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Abstract – Ultracold atomic spin mixtures develop rich and intriguing magnetic properties when
external radiation coherently couples different spin states. In particular, the coupled mixture
may acquire a critical behavior when the spin interactions equal the coupling energy. However,
atomic mixtures generally feature a relatively high sensitivity to magnetic fields that can set a
limitation to the observable phenomena. In this article, we present an overview of experimental
studies of magnetism based on superfluid multicomponent gases in an ultrastable magnetic field
environment, which recently became available.
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Introduction. – When two fluids are mixed together,
the properties of the mixture can be quite different from
those of their individual constituents. For instance,
the critical points can dramatically change, and mixing-
demixing dynamics start playing a relevant role [1].

In recent years, experimental advances in manipulat-
ing ultracold gases have opened the route for the study
of mixtures of quantum fluids. Among the many experi-
mental realizations, an intriguing platform is given by spin
mixtures, i.e., homonuclear mixtures realized with atoms
occupying different hyperfine states. If all magnetic sub-
levels of a given hyperfine state are present in the system,
such mixtures are usually referred to as spinor gases [2],
and the wave function acquires a multicomponent nature.
As a result, the physics of the system is characterized by
competition among all the interaction constants, leading
to magnetic ordering or fragmentation [3,4].

Even a simple two-component spin mixture [5] allows
for a plethora of experiments spanning from magnetism to
defect formation and cosmology. This is favored by the ad-
ditional possibility to coherently couple the target atomic
states with external resonant radiation [6]. The presence

(a)E-mail: alessandro.zenesini@ino.cnr.it (corresponding
author)

of a coherent coupling greatly affects the ground-state
structure and the spectrum of elementary excitations in
the system, as it was considered in ref. [7].

Unless using special spin mixtures characterized by an
energy difference between the atomic states insensitive to
the first order to magnetic field variations [8,9], the stabil-
ity against magnetic field fluctuations represents a major
challenge in the realization of spin mixtures. In fact, the
reproducibility of spin manipulation strongly depends on
the control over the energy difference of levels typically
featuring different magnetic dipole moments. The prob-
lem becomes more relevant when the coupling radiation is
used not only for fast spin manipulation schemes but also
over long periods. The latter imposes strict constraints
on the energy levels’ stability to preserve coherence under
relatively weak coherent coupling conditions.

In the following sections, we introduce the relevant the-
oretical background and the experimental platform used
in a series of experiments on sodium two-component spin
mixtures investigated in a magnetically shielded environ-
ment [10]. Then, we report the main results of studies on
the ground-state properties (the spectrum of linear exci-
tations and the para- to ferromagnetism phase transition)
and the out-of-equilibrium dynamics of such a mixture.
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Theory. – The ground-state properties and the dy-
namics of a bare spin mixture, where two superfluids
with atomic densities n↑ and n↓ coexist, originate from
the presence of interactions between atoms in different
spin states, which couple the two single-component Gross-
Pitaevskii equations. At the mean-field level, the cou-
pling occurs via the intercomponent interaction energy
∝ g↑↓

√
n↑n↓, where g↑↓ is the intercomponent coupling

constant. For finite values of g↑↓ the mixture excitations
can be conveniently described in terms of two indepen-
dent channels, the total density n = n↑ + n↓ and the spin
channel s = n↑ − n↓. The two correspond to “in-phase”
and “out-of-phase” excitations of the two superfluids, re-
spectively. The energy scales for excitations in the two
channels can be well separated. In fact, introducing the
coupling constant g as the mean between the intracom-
ponent ones, g↓↓ and g↑↑, it is possible to define a spin
interaction energy μs = n δg/2, where δg = (g − g↓↑),
in analogy with the definition of the chemical potential
μd = n(g + g↓↑)/2. As we will discuss in detail later, the
presence of two degrees of freedom is associated with the
emergence of two Bogoliubov modes.

An external radiation enriches the physics of the mix-
tures by introducing a coherent coupling with strength ΩR

and detuning δ from the atomic transition [6,11]. This
works as a “phase locker” between the two phases asso-
ciated with the two states. While the density channel is
substantially unaffected, the spin sector is greatly modi-
fied, and its energy in local density approximation reads

E = n δgZ2/2 − �ΩR

√
1 − Z2 cosφ − �δeffZ, (1)

where we introduced the normalized magnetization
Z = s/n ∈ [−1, +1], in analogy with the common two-level
system. Here, φ is the relative phase between the cou-
pling field and the two-level system, while δeff is the ef-
fective detuning from the atomic resonance. Notice that,
in general, an imbalance Δg = (g↓↓ − g↑↑)/2 between the
intracomponent coupling constants contributes to δeff as a
density-dependent mean-field energy shift. This shift can
be experimentally compensated by the detuning δ (fig. 1).

At resonance, the magnetic ground state of the system
can be found for a vanishing relative phase, and it obeys
the equation (nδg + �ΩR/

√
1 − Z2)Z = 0 which exhibits

two different regimes. For �ΩR > −n δg, the ground state
is unpolarized, Z = 0, with homogeneous magnetization
all over the sample. This is always true for a miscible mix-
ture since nδg > 0 [12]. For an immiscible mixture, when
�ΩR < −nδg the ground state bifurcates into two degen-
erate ground states with Z = ±(1 − (�ΩR/n|δg|)2)1/2 [6].
The existence of a bifurcation in the ground state of the
system is reminiscent of the quantum phase transition
(QPT) occurring in the Ising model, belonging to the
same universality class. For this reason, the unpolarized
and bifurcated regimes are referenced as the paramagnetic
and ferromagnetic phases, respectively. The existence of
this bifurcation [13] and the generation of squeezed atomic

Fig. 1: Energy levels for the F = 1, 2 hyperfine states of sodium
electronic ground state. Possible coupling schemes are shown
for stable two-component mixtures.

Table 1: Hyperfine components, scattering lengths, typical spin
interaction energy and mean-field energy difference between
state | ↑〉 and state | ↓〉 for the two different mixtures used.
The energy values refer to the peak density at the center of the
condensate.

State State a11 a22 a12 n δg/h n Δg/h
Mix. | ↓〉 | ↑〉 [a0] [a0] [a0] (kHz) (kHz)

A |1, −1〉 |1, +1〉 54.5 54.5 50.8 0.2 0
B |1, −1〉 |2, −2〉 54.5 64.3 64.3 −1.2 −1.2

states [14] was first observed with a coherently coupled gas
of rubidium atoms in single mode approximation.

The atomic system. – Spin mixtures of ultracold
atoms can be realized by populating different hyperfine
states |F, mF 〉 of the electronic ground state, where F is
the total angular momentum and mF the projection on
the quantization axis. Figure 1 shows the F = 1, 2 hyper-
fine manifold, which is shared among most of the bosonic
alkali atoms.

In the specific case of sodium (23Na) atoms, the dis-
tance between the two manifolds is 1.771 GHz, to which
Zeeman shift on the single state adds up in the pres-
ence of an external magnetic field. At low magnetic
fields, the linear Zeeman regime dominates, and the energy
shift is about 0.7 MHz/G for each quantum of mF . The
choice of the states forming the mixture follows two re-
quirements: the stability against spin-changing collisions
and the desired combination of intra- and intercomponent
interaction strengths.

In the experiments presented in the following, two spin
mixtures, trapped in an elongated harmonic confinement,
are used to address the cases of positive and negative δg,
see table 1. Combining |1, −1〉 and |1, +1〉 (Mix. A), the
mixture is symmetric in the interaction strengths and re-
quires a two-photon coupling. Decay into the |1, 0〉 state
due to spin-changing collisions is prevented by adding
a quasi-resonant microwave radiation between |1, 0〉 and
|2, 0〉 to lift the energy of |1, 0〉. The stretched state com-
bination |1, −1〉 and |2, −2〉 (Mix. B) is stable against
spin collisions, it requires a single-photon coupling, and it
is not symmetric in the intracomponent scattering lengths.
It is worth noticing that in the absence of any coupling ra-
diation, mixture A is fully miscible, i.e., both gases tend
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Fig. 2: Elementary excitations in spin mixtures. (a) Generation mechanism of Faraday excitations in spin mixtures. An
excitation with frequency ωM decays in two phonons with half the energy and opposite wave vectors. Without coupling, the
density (red) and spin (blue) decay channels correspond to gapless excitations. For finite coupling, ΩR �= 0, the spin mode (light
blue) is gapped and quadratic for low wave vectors. (b) Two-dimensional imaging of the atoms with an axial periodic pattern
in both components (top). Depending on the experimental parameters, the pattern is more evident in the total density (left
images) or in the magnetization (bottom). (c) Most excited wave vectors k, extracted from the spatial Fourier analysis of the
uncoupled (blue) and coupled (light blue) mixture at different modulation frequencies. Experimental points are compared with
theoretical dispersion relations (lines), calculated from eqs. (2), (3) with no free parameters. Figures and data adapted from [22].

to acquire the same spatial distribution in their ground
state [15,16], whereas mixture B is immiscible and the
two gases occupy different regions with minimal overlap.

For both mixtures studied here, the energy difference
between the involved states is sensitive to the first-order
Zeeman effect. Therefore, any field fluctuation uncontrol-
lably modifies the two-level system, causing strong shot-
to-shot fluctuations in the relative population and a rapid
drop of in-shot coherence between the two states.

To circumvent this problem, the field needs to be sta-
ble enough so that the noise on the Zeeman energy can
be much smaller than the coupling strength and the spin
interaction energy. Given the relatively small value of the
latter, typically of the order of a few hundred Hz, see ta-
ble 1, the magnetic field has to be stable at the level of a
few μG.

The magnetic field stability requirements can, in princi-
ple, be reached with an active feedback loop for magnetic
field stabilization [17] or by passive means. This last so-
lution is based on a carefully designed magnetic shield,
built with a high-magnetic-permeability material such as
μ-metal, and installed around the science chamber. This
setup was already employed in previous works [18,19], and
it has the key advantage of providing low-frequency stabil-
ity without needing a magnetic field sensor. In our setup,
it allows for stability at the level of a few μG [10].

Elementary excitations. – (Mix. A) —In a two-
component superfluid in the absence of coupling, the
presence of two normal modes corresponds to two gap-
less excitation spectra for the spontaneously broken
U(1) × U(1) symmetry of the system [12], related to the
independent conservation of the number of particles for
each spin component. Both branches exhibit a sonic
regime at low wave vector k, albeit with different speeds
of sound cd(s), as they are directly determined by μd(s).
The first experimental measurement revealing the exis-
tence of two well-distinguished sound speeds was reported
in ref. [20] with a gas of sodium atoms.

By adding a coherent coupling between the two states,
the conservation law for the relative number of particles

is explicitly broken. Consequently, the spin dispersion re-
lation acquires a gap at k = 0, reflecting the additional
energy cost required to excite the relative phase. The full
spectra of elementary excitations, captured by Bogoliubov
theory [12], are given by

�ωd =

√
�2k2

2m

(
�2k2

2m
+ (g + g12)n

)
, (2)

�ωs =

√(
�2k2

2m
+ �ΩR

) (
�2k2

2m
+ n δg + �ΩR

)
, (3)

where it is evident that a finite value of the coupling
strength ΩR only affects the spin dispersion relation with
a gap at k = 0 equal to ωpl =

√
ΩR(ΩR + nδg/�), called

the plasma frequency.
The full spectrum of elementary excitations, beyond the

phononic regime reported in [20], can be measured, for in-
stance, using Bragg spectroscopy, already employed for
a measurement of the Bogoliubov spectrum in a single-
component condensate [21]. A simpler approach, demon-
strated in ref. [22], is to use Faraday patterns, which can
be generated through a periodic excitation of the non-
linear interaction term by modulating the trapping poten-
tial at frequency ωM [23]. As a result, k = 0 phonons at
frequency ωM are injected in the superfluid bulk, which
subsequently decay into two entangled counterpropagat-
ing phonons at half the driving frequency, following en-
ergy and momentum conservation. In a spin mixture, two
decay channels are available (fig. 2(a)).

To observe the phenomenon experimentally, we start
from a fully polarized BEC in |↓〉, which is converted into
a homogeneously balanced mixture using a partial spin
rotation, as detailed in [24]. We subsequently modulate
the radial confinement of the trap for a given time and
then apply spin-selective imaging to measure the spatial
arrangement of the atomic densities in the two states. Ex-
amples of final spin-sensitive distributions are shown in the
greyscale images in the upper panel of fig. 2(b) for two dif-
ferent modulation frequencies. The density and spin chan-
nel are then reconstructed as the sum and difference of the
two density distributions. The result of this procedure is
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shown as the red and blue images in the lowest part of
panel (b), where it is clear that a regular pattern is cre-
ated in either of the two channels. For various modulation
frequencies ωM , we extract the most excited wave vectors
in the spatial Fourier transform of the density and spin
distributions and reconstruct the dispersion relations.

A comparison between experimental points and the Bo-
goliubov prediction is shown in fig. 2(c) for both the den-
sity (red) and the spin channels (blue, light blue). As
expected, in the presence of a finite value of the cou-
pling (ΩR/2π = 30 Hz), the spin mode becomes gapped
(light blue points). Remarkably, such a low coupling
strength, under resonance conditions, is accessible only
thanks to the high stability of the magnetic field ensured
by the aforementioned magnetic shield installed around
the science chamber.

It is worth mentioning that besides elementary excita-
tions, a spin mixture can also support localized topological
excitations such as different kinds of vortices or soli-
tons [25,26]. One particular example of a two-component
soliton is represented by the magnetic soliton [27], a lo-
calized solitary wave with an out-of-phase population im-
mersed in a balanced miscible mixture. Such a magnetic
defect was produced via phase imprinting [28,29], and its
oscillation in a harmonic potential was observed thanks
to its much longer stability, as compared to its density
counterpart.

The presence of coherent coupling introduces an addi-
tional solitonic solution, known as sine-Gordon soliton,
consisting of a domain wall in the relative phase [30], with
a 2π phase jump, whose width is fixed by the coupling
strength. In one dimension, the presence of such a do-
main wall is expected to completely alter the dynam-
ics of a solitonic excitation [31], leading to a dynamical
change in the sign of the soliton mass. Even more
appealing is the case of 2D planar geometries, where
half-quantized vortices (with a 2π phase winding on one
component and none on the other) can form [32]. For in-
stance, such exotic topological objects can spontaneously
form as decay products of an extended domain wall in
the presence of strong coherent coupling [33]. Such do-
main wall introduces a confinement mechanism reminis-
cent of the problem of quark confinement in quantum
chromodynamics [34].

Para-ferromagnetic QPT. – (Mix. B) —The mean-
field–driven bifurcation in the ground-state magnetization
of a spatially extended system can be interpreted as a
second-order quantum phase transition in the universal-
ity class of the transverse field Ising model [35]. In the
language of magnetism, the spin interaction energy n δg
is associated with an easy-axis ferromagnetic anisotropy,
while the coupling strength ΩR and the detuning from
atomic resonance δeff are associated with the transverse
and longitudinal fields, respectively [6,11].

The resulting phase diagram for the magnetization of
the local and absolute minima of the energy from eq. (1)

Fig. 3: Ferromagnetism in mixtures. (a) The central panel
shows the magnetization Z which minimizes eq. (1), with ex-
amples in the side panels. The green areas delimited by yellow
lines mark the regions where two minima exist. A hysteresis
cycle at |nδg|/�ΩR > 1 is marked by the black continuous line.
The single minimum at low |nδg|/�ΩR and δ/ΩR = 0 (A, para-
magnet) becomes a double-minimum profile for |nδg|/�ΩR > 1
(B, ferromagnet). For large detuning δ, only one minimum is
present in both cases (C and D). (b) Measured difference in
magnetization, ΔZ, between systems initialized in |↓〉 and |↑〉,
the yellow lines are the same as in panel (a). (c) The resonance
of the susceptibility χΩR and of the amplitude of the magnetic
fluctuations σ2 confirm the presence of the phase transition
from para- to ferromagnetism around |nδg|/�ΩR = 1 (dashed
grey line). Figures and data adapted from [11].

is shown in fig. 3(a). For n|δg| < �ΩR the system ex-
hibits paramagnetic nature with a smooth variation of
Z upon a variation of δeff . In this regime, the energy
landscape is single minimum, see A and C in fig. 3(a).
For n|δg| > �ΩR the system shows a hysteresis cycle in
ZGS while varying δeff , typical of ferromagnetic materi-
als. Within the hysteresis region (green area), the energy
profile has a typical double-well structure, which is sym-
metric in the particular case of δeff = 0 (B). For finite
values of the detuning, the two minima have different en-
ergy until one single minimum remains for large enough
δeff > |δhyst| (D), where the ferromagnet is saturated. To
summarize, the phase diagram presented here contains a
second-order QPT when changing n|δg|/�ΩR at δeff = 0,
and a first-order QPT in the ferromagnetic region while
varying δeff .

A similar phase diagram was investigated in ref. [36]
with a 0-dimensional 39K BEC trapped in a spatially en-
gineered double-well potential. In such a system, the com-
petition between the attractive mean-field energy, which
can be tuned through Feshbach resonances, and the ex-
ternal potential makes it possible to study the transition
between a localized state on either side of the double-well
potential (double-minimum energy landscape), to a delo-
calized state (single minimum). The authors used this sys-
tem to characterize the transition, showing evidence of a
hysteresis cycle and divergence of the susceptibility. A first
investigation of the QPT with spatial extended coherently
coupled 87Rb superfluid spin mixtures was performed in

45001-p4



Ultracold atomic spin mixtures in ultrastable magnetic field environments

Fig. 4: False vacuum decay. (a) The system is prepared in the right energy well. (b) By applying a non-zero detuning the
system is held in the metastable state and a variable time is waited to observe the passage to the left well (c). (d) Examples of
experimental observation. From top to bottom: no bubble, early stage small bubble, late stage expanded bubble. Images are
rescaled in units of the Thomas-Fermi radii of the condensate Rx = 200 μm and Ry = 2 μm. (e) Position of the bubbles with size
σx < 50 μm with respect to the center of the condensate. The distribution is fitted with a Gaussian function (solid black line).
(f) The probability P to observe the bubble increases in time and saturates at one. (g) The average bubble size σx increases
in time until it saturates to the ground-state size σfin. (h) The characteristic nucleation time τ increases, in logarithmic scale,
faster than linearly with (δeff − δhyst)/n|δg|. Figures and data adapted from [43].

ref. [37] quenching the strength of the coupling from the
para- to the ferromagnetic side to extract dynamical crit-
ical exponents associated with the fluctuation of the mag-
netization order parameter Z.

An in-depth investigation of the QPT was carried out
by our group in ref. [11], working with mixture B, which
features a negative value of δg and is robust against
spin-changing collisions. Here, we demonstrated the
spontaneous emergence of different magnetic phases in the
superfluid sample, whose spatial extension can be con-
trolled via the coupling strength ΩR and through the de-
tuning term δeff . The nature of the QPT is assessed by
mapping out the magnetic ground-state phase diagram by
preserving the system in the stationary state of “local”
minimal energy, initializing the system in | ↓〉 (| ↑〉) and
slowly increasing (decreasing) the detuning. Furthermore,
using a harmonic trap allows us to observe the QPT in
space in a single shot, thanks to the spatial variation of n.

In fig. 3(b), we show the measurement of the full phase
diagram, resulting from the difference ΔZ between the
measured magnetization for increasing and decreasing de-
tuning across zero. The ferromagnetic region emerges
when the two measurements differ from zero and is dis-
played in green. The presence of hysteresis in the sample
confirms the emergence of a magnetic first-order QPT,
characterized by a discontinuity in the magnetic order
parameter Z. The QPT can be explored by varying
the detuning (longitudinal field in the Ising model) at
a fixed n|δg|/�ΩR. On the other hand, the presence of
a second-order QPT, characterized by a discontinuity in
the first derivative of the order parameter, is investigated
by looking at the divergence of the magnetic susceptibil-
ity χ = ∂Z/∂δeff and spatial magnetic fluctuations σ2 at
δeff = 0. Both quantities peak around the critical point
(fig. 3(c)), as expected from the theory of QPTs.

At last, in the region fulfilling n|δg| > �ΩR, it is possible
to deterministically create and displace magnetic domain
walls by taking advantage of the buoyant character of the
spin mixture, along with the inhomogeneous total density
profile [11].

Metastability. – (Mix. B) —An interesting topic of
study is the relaxation dynamics of ferromagnets in the
hysteresis region, where, for small δeff , one of the states
becomes the absolute ground state of the system while the
other acquires a metastable character [38].

Thanks to the correspondence between field theories
and a mean-field description of the condensate, the two
minima can be identified as true and false vacuum, re-
spectively [39]. Quantum [40] or thermal [41] fluctuations
are expected to trigger the decay from the metastable
state to the absolute minimum. In this case, tunneling is
not a single-particle process but rather a many-body one,
which, in the field theory language, corresponds to the
macroscopic tunneling of the field through the ferromag-
netic energy barrier. This is expected to manifest through
the stochastic formation of bubbles of true vacuum inside
the false vacuum background [42].

This theory of false vacuum decay (FVD) was intro-
duced in the context of quantum field theory [39,40] and
applied to cosmological problems, but had no experimen-
tal verification so far because of the extreme energy scales
and the lack of tunable parameters to investigate. The
first experimental observation was recently reported by
our group [43], taking advantage of the first-order mag-
netic QPT naturally present in our system and from
the stability of the magnetic field. The latter becomes
crucial to finely tune δeff and hence the magnetic bar-
rier height and the energy imbalance between the two
vacua. Other schemes based on coherently coupled ul-
tracold gases [44–46] and on spin systems [38] have been
recently proposed to simulate the decay of a relativistic
metastable state.

Ramping δeff across the symmetric double-well condi-
tion (fig. 4(a)), we initialize an elongated condensate in
the metastable state (fig. 4(b)) and wait for it to de-
cay to the absolute ground state (fig. 4(c)). We let the
system evolve for a tunable time and image its spatial
magnetization as shown in fig. 4(d). Starting from a
homogeneous configuration (fig. 4(d), top), we witness the
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formation of a localized region of true vacuum, called bub-
ble (middle), which subsequently expands in the sample
(bottom).

The stochastic nature of the bubble formation mecha-
nism characterizes not only the time but also the location
at which the bubbles nucleate. In our system the pro-
cess is favored in the central region of the cloud, thanks
to the Z2 broken symmetry, and the spatial randomness
is confirmed by the Gaussian distribution of the bubble
position, which has a width much larger than the initial
bubble size of less than 1 μm (fig. 4(e)).

After the initial tunneling process, which preserves en-
ergy, the bubble is expected to expand freely by filling the
space with the energetically favorable true vacuum region.
The longer the waiting time, the higher the probability of
observing a bubble. Figures 4(f) and (g) show the proba-
bility of bubble appearance P , which increases until satu-
ration to unit value, and of the average size of the bubble
σx which grows in time up to σfin.

In [43], the bubble nucleation rate extracted from exper-
imental data, akin to the one shown in panel (f), has been
initially compared and confirmed with numerical simula-
tions of the coupled Gross-Pitaevskii equations. By adapt-
ing the field theory to the atomic system, good agreement
has also been reported between the experimental data and
the instanton solution of the false vacuum decay process:
see the line in fig. 4(h). Figure 4(h) highlights the strong
dependence of the decay time τ on the detuning δeff−δhyst,
spanning two orders of magnitude over a detuning change
of few tens of Hz, which is accessible thanks to the high
magnetic-field stability in our experiment.

The bubble formation mechanism in flattened two-
dimensional systems, their collisional properties, meson
confinement [47], and the role of the observer in bubble
formation [48] are interesting research directions.

Far-from-equilibrium dynamics. – (Mix. A) —Sp-
atially elongated magnetic systems with non-uniform
properties allow for studying processes arising from the
coexistence of different dynamical regimes within the
same sample. The spin 
S can be locally represented on
the Bloch sphere via both the magnetization Z and the
phase φ, and its dynamical evolution, even in a far-from-
equilibrium regime, is exactly captured by the Landau-
Lifshitz equation. In a coupled miscible superfluid mix-
ture, this equation takes the form ∂t


S+∂x

js = −H(
S)×
S,

where H = ΩRê1 + δg Sz ê3 is an effective non-linear mag-
netic field, ∂x


js is a position-dependent term related to
the spin current 
js inside the system, and ê1, ê3 label the
axes on the Bloch sphere.

Simple dynamics is expected when one of the two terms
in H dominates, either Rabi oscillation driven by ΩR, or
the non-linear effect coming from the anisotropy δg Sz.
Thanks to the high stability of the coupling at low Rabi
frequency, it is possible to engineer the equivalent of a
magnetic material with different dynamical regimes [49].

In the upper panels of fig. 5, we show the evolution of

Fig. 5: Dynamics in excited state. In A the strong non-linearity
in the center of the cloud locks the motion in the vicinity of
the north pole of the Bloch sphere. In the low-density tail of
the cloud C, the motion is between the north pole and the
south pole. Close to the interface region B, the motion fol-
lows simple dynamics just for a short time, being then affected
by the quantum torque, which drives a chaotic motion. Look-
ing at the whole cloud, this third behavior shows up as two
cones of strongly fluctuating magnetization, which expand and
“destroy” the inner and outer regions. The lower left panel
contains experimental results while the lower right one the nu-
merical simulations from which the Bloch spheres in A, B, C
are obtained. Figure adapted from [49].

the magnetization in time for spins initially aligned along
z and suddenly subject to an external coupling field at
t = 0. In the center of the cloud, the spin precesses
around a fixed point close to the north pole of the Bloch
sphere (panel A), while in the low-density outer regions
the spin motion encompasses the whole Bloch sphere, as
expected from single-atom dynamics (panel C). Interest-
ing dynamics occur at the spatial interface xc between the
two regions (panel B), identified by n(xc)δg = �ΩR, where
both in experiments and simulations (lower panel in fig. 5)
the interface breaks down into a turbulent magnetization
region, which expands in the sample. The origin of the
turbulent regime is rooted in the build-up of spin currents
close to the interface, where the phase is rotating in the
outer side and locked in the inner one. As a result, the
gradient of the current ∂xjs(x) gains importance, as com-
pared to H , until the local orbits on the Bloch sphere de-
viate from the original one in the bulk (see B). The most
energetic term, in this case, is proportional to ∇2
S, is
known in the literature as quantum torque and arises from
the exchange interactions [49]. It is worth noticing that
the highly turbulent regime appears because the system
is excited and driven out-of-equilibrium from the sudden
switch-on of the coupling. While a spatial magnetization
gradient was also present in the work of ref. [11], there the
focus was on linear excitations on the spin ground-state
background, and the quantum torque played a minor role.

Future directions. – The studies presented here pro-
vide a brief overview of experiments carried out with spin
mixtures of ultracold atoms in the presence of coherent
coupling. The Hamiltonian for the spin sector of the sys-
tem shares the same universality class as the quantum
Ising model, allowing for the study of magnetic phenomena
and excitations above the ground state in a controlled yet
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flexible environment, where a paradigmatic example is the
experimental observation of false vacuum decay. A natu-
ral extension of this topic is the study of the effect of tem-
perature, which is expected to exponentially suppress the
decay rate until quantum effects set in [41,50]. Another
promising possibility is the implementation of dedicated
tools, consisting of a pair of localized Raman coupling
laser beams [51] to generate bubbles on demand, possibly
in a 2D geometry, opening to the study of the expansion
dynamics of bubbles.

The advanced spatial engineering of both the coupling
and the density profiles is a powerful tool to design atomic
and spintronic circuits or to create vortices on demand in
novel geometric configurations. Another promising direc-
tion is the extension of the studies of fragmentation, as
in 0D sodium condensates [4,52], to higher dimensions, by
using spatially extended spinor gases in magnetic fields-
free environments. This can be achieved by using mag-
netic shields with even more performant shielding effect,
dedicated protocols to measure low field [53] and by im-
proving the current stability of the electronics sources used
to compensate residual fields inside the shield.
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