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Spoke 6 Integration

Activity A6.1 Integration of atomic devices
Design and implementation of atomic circuits to resemble electron-based networks of different classes of
conductors, semiconductors, superconductors or magnets. Design and implementation of fully controllable
quantum devices based on strongly interacting degenerate atomic gases with tunable interactions trapped in
engineered and fully programmable optical structures.

Milestone M12 Design of atomtronic components for integrated quantum systems
Milestone M36 Design developed and first characterization performed of atomtronic circuits

Direct connection to Spoke 2 and Spoke 3

THE PROJECT



EXPERIMENTAL PLATFORM 2 (Trento)
Sodium bosonic atoms in two different spin states
OBJECTIVE
Engineer elementary spintronic circuits

EXPERIMENTAL PLATFORM 1 (Florence)
Lithium fermionic atoms
OBJECTIVE
Engineer elementary atomtronic circuits
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EXPERIMENTAL TEAM

Atomic currents Spin currents



EXPERIMENTAL PLATFORM

COOLING
Laser cooling + evaporative cooling

Temperatures 10-100 nK
Densities 1014 atoms/cm3

Ultracold gases (quantum degenerate) bosonicfermionic

Magnetic shielding

Field stability
10-5 Gauss

ISOLATION
Neutral gases in a clean UHV

Pressure
10-10 mbar



ULTIMATE CONTROL of internal and external degrees of freedom

Typically we can chose/modify the internal state 
of the atomic population and their interactions

Microwave fields (uniform)
Raman coupling (local)

Destructive absorption imaging (HR)
Non-destructive imaging (live)

Trap the gas in magnetic or optical potentials
with different geometries

Control the external degrees of freedom
generating superfluid currents

Technology 
developed
in Spoke 3

DMD 
technology



EXPERIMENTAL PLATFORM 1 (Florence)
Lithium fermionic atoms
OBJECTIVE
Engineer elementary atomtronic circuits

NA ~ 0.5 (<1 um res.)

IMG

CCD

HR imaging system

Cold fermionic lithium sample

Arbitrary-shaped
optical trapping 
potentials6Li
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Optical trap 
(repulsive light)

x

Phase imprinting (pulsed light)

Generating atomic superfluid currents

Loop -> Quantized circulation



Quantization of 
circulation

Quantization of 
magnetic flux

Vortex imprinting + counting



Josephson effect

15 μm

20 μm

Persistent currents Vortex dynamics

Kwon et al., Nature 600 (2021)
Del Pace et al., PRX 12 (2022)

Kwon et al., Science 369 (2020)



Josephson-junction arrays

Pezzè et al. arXiv:2311.05523 (2023) 

Josephson _persistent_ currents as a function of barriers number 
(V0~1.3 m and wb~2ξ): 

Adding Josephson links stabilizes persistent currents.



EXPERIMENTAL PLATFORM 2 (Trento)
Sodium bosonic atoms
OBJECTIVE
Engineer elementary spintronic circuits

Magnetic stability

– Usual lab Kuctuations ~10mG

– 10Hz linewidth with 1.4MHz/G sensitivity → 1μG stability required

– High Delds (20G) for sample preparation
F=1

F=2

mF = -1

mF = -2

23Na
WTwo-component

superfluid
spin mixture

Observation of Two Sound Modes in a Binary Superfluid Gas

Joon Hyun Kim,1 Deokhwa Hong,1 and Y. Shin1, 2, ⇤

1Department of Physics and Astronomy, and Institute of Applied Physics, Seoul National University, Seoul 08826, Korea
2Center for Correlated Electron Systems, Institute for Basic Science, Seoul 08826, Korea

(Dated: July 25, 2019)

We study the propagation of sound waves in a binary superfluid gas with two symmetric compo-
nents. The binary superfluid is constituted using a Bose-Einstein condensate of 23Na in an equal
mixture of two hyperfine ground states. Sound waves are excited in the condensate by applying
a local spin-dependent perturbation with a focused laser beam. We identify two distinct sound
modes, referred to as density sound and spin sound, where the densities of the two spin components
oscillate in phase and out of phase, respectively. The observed sound propagation is explained well
by the two-fluid hydrodynamics of the binary superfluid. The ratio of the two sound velocities is
precisely measured with no need for absolute density calibration, and we find it in quantitatively
good agreement with known interaction properties of the binary system.

Sound propagation in a superfluid is a characteris-
tic transport phenomenon revealing the microscopic and
thermodynamic properties of the superfluid system. In a
long-wavelength limit, a sound wave propagates without
distortion, reflecting the linear dispersion of the gapless
Goldstone excitation mode of the superfluid [1]. At fi-
nite temperatures, containing a normal fluid within it,
a superfluid system supports two types of sound waves,
referred to as first and second sounds [2, 3], and their
propagation speeds are determined as functions of ther-
modynamic quantities such as superfluid density, entropy
density, and compressibility [4]. Thus, the study of sound
propagation inclusively measures our understanding of
the superfluid system.

A superfluid with two superflowing components has
been studied with great interest since the discovery of
3He–4He mixtures [5], and this fascination is further mo-
tivated by recent experimental developments in ultra-
cold atomic gas mixtures [6–8], exciton-polariton con-
densate [9], and two-gap superconductors [10]. In the
binary superfluid system, interactions between two com-
ponents induce the mixing of the low-energy excitation
modes of each component, giving rise to two new hy-
bridized sound waves. A peculiar property of the binary
system is that the superflow of one component can expe-
rience a nondissipative drag from the movement of the
other component [11], known as the Andreev-Bashkin
(AB) e↵ect. Such a mutual entrainment influence a↵ects
the speed of sound and can be important in the stability
and robustness of the superfluidity of the binary system,
particularly in a strongly interacting regime [12]. The
quantitative understanding of the AB e↵ect in a binary
superfluid has been attentively pursued in recent theo-
retical works [13–17].

In this paper, we investigate sound propagation in a
binary superfluid gas as constituted by a Bose-Einstein
condensate (BEC) of 23Na in an equal mixture of two hy-
perfine ground states. Here the two components are iden-
tical in mass, density, and intra-component interactions.
From the Z2 symmetry, it is expected that the super-
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FIG. 1. Sound waves in a symmetric binary superfluid. (a)
Ordinary density sound where the two superfluid components
oscillate in phase and (b) spin sound wave where they oscillate
out of phase. The red solid and blue dashed lines indicate
the spatial density profiles of the two components. cn and cs
denote the propagation speeds of the density and spin sounds,
respectively.

fluid shows two modes of density oscillations, i.e., sound
waves, where the densities of the two components oscil-
late in phase and out of phase, respectively (Fig. 1). The
in-phase oscillations correspond to an ordinary pressure
wave, whose propagation speed is determined by the com-
pressibility of the system. Meanwhile, the out-of-phase
oscillations are a wave of the density di↵erence between
the two components, referred to as spin sound, regard-
ing the two components as two opposite spin states, |"i
and |#i [18–20]. We observe two distinct sound waves
propagating with di↵erent speeds in the condensate and
identify the fast wave with ordinary density sound and
the slow wave with spin sound. The measured propa-
gation speeds of the two sound waves are found to be
well explained by the two-fluid hydrodynamics of the bi-
nary superfluid and the ratio of the two sound velocities
is precisely determined with no need of absolute density
calibration. This work opens a quantitative study of the
sound propagation in the binary superfluid system.

Our experiment starts with the preparation of a
BEC of 23Na in the |F=1,mF=0i hyperfine state [21].
The condensate, typically containing ⇡ 3 ⇥ 106 atoms,
is trapped in an optical dipole trap with trapping
frequencies of (!x,!y,!z) = 2⇡ ⇥ (5.4, 8.0, 571) Hz
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Elongated quasi 1D system
Harmonic confinement (inhomogeneous density)

Spin selective imaging
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Intercomponent interactions
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Coherent coupling

Coupled two-component spin system

Competition between
interactions and coupling
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Many-body interacting system
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Non interacting system

Coupling
dominates

Spin interactions
dominate

PARAMAGNETIC FERROMAGNETIC
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<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

E

<latexit sha1_base64="lhuQ0+9H/OG7/TKBykaWppPvrzQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BETxGMSaQLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w8eTBhrgW0RqlB3PTCoZIBtkqSwG2kE31PY8SZXmd+ZojYyDO5pFqHrwziQIymAUunuujKo1uy6nYMvE6cgNVagNah+9YehiH0MSCgwpufYEbkJaJJC4bzSjw1GICYwxl5KA/DRuEmedM5PYgMU8gg1l4rnIv7eSMA3ZuZ76aQP9GgWvUz8z+vFNLpwExlEMWEgskMkFeaHjNAyrQD5UGokgiw5chlwARqIUEsOQqRinHaS9eEsfr9MHs7qTqPeuG3UmpdFM2V2xI7ZKXPYOWuyG9ZibSbYiD2xZ/ZiTa1X6816/xktWcXOIfsD6+MbbhyRaQ==</latexit>

Z

<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

E

<latexit sha1_base64="lhuQ0+9H/OG7/TKBykaWppPvrzQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BETxGMSaQLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w8eTBhrgW0RqlB3PTCoZIBtkqSwG2kE31PY8SZXmd+ZojYyDO5pFqHrwziQIymAUunuujKo1uy6nYMvE6cgNVagNah+9YehiH0MSCgwpufYEbkJaJJC4bzSjw1GICYwxl5KA/DRuEmedM5PYgMU8gg1l4rnIv7eSMA3ZuZ76aQP9GgWvUz8z+vFNLpwExlEMWEgskMkFeaHjNAyrQD5UGokgiw5chlwARqIUEsOQqRinHaS9eEsfr9MHs7qTqPeuG3UmpdFM2V2xI7ZKXPYOWuyG9ZibSbYiD2xZ/ZiTa1X6816/xktWcXOIfsD6+MbbhyRaQ==</latexit>

Z

<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

E

<latexit sha1_base64="lhuQ0+9H/OG7/TKBykaWppPvrzQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BETxGMSaQLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w8eTBhrgW0RqlB3PTCoZIBtkqSwG2kE31PY8SZXmd+ZojYyDO5pFqHrwziQIymAUunuujKo1uy6nYMvE6cgNVagNah+9YehiH0MSCgwpufYEbkJaJJC4bzSjw1GICYwxl5KA/DRuEmedM5PYgMU8gg1l4rnIv7eSMA3ZuZ76aQP9GgWvUz8z+vFNLpwExlEMWEgskMkFeaHjNAyrQD5UGokgiw5chlwARqIUEsOQqRinHaS9eEsfr9MHs7qTqPeuG3UmpdFM2V2xI7ZKXPYOWuyG9ZibSbYiD2xZ/ZiTa1X6816/xktWcXOIfsD6+MbbhyRaQ==</latexit>

Z

<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

E

<latexit sha1_base64="lhuQ0+9H/OG7/TKBykaWppPvrzQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BETxGMSaQLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w8eTBhrgW0RqlB3PTCoZIBtkqSwG2kE31PY8SZXmd+ZojYyDO5pFqHrwziQIymAUunuujKo1uy6nYMvE6cgNVagNah+9YehiH0MSCgwpufYEbkJaJJC4bzSjw1GICYwxl5KA/DRuEmedM5PYgMU8gg1l4rnIv7eSMA3ZuZ76aQP9GgWvUz8z+vFNLpwExlEMWEgskMkFeaHjNAyrQD5UGokgiw5chlwARqIUEsOQqRinHaS9eEsfr9MHs7qTqPeuG3UmpdFM2V2xI7ZKXPYOWuyG9ZibSbYiD2xZ/ZiTa1X6816/xktWcXOIfsD6+MbbhyRaQ==</latexit>

Z

<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

E

<latexit sha1_base64="lhuQ0+9H/OG7/TKBykaWppPvrzQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BETxGMSaQLKF30olDZh/M9AbCkj/wqidv4tX/8eC/uLvuQRPrVFR109XlRUoasu1Pq7Syura+Ud6sbG3v7O5V9w8eTBhrgW0RqlB3PTCoZIBtkqSwG2kE31PY8SZXmd+ZojYyDO5pFqHrwziQIymAUunuujKo1uy6nYMvE6cgNVagNah+9YehiH0MSCgwpufYEbkJaJJC4bzSjw1GICYwxl5KA/DRuEmedM5PYgMU8gg1l4rnIv7eSMA3ZuZ76aQP9GgWvUz8z+vFNLpwExlEMWEgskMkFeaHjNAyrQD5UGokgiw5chlwARqIUEsOQqRinHaS9eEsfr9MHs7qTqPeuG3UmpdFM2V2xI7ZKXPYOWuyG9ZibSbYiD2xZ/ZiTa1X6816/xktWcXOIfsD6+MbbhyRaQ==</latexit>

Z

<latexit sha1_base64="ilyBAuTQ4vBDSvgrc8rKCDpEY0w=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrJRJCgjaCgTiTxEYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbObzO89gjYiUnc4j8EP2VSJieAMU6l9P6rW3Lqbg64SryA1UqA1qn4NxxG3ISjkkhkz8NwY/YRpFFzCojK0BmLGZ2wKg5QqFoLxkzzogp5ZwzCiMWgqJM1F+L2RsNCYeRikkyHDB7PsZeJ/3sDi5MpPhIotguLZIRQS8kOGa5E2AHQsNCCyLDlQoShnmiGCFpRxnoo2raSS9uEtf79Kuhd1r1FvtBu15nXRTJmckFNyTjxySZrklrRIh3AC5Ik8kxfHOq/Om/P+M1pyip1j8gfOxzdaDZFq</latexit>

gab >
(ga + gb)

2

<latexit sha1_base64="/2s+RTj83Fd6Qid+64f+JZHjLLw=">AAACEHicbVDLSgNBEJyNrxhfUY96GAyCIoTdENCTBL14VDAqJMvSO3bWwdkHM71CWPbiJ/gVXvXkTbz6Bx78FzdrDmqsU1HVTVeXnyhpyLY/rMrU9MzsXHW+trC4tLxSX127MHGqBXZFrGJ95YNBJSPskiSFV4lGCH2Fl/7t8ci/vENtZByd0zBBN4QgkgMpgArJq28GXgZ+zg95f6BBZDuBB3uB5+/mWSv36g27aZfgk8QZkwYb49Srf/avY5GGGJFQYEzPsRNyM9AkhcK81k8NJiBuIcBeQSMI0bhZ+UXOt1MDFPMENZeKlyL+3MggNGYYFmG3Q6Ab89cbif95vZQGB24moyQljMToEEmF5SEjtCzqQX4tNRLBKDlyGXEBGohQSw5CFGJa9FUr+nD+fj9JLlpNp91sn7UbnaNxM1W2wbbYDnPYPuuwE3bKukywe/bIntiz9WC9WK/W2/doxRrvrLNfsN6/ACGTnDM=</latexit>

E(Z,�) / (n�g1 � ~�)Z +
n�g2
2

Z2 � ~⌦
p

1� Z2 cos�

<latexit sha1_base64="NZUbSIg5ztg8ymxjy/UqXT5YirY="></latexit>

�g2 =
(ga + gb)

2
� gab

<latexit sha1_base64="FfEaJ+3vzYNbgCRXZx6xIV0edA0=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBAVMeyGgF6EoBePEcwDkrD0Tjrr4OyDmV4hLPsJfoJf4VVP3sSrBw/+i5uYg686FVXddFd5sZKGbPvdmpmdm19YLCwVl1dW19ZLG5stEyVaYFNEKtIdDwwqGWKTJCnsxBoh8BS2vZvzsd++RW1kFF7RKMZ+AH4oh1IA5ZJb2usNUBFw363yU94bahDpvu/Coe96B1lazY58NwUvc0tlu2JPwP8SZ0rKbIqGW/roDSKRBBiSUGBM17Fj6qegSQqFWbGXGIxB3ICP3ZyGEKDpp5NAGd9NDFDEY9RcKj4R8ftGCoExo8DLJwOga/PbG4v/ed2Ehif9VIZxQhiK8SGSCieHjNAybwr5QGokgvHnyGXIBWggQi05CJGLSV5dMe/D+Z3+L2lVK06tUrusletn02YKbJvtsH3msGNWZxeswZpMsDv2wB7Zk3VvPVsv1uvX6Iw13dliP2C9fQLmIKBL</latexit>

�g1 =
(ga � gb)

2

<latexit sha1_base64="EOik4gLwLOTdnT1IX0PfHTluA7o=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbAtoIQRvLCOYBSVjuTm7WIbMPZu4KYUnrJ/gVtlrZia29hf/iJqbQ6KkO59zLved4sZKGbPvDyi0tr6yu5dcLG5tb2zvF3b2WiRItsCkiFemOBwaVDLFJkhR2Yo0QeArb3uhy6rfvUBsZhTc0jrEfgB/KoRRAmeQWeW+AioD7rsPPeW+oQaRl34UT3/WOJ2l14hZLdsWegf8lzpyU2BwNt/jZG0QiCTAkocCYrmPH1E9BkxQKJ4VeYjAGMQIfuxkNIUDTT2dJJvwoMUARj1FzqfhMxJ8bKQTGjAMvmwyAbs2iNxX/87oJDc/6qQzjhDAU00MkFc4OGaFlVhHygdRIBNPPkcuQC9BAhFpyECITk6yzQtaHs5j+L2lVK06tUruuleoX82by7IAdsjJz2CmrsyvWYE0m2D17ZE/s2XqwXqxX6+17NGfNd/bZL1jvX2GsnVg=</latexit>
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⌦�Z

<latexit sha1_base64="C8uRL2Dht1sdWxmLCX6I3tw9Ye4=">AAACBXicbVC7TgJBFJ3FF+ILtLSZSEysyK4h0ZJoYycm8ohANneHC0yYfWTmroZsqP0KW63sjK3fYeG/uKwUCp7q5Jx7c889XqSkIdv+tHIrq2vrG/nNwtb2zu5esbTfNGGsBTZEqELd9sCgkgE2SJLCdqQRfE9hyxtfzvzWPWojw+CWJhH2fBgGciAFUCq5xVL32schcN4VI+km7t3ULZbtip2BLxNnTspsjrpb/Or2QxH7GJBQYEzHsSPqJaBJCoXTQjc2GIEYwxA7KQ3AR9NLsuhTfhwboJBHqLlUPBPx90YCvjET30snfaCRWfRm4n9eJ6bBeS+RQRQTBmJ2iKTC7JARWqadIO9LjUQwS45cBlyABiLUkoMQqRinJRXSPpzF75dJ87TiVCvVm2q5djFvJs8O2RE7YQ47YzV2xeqswQR7YE/smb1Yj9ar9Wa9/4zmrPnOAfsD6+MbWjyYBg==</latexit>

MAGNETIC SUSCEPTIBILITY

n�g2
~⌦

<latexit sha1_base64="aLsjKfVfeEQuCJtEhoqIReFHKmw=">AAACFHicbVA9TwJBEN3DL8Qv1NJmIzGxIneEREuijZ2YCJhwhMwtA2zY27vszpmQC60/wV9hq5WdsbW38L94IIWCr3p5byYz7wWxkpZc99PJrayurW/kNwtb2zu7e8X9g6aNEiOwISIVmbsALCqpsUGSFN7FBiEMFLaC0eXUb92jsTLStzSOsRPCQMu+FECZ1C1yv29ApNrvoSLgg25lkvrDAAz3r0McwKRbLLlldwa+TLw5KbE56t3il9+LRBKiJqHA2rbnxtRJwZAUCicFP7EYgxjBANsZ1RCi7aSzJBN+kligiMdouFR8JuLvjRRCa8dhkE2GQEO76E3F/7x2Qv3zTip1nBBqMT1EUuHskBVGZhUh70mDRDD9HLnUXIABIjSSgxCZmGSdFbI+vMX0y6RZKXvVcvWmWqpdzJvJsyN2zE6Zx85YjV2xOmswwR7YE3tmL86j8+q8Oe8/ozlnvnPI/sD5+AaHwZ6p</latexit>

�2
Z

<latexit sha1_base64="ytOGdlqHnO8zZ0Qd/+EYF+jC2zc=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRXYUCcoIGsogkYdIjLW+bMIp5wd3a6TISsFX0EJFh2j5FAr+BcekgISpRjO72tnxYyUN2fantbS8srq2Xtgobm5t7+yW9vZbJkq0wKaIVKQ7PhhUMsQmSVLYiTVC4Cts+6OLqd9+QG1kFF7TOEY3gGEoB1IAZZLbM3IYgJd6N5Pbqlcq2xU7B18kzoyU2QwNr/TV60ciCTAkocCYrmPH5KagSQqFk2IvMRiDGMEQuxkNIUDjpnnoCT9ODFDEY9RcKp6L+HsjhcCYceBnkwHQnZn3puJ/XjehwZmbyjBOCEMxPURSYX7ICC2zNpD3pUYimCZHLkMuQAMRaslBiExMsnqKWR/O/PeLpFWtOLVK7apWrp/PmimwQ3bETpjDTlmdXbIGazLB7tkTe2Yv1qP1ar1Z7z+jS9Zs54D9gfXxDYjVlpU=</latexit>

FLUCTUATIONS OF THE MAGNETIZATION

EX
P

SI
M

n�g2
~⌦

<latexit sha1_base64="aLsjKfVfeEQuCJtEhoqIReFHKmw=">AAACFHicbVA9TwJBEN3DL8Qv1NJmIzGxIneEREuijZ2YCJhwhMwtA2zY27vszpmQC60/wV9hq5WdsbW38L94IIWCr3p5byYz7wWxkpZc99PJrayurW/kNwtb2zu7e8X9g6aNEiOwISIVmbsALCqpsUGSFN7FBiEMFLaC0eXUb92jsTLStzSOsRPCQMu+FECZ1C1yv29ApNrvoSLgg25lkvrDAAz3r0McwKRbLLlldwa+TLw5KbE56t3il9+LRBKiJqHA2rbnxtRJwZAUCicFP7EYgxjBANsZ1RCi7aSzJBN+kligiMdouFR8JuLvjRRCa8dhkE2GQEO76E3F/7x2Qv3zTip1nBBqMT1EUuHskBVGZhUh70mDRDD9HLnUXIABIjSSgxCZmGSdFbI+vMX0y6RZKXvVcvWmWqpdzJvJsyN2zE6Zx85YjV2xOmswwR7YE3tmL86j8+q8Oe8/ozlnvnPI/sD5+AaHwZ6p</latexit>

n�g2
~⌦

<latexit sha1_base64="aLsjKfVfeEQuCJtEhoqIReFHKmw=">AAACFHicbVA9TwJBEN3DL8Qv1NJmIzGxIneEREuijZ2YCJhwhMwtA2zY27vszpmQC60/wV9hq5WdsbW38L94IIWCr3p5byYz7wWxkpZc99PJrayurW/kNwtb2zu7e8X9g6aNEiOwISIVmbsALCqpsUGSFN7FBiEMFLaC0eXUb92jsTLStzSOsRPCQMu+FECZ1C1yv29ApNrvoSLgg25lkvrDAAz3r0McwKRbLLlldwa+TLw5KbE56t3il9+LRBKiJqHA2rbnxtRJwZAUCicFP7EYgxjBANsZ1RCi7aSzJBN+kligiMdouFR8JuLvjRRCa8dhkE2GQEO76E3F/7x2Qv3zTip1nBBqMT1EUuHskBVGZhUh70mDRDD9HLnUXIABIjSSgxCZmGSdFbI+vMX0y6RZKXvVcvWmWqpdzJvJsyN2zE6Zx85YjV2xOmswwR7YE3tmL86j8+q8Oe8/ozlnvnPI/sD5+AaHwZ6p</latexit>

� ⌦
�

n
�g

1

~⌦

<latexit sha1_base64="4USA+WiQVdtwRsaGD0HAE8zKUFQ=">AAACLXicbVC7TsNAEDzzDOEVoKQ5ESHRENkoEtBFQEEHSIREiqNofdmEE+ezdbdGiqx8C5/AV9BCRYEEtPwGdnDBa6rRzKx2d4JYSUuu++JMTc/Mzs2XFsqLS8srq5W19SsbJUZgU0QqMu0ALCqpsUmSFLZjgxAGClvBzXHut27RWBnpSxrF2A1hqOVACqBM6lUO/YEBkfonqAjGqX8W4hDGfJd/6Zr7/dzhw56XudcBGF5kepWqW3Mn4H+JV5AqK3Deq7z5/UgkIWoSCqzteG5M3RQMSaFwXPYTizGIGxhiJ6MaQrTddPLimG8nFijiMRouFZ+I+H0ihdDaURhkyRDo2v72cvE/r5PQ4KCbSh0nhFrki0gqnCyywsisO+R9aZAI8suRS80FGCBCIzkIkYlJVmY568P7/f1fcrVX8+q1+kW92jgqmimxTbbFdpjH9lmDnbJz1mSC3bEH9sienHvn2Xl13r+iU04xs8F+wPn4BM0eqKI=</latexit>

� ⌦
�

n
�g

1

~⌦
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Generation of Ferromagnetic DOMAIN WALLS

On demand 
(controlled position and time)

Spontaneously formed via false vacuum decay mechanism
(random position and time)

A. Zenesini et al., arXiv: 2305.05225, next week on Nature PhysicsR. Cominotti et al., PRX 13, 021037 (2023)



Two different spin currents (flat total density) Study transport across magnetic heterostructures

CW spin current Pulsed current (magnetic solitons)

Controlled
production of 
magnetic solitons

Use DMDs to
trap atoms in an arbitrary potentials (circuits)
Manipulate magnetic properties in space and time

PARA       - FERRO      - PARA

R. Cominotti et al., PRX 13, 021037 (2023)A. Farolfi et al., PRL 125, 030401 (2020)



EXPERIMENTAL PLATFORM 2 (Trento)
Sodium bosonic atoms in two different spin states
OBJECTIVE
Engineer elementary spintronic circuits

EXPERIMENTAL PLATFORM 1 (Florence)
Lithium fermionic atoms
OBJECTIVE
Engineer elementary atomtronic circuits

CNR-INO, Florence CNR- INO, Trento

CONCLUSIONS

Spatial control of laser intensityShape the geometry
Set atoms into motion

Local interactions
Induce spin current
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