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Quantum Mixtures
Mixture of two (or more) distinguishable constituents

forming a composite system with quantum features



STATISTCS
Bose-Bose mixture (Inguscio-Dalibard-Lamporesi-Oberthaler-Ueda
Fermi-Fermi mixture (Fallani-Grimm-Zaccanti
Bose-Fermi mixture (Inguscio-Salomon-Grimm

SPECIES 
Species mixture (Inguscio-Grimm-Zaccanti
Isotopic mixture (Salomon
Spin mixture (Dalibard-Lamporesi-Oberthaler-Ueda-Fallani-Stringari

B B BFF F

Possible large mass 
imbalance

Possible
statistical mix

Possible state interconversion
(Rabi / Raman coupling)

FEW to 
MANY-BODY 

Few-body physics (scattering,Efimov,molecules (Grimm-Inguscio-Zaccanti-Fallani
Many-body dynamics (Waves,Droplets,topological structures…

(Dalibard-Lamporesi-Oberthaler-Ueda-Santos-Stringari
Impurity (Polarons,Ions,… (Parish-Petrov-Zaccanti-Gerritsma

173Yb
7Li 7Li 6Li 23Na

23Na

Overview

Strongly
imbalancedBalanced



NUMBER
of 

COMPONENTS 

Two components (Grimm-Zaccanti-Lamporesi-Dalibard-Oberthaler-Santos-Stringari
Full spinor (Ueda-Dalibard-Oberthaler-Fallani

GEOMETRY Flat potential (Dalibard
Harmonic trap (Lamporesi-Oberthaler
Lattice geometry (Fallani-Törmä

DIMENSIONALITY 
3D (Grimm-Santos-Petrov-Zaccanti-Gerritsma
2D (Dalibard
1D (Lamporesi-Oberthaler
0D (Oberthaler-Fallani-Törmä
… and even mix-D (Inguscio

Overview
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23Na (bosonic)

This Lecture (Part One)

Electronic 
ground state

32S1/2

Two-component spin mixtures
of Sodium atoms

(many-body regime)

F=1

F=2

+ coherent coupling

F=1

F=2

This Lecture (Part Two)

Two-component spin mixtures
of Sodium atoms

(many-body regime)

W W



- Clean system to investigate the properties of superfluid mixtures

- Versatile system to perform quantum simulation of complex phenomena



SINGLE COMPONENT BEC – introducing relevant quantities

GPE

Wavefunction

TF approximation
Density profile

Ground state
Excitations, 
velocity and phase

 (x, t) = | (x, t)|ei�(x,t)
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r2 + V (x, t) + g| (x, t)|2
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 (x, t) = µ (x, t)
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n(x) =
µ� V (x)

g
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V(x) n(x)

f(x)

Interaction constant

Scattering
length
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Ground state
Excitations, 
velocity and phase

V (x) =
1

2
m!2x2
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Density profile
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ELEMENTARY EXCITATIONS

⇠ =
1p

8⇡ na
=

~p
2mng
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Speed of sound

Bogoljubov spectrum

Phonons

Healing length
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(free particle)

k

E(k)
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TOPOLOGICAL EXCITATIONS

Quantized vortices

Solitons

�� =
�2

cos (vsol/c)
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Localized solitary waves (stable in 1D)
Balance between dispersion and nonlinear effects (GPE)

Phase winding of 2p around a point
Quantized circulation due to irrotational nature of superfluids

v=0

v≠0

Dark soliton (v=0)
Abrupt phase jump of p
Full density depletion

Grey soliton (v=vsol)
Phase changes by Df in a length Dx
Density depletion Dn
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DIMENSIONALITY
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FIG. 2. Length scale r0 (full line) of the snaking instability
given by Eq. (8) and healing length ⇠ of Eq. (3) (dashed line)
as functions of the interaction parameter 1/kF aF of the BEC–
BCS crossover. For comparison, the results from time-dependent
Bogoliubov-de Gennes simulations and RPA of Ref. [35] are
shown.

In the absence of a trapping potential, ⇠ is constant. The
real-valued solutions are readily found as standing waves
with nodal lines separated by a distance

r0 =
⇡p
�2�

⇠, (8)

which is the minimum length scale of the snaking insta-
bility [16]. In Fig. 2 the value of r0 is compared with the
numerical results of Ref. [35], which suffered inaccuracies
due to numerical limitations for grid size and cutoff param-
eters.

In the presence of a trapping potential, the influence of
the snaking instability can be made explicit in rewriting Eq.
(7) as

⇢
� ~2

4m
r2

? � �
⇥
4V (r)� 2µB

⇤�
� = 0. (9)

This is a two-dimensional Schrödinger equation with a
scaled external potential and prescribed eigenvalue. For
the case of harmonic isotropic trapping with V (r) =
1
2
m!2

?(x
2+y2) we obtain the condition for the bifurcation

points

µB

~!?
=

2p+ l + 1p
�2�

, (10)

where p and l are the radial and azimuthal quantum num-
bers of the cylindrical harmonic oscillator eigenfunctions
| p, li / exp(�r2?/2a

2
?)r

l
?L

l
p(r

2
?/a

2
?) cos(l✓), and Ll

p

are the associated Laguerre polynomials in r2? = x2 + y2,
with the characteristic oscillator length a? =

p
~/m!?.

The condition (10) together with the harmonic oscillator
eigenfunctions defines the bifurcation points as well as the
shape, symmetry, and degeneracy of the corresponding bi-
furcating vortex solutions.
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FIG. 3. Bifurcation points for the emergence of Chladni soli-
tons with quantum numbers (p, l) from the planar kink in a cylin-
drically confined BEC. Numerical data (labeled open symbols)
obtained from solving the Gross-Pitaevskii equation are com-
pared with the analytical prediction (dashed line) of Eq. (10) with
� = � 1

4 . The insets display 3D density isocontours of dark soli-
ton states at 5% of maximum density in the weak (upper left) and
strong (lower right) nonlinearity regimes.

Numerical data for the bifurcation points in the BEC
limit are shown in Fig. 3. The agreement with Eq. (10)
is surprisingly good even for small quantum numbers. The
first bifurcation point corresponds to a single straight nodal
line (p = 0, l = 1) and leads to the solitonic vortex (SV),
shown in the central inset of Fig. 4. It marks the onset of
the snaking instability for the kink. Its accurate numeri-
cal value of µB/~!? = 2.65 is very close to the value
2
p
2 ⇡ 2.82 of Eq. (10) and consistent with Ref. [17].

The next bifurcation point comes from the degenerate so-
lutions (1, 0) and (0, 2), corresponding to a single vor-
tex ring (VR) originating from a radial node and to two
crossed solitonic vortices (2SV) originating from two az-
imuthal nodes, respectively. Our numerical results resolve
the degeneracy breaking between the VR (µB/~!? = 3.9)
and 2SV (4.1) bifurcation points (see Fig. 3) that cannot be
captured by our analytical model (3

p
2 ⇡ 4.2). Similar

degeneracy breaking occurs for higher quantum numbers
(p, l). Overall, the agreement with the analytic result of Eq.
(10) improves for higher quantum numbers corresponding
to larger µ. This is expected since the underlying approx-
imation – scale separation between Thomas Fermi radius
and healing length – is increasingly satisfied.

In the more general case of an anisotropic transverse
trapping potential V (r) = 1

2
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given by Eq. (8) and healing length ⇠ of Eq. (3) (dashed line)
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BCS crossover. For comparison, the results from time-dependent
Bogoliubov-de Gennes simulations and RPA of Ref. [35] are
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The next bifurcation point comes from the degenerate so-
lutions (1, 0) and (0, 2), corresponding to a single vor-
tex ring (VR) originating from a radial node and to two
crossed solitonic vortices (2SV) originating from two az-
imuthal nodes, respectively. Our numerical results resolve
the degeneracy breaking between the VR (µB/~!? = 3.9)
and 2SV (4.1) bifurcation points (see Fig. 3) that cannot be
captured by our analytical model (3
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degeneracy breaking occurs for higher quantum numbers
(p, l). Overall, the agreement with the analytic result of Eq.
(10) improves for higher quantum numbers corresponding
to larger µ. This is expected since the underlying approx-
imation – scale separation between Thomas Fermi radius
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In the more general case of an anisotropic transverse
trapping potential V (r) = 1
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FIG. 4. Free excitation energy Fpl of stationary solitary waves vs.
chemical potential in a cylindrically trapped BEC (central panel).
The full (red) line corresponds to the dark soliton [see insets in
Fig. (3)] and lines with symbols correspond to Chladni solitons
(p, l) originated from the bifurcation points of Fig. 3. Units of the
transverse harmonic trap and axial density n1 are used as shown.
The insets show density isocontours at 5% of maximum density
for the different Chladni solitons with µB = 10~!?.

furcation condition (10) is modified to read µB
p
�2� =

(nx+
1
2
)~!x+(ny+

1
2
)~!y. The corresponding harmonic

oscillator eigenfunctions are given by the well known Her-
mite functions and thus the symmetry of the correspond-
ing Chladni solitons changes. For small anisotropies, we
expect a continuous transition from Laguerre to Hermite
shapes as is shown by Ince polynomials [51].

Chladni solitons – We have numerically determined the
solitary wave solutions originating from the bifurcation
points of Fig. 3 up to µB = 10~!? using a Newton-
Raphson scheme for the Gross-Pitaevskii equation. The
results are summarised in Fig. 4, where the free excitation
energies Fpl = Epl�µBNpl�(E0�µBN0) are measured
relative to the ground state �0 of Eq. (11) [52]. For every
tuple of quantum numbers (p, l) we obtain solitary wave
solutions with symmetry and degeneracy consistent with

the solutions of Eq. (9), which is maintained for µB above
the bifurcation point. I.e. Chladni solitons involving vortex
rings have a discrete 2-fold degeneracy while all solitons
involving radial vortex lines have a continuous degeneracy
corresponding to azimuthal rotation.

In addition to the previously known dark soliton (kink),
solitonic vortex (0, 1), and vortex ring (2, 0), more com-
plex Chladni solitons comprise spoke wheels (0, l) con-
sisting of l > 1 intersecting radial vortex lines, mul-
tiple nested vortex rings (p, 0) and the �-type soliton
(1, 1), which is the simplest soliton with intersecting vor-
tex ring(s) and radial line(s). Note that Chladni solitons
originating from near-degenerate bifurcation points, e.g.
the 2SV cross (0, 2) and vortex ring (1, 0) are almost de-
generate also for larger µB and their small energy differ-
ence is not resolved at the scale of Fig. 4. The same is true
for the higher near-degenerate branches.

Our numerical simulations indicate that Chladni solitons
with intersecting vortex lines could be observed in cigar-
shaped BECs. Although the solitonic vortex (0, 1) is the
only dynamically stable Chladni soliton for µB beyond the
first bifurcation point of Eq. (10), the expected lifetimes
of the 2p + l > 1 Chladni solitons are comparable to
those of the already observed vortex rings. Detailed sta-
bility studies will be published elsewhere [53]. Complex
Chladni solitons can be prepared in an atomic BEC by ap-
propriately seeding the snaking instability of a dark soliton.
For this purpose, the previously determined wave function
 =  0 + i� at the bifurcation point, should be an ex-
cellent initial configuration, since the infinitesimal part � 
develops into a dynamically unstable mode leading to the
desired complex soliton for µB larger than the critical value
at bifurcation [16]. As a first step we propose to prepare a
zero velocity dark-bright soliton in a two-component BEC
[54] as in Refs. [9, 55], where the nodal plane of a kink in
component |1i is filled with a phase-coherent atomic BEC
of a second hyperfine component |2i. In a second step, the
bright component |2i (or a small part of it) is transferred to
state |1i with the appropriate phase pattern of the solution
� = �u of Eqs. (6) and (9), shifted by ⇡

2
compared to

the kink solution. This could be realised following [56] by
transferring the phase pattern of a focused axial Laguerre-
Gaussian laser beam using a two-photon Raman transition.
Finally, any remaining |2i atoms are removed [9].
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tion has a large velocity in the !x direction.
This velocity, which can be understood as
arising from the impulse imparted by the
optical dipole force, results in a positive den-
sity disturbance that travels at or above the
speed of sound. A dark notch is left behind;
this is a soliton moving slowly in the –x
direction (opposite to the direction of the
applied force).

We have numerically solved Eq. 1 in three
dimensions through the application of real-
space product formulas (32) and by using a
discrete variable representation of the wave
function (33) based on Gauss-Chebyshev
quadrature with 50 to 400 spatial grid points
in each dimension; in the latter approach, the
time dependence of the solution was obtained
by Runge-Kutta integration. Figure 3, F to J,
shows the results of the simulations where the
experimental phase imprint is approximated
as "(x, y) # ("0/2)[1 ! tanh(x/l )], where
"0 # 1.5$, and l # 2 %m corresponds to an
imprinting resolution of &4.4 %m (27, 34).
The calculated and experimental images are
in very good agreement.

A striking feature of the images is the
curvature of the soliton. This curvature arises
from the 3D geometry of the trapped conden-
sate and occurs for two reasons. First, the
speed of sound '0 is largest at the trap center,
where the density is greatest, and decreases
toward the condensate edge. Second, as the
soliton moves into regions of lower conden-
sate density, we find numerically that the
density at its center (n ( nd) approaches zero,
) approaches $, and 's decreases to zero
before reaching the edge. The soliton stops
because its depth nd, rather than its phase
offset ), appears to be a conserved quantity in
a nonuniform medium.

Soliton speed. The subsonic propagation
speed of the notches seen in Fig. 3 shows that
they are solitons and not simply sound waves.
To determine this speed, we measured the
distance after propagation between the notch
and the position of the imprinted phase step
along the direction indicated in Fig. 3H. Be-
cause the position of our condensate varied
randomly from one shot to the next (presum-
ably because of stray, time-varying fields),
we could not always apply the phase step at
the center. A marker for the location of the
initial phase step is the intersection of the
soliton with the condensate edge, because at
this point the soliton has zero velocity. By
using images taken 5 ms after the imprint, at
which time the soliton had not traveled far
from the BEC center, we obtained a mean
soliton speed of 1.8 * 0.4 mm/s (35). This
value is significantly less than the mean
Bogoliubov speed of sound, '0 # 2.8 * 0.1
mm/s. From the propagation of the notch in
the numerical simulations (Fig. 3, F to J), we
obtained a mean soliton speed, 's # 1.6
mm/s, in agreement with the experimental

value. The experimental uncertainty is main-
ly due to the difficulty in determining the
position of the initial phase step.

We can also compare the results of the
numerical 3D solutions of Eq. 1 to the ana-
lytical predictions of Eq. 2, which describes a
traditional dark soliton in a homogeneous, 1D
geometry. We calculated the soliton speed
using a local density approximation in Eq. 2
[n # ⎪ $0(r)⎪2, where $0(r) is the ground-
state solution of Eq. 1] from either the phase
or depth of the solitons obtained in the 3D
simulations. In every case examined, this
speed is in excellent agreement with the re-
sults of 3D numerical simulations.

Figure 4 shows the theoretical density and
phase profile along the x axis through the center
of the condensate 5 ms after the "0 # 1.5$
phase imprint (Fig. 3H). The dark soliton notch
and its phase step are centered at x # (8 %m.
This phase step, ) # 0.58$ is less than the
imprinted phase of 1.5$. The difference is
caused by the mismatch between the phase
imprint and the phase and depth of the soliton
solution of Eq. 1: Our imprinting resolution
(27) is larger than the soliton width, which is on
the order of the healing length ( + , 0.7 %m),
and we do not control the amplitude of the
wave function. The mismatch produces features
in addition to the deep soliton, such as a shallow
dark soliton at x # (14 %m moving to the left

and other excitations near x # 20 %m moving
rapidly to the right. Most of these features are
not well resolved in the experimental images
(Fig. 3, A to E). We observed both experimen-
tally and theoretically that when the imprinted
phase step is increased, the weak soliton on the
left becomes deeper; when the phase step is
lowered, both solitons become shallower and
propagate faster.

We could avoid the uncertainty in the
position of the initial phase step and improve
our measurement of the soliton speed by
replacing the step mask (Fig. 1A) with a thin
slit (Fig. 1B). The thin slit produced a stripe
of light with a Gaussian profile (1/e2 full
width , 15 %m). With this stripe in the center
of the condensate, numerical simulations pre-
dict the generation of solitons that propagate
symmetrically outward. We selected experi-
mental images with solitons symmetrically
located about the middle of the condensate
and measured the distance between them.
Figure 5A shows the separation of the pair of
solitons as a function of time. For a small
phase imprint of "0 , 0.5$ at Gaussian
maximum, we observed solitons moving at
the Bogoliubov speed of sound within exper-
imental uncertainty. For a larger phase im-
print of "0 , 1.5$, we observed a much slower
soliton propagation, in agreement with numer-
ical simulations. An even larger phase imprint

1 ms 10 ms7 ms5 ms2 ms 
x

F G H I J

A B C D E

Fig. 3. Experimental (A to E) and theoretical (F to J) images of the integrated BEC density for
various times after we imprinted a phase step of &1.5$ on the top half of the condensate with a
1-%s pulse. The measured number of atoms in the condensate was 1.7 (*0.3) - 106, and this value
was used in the calculations. A positive density disturbance moved rapidly in the !x direction, and
a dark soliton moved oppositely at significantly less than the speed of sound. Because the imaging
pulse (27 ) is destructive, each image shows a different BEC. The width of each frame is 70 %m.

Fig. 4. Calculated density and phase
along the x axis (dashed line in Fig. 3H) at
0 ms (thin lines) and at 5 ms (thick lines)
after applying a phase step imprint of
1.5$. The soliton located at x # (8 %m
has a phase step of 0.58$ and a speed of
1.61 mm/s, which is much less than that
of sound.
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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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Spin healing lengthDensity healing length

Spin speed of soundDensity speed of sound

Spin chemical potentialDensity chemical potential

2 comp.



SODIUM MISCIBLE MIXTURE

F=1

F=2

mF = -1
mF = +1

mF = 0

Elongated cigar-shaped
optical trap

x

2 comp.

Symmetric, no buoyancy

Miscible mixture



SODIUM MISCIBLE MIXTURE

F=1

F=2

mF = -1
mF = +1

mF = 0

Elongated cigar-shaped
optical trap

x

2 comp.

Balanced mixture preparation

- Rabi p/2 pulse
- Adiabatic Rapid Passage



SODIUM MISCIBLE MIXTURE

F=1

F=2

mF = -1
mF = +1

mF = 0

Naturally unstable mixture

Spin relaxation
(energetically favourable to recombine and 
form two atoms in mF = 0)

x

2 comp.

Elongated cigar-shaped
optical trap



SODIUM MISCIBLE MIXTURE

Microwave dressing
to lift mF = 0 state up

2 comp.

F=1

F=2

mF = -1
mF = +1

mF = 0

Naturally unstable mixture

Spin relaxation
(energetically favourable to recombine and 
form two atoms in mF = 0)

Elongated cigar-shaped trap x



SODIUM MISCIBLE MIXTURE

F=1

F=2

mF = -1
mF = +1

mF = 0

x

2 comp.

Elongated cigar-shaped
optical trap

Imaging

Delayed, but overlapped
Selective transfer to F=2 + abs imaging

Simultaneous, but spatial separation
Stern Gerlach separation in TOF + abs imaging
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SPIN DIPOLE OSCILLATIONS

Differential potential
(magnetic field gradient)
To trigger spin-dipole oscillations

For small displacements
Linear response
No excitation of density channel

Through LDA

Bienaimé et al., PRA 94, 063652 (2016)

W = 0

Dipole mode

Spin-dipole mode



SPIN SUPERFLUIDITY

Fava et al., PRL 120, 170401 (2018)

BECs oscillate (spin-dipole motion) even at finite T
W = 0

Relative motion
between thermal
parts

Relative motion
between condensed
parts



SPIN POLARIZABILITY

Displacement (2x0) between the minima leads to 
Displacelent of the CM enhanced by P

Bienaimé et al., PRA 94, 063652 (2016)

W = 0

➞ POSTER 40 (Spada) 



FARADAY WAVES

-Modulation of radial compression

-Decay into Faraday waves

Cominotti et al., PRL 128, 210401 (2022)

W = 0



FARADAY WAVES

Measurement of density and 
spin dispersion relations

- Radial integration
- Axial FFT

Cominotti et al., PRL 128, 210401 (2022)

W = 0

FFT (density) FFT (spin)



MAGNETIC SOLITONS

Phase imprint of the domain wall

The laser frequency is chosen to introduce a phase shi\ 

propor5onal to the m
F
 state 

= 0 spin-dependence

S. Burger et al., PRL 83, 5198 (1999)
J. Denschlag et al., Science 287, 97 (2000)
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Localized magnetic solitary wave in balanced mixtures (extension ∼ xs)

p-phase jump across the soliton
(for any velocity)

|1, -1>

|1, +1>

Df=0 Df=p

W = 0

18

Phase sensitive detection

– Resonant coupling of three-level system

– Transfer to excited state depends on relative phase

– Spatial resolved measurement of 

|1,-1>

|1,+1>

|2,0>
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Phase sensitive detection

– Resonant coupling of three-level system

– Transfer to excited state depends on relative phase

– Spatial resolved measurement of 

|1,-1>

|1,+1>

|2,0>

Imprint 2p in the relative phase
+p to the state +1
-p to the state -1 

Farolfi et al., PRL 125, 030401 (2020)

Df=2p



MAGNETIC SOLITONS

Long living and oscillating in the harmonic potential
Enhanced stability vs density solitons (xs>>x)

Two types of collisions
(sign dependent)

T=4.7 Tx

Measurement of the oscillation
period of magnetic solitons

Density 3D dynamics
Spin 1D dynamics

W = 0

time time

Also:
Farolfi et al., PRL 125, 030401 (2020)

Chai et al., PRL 125, 030402 (2020)
Lannig et al., PRL 125, 170401 (2020) ➞ POSTER 5 (Bresolin) 




