the atoms mediates long-range peri-
odic interactions among the atoms.

In a seminal experiment at the ETH Ziirich [3], the Dicke
superradiant quantum phase transition was observed almost
40 years after its prediction in the 1970s [4,5]. In a gener-
alized setup involving an additional optical lattice, detailed
measurements soon after revealed that the interplay between
cavity-induced long-range density-density interactions and lo-
cal contact collisional interactions leads to an even richer
phase diagram including a Mott insulator, a superfluid, a den-
sity wave, and, in particular, a lattice supersolid state [6].
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Making use of several atomic Zeeman sublevels allows one
to emulate pseudospin dynamics in ultracold atomic gases.
It was suggested theoretically [7-12] that cavity-enhanced
Raman transitions can induce long-range periodic spin-spin
interactions. Their feasibility was experimentally confirmed
soon after by several groups independently [13-15].

By tailored spatial arrangements of polarized pump lasers,
a variety of long-range spin Hamiltonians can be implemented
via cavity-mediated spin-spin interactions as highlighted in
Ref. [10]. Note that these cavity-induced long-range spin-
spin interactions are independent of the temperature of the
atomic cloud, reminiscent of dipolar interactions between
polar molecules [16-18], providing a promising route for
simulation of quantum magnetism.

Here, using cavity-enhanced Raman coupling in a A
scheme via two external pump lasers and a cavity mode
blue detuned with respect to the atomic transitions, we en-
counter dynamical polarization gradients. It is known that
strong local polarization gradients in free space induce so-
called nonadiabatic forces for atoms with Raman-coupled
sublevels [19]. For our chosen parameter regimes, however,
such nonadiabatic forces play only a minor role. By contrast,
the polarization modulation of the effective dynamic light
field along the cavity axis induces dominantly long-range
interactions among the atoms via the p-band self-ordering
[20-22]. We demonstrate how these complex dynamics can
be exploited to engineer combined cavity-induced long-range
“density-density,” “spin-spin,” and “density-spin” interac-
tions among the effective two-component bosonic atoms
[23,24]. Our proposal will offer an alternative approach
for simulating ¢-J-V-W-like models implemented via polar
molecules in optical lattices [25] with interesting topological
phases [26].
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FIG. 1. Schematic illustration of the transversely pumped one-
dimensional spinor BEC inside a cavity.

II. MODEL

Consider a cigar-shaped Bose-Einstein condensate (BEC)
of A-type three-level atoms placed within a high-Q linear
cavity. The atoms are illuminated by two external pump lasers
that impinge in the transverse direction as depicted in Fig. 1.
We assume the atomic motion to be strongly confined in the
transverse directions by an additional trapping potential. The
two atomic ground states {|1), ||)} with energies fiw; and
hwy = 0, respectively, are coupled to the excited state |e)
with energy /iw, through the interaction with the cavity field
and the two classical pump fields. The cavity supports one
standing mode of frequency w. with linear polarization along
the z axis, which is the quantization axis. This mode couples to
the || ) < |e) transition with the position-dependent strength
G(x) = G cos (kex), where k. = w./c = 21 /A, is the cavity
wave number. The two classical laser fields with Rabi frequen-
cies 21 and 2, are linearly polarized along the z and x axis,
respectively, driving the transitions || ) <> |e) and |1) < |e)
(Fig. 1). The total electric field

E(x,y) = Eje*Ve, + Exe e,

| R
+ 26(:‘0/&005 (kc.x)e, + H.c. (1)

thus features a polarization gradient along the cavity axis
as the orientation of the polarization vector depends on the
position x. Here, E; and E, are complex amplitudes of
the classical fields, a is the bosonic annihilation operator for
the photonic field, V is the cavity quantization volume, and €
is the vacuum permittivity.

The cavity and laser frequencies {w., w;, w,} are assumed
to be blue detuned with respect to the atomic transition
frequencies, e.g., w; — w, > 0, while pump frequencies are
close to resonant with one another, e.g., |w; — w2 |/wi2) K 1.
This implies that the atoms are attracted to the intensity
minima of the light fields [27] and would, in general, lead
to the suppression of light scattering into the resonator. As
we show in this paper, for some pump strengths, however,
a self-ordered phase is still generated due to the complex
interplay of collective coherent scattering and optical dipole
forces. Similar features were recently also found for spinless
BEC:s via the p-band coherent photon scattering [20-22] and
polarizable point particles [28].

In typical cavity-QED experiments, the condensates are
rather dilute so that local collisional contact interactions
are negligible compared with the cavity-mediated long-range

interactions. For that reason we do not include two-body con-
tact interactions in our model [29,30].

In the limit of large atom-pump detuning, the atomic ex-
cited state can be adiabatically eliminated [1], leading to the
effective many-body Hamiltonian (see Appendix)

A= f VT ()AY (x)dx — hAa'a, 2)

where ¥ := (‘ﬁT’ ¥ ’ )" is the bosonic annihilation operators
for the spinor atomic fields and A. := w; — w. < 0 is the
cavity detuning. As the detuning A. is negative, the atomic
kinetic energy decreases in a single scattering event, which
leads to atomic cooling of fast atoms [1]. In the {1, |} ba-
sis, the single-particle Hamiltonian density has the matrix
representation

h2 2 ~ N

N ) AR (x)

A= ) ®
U (x) =505 + AU (x)

where § 1= w; — (01 — @2) + Q3/A, — Q3/A, is the Stark-
shifted two-photon detuning with A, := w; — w, and the
operators U 1 (x) and Uf)(x) describe various atom-light in-
teractions (see Fig. 2):

(1) The scattering of photons by the spin-| | ) atoms without
changing their internal state results in the A.-periodic dynam-
ical potential

hU| (x) = hUpa' a cos®(kex) + hn(a + a') cos(kex).  (4)

Its first contribution accounts for the absorption and reemis-
sion of cavity photons by the atoms [see Fig. 2(a)], where
Uy := G5/ A, is the maximum depth of this potential per pho-
ton. The second contribution, depicted in Fig. 2(b), describes
the coherent scattering of photons between the transverse
pump €2; and the cavity mode with effective strength n :=
gOQI/ A,.

(i) The processes that are accompanied by an atomic
pseudospin flip induce the A.-periodic, dynamical two-photon
Raman coupling

RO (x) = 1920 cos (kex) + A2, Q)

that describes the exchange of photons between the second
pump laser and the cavity field [Fig. 2(c)] and between the two
pump lasers [Fig. 2(d)], respectively. These scattering events
occur with effective Raman coupling strengths

QC = g()Qz/Aa, Qp = ngz/Aa. (6)

Without loss of generality, we have assumed {Gy, 2,
Qz} (S] R+.

The single-particle Hamiltonian density (3) possesses a
discrete Z, symmetry. Namely, it is invariant under a si-
multaneous spatial translation x +— x + A./2 and a parity
transformation of the field amplitude a +— —a. This is the
same symmetry as for transversally pumped two-level (i.e., ef-
fectively single-component) atoms in linear resonators. There,
this symmetry is spontaneously broken above a certain critical
pump strength, which is known as self-organization [31,32].
Hence we expect a similar symmetry breaking in our spinor
BEC system. Owing to its more complex level structure,
however, the intricate interplay between the atomic density,
the atomic pseudospin, and the cavity mode leads to richer
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FIG. 2. Schematic representation of the two-photon processes that contribute to the Hamiltonian density (3). The scattering events devoid
of a spin flip that are comprised in Eq. (4) consist of (a) the absorption and reemission of cavity photons and (b) the scattering of a photon
from the pump laser 2, into the cavity mode. Atomic pseudospin flips [1) > || ) as described in Eq. (5) occur in photon-scattering events
(c) from the pump laser €2, into the cavity mode or (d) from the first pump laser into the second. All processes that involve the cavity field
[(a)—(c)] cause a change in the atomic momentum distribution (gray arrows). In the one-dimensional description we assume that any transverse

momenta are absorbed by an external trapping potential.

phase diagrams than for spinless particles [3,6,21,33-37], as
we discuss in the following.

III. CAVITY-INDUCED LONG-RANGE INTERACTIONS
AND THE EFFECTIVE SPIN HAMILTONIAN

For large cavity detuning |A.| and/or large photon decay
rate 2« the light field instantly follows the atomic distribution
and quickly attains its steady state [33]

0 [ cos (kex)ydx 4 Qo [ cos (kex)s_(x)dx
o Ac + ik — Uy [ cos? (kex)hydx

A

SS

)

where 71, (x) = 1/}: (x)l/}r (x) is the local atomic density oper-
ator of state T € {1, |} and 5_(x) = II}I(X)I/}¢()C) is the local
J

atomic spin lowering operator. The cavity field is hence cou-
pled to the atomic density 7 and the atomic spin polarization
§_(x), in contrast to the conventional self-ordering of single-
component BECs [33] or spinor BECs [9]. The emission of
photons into the cavity-field mode by the atoms may either
leave the atomic internal state untouched [first term in the
numerator of Eq. (7)] or induce a pseudospin flip |[1) — |])
[second term in the numerator of Eq. (7)].

Substituting the steady-state light field (7) into the many-
body Hamiltonian (2) leads to an effective spin Hamiltonian

Ay = / LG 38 (8 () + 8,008, ()] -+ J0x )8, (008, ()’ + / B - 3(x)dx

+ ff V(x, x"a(x)ax dxdx'

+ / Wi G, X003 () + 8:(DAG)] — W (x, D)3 () + 3:(x)A()]}dxdx,

and

ﬂxz = - // Jeo (x, x/)[fz(x)s‘x(xl) + §x(x/)§z(x)]dde/~

Here, we have introduced the total local density opera-
tor i(x) =y (x) + 7 (x) and the local pseudospin opera-
tor 8(x) = (§,(x), §,(x), 3,(x))" = Ui (x)o¥(x), where o =
(oy, 0y, (TZ)T are the Pauli matrices.

The Hamiltonian H;.y .y [Eq. (9a)] together with the ki-
netic energy Hy, corresponds to a long-range anisotropic
t-J-V-W model [25]. The first line of Eq. (9a) corresponds
to a long-range XXZ Heisenberg spin Hamiltonian with an
effective homogeneous magnetic field

20,19 -\
B=h 0,3 .
A

a

(10)

Its x component thereby originates from the Raman coupling
between the two pump lasers, and its z component stems from
the effective detuning between the two pseudospin states.
The second and third lines of Hj.,.y contain long-range
density-density and density-spin interactions, respectively.

I:Ispin = gkin + I'?J—V—W + Iqu (8)

where Hy, is the kinetic energy,
(%92)
(%9b)

(

Finally, the Hamiltonian H,. [Eq. (9b)] describes the long-
range cross couplings between the x and z spin components.

We note that all coupling coefficients in Egs. (9a) and (9b)
share the same position dependence

A[2Re A. — AJG?

c(x,x) = - cos(kex) cos(kex’),  (11)
2|A P A2
with A, = A + ix — Up [ cos? (kex)Ay dx; namely,
J1(x, x') = 2Q3¢(x, X)),
J(x, X') =4V (x, x') = 2W,(x, x') = 2Q3c(x, x'),
Jo (0, x1) = 2We(x, x') = 2QQc(x, x'). (12)

The long-range cavity-induced interactions between the
atoms thus transform the BEC into an array of itinerant inter-
acting spins governed by the Hamiltonian (8) that, depending
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on the parameters, implements different spin models, with all
spin-coupling coefficients [Eq. (12)] widely tunable through
the Rabi frequencies €2; , of the pump lasers. Choosing J, =
V = W, = Jy; = 0, one can observe enhanced superconduc-
tivity [38] and d-wave superfluidity [39]. Our model system
therefore opens the possibility to study various quantum mag-
netic phases whose magnetic order can be detected through
the cavity-field emission in real time.

For nonzero average field in the cavity, different cavity-
induced interactions in Egs. (9a) and (9b) compete with one
another. Depending on operation parameters, a specific in-
teraction can be made dominant and determine the system
behavior. In particular, the sign of the coupling coefficients
J1 and J; sets the magnetic ordering of the spins to either
a ferromagnetic (FM) or antiferromagnetic (AFM) pattern.
In the next section we will characterize the expected spin
textures in various limiting cases in more detail.

IV. MEAN-FIELD PHASE DIAGRAM

In the mean-field regime the quantum fluctuations
are omitted, and the atomic and cavity-field opera-
tors are replaced by their corresponding quantum av-
erages, V. (x,1) = (Y (x,1)) = Y (x, 1) = /17 (x, )el® D
and a(t) — (a@t)) = a(t) = |a(t)|e®D. The system is then
described by three coupled nonlinear equations

3 ~

iga = —-Ax+1n0 4+ Q.E, (13a)
'haw— h282+h3w+hu()w
MoV = | =5 % 1 ROV,

2

.0 I *
lhgm = [—%af + hUl(x)i| ¥y + AU (x4, (13b)

wpere Ux,a)=U,(x) = (l%(x)) and Ur(x, o) = Ur(x) =
(Ur (x)) are the quantum averages of the corresponding oper-

ators in Egs. (4) and (5), respectively, and A, = (A.). Here,
we have introduced the mean-field density order parameter

® = /nL(x)cos (kex)dx, (14)

which describes the A.-periodic spatial modulation of the
(spin-| ) atoms, and the mean-field spin order parameter

8= /s_(x) cos (kex)dx

= f [sx(x) — isy(x)] cos (kcx)dx. (15)

Note also that only the total number of the atoms is conserved,
ie, >, [n:(x)dx =N.

The total energy of the system can be obtained as
E = -l + [ E(x)dx [9], where E(x) is the energy-
functional density,

n* <
E() = = (W0lys + Y [7v) + By

+ [AUp |t |* cos? (kex) + 2hin|a| cos ¢y cos(kex)]n,

+2/myn [A2 || cos (g + A) cos(kex)
+ B2, cos Agl, (16)

with A¢ := ¢ — ¢ being the relative phase of the two con-
densate wave functions. Note that since A, > 0, therefore
{U07 n, QCv Qp} = 0.

Below threshold where o = 0 the Raman coupling energy
x §2, cos A¢ fixes the relative phase of the spatially homoge-
neous BEC to A¢ = (recall 2, > 0). Namely, the energy
is minimized if two spin states have opposite phase. This is in
contrast to the system studied in Ref. [9], where the relative
phase could be chosen freely.

Above threshold, however, the atoms scatter photons from
the pump lasers into the cavity mode such that o # 0.
The minimization of the spatial-dependent Raman coupling
energy [last two lines in Eq. (16)] then results in a position-
dependent relative condensate phase A¢(x). As cos (kex)
changes sign depending on the atomic position, the relative
phase smoothly varies in space. Such spatial dependence of
the relative condensate phase for colored markers in the phase
diagram in Fig. 3(a) is depicted in the insets of Figs. 4(a)-4(d)
and leads to intriguing phenomena in the spin structure, which
will be shown below.

In order to obtain the mean-field phase diagram, we self-
consistently compute the stationary state of the cavity-field
amplitude da /3t = O [cf. Eq. (7)],

1
o= A—(n@—i—QcE), a7

and the corresponding atomic ground state from the cou-
pled Schrodinger equations [Eq. (13b)]. Note that the
coupled Schrodinger equations depend parametrically on o
via U (x) = U (x,a) and Ur(x) = Ur(x, ), indicating the
highly nonlinear nature of the system.

Before proceeding to the main results of our work, let us
briefly clarify the issue regarding the temperature of the gas
at steady state. Since our system is driven-dissipative, the
stationary temperature would be nonzero and limited by the
cavity decay rate. The cavity-induced atomic redistribution
can even lead to nonthermal steady states. However, due to
the long-range cavity-mediated interactions, the corrections
to the noiseless mean-field approach are suppressed by a
factor 1/V [35], with V being the volume of the atomic
cloud. Then the characteristic time for the cavity-induced
atomic redistribution scales with the volume V. There-
fore, in the thermodynamic limit N,V — oo with N/V =
const, this characteristic time exceeds a typical experimen-
tal time scale [40], and the mean-field description becomes
exact.

Figure 3(a) shows the mean-field cavity-field amplitude
la|/+/N as a function of the two pump Rabi frequencies
Qi /w; and Qp/w;, where w, := szf/Zm is the recoil fre-
quency. The nonzero density order parameter ® [Eq. (14)]
shown in Fig. 3(b) reveals the A.-periodic atomic self-
organization. The sign of ® reflects the localization of the
atoms either on even (® > 0, k.x = 27 ¢ with £ € Z) or odd
[® <0, kex = m(2¢ 4 1)] sites. The global magnetization of
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FIG. 3. (a) Mean-field phase diagram as a function of the two pump Rabi frequencies Q2;/w, and Q,/w,. It reveals four distinct phases:
YZ-antiferromagnetic (YZ-AFM), ferromagnetic (FM), Y-antiferromagnetic (Y-AFM), and XY-antiferromagnetic (XY-AFM). The color code
depicts the rescaled cavity-field amplitude || /«/N . (b)—(e) Order parameters and global magnetization: (b) density order parameter ®
[Eq. (14)], (c) global magnetization m [Eq. (18)], and (d) real and (e) imaginary parts of the spin order parameter E [Eq. (15)]. The other

parameters are (A,, A., NUj, 5, k) = (10°, —150, 40, —5, 25)w,.

the atomic gas [12]
Ny — N
mi=
N

with N; := [ n.(x)dx, is depicted in Fig. 3(c). As the Stark-
shifted detuning between the ground levels is chosen as § =
—5w;, atoms mostly prefer to occupy the |1) ground state,
except a region where €2 is much larger than €2,. The real and
imaginary parts of the spin order parameter = are illustrated
in Figs. 3(d) and 3(e), respectively. Noting Eq. (15), a nonzero
Re E (Im E) signals a A-periodic nontrivial s,(x) [s,(x)] spin
modulation and hence a A.-periodic spin order.

The mean-field wave functions are related to the compo-
nents of the local pseudospin vector s(x) = (§(x)) as

se(x) = /ny(x)ny (x) cos Ag,
sy(x) = /ny(X)n (x) sin Ag,

5:(x) = Ly (x) — ny (0]

; (18)

19)

The normalized spin texture §(x) := s(x)/|s(x)||, with
IsCO)| = Vs2(x) + s2(x) + s2(x), for specific points in the
phase diagram in Fig. 3(a) is shown in Figs. 4(a)—4(d).

From Fig. 3 we can, depending on the Rabi frequen-
cies of the pump lasers, identify four distinct phases. Below
threshold, i.e., for the empty-cavity mode, the system is in a
ferromagnetic (FM) spin state, while above threshold, three
different types of antiferromagnetic (AFM) ordering emerge.
The two distinct areas with finite field amplitudes but opposite
global magnetization m [Eq. (18)] correspond to the YZ-AFM
and Y-AFM or XY-AFM phases. A smooth crossover be-
tween the Y-AFM and XY-AFM orderings is revealed by the
nonzero imaginary part of the spin order parameter Im =. The
nontrivial phases with a finite cavity field emerge due to the

polarization gradient along the cavity axis of the total electric
field originating from interference of cavity and pump field.

A. YZ-AFM phase

The YZ-AFM phase appears in the left upper corner in
the phase diagram in Fig. 3(a) where Q2; > ;. Hence the
energy-functional density £(x) [Eq. (16)] is dominated by
the interference term o n|c| cos ¢, cos (k.x) that pushes the
atoms towards x/A. = £ 4+ 1/2 (with £ € Z); see Fig. 4(a).
Such a configuration is characterized by a negative value
of the density order parameter ® [Eq. (14)], as shown in
Fig. 3(b). This phase is very closely related to the well-known
density self-ordering for two-level (i.e., effectively single-
component) atoms [31].

The position-independent Raman coupling term
€2, cos A¢ favors the relative phase of the condensate to be
A¢ = m. The small influence of the position-dependent
Raman coupling term Q.|a|cos (¢ + Ap)cos (kex)
slightly “shakes” the relative phase around A¢ = m [see
the inset in Fig. 4(a)]. This behavior is consistent with the
spin structure depicted in Fig. 4(a): Whereas the x component
of the spin is large and always negative, its y component
is tiny and changes its sign over a period, as expected for
A¢ ~ 1 [see Eq. (19)]. Since the y and z components depict
antiferromagnetic ordering in the deep A/2-lattice limit, we
denote this phase YZ-AFM.

Note that the above considerations hold for Re @ > 0; for
negative Re o the energy density £(x) favors the atoms being
located at x/A. = £ (with £ € Z). These two possibilities thus
reflect the spontaneously broken Z, symmetry of the Hamil-
tonian (2). In what follows, we likewise always consider the
case Rea > 0.
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FIG. 4. Total local densities n(x) with insets showing the relative phase A¢ (first row) and textures of the normalized spin §(x) =
s(x)/|Is(x)|l within one unit cell [0, x/A.] for the points corresponding to colored markers in Fig. 3(a): (a) (£2,, 1) = (15, 275)w, (YZ-AFM),
(b) (150, 150)w, (FM), (c) (250, 50)w, (Y-AFM), and (d) (275, 10)w, (XY-AFM). The other parameters are the same as in Fig. 3.

One can equivalently describe the resultant magnetic order
via the spin Hamiltonian I-?Spin [Eq. (8)] in a heuristic manner.
The long-range cavity-mediated interactions (12) contained
in the spin Hamiltonian (8) are mainly determined by the
density-density interaction V (x, x), the z component of the
Heisenberg interaction J,(x, x"), and the interactions W, (x, x")
of the z component of the spin with the density. The period-
ically modulated coupling coefficients o< cos (kex) cos (kex')
induce A.-spatial modulations in the spin components and the
total density [see Fig. 4(a)], which minimize the correspond-
ing interaction. The effective homogeneous magnetic field B
[Eq. (10)], especially its x component, also plays an important
role in this case. The main influence on the x component of
the spin stems from the x component of the effective ho-
mogeneous magnetic field B,. Since B, is always positive,
it is favorable that s, remains negative. The z component of
the magnetic field B, competes with the z component of the
Heisenberg interaction J,(x, x') and the density-spin interac-
tions W, (x, x"). The negative B, tries to align s, completely
in the positive direction, resulting in the smeared cos(kqx)-
periodic s, texture illustrated in Fig. 4(a).

B. FM phase

The FM phase is characterized by the absence of photons
in the cavity and thus appears below threshold. Hence no
optical potential can build up in the cavity, and the BEC stays
homogeneous (® = 0). The relative phase A¢ of the two
components is strictly locked to 7, as can be seen from the
inset of Fig. 4(b) fixing the spin direction. The latter results
in Re 2 = Im E = 0 and vanishing s,. The two orthogonal
spin components follow the effective external magnetic field
B [Eq. (10)], resulting in ferromagnetic order.

C. Y-AFM phase

The Y-AFM phase is characterized by a buildup of a co-
herent field in the cavity mode via Raman gain from the

upper spin level. The atomic density and spin modulations
are then mainly governed by the Raman coupling term [last
two lines in Eq. (16)] that for Rea > 0 forces the atoms
towards the even sites x/A. = £ (with £ € Z); see Fig. 4(c).
This is confirmed by the positive value of ® in Fig. 3(b).
The relative phase A¢ of the two condensate wave functions
is again fixed around 7 [see inset in Fig. 4(c)] due to the
competition between the position-independent Raman cou-
pling term o2, cos A¢ and the position-dependent Raman
coupling term x$2.|c| cos (¢, + A¢) cos (k.x), as in the YZ-
AFM phase. However, the shaking of the relative condensate
phase around 7 is larger in this case, as the position-dependent
Raman coupling term is bigger, leading to a more pronounced
modulation in s, compared with the YZ-AFM phase.

From the point of view of the spin Hamiltonian [Eqgs. (9a)
and (9b)], this phase is still dominated by the effective mag-
netic field, |B,|/max(|J.|) & |B,|/max(]J,;|) ~ 1.7, such that
the spin orientation is mainly determined by B. As the y
component of the effective magnetic field B is zero, B, =0,
sy is only modulated owing to J (x, x').

D. XY-AFM phase

Finally, we identify a fourth phase (XY-AFM) in the
regime when the pump field on the cavity transition is very
weak but the Raman coupling is still strong. As for the Y-
AFM phase, the atoms are mostly affected by the Raman
coupling term [last two lines in Eq. (16)], such that the density
order parameter ® stays positive. The Rabi frequency € is,
however, much smaller than in the former phase such that
the position-dependent term 2| | cos (¢ + Ap) cos (kex)
outweighs the constant term €2, cos A¢. The minimization
of the energy then results in a position-dependent relative
phase A¢(x), as depicted in the inset in Fig. 4(d).

For the parameters in Fig. 3, the pronounced spatially
inhomogeneous relative phase of the two condensate wave
functions manifests itself in three ways: (i) The x (y) com-
ponent of the spin, which is proportional to cos A¢(x)

013173-6



SPIN AND DENSITY SELF-ORDERING IN DYNAMIC ...

PHYSICAL REVIEW RESEARCH 3, 013173 (2021)

[sin A¢(x)], changes its sign and exhibits strong modula-
tions, as shown in Fig. 4(d). (ii) The A.-periodic, strongly
modulated sy, in turn, results in nonzero Im & in this phase,
as depicted in Fig. 3(e). (iii) The change in the sign of
cos (¢py + A¢) affects the atomic distribution via the Raman
coupling term oc,/ny (x)ny (x)|o| cos (¢ + A¢) cos (kcx), and
the energy minimization causes a local minimum in s, &
ny(x) —ny(x), as shown in Fig. 4(d). This phase is char-
acterized by antiferromagnetic order in the spin’s x and y
components.

In terms of the spin model (8), J,(x,x’) manages to
overcome the influence of the x component of the effective
magnetic field B. The spatial modulation of the coupling pa-
rameter J, (x, x) then results in the spatial modulation of s, (x)
and s,(x) observed in Fig. 4(d), except the fact that these two
components are out of phase due to the presence of B,. Note
that both spatial dependencies of s, (x) and s,(x) minimize the
corresponding interactions. The behavior of s,(x) is governed
by the interplay of the z component of the magnetic field and
the cross-couplings interaction J, (x, x'). As B is always neg-
ative, s,(x) chooses a positive orientation. At the same time,
the A.-spatial modulations in s,(x) induced by J,,(x, x") cause
positive values of the z spin component around the edges of a
unit cell and negative ones close to the middle. This interplay
manifests itself in the local minimum of s,(x) in the center of
the unit cell.

V. CONCLUSIONS

We theoretically studied combined spin and density self-
ordering of a spinor BEC inside an optical cavity, transversally
illuminated by two orthogonally polarized pump lasers in a
restricted one-dimensional (1D) geometry. We found that the
long-range cavity-induced interactions among the atoms allow
us to engineer a broad range of density-density, spin-spin, and
density-spin interactions, manifesting a rich phase diagram
with different types of magnetic ordering. All magnetic phases
and quantum phase transitions between them can be moni-
tored by the cavity-field leakage and atomic populations of the
ground states. We have shown that despite the relative sim-
plicity of our model, it opens an alternative way to simulate
an anisotropic ¢-J-V-W model together with cross couplings
between spin components. Interestingly, besides the conven-
tional interactions between density and the z component of the
spin, our model additionally contains interactions between the
density and the spin’s x component. Moreover, we have inves-
tigated the various phases in terms of the energy-functional
density, whose minimization dictates the spatial variation of
the relative condensate phase.

As a possible generalization of our scheme, we notice that
in the 2D case, besides the emergence of topological spin
textures, as spin spiral behavior, a more precise control of the
coupling coefficients could be implemented by changing the
spatial profiles of the pump fields along the y axis [10]. Fur-
thermore, the range of the cavity-mediated density-density,
spin-spin, and density-spin interactions can be tuned by
exploiting a multimode cavity, therefore implementing tun-
able finite-range interactions among the atoms [41]. As a
consequence of these finite-range density-density, spin-spin,

and density-spin interactions, beyond-mean-field phases in-
cluding Luttinger and Haldane liquids emerge in the system,
which will be presented elsewhere.

Additional physics may also arise by including two-body
contact interactions, neglected in this paper. The influence of
such interactions on atomic self-organization was explored in
Ref. [23].
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APPENDIX: DERIVATION OF THE
MANY-BODY HAMILTONIAN

Within the dipole and rotating-wave approximations the
single-particle Hamiltonian for the system depicted in Fig. 1
reads
7

A =
2m

+ Z fiw, 6,7 + hod'a
={1,e}

+ (216" + G(R)a o), + Q26,6 +H.c],
(A1)

where m is the atomic mass, p is the center-of-mass atomic
momentum operator along the cavity axis x, 6, = |t)(t'| is
the atomic transition operators, and a' is the creation oper-
ator of a cavity photon. Without loss of generality we have
assumed that {2, 2,, Go} € R.
The unitary transformation

U(t) = explilo1d’a + (01 — @2)611 + 0160t} (A2)
transforms the Hamiltonian (Al) according to H =
UH\UT +iRr(3,U)UT, yielding the time-independent

Hamiltonian
2 P
H) = —— — hAGee + W64y — hAG G
2m

+A[Q16). + G()a'6), + Q61+ Hel, (A3)

where we have defined the detunings A, := w; — w,, A :=
W] — we, and § 1= wy — (w1 — wy).

In the large atom-pump detuning limit [€2;,/A,] < 1
and |Go/A,.| < 1, the excited state can be adiabatically
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eliminated, leading to the effective pseudospin Hamiltonian

P <
1=0-- hAa"a + K364

+ A[Upa"a cos® (ko%) + n(a + a") cos(ko2)16,

T

+ A cos(ke®)(@Gr ) +a'6 1) + 7G4y + 611).
(A4)

Here, we have defined § := wy — (w — wy) + Q%/Aa —
Q/Au, Ug = G5/ Ay 1= GoR1/ Aay Qe = G/ Ay, and
Qp = QIQZ/Aa~

Equation (2) is the many-body counterpart of the single-
particle Hamiltonian (A4).

[1] H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, Cold
atoms in cavity-generated dynamical optical potentials, Rev.
Mod. Phys. 85, 553 (2013).

[2] I. B. Mekhov and H. Ritsch, Quantum optics with ultracold
quantum gases: Towards the full quantum regime of the light-
matter interaction, J. Phys. B: At., Mol. Opt. Phys. 45, 102001
(2012).

[3] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical
cavity, Nature (London) 464, 1301 (2010).

[4] K. Hepp and E. H. Lieb, On the superradiant phase transition
for molecules in a quantized radiation field: The Dicke maser
model, Ann. Phys. (Amsterdam) 76, 360 (1973).

[5] Y. K. Wang and F. T. Hioe, Phase transition in the Dicke model
of superradiance, Phys. Rev. A 7, 831 (1973).

[6] R. Landig, L. Hruby, N. Dogra, M. Landini, R. Mottl, T.
Donner, and T. Esslinger, Quantum phases from competing
short- and long-range interactions in an optical lattice, Nature
(London) 532, 476 (2016).

[7] S. Gopalakrishnan, B. L. Lev, and P. M. Goldbart, Frustration
and Glassiness in Spin Models with Cavity-Mediated Interac-
tions, Phys. Rev. Lett. 107, 277201 (2011).

[8] S. Safaei, O. E. Miistecaplioglu, and B. Tanatar, Raman super-
radiance and spin lattice of ultracold atoms in optical cavities,
New J. Phys. 15, 083037 (2013).

[9] E. Mivehvar, F. Piazza, and H. Ritsch, Disorder-Driven Density
and Spin Self-Ordering of a Bose-Einstein Condensate in a
Cavity, Phys. Rev. Lett. 119, 063602 (2017).

[10] F. Mivehvar, H. Ritsch, and F. Piazza, Cavity-Quantum-
Electrodynamical Toolbox for Quantum Magnetism, Phys. Rev.
Lett. 122, 113603 (2019).

[11] S. Ostermann, H.-W. Lau, H. Ritsch, and F. Mivehvar, Cavity-
induced emergent topological spin textures in a Bose—Einstein
condensate, New J. Phys. 21, 013029 (2019).

[12] E. Colella, S. Ostermann, W. Niedenzu, F. Mivehvar, and H.
Ritsch, Antiferromagnetic self-ordering of a Fermi gas in a ring
cavity, New J. Phys. 21, 043019 (2019).

[13] M. Landini, N. Dogra, K. Kroeger, L. Hruby, T. Donner,
and T. Esslinger, Formation of a Spin Texture in a Quan-
tum Gas Coupled to a Cavity, Phys. Rev. Lett. 120, 223602
(2018).

[14] R. M. Kroeze, Y. Guo, V. D. Vaidya, J. Keeling, and B. L. Lev,
Spinor Self-Ordering of a Quantum Gas in a Cavity, Phys. Rev.
Lett. 121, 163601 (2018).

[15] R. M. Kroeze, Y. Guo, and B. L. Lev, Dynamical Spin-Orbit
Coupling of a Quantum Gas, Phys. Rev. Lett. 123, 160404
(2019).

[16] A. V. Gorshkov, S. R. Manmana, G. Chen, E. Demler,
M. D. Lukin, and A. M. Rey, Quantum magnetism

with polar alkali-metal dimers, Phys. Rev. A 84, 033619
(2011).

[17] B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. A. Hazzard,
A. M. Rey, D. S. Jin, and J. Ye, Observation of dipolar spin-
exchange interactions with lattice-confined polar molecules,
Nature (London) 501, 521 (2013).

[18] M. L. Wall, K. R. A. Hazzard, and A. M. Rey, Quantum mag-
netism with ultracold molecules, in From Atomic to Mesoscale,
edited by S. A. Malinovskaya and I. Novikova (World Scien-
tific, Singapore, 2015), pp. 3-37.

[19] M. Lacki, M. A. Baranov, H. Pichler, and P. Zoller, Nanoscale
“Dark State” Optical Potentials for Cold Atoms, Phys. Rev.
Lett. 117, 233001 (2016).

[20] F. Piazza and H. Ritsch, Self-Ordered Limit Cycles, Chaos, and
Phase Slippage with a Superfluid inside an Optical Resonator,
Phys. Rev. Lett. 115, 163601 (2015).

[21] P. Zupancic, D. Dreon, X. Li, A. Baumgirtner, A. Morales,
W. Zheng, N. R. Cooper, T. Esslinger, and T. Donner, P-Band
Induced Self-Organization and Dynamics with Repulsively
Driven Ultracold Atoms in an Optical Cavity, Phys. Rev. Lett.
123, 233601 (2019).

[22] X. Li, D. Dreon, P. Zupancic, A. Baumgirtner, A. Morales, W.
Zheng, N. R. Cooper, T. Donner, and T. Esslinger, Measuring
the dynamics of a first order structural phase transition between
two configurations of a superradiant crystal, arXiv:2004.08398.

[23] Y. Deng, J. Cheng, H. Jing, and S. Yi, Bose-Einstein Conden-
sates with Cavity-Mediated Spin-Orbit Coupling, Phys. Rev.
Lett. 112, 143007 (2014).

[24] F. Mivehvar and D. L. Feder, Enhanced stripe phases in spin-
orbit-coupled Bose-Einstein condensates in ring cavities, Phys.
Rev. A 92, 023611 (2015).

[25] A. V. Gorshkov, S. R. Manmana, G. Chen, J. Ye, E. Demler,
M. D. Lukin, and A. M. Rey, Tunable Superfluidity and Quan-
tum Magnetism with Ultracold Polar Molecules, Phys. Rev.
Lett. 107, 115301 (2011).

[26] S. Fazzini, L. Barbiero, and A. Montorsi, Interaction-Induced
Fractionalization and Topological Superconductivity in the Po-
lar Molecules Anisotropic t — J Model, Phys. Rev. Lett. 122,
106402 (2019).

[27] P. Domokos and H. Ritsch, Mechanical effects of light in optical
resonators, J. Opt. Soc. Am. B 20, 1098 (2003).

[28] A. Jungkind, W. Niedenzu, and H. Ritsch, Optomechani-
cal cooling and self-trapping of low field seeking point-like
particles, J. Phys. B: At., Mol. Opt. Phys. 52, 165003
(2019).

[29] J. Leonard, A. Morales, P. Zupancic, T. Esslinger, and T.
Donner, Supersolid formation in a quantum gas breaking a
continuous translational symmetry, Nature (London) 543, 87
(2017).

013173-8


https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1088/0953-4075/45/10/102001
https://doi.org/10.1038/nature09009
https://doi.org/10.1016/0003-4916(73)90039-0
https://doi.org/10.1103/PhysRevA.7.831
https://doi.org/10.1038/nature17409
https://doi.org/10.1103/PhysRevLett.107.277201
https://doi.org/10.1088/1367-2630/15/8/083037
https://doi.org/10.1103/PhysRevLett.119.063602
https://doi.org/10.1103/PhysRevLett.122.113603
https://doi.org/10.1088/1367-2630/aaf9e3
https://doi.org/10.1088/1367-2630/ab151e
https://doi.org/10.1103/PhysRevLett.120.223602
https://doi.org/10.1103/PhysRevLett.121.163601
https://doi.org/10.1103/PhysRevLett.123.160404
https://doi.org/10.1103/PhysRevA.84.033619
https://doi.org/10.1038/nature12483
https://doi.org/10.1103/PhysRevLett.117.233001
https://doi.org/10.1103/PhysRevLett.115.163601
https://doi.org/10.1103/PhysRevLett.123.233601
http://arxiv.org/abs/arXiv:2004.08398
https://doi.org/10.1103/PhysRevLett.112.143007
https://doi.org/10.1103/PhysRevA.92.023611
https://doi.org/10.1103/PhysRevLett.107.115301
https://doi.org/10.1103/PhysRevLett.122.106402
https://doi.org/10.1364/JOSAB.20.001098
https://doi.org/10.1088/1361-6455/ab2ab4
https://doi.org/10.1038/nature21067

SPIN AND DENSITY SELF-ORDERING IN DYNAMIC ...

PHYSICAL REVIEW RESEARCH 3, 013173 (2021)

[30] S. C. Schuster, P. Wolf, D. Schmidt, S. Slama, and C.
Zimmermann, Pinning Transition of Bose-Einstein Conden-
sates in Optical Ring Resonators, Phys. Rev. Lett. 121, 223601
(2018).

[31] P. Domokos and H. Ritsch, Collective Cooling and Self-
Organization of Atoms in a Cavity, Phys. Rev. Lett. 89, 253003
(2002).

[32] J. K. Asbéth, P. Domokos, H. Ritsch, and A. Vukics,
Self-organization of atoms in a cavity field: Threshold,
bistability, and scaling laws, Phys. Rev. A 72, 053417
(2005).

[33] D. Nagy, G. Szirmai, and P. Domokos, Self-organization of a
Bose-Einstein condensate in an optical cavity, Eur. Phys. J. D
48, 127 (2008).

[34] W. Niedenzu, T. Grieer, and H. Ritsch, Kinetic theory of cavity
cooling and self-organisation of a cold gas, EPL 96, 43001
(2011).

[35] FE. Piazza, P. Strack, and W. Zwerger, Bose-Einstein conden-
sation versus Dicke-Hepp-Lieb transition in an optical cavity,
Ann. Phys. (Amsterdam) 339, 135 (2013).

[36] R. M. Sandner, W. Niedenzu, F. Piazza, and H. Ritsch, Self-
ordered stationary states of driven quantum degenerate gases in
optical resonators, EPL 111, 53001 (2015).

[37] S. Schiitz, S. B. Jdger, and G. Morigi, Thermodynamics and
dynamics of atomic self-organization in an optical cavity, Phys.
Rev. A 92, 063808 (2015).

[38] S. R. Manmana, M. Mdller, R. Gezzi, and K. R. A. Hazzard,
Correlations and enlarged superconducting phase of r —J,
chains of ultracold molecules on optical lattices, Phys. Rev. A
96, 043618 (2017).

[39] K. A. Kuns, A. M. Rey, and A. V. Gorshkov, d-wave superflu-
idity in optical lattices of ultracold polar molecules, Phys. Rev.
A 84, 063639 (2011).

[40] F. Piazza and P. Strack, Quantum kinetics of ultracold fermions
coupled to an optical resonator, Phys. Rev. A 90, 043823
(2014).

[41] V. D. Vaidya, Y. Guo, R. M. Kroeze, K. E. Ballantine, A. J.
Kollar, J. Keeling, and B. L. Lev, Tunable-Range, Photon-
Mediated Atomic Interactions in Multimode Cavity QED, Phys.
Rev. X 8,011002 (2018).

013173-9


https://doi.org/10.1103/PhysRevLett.121.223601
https://doi.org/10.1103/PhysRevLett.89.253003
https://doi.org/10.1103/PhysRevA.72.053417
https://doi.org/10.1140/epjd/e2008-00074-6
https://doi.org/10.1209/0295-5075/96/43001
https://doi.org/10.1016/j.aop.2013.08.015
https://doi.org/10.1209/0295-5075/111/53001
https://doi.org/10.1103/PhysRevA.92.063808
https://doi.org/10.1103/PhysRevA.96.043618
https://doi.org/10.1103/PhysRevA.84.063639
https://doi.org/10.1103/PhysRevA.90.043823
https://doi.org/10.1103/PhysRevX.8.011002

