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under Tunable Gauge Fields

. . 1% . ) . . e e 4 .. .
Michele Miotto®, * Pietro Lombardi®, 3 Giovanni Ferioli , Joana Fraxanet ,5 Maciej Lewenstein®,™
.2 .
Luca Tanzi®, 3 and Luca Barbiero

5,6
7.}

Institut fiir Physik und Astronomie, Technische Universitit Berlin, Hardenbergstraf3e 36, 10623 Berlin, Germany
2Consiglio Nazionale delle Ricerche—Istituto Nazionale di Ottica, Sede Secondaria di Sesto Fiorentino
3European Laboratory for Nonlinear Spectroscopy (LENS), Universita di Firenze, Firenze, Italy
4Department of Physics and Astronomy, University of Florence, 50019 Sesto Fiorentino, Italy
ICFO—Institut de Ciencies Fotoniques, The Barcelona Institute of Science
and Technology, Avinguda Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain
®ICREA, Passeig de Lluis Companys 23, 08010 Barcelona, Spain
"Institute for Condensed Matter Physics and Complex Systems, DISAT, Politecnico di Torino, I-10129 Torino, Italy

® (Received 19 September 2025; revised 10 June 2026; accepted 12 June 2026; published 22 July 2026)

Supersolidity and magnetism are fundamental phenomena characterizing strongly correlated matter.
Here we unveil a mechanism that directly connects these two regimes and can be experimentally accessed
in ultracold atomic systems. Specifically, we exploit the distinctive properties of magnetic lanthanide atoms
trapped in a one-dimensional antimagic wavelength optical lattice. This platform enables a realistic
implementation of a triangular Bose-Hubbard ladder featuring two key ingredients: strong long-range
interactions and tunable gauge fields. Owing to these properties, our numerical analysis reveals a robust
lattice supersolid regime with finite fluxes in each triangular plaquette. Remarkably, we show that the
density modulation of the supersolid phase and a finite gauge field induce magnetic ordering of the fluxes,
forming ferromagnetic and ferrimagnetic patterns. Our results thus reveal a quantum effect that bridges

supersolidity and magnetism.

DOI: 10.1103/tbp3-7rh3

Introduction—The quantum mechanical effects under-
lying the formation of strongly interacting states of matter
represent a fundamental topic in quantum physics [1,2], yet
key mechanisms remain unexplored. In this context, ultra-
cold atomic systems [3—5] have emerged as an innovative
tool to deepen the understanding of a wide variety of
quantum many-body phases [6-9], among which magnet-
ism [10,11] is a primary example. Evidence for this is
provided by the remarkable realizations of ferromagnetic
[12,13], antiferromagnetic [14,15], and ferrimagnetic [16]
states, where specific atomic degrees of freedom effectively
reproduce electron spin orderings.

The fundamental role played by trapped atoms at ultralow
temperatures [17,18] has been further highlighted by the
observation of one of the most elusive states of matter:
supersolidity [19-21]. While first instances of this regime
have been achieved in different setups [22-24], the
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anisotropic long-range dipolar interaction promoted mag-
netic lanthanide atoms [25] as the primary constituents of
supersolid phases [26-28].

Great efforts have also been devoted to create strongly
correlated phases driven by dipolar interactions in settings
where magnetic atoms are trapped in optical lattices [29-32].
In this direction, important results have exploited a drastic
reduction of the lattice spacing [30,33,34]. Nevertheless,
accessing and probing these regimes remains highly chal-
lenging, and alternative strategies might be of crucial
relevance.

In this Letter, we establish a connection between magnet-
ism and supersolidity, which can be directly explored using
an innovative experimental setup that significantly magni-
fies the long-range dipolar repulsion. In particular, we first
design a configuration where magnetic dysprosium atoms
are confined in a one-dimensional antimagic wavelength
optical lattice, which enables two Zeeman states to occupy
spatially shifted sublattices separated by 1/4-100 nm.
Raman coupling [35-38] between spin states generates
tunable complex tunneling processes across the sublattices,
effectively synthesizing a triangular extended Bose-
Hubbard ladder in a gauge field [39—44]. Crucially, at this
subwavelength scale the dipolar interaction between near-
est-neighbor sites becomes comparable to the on-site one in
a broad range of lattice depths.
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FIG. 1. (a) Two-component gas of Dy trapped in a one-
dimensional optical lattice at the antimagic wavelength and
relative interactions, see first row of Eq. (1). We note that the
A/2 periodicity of the intensity profile corresponds to Aj = 2.
(b) Effective triangular ladder description of the model with
correspondent hopping processes, see second and third rows of
Eq. (1). Each triangular plaquette is characterized by effective
current flux ®% or @, see Eq. (5), with currents indicated in
violet and defined in Eq. (6). (c)—(e) Local density and current
flux patterns for the three observed phases in the case of explicitly
broken time reversal symmetry.

Our numerical analysis reveals that, because of these
intriguing features, interesting many-body phases, includ-
ing a lattice supersolid [17,45-48], characterize the ground
state of this system. Strikingly, this supersolid regime hosts
staggered flux patterns with magnetic order—either ferro-
magnetic or ferrimagnetic—arising from the interplay
between finite gauge fields and the dipolar repulsion
induced density modulation. Finally, we provide a concrete
procedure to prepare and probe the intriguing states of
matter that our results unveil.

Magnetic atoms in an antimagic wavelength optical
lattice—Our scheme builds on magnetic lanthanide atoms,
such as dysprosium and erbium, confined in a one-dimen-
sional optical lattice of wavelength A. These atoms exhibit a
large tensorial polarizability in the ground state due to their
unfilled 4f shell, giving rise to strongly state-dependent
optical potentials [34,49-52]. By exploiting the ability to
tune the scalar-to-tensorial polarizability ratio near an
electronic resonance, an antimagic potential [40,42] for
two successive Zeeman states can be achieved. In this
regime, the selected states experience optical potentials of
equal depth and opposite sign [53], thus producing two
spin-selective sublattices displaced by 1/4. Importantly, this
enables interparticle spacings as small as 100 nm—well

below standard optical lattice scales—without resorting to
ultraviolet light [60,61]. We focus on bosonic dysprosium
atoms in the Zeeman sublevels |a) = |J = 8, m; = —8) and
|by = |J =8, m; = —7), which are particularly suitable as
they exhibit suppressed dipolar relaxation and nearly equal
contact interactions U,, ~ U,, = U when the magnetic
field is tuned near 2.75 G [62]. The antimagic condition for
|a) and |b) is satisfied whenever the scalar and tensorial
polarizabilities reach a specific ratio, which naturally occurs
near electronic resonances [53]. In our scheme, this con-
dition is fulfilled in the 529.87-530.25 nm range. Crucially,
in this configuration the effective nearest-neighbor dipolar
repulsion reaches V/h =~ 130 Hz, thus comparable to the
on-site interaction U across a wide range of lattice depths
[53]. Note that similar dipole-dipole interaction strengths
are obtained with polar molecules in lattices with ~0.5 pm
spacing [63,64]. Coherent tunneling between the two spin
states is induced by a two-photon Raman coupling [35,65],
which drives spin-flip hopping between adjacent sites of the
two sublattices. This process generates a complex nearest-
neighbor tunneling term J, ¢’?, where the amplitude is set by
the Raman intensity and spatial overlap between the initial
and the final states, while the gauge field ¢ is determined by
the beam geometry [35-38]. In contrast, next-nearest-
neighbor tunneling J, arises from kinetic processes within
each sublattice and is controlled by the lattice depth. The
resulting system is described by the extended Bose-Hubbard
Hamiltonian

1=V
(L-2)/2 ]

— Z |:J2 (Cl;m_l A1 + a;mGZm-ﬁ—Z + HC)
m=1

+J, <e:w(2m—1)a;m_]a2m + e—:w(zm)a;mazmﬂ —|—H.C.)] .

(1)

Notably, although our approach relies on a purely one-
dimensional trapping potential, Eq. (1) effectively describes
a strongly interacting triangular ladder in a gauge, see Fig. 1.
More in detail, here a’ and a are the usual bosonic
operators. For ease of notation, the index m runs over
the effective triangular plaquettes and is shared by two
consecutive plaquettes, while j and k run over all L lattice
sites. The specific structure of the nearest-neighbor hopping
term leads to triangular plaquettes being pierced by a gauge
field of £¢. In the following sections, we employ the
density-matrix renormalization group (DMRG) method
[66-68] to investigate the possible quantum phases emerg-
ing from the distinctive properties of H.

Geometrically frustrated regime (¢ = n)—We begin
our analysis by fixing ¢ =z and the particle density
in=[(N,+ N,)/L] = 1. Notably, this choice generates a
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FIG. 2. (a) Phase diagram of the model in Eq. (1) at ¢ = 7 and
U/J, =6, as a function of V/J, and J,/J, for total density
n = 1. Here, we observe five different phases: MI, HI, DW, CSF,
and SS. The stars refer to concrete experimental parameters, see
Supplemental Material [53] for details, giving rise to the indicated
values of J,/Jy, U/Jy, V/J, and ¢. Dashed lines and color
gradients signal transitions of the KT type, while solid lines
indicate first-order transitions. The horizontal dashed line at
V/J, = 3.7 represents the cut along which the order parameters
are shown in the panels below. (b) Parity operator (2) as a
function of J,/J, computed at r* = 200. (c) Structure factor (3)
for k = m as a function of J,/J;. (d) Expectation value of g' (4) as
a function of J,/J;, computed at r* =200. In the DMRG
simulations, we used maximum bond dimension y = 800.

sign staggered real-valued J;, which, for finite J,, can
induce effective geometric frustration [41,42,69—74]. Our
results in Fig. 2(a) show that for small J,/J, the frustration
is not effective and Eq. (1) reproduces the phase diagram of
the widely investigated frustration-free 1D extended Bose-
Hubbard model [45,61,75-79]. In this regime, dominant
onsite repulsions U stabilize a Mott insulator (MI), captured
by the parity order parameter [80,81]

Op(r) = " 2™ @

with én; = (2 — n;), see Fig. 2(b). By increasing V, the MI
is replaced by the topological Haldane insulator (HI), while

for even stronger dipolar repulsions, a density wave (DW)
insulator emerges. In the latter, the translational symmetry
breaks down and alternation between sites with high and
low occupation occurs. As is intuitive, this density modu-
lation is captured by a finite peak at k = 7 in the structure
factor

S = 7S¢ ). ©

r

Importantly, increasing geometric frustration, i.e., taking
larger J,/J, ratios, profoundly alters this picture.
Specifically, for low V the MI undergoes a transition of
the Kosterlitz-Thouless (KT) type and is replaced by a
chiral superfluid (CSF) [53] with spontaneously broken
time-reversal symmetry [41,42,71,72,74,82]. In Fig. 2(a),
see the horizontal dashed line, we further find that for
larger dipolar repulsions, geometric frustration can induce
a first-order phase transition from a Mott insulating to a
density wave regime. Evidence of this is reported in
Figs. 2(b) and 2(c), where we show that at a critical value
J,/J, the parity operator Op(r) vanishes and the finite
value S(k = ) signals the breaking of the translational
symmetry. As shown in Fig. 2(d), important information
can also be extracted from the behavior of the single
particle Green function

9'(lk = jl) = (bib;) (4)

for finite large distances |k — j|. In both MI and DW,
g'(Jk = j|) = 0 already for relatively short distances, indi-
cating an exponential decay distinctive of insulating phases.
In contrast, by increasing J,/J; the single particle Green
function decays algebraically and its value for large |k — j
becomes significant. According to Luttinger theory [83],
this behavior signals the onset of a one dimensional gapless
superfluid (SF) phase. Crucially, in this regime S(z) # 0,
indicating that superfluidity coexists with the breaking of
the translational symmetry. As a consequence, these results
define a lattice supersolid (SS) phase. The DW-SS transition
is also of the KT type, analogous to the MI-SF transition
observed in the conventional 1D Bose-Hubbard model [84].
It is important to emphasize that, in the regimes of relatively
large U, this SS phase cannot take place if either J, ~ 0 or
V = 0. This highlights that the combination of geometric
frustration and large dipolar repulsions is responsible for the
appearance of this 7 = 1 lattice SS phase.

Magnetic ordering of fluxes—Except for a few known
examples [85,86], SS states typically preserve time-reversal
invariance. Here, the tunability of the gauge field enables us
to systematically investigate the properties of supersolidity
under explicitly broken time-reversal symmetry. Important
insight on this latter scenario can be also unveiled through
the behavior of the generated current flux in odd and even
effective triangular plaquettes
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DL = jim A+t = a7

Y = —jry = Jm i (5)

respectively, where
. (2m-1)
Jm —1J, (e"/’ m= azm 1o — H.c.),
]}‘ =-1J; (e 1 (2m) azm‘12m+1 —H.c. )
" = -] - H.
Jm /s azm 192m+1 C.

Jm =1, (aémazmu - H-C-) (6)

are the currents along the diagonal and horizontal links, see
Fig. 1(b), and the overall staggered flux average [87]

S

In our analysis, we fix the Hamiltonian parameters U, V, J|,
and J, able to stabilize the SS regime illustrated in Fig. 2(a),
and explore the effects produced by variations of the gauge
field in the range 0 < ¢ < z. In Fig. 3(a), we report that, for
a weak @, superfluidity—signaled by g'(r*) # O—persists,
while the vanishing S(z) in Fig. 3(b) indicates that trans-
lational invariance is preserved [88]. Therefore, we can
conclude that supersolidity is unstable for small gauge fields
and a homogeneous superfluid emerges as the favorable
ground state. We now exploit the similarity between the
periodic structures that @2 /®, can develop and the
magnetic ordering of spins in the odd/even sites of a 1D
chain with effective staggered magnetization ®. Based
on this, the results in Figs. 3(c) and 3(d) find this SF
phase, usually called Meissner SF [41,89,90], to be char-
acterized by an effective ferromagnetic flux structure as
®L = ®) > 0and ® = 0, see also Supplemental Material
[53]. By increasing ¢, different flux magnetic orderings
emerge. Specifically, Figs. 3(a) and 3(b) report that for
@ > 0.187 both g' (r*) and S(r) are finite, thus a first-order
transition related to the spontaneous breaking of the
translation symmetry occurs and a SS state takes place.
Figure 3(c) further explains that this SS phase features an
average staggered flux ® > 0 that signals the asymmetric
alternation between @2 and ®,.. Importantly, this latter
condition is induced by the presence of a finite gauge field
and by the SS density structure. Indeed, the density
imbalance between the legs causes the emergence of finite
interleg current, which is equal along all diagonal

)/ (L =3). (7)

links jf = j,}‘. Furthermore, the high/low occupation of
odd/even sites implies |j5~| > |jy~| [53]. These facts,
together with j2~ < 0, lead to ®5 > ®,) > 0 [91] in this
range of parameters, see Fig. 3(e). As a consequence, we
can identify such a phase as a supersolid characterized by a
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FIG. 3. Behavior of (a) the single particle Green function g' at
r* = 60; (b) the structure factor S(z); (c) the overall staggered
flux average ®, as a function of ¢/ and fixed U/J, = 6,
V/J, =4.5 and J,/J, = 1.7. Green regions correspond to the
Meissner superfluid, while grey and violet areas indicate ferro-
and ferrimagnetic supersolid phases, respectively. Panels
(d)—(f) show the effective current fluxes per plaquette @2 and
@, for ¢/zx = {0.1,0.2,0.4}, respectively. The plaquettes are
taken in the middle of the chain of length L = 101. In the DMRG
simulations, we used maximum bond dimension y = 1000. We
have checked that the values of the currents entering the
equations for @5 and @, are robust against changes of the
length of the chain.

ferromagnetic flux structure (Ferro-SS). For larger ¢, our
numerics show that the density modulation of the SS phase
still enables the appearance of a staggered flux pattern.
Importantly, we observe a crossover to the conditions
@2 > 0 > @, and |®%| > |®,| being fulfilled, as shown
in Fig. 3(f). In analogy with spin chains, this structure thus
describes a ferrimagnetic flux ordering embedded in a SS
phase (Ferri-SS). These results thus unveil that intriguing
states of matter—the Ferro-SS and Ferri-SS phases—
where supersolidity and magnetism coexist can character-
ize strongly correlated regimes. Importantly, these uncon-
ventional features emerge thanks to the specific density
structure of a lattice SS phase combined with large enough
gauge fields.

State preparation and detection scheme—Here, we show
how these many-body phases can be experimentally pre-
pared and probed with high accuracy. Specifically, the
ground state of the Hamiltonian equation (1) can be
prepared by directly loading a Dy Bose-Einstein conden-
sate in the |8, —8) state into the antimagic optical lattice.
With an appropriate tuning of interatomic interaction and
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axial confinement, the system can be initialized in a low-
energy, doubly occupied, Mott insulator phase. Adiabati-
cally turning on the Raman coupling induces a finite
occupation of the |8, —7) state [53], thereby enabling access
to the unit-filling regime 7# = 1. Moreover, as accurately
shown in [53] and reported in Fig. 2(a), by exploiting the
possibility to independently tune all the Hamiltonian
parameters J, ¢, J,, U, and V, the discussed regimes turn
out to be experimentally accessible. Taking advantage also
of the synthetic nature of the ladder geometry, such states of
matter can be detected in the experiment using standard
spin-resolved time-of-flight (TOF) absorption imaging,
without the need for a quantum gas microscope and
single-site resolution. Indeed, TOF images provide infor-
mation about the momentum distribution of the atomic
sample in the lattice. On the one hand, this measurement
gives access to the single-particle Green function g'(r) [92],
thus distinguishing phases with superfluid properties (SF
and SS) from insulators (MI and DW). On the other hand,
by performing state-sensitive imaging, e.g., by applying a
magnetic field gradient during the free expansion, one can
differentiate between phases characterized by mainly one
spin component (SS and DW) and phases characterized by
two equally populated spin components (SF and MI). To
detect the different magnetic orderings appearing in the SS
regime, an investigation of the currents in both the real and
the synthetic dimensions is required. A simple measurement
in state resolved band-mapping procedure is enough to
determine the presence of collective currents in the real one
[37]. Concerning the synthetic direction, following [93], we
propose to project the ladder system onto a 1D lattice of
isolated double wells in the synthetic dimension, each well
corresponding to a spin state, and use the complex hopping
J, induced by the Raman transition to map the current
operator between the two wells onto the double-well
population imbalance, see Supplemental Material [53].
Conclusions and perspectives—Our results unveil a
mechanism linking supersolidity and magnetism. Thanks
to the capability of achieving strong dipolar repulsions in
the presence of tunable gauge fields, our derived exper-
imental setup offers a direct path to probe such a scenario as
well as to explore strongly correlated regimes dominated by
long-range interactions. As we prove, these configurations
can be realistically achieved by exploiting the properties of
Raman coupled magnetic lanthanide atoms trapped in an
optical lattice at the antimagic wavelength. Motivated by
the versatility offered by this innovative setup, our numeri-
cal analysis reveal that the interplay of tunable gauge fields
and large local and long-range interactions makes possible
the appearance of a lattice supersolid phase where fluxes
order into ferromagnetic or ferrimagnetic structures.
From an experimental perspective, our results provide a
powerful and alternative strategy to magnify the strength of
the dipolar interaction in lattice systems without resorting
to UV wavelengths [60,61] or bilayer lattice schemes [34].

The further tunability of gauge fields, makes it possible to
envision our setup as an important future tool for exploring
strongly interacting phases of matter in effective magnetic
fields, whose quantum simulation represents a challenging
and timely research subject [90,94]. In addition, because of
the controlled spin state occupation, this architecture can be
further employed to engineer Hamiltonians in constrained
spin space [62,95,96]. We finally remark that, although we
concentrated on dysprosium, our scheme directly applies to
erbium.

From a theory perspective, a natural question concerns
the possible existence of similar linking mechanisms
between different strongly correlated states of matter. In
addition, an important future direction will be to explore
whether similar flux orderings emerge in 2D lattices, where
supersolidity is also predicted [97]. Importantly, magneti-
cally ordered fluxes in 2D can also suggest the presence of
topologically protected phases [98]. As a consequence, our
results might represent a first preliminary step to reveal a
possible connection between supersolidity and topology.

Our results provide a new avenue to create and under-
stand many-body regimes dominated by long-range
interactions and reveal an intriguing interplay between
supersolidity and magnetism.

Calculations were performed using the TeNpy library
(version 1.0.0) [68].
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